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Abstract
Long-term cognitive impairment associated with seizure-induced hippocampal damage is the key feature of
cerebral malaria (CM) pathogenesis. One-fourth of child survivors of CM suffer from long-lasting neurological
de�cits and behavioral anomalies. However, mechanisms on hippocampal dysfunction are unclear. In this study,
we elucidated whether gp91phox isoform of Nicotinamide Adenine Dinucleotide Phosphate oxidase 2 (NOX2) (a
potent marker of oxidative stress) mediates hippocampal neuronal abnormalities and cognitive dysfunction in
experimental CM (ECM). Mice symptomatic to CM were rescue treated with artemether monotherapy (ARM) and
in combination with apocynin (ARM + APO) adjunctive based on scores of Rapid Murine Come behavior Scale
(RMCBS). After a 30 day survivability period, we performed Barnes maze, T-maze, novel object recognition
cognitive tests to evaluate working and reference memory in all the experimental groups except CM.
Sensorimotor tests were conducted in all the cohorts to assess motor coordination. We performed Golgi-cox
staining to illustrate cornu ammonis-1 (CA1) pyramidal neuronal morphology and study changes in overall
hippocampal neuronal density. Further, expression of NOX2 and NeuN (a neuronal marker) in hippocampal CA1,
dentate gyrus was determined using double immuno�uorescence experiments in all the experimental groups.
Mice administered with ARM monotherapy and APO adjunctive treatment exhibited similar survivability. The
latter showed better locomotor and cognitive functions, reduced ROS levels, and hippocampal NOX2
immunoreactivity in ECM. Our results show a substantial increase in hippocampal NeuN immunoreactivity and
dendritic arborization in ARM + APO cohorts compared to ARM-treated brain samples. Overall, our study suggests
that overexpression of NOX2 could result in loss of hippocampal neuronal density and dendritic spines of CA1
neurons affecting the spatial working and reference memory during ECM. Notably, ARM + APO adjunctive therapy
reversed the altered neuronal morphology and oxidative damage in hippocampal neurons restoring long-term
cognitive functions after CM.

Introduction
Malaria remains one of the most important infectious diseases till date. About 409,000 deaths were estimated
globally in the year 2019, of which 86 % cases were accounted from Africa and India (World malaria report 2020)
and 1 % of them progress to cerebral malaria (CM) [1]. CM is a neurodegenerative disease, classi�ed under the
severe forms of malaria, caused by the infection of Plasmodium falciparum exhibiting fatal complications such
as recurrent seizures, delirium, and coma, ultimately leading to death [2]. Loss of cognition and behavior after
treatment is one of the salient features of CM. Previous reports show that 25 % of children exhibit long-term
cognitive impairment after survival from CM [1]. The mechanism underlying the cognitive decline is not known.

Reactive oxygen species (ROS) are the oxygen-derived reactive molecules, essential for the maintenance of
several biological processes such as cell growth, survival, differentiation and immune response [3,4]. Several
reports show that nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX), a multi-subunit
enzyme, generates ROS for maintaining host immunity and physiological processes in the brain [5,6]. NOX
consists of seven isoforms NOX1-5, dual oxidases 1–2 (DUOX1) and DUOX2 which combine to form a functional
enzyme constituting cytosolic subunits p47-phox, p67-phox, p40-phox, Rac and membrane bound subunits gp91-
phox and p22-phox [6,7,5]. Most of the studies reported that increased expression of NOX leads to oxidative
damage induced cognitive impairment and loss of motor co-ordination in Alzheimer’s and Parkinson diseased
patients [8,9]. Increased gp91-phox expression of NOX2 subunit produces superoxides resulting in oxidative
stress and in�ammatory actions implicated in several neurodegenerative diseases [10–13]. Excessive release of
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free radicals results in oxidative stress enhancing hippocampal lesions followed by neurocognitive sequelae in
CM [14–17].

Inhibition of NOX has shown an effective response in restoration of neuronal functions in several acute and
chronic CNS disorders [8,18,19]. Apocynin (APO), a potent inhibitor of NOX, has multiple therapeutic effects such
as anti-oxidant, an anti-in�ammatory which is proven to show neuroprotection in several animal models of
neurodegeneration [20,19]. Artemisinin derivates are considered the �rst-line therapy in human cerebral malaria
(HCM) [21,22]. In the present study, we administered APO in combination with artemether (APO + ARM)
adjunctive therapy and ARM drug (monotherapy) to two different cohorts of C57BL/6 mice infected with
Plasmodium berghei ANKA (PbA), a widely accepted animal model for CM. Further, we conducted cognitive tests
to study the sensorimotor functions, working and long-term memory in all the treated animals in comparison to
the control. This study shows the �rst evidence that apocynin adjunctive therapy was able to decrease the
expression of hippocampal NOX2 with improvement in learning and memory functions after CM.

Materials And Methods
Animals

A total of 80 C57BL/6 male and female mice of 3–4 weeks old of 15–20 g were purchased from the National
Institute of Nutrition (NIN), Hyderabad. All the animals were fed with chow and sterile water ad libitum followed
by 12 hours light / dark cycle in the animal house facility at the University of Hyderabad.

Parasite infection and evaluation of symptoms of CM

Mice were infected intraperitoneally (i.p.) with 100–350µl of PbA infected red blood corpuscles (iRBC’s) at a
concentration of 106 was obtained from the National Institute of Malaria Research (NIMR), New Delhi and stored
in liquid nitrogen. The PbA infected vials were thawed at 4 0C and diluted in 1x phosphate buffered saline (PBS)
for administration into the mice (n = 15/group). All the infected mice were segregated into 3 groups (CM infected;
ARM + APO adjunctive therapy; ARM monotherapy). The parasitemia from the caudal blood smears was
monitored by Giemsa staining after 72 hours post-infection. Each mouse was subjected to Rapid Murine Coma
Behavior Scale (RMCBS), a tool for identifying the subjects of CM and performing rescue treatment. RMCBS
experiment consists of 10 behavioral parameters; gait, balance, motor performance, body position, limb strength,
touch escape, pinna re�ex, toe pinch, aggression, grooming. Each parameter was scored from 0–2 depending on
the behavior exhibited by an infected mouse considering a total score of 20. Mice with scores ranging from 5–12
were considered as symptomatic to CM and subjected to treatment.

Experimental groups

Animals symptomatic to CM was administered (i.p.) immediately with ARM at a concentration of 25 mg/Kg body
weight (b.w.) of ARM (dissolved in Arachis oil) and APO at 5mg/Kg (b.w.) (dissolved in 10 % of dimethyl
sulphoxide (DMSO) once per day up to seven days. All the animals that received the adjunctive therapy were
transferred to a separate cage labeled as ARM + APO group (n = 23). Another cohort of CM infected animals (n = 
16) were administered i.p. with 25 mg/kg (b.w.) artemether and transferred to a cage labeled as ARM group (n = 
27). Control mice (CON) (n = 15) were administered with saline. Animals symptomatic to CM were categorized as
CM infected group (n = 11), which were euthanized humanely with ketamine (150 mg/kg) and xylazine (10
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mg/kg) i.p. on day 6–11. All the treated animals were subjected to cognitive tests after a survival period of 30
days and euthanized for brain sampling.

Behavioral tests

Animals with mild CM symptoms (n = 11) were tested immediately for spontaneous activity (cylinder and
adhesive removal test). Memory associated tests were performed in the treated animals (ARM n = 15. ARM + APO
n = 12) in comparison to CON group after survivability of 30 days. All the tests were performed during the light
cycle and analyzed by a group of blinded researchers.

Cylinder test

Each animal from all the experimental groups was placed in a clean, transparent plastic open-top cylinder
(height: 26 cm; diameter: 16 cm) and video recorded for 3 minutes. The number of rears (vertical posture of the
mouse, standing on its hind limbs) for each mouse was counted. The cylinder was periodically cleaned with 70 %
alcohol after each trial. The average number of rears and time spent grooming were measured in all the animal
groups.

Adhesive removal test

This test was performed to study the de�cits in sensorimotor response to stimulation test adapted for rodents
[23–26]. Small pieces of adhesive labels were stuck beneath the toe of the mouse and placed in the cage. Each
animal was subjected to three alternative trials with a 2 minute time interval between the tests. If the animal fails
to remove adhesive after 120 seconds, the trial was preceded with the next mouse. The average time to contact
the adhesive, till its removal from the toe was recorded.

Beam balance test

Each animal (except CM group) was guided to walk from one end of the beam to another (40 cm height, 1 meter
beam, 12 mm width) to study the motor de�cits [27] for two days and one day for testing. Each mouse received
three trials on the test day to analyze the rate of “slipping” (any foot coming off the beam) as a motor de�cit with
a scoring index of “1” (inability to cross the beam), “2” (crossing the beam with dragging limbs) and “7” (crossing
the beam with fewer than 2-foot slips). The beam was cleaned with 70% alcohol, and droppings were removed
with clean dry paper.

Barnes maze

This task is performed to evaluate the spatial long-term memory in the rodents [28,29]. This test consists of a
circular platform with 20 equidistantly spaced holes along its perimeter (100 cm in diameter). This test consists
of a circular platform with 20 equidistantly spaced holes along its perimeter (100 cm in diameter). An escape
platform was placed under one of the holes leaving the rest empty. Each animal was guided from the center of
the maze to detect escape platform for 4 minutes per session up to 4 days (acquisition phase). The maze and
the escape platform were cleaned with 70 % alcohol following each trial. Animals were subjected to probe trial
after removing the escape platform on day 5. The time to detect the escape platform (primary latency) and the
number of holes entered before primary latency (primary error) were recorded. The mice were video-recorded and
tested individually with the ANY-maze behavioral tracking software version 6.0, Stoelting Co, Wood Dale, USA.
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T-maze experiment

Mice were subjected to T-maze consisting of three arms measuring (diameter 30 x15 cm height) of left and right
sided goal arms and 40 cm of the start arm. A forced choice of spontaneous alternation was selected where
each mouse was gently placed in the start arm for 3 minutes for habituation [30–32]. The mouse was placed in
the start arm of the maze after blocking any one side of the arm. The mouse is forced to explore the L-shaped
maze for 5 minutes (acquisition phase). The mouse was placed back in its home cage for 15 minutes time
duration. The maze was cleaned thoroughly with 70 % alcohol to remove olfactory cues in the area. During the
test phase, the blockage in the arm was removed, and mouse was placed in the start arm and observed for its
entry to the arm not visited previously (correct alternation) (test phase). Mouse exploring the arm visited
previously during the test phase is considered as wrong alternation. Each mouse was subjected to 6 trials per
day for four days to study the "correct alternation" and "wrong alternation." The percentage of correct alternation
per animal with side preference rate (actively adapt to one side of the arm) was calculated and compared among
the groups.

One-trial novel object recognition test

On day 1, mouse was placed in the empty square shaped box made of transparent glass material (dimensions:
30 x 30 x 30cm) for 20 minutes (habituation phase). The mouse was removed from the arena and placed back in
its home cage. The box was cleaned with 70 % alcohol. On day 2, two identical objects were placed 5 cm away
from the walls. Mouse was placed in the box for 5 minutes (familiarization phase). Mouse was placed back in its
home cage. The walls of the box along with the identical objects were cleaned thoroughly with 70% alcohol. One
of the identical objects was replaced with a novel object having a different shape and colour in same position.
After 60 minutes, the same mouse was placed in the center of the arena for 5 minutes (test phase). The total
time spent by the subject interacting with both the identical objects in the familiarization and novel object in test
phase via. sni�ng, pawing, within a distance of 2 cm was recorded manually [33]. The discrimination ratio was
calculated to estimate the preference towards novel object (novel object interaction/ total interaction with both
objects x 100.

Histological staining

After conducting behavioral assays, all the animals were euthanized and perfused intracardially with saline and
chilled 4% paraformaldehyde solution (PFA). The whole brain samples were collected and stored in 4% PFA.
Brain samples were placed in Golgi-Cox stain solution at room temperature for 17 days. The rest of the brain
samples were dehydrated in 20–40 % sucrose solutions followed by cryomicrotomy. Hippocampal sections of 10
µm thickness were collected to perform immuno�uorescence, Fluoro-Jade C and Hematoxylin and Eosin (H&E)
staining, 100 µm sections for Golgi-Cox staining. We assessed the changes in the CA1 and Dentate gyrus regions
of hippocampus in all the experimental groups.

Fluoro-Jade C staining

Hippocampal brain sections were subjected to the Fluoro-Jade C staining, an anionic dye (AG325 Millipore)
which stains only the degenerated neurons [34]. All the sections were immersed in xylene for 45 minutes and
dehydrated in 100% ethyl alcohol with 5% sodium hydroxide for 5 minutes. All the sections were washed in
phosphate buffer saline (PBS) buffer for 2 minutes and incubated in 0.06% potassium permanganate solution
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for 10 minutes with gentle shaking. All the slides were placed in of Fluoro-Jade C stain (FJ-C) solution (0.05% of
Fluoro-Jade C powder dissolved in distilled water with 50 µl of acetic acid) for 20 minutes. All the sections were
washed with distilled water for 2 minutes, dried at 50 0C at dark for 15 minutes and mounted with DPX mounting
medium. The number of FJ-C positive neurons was quanti�ed by the cell counter tool of Image J software.

Hematoxylin and Eosin (H&E) staining

H&E staining is a standard and well established method for studying morphological changes in tissues during
various pathological conditions [35]. All the brain sections were stained with the Harris hematoxylin stain
according to the protocols mentioned previously [36–38]. All the images were captured using the Olympus BX-51
microscope at 1000X magni�cation.

Golgi-Cox staining

Sucrose dehydrated whole brains impregnated with Golgi-Cox stain was subjected to cryosectioning using Leica
Cryomicrotome CM 1850. Hippocampal brain sections were collected at 100µm thickness for studying the
dendritic spine density and 200 µm to analyze the neuronal arborization pattern by Sholl analysis. The
cryosections were developed according to the protocol of Sami Zaquot et al. [39]. All the images were captured
by the Olympus BX-51 microscope at 1000X and 400X magni�cation.

Quanti�cation of dendritic spine density of hippocampal CA1 pyramidal neurons

Dendritic spines were quanti�ed from the skeletonized images of Golgi impregnated CA1 neurons using the cell
counter tool of ImageJ software. Spine projections per 10 µm dendrite length of eighteen distal dendrites were
considered for quanti�cation from Golgi impregnated CA1 neuronal images captured at 1000X magni�cation
using Olympus BX-51 microscope.

Sholl analysis of hippocampal CA1 pyramidal neurons

Neuronal arborization pattern was quanti�ed by selecting the widely used linear method of the Sholl analysis
algorithm [40]. Sholl analysis draws imaginary concentric circles overlapping from soma of the neurons. A highly
arborized neuron develops more intersections compared to an altered neuron. The number of intersections (Nm),
radius at maximum Nm is critical radius (rc), number of primary dendrites (Np) were calculated using Sholl plugin
of ImageJ software. The soma centered hippocampal pyramidal neurons (n = 16 per group) were converted to 8
bit binary, skeletonized and subjected to threshold. The image was subjected to Sholl plugin after drawing a line
from the soma to the border of the image. Based on the linear Sholl plot, a graph was plotted for average values
of Nm on Y-axis against rc on X-axis for each experimental group. Further, we measured the number and total
length of apical and basal dendrites of Golgi-impregnated CA1 neurons (n = 16) in all experimental groups by the
Neuron J plugin 1.4.3 tool in ImageJ software.

Evans Blue staining

Cohorts of ARM (n = 3), ARM + APO (n = 3) on day 13, CM infected (n = 3) on day 7 and CON (n = 3) mice were
injected intravenously (i.v.) with 2 ml/kg of 2% Evans Blue dye (SRL Chemicals 46650). Mice were anesthetized
with ketamine (150 mg/kg), xylazine (10 mg/kg) and perfused intracardially with 1x PBS buffer after an hour.
Brains were surgically removed, weighed and immersed in 1 ml of formamide solution for 48 hours at 37 0C. The
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samples were homogenized and centrifuged at 14,000 rpm for 20 minutes at 20 0C. Supernatants were collected
carefully and absorbance was measured at 620 nm using UV-visible spectrophotometer (Hitachi–U2900). The
amount of the dye (microgram per milligram of tissue) extravasated was quanti�ed by measuring the
absorbance of the dye from the brain samples compared to the standard values of Evans blue dye.

Semi-quantitative PCR

Total RNA was isolated from the whole brain samples of all the experimental groups (n = 4 per group) using
Trizol reagent (T9424 Sigma Aldrich) and quanti�ed using NanoDropTM 2000 UV-Visible spectrophotometer
(Thermo Fisher Scienti�c). cDNA was synthesized from the 1µg concentration of RNA using PrimeScript™ 1st
strand cDNA Synthesis kit (6110A Takara Bio). cDNA at 0.5µg/µl (0.5 µl) concentration, 10 picomolar
concentration of forward, reverse primers (1µl) were added to 5 µl of 2x Dreamtaq green PCR master mix (K1081
Thermo Fisher Scienti�c), made up to 10µl reaction with 3.5 µl of nuclease-free water and subjected to semi-
quantitative PCR (Applied Biosystems Veriti 96 well Thermal cycler) at 25 cycles respectively. PCR protocol
included denaturation step at 95 0C for 30 seconds (stage-1), 95 0C for 2 minutes (stage-2), annealing at
respective melting temperature (Tm) for 45 seconds and extension at 72 0C for 5 minutes. Primers were procured
from Integrated DNA Technologies (IDT). Primer sequences speci�c to NOX2 and GAPDH genes are listed in table
1.

Estimation of ROS by 2, 7-dichlorodihydro�uorescein diacetate (DCFDA) method

2′,7′-Dichloro�uorescin diacetate (Sigma Aldrich D6883) is a non-�uorescent probe used to estimate the cellular
ROS levels involving hydrogen peroxide (H2O2), hydroxyl radicals (OH−) and peroxyl radicals (ROO−). De-
esteri�cation of DCFDA intracellularly leads to the formation of a highly �uorescent compound, 2′,7′-
dichloro�uorescein. Whole brain samples (100 mg) (n = 6) were homogenized in 1x PBS buffer in a Dounce
homogenizer and centrifuged for 6000 rpm at 4 0C for 15 minutes. 55 µl of HEPES buffer was mixed to 10 µl of
the supernatant. 20 µM of DCFDA was dissolved in the culture grade dimethylsulphoxide (DMSO) solution was
added to the above mixture in a 96 well plate and kept for incubation for 30 minutes at room temperature at dark
condition. Hydrogen peroxide (100µM in PBS) was used as a positive control. Mean Relative Fluorescence Units
(RFU) were measured at an excitation wavelength of 485 nm and emission wavelength of 515 nm of Tecan
In�nite 200 PRO spectro�uorometer.

Western blotting

The whole brain samples were homogenized in sucrose radio-immunoprecipitation assay buffer (RIPA) buffer
(10 mM Tris-HCl, 0.32 M sucrose, 150 mM NaCl, 1 % NP-40, 0.5 % sodium deoxycholate, and pH-7.2) with 10 µl
per 1 ml of protease inhibitor (P0044 Sigma-Aldrich) using a Dounce homogenizer at 4 0C. The protein extracts
were estimated by Bradford method and 50 µg of proteins were resolved in 10 % Sodium-Dodecyl Sulphate-Poly
Acrylamide Gel Electrophoresis (SDS-PAGE) gel. The resolved gel were blotted on the nitrocellulose membrane
soaked in Towbin buffer (Tris-HCl- 3 g, glycine-14.4 g, deionized water – 800 ml, methanol − 200 ml pH-8.3)
overnight at 4 0C. The membranes were blocked in 5 % skimmed milk buffer for 1 hour at room temperature and
washed with Tris-buffered saline containing 0.05 % Tween 20 (TBST) for 5 minutes. Membrane was incubated
with primary antibodies of NOX2 rabbit raised polyclonal antibody (Abcam ab80508) and GAPDH (#5174, Cell
Signaling Technology) at dilution of 1:1000 overnight at 4 0C. The membrane was washed with TBST and
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probed with anti-rabbit IgG (1:30,000) (whole molecule) (A3687 Sigma-Aldrich) alkaline phosphatase conjugated
secondary antibody for 2 hours at room temperature. Immunoreactivity was detected by adding 120 µl of BCIP
solution (5-bromo-4-chloro-3-indolyl-phosphate) (75531 SRL chemicals), 120 µl of NBT solution (Nitro Blue
Tetrazolium) (73654 SRL chemicals) to 4ml of alkaline phosphatase buffer (Tris-2.422 g, NaCl- 1.68 g and
MgCl2- 0.203 g dissolved in 200 ml of distilled water) on the membrane for 5–10 minutes at room temperature in
dark condition.

Double immuno�uorescence experiment

Hippocampal brain sections were permeabilized with 0.2 % Tween for 20 minutes. All the sections were blocked
using blocking buffer (5 % normal goat serum (Cell Signaling Technology, #5425) dissolved in 1x PBS) for 2
hours at room temperature. Sections were incubated with the primary antibody cocktail of rabbit generated anti-
NOX2/gp91phox antibody (1:100) (Abcam, ab80508) and mouse raised NeuN (neuronal marker) antibody
(1:100) (Cell Signaling Technology, #94403) overnight for 16 hours at 40C. Sections were rinsed in 1x PBS and
incubated with a secondary antibody cocktail of anti-rabbit IgG (1:1000) (4412S Alexa Fluor® 488 Conjugate)
and anti-mouse IgG (1:1000) (4409S Alexa Fluor® 555 Conjugate) from Cell Signaling Technology for 2 hours at
room temperature in dark condition. After washing the sections in 1x PBS, the sections were mounted with
Prolong Gold Anti-Fade reagent with DAPI (8961S Cell Signaling Technology). Images were captured by the Carl
Zeiss LSM 710 confocal microscope using ZEN Blue software. The �uorescence intensities of images were
quanti�ed by the ImageJ software (n = 8 images per group).

Statistical analysis
The statistical differences among the experimental groups were calculated by one-way ANOVA (Analysis of
Variance) with post-hoc Student-Newman-Keuls test (multiple comparisons) using the GraphPad Prism software
version 5.03. The p-values less than 0.05 and 0.001 were considered signi�cant.

Results
Rescue therapy with ARM and ARM + APO improves behavioral patterns after ECM.

We observed that the mice infected PbA showed altered behavior from day 5 such as loss of rearing and
exploration (60 seconds for exploring the corners) with an RMCBS score of 12 ± 1. Later, most of the PbA
infected mice were insensitive to touch escape, pinna re�ex, with a sharp decline in the RMCBS score from day
6–9 (day 6; 11 ± 0.57, day 7; 6.33 ± 0.88, day 8; 5.3 ± 0.3, day 9; 5 ± 0.57) (Supplementary 1). We administered
ARM drug to a cohort of PbA infected mice at RMCBS score of 14 i.e. from day 6 (ARM group, n = 27)
(Supplementary 2). Mice were administered with APO + ARM at a RMCBS score of 14 i.e. from day 6 (n = 23)
(Fig. 1a, c). ARM group exhibited an improvement in behavioral patterns from day 9 (RMCBS scores day 8; 15.33 
± 1.2, day 9; 16.66 ± 0.33, day 10; 17.0 ± 0.57) such as exploration (9 seconds for exploring all the corners),
grooming, rearing and subtle de�cits in touch response, body balance and locomotion compared to CM group.
ARM + APO treated group also exhibited improvement in gait, grooming pattern, prompt response to pinna re�ex
and touch response (RMCBS scores of ARM + APO group (day 8; 14.33 ± 0.33. day 9; 17.33 ± 0.33; day 10; 17.0 ± 
0.57) (supplementary 3) compared to CM group. Exploration rate of ARM + APO and ARM treated mice (8
seconds for exploring all the corners) were similar. CON group (n = 15) exhibited typical behavioral response with
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RMCBS score of 20 (supplementary 4). We observed that the survival rate in both the groups was similar. Mice
treated with ARM showed a survival rate of 56 %, ARM + APO group of 54 % survivability on day 30 (Figure. 1b).
Mice rescue treated with ARM + APO died of parasite recrudescence on day 11 and 12, day 10. Some of the ARM
treated mice died few hours after receiving treatment. Mice symptomatic to CM were moribund between day 6 to
9.

Apocynin adjunctive therapy improved cytoarchitecture of hippocampal neurons in ECM

The H&E stained sections of CM infected group illustrated characteristic neurodegenerative changes such as
irregularly shaped or shrunken necrotic CA1 neurons with pyknotic nucleus (Fig. 2a). We observed prominent
increase in neuropil vacuolation in the internal granule layer and hilus of dentate gyrus in CM group. A reduction
in number of pyknotic neurons with vacuolar changes in the neuropil was observed in CA1 and dentate gyrus of
ARM + APO group compared to ARM rescue treated group (Fig. 2b). FJ-C staining revealed severe
neurodegeneration in the CA1 (38 ± 3.0) (Fig. 3a and c) and the granule layer of the dentate gyrus (30.5 ± 4.5) in
CM brain sections. ARM treated group showed abundant FJ-C positive neurons in hilus and internal granule layer
of the dentate gyrus (26 ± 2) compared to the APO (10.5 ± 1.5) group (Fig. 3b and d). Overall, both the rescue
treatments prevented neuronal death after CM, ARM + APO treatment (***p < 0.001) showed signi�cant
neuroprotection in dentate gyrus and CA1 neurons (*p < 0.05) compared to ARM monotherapy in ECM.

Apocynin rescue treatment improves hippocampal CA1 pyramidal neuronal morphology and dendritic spine
density in ECM

Our results show critical loss of hippocampal CA1 dendritic complexity in CM infected brain sections (Fig. 4a).
Based on the outcomes of H&E, FJ-C staining, we studied whether ARM and ARM + APO treatment had any
positive effect on the dendritic arborization and dendritic spine density of CA1 neurons. Both ARM and ARM + 
APO therapy improved hippocampal dendritic complexity compared to CM infected brain sections (Fig. 4a). Sholl
analysis studies demonstrated a signi�cant increase in dendritic arborization and primary dendrites of CA1
neurons in ARM + APO (Nm; 14.24 ± 0.60) at rc =200 µm, Np = 4.42 ± 0.37 compared to ARM (Nm; 11.04 ± 0.53) at
rc=250 µm, Np = 3.98 ± 0.21 and CM (Nm; 4.96 ± 0.08) at rc=50 µm, Np = 2.67 ± 0.02). We observed an increased
dendritic arborization pattern in CON group (Nm; 16.30 ± 0.9) at rc=100 µm (Np = 5.02 ± 0.05) (Fig. 4b and d) in
comparison to rest of the experimental groups. Golgi-cox impregnated CA1 neurons illustrated signi�cant
increase in the number and length of basal dendrites in ARM + APO (BsD number;12.5 ± 1.5, length:438.0 ± 49
µm) (***p < 0.001) compared to ARM group (BsD number; 4.5 ± 0.5, length:73.0 ± 16 µm) (Fig. 4e and f) and CM
group which exhibited dystrophic neurites (BsD: 3.5 ± 0.5, length: 53.5 ± 7.5 µm) as well as length and number of
apical (ApD number; 6.5 ± 0.5, length:188.0 ± 12 µm). There was no signi�cant change in the number and length
of apical dendrites of ARM and ARM + APO group. We observed a prominent increase in number and length of
apical and basal dendrites in CON group (ApD number: 26.0 ± 2, length: 1915.5 ± 18.5 µm, BsD number: 18.5 ± 
1.5, length: 700.5 ± 82.5 µm) compared to the rest of the experimental groups (Fig. 4e and f). Dendritic spine
density data indicated a signi�cant increase in ARM + APO (22 ± 0.34) (***p < 0.001) compared to ARM (12.50 ± 
0.5) treated and CM group (7.0 ± 0.45) (Fig. 4c and g). Our results show increased dendritic spine density in CON
group in comparison to rest of the experimental groups (35.0 ± 0.31). Overall, despite both rescue treatments
mitigated CM symptoms, Golgi-cox impregnated brain sections exhibited a signi�cant difference in dendritic
complexity, spine density and arborization pattern in ARM + APO treated compared to ARM group.
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Apocynin rescue therapy restores the BBB integrity, reduces ROS levels and expression of NOX2 in ECM.

Loss of BBB integrity is a salient feature in the pathogenesis of CM [41,42]. Evans blue dye is a well-known
vascular marker that does not cross BBB under physiological conditions but binds to albumin and gets across a
leaky BBB [43,44]. Brain symptomatic to CM appeared deep blue with increased concentration of Evans blue
(9.50 ± 0.5 µg/g brain tissue), while ARM + APO treated showed a lighter blue coloration with a concentration of
4.5 ± 0.5 µg/g Evans blue dye compared to ARM group (6.1 ± 0.87 µg/g) (Fig. 5a). Overall our �ndings represent
that ARM + APO treated group signi�cantly prevented BBB impairment compared to ARM (*p < 0.05) and CM
infected group (***p < 0.001). We observed lower levels of Evans blue dye in CON group (2 ± 0.03 µg/g).

Recent studies show that deletion of NOX2 gene in animal models show partial neuroprotection from brain
ischemia and traumatic brain injury (TBI) [45,11]. Gene expression studies revealed that both ARM mono (1.20 ± 
0.07) and ARM + APO (0.619 ± 0.04) adjunctive therapy were successful in reducing the NOX2 gene expression
compared to CM group (***p < 0.001, 2.38 ± 0.27) upon normalization with Glyceraldehyde 3 phosphate
dehydrogenase (GAPDH) loading control (Fig. 5b). Protein expression data was in line with results of NOX2 gene
expression normalized with GAPDH (protein) showing signi�cant reduction of NOX2 expression in ARM + APO
(0.889 ± 0.0089) compared to ARM (*p < 0.05; 1.49 ± 0.09) and CM group (***p < 0.001; 2.95 ± 0.28) (Fig. 5c).
Overall, the gene and protein levels in whole brain lysates showed reduced expression of NOX2 upon treatment
with APO adjunctive therapy compared to ARM group in ECM.

Previous studies show ROS induced pathological changes in vascular endothelial damage in CM [46–48]. Mean
RFU values of DCFDA test data show signi�cant reduction of ROS in ARM + APO (23460 ± 2522) (***p < 0.001)
compared to ARM (41465 ± 1663) and CM group (51461.5 ± 2538) (Fig. 5d). Overall, based on the DCFDA test,
we con�rm that APO adjunctive therapy is effective in lowering the ROS levels compared to ARM monotherapy in
ECM.

Apocynin adjunctive therapy reduces NOX2 expression in CA1 and dentate gyrus of hippocampal sections in
ECM

Double immuno�uorescence staining illustrated signi�cant decrease in the NOX2 �uorescence in dentate gyrus
and CA1 in ARM + APO (***p < 0.001, dentate gyrus; 6.48 ± 0.25, CA1; 7.32 ± 0.38) compared to ARM (dentate
gyrus; 12.36 ± 0.58, CA1; 16.83 ± 0.45) and CM group (dentate gyrus; 16.89 ± 1.12, CA1; 25.47 ± 0.35) (Fig. 6, 7).
Loss of NeuN expression is followed by central nervous system (CNS) injury [49–51]. Restoration of NeuN
immunoreactivity in dentate gyrus and CA1 regions of hippocampal sections is a clear sign of neuronal recovery
in ARM + APO group. We observed a signi�cant loss of NeuN expression was prominent in hilar regions and
dentate gyrus in ARM (***p < 0.001) compared to ARM + APO group (Fig. 6c). Overall, both rescue therapies were
successful in overcoming CM, while ARM + APO treated showed prominent neuroprotection in hippocampal
regions compared to ARM group.

Apocynin rescue therapy improves long term memory and restores sensorimotor-coordination after CM.

Our analysis from cylinder test exhibited that the number of rearings was signi�cantly increased in both the
rescue treated groups (ARM; 18 ± 1.15 and ARM + APO; 18.33 ± 1.45, ***p < 0.001) (Fig. 8a) compared to CM
(1.66 ± 0.88). Furthermore, no change in rate of rearings was observed between ARM and ARM + APO treated
groups. Adhesive removal test results show a signi�cantly decreased rate of contact 8.5 ± 0.5, removal time 26.5 
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± 1.5 sec in ARM + APO (***p < 0.001) compared to ARM treated (contact 39.5 ± 5.5, removal time 85.5 ± 4.5, p < 
0.001) and CM (contact 88 ± 2, removal time 90.5 ± 0.5 (Fig. 8b and e). Beam balance test results show that ARM
group exhibit a characteristic contralateral foot slipping (***p < 0.001, 7.33 ± 0.66) with increase (*p < 0.05) in the
average time (11 ± 1.15 sec) (supplementary 5) to traverse the beam compared to ARM + APO group (slipping
rate 3.33 ± 0.3, time to traverse 7 ± 1.15 sec) (supplementary 6) (Fig. 8c and f). We observed that CON group
occasionally showed slipping and least time to traverse the beam (5.1 ± 0.58 sec) compared to rest of the
experimental groups. T-maze spontaneous alternation task results show a signi�cant increase in the rate of
correct alternation in ARM + APO (60.0 ± 2.88 %, ***p < 0.001) group compared to ARM group (43.33 ± 6.0 %)
(Fig. 8d). We observed that ARM treated (50 ± 2.88 %, ***p < 0.001) group showed a signi�cant strong side
preference rate compared to ARM + APO (*p < 0.05) (25.0 ± 2.88 %) and CON group (11.66 ± 1.66) (Fig. 8g). CON
group was used as a reference which resulted in 70.66 ± 5.81 % correct alternation rate compared to rest of the
groups. Our analysis from Barnes maze experiment revealed that ARM + APO treated group performed primary
latency within a shorter time interval (81.76 ± 8.56 sec on day 1 and 16.78 ± 7.9 sec on day 5) (supplementary 7)
compared to ARM group (127.0 ± 8.74 sec on day 1 and 37.32 ± 7.46 sec on day 5 during the acquisition phase
(Fig. 8h and i) (supplementary 8). The rate of primary errors was increased in ARM treated (29.56 ± 7.5; day 1),
(27.0 ± 3.4; day 5) compared to the ARM + APO group (19.00 ± 7.2; day 1), (3.45 ± 2.5; day 5) (Fig. 8j and k). The
heat maps show that CON (105.0 ± 5.6 sec) and ARM + APO group (64.56 ± 5.3 sec) spent more time near the
escape platform after primary latency compared to the ARM group (34.5 ± 7.9) during probe trial on day 5. Most
of the animals in ARM group exhibited frozen behavior in the center of the maze and detected the escape
platform upon several nudges (Fig. 8l). Overall, based on the results of Barnes maze, ARM + APO group exhibited
better spatial reference memory skills with less error rate compared to the ARM group. Novel object recognition
test results revealed that ARM + APO group showed signi�cant increase in the time spent interacting with the
novel object (57 ± 2 sec, ***p < 0.001) compared to the ARM group (42.5 ± 2.5 sec) during retrieval phase
(Fig. 8m). Further, we observed that there was no signi�cant change in the time spent with two identical objects
(object 1 and 2) in all the experimental groups (CON; object 1- 43.5 ± 1.5 sec, object 2- 50.5 ± 2.5 sec, ARM; object
1- 33.5 ± 1.5 sec, object 2- 40.5 ± 2.5 sec, ARM + APO: object 1–36 ± 4 sec, object 2- 42.5 ± 2.5 sec) during
acquisition phase (Fig. 8m). Discrimination index percent data represents that ARM + APO (72 %) showed more
preference for recognizing novel object compared to ARM group (57 %) (Fig. 8n).

Discussion
Excess ROS production and chronic in�ammatory mechanisms activating microglia are propellants for unusual
micro-environment in the brain leading to oxidative stress and cognitive decline in several neurodegenerative
disorders [52–56]. The pathology of CM includes sequestration of parasite-infected red blood corpuscles
(pRBCs) in the micro-vessels of the brain, overexpression of the immune factors causing a breach in the Blood
Brain Barrier (BBB) [2,41,57]. Disruption of brain development during childhood may lead to long-lasting
consequences on cognition. Generally, cognitive abilities such as learning, attention and memory rapidly develop
in children within 8–9 years of age [58]. Loss of CA1 and dentate gyrus neurons in the hippocampus is a major
cause for learning and memory impairment in several neurodegenerative diseases [59–61]. Earlier studies
showed that children with a history of CM showed hippocampal injury with poor cognitive outcomes [62–64]. A
recent MRI report demonstrated bilateral hippocampal sclerosis in HCM with a follow-up of short-term memory
loss [65]. However, till date, no effective neuroprotective therapy exists for restoration of cognitive functions after
CM.
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Superoxides produced by synaptically localized NOX are vital for hippocampal long-term potentiation (LTP) and
hippocampal dependent memory formation [66,67]. NOX2 hypersignaling elevates ROS and pro-in�ammatory
cytokines levels in activated microglial cells in experimental autoimmune encephalomyelitis (EAE) model of
multiple sclerosis [68]. However, previous studies have shown a 6–7 fold elevation of NOX2 in CA1 region of
hippocampus playing a critical role in the disease progression and altering cognition after transient global
cerebral ischemia, Alzheimer’s, Parkinson’s, Huntington, amyotrophic lateral sclerosis [69–73]. Earlier studies
have shown that free radicals synthesized by NOX2 subunit of NADPH oxidase in macrophages do not affect
suppressing parasite progression during malaria pathogenesis and have a minimal role in the gp91lphox −/−
mice model of malaria [74–76,14]. The current study demonstrates that increased hippocampal NOX2
immunoreactivity is detrimental for hippocampal neurons, negatively affecting learning and memory functions in
ECM. However, further research is essential to understand the role of the remaining subunits of NOX in CM
pathogenesis.

Existing reports state that NOX subunits alter BBB permeability during neuropathological conditions [77–79].
APO treatment signi�cantly reverses BBB permeability in several animal models of brain injury. Interestingly,
several ARM adjunctive therapies are proven to improve BBB integrity, reducing disease pathology in
experimental models of CM [42,80,81]. Based on the outcome of Evan’s blue experiment, we assume that APO
could play an important role in the restoration of BBB integrity after CM. The dosage of 5 mg/Kg APO as in the
current study has also been studied for its neuroprotective action in various experimental models of stroke and
traumatic brain injury [82–86]. Till date, there are no studies on APO as adjunctive in animal models of CM. ARM
is also known for its anti-oxidative, anti-in�ammatory, neuroprotective properties [87–89]. Artemisinin derivatives
stimulate ROS for mediating cytotoxic action in the parasite [90,91]. Based on the outcomes of our study, we
understood that 25mg/kg ARM clears parasite and improves survivability but ineffective in extending
neuroprotection after ECM. Interestingly, A.M. Gopalakrishnan group proved that NOX plays a potent role in ROS
stimulation in presence of artesunate (one of the artemisinin derivatives) in RBC’s infected with Plasmodium
species [92]. We assume that ARM might exacerbate the oxygenation conditions in the brain, altering
neuroprotective signaling mechanisms during rescue therapy. Nevertheless, further research is necessary to
study the role of ARM on NOX regarding the maintenance of physiological processes of neurons in the
hippocampal circuit in CM.

Changes in dendritic complexity are salient features reported in several neurodegenerative diseases [93–96].
According to previous reports, hippocampal neurons are highly vulnerable to oxidative stress, ischemia and
hypoglycemia with characteristic cellular damage [97,98]. Several studies demonstrate that APO acts as a
neuroprotective agent inhibiting NOX and microglial activation during pathological conditions [99–101]. Song
Hee Lee et al. have shown a signi�cant reduction in hippocampal neuronal death in CA1, CA3, dentate gyrus and
hilus regions by APO treatment in pilocarpine-induced epilepsy models [100]. A recent report shows that APO
prevented �brinogen induced dendritic spine loss in cortical neurons and dendritic damage in 5XFAD mouse
model of Alzheimer’s disease [102]. In our study, ARM + APO rescue treatment increased complexity of
hippocampal neuronal density dendritic spine density of CA1 neurons and NeuN immunoreactivity after CM.
Therefore, we assume that APO adjunctive modulates NeuN expression triggering neuroprotective signaling
mechanisms and accelerating a robust increase in hippocampal dendritic complexity after survival from CM.

Aberrant activation of neuronal NOX dysregulate dopaminergic neurotransmission mediated motor coordination
in Parkinson’s disease [103]. Recently, our group elucidated mechanism of dysregulation of dopamine receptor
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signaling and impairment of striatal medium spiny neurons in ECM [104]. According to various clinical trial
reports, children who survived from CM suffer from motor disabilities after ARM treatment [105–108]. Several
studies have shown that APO treatment prevented motor de�cits in animal models of neurodegeneration
[109,103,110]. Our results were in line with the above statement with restoration of locomotor functions after
ARM + APO treatment in CM symptomatic animals. However, further research is necessary to elucidate the role of
NOX in dysregulation of dopaminergic signaling pathways in the brain responsible for motor coordination in CM
pathogenesis. According to Celeste et al., hippocampal lesioned rats exhibit a strong side preference with a lower
correct alternation rate revealing short-term memory de�cits during the T-maze experiment [111]. Inhibition of
NOX2 prevented a decline in spatial memory in aged mice studied by novel object recognition task [112]. Hence,
we assume that hippocampal neurodegeneration may correlate to repetitive side preference patterns that
contribute to short-term memory loss in the T-maze experiment in ARM group. Despite similar survival rates, we
predict that APO counteracts neurotoxicity caused by the ARM in ECM. However, conducting pharmacodynamic
drug-drug interactions studies between both drugs in larger groups are essential for understanding the
pharmacological effect.

Together, our �ndings lend strong evidence for NOX2 overexpression in hippocampal regions, upon counteracting
with ARM + APO rescue treatment, reduced hippocampal NOX2 expression, restored neuronal arborization,
improved cognitive and behavioral functions in ECM. Therefore, we �rmly believe APO adjunctive therapy could
be a promising therapeutic approach against long-term cognitive impairment after CM.
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Table.1 Primers used for semi-quantitative PCR.

Gene and
GenBank ID:

Forward primer Reverse primer Size

(bp)

 Tm

 (0C)

Mus
musculus
Nox2 (Cybb)
FJ168469.1

5’-TGGAAACCCTCCTATGACTTG-3’ 5’-AACTTGGATACCTTGGGGCAC -3’ 216 57.5

GAPDH

NM_008084.3

5’-
GTGTGAACGGATTTGGCCGTATTG-
3’

5-’TTTGCCGTGAGTGGAGTCATACTG
-3’

146 58.8
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Figure 1

Restoration of neurobehavioral parameters and survivability after rescue therapy onset of CM. a Graph
representing a decrease in total RMCBS scores of animals infected with PbA from day 5 to 9 and restoration of
behavioral parameters after ARM and ARM+APO adjunctive therapy from day 6 to 10. b Kaplan-Meier survival
curve shows a survival percentage of 56 upon ARM treatment and 54 after ARM+APO therapy until a duration of
30 days. Mice infected with PbA were moribund with clinical signs of death due to CM on day 6 and 7. c Work
plan representing the time points of CM infection in mice post infected with PbA and corresponding ARM and
ARM+APO rescue therapy followed by cognitive tests after a survival phase up to day 30.
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Figure 2

Neuropil deterioration followed by neuroprotection in CA1 and dentate gyrus after APO adjunctive rescue therapy
in ECM. a H&E images showing neuropil deterioration with degenerated neurons in CA1 region of hippocampus
in CM. Image showing characteristic neurodegeneration in CA1 region despite ARM rescue therapy. Image
representing improved neuropil area of CA1 and reduced neuronal damage after APO adjunctive therapy. b Image
representing increased neuropil vacuolation in the internal granule layer and hilus of dentate gyrus in CM. Image
showing characteristic neuronal death in dentate gyrus in ARM rescue treated brain sections and improved
neuropil in dentate gyrus in APO adjunctive therapy. Scale bar = 10 µm.
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Figure 3

Hippocampal neurodegeneration in ECM. a Fluoro Jade-C stained images representing prominent
neurodegeneration in CA1 region and b dentate gyrus in coronal sections of CM (arrowhead showing
degenerated neuron in the hilar region of hippocampus). c Graph representing quanti�cation of �uorescence
intensities of degenerated neurons in CA1 and d dentate gyrus regions in all the experimental groups. *p<0.05,
***p<0.001 Scale Bar = 10 µm.
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Figure 4

Loss of hippocampal neuronal density in ECM. a Photomicrograph representing Golgi-cox impregnated
hippocampal neurons in all the experimental groups. b image representing individual neurons in CA1 region with
corresponding skeletonized images c dendritic spines. d graph showing dendritic arborization pattern in CA1
neurons with number of intersections on Y-axis and radial distance from soma on X-axis. e Graph representing
the number and f length of apical and basal dendrites of CA1 neurons g Graph representing the dendritic spine
density per 10 µm dendrite length. *p<0.05, ***p<0.001 Scale bar = 100 µm (a), 10 µm (b,c)
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Figure 5

Reduced expression of NOX2 in ECM and restoration of BBB integrity after APO rescue therapy a Image
representing appearance of whole brains stained with Evans Blue in all the experimental groups and
corresponding graph showing concentrations of Evans Blue dye extravasated. b Image representing NOX2 gene
expression and densitometry showing the relative gene levels normalized with GAPDH in the whole brain RNA
samples. c Western Blot showing NOX2 protein expression in whole brain lysates with quanti�cation of relative
protein levels normalized with GAPDH. d Graph representing quanti�cation of ROS levels by relative �uorescence
intensity units in whole brain lysates *p<0.05, ***p<0.001
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Figure 6

APO adjunctive therapy increased NeuN immunostaining with reduction in NOX2 expression after ECM a Image
representing colocalization of NeuN (red) and NOX2 (green) in dentate gyrus of CON brain section. b Loss of
NeuN immunoreactivity and increased immunoreactivity of NOX2 in CM infected brain section. c Enhanced
immunoreactivity of NOX2 and loss of NeuN staining in ARM treated brain section. d Restoration of NeuN
immunostaining and reduction of NOX2 levels in APO adjunctive treated brain section. ***p<0.001 Scale bar= 50
µm
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Figure 7

APO adjunctive therapy restored NeuN immunostaining in CA1 region after ECM. a Image representing the
immuno�uorescence staining of NeuN (red) and signi�cant reduction of NOX2 (green) in CA1 region of CON
brain section. b Loss of NeuN staining and increased immunoreactivity of NOX2 in CA1 region of CM infected
brain section. c Reduction of NeuN and increased immunoreactivity of NOX2 in ARM treated section. d
Restoration of NeuN and reduced NOX2 immunostaining in APO adjunctive treated brain section. ***p<0.001
Scale bar= 50 µm
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Figure 8

APO adjunctive therapy prevented cognitive impairment after ECM. a Graph representing the average number of
rears exhibited by the experimental groups in cylinder test. b,e Graph showing the contact and removal times
exhibited in adhesive removal test. c,f Average time for traversal and rate of contralateral foot slipping exhibited
in beam balance test. d,g Percentage of correct alternations and side preference rate exhibited in the T-maze test.
h Image showing the location of start point of mouse and escape platform in the Barnes maze. j,l Image showing
the track plots of the from the start point to the escape platform and heat maps of mouse exhibited in Barnes
maze. i,k Graph representing the primary latency and number of errors performed till day 5 (probe trial). m Graph
representing the average time spent with object 1 and 2 during the acquisition and retrieval phase in novel object
recognition test. n Graph showing the discrimination index exhibited by each experimental group in novel object
recognition test. *p<0.05, ***p<0.001
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