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Abstract

Cerebral malaria (CM) is a life-threatening complication of the malaria disease caused by
Plasmodium falciparum infection and is responsible for the death of half a million people annually.
The molecular pathogenesis underlying CM in humans is not completely understood, although
sequestration of infected erythrocytes in cerebral microvessels is thought to play a major role. In
contrast, experimental cerebral malaria (ECM) models in mice have been thought to be distinct
from human CM, and are mainly caused by inflammatory mediators. Here, to understand the spatial
distribution and the potential sequestration of parasites in the whole-brain microvessels during

a mouse model of ECM, we utilized the new tissue-clearing method CUBIC (Clear, Unobstructed,
Brain/Body Imaging Cocktails and Computational analysis) with light-sheet fluorescent microscopy
(LSFM), and reconstructed images in three dimensions (3D). We demonstrated significantly greater
accumulation of Plasmodium berghei ANKA (PbANKA) parasites in the olfactory bulb (OB) of mice,
compared with the other parts of the brain, including the cerebral cortex, cerebellum and brainstem.
Furthermore, we show that PbANKA parasites preferentially accumulate in the brainstem when

the OB is surgically removed. This study therefore not only highlights a successful application of
CUBIC tissue-clearing technology to visualize the whole brain and its microvessels during ECM, but
it also shows CUBIC’s future potential for visualizing pathological events in the whole ECM brain at
the cellular level, an achievement that would greatly advance our understanding of human cerebral
malaria.
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Introduction
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Malaria is a global burden affecting millions of people and
causing half a million deaths each year, mainly due to its
unique complication in the brain called cerebral malaria (1).
The brain is severely disrupted by Plasmodium falciparum
infection in man (human cerebral malaria, HCM), and by
Plasmodium berghei ANKA (PbANKA) infection in mice (ex-
perimental cerebral malaria, ECM). In humans, the presence

of mostly ring-stage-infected erythrocytes in the peripheral
blood and the sequestration of late-stage parasites in the
brain (seen post-mortem) have been considered as the main
cause for the initiation of HCM, with less attention paid to the
role of inflammation and immune cell activation (2). In con-
trast, several studies in mice have focussed on the role of
inflammation and immune system-mediated ECM pathology
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in the brain, such as the activation of CD8* T cells, micro-
glia and astrocytes which may eventually lead to blood-
brain barrier (BBB) disruption, cedema and pathology (3).
Notably, the differences between HCM and ECM have been
diminishing with the recent emerging studies focussing on
the wide range of similarities between the mouse and human
forms, including the accumulation and occlusion of infected
red blood cells (iIRBC) in the mouse brain and the accumula-
tion of CD8* T cells in the human brain (for more information
readers are referred to the recent excellent review articles (2—
4)). However, comprehensive understanding of how an obli-
gate erythrocyte-resident pathogen circulating in the blood
vessels can cause pathology in the brain at present remains
elusive.

Recent imaging technologies in pre-clinical studies in our
laboratory using ultra-high-field 11.7 T magnetic resonance
imaging (MRI) and multi-photon live imaging microscopy
have revealed new findings about the pathology of ECM.
Accordingly, the olfactory bulb (OB) is the first region to exhibit
vascular leakage and oedema during ECM (5), which later pro-
gress along the rostral migratory route to the brainstem (6-11).
The OB is located on the cribriform plate over the nasal sinus
and has unique vessel structures with dense trabecular blood
capillaries surrounded by microglia and astrocyte end-feet (3).
A key role of the dense and directionally structured olfactory
blood capillaries (12) may be to act as a suitable scaffold for
infected erythrocyte sequestration and inflammation, as hy-
pothesized in our previous study; however, MRl imaging does
not have adequate resolution to visualize and distinguish deep
capillaries within the tissue (13). Furthermore, the multi-photon
live imaging used in our previous study is a point-scanning
technique that is able to visualize brain microvessels only at
a limited depth and field of view (14, 15). Therefore, whole-
brain imaging of deep vessels with single-microvessel quality
and resolution is needed for understanding the interactions be-
tween the erythrocyte-invading Plasmodium parasite and brain
vessels as well as tissues.

To date, several tissue-clearing methods have been de-
veloped for the purpose of robust labelling and optical im-
aging of deep tissues and vessel structures of the brain in
both healthy and diseased conditions (13, 16). The CUBIC
(Clear, Unobstructed, Brain/Body Imaging Cocktails and
Computational analysis) protocol is a recently developed
tissue-clearing method that utilizes a cocktail of hydro-
philic chemicals for delipidation and decolouring as well
as refractive indices (RI) matching (17-19). The CUBIC-
cleared samples are visualized using light-sheet fluorescent
microscopy (LSFM). LSFM allows high-resolution imaging
with a high acquisition speed, and thus reduces photo-
damage to the sample (20). The CUBIC protocol was re-
cently introduced for a three-dimensional (3D) visualization of
the entire vascular network, including all microvessels in the
whole brain (21, 22).

Here, for the first time, we have extensively visualized
the whole system of the brain microvessels and PbANKA
parasites during ECM after CUBIC clearing. We found that
Plasmodium parasites were accumulated in the OB signifi-
cantly more than in the other parts of the brain. This com-
prehensive CUBIC-cleared imaging of whole brain brings
attention to the OB as a critical site of parasite sequestration.

Methods

Animals and infection

C57BL/6J mice were purchased from CLEA Japan and in-
oculated intra-peritoneally with 1 x 10¢ iRBC of PbANKA
[GFP (green fluorescent protein)-labelled or not, kindly provided
by Prof. Yuda, Mie University (23)] as previously described
(5). Peripheral blood parasitaemia was evaluated by Giemsa-
stained thin blood smears on day 6 post-infection. Brains were
collected for further analysis at the indicated time points.

CUBIC tissue-clearing reagents

To perform CUBIC clearing of brain, CUBIC reagents were
prepared as previously described (18, 24). Briefly, CUBIC-L
(10 w% N-butyldiethanolamine and 10 w% Triton X-100
in distilled water) (T3740, Tokyo Chemical Industry) for
decolourization and delipidation, CUBIC-R (45 w% antipyrine
and 30 w% nicotinamide in distilled water) (Tokyo Chemical
Industry) for Rl matching and CUBIC antibody-staining buffer
[0.5 w% Triton X-100, 0.25 w% casein and 0.01w% sodium
azide in PBS (phosphate buffered solution)] (Nacalai Tesque)
were prepared.

CUBIC clearing of brains and antibody staining

Whole-brain tissue from infected and naive mice was pro-
cessed according to a modified CUBIC protocol (Fig. 1A)
(18). Briefly, infected mice were sampled when they displayed
severe neurologically altered behaviour on day 6 or 7. Mice
were anaesthetized with isoflurane and were transcardially
perfused with 35 ml of ice-cold PBS followed by 30 ml of
ice-cold 4% paraformaldehyde (PFA) using a Perista Pump
(ATTO SJ-1211 II-H) at the maximum flow rate of 700 ml h-".
The brains were immediately removed from the skull and im-
mersed in 15 ml 4% PFA overnight at 4°C with gentle shaking
at 60 rpm. The brain samples were then washed in PBS three
times at room temperature (RT) for 6 h and transferred to
the CUBIC-L solution for delipidation at 37°C for 5 days on
a shaker at 100 rpm. CUBIC-L solution was refreshed once.
After a brief washing in PBS at RT three times for more than
2 h, samples were immersed in CUBIC antibody-staining
buffer containing Alexa Fluor 594-conjugated anti-a-smooth
muscle actin (a-SMA, Abcam; ab202368) at 1:50 dilution for
5 days at RT on a shaker at 100 rpm. The samples were then
washed with PBS, post-fixed with 1% PFA at RT for 5 h and
immersed initially in 50 w% CUBIC-R (diluted with distilled
water) for 5 h with shaking and then for more than 1 day in
CUBIC-R for Rl matching before the microscopy.

Light-sheet fluorescent microscopy

The CUBIC-treated, antibody-stained and RI-matched brain
samples were immersed in an oil mixture (Rl = 1.525) as pre-
viously described (18) and imaged using a custom-built light-
sheet fluorescent microscope (LSFM, MVX10-LS, Olympus).
A 0.63x objective lens (numerical aperture = 0.15, working
distance = 87 mm) with 488 nm and 594 nm emission lasers
was used to acquire the images. Images were scanned in
5-10 ym stacks in the dorsal-to-ventral direction as detailed
previously (25). The acquired images were volume rendered
and analysed using Imaris software.
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Fig. 1. Whole mouse brain imaging after CUBIC clearance reveals Plasmodium berghei ANKA parasite accumulation in the OB. (A) Naive and
GFP-PbANKA (green)-infected mouse brains were sampled, CUBIC-treated and stained with anti-a-SMA antibody (purple), a marker of arteries
and arterioles. (B) The 3D reconstituted images are shown in horizontal (dorsal-to-ventral) and sagittal (left-to-right) views. Scale bars, 3000 pm.
(C) Close-up images of the OBs shown in (B) oriented in the sagittal (left-to-right) view. Scale bars, 1000 um. (D) GFP signal intensities of four
different brain regions, left and right OB, left and right cortex (CRX), cerebellum (CRB) and brainstem (BS), were approximated by creating 5-10
cubes of equal volume in each region and calculating the total GFP signal intensity in each cube (n = 3 mice per group). (E) Relative expression
of 18S rRNA of PbANKA parasites in the OB, CRX, CRB and the brainstem (pons) by gPCR in naive and infected mice (n = 4 mice per group).
Data are presented as the median. Statistical significance is indicated as *P < 0.05, and ***P < 0.001 as shown by one-way ANOVA test with
multiple comparisons (D) and (E).
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Image analysis

Images and videos of the whole brain in the indicated
orientation were generated by Imaris software (version
9.1.2; Bitplane AG, Zurich) after 3D rendering. The manual
threshold for the signals was applied as needed. For the
quantification of GFP signals originating from parasites in
the reconstructed images, the ‘Surfaces’ option in Imaris
was used. GFP-PbANKA isosurfaces were segmented with
a smoothing surface detail of 5 um and manual thresholding
of the signal at a minimum of 2000. Comparisons between
four brain regions—the OB, cerebral cortex, cerebellum
and brainstem—were performed by placing 5-10 ‘re-
gions of interest’ of equal size (voxel size: 80 x 80 x 80, 1
voxel = 10 ym) in each region to create 5-10 independent
isosurfaces per region. Isosurfaces of 5 x 2 for OB and 10 x
2 for cerebral cortex, and for a total of 10 isosurfaces for
each cerebellum and brainstem were created. The total in-
tensity sum of each of the created GFP isosurfaces was cal-
culated as the total GFP signal intensity.

Surgical removal of the OB (olfactory bulbectomy)

Olfactory bulbectomy (OBX) in mice was performed as pre-
viously described (26). Female C57BL/6J mice were anaes-
thetized with ketamine and fixed on a stereotactic device
(Muromachi MA-625) on a heating pad. After the eyes of the
mice had been covered with petroleum jelly to prevent corneal
drying, the fur on the scalp was removed with hair remover
cream. An incision was made on the skull over the OB, and two
holes on both sides of the bulb were drilled ~6 mm from the
bregma towards the nasal bone using a micro-drill (Muromachi
CMD-1000). The OBs were removed by suction via the holes
with a blunted 23-gauge needle attached to a vacuum pump.
The holes were then filled with bone wax (Mizuho medical
innovation) and powdered with neomycin trisulfate salt hy-
drate (Sigma Aldrich) to prevent infection before suturing. The
mice were left to heal for 2 weeks before their use in infection
experiments.

Quantitative real-time reverse transcription-polymerase
chain reaction analysis

Brain tissue samples from the OB, cerebral cortex, cere-
bellum and brainstem (pons) were sampled into TRIzol from
(non-GFP-labelled) PbANKA-infected mice, 6 days post-
infection, and their naive controls after transcardial perfusion
with ice-cold D-PBS. The tissue samples were homogenized,
the total RNA extracted and qPCR carried out for PODANKA
18s rRNA as previously described (5). The relative gene ex-
pression was calculated using the formula 2-T where ACT
stands for the differential threshold cycles of PDANKA 18S
rRNA gene compared with that of the mouse 18S rRNA of the
same sample.

Statistical analyses

Statistical analyses were conducted using GraphPad Prism
v. 9.1.0. Data are expressed as means. To analyse statistical sig-
nificance, one-way ANOVA (analysis of variance) with multiple
comparison was performed. The log rank (Mantel-Cox) test was
performed for the analysis of survival curves. Statistical signifi-
cance is represented as *P < 0.05, **P< 0.01 and ***P < 0.001.

Results and discussion

CUBIC clearing and LSFM imaging revealed that
Plasmodium parasites accumulate in the OB during ECM

We previously demonstrated, using a combination of MRI
and two-photon microscopy, that a certain part of the brain,
the OB, is severely affected both anatomically and function-
ally during the development of ECM (5). However, MRI im-
aging is limited in terms of visualizing fine microvessels, and
multi-photon live imaging is limited in its depth and field of
view. Therefore, an analysis of deep vessel-parasite inter-
actions at a high resolution was needed for further detail
on the ECM brain. The CUBIC protocol has recently been
utilized for 3D visualization of the entire vascular network,
including all of the microvessels, in the whole brain (21,
24). To comprehensively visualize the deep cerebral vas-
cular structures and brain locations with which Plasmodium
parasites interact during ECM, mice were infected with the
P. berghei ANKA strain expressing GFP (GFP-PbANKA) and
brains from naive as well as infected mice were sampled
and processed with the CUBIC reagents after transcardial
perfusion with ice-cold 4% PFA (Fig. 1A). The delipidation
of brains with CUBIC-L solution was followed by whole-
brain immunostaining using an Alexa Flour 594-conjugated
antibody against a-SMA. After Rl matching with CUBIC-R
solution, light-sheet microscopy (LSFM) imaging was per-
formed. Since a-SMA is a marker for arteries and arterioles,
major artery and fine arteriole structures were clearly visual-
ized in whole brains from both the naive and infected mice
(Fig. 2). Notably, GFP signals from PbANKA parasites were
most evident in the OB (Fig. 1B and Fig. 2 for both the naive
and infected brains). A closer look at the OB region shows
that many of the GFP signals do not overlap with the a-SMA-
stained vessel structure, suggesting that the parasites are
found in the smallest blood vessels (i.e. the capillaries) more
frequently than those stained with a-SMA or that the para-
sites reside in the tissues outside of the blood vessels (Fig.
1C). As mice had been extensively perfused prior to the
brain sampling, the GFP-PbANKA signals in the OB suggest
sequestration in the tissues, possibly because of bleeding
in the olfactory capillaries. We next quantified the GFP sig-
nals in four different regions of the brain, namely the OB,
cerebral cortex, cerebellum and brainstem. Compared to
the other brain regions, the OB exhibited significantly higher
GFP signals (Fig. 1D, P < 0.001). The relative expression
of the PbANKA gene (18s rRNA) determined by quantita-
tive polymerase chain reaction (PCR) confirmed that there
was an increased accumulation of the parasites in the OB
compared to other regions in the brain (Fig. 1E, P < 0.05).
These CUBIC-cleared images not only reiterate the previous
finding that the OB is a vulnerable site in ECM (5), but also
demonstrate that the OB capillaries are the main focus of
parasite accumulation. However, a caution should be noted
in that there are few GFP signals coming from the brainstem,
clearly less than that of the OB, which might be reflective of
the late stage of ECM. We assume that the OB is affected
at an earlier time point compared to the other brain regions,
including the brainstem. When ECM progresses, the accu-
mulation of parasites might expand from the OB to the other
region, including the brainstem.
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Infected

Fig. 2. Volume-rendered 3D images of naive and GFP-PbANKA (green) infected mouse brains stained with anti-aSMA Ab (purple), after tissue
clearing with CUBIC. A green fluorescent channel is included to allow comparison with the infected brain. See video online at https://academic.
oup.com/intimm/advance-article-abstract/doi/10.1093/intimm/dxab060/63593407redirectedFrom=fulltext#supplementary-data.
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Fig. 3. Volume-rendered 3D images of bulbectomized (OBX) naive and GFP-PbANKA (green) infected mouse brains stained with anti-aSMA
Ab (purple), after tissue clearing with CUBIC. A green fluorescent channel is included to allow comparison with the infected brain. See video
online at https://academic.oup.com/intimm/advance-article-abstract/doi/10.1093/intimm/dxab060/6359340?redirectedFrom=fulltext#suppleme

ntary-data.

Plasmodium parasites accumulate in the brainstem in the
absence of an OB

The finding that the OB is the primary region of parasite local-
ization led us to wonder whether it is required for ECM devel-
opment. To gain insights into whether the OB is essential for
the development of ECM, we surgically removed the OBs of
the mice and then allowed them to recover for 2 weeks until
the wounds healed (26), after which we infected them with
GFP-PbANKA. Interestingly, 3D imaging of both the infected
and naive bulbectomized (OBX) mouse brain revealed that
the parasites accumulate in other locations, such as the brain-
stem, when the OB was removed (Fig. 3 and Fig. 4A). These
areas coincide with regions that displayed obvious bleeding

(Fig. 4B). Although there was no difference on day 6 of para-
sitaemia between the OBX and wild-type (WT) mice (10 + 4%
and 17 = 10%, respectively; n.s. P > 0.05 by Mann-Whitney
test), the OBX mice were found to survive slightly longer, but
not significantly (P = 0.0579, Mantel-Cox log rank test), than
their WT controls (Fig. 4C). Incomplete removal of the OBs
might explain the slight difference observed in the survival of
the mice. As shown in the Fig. 3 and the reconstituted image
(Fig. 4A), some remnants of the bulb tissues always remained
after the OBX surgery, and these regions were still affected by
parasites. In fact, complete bulb removal was technically not
possible, as attempts at complete removal caused immediate
bleeding and death.
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Fig. 4. Surgical removal of the OB results in the localization of PODANKA parasites in the remnants of the OB and the brainstem. (A) Bulbectomized
(OBX) mice were infected with GFP-PbANKA parasites (green) and brains were sampled, CUBIC-treated and stained with anti-a-SMA antibody
(purple). The 3D reconstituted images are shown in horizontal (dorsal-to-ventral) and sagittal (left-to-right) views. Scale bars, 2000 pm. (B)
Dissecting microscopy images of the same control and OBX mouse brains as shown in (A). Yellow arrows indicate areas of obvious bleeding.
(C) Survival curve of OBX and control mice after infection with GFP-PbANKA parasites (P = 0.0579 by log rank test, n = 30 mice for the OBX

group and n = 11 mice for the control group).

Bilateral removal of the OBs in rodents has been commonly
used as a model to investigate behavioural changes seen in
patients with major depression (27). Thus, OBX in rodents re-
veals the mechanical disruption of neuronal connections as a
model of depression. However, in our ECM model, the com-
plete removal of blood vessels during OBX was necessary
but not feasible, suggesting a limitation of the investigation
which might account for the limited survival observed in the
OBX mice. Notably, more parasites accumulated in the brain-
stem in the OBX mice, suggesting that while the parasites
preferentially localize in the OB, they nevertheless accumu-
late elsewhere in its absence. The reason for this is currently
unknown; but there are several possibilities.

Firstly, although the BBB is known to be less permissive
than other blood vessels in terms of protecting the brain from
harmful substances in the blood, growing evidence suggests
that the blood vessels of the brain display plasticity and are
immediately responsive to insults, with a great regional speci-
ficity of permissiveness. For instance, the OB and brainstem
vessels are reported to be leakier than those in the cerebral
cortex and cerebellum when exposed to hypoxic stress (28).
Cerebral hypoxia occurs during malaria with an increase in
the potential disease marker Lipocalin-2 in mice and humans
(29-31); therefore, it is plausible that hypoxia in the OB con-
tributes to the pathology in the OB (or in the brainstem, in the
absence of the OB), perhaps because of the anatomical and
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physiological similarities between the OB and brainstem blood
vessels and/or their endothelial structures and function (9, 32).

Secondly, the OB is located on the cribriform plate over the
nasal sinus, which allows complex interactions between the
nerves originating from the nasal epithelium, microglia and
astrocyte end-feet surrounding dense trabecular blood capil-
laries (3). The astrocyte and microglia sub-populations in dif-
ferent brain regions may have extensive molecular diversity
with an array of cellular and functional properties, which may
in turn correlate with various diseases (33-35). Therefore,
the olfactory-specific differences in blood vessel-supporting
cells such as astrocytes, pericytes and microglia may con-
tribute to OB and brainstem bleeding, a possibility which re-
quires further investigation.

Conclusions

Deep imaging of the entire cerebrovasculature is crucial for the
evaluation and understanding of a variety of neuropathologies,
including cerebral malaria, which is caused by intraerythrocytic
Plasmodium parasites in blood vessels. By applying the newly
emerged technology of the CUBIC-based tissue-clearing
method, we were able to obtain high-resolution visualization
of the vascular structures of the mouse brain during ECM.
Genetic and fluorescent antibody-assisted labelling of blood
vessels has been successfully utilized for vascular network
imaging (13, 21); however, to the best of our knowledge, this
study is the first to show GFP-labelled Plasmodium parasites
inside the vessels of a soft tissue such as the brain by means
of the CUBIC clearing technique. 3D whole-brain images con-
firmed previous MRI and two-photon live imaging findings that
the OB is the first region to undergo parasite sequestration,
vascular leakage and bleeding, which was also the first place
for pathological CD8* T-cell accumulation (5, 36). Although not
fully addressed due to technical difficulties, this bulbectomy
study does afford the novel insight that in the absence of the
OB, parasites localize in other brain regions, such as the brain-
stem. The anatomical, molecular and metabolic similarities
between the OB and brainstem during ECM deserve further
investigation.

The aim of several tissue-clearing techniques is to pre-
serve proteins and/or nucleic acids and remove other com-
ponents, such as lipids. After delipidation, the polarity of
the solvent used for RI-matching (either in hydrophobic
or hydrophilic solvent, or a hydrogel-based medium) is
the most important characteristic which distinguishes the
various clearing methods from each other (16). In this
study we used hydrophilic solvent-based CUBIC clearing
reagents that had been optimized for the mouse brain after
a systematic chemical screening with a series of amino al-
cohols (18, 19, 22) that are easy to use in routine laboratory
practice. Overall, the CUBIC clearing technique has a po-
tential to be applied to post-mortem human brain samples
(18, 37) to investigate the role of the OB in HCM which
needs to be further evaluated.
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