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Brain hemodynamics in cerebral malaria (CM) is
poorly understood, with apparently conflicting data
showing microcirculatory hypoperfusion and normal
or even increased blood flow in large arteries. Using
intravital microscopy to assess the pial microvascula-
ture through a closed cranial window in the murine
model of CM by Plasmodium berghei ANKA, we show
that murine CM is associated with marked decreases
(mean: 60%) of pial arteriolar blood flow attributable
to vasoconstriction and decreased blood velocity. Leu-
kocyte sequestration further decreased perfusion by
narrowing luminal diameters in the affected vessels
and blocking capillaries. Remarkably, vascular col-
lapse at various degrees was observed in 44% of
mice with CM, which also presented more severe
vasoconstriction. Coadministration of artemether
and nimodipine, a calcium channel blocker used to
treat postsubarachnoid hemorrhage vasospasm, to
mice presenting CM markedly increased survival
compared with artemether plus vehicle only. Admin-
istration of nimodipine induced vasodilation and in-
creased pial blood flow. We conclude that vasocon-
striction and vascular collapse play a role in murine CM
pathogenesis and nimodipine holds potential as adjunc-
tive therapy for CM. (4m J Patbol 2010, 176:1306-1315;
DOI: 10.2353/ajpath.2010.090691)

Cerebral malaria (CM) caused by Plasmodium falciparum
claims the lives of nearly 1 million children every year."
Despite antimalarial treatment, 10% to 20% of patients
die, and one in every four survivors develops neurologi-
cal sequelae,®® therefore adjunctive therapies are ur-
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gently needed. A number of clinical trials addressing
potential adjunctive therapies for CM showed no proven
benefits and some interventions were even deleterious,”
stressing the need for a better understanding of CM
pathogenesis to develop effective therapies.

An unresolved issue of CM pathogenesis regards the
role of brain hemodynamic perturbations and ischemia.
Sequestration of parasitized red blood cells (pRBCs)
containing mature forms of the parasite in the brain mi-
crovasculature is a characteristic postmortem finding in
human CM cases® and together with rosetting® and re-
duced RBC deformability” may result in the obstruction of
blood flow potentially leading to ischemia and hypoxia. In
vivo studies of the microcirculation in human CM support
this mechanism, with direct observation of retinal micro-
vasculature showing impaired perfusion, retinal whiten-
ing, vascular occlusion, and ischemia.® Accordingly, mi-
crovascular obstruction observed in the rectal mucosa of
CM patients was proportional to the severity of the dis-
ease.® In addition, hypovolemia, shock and intracranial
hypertension, commonly associated with poor outcomes
in CM,* reduce tissue perfusion, and tissue hypoxia is
one of the likely explanations for the acidosis frequently
observed in severe malaria.”'° Ischemic damage has
also been shown in children with CM and was associated
with severe neurological sequelae.’” On the other hand,
transcranial Doppler sonography studies showed normal
or even increased cerebral blood flow (CBF) veloci-
ties'7'® in large arteries during CM, which associated
with microcirculatory obstruction has been suggested to
increase cerebral blood volume leading to intracranial

Supported with funds from the United States National Heart, Lung, and

Blood Institute grant to L.J.M.C. (R01-HL87290). G.M.Z. is recipient of a

postdoctoral fellowship from the Brazilian Research Council (CNPq).
Accepted for publication November 10, 2009.

Supplemental material for this article can be found on http://ajp.
amjpathol.org.

Address reprint requests to Leonardo Carvalho, Ph.D., La Jolla Bio-
engineering Institute, 505 Coast Boulevard South Suite 406, La Jolla, CA
92037. E-mail: Icarvalho@Ijbi.org.



hypertension.'® Alternatively, collateral flow has been
proposed as a mechanism to reconcile the findings of
normal or increased CBF velocities and impaired perfu-
sion,"” an interpretation supported by findings of hyper-
dynamic flow in capillaries adjacent to obstructed ves-
sels.® Interventions that improve cerebral perfusion have
been proposed to be beneficial in CM.2'8

The murine model of CM by Plasmodium berghei ANKA
(PbA) shares many features with the human pathology, °
including the presence of multiple brain microhemor-
rhages and vascular obstruction, although the nature of
the sequestered cell (leukocytes) differs. In murine CM,
magnetic resonance imaging (MRI) and spectroscopy
studies showed the presence of brain edema, decreased
CBF, and ischemia.?®?" Lack of resolution in MRI, how-
ever, precludes detailed studies of the microcirculation,
which is a major target and player in CM pathogenesis. A
few studies have addressed the in vivo microcirculatory
changes in murine models of severe malaria,?®2* how-
ever in sites other than the brain (cremaster muscle or
skin). In the present work, we used for the first time brain
intravital microscopy to follow the dynamic changes in
the pial microcirculation during the course of PbA infec-
tion in mice and show that expression of CM is associ-
ated with microcirculatory dysfunctions characterized by
vasoconstriction, profound decrease in blood flow, and
eventually vascular collapse, events similar to postsub-
arachnoid hemorrhage (SAH) vasospasm.?® We also
show that nimodipine, a calcium channel blocker used to
treat post-SAH vasospasm,?>:2® markedly increased sur-
vival when given off-label to mice with CM as adjunctive
therapy to artemether.

Materials and Methods

Parasite, Infection, and Clinical Assessment

All protocols were approved by the La Jolla Bioengineering
Institutional Animal Care and Use Committee. Eight- to 10-
week-old C57BI/6 (Jackson Laboratories, Bar Harbor, ME)
were inoculated intraperitoneally (IP) with 1 X 10° PbA
parasites expressing the green fluorescent protein (PbA-
GFP, a donation from the Malaria Research and Refer-
ence Reagent Resource Center — MR4, Manassas, VA;
deposited by C.J. Janse and A.P. Waters; MR4 number:
MRA-865). Parasitemia, body weight, and rectal temper-
ature were checked daily from day 4. A motor behavior
assessment modified from the SHIRPA protocol was
used to determine the clinical status of the animals.?”
Five tests were performed: transfer arousal, locomotor
activity, tail elevation, wire maneuver, and righting reflex.
For each test, mice received an individual score, and the
sum of scores was used to create a composite score
(scale 0 to 23, where O represents complete impairment
in all individual tests—usually comatose animals—and
23 represents maximum performance). CM was defined
as the presentation of one or more of the following clinical
signs of neurological involvement: ataxia, limb paralysis,
poor righting reflex, seizures, roll-over, coma.
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Cranial Window Surgery and Intravital
Microscopy

We used the closed cranial window model as de-
scribed.?® Briefly, mice were anesthetized with ketamine-
xylazine and were administered dexamethasone (0.2 mg/
kg), carprofen (5 mg/kg), and ampicillin (6 mg/kg)
subcutaneously, to prevent swelling of the brain, in-
flammatory response, and infection. After shaving the
head and cleansing with ethanol 70% and betadine, the
mouse was placed on a stereotaxic frame and the head
immobilized using ear bars. The scalp was removed with
sterilized surgical instruments, lidocaine-epinephrine
was applied on the periosteum, which was then retracted
exposing the skull. A 3- to 4-mm-diameter skull opening
was made in the left parietal bone using a surgical drill.
Under a drop of saline, the craniotomy was lifted away
from the skull with very thin tip forceps and gelfoam
previously soaked in saline applied to the dura mater to
stop any eventual small bleeding. The exposed area was
covered with a 5-mm glass coverslip secured with cya-
nocrylate-based glue and dental acrylic. Carprofen and
ampicillin were given daily for three to five days after
recovery from surgery. Mice presenting signs of pain or
discomfort were euthanized with 100 mg/kg of euthasol
IP. Two to three weeks after surgery, mice were lightly
anesthetized with isoflurane (4% for induction, 1% to 2%
for maintenance) and held on a stereotaxic frame. A
panoramic picture of the vessels under the window was
taken, and then mice were transferred to an intravital micro-
scope stage (customized Leica-McBain, San Diego, CA).
Body temperature was maintained using a heating pad.
Using water-immersion objectives (X20), blood vessel im-
ages were captured (COHU 4815, San Diego, CA) and
recorded on video-tape. An image shear device (Image
Shear, Vista Electronics, San Diego, CA) was used to
measure baseline vessel diameters (D), and RBC veloc-
ities (V) were measured off line by cross correlation
(Photo Diode/Velocity Tracker Model 102B, Vista Elec-
tronics, San Diego, CA). Measurements of 6 to 10 pial
venules (diameter range: 22 to 80 um, velocity range: 2 to
4 mm/s) and 2 to 6 pial arterioles (diameter range: 18 to
70 wm, velocity range: 3 to 6 mm/s) were performed in
each animal, and blood flow (Q) in each individual vessel
was calculated using the equation: Q = V X =(D/2)?. The
next day mice were inoculated IP with 1 X 10° PbA-GFP
pRBC. The intravital microscopy procedure was re-
peated daily from day 4 of infection until the mice died or
were euthanized. Noninfected control mice were submit-
ted to the same procedures. To enhance imaging of the
vascular network, including poorly perfused vessels, in
two experiments animals with clinical signs of CM (n = 8)
and controls (n = 3) were infused i.v. with albumin-FITC
(1 mg/kg; Molecular Probes, Irvine, CA). Adherent and
rolling leukocytes were visualized by anti-CD45-TxR an-
tibodies (CalTag, Carlsbad, CA), also infused i.v. Green
fluorescence (518 nm) emitted by albumin-FITC and GFP
(PbA-GFP pRBC) was captured using ALPHA Vivid:
XF100-2 (Omega Optical, Brattleboro, VT), and anti-
CD45-TxR fluorescence (615 nm) was exited and cap-



1308 Cabrales et al
AJP March 2010, Vol. 176, No. 3

tured with a Vivid Standard: XF42. To evaluate the effect
of nimodipine on pial blood flow, PbA-infected mice with
clinical CM and noninfected controls were imaged, ves-
sel diameter and RBC velocities were measured, and
then they were injected with artemether plus nimodipine
at 4 mg/kg (as described below) and measurements
were repeated at 30, 60, and 120 minutes.

Treatment

PbA-infected mice presenting poor righting reflex, hypo-
thermia, and/or other clinical signs of neurological in-
volvement such as ataxia, limb paralysis, seizures, and/or
roll-over were treated with artemether (Artesiane, Dafra
Pharma, Belgium, a kind gift of Dr. Alberto Moreno,
Emory University, Atlanta, GA) given IP at 50 mg/kg, in
combination with nimodipine (Sigma, St Louis, MO) or
vehicle. Nimodipine was dissolved in ethanol (EMD, NJ),
dispersed with polyethyleneglycol 400 (PEG, Sigma),
and then saline was added (1:1:8 v/v) and mixed thor-
oughly. This solution was administered IP in three differ-
ent doses: 1.3 mg/kg, 4 mg/kg, and 12 mg/kg. Arte-
mether was given daily for five days, and nimodipine or
vehicle were given at 0, 12, 24, and 36 hours. Para-
sitemia, motor behavior, and rectal temperature were
checked at each time point and daily afterward. After
treatment, parasitemia was checked by microscopical
examination of Giemsa-stained blood smears to differen-
tiate viable from dead parasites.

Statistical Analysis

Statistical analyses were performed using the Student t
test with Mann-Whitney correction when comparing two
groups, analysis of variance with Kruskall-Wallis post hoc
analysis when comparing more than two groups, and
survival curves were compared with a nonparametric log-
rank test, using the Graphpad Prism software (GraphPad
Software Inc., La Jolla, CA). A P value <0.05 was consid-
ered significant. Reported data are the mean = SEM
unless otherwise indicated.

Results

Mice with CM Present VVasoconstriction and
Marked Decreases in Pial Blood Flow

Mice with an implanted cranial window and infected with
PbA presented an overall CM incidence of 83% (19/23
mice, four separate experiments), deaths occurring on
days 5 to 8 (Figure 1A) with parasitemias between 10%
and 30% (Figure 1B). Infected mice developed hypother-
mia, more intense in CM mice (Figure 1C). Pial vascular
hemodynamics was sequentially studied in the 23 PbA-
infected and 10 noninfected control mice. Three of the 19
PbA-infected mice that developed CM died before the
measurements could be performed at the time of presen-
tation of clinical signs of CM. Therefore, complete hemo-
dynamics data are available for 16 mice with CM, with a
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Figure 1. Cumulative survival (A), course of parasitemia (B), and rectal
temperature (C) of PbA-infected mice that did (1 = 19) or did not (12 = 4)
develop CM and in uninfected control mice (72 = 10). Rectal temperature was

lower in CM mice than in uninfected controls (7 = 0.0004). Data in (B) and
(O) are the mean £ SEM.

total of 56 arterioles and 114 venules analyzed. In the four
PbA-infected mice that did not develop CM, 8 arterioles
and 38 venules were analyzed, and in the 10 control mice
a total of 33 arterioles and 83 venules were analyzed.
Marked decreases in arteriolar and venular blood flows
were observed during infection, particularly in mice pre-
senting clinical signs of CM (Figure 2, A and B; see also
Supplemental Videos S1,S2, and S3 athttp://ajp.amjpathol.
org). In mice presenting clinical CM, the mean decrease
in arteriolar blood flow was 60% of baseline, with one
(6%) mouse showing preserved blood flow, 8/16 (50%)
CM mice a decrease in blood flow between 40% and
60%, and 7/16 (44%) CM mice more than 75% decrease
(Figure 2C). This last group includes three mice with
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Figure 2. PbA infection leads to decreased blood flow in pial vessels.
Arteriolar (A) and venular (B) blood flow in PbA-infected mice with or
without CM and in uninfected control mice. Results are expressed as the
percentage change in relation to baseline measurements performed before
infection. Flow was significantly decreased on day 6 in mice that developed
CM (arteriolar: P = 0.0003; venular: P = 0.0003). Data are the mean = SEM.
C: Arteriolar blood flow in mice with CM, at the time of presentation of
clinical signs (irrespective of the day of infection). Flow was significantly
decreased in mice with CM (P < 0.0001). Values shown for uninfected
controls mice, and infected mice without CM are the lowest recorded for each
mouse on days 5 to 8. Bars indicate the mean value.

vascular network collapse (see below), two of them with
no visible patent vessels and whose blood flow was
considered to be zero in the area under the cranial win-
dow. The observed decreases in blood flow in mice with
CM were attributable to low RBC velocities and also to
vasoconstriction in 11 (79%) of 14 mice (Figures 3, A and
B). Three (21%) CM mice presented vasodilation instead.
Interestingly, on the day before CM development, half the
mice actually presented increased (6% to 25%) vessel
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Figure 3. Changes in diameters and in RBC velocities in arterioles during
PbA infection. A: Mice with CM showed a significant decrease in arteriolar
diameters compared with uninfected controls (£ = 0.0151). B: Mice with CM
also showed significant decreases in RBC velocities in relation to uninfected
controls (P < 0.0001). Bars indicate the mean value.

diameters, and aneurism-like “balloon” vessel changes
were observed in four mice. The outcome of the balloon
lesions was not determined in three of the four affected
mice because of death before next examination (two
mice) and lack of record in one mouse; in the one mouse
followed up, the balloon vessel evolved to vascular col-
lapse. The four PbA-infected mice that did not develop
CM presented maximal decreases of arteriolar blood flow
between 14% and 37% (mean: 25%) during follow up
(Figure 2, A-C). Noninfected control mice showed stable
vessel diameters and a mean 10% decrease in RBC
velocities on days 6 to 10 of follow-up, resulting in slight
to moderate decreases in blood flow in this period (mean:
5% on day 6; 15% on day 8; 9% on day 10; Figures 2 and
3). Three of the 10 noninfected control mice were fol-
lowed up to day 16, with measurements performed every
other day, and showed stable blood flow during this
period (data not shown).

Adherent Leukocytes Cause Reduction of
Luminal Diameters and Microvascular Blockade

In two experiments, after vessel diameter and RBC ve-
locities were measured in mice presenting clinical CM,
albumin-FITC and anti-CD45-TxR antibodies were in-
jected in the tail vein to enhance imaging of the vascular
network. In many venules of CM mice the large number of
adherent leukocytes functioned as barriers to blood flow
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Figure 4. CM is associated with impaired perfusion in pial vessels. A-D: Four consecutive sections of the same venule showing how adherent leukocytes can
cause marked reduction in luminal diameters and impair perfusion (a more detailed dynamic view is available at the supplemental video S3, at http.//
ajp.amjpathol.org). Asterisks show adherent leukocytes. The luminal diameter in specific sections is shown (black bars with the respective diameter value); note
the large variations in diameter mostly attributable to adherent leukocytes, and a site of major constriction in B with apparent damage of the vessel structure. Bright
spots in A and D are flowing fluorescent PbA-GFP pRBCs. Adherent leukocytes can completely block blood flow in small venules. E and F: Two consecutive
frames showing vessels stained with albumin-FITC, one of them is nonperfused (arrow) blocked by an adherent leukocyte (asterisk; E) and the same area
showing the leukocyte stained with anti-CD45-TxR antibodies (F; see dynamic view in supplemental video S5, at http://ajp.amjpathol.org). G and H: Collapse of
nonperfused small vessels: disappearance of small vessels with no flow (white arrows), and associated nonflowing vessels (black arrows).

and caused marked reductions in luminal diameters (Fig-
ure 4, A-D; see also Supplemental Video S4 at http.//
ajp.amjpathol.org). RBC velocities were heterogeneous,
with some larger vessels presenting sluggish RBC veloc-
ities and non-perfused feeding vessels (see Supplemen-
tal Videos S2 and S3 at http://ajp.amjpathol.org). Capillar-
ies and smaller venules were frequently nonperfused,
and in some cases adherent leukocytes were found to
obstruct the lumen (Figure 4, E and F; see also Supple-
mental Videos S5 and S6 at http://ajp.amjpathol.org). We
observed real-time obstruction of capillaries occurring
during intravital microscopy (see Supplemental Video S6
at http.//ajp.amjpathol.org). Nonperfused capillaries even-
tually collapsed (Figure 4, G and H). Most vessels with
obstructed flow, showing no blood cell transit, still pre-
sented albumin-FITC-derived fluorescence and the ad-
herent leukocytes, when present, showed anti-CD45
staining, suggesting that plasma flow was not completely
impaired in such vessels. Sequestered pRBC were rarely
observed and, in such cases, the trapped cells were
usually attached to the surface of an endothelium-adher-
ent leukocyte (Figures 5, A and B; see also Supplemental

Figure 5. PbA pRBCs do not directly adhere to pial endothelial cells but may
be found trapped by adherent leukocytes. A: A fluorescent PbA-GFP pRBC
attached to a leukocyte (arrow). Other visible adherent leukocytes are
indicated by asterisks. B: The same vessel section evidencing the adherent
leukocytes, highlighted after changing the filter to detect TxR fluorescence.
The arrow points to the leukocyte with the attached pRBC. See also sup-
plemental video S7 at http://ajp.amjpathol.org.

Video S7 at http://ajp.amjpathol.org), confirming previous
observations by histology.?® It is conceivable that infu-
sion of albumin and anti-CD45 antibodies might have
beneficial effects in mice with CM and therefore altered
outcome, albumin by expanding blood volume and im-
proving perfusion,'®2° and anti-CD45 antibodies by po-
tentially mediating destruction of leukocytes and de-
creasing inflammation.®" However, even if present, these
effects might have been minor. The amount of albumin
infused (1 mg/kg, or less than 20 ug/mouse) is almost
insignificant compared with the albumin concentration in
the plasma of mice (50 mg/ml), and the amount of anti-
CD45 antibody infused (2 to 4 ug/mouse) was also small.
In line with this interpretation, in the experiments in which
albumin and anti-CD45 antibody infusion was performed,
all CM mice died within 24 hours as expected, similar to
the experiments in which infusion was not performed. In
addition, no measurements of blood flow were performed
after infusion.

CM can be Associated with Vascular Collapse

A striking feature observed in 7 of 16 (44%) mice with CM
(three mice died before images could be taken), and in
none of the control or non-CM mice, was the collapse of
large pial vessels (Figures 6, A-C and D-F) or even of a
microvascular network (Figures 6, G-I). Four mice pre-
sented one or few collapsed vessels, and three mice
presented vascular network collapse. In two of the three
cases of vascular network collapse, this was preceded
by the occurrence of hemorrhage in a major vessel (Fig-
ures 6, J-L). Noteworthy, 71% (5/7) of the mice with
vascular collapse presented decreases in blood flow
over 75% in relation to baseline, against 22% (2/9) in the
group of CM mice without vascular collapse. Mice with
vascular collapse presented also more severe vasocon-



Figure 6. CM is associated with vascular collapse. A—C: Collapse of a major
pial vessel and branches (arrows) on day 6 of infection. D—F: Collapse of
two branches (arrows) of a vessel and microhemorrhages (encircled); note
that vessel collapse occurred between two observations in the same day (6),
in between which the mouse developed clinical CM. G-I: Collapse of virtu-
ally the entire pial vascular network under the cranial window on day 6 of
infection. J-L: Collapse of the vascular network under the window on day 6
after a major hemorrhage (arrow) on days 4 and 5.

striction, with a mean 32% decrease in overall arteriolar
diameter of the remaining noncollapsed vessels in rela-
tion to baseline, against a mean 19% decrease in all mice
with CM (P = 0.0162).

Nimodipine Increases Survival of Mice with CM
on Rescue Treatment with Artemether

The observations of vasoconstriction and vascular col-
lapse, which may occur in association with pial hemor-
rhage, are reminiscent of the vasospasm phenomenon
that frequently occurs after SAH and is associated with
neurological deterioration and poor prognosis.?>32
The standard drug for prevention and treatment of
post-SAH vasospasm is nimodipine,?® a dihydropyri-
dine that blocks specifically the L-type voltage-gated
calcium channels, which in the vascular system mediate
cytoplasmic calcium influx-dependent vasoconstric-
tion.®® We asked whether nimodipine could be effective
off-label if used as adjunctive therapy with artemether, a
drug used to treat human CM, in mice with clinically
well-defined CM, ie, with obligatory presentation of one or
more of the neurological signs—ataxia, limb paralysis,
seizures, roll-over, poor righting reflex—in addition to
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Figure 7. Nimodipine improves the death-rescuing capacity of artemether
on mice with established CM. A: Cumulative survival of PbA-infected mice
presenting clinical CM and treated with artemether-nimodipine (1.3 mg/kg,
n = 12; 4 mg/kg, n = 20; and 12 mg/kg, n = 15) or artemether-vehicle (12 =
31). A total of nine experiments were conducted. Survival was significantly
increased in mice treated with 4 mg/kg (P = 0.0217) and 12 mg/kg (P =
0.0474), but not with 1.3 mg/kg. B: Survivor mice treated with artemether
plus nimodipine (7 = 20) presented faster clinical recovery than survivor
mice treated with artemether-vehicle (2 = 9) with significantly higher scores
at 48 (P = 0.0402) and 72 (P = 0.0238) hours. C: Efficacy of artemether
treatment: parasitemia decreased fast after artemether administration in mice
treated with nimodipine or vehicle. Data are the mean = SEM.

moderate or severe hypothermia (mean = SD: 31.5 *
1.1°C; uninfected controls: 37.1 = 0.6°C) and low com-
posite motor scores (mean = SD: 5.8 + 3.1; uninfected
controls: 22.3 ® 0.7). The adjunctive administration of
nimodipine at 4 and 12 mg/kg, but not 1.3 mg/kg, was
able to rescue twice as many (60% to 66.6% survival)
mice from CM and death than did artemether plus vehicle
(82.2% survival; Figure 7A). There were no significant
differences in motor scores, body temperature, and par-
asitemia levels between the different treatment groups. In
addition, mice treated with nimodipine at 4 mg/kg but
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succumbing showed prolonged survival, with half of the
deaths occurring over a period of 48 to 120 hours after
the first dose, whereas in the vehicle-treated group
95.2% of deaths occurred in the first 36 hours. Finally,
survivor mice treated with nimodipine showed faster re-
covery than did survivor mice treated with vehicle, with
significantly higher motor scores at 48 and 72 hours
(Figure 7B). There was no difference in the rate of para-
site clearance in the nimodipine and vehicle groups (Fig-
ure 7C). Within one week of treatment, all but one (97.2%)
of the survivor mice in all groups presented apparent full
recovery from the neurological syndrome, only one
mouse showing evidence of sequelae three weeks after
treatment (head slightly leaned to the left after recovery
from ataxia, rollover, hypothermia, hemiparesis, and a
trend to walk in circles with poor coordination). Treatment
interventions without artemether had no apparent bene-
ficial effect, as all CM mice treated with either nimodipine
4 mg/kg (n = 8) or vehicle (n = 6) died within 12 hours of
treatment (data not shown).

Nimodipine Induces Dilatation of Pial Arterioles

We asked whether the adjunctive effect of nimodipine
was related to its vasorelaxation activity and ability to
improve blood flow in the brain. When PbA-infected mice
with an implanted cranial window and presenting clinical
CM were given nimodipine 4 mg/kg IP, arteriolar blood
flow increased by about 50% after 30 minutes of injection,
then decreased but remained above baseline after 2
hours (Figure 8A). Vascular response in noninfected con-
trol mice was similar, but with a rebound at 60 minutes
after the peak at 30 minutes. The increase in blood flow in
mice with CM was attributable solely to a sustained in-
crease in arteriolar diameters, because RBC velocities
were even slightly decreased (Figure 8B).

Discussion

The present study shows that brain microcirculatory he-
modynamics and physiology are severely compromised
during murine CM, with marked decreases in arteriolar
blood flow at the time of CM manifestation, confirming
that ischemia plays a significant role in murine CM.2%2"
Remarkably, vasoconstriction and vascular collapse were
characterized as novel mechanisms leading to ischemia in
CM. The marked impact of the calcium channel blocker
nimodipine on the survival rates of mice with CM as well
as its effect in inducing vasodilation provide further sup-
port for the role of vasoconstriction and poor blood flow in
murine CM pathogenesis, and generate a concept for a
potential adjunctive therapy for CM.

Brain intravital microscopy has a number of unique
advantages, mainly the direct in vivo dynamic observation
of the brain vasculature and the possibility to conduct
sequential studies in the same animal and follow the
evolution of the pathogenic process. The most important
limitation is that only a small area of the brain can be
assessed, therefore we can only infer that the patholog-
ical events observed under the window occur in the
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Figure 8. Nimodipine increases blood flow in CM mice through vasorelax-
ation. A: Administration of nimodipine at 4 mg/kg IP caused an increase in
arteriolar blood flow in mice with clinical CM (7 = 3) and in uninfected
control mice (7 = 3). B: Increase in arteriolar blood flow was attributable to
a sustained increase in vascular diameter. Data are the mean * SEM.

remaining regions of the brain. However, the frequency at
which key pathological manifestations such as the de-
creased blood flow, vasoconstriction, and the vascular
collapse occurred in infected but not in control animals,
as well as the beneficial effect of nimodipine, suggest
that the events reported are indeed representative and
relevant for the pathogenic process of CM.

Brain hemodynamic changes in mice with clinical CM
have been described using MRI and showed brain he-
modynamic perturbations with 30% to 40% decreases in
CBF and voids in arterial blood signal.?° The presence of
associated brain edema prompted the postulation of im-
paired CBF as caused by compression of arteries attrib-
utable to intracranial hypertension. Our results suggest a
more complex picture, with a number of factors contrib-
uting to impaired perfusion. First, we showed that de-
creases in both vessel diameters and blood velocities
contribute to decreased CBF in murine CM. Second,
vasoconstriction itself does not seem to be solely a
result of passive vascular compression but rather an
active phenomenon, because blockade of calcium
channels by nimodipine administration induced a va-
sodilation response in CM mice. This is in keeping with
evidence in human and murine CM showing vascular
dysfunction attributable to low nitric oxide (NO) bioavail-
ability®* and potentially other vasoconstrictive mecha-
nisms.35737 Third, leukocyte adhesion in brain vessels
acted as barriers for blood flow by decreasing luminal
diameters and directly blocking capillaries. These dy-
namic observations provided by intravital microscopy



support the long-disputed argument in favor of a role for
microvascular sequestration in contributing to impaired
CBF and ischemia in CM.38=49 Fourth, 44% of the CM
mice presented some degree of vascular collapse, and
these animals presented also more severe vasoconstric-
tion, showing that in addition to a global decrease in
blood flow, areas of more severe focal ischemia may
develop in the brain of mice with CM. Indeed, 78% of CM
mice presenting no vascular collapse showed blood flow
levels compatible with a state of ischemic penumbra
where damage is still potentially reversible,*! an interpre-
tation supported by the beneficial effect of nimodipine.
Conversely, 71% of mice with vascular collapse showed
blood flow levels indicative of infarct and irreversible
damage. The overall patterns of poor perfusion and vas-
cular occlusion observed in mice pial vessels were sim-
ilar to the findings by retinal angiography in human CM,®
and similarities can be drawn between the pial vascular
collapse and the retinal whitening.

Overall, these data indicate that CBF is impaired in
mice with CM attributable to increased cerebrovascular
resistance®® resulting from vasoconstriction as well as
capillary and venular nonperfusion, and also to de-
creased cerebral perfusion pressure resulting from low
blood velocities likely attributable to hypotension, low
cardiac output, and intracranial hypertension. Interest-
ingly, although vasoconstriction was a hallmark in 79% of
mice with clinical signs of CM, half of these animals
presented vasodilation in the day before clinical CM man-
ifested. The vasodilation may occur as an autoregula-
tory response to decreased blood velocity in an at-
tempt to maintain blood supply. The reason this
response was not sustained and instead turned into a
vasoconstriction is unknown, but it may be related to
low NO bioavailability.3*

Vasoconstriction and vascular collapse have not been
described in previous intravital studies of the skin and mus-
cle microcirculation in rodent models of severe malaria,?>2*
although in the P. yoelii model major decreases in blood flow
were shown.?22% However, these models and the sites of
observations differ significantly from the present study and
cannot be directly compared.

The findings of vasoconstriction and vascular collapse, in
some cases preceded by aneurism-like vessel changes
and vessel ruptures with major hemorrhages, led us to
identify similarities between murine CM and SAH. In this
case, blood released from ruptured vessels would play
an active role in murine CM pathogenesis by causing
vasospasm most likely through the potent NO-scaveng-
ing and pro-oxidant actions of hemoglobin, which also
induces endothelin-1 synthesis.®? Although major hemor-
rhages were observed in only two of the seven mice with
vascular collapse, it is remarkable that these two mice
presented the most severe form of collapse. Subarach-
noid hemorrhages have been described in murine*® and
human**45 CM, although the hallmark in both cases is
the presence of disseminated cerebral ring microhemor-
rhages.*34® We propose that systemic NO deficiency
resulting from repeated cycles of hemolysis®* is a major
cause of vasoconstriction in murine CM, which in asso-
ciation with low RBC velocities and vascular occlusion
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affects blood flow throughout the brain. Ischemia result-
ing from this global shortage in blood supply per se does
not explain CM, as other plasmodial infections can in-
duce similar or even more intense hemolysis and yet no
CM. However, further cerebral vascular damage and rup-
ture causes additional localized deprivation of blood sup-
ply, passively by the collapse of the ruptured vessel itself
and actively by the vasospasm-inducing activity of the
leaked blood on the adjacent vessels. The occurrence of
multiple microhemorrhagic foci would lead to multifocal
infarcts, and reversibility of this scenario would depend
on the severity of ischemia, with widespread infarct areas
indicating poor outcomes. Although this mechanism, as
proposed, remains to be demonstrated, the marked effi-
cacy of nimodipine, the only drug shown to improve
outcome in patients with post-SAH vasospasm,®® in im-
proving the CM-rescuing capacity of artemether, as well
as its ability to induce vasodilation in pial vessels of mice
with CM, provide support for this concept. The fact that
exogenous NO prevents CM3* development also favors
this interpretation, as do other interventions that induce
vasodilation such as carbon monoxide therapy,*” or that
have a beneficial effect on ischemic stroke, such as
hyperbaric oxygen*® and erythropoietin.*® Most of these
approaches have been used in the murine model to
prevent, not reverse, CM, therefore other mechanisms
such as the down-regulation of endothelial cell adhesion
molecules and inhibition of inflammation preventing vas-
cular damage are likely to take place. The primary ben-
eficial effect of nimodipine can be attributed to its effect in
reversing calcium-dependent vasoconstriction,®® hence
decreasing cerebrovascular resistance and improving
CBF, but nimodipine may also act through additional
mechanisms. Ischemia, for instance, can cause deregu-
lation of nerve cell membrane polarization, with large
influx of calcium and ultimately neuronal cell death,*° and
nimodipine could act by preventing or reversing this pro-
cess.®" Calcium channel blockers have also been shown to
decrease vascular inflammation and oxidative stress.®® A
more thorough characterization of nimodipine effects in CM
mice is therefore necessary.

Human CM is a complex pathophysiological entity with
a wide range of presentations,*® therefore the murine
model cannot mirror all its features,'®2° and translation of
results obtained in the mouse model to the human situa-
tion is not straightforward. Cerebral hemodynamics is
particularly difficult to compare because of few and ap-
parently conflicting findings in human studies. Transcra-
nial Doppler sonography studies showed mostly normal
and sometimes increased CBF velocities in CM pa-
tients,'>'® although wide ranges and large differences
between brain hemispheres were observed. In the larger
study, although 30% of children initially presented in-
creased CBF velocities, the children with fatal outcomes
presented low CBF velocity recordings after admission. '?
In another study, whereas Transcranial Doppler showed
normal CBF velocities, computer tomography and near-
infrared spectroscopy showed hypoperfusion in the
same CM patient."® Although not directly evidenced, ce-
rebral vasodilation and increased blood volume have
been proposed to occur during human CM, contributing
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to intracranial hypertension.*'"'” On the other hand, the
occurrence of hypoperfusion, vascular occlusion, and
ischemia has been clearly demonstrated in vivo by retinal
angiography in CM patients.? Other findings suggestive
of hypoperfusion such as increased cerebrovascular re-
sistance, ' intracranial hypertension, hypovolemia, sys-
temic hypotension, acidosis, and ischemic damage are
associated with poor outcomes in human CM,*11.18:53
and interventions that improve cerebral perfusion have
been proposed to be beneficial .2 '8 Definitive evidence of
cerebral vasoconstriction in human CM is lacking, al-
though histological findings suggestive of arteriolar
spasm have been described in both human and murine
CM,** and raised serum levels of vasoconstrictive factors
such as endothelin-1 have been associated with human
and murine CM.2%7%7 |t is also noteworthy that TNF-q,
which is believed to play an important role in murine and
human CM pathogenesis, '®*° has been shown to induce
constriction of pial arterioles in piglets®® as well as vaso-
constriction and reduction of cerebral blood volume in
rats via an endothelin-dependent pathway.® The appar-
ent contradictory data regarding cerebral hemodynamics
during human CM may arise from the heterogeneity of
presentations of human CM. As we showed here, in mu-
rine CM vasoconstriction can be preceded by vasodila-
tion, therefore the timing at which measurements are
made is crucial. The nature of the methods used also
generates different types of data and interpretations.
Transcranial Doppler, for instance, estimates blood ve-
locity in large cerebral arteries, and retinal angiography
looks at the microcirculation. Collateral flow has been
proposed to reconcile increased blood flow velocities in
the presence of venular obstruction and impaired perfu-
sion.' Indeed, hyperdynamic flow has been shown to
occur in vessels adjacent to nonflowing occluded vessels
during severe malaria.®

Given the lack of consensus on the nature and the role
of cerebral hemodynamic changes in human CM and the
considerable heterogeneity of case presentations, poten-
tial adjunctive therapies targeting blood flow and vascu-
lar physiology must be taken with due caution. Caution is
emphasized when considering that a number of adjunc-
tive therapy trials with different interventions showed ei-
ther no efficacy or even deleterious effects.* In this re-
gard, before any consideration for use in humans is
taken, it is also necessary to perform a thorough eval-
uation of the potential adverse effects of nimodipine
administration in mice with CM, for instance its poten-
tial hypotensive effect. In addition, given the observa-
tion of vasodilation in half of the mice the day before CM
development, it is relevant to ask whether administration
of nimodipine at this stage would be deleterious instead
by causing effects such as facilitating the rupture of
damaged vessels. Therefore, the timing of nimodipine
administration is important. Noticeably, development of
clinical CM prompting treatment in mice occurred mostly
(80% of cases) when vasoconstriction rather than vaso-
dilation was present. It is also worth mentioning that
nimodipine has been safely used in humans for many
years. The need for an effective adjunctive therapy for
CM is imperative, and the marked improvement in both

the rate and the pace of recovery afforded by nimodipine
in murine CM indicates that it holds potential and de-
serves further investigation.
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