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Plasmodium berghei ANKA infection of C57BL/6 mice is a widely used model of experimental cerebral
malaria (ECM). By contrast, the nonneurotropic P. berghei NK65 (PbN) causes severe malarial disease in
C57BL/6 mice but does not cause ECM. Previous studies suggest that endothelin-1 (ET-1) contributes to
the pathogenesis of ECM. In this study, we characterize the role of ET-1 on ECM vascular dysfunction. Mice
infected with 10° PbN-parasitized red blood cells were treated with either ET-1 or saline from 2 to 8 days
postinfection (dpi). Plasmodium berghei ANKA—infected mice served as the positive control. ET-1—
treated PbN-infected mice exhibited neurological signs, hypothermia, and behavioral alterations char-
acteristic of ECM, dying 4 to 8 dpi. Parasitemia was not affected by ET-1 treatment. Saline-treated PbN-
infected mice did not display ECM, surviving until 12 dpi. ET-1—treated PbN-infected mice displayed
leukocyte adhesion to the vascular endothelia and petechial hemorrhages throughout the brain at 6 dpi.
Intravital microscopic images demonstrated significant brain arteriolar vessel constriction, decreased
functional capillary density, and increased blood-brain barrier permeability. These alterations were not
present in either ET-1—treated uninfected or saline-treated PbN-infected mice. In summary, ET-1
treatment of PbN-infected mice induced an ECM-like syndrome, causing brain vasoconstriction, adher-
ence of activated leukocytes in the cerebral microvasculature, and blood-brain barrier leakage, indicating
that ET-1 is involved in the genesis of brain microvascular alterations that are the hallmark of ECM.
(Am J Pathol 2016, 186: 2957—2969; http://dx.doi.org/10.1016/j.ajpath.2016.07.020)

Cerebral malaria (CM) is the deadliest complication of
Plasmodium falciparum infection, with case fatality rates in
clinical series varying from 8% to 19%." Brain vascular
dysfunction is an important factor underlying CM patho-
physiology, resulting in impaired cerebral blood flow,
hemorrhage, hypoxia, blood-brain barrier (BBB) leakage,
and, ultimately, coma and death.”> Vascular occlusion of
the brain microvasculature by parasitized red blood cells
(pRBCs), vasoconstriction, and BBB leakage are the three
main components of CM vasculopathy” ®; however, the
mediators and mechanisms that trigger these processes are
not completely understood.

Experimental cerebral malaria (ECM) models mimic the
main characteristics of human CM and have been useful in
investigations of CM pathogenesis for >20 years.” '’ The
best studied ECM model is the infection of C57BL/6 (B6)

mice with Plasmodium berghei ANKA (PbA), which
induces a fatal neurological syndrome 5 to 12 days post-
infection (dpi)."'”'* The brain of ECM mice displays
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vascular occlusion, mainly by adherent leukocytes,
diffuse microhemorrhages, vasoconstriction, and BBB
leakage.'”'*'>'° B6 mice infected with P. berghei NK65
(PbN) do not develop neurological signs, die after 12 days
postinfection, and are widely accepted as a control infection
model for the B6-PbA model.'” "

Endothelin-1 (ET-1) is thought to contribute to the
pathogenesis of human CM.”"?' Our group recently
demonstrated that ET-1 is involved in ECM vasculop-
athy'*'*; however, there are still significant gaps in under-
standing how ET-1 modulates brain vascular physiology
during malaria infection. ET-1 is a potent regulator of the
vascular tone, with mitogenic, apoptotic, and immuno-
modulatory properties.”” ** It is synthesized by vascular
endothelial cells throughout the body as well as by a variety
of other cells, including leukocytes, fibroblasts, vascular
smooth muscle cells, neurons, and astrocytes.25 ET-1 acts
through two transmembrane G-protein—coupled receptors,
endothelin receptor A*® and B.?” Endothelin receptor A and
B form homodimers and heterodimers that have synergetic
or opposing effects, depending on tissue type and physio-
logical situation,” thus making it difficult to predict the
effects of ET-1 during any pathological situation.

In the present study, we characterized the role of ET-1 on
ECM vascular dysfunction by demonstrating that exogenous
administration of ET-1 to a non-ECM murine model induces
an ECM-like syndrome, causing brain vasoconstriction,
adherence of activated leukocytes in the cerebral micro-
vasculature, and BBB leakage. Our findings indicate that
ET-1 is involved in the genesis of brain microvascular
alterations, the hallmark of ECM during PbA infection.

Materials and Methods
Ethics Statement

All experimental protocols were performed in strict accor-
dance with the recommendations in the Guide for the Care
and Use of Laboratory Animals™® of the NIH, reviewed and
approved by the Institutional Animal Care and Use
Committee of the Albert Einstein College of Medicine
(Bronx, NY).

Parasitology and Experimental Design

Four-week-old female B6 mice (Jackson Laboratories, Bar
Harbor, ME) were infected, i.p., with 1 X 10° PbN or PbA
parasitized red blood cells in 100 pL of phosphate-buffered
saline. Mice infected with PbN and healthy uninfected mice
were randomly assigned for daily i.p. treatment with either
normal saline (NS) or ET-1 (0.375 mg/kg diluted in 100 pL.
NS; US Biological, Salem, MA), starting at 2 dpi and
continued until 9 dpi. ET-1 dosing was based on a dose-
response experiment demonstrating that uninfected mice
did not show signs of ECM or alterations in motor behavior
during or after 9 days of daily treatments. Uninfected mice
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treated with 0.75 mg/kg developed neurological signs of a
stroke-like syndrome (limb paralysis, ataxia, and circling)
and died between 3 and 5 days of treatment. PbA-infected
mice were used as an ECM-positive control in all
experiments.

Mortality, parasitemia, behavior, rectal temperature, and
weight were monitored daily after infection. Parasitemia
was assessed by examining thin tail blood smears stained
with modified Giemsa (Sigma-Aldrich, St. Louis, MO). The
slides were examined under a light microscope (model
CH30RF100; Olympus, Tokyo, Japan) at x 1000 magnifi-
cation with an oil immersion lens. Parasitemia was calcu-
lated by counting the number of pRBCs in at least 1000
RBCs. Development of ECM and clinical course of infec-
tion were assessed by a modified SmithKline Beecham,
Harwell, Imperial College, Royal London Hospital, pheno-
type assessment, where six behavioral tests (transfer arousal,
locomotor activity, tail elevation, wire maneuver, contact
righting reflex, and righting in arena) were examined.”’ The
performance in each test was assessed for an observation
period of 1 minute, and a composite motor behavior score
was determined ranging from 0 to 23, where 23 indicates
maximum performance and O indicates complete impair-
ment, often coma. Exploratory behavior was measured by
the number of rears completed by the mice during explo-
ration of the arena. Body temperature was monitored by
using a laboratory scale (model C305; Ohaus Corp., Par-
sippany, NJ) and an Accorn Series Thermocouple ther-
mometer with a mouse rectal probe (Oakton Instruments,
Vernon Hills, IL), respectively.

Histology

Brains from all experimental groups were collected and
processed for histology at 6 dpi. Mice were anesthetized
(ketamine, 150 mg/kg; xylazine, 10 mg/kg) and perfused
with 10 mL of saline using a syringe perfusion setup. Each
brain was carefully collected immediately after perfusion
and stored in 4% paraformaldehyde during 48 hours for
fixation. Brains were cut in four coronal slices of 2 to 3 mm
using a mouse brain blocker (David Kopf Instruments,
Tujunga, CA). Each slice was embedded in paraffin, and
sections (5 pm thick) were obtained at approximately
400-pm intervals. Sections were mounted in glass slides
(two sections per slide) and stained with hematoxylin-eosin.
The histology slides were analyzed, and images were taken
using a Nikon Microphot-FXA microscope system and a
Nikon digital sight DS-5 M camera (Nikon Corp., Tokyo,
Japan).

Quantification of brain histological alterations was
performed by an experienced investigator (Y.C.M.) in a
blinded manner. Semiquantitative methods for congestion
and hemorrhage analysis were used. The hemorrhage score
was based on a scale of 0 to 4, as previously reported.”
Briefly, O indicates RBCs are not present or confined
within the blood vessels; 1, one vessel with minimal
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extravasation of RBCs in one field at x 10 magnification;
2, greater than one vessel with minimal extravasation; 3, one
vessel with extensive extravasation; and 4, greater than one
vessel with extensive extravasation. The congestion score
was performed to quantify the amount of leukocytes and
RBC:s retained in the brain vasculature after perfusion, and it
was also based on a scale of O to 4. Briefly, 0 indicates no
cells present within the blood vessels; 1, vessels presenting
minimal amount of RBCs and endothelial adhered leuko-
cytes, occluding <10% of the vessel lumen; 2, vessels with
moderate obstruction (ie, 10% to 50% of occlusion of the
vessel lumen); 3, vessels with extensive obstruction, or 50%
to 90% occlusion; and 4, vessels with a totally occluded
lumen.

Preparation of RNA Samples and Quantitative Real-Time PCR
As described elsewhere, total RNA was extracted from the
cerebrum and reverse transcribed to cDNA.'* CXCL-8,
chemokine ligand (CCL) 2, P-selectin, E-selectin, and
vascular cell adhesion molecule-1 transcription levels were
assessed by real-time RT-PCR using Sybr Premix Ex Taq
(Takara Bio USA, Inc., Mountain View, CA). The following
primers were used: 5'-TTACTGCAACAGAAAGGAAG-3
(forward) and 5-GGTATTAACCTGTTAGTAATTG-3'
(reverse) for CXCL-8; 5'-GAGTAGGCT-GGAGAGCTA-
AAGAG-3' (forward) and 5-AGGTAGTG-GATGCAT-
TAGTTCAG-3' (reverse) for CCL2; 5'-ATCTG-GACCG-
GAAAGACTGGA-3' (forward) and 5'-GATTCCTGGA-
CACTTGATGGC-3' (reverse) for P-selectin; 5'-TA-
GCAAGAAGCCCACGTGTTC-3' (forward) and 5'-CAA-
GCTAAAGCCCTCATTGCA-3' (reverse) for E-selectin; 5'-
ACTGATTATCCAAGTCTCTCC-3' (forward) and 5'-CC-
ATCCACAGACTTTAATACC-3 (reverse) for vascular cell
adhesion molecule-1; and 5'-AACTTTGGCATTGTG-GA-
AGG-3' (forward) and 5'-ACACATTGGGGGTAGGA-
ACA-3' (reverse) for glyceraldehyde-3-phosphate dehydro-
genase. mRNA values were normalized to those of glycer-
aldehyde-3-phosphate dehydrogenase.

Cranial Window Surgery

A closed cranial window model was used as previously
described.”’ Briefly, 2 hours before starting the surgical
procedure, mice were treated s.c. with ampicillin (6 mg/kg),
dexamethasone (0.2 mg/kg), and buprenorphine (0.1 mg/kg)
to provide analgesia and prevent surgical site infection and
brain swelling. Before beginning surgery, mice are anes-
thetized (ketamine, 150 mg/kg; xylazine, 10 mg/kg, i.p.)
and, after shaving the head and cleansing with ethanol 70%
and betadine, mice were placed on a stereotaxic frame and
the head immobilized using ear bars. A sagittal incision in
the skin over the head was made with sterilized surgical
instruments, and 2% lidocaine was applied on the perios-
teum, which was then retracted, exposing the skull. A 3- to
4-mm-diameter skull opening was made in the right parietal
bone using an Ideal microdrill (CellPoint Scientific,
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Gaithersburg, MD). Under a drop of NS, the craniotomy
was lifted away from the skull with thin tip forceps and
gelfoam (Pfizer Inc., Kalamazoo, MI) previously soaked in
NS applied to the dura mater to stop any eventual small
bleeding. The exposed area was covered with a 5-mm glass
coverslip (Electron Microscopy Sciences, Hatfield, PA)
secured with cyanocrylate-based glue (Loctite; Henkel
Corp., Rocky Hill, CT) and dental acrylic (Lang Dental
Manufacturing Co, Wheeling, IL). Carprofen and ampicillin
were given daily for 3 to 5 days after recovery from surgery.
Mice presenting signs of pain or discomfort after surgery
were euthanized using a carbon dioxide chamber.

ET-1 Measurement in Whole Blood

Whole blood was collected in heparinized tubes by puncture
of the retro-orbital venous plexus 24 hours after last injec-
tion of ET-1 or vehicle. Blood was immediately processed,
mixing in an equal volume of a lysis buffer (150 mmol/L
sodium chloride, 50 mmol/LL Tris, pH 7.5, 1% NP-40, 1
mol/L sodium fluoride, 0.25 mol/L sodium pyrophosphate,
4 mmol/L sodium orthovanadate, and 0.1 pg/mL okadaic
acid). Posteriorly, samples were sonicated for 10 seconds,
followed by centrifugation at 16,363 x g for 30 minutes,
and supernatant was aliquoted and stored at —70°C. ET-1
levels were then measured in the supernatant using an
endothelin-1 microplate enzyme-linked immunosorbent
assay, according to manufacturer’s instructions (R&D
Systems, Minneapolis, MN). ET-1 levels were normalized
by the amount of protein in each aliquot that was measured
using a bicinchoninic acid assay, according to the manu-
facturer’s instructions (ThermoFisher Scientific, Rockford,
IL).

Intravital Microscopy

Intravital microscopy was performed as previously
described.'” At 2 to 3 weeks after surgery, mice were lightly
anesthetized with isoflurane (4% for induction, 1% to 2%
for maintenance), held on a stereotaxic frame, and then
transferred to an intravital microscope stage (customized
Olympus SZX12-M2Bio fluorescence system; Kramer
Scientific, Amesbury, MA). A panoramic picture (25x) of
the vessels under the window was taken, a total of 6 to 10
pial vessels (five to eight venules and two to four arterioles)
per mouse were randomly selected using a Kramer scientific
air objective (20x), and images or videos were captured
with a camera (Optronics or Hamamatsu ORCA-FLASH
2.8, Hamamatsu City, Japan, respectively). Arterioles,
venules, and capillaries were easily differentiated using
previously published criteria.”> The next day, mice were
inoculated and the intravital microscopy procedure was
repeated on days 5 and 6 after infection.

Analyses were made offline using Image] (NIH,
Bethesda, MD; http://imagej.nih.gov/ij). Vessel diameter
was determined using the DIAMETER plug-in.””
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Days after infection

Functional capillary density was determined immediately
after i.v. administration of fluorescein isothiocyanate
(FITC)-albumin (50 pg/mouse; Sigma, St. Louis, MO) by
counting the total number of spontaneously perfused capil-
laries per square millimeter of surface area in random
microscopic fields during 4 minutes. BBB permeability was
determined 15 minutes after FITC-albumin injection.*
Briefly, we recorded a video image before the tracer was
injected, and subtract this before image from all experi-
mental images to eliminate any static background. A rect-
angular region of interest for a vessel (ROlv) with
approximately 25 x 60 pm was chosen in the interior of a
vessel and an analogous ROI for the surrounding tissue
(ROIt) with the same size was chosen for comparison. The
ROIt was selected approximately 5 to 10 um away from the
vessel wall, with no additional surrounding vessels, no
apparent underlying vessels, and homogeneous tissue
intensity. The mean fluorescence intensity of each ROI was
measured, and the extravasation (E) of the dye was repre-
sented by the following formula: E = ROIt/ROlv.

Evaluation of BBB Integrity with EBD

In parallel experiments, mice were injected i.p. with 200 uL.
of 2% Evans Blue Dye (EBD; Sigma) at 6 dpi, and 2 hours
later, the mice were anesthetized, perfused with ice cold
saline, and euthanized for analysis of EBD concentration in
the brain tissue. Brains were removed, weighed, and placed
in formamide (1 mL, 37°C) to extract EBD from the tissue.
Absorbance was measured after 48 hours at 575 nm. EBD
concentration was calculated by using a standard curve.
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versus ET-1 and UN). *P < 0.05.

Days after infection

Statistical Analysis

All statistical analyses were performed using Graphpad
Prism 6.0 (San Diego, CA) or Stata 9.0 (StataCorp LP,
College Station, TX). Experiments were replicated at least
twice, with similar results obtained in each trial. Analyses
were performed using either one-way analysis of variance or
Kruskal-Wallis, with post hoc group comparisons tests.
Survival curves were analyzed using the log-rank test.
Changes were considered statistically significant if
P < 0.05.

Results

ET-1 Treatment Causes Neurological Impairment and
Death in PbN-Infected Mice

To determine whether the exogenous administration of ET-1
would induce clinical ECM in PbN-infected B6 mice, we
compared the survival, temperature, behavior, parasitemia,
and weight of these mice to PbN-infected mice injected with
NS and PbA-infected mice. Although exogenous ET-1
administration to PbN-infected mice had no antiparasitic
effects (Figure 1A), treatment of PbN-infected mice with
ET-1 resulted in significantly reduced survival than PbN-
infected mice given NS (Figure 1B). A two-way analysis
of variance revealed a synergistic interaction in the mortality
effect caused by PbN infection and ET-1 treatment when
combined (P < 0.001), indicating that the increase in
mortality seen in PbN-infected mice treated with ET-1 was
not caused by simple addition of the toxic effects caused by
both interventions. In fact, ET-1—treated PbN mice
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displayed similarly accelerated death rates to PbA-infected
(ECM) mice. Treatment with ET-1 also induced hypother-
mia (Figure 1C) and weight loss (Figure 1D) in
PbN-infected mice.

Signs of ECM, such as ataxia, limb paralysis, seizures,
and, rarely coma, were also observed in ET-1—treated PbN
mice, in association with significantly worse behavior scores
(Figure 2A) and exploratory behavior (Figure 2B) when
compared to NS-treated PbN-infected mice at 7 dpi. Unin-
fected mice treated with ET-1 neither lost weight nor
displayed any significant changes in survival, behavior, and
temperature compared to uninfected mice given NS.

Exogenous ET-1 administration in the dose and interval
used increased blood ET-1 levels in uninfected and
PbN-infected mice to values similar to those found in PbA-
infected mice at 6 dpi (Figure 2C).

ET-1 Treatment Results in Brain Hemorrhage and
Microvascular Congestion in PbN-Infected Mice

The hallmark of ECM is the presence of hemorrhages and
vascular congestion caused by adherence of activated leuko-
cytes to the endothelium in the brain.'”'® To determine
whether PbN-infected B6 mice treated with ET-1 develop
histopathological alterations characteristic of ECM, we
analyzed the brain pathology of these mice at 6 dpi.
PbN-infected B6 mice treated with ET-1 presented with brain
parenchymal hemorrhages and leukocytes adherent to the
brain microvascular endothelium, at levels comparable to
PbA-infected mice (Figure 3 and Table 1). However, the
anatomical distribution of the vasculopathy differed between
PbA-infected mice and PbN-infected mice treated with ET-1.
Although hemorrhage and vascular congestion were uni-
formly distributed in all brain regions analyzed in PbN-
infected mice treated with ET-1, these alterations occurred
predominantly in the midbrain, pons, and cerebellum of PbA-
infected mice (Table 1). There were no alterations in brain
pathology in uninfected mice treated with ET-1 when
compared to uninfected mice treated with saline, indicating
that, in the dose and scheme used, ET-1 treatment alone did not
induce histopathological alterations in the brain.

CM is associated leukocyte infiltration to the cerebral
microvasculature® has been strongly linked to neuronal
damage and coma.”” Several chemokines important in
monocyte recruitment and adhesion are increased with
CM.?’ To determine the inflammatory mediators that are
increased as a result of ET-1, we performed quantitative
real-time PCR for CXCL-8 (Figure 4A), CCL2 (Figure 4B),
and several cell adhesion molecules, including P-selectin (or
CD62P) (Figure 4C), E-selectin (CD62E) (Figure 4D), and
the vascular cell adhesion molecule 1 (or CDI106)
(Figure 4E). PbA infection resulted in significantly higher
levels of chemokines and cell adhesion molecules
(P < 0.05) (Figure 4). However, exogenous administration
of ET-1 only significantly increased mRNA levels of
CXCL8 in PbN-infected mice (P < 0.01) (Figure 4A).
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Figure 2  ET-1 effects on behavior scores in PbN-infected mice. A: ET-1
treatment significantly worsened the SmithKline Beecham, Harwell, Impe-
rial College, Royal London Hospital, phenotype assessment behavior scores
in PbN-infected mice [significant difference for the following comparisons:
PbA versus PbN + ET-1; PbA versus PbN; PbA versus ET-1 and vehicle-
treated uninfected mice (UN); PbN versus PbN + ET-1; ET-1 and UN
versus PbA, PbN, and PbN + ET-1]. B: In addition, PbN-infected mice
treated with ET-1 had significantly worse exploratory behavior than PbN-
infected mice treated with saline. C: Exogenous administration of ET-1
increased blood levels of ET-1 in uninfected and PbN-infected mice even
after 24 hours after bolus injection at 6 days postinfection. N = 7 (B, UN,
and C, ET-1); N = 9 (B, ET-1, and C, PbN); N = 15 (B, PbN and PbA); N =
13 (B, PbN + ET-1); N = 5 (C, UN); N = 10 (C, ;PbN + ET-1 and PbA).
*P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 3

Brain pathology at 7 days postinfection. A: Vehicle-treated uninfected mice. B: Uninfected mice treated with ET-1. C and D: PbN-infected mice. E

and F: PbN-infected mice treated with ET-1. G and H: PbA-infected mice. Hematoxylin and eosin staining was used. Scale bars = 100 pm (A—H). Original

magnification, x200 (A—H).

Furthermore, PbN infection induced significantly higher
levels of CCL2 (P < 0.0001) (Figure 4B) and P-selectin
(P < 0.01) (Figure 4C) than uninfected control, albeit to
lower levels than PbA infection (P < 0.0001) (Figure 4, B
and C).

ET-1 Treatment Causes Brain Arteriolar Constriction
and Decreased Functional Capillary Density in PbN-
Infected Mice

The importance of brain arteriolar constriction in the
development of ECM and its deleterious effects on disease
severity cannot be overstated. Adjunctive treatment with the
vasodilators nimodipine and glyceryl trinitrate improves
survival in ECM mice.'>'**%%° As ET-1 is a potent vaso-
constrictor,”’ we used intravital microscopy in mice
implanted with chronic cranial windows to analyze the brain
microvascular changes caused by the ET-1 during experi-
mental malarial infection. PbA-infected mice and PbN-
infected ET-1—treated mice displayed significant degrees
of brain arteriolar constriction at 5 and 6 dpi (Figure 5, A
and B). In addition, decreased arteriolar diameter was
significantly more pronounced at 6 dpi than at 5 dpi in both
groups (P < 0.05). Interestingly, both uninfected mice
treated with ET-1 and PbN-infected mice treated with NS
also displayed brain arteriolar constriction at 6 dpi.
However, the degree of arteriolar constriction in those mice
was significantly less than in PbN-infected mice treated with
ET-1 or PbA-infected mice (Figure 5B). Furthermore, the
individual effect of each stimulus on brain vascular physi-
ology was not sufficient to produce obvious clinical signs.
A two-way analysis of variance revealed no interaction
between PbN infection and ET-1 treatment at 6 dpi, indi-
cating that both interventions acted independently in elicit-
ing brain arteriolar constriction.
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The significant degree of brain arteriolar constriction dis-
played by PbA-infected mice and PbN-infected mice treated
with ET-1 strongly suggests a decrease in cerebral blood flow
perfusion. Functional capillary density is a parameter used to
determine tissue perfusion by intravital microscopy.”' The
number of functional capillaries was significantly lower in all
experimental groups when compared to uninfected control mice
at5 and 6 dpi (Figure 5, C and D). Functional capillary density in
PbN-infected mice treated with ET-1 was not significantly
different from PbN-infected mice at 5 dpi. However,
PbN-infected mice treated with ET-1 and PbA-infected mice
displayed a significant reduction in the number of functional
capillaries when compared to PbN-infected mice or to unin-
fected mice treated with ET-1 at 6 dpi (Figure 5D). These data
indicate that exogenous administration of ET-1 causes brain
arteriolar vasoconstriction with consequent decrease in the
amount of functional capillaries in PbN-infected mice.

ET-1 treatment did not induce any changes in venular
diameter in uninfected control or PbN-infected mice
(Supplemental Figure S1).

ET-1 Treatment Causes BBB Leakage in PbN-Infected
Mice

ET-1 is known to increase BBB permeability.**** To
determine whether BBB leakage in ECM was caused by
ET-1, BBB permeability was measured using intravital
microscopy (Figure 6, A and B). PbN-infected mice treated
with ET-1 had a significant increase in BBB permeability
when compared to uninfected mice (with or without ET-1
treatment) or to PbN-infected mice at 5 and 6 dpi
(Figure 6, A and B). The extravasation of FITC-conjugated
albumin in the brain of PbN-infected mice treated with ET-1
was significantly higher than in PbA-infected mice at 5 dpi
(Figure 6A); however, although this leakage plateaued in the
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Table 1  Quantification of Histopathological Alterations in the Brain

Brain region UN (n = 3) ET-1 (n = 6) PbN (n = 15) PbN + ET-1 (n = 15) PbA (n = 5)

Congestion score
Olfactory bulb 0 (0/0) 0 (0/0) 0 (0/0.75) 1.5 (0.25/2.75)*" 4 (3/4)*1
Cortex 0 (0/0) 0 (0/0.25) 1 (0/1)* 2 (1/3)*7 2 (2/2.5)*7
Corpus callosum 0 (0/0) 0 (0/0) 0 (0/0) 1(0/1)* 1(0/1)*
Hippocampus 0 (0/0) 0.5 (0/1.25) 0 (0/1) 1 (1/2.25)*1 1 (1/2.5)*
Thalamus 0 (0/1) 0 (0/1) 0 (0/1) 2 (1/4)* 2 (1/2)*
Hypothalamus 0 (0/0) 0 (0/0) 0 (0/1) 1 (1/2)* 2 (1.25/2)*1
Midbrain 0 (0/0) 0.5 (0/1.5) 0 (0/1) 2.5 (0.75/4)*1 1 (1/2.5)*
Pons 0 (0/0) 0 (0/1) 0 (0/2) 1 (1/3)* 3 (2/3.5)*1
Cerebellum 0 (0/0) 1 (0/2) 1 (0/1)* 2 (1/4)* 4 (3/4)*1

Hemorrhage score
Olfactory bulb 0 (0/0) 0 (0/0) 1 (0/1.75)* 2 (0.25/2.75)* 4 (3/4)*
Cortex 0 (0/0) 0 (0/1) 0 (0/2) 1 (0/2)* 2 (1/2)*
Corpus callosum 0 (0/0) 0 (0/0.25) 0 (0/1) 1(0/3)* 1(1/1)*
Hippocampus 0 (0/0) 0 (0/0) 0 (0/0) 1 (0/2)* 0 (0/0.5)
Thalamus 0 (0/0) 0 (0/0.25) 0 (0/0) 2 (1/3)* 1 (0.5/1.5)*1
Hypothalamus 0 (0/0) 0.5 (0/1.25) 0 (0/1) 2 (1/2)* 1 (0.25/1.75)*
Midbrain 0 (0/0) 0 (0/0.5) 1 (0/1.5)* 1 (0.75/2.25)* 2 (1.5/3)*1
Pons 0 (0/0) 0.5 (0/2) 1 (0/1)* 2 (1/3)* 2 (1.5/3)*1
Cerebellum 0 (0/0) 0 (0/1.25) 2 (0/2)* 3 (1/3.5)* 4 (3/4)*T

*P < 0.05 when compared to UN and ET-1.
TP < 0.05 when compared to PbN.

ET-1, uninfected mice treated with endothelin-1; PbA, Plasmodium berghei ANKA—infected mice; PbN, P. berghei NK65—infected mice; PbN + ET-1, PbN-

infected mice treated with ET-1; UN, uninfected mice.

former group (Figure 6, A and B), it significantly increased
in the brains of PbA-infected mice at 6 dpi (Figure 6B),
indicating that BBB leakage peaked earlier in the brain of
ET-1—treated PbN-infected mice (Figure 6, A and B).
Although BBB permeability did not worsen in PbN-infected
mice treated with ET-1 at 6 dpi, uninfected mice treated
with ET-1 and PbN-infected mice also displayed a signifi-
cant increase in BBB permeability when compared to un-
infected mice at 6 dpi. To confirm these observations, BBB
permeability was also determined by measuring EBD
extravasation in the brain 6 dpi (Figure 6C). A two-way
analysis of variance revealed a synergistic relationship be-
tween PbN infection and ET-1 treatment in Figure 6C,
indicating that the increase in BBB permeability to EBD
seen in the PbN + ET-1 group was not caused by an ad-
ditive effect of both interventions.

The EBD leakage assay confirmed that PbA-infected
mice and PbN-infected mice treated with ET-1 had a
markedly high degree of BBB permeability when compared
to the other experimental groups. Interestingly, however,
uninfected mice treated with ET-1 and PbN-infected mice
did not exhibit an increase in extravasation for EBD-bound
albumin, despite only a relatively small change in the mo-
lecular weight of the conjugated indicators [FITC—389 Da
(National Center for Biotechnology Information, PubChem
Compound Database;  http://pubchem.ncbi.nlm.nih.gov;
compound record CID18730) versus EBD—961 Da44],
suggesting some degree of selective BBB permeability,
unrelated to size, with the use of FITC-bound albumin in
these mice.*>*® With either indicator, the administration of
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exogenous ET-1 to PbN-infected mice and PbA infection
both conferred significantly more BBB impairment than
infection with PbN alone or treatment with ET-1 alone.

Discussion

Elevated levels of ET-1 have been implicated in the path-
ogenesis of both human and experimental CM.'***?"*" In
the current study, we investigated the ability of ET-1 to
induce an ECM-like phenotype in a mouse model that
generally does not develop ECM. We examined behavioral,
histopathologic, and cerebrovascular parameters in B6 mice
infected with PbN and treated with exogenous ET-1 in
comparison to PbN-infected B6 mice given NS or to PbA-
infected mice. Exogenous ET-1 treatment accelerated mor-
tality and triggered signs of ECM, including ataxia, limb
paralysis, and seizures in PbN-infected mice. In addition,
our results indicate that ET-1 contributes to ECM patho-
genesis by causing leukocyte adhesion in the brain endo-
thelia, BBB disruption, and worsening brain vessel
constriction during P. berghei infection.

ET-1 regulates BBB permeability and leukocyte infiltra-
tion in the brain microvasculature.”® >’ In PbN-infected
mice, ET-1 increased BBB leakage to EBD-bound albu-
min as well as the incidence of brain hemorrhage and
endothelial adherent leukocytes. FITC has been shown to
significantly alter both the molecular charge and the
migration of albumin,” resulting in significantly higher
extravasation of albumin than other detectors.”® Although
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Figure 4 mRNA levels of chemokines and cell adhesion molecules in the brain at 7 days postinfection. A: PbN infection did not alter the
transcription of CXCL-8 when compared to uninfected mice. However, when treated with exogenous ET-1, PbN-infected mice expressed significantly
higher message levels of CXCL-8 in the brain than PbN-infected mice treated with saline or uninfected mice; the levels did not reach those observed
during PbA infection. B: Both PbA and PbN infection resulted in higher mRNA levels of chemokine ligand (CCL) 2 than uninfected controls; however,
PbA-infected mice had significantly higher levels of the gene in the brain than PbN-infected mice. ET-1 treatment did not affect the transcription of
CCL2 in PbN-infected mice. C: Similarly, both PbA and PbN infection resulted in higher levels of the cell adhesion molecule P-selectin, with
PbA-infected mice expressing significantly higher P-selectin levels than PbN-infected mice. ET-1 treatment did not alter the transcription of P-selectin
in PbN-infected mice. D and E: Mice infected with PbA displayed significantly higher levels of E-selectin (D) and vascular cell
adhesion molecule (VCAM)-1 (E) than uninfected or PbN-infected mice. Neither PbN infection nor the treatment of PbN-infected mice with ET-1 had
any effect on the expression of E-selectin or of VCAM-1 when compared to uninfected mice. For these analyses, ET-1 treatment of uninfected
mice did not alter the mean expression of the genes analyzed; thus, uninfected mice treated with saline and uninfected mice treated with ET-1
were grouped. N = 10 uninfected; N = 4-5 PbN and PbN + ET-1; N = 4 PbA. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. AU,

arbitrary unit.

this suggests that the presence, in our study, of increased
FITC-bound albumin in the brains of PbN-infected mice or
in the mice treated with exogenous ET-1 may be because of
an inherent drawback of using FITC-albumin to detect BBB
permeability, we cannot rule out the possibility that FITC-
albumin may be a more sensitive agent, and that mild
BBB leakage could occur during PbN infection or after
administration of ET-1. Thus, we herein demonstrated that,
although each individual insult (PbN infection or ET-1
treatment) may result in BBB damage when used alone,
this damage was not sufficient to cause neurological
symptoms, ECM-like pathology, or death. The cumulative
damage in PbN-infected mice treated with ET-1, which
resulted in severe BBB leakage, induced an ECM-like
illness that was similar to that caused by PbA infection.
We observed differences in the distribution patterns of
hemorrhage and vascular congestion in the PbN mice
treated with ET-1 compared to mice infected with PbA.
Likewise, in pathological studies of human CM, there is
variability in the distribution of brain hemorrhage, from the
presence of ring hemorrhages closely associated with
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occluded vessels in distinct brain regions,” as observed in
our PbA model, to diffuse, scattered patterns of petechial
hemorrhages and leukocyte adhesion throughout the brain,”’
as was seen in our ET-1—treated PbN model. In addition,
parasitized red blood cell sequestration (pRBC) in pediatric
CM is extensive, occurring in all parts of the brain, with
substantial variability between individuals and between
vessels in an individual with human cerebral ma-
laria.***>*°7 Our data suggest a similar degree of variability
of pathology between PbA-infected and PbN-infected mice,
treated with exogenous ET-1.

Using intravital microscopy, we demonstrated that ET-1
treatment induced brain arteriolar constriction and conse-
quently decreased functional capillary density in PbN-
infected mice. These vascular alterations were comparable
to PbA infection induced ECM, and significantly differed
from PbN-infected mice treated with NS. Although both
uninfected mice treated with ET-1 and PbN-infected mice
treated with NS also displayed a decrease in functional
capillary density, the individual effect of each stimulus on
brain vascular physiology was not sufficient to produce
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Figure 5  ET-1increased arteriolar constriction
and reduced functional capillary density in PbN-
infected mice. Brain intravital microscopy was
performed to assess vessel patency and functional
capillary density. A: At 5 days postinfection (dpi),
both PbA-infected mice and PbN-infected mice
treated with ET-1 displayed significantly narrower
vessels than their preinfection baseline, whereas
all other treatment groups had no change in their
vessel diameter. B: At 6 dpi, all infected mouse
groups, and ET-1—treated uninfected mice had a
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obvious clinical signs. Only when in combination (ie,
infection and ET-1 treatment) did those stimuli result in
large enough vasoconstriction to cause symptoms. Our
findings support the notion that ET-1 participates in the
development of both human®”*' and experimental'*'* CM.
Elevated levels of ET-1 have been detected in the serum of
patients with complicated P. falciparum infection.”””' In
mice with ECM, significant increases in brain ET-1, its re-
ceptors, and the endothelin-converting enzyme have been
reported in association with a near 50% reduction in cerebral
blood flow.'*

The ET system is widely distributed throughout the
central nervous system and mediates a variety of physio-
logical processes involved in various brain disorders.
Intraventricular injection of ET-1 results in behavioral
changes, including barrel rolling, body tilting, nystagmus,
and tail extension.”* In addition, levels of ET-1 negatively
correlate with mental status in patients with Alzheimer
disease and multi-infarct dementia.”””° In this regard, ET
receptor antagonism improves neurological outcome in an-
imal models of stroke and Alzheimer disease.’”>® Thus, our
observation that ET-1 treatment induced neurological im-
pairments in PbN-infected mice was not surprising. The
present study corroborates the potential use of ET-1 as a
therapeutic target in patients with CM.

ET-1 regulates several pathogenic processes involved in
CM. For example, ET-1 mediates BBB disruption and
vasoconstriction. After middle cerebral artery occlusion,
transgenic mice overexpressing endothelial ET-1 display
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baseline. In PbA-infected mice and in PbN-
infected mice treated with ET-1, this decrease
was significantly more pronounced. ET-1
treatment induced a significantly greater vessel
narrowing than PbN-infected mice given normal
saline or uninfected mice treated with ET-1. C and
D: All infected mice and uninfected mice treated
with ET-1 had significantly lower functional
capillary density than uninfected control mice
given saline, at 5 and 6 dpi; however, PbA infec-
tion resulted in significantly more pronounced
reduction in functional capillary density than PbN
infection on both days. D: At 6 dpi, ET-1 treatment
significantly reduced the number of functional
capillaries in PbN-infected mice. *P < 0.05,
**P < 0.01, and ***P < 0.001 when comparing
* groups; P < 0.05, TP < 0.01, and TP < 0.001
relative to baseline measurements.

increased BBB leakage.43 Furthermore, administration of
ET-1 directly into the brain serves as a model for ischemic
stroke in rodents.”® In this regard, intracisternal adminis-
tration of ET-1 reduces cerebral blood flow and enhances
BBB permeability, resulting in ischemic damage.” Patel
et al®” and Matsuo et al®’ demonstrated that these cerebro-
vascular alterations occur via activation of the endothelin
receptor A.

Similar to ischemic hypoxia, disruption of the cerebral
vasculature is a key feature in the pathogenesis of CM. In
both human and experimental CM studies, infection has
been associated with a reduction in CBF, vasospasms,
decreased or absent perfusion in the retinal vessels, break-
down of the BBB, and ischemia,2’47("'2 alterations that
coincide with adverse neurological sequelae and highlight
the importance of vascular dysfunction in CM.

ET-1 has proinflammatory properties and is synthesized
by a variety of cells, including vascular endothelial cells and
leukocytes. ET-1 has been shown to regulate leukocyte
trafficking and cytokine production. It stimulates the
secretion of CXCL-8 and CCL2 in monocytes and even
activates mast cell degranulation. Thus, it is likely that ET-1
during CM induces the up-regulation of these leukocyte
binding molecules contributing to brain microvascular
obstruction and pRBC sequestration. In this study, we
demonstrated that ET-1 administration significantly induced
the transcription of CXCL-8 in PbN-infected mice, and
that this was associated with marked induction of brain
microvascular obstruction by infiltrating leukocytes in
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A PbN-infected mice, similar to ECM. Although CXCL-8 is
generally thought to be a neutrophil chemoattractant, the
" chemokine has been implicated in monocyte recruitment to
< 70- = & the placenta during malaria infection in pregnancy.®” In
> 1 addition, CSF CXCL-8 has been found to strongly correlate
o 601 with cognitive impairment in pediatric CM.?” Furthermore,
"é 50 CXCL-8 has been shown to induce strong adhesion of
C 40 monocytes to vascular endothelia.®” Our data did not reveal
-2 any effect of exogenous ET-1 on the mRNA expression of
a 301 CCL2 or of cellular adhesion molecules, although these
9 20 mediators were significantly increased with PbA infection.
g 104 In this study, we only evaluated message levels of these
ﬁ 04 mediators at a single time point. These data demonstrate a
ET-1 - + _ + _ need for future studies evaluating the kinetic expression of
PN - _ + + _ activated forms of those proteins, as it may be that ET-1 is
PbA - ) _ ) + involved in the translation or activation of these molecules.
The data also suggest that multiple factors beyond ET-1
Day 5 may be involved in the up-regulation of these mediators

during PbA infection.
B In this regard, Pamplona et al°* have demonstrated that

administration of free heme, which is polymerized into
hemozoin by the parasite, triggers an ECM-like syndrome
in C57BL/6 mice infected with PbN. Hemozoin has been
shown to activate the release of proinflammatory media-
tors by endothelial cells.”” Interestingly, it has also been
demonstrated that P. falciparum—derived lipid moieties
in the membrane of infected red blood cells and of
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hemozoin can trap ET-1,°° suggesting that there is cross
304 talk between these processes in inducing the pathophys-

20- iology of CM.
104 Multiple plasmodial and host factors are likely responsible
0 for the high levels of ET-1 found in human and experimental
ET-1 - + _ + _ CM. ET-1 is synthesized by vascular endothelial cells
throughout the body as well as by a variety of other cells,

PbN - - + + - . .
- including leukocytes, fibroblasts, vascular smooth muscle
PbA - - - - cells, neurons, and astrocytes.”” Many of these cells are
Day 6 directly involved in the pathogenesis of cerebral malaria and
Figure 6 ET-1 disrupted blood-brain barrier (BBB) integrity in
%

PbN-infected mice. A and B: ET-1—treated PbN-infected mice had signifi-
cantly greater leakage of fluorescein isothiocyanate (FITC) albumin than
uninfected mice, using intravital microscopy quantification at 5 and 6 days

— postinfection (dpi). The degree of BBB leakage was significantly more than

g in PbA-infected mice. B: At 6 dpi, all infected mice and uninfected mice

% g treated with ET-1 had significantly more leakage of FITC albumin than
m = uninfected mice given normal saline (NS). The leakage of FITC albumin was
w5 significantly greater in PbN-infected mice treated with ET-1 than PbN-
% o infected mice given NS or uninfected mice treated with ET-1. PbA-infec-
> £ ted mice had significantly more FITC albumin leakage than PbN mice, with
e (\3) or without ET-1 treatment. C: With Evans Blue Dye (EBD) bound albumin
E; quantification, PbA-infected and PbN + ET-1 mice had significant BBB
disruption compared to uninfected mice given NS, whereas PbN mice and

uninfected mice treated with ET-1 had similar levels of EBD leakage in the
brain to uninfected mice given NS. The EBD leakage in PbA-infected and in
ET-1—treated PbN-infected mice was significantly greater than either PbN
mice treated with NS or ET-1—treated uninfected mice. *P < 0.05,
**P < 0.01, and ***P < 0.001 when comparing groups; TP < 0.01,
1P < 0.001 relative to baseline measurements.
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can be potential sources of increased ET-1 synthesis during
infection. In addition, it is well known that activation of
endothelial cells releases ET-1,°7°% and multiple factors,
such as hypoxia, IL-1, tumor necrosis factor-o, interferon-vy,
certain Plasmodium falciparum erythrocyte membrane
protein 1 subtypes, leukocyte activation, free heme release,
and low nitric oxide bioavailability, have been implicated in
the endothelial cell activation during human and ECM.” As
noted previously, the lipid moiety of hemozoin binds ET-1.°°
This may further contribute to increased concentrations of
ET-1 at sites of pRBC sequestration, as lysed RBCs have
been shown to release ET-1 in response to certain stimuli.®”
These reports suggest that there are complex and multiple
redundant pathways involved in endothelial cell activation
during uncomplicated and cerebral malaria, which
could potentially increase ET-1 during malaria infection.

Overall, our findings support the notion that ET-1 plays a
detrimental role in CM. PbN-infected mice displayed little
to no brain pathology and no neurological impairments.
However, ET-1 induced cerebrovascular pathology and
corresponding neurological impairments in PbN-infected
mice. In this study, ET-1 protein levels were significantly
higher in PbN mice treated with exogenous ET-1 and in
PbA-infected mice than in uninfected control mice and in
PbN-infected mice. Although the plasma half-life of ET-1 is
1 to 7 minutes,’” the effect on blood pressure after a low-
dose bolus either by injection or continuous infusion (1
nmol/kg in rats, 4 pmol/kg per minute in humans) lasted for
>1 hour after exogenous administration.”-’? This is likely
because of the fact that uptake of the peptide and into
various tissues and its eventual dissociation from its
cognate binding sites in those tissue is extremely slow (ie,
>30 houlrs).73 74 Herein, we demonstrated that mice infected
with PbN (non-ECM model) developed vascular alterations
with corresponding neurological impairments, resulting in
an ECM-like syndrome, when administered exogenous
ET-1. These findings corroborate previous studies and
further suggest that ET-1 contributes to the genesis of CM,
by exacerbating cerebrovascular dysfunction. In a recent
publication, we demonstrated that treatment of PbA-infected
mice with endothelin receptor A blockers preserved vascular
integrity, prevented leukocyte infiltration, greatly mitigated
long-term memory loss, and subsequently improved
survival in mice with ECM.”” Microvascular alterations are
a hallmark of CM, yet there are currently no therapeutic
strategies targeting these vascular complications in clinical
settings. This study suggests that exploration of therapeutics
aimed at targeting the ET-1 signaling cascade is warranted,
as they may prevent both vascular and cognitive deficits in
patients with CM.

Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.ajpath.2016.07.020.
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