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Cerebral malaria (CM) is a leading cause of death in Plasmodium falciparum infections. In the Plasmodium

berghei ANKA (PbA) murine model, CM pathogenesis is associated with low nitric oxide (NO) bioavailability

and brain microcirculatory complications, with a marked decrease in cerebral blood flow, vasoconstriction,

vascular plugging by adherent cells, and hemorrhages. Using intravital microscopy through a closed cranial

window, here we show that NO supplementation in the form of a NO donor (dipropylenetriamine NONOate

[DPTA-NO]) prevented vasoconstriction and improved blood flow in pial vessels of PbA-infected mice.

Arterioles and venules of smaller diameters (20–35.5 lm) showed better response to treatment than vessels of

larger diameters (36–63 lm). Exogenous NO provided protection against brain hemorrhages (mean, 1.4 vs 24.5

hemorrhagic foci per section) and inflammation (mean, 2.5 vs 10.9 adherent leukocytes per 100 lm vessel

length) compared with saline treatment. In conclusion, NO protection against CM is associated with improved

brain microcirculatory hemodynamics and decreased vascular pathology.

Cerebral malaria (CM), a complication of malaria in-

fection by Plasmodium falciparum, is a leading cause of

mortality and neurologic impairment in endemic areas,

especially in sub-Saharan Africa [1]. Although prompt

antimalarial treatment is able to rescue most CM pa-

tients from death, still 10%–20% die and 25% of sur-

vivors may develop neurologic deficits [2]. Typical brain

histopathologic findings of patients who died of CM

include vascular plugging by parasitized red blood cells

(RBCs), diffuse microhemorrhages, and the presence of

leukocytes in blood vessels [3]. In vivo microvasculature

studies of patients with severe malaria and particularly

CM confirmed that vascular occlusion causes distur-

bance of blood flow, impaired perfusion, and ischemia

[4, 5]. Human severe malaria has been reported to be

associated with endothelial dysfunction related to low

nitric oxide (NO) bioavailability, hypoarginemia, and

elevated levels of cell-free hemoglobin [6]. In these pa-

tients, intravenous infusion of arginine improved en-

dothelial function and NO production [6, 7]. CM

patients also present systemic inflammation [8] and

commonly develop acidosis attributable to poor tissue

oxygenation [9].

The murine model of CM by Plasmodium berghei

ANKA (PbA) shares many characteristics with human

CM [10–12], including brain microhemorrhages, vas-

cular plugging and occlusion predominantly by adher-

ent leukocytes, systemic inflammation [8], acidosis, and

brain ischemia [13, 14]. Murine CM is also associated

with low NO bioavailability, hypoargininemia, and high

levels of cell-free hemoglobin, and administration of

exogenous NO prevented the development of the syn-

drome [15]. Although hypoargininemia may limit the
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capacity of the NO synthases to produce NO, the major cause

for low NO bioavailability in malaria seems to be the NO-

scavenging activity of cell-free hemoglobin [15] resulting from

the destruction of parasitized RBCs. In this regard, severe ma-

laria shares pathophysiologic features with other hemolytic

states, such as the sickle cell vaso-occlusive crisis [16].

A major physiologic role of NO is as regulator of vascular tone

[17]. Low NO bioavailability induces vasoconstriction and

limits blood flow and oxygenation [16]. We have recently shown

that murine CM is associated with constriction of pial vessels,

marked decreases in cerebral blood flow, and eventually vascular

collapse [18]. These findings show similarities with the vaso-

spasm phenomenon observed after subarachnoid hemorrhage,

in which hemoglobin derived from the blood clot induces va-

soconstriction, and it is associated with poor outcome [19]. In

addition, increased expression of endothelial cell adhesion

molecules in the brain vasculature during PbA infection [20]

leads to leukocyte sequestration that can cause vascular occlu-

sion further impairing blood flow [18], as well as vascular

damage [21] causing blood-brain barrier disruption and dis-

seminated brain microhemorrhages. We hypothesize that the

brain microcirculatory dysfunction observed in murine CM is

linked to the low NO bioavailability and should be prevented by

exogenous NO supplementation. In the present work we show

indeed that administration of the NO donor dipropylenetri-

amine NONOate (DPTA-NO) ameliorates cerebral vascular and

hemodynamic performance in PbA-infected mice, attenuating

the decrease in pial blood flow, improving RBC velocities, and

reducing vasoconstriction, in addition to affording marked

protection against leukocyte accumulation in the brain and

against brain hemorrhages.

METHODS

Mice, Infection, and DPTA-NO Treatment
Animal handling and care followed the National Institutes of

Health Guide for Care and Use of Laboratory Animals. All

protocols were approved by the La Jolla Bioengineering

Institutional Animal Care and Use Committee. Eight- to 12-

week-old C57Bl/6 (Jackson Laboratories) were inoculated

intraperitoneally with 1 3 106 PbA parasites expressing the

green fluorescent protein (PbA-GFP, a donation from the Ma-

laria Research and Reference Reagent Resource Center—MR4;

deposited by C.J. Janse and A.P. Waters; MR4 number: MRA-

865). Parasitemia, body weight, and rectal temperature were

checked daily from day 4. Parasitemia was checked by flow cy-

tometry by detecting the number of fluorescent GFP-expressing

parasitized RBCs in relation to 10,000 RBCs. CM was defined as

the presentation of $1 of the following clinical signs of neuro-

logic involvement: ataxia, limb paralysis, poor righting reflex,

seizures, roll-over, and coma. In addition, a set of 6 simple

behavioral tests (transfer arousal, locomotor activity, tail

elevation, wire maneuver, contact righting reflex, and righting in

arena) adapted from the SHIRPA protocol [22, 23] was used to

provide a better estimate of the overall clinical status of the mice

during infection. The performance in each test was assessed

using a modified scoring system: 0 to 5 (transfer arousal), 0 to 4

(locomotor activity), 0 to 4 (tail elevation), 0 to 4 (wire

maneuver), 0 to 3 (contact righting reflex), and 0 to 3 (righting

in arena), and a composite score was built (scores ranging from

0 to 23, where 23 indicates maximum performance and 0 in-

dicates complete impairment—usually coma). PbA-infected

mice were treated with either saline or dipropylenetriamine

NONOate (DPTA-NO; Cayman Chemical) 1mg per mouse in

saline, intraperitoneally, twice a day starting on day 0. Levels of

exhaled NO of saline-treated and DPTA-NO–treated mice were

measured using a NOA 280i NO analyzer (Sievers).

Mice Cranial Window Preparation
The closed cranial window model was used as previously

described [18, 24]. Briefly, mice were anesthetized with ketamine-

xylazine and were administered dexamethasone 0.2mg/kg, car-

profen 5mg/kg, and ampicillin 6mg/kg, subcutaneously, then

placed on a stereotaxic frame (Stoelting) and the head immobi-

lized using ear bars. The scalp was removed, lidocaine-

epinephrine was applied on the periosteum, which was then

retracted exposing the skull. A 3–4-mm diameter skull opening

was made in the left parietal bone using a surgical drill (F.S.T.).

The craniotomy was lifted away and saline-soaked gelfoam

(Pfizer) was applied to the dura mater to stop any eventual small

bleeding. The exposed area was covered with a 5-mm glass cov-

erslip (EMS) secured with cyanocrylate-based glue (3M) and

dental acrylic (Lang Dental). Carprofen and ampicillin were given

daily for 3–5 days after recovery from surgery. Mice presenting

signs of pain or discomfort were euthanized with 100 mg/kg of

euthasol intraperitoneally.

Microvascular Experimental Setup
Two to three weeks after surgery, mice were lightly anesthetized

with isoflurane (4% for induction and 1%–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 microscope stage (customized Leica-

McBain). Body temperature was maintained using a heating

pad. By means of water-immersion objectives (320), blood

vessel images were captured (COHU 4815) and recorded on

videotape.

Microhemodynamics
An image shear device (Image Shear; Vista Electronics) was used

to measure vessel diameters (D), and RBC velocities (V) were

measured off-line by cross-correlation (Photo Diode/Velocity

Tracker Model 102B; Vista Electronics). Arterioles and venules

were discriminated on the basis that arterioles show a divergent

branching pattern, meaning that blood flows from one arteriole
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into two branches at each bifurcation; venules, conversely, col-

lect blood and two branches meet at a confluent junction.

Venules have a larger cross-sectional area than the corre-

sponding arterioles, which results in a lower blood flow velocity

and wall shear stress. Measurements of 6–10 pial venules (di-

ameter range, 20–65 lm; velocity range, 2-4 mm/s) and 2–6 pial

arterioles (diameter range, 20–64 lm; velocity range, 4–6 mm/s)

were performed in each animal 5 hours after saline or DPTA-

NO had been injected, and blood flow (Q) in each individual

vessel was calculated using the equation: Q 5 V 3 (D/2)2. The

intravital microscopy procedure was performed on day 0 and

daily from day 4 of infection until the mice died or were

euthanized.

Leukocyte-Endothelium Interaction
To quantify adherent and rolling leukocytes, anti-CD45-TxR

antibodies (CalTag) were infused intravenously through the tail

vein on day 6 of infection. Adherence was defined as cells re-

maining static for 30 seconds, and rolling as cells flowing at

a velocity significantly lower than the centerline velocity of that

vessel. For each selected vessel, leukocytes were quantified in

a 100-lm–long section and, because leukocyte adherence affects

vessels heterogeneously, to avoid bias we used for leukocyte

quantification vessels preselected on day 0 of infection.

Brain Hemorrhage Quantification
On day 6 of infection, saline-treated and DPTA-NO-treated

PbA-infected mice, as well as uninfected control mice, were

anesthetized with ketamine-xylazine as described above. After

bleeding by the retro-orbital sinus, the mouse was euthanized

with euthasol 100 mg/kg intraperitoneally. The brain was care-

fully removed and conserved in formalin 10% until processing.

Brains were cut in four slices (coronal plane) of 2-3 mm using

a mouse brain blocker (David Kopf Instruments), and each slice

was defined as frontal lobe/olfactory bulb, midbrain anterior,

midbrain posterior, or cerebellum-brainstem. Each slice was

embedded in paraffin, and 5-lm–thick sections were obtained at

approximate 400-lm intervals (five sections per slice). There-

fore, 20 sections were obtained and analyzed for each brain.

Sections were mounted in glass slides and stained with

hematoxylin-eosin, and the number and area of hemorrhages

were quantified using an ocular grid calibrated with a 3400

magnification (field dimensions, 200 3 180 lm). The whole

area of each section was similarly quantified with the grid cali-

brated at 340 magnification.

Statistical Analysis
Results are presented as mean and standard error of the mean

(SEM), unless otherwise noted. Results were considered statis-

tically significant if P , .05. All parameters are reported as

absolute values, except for blood flow, for which the values are

presented as relative to baseline. The product limit method

(Kaplan-Meier) was used to produce survival curves, and

analysis of survival was conducted using the log-rank test. He-

matocrit and adherent and rolling leukocytes were analyzed at

a single time-point (day 6) using one-way analysis of variance

(ANOVA) for nonparametric repeated measurements (Kruskal-

Wallis test), and post hoc analyses were performed with the

Bonferroni posttests. Parasitemia, exhaled NO, blood flow,

vessel diameter, RBC velocity, and hemorrhages were analyzed

at multiple time points using two-way ANOVA nonparametric

repeated measurements and, when appropriate, post hoc anal-

yses to baseline were performed with the Bonferroni posttests.

Changes in vessel diameter and RBC velocity over time in in-

dividual groups (controls, saline-treated, or DPTA-NO-treated)

were analyzed using one-way ANOVA for nonparametric re-

peated measurements, and post hoc analyses to baseline were

performed using Bonferroni posttests. All statistics were calcu-

lated using GraphPad Prism 4.01 (GraphPad Software).

RESULTS

DPTA-NO Treatment Decreases CM Incidence in PbA-Infected
Mice
We initially performed an assessment of the protective effect of

DPTA-NO on CM development. Although 11 (78%) of 14 sa-

line-treated animals developed CM and died between days 6 and

8, only 4 (29%) of 14 DPTA-NO-treated mice died between days

7 and 10 (Figure 1A). The course of parasitemia in both groups

was similar despite an apparent transient control of parasitemia

on day 8 in the few survivor saline-treated mice (Figure 1B).

DPTA-NO-treated mice showed lower hematocrits on day 6 of

infection (Figure 1C). DPTA-NO-treated mice presented in-

creased levels of exhaled NO between 1 and 5 hours after in-

jection (data not shown), showing that NO was biologically

available upon treatment.

DPTA-NO Treatment Improves Cerebral Hemodynamics
Cerebral hemodynamics were evaluated in 10 saline-treated

(42 arterioles and 56 venules) and 16 DPTA-NO-treated (51

arterioles and 128 venules) PbA-infected mice, and in 10

uninfected control (36 arterioles and 66 venules) mice bearing

implanted cranial windows. CM incidence was 90% (9 of 10)

in the saline-treated group, with mice dying on days 6 and 7,

versus 37% (6 of 16) in the DPTA-NO-treated group, with

mice dying between days 6 and 10 (P , .05). DPTA-NO

treatment did not prevent but significantly attenuated the

decrease in blood flow in relation to saline-treated PbA-in-

fected mice, particularly on days 6 and 7 when CM develops in

most animals (Figure 2A and B). DPTA-NO-treated mice

presented significant decreases in the composite clinical scores

on day 6 and afterward in relation to uninfected control mice,

but performance was significantly improved in relation to

saline-treated mice (Figure 2C).
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DPTA-NO Treatment Positively Impacts on Both Vessel
Diameters and RBC Velocities
The decrease in blood flow in saline-treated PbA-infected

mice was due to decreased arteriolar and venular diameters as

well as to low RBC velocities (Figure 3). By contrast, vascular

diameters were stable over time in DPTA-NO-treated

PbA-infected mice (Figure 3A and B), and although RBC ve-

locities showed a significant decrease only on day 6 the figures

were still significantly improved in relation to saline-treated

animals (Figure 3C and D). Arteriolar and venular diameters, as

Figure 1. Incidence of cerebral malaria (CM), course of parasitemia and
hematocrit in nitric oxide [NO] donor dipropylenetriamine NONOate
(DPTA-NO)–treated Plasmodium berghei ANKA (PbA)-infected mice. A,
Incidence of CM in saline-treated mice (n5 14) was 79%, compared with
29% in DPTA-NO–treated mice (n5 14) (P, .05). Statistical analysis was
performed by the log-rank test. B, Although saline-treated mice that did
not develop CM showed apparently lower parasitemia levels on day 8,
the course of parasitemia was not significantly different between groups
(statistical analysis performed by 2-way analysis of variance [ANOVA]
with a post hoc Bonferroni test). C, Hematocrit levels in noninfected
control mice (n 5 8), and saline-treated (n 5 14) and DPTA-NO-treated
(n 5 14) PbA-infected mice on day 6 of infection. *: P , .05 compared
with control; #: P , .05 compared with DPTA-NO (statistical analysis
performed by 1-way ANOVA and post hoc analyses performed using
Bonferroni test). Data are from 3 experiments.

Figure 2. Plasmodium berghei ANKA (PbA) infection leads to decreased
blood flow in pial vessels, which is partially prevented by nitric oxide [NO]
donor dipropylenetriamine NONOate (DPTA-NO) treatment. A, Arteriolar
and B, venular blood flow in saline-treated (n 5 10) or DPTA-NO-treated
(n 5 16) PbA-infected mice and in uninfected control mice (n 5 10).
Results are expressed as the percent change in relation to baseline
measurements performed before infection. Number of vessels analyzed:
uninfected controls: 36 arterioles and 66 venules; saline-treated: 42
arterioles and 56 venules; DPTA-NO–treated: 51 arterioles and 128
venules. *: P , .05 compared with controls; #: P , .05 compared with
DPTA-NO. Statistical analysis was performed by 2-way analysis of
variance (ANOVA) with a post hoc Bonferroni test. Data are from 3
experiments. C, Clinical composite scores in saline-treated and DPTA-
NO–treated PbA-infected mice. *: P, .05 compared with controls; #: P,
.05 compared with DPTA-NO. Statistical analysis was performed by 2-way
ANOVA with a post hoc Bonferroni test. Data are from 2 experiments.
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well as venular RBC velocities, were stable over time in un-

infected control mice, whereas arteriolar RBC velocities pre-

sented a slight but significant decrease on day 6 in relation to

day 0 (Figure 5C). In uninfected control mice and in DPTA-

NO-treated mice that survived, arteriolar and venular diameters

remained stable up to day 10 of infection (data not shown).

Further decreases in arteriolar blood flow observed in these

animals on days 8 and 10 (Figure 2) were due to additional

decreases in RBC velocities.

Effect of DPTA-NO Is Greater on Smaller Vessels
In the present study, the vessels analyzed ranged in diameter

from 20 to 65 lm (mean, 36 lm). A more detailed analysis was

conducted in the subgroups of vessels smaller or larger than

36 lm and revealed that smaller arterioles and venules of DPTA-

NO-treated animals showed no significant variations in

diameter between day 0 and day 6 (Figure 4A and C). In-

terestingly, larger arterioles and venules presented significantly

decreased diameters on day 6, compared with those of day

0 (Figure 4B and D). Nevertheless, the decrease of 11% in mean

diameter observed in larger vessels in the DPTA-NO-treated

group was milder than that observed in the same group of

vessels in saline-treated mice (19% for arterioles and 24% for

venules).

DPTA-NO Treatment Decreases Leukocyte Accumulation in Pial
Vessels
Saline-treated PbA-infected mice showed a high number of

adherent leukocytes in pial vessels, which was markedly reduced

by DPTA-NO treatment (Figure 5A; Figure 7D–I). Rolling

leukocytes were also observed in infected animals but in a less

prominent fashion than adherence (Figure 5B). A trend for

decreased rolling observed in DPTA-NO-treated mice was offset

by one of 10 mice presenting a high number of rolling leuko-

cytes, resulting in no difference with saline-treated mice.

DPTA-NO Treatment Causes a Marked Decrease in Brain
Microhemorrhage Incidence in PbA-Infected Mice
We quantified the number of, and the area affected by, micro-

hemorrhages in saline-treated mice with CM and the effect of

DPTA-NO treatment on microhemorrhage incidence in 20

serial sections spanning the whole brain. Mice with CM showed

a large number of hemorrhages throughout the brain, being

most numerous in the olfactory bulb and the cerebellum

(Figures 6A and 7B). When adjusted by the area affected, the

predominance of hemorrhages in the olfactory bulb was even

more evident (Figure 6B). Treatment with DPTA-NO caused

a marked reduction in microhemorrhage incidence, with some

mice presenting no hemorrhages at all (Figures 6 and 7C).

Figure 3. Nitric oxide [NO] donor dipropylenetriamine NONOate (DPTA-NO) treatment prevents vasoconstriction and attenuates the decrease in red
blood cell (RBC) velocities in pial vessels during Plasmodium berghei ANKA (PbA) infection. Changes in arteriolar and venular diameters (A, B) and RBC
velocities (C, D) in uninfected controls, and saline-treated and DPTA-NO-treated PbA-infected mice during PbA infection. Number of vessels analyzed:
uninfected controls: 36 arterioles and 66 venules; saline-treated: 42 arterioles and 56 venules; DPTA-NO–treated: 51 arterioles and 128 venules.
*: P , .05 compared with controls; #: P , .05 compared with DPTA-NO. Statistical analysis was performed by 2-way analysis of variance (ANOVA) for
nonparametric repeated measurements, and post hoc analyses were performed using Bonferroni test. Data are from 3 experiments.
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DISCUSSION

Murine CM is a complex syndrome with multifactorial patho-

genesis. We have previously reported that murine CM is asso-

ciated with a marked decrease in pial blood flow, due to

vasoconstriction and low RBC velocities, with vascular collapse

eventually occurring [18]. Low NO bioavailability has been

shown to play a role in CM pathogenesis [15]. Here we show

that exogenous NO administration, although not completely

preventing microcirculatory dysfunction, significantly improved

blood flow in PbA-infected mice. A major positive effect of

exogenous NO was in preventing vasoconstriction.

Interestingly, the effect of DPTA-NO treatment on main-

taining the vascular tone was more robust in smaller (20–35.5

lm) arterioles and venules, which largely preserved their base-

line diameters during infection. Larger (36–63 lm) vessels of

DPTA-NO-treated mice showed a significant decrease in di-

ameters on day 6 of infection in relation to baseline, yet the

intensity of this decrease was not as remarkable as that observed

in vessels of similar diameters in saline-treated mice. The reason

for this differential effect of exogenous NO in vessels of different

sizes is not known. There are conflicting data on the differential

sensitivity of vessels of different diameters to dilate or to con-

strict in response to NO stimulation or inhibition. Faraci [25]

showed that larger rat brain arteries constricted more in re-

sponse to L-NMMA than arterioles, but the dilatory effects of

the NO-donor nitroprusside or acetylcholine were similar in

large and small vessels. On the other hand, Kajita and coworkers

[26] showed that, in rats, L-arginine caused stronger vasodila-

tion and NG-Monomethyl-L-Arginine (L-NMMA) caused

stronger vasoconstriction in smaller vessels originating from the

basilar artery than in larger ones originating from the middle

cerebral artery. You et al [27] suggested a greater sensitivity of

larger rat brain arteries to NO-mediated dilation induced by

ATP or constriction induced by nitro-L-arginine methyl ester.

However, the NO-donor methylamine hexamethylene methyl-

amine NONOate induced dilation in smaller, penetrating arte-

rioles at a concentration lower than that needed to induce

dilation in larger vessels. In addition, inhaled NO reversal of

serotonin-induced constriction of pulmonary arteries was more

efficient in smaller than in larger vessels [28]. Most of these

studies were performed in ex vivo models, with vessel prepara-

tions from healthy animals, and analyzed the immediate effect of

infusing NO stimulators or inhibitors; therefore, direct com-

parison with our findings is limited. The finding of greater effect

of exogenous NO on smaller vessels in the specific setting of

murine CM may have important implications for the un-

derstanding of pathogenesis and of the role of NO in different

Figure 4. Beneficial effect of nitric oxide [NO] donor dipropylenetriamine NONOate (DPTA-NO) treatment on preventing vasoconstriction is more robust
in smaller pial vessels. Arterioles and venules with diameters smaller than 36 lm (A, C) do not constrict during Plasmodium berghei ANKA (PbA) infection
in DPTA-NO–treated mice, whereas those with diameter larger than 36 lm (B, D) showed a mean 11% decrease in diameter on day 6 of infection.
Notably, PbA-infected mice treated with saline showed constriction in vessels of all sizes and, in those larger than 36 lm, the decrease in diameter was
more severe (19%–24%) than in DPTA-NO–treated mice. Number of vessels analyzed: arterioles,36 lm: 20; arterioles.36 lm: 31; venules,36 lm:
65; venules .36 lm: 63. *: P , .05 compared with baseline (day 0). Statistical analysis was performed by 1-way analysis of variance (ANOVA) for
nonparametric repeated measurements, and post hoc analyses to baseline were performed using Bonferroni test. Data are from 3 experiments.
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vascular beds in this model and therefore deserves further in-

vestigation.

Pial arterioles penetrate the cortex, supply blood to the whole

brain, and are largely responsible for the cerebrovascular re-

sistance, therefore playing a major role in the regulation of ce-

rebral blood flow [29]. Relatively small decreases in pial

arteriolar diameter can cause large increases in resistance and

can dramatically decrease cerebral blood flow, leading to is-

chemia. The effect of exogenous NO in preventing pial vaso-

constriction as well as the consequent increase in vascular

resistance seems therefore to be a key event in the protective

effect of DPTA-NO in preventing murine CM. DPTA-NO also

ameliorated, but did not prevent, the decrease in RBC velocities,

which was the main contributor for the decreased cerebral blood

flow in DPTA-NO–treated mice. A number of factors may have

contributed to the improved blood flow velocities in DPTA-

NO–treated animals, including decreased vascular resistance

and the lower hematocrit, which decrease shear stress and blood

viscosity [30]. The reason that DPTA-NO–treated mice showed

lower hematocrit levels than saline-treated mice on day 6 of

infection is unclear. It has been previously shown that a short

incubation of PbA-infected blood in medium with saturated

concentrations of NO resulted in significant hemolysis mainly of

noninfected RBCs [31]. Another potential explanation lies in the

inhibitory effect of NO donors on erythropoiesis [32]. The effect

of NO treatment on RBC velocities may also reflect a more

systemic benefit of the treatment, for instance, on blood pres-

sure. Indeed, DPTA-NO treatment, although causing a short-

lived drop in blood pressure right after injection, in the long run

actually offsets the hypotension observed during PbA infection

[15].

Exogenous NO positively affected the arteriolar and venular

vasculature. In addition, exogenous NO resulted in a marked

decrease in leukocyte adherence to venules, therefore promoting

venular perfusion. Indeed, adherent leukocytes in pial venules

impair blood flow in PbA-infected mice with CM by further

decreasing luminal diameters and blocking vessels [18]. The

decreased leukocyte adherence in DPTA-NO–treated mice is

likely due to the anti-inflammatory properties of NO, which

modulates leukocyte-endothelial cell interactions and the

Figure 5. Nitric oxide [NO] donor dipropylenetriamine NONOate (DPTA-
NO) treatment decreases brain inflammation in Plasmodium berghei
ANKA (PbA)-infected mice. Mean number of adherent (A) and rolling (B)
leukocytes in pial venules of saline-treated (n5 6) and DPTA-NO–treated
(n5 10) PbA-infected mice on day 6 of infection and in uninfected control
mice (n 5 7). Six to 10 pial venules were analyzed per animal. Saline-
treated mice showed a large number of adherent cells, and DPTA-NO
treatment markedly inhibited leukocyte adherence, which was not
significantly different from uninfected controls. Rolling was less
pronounced and not modified by DPTA-NO treatment at this stage. *:
P , .05 compared with controls; #: P , .05 compared with DPTA-NO.
Statistical analysis was performed by 1-way analysis of variance
(ANOVA), and post hoc analyses were performed using Bonferroni test.
Data are from 2 experiments.

Figure 6. Nitric oxide [NO] donor dipropylenetriamine NONOate (DPTA-
NO) treatment decreases brain hemorrhage incidence in Plasmodium
berghei ANKA (PbA)-infected mice. Number of hemorrhages per section
(A) and area occupied by hemorrhages in relation to the total area of the
sections (B) in 4 regions of the brain in saline-treated (n 5 9) and DPTA-
NO–treated (n5 10) PbA-infected mice. After formalin fixation, the brain
was cut (coronal plane) in 4 slices of 2–3mm each, and each region was
defined as frontal lobe/olfactory bulb (FL); midbrain anterior (MA);
midbrain posterior (MP); or cerebellum-brainstem (Ce). Five sections that
were 400 lm apart were examined per region, with a total of 20 sections
analyzed per mouse. #: P , .05 compared with DPTA-NO. Statistical
analysis was performed by 1-way analysis of variance (ANOVA) for
nonparametric repeated measurements, and post hoc analyses were
performed using Bonferroni post tests. Data are from 2 experiments.
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expression of endothelial cell adhesion molecules [33, 34] and

also decreases the levels of proinflammatory cytokine expression

[15]. Improved vascular function and decreased intravascular

inflammation help to explain the decreased vascular pathology,

because the administration of exogenous NO showed a re-

markable effect in preventing brain hemorrhages, showing that

it protects the cerebral endothelium, preventing vascular dam-

age. Additional mechanisms of endothelial protection may in-

clude prevention of apoptosis [35], as indeed PbA infection

induces early apoptosis of endothelial cells in the brain [36]. We

have previously proposed that brain hemorrhages may play an

active role in CM pathogenesis by locally aggravating vasocon-

striction and ischemia [18], in addition to other toxic actions of

local release of free hemoglobin and heme on neurons [37].

Therefore, protection of the vascular endothelium in the brain

and prevention of microhemorrhages are major pathways for

the protection afforded by NO on CM.

DPTA-NO treatment did not completely prevent microvas-

cular dysfunction, indicating that low NO bioavailability is not

its sole cause. In fact, a number of mediators playing a role in

CM pathogenesis are endowed with intrinsic vasoconstrictive

properties, such as endothelin-1 [38–40], platelet factor 4 [41,

42], C5 [43–45], and even tumor necrosis factor a [46, 47], and

other vasoactive molecules such as histamine [48], erythropoi-

etin [49], and aspirin [41, 50] have also been shown to modify

the expression of murine CM. However, the degree of vascular

protection afforded by exogenous NO in the present study

suggests that supplying NO by itself provides remarkable

improvement in vascular function. The partial efficacy of

DPTA-NO in reversing microcirculatory dysfunction may also

be related to a suboptimal treatment protocol, with the need for

adjustments to get a more effective improvement of the mi-

crocirculation. Indeed, the treatment protocol used (1mg of

DPTA-NO every 12 hours) provides high levels of NO for

Figure 7. Prevention of brain hemorrhages and inflammation in Plasmodium berghei ANKA (PbA)-infected mice by nitric oxide [NO] donor
dipropylenetriamine NONOate (DPTA-NO) treatment. A-C, Hemorrhages: pictures of hematoxylin-eosin–stained brain (olfactory bulb) sections of PbA-
infected and control mice taken on a confocal microscope (Zeiss LSM 5 Pascal) using the HeNe laser 543nm and a 310 objective, with red blood cells
(RBCs) exhibiting autofluorescence (bright white dots). A, Olfactory bulb section of an uninfected control mouse; the tiny bright spots correspond to RBC
inside microvessels; two larger vessels with several RBC are indicated by arrows. B, Extensive hemorrhages (arrows) in the olfactory bulb of a saline-
treated mouse with cerebral malaria (CM), occupying the subarachnoid space and penetrating into the brain parenchyma. C, Olfactory bulb section of
a DPTA-NO–treated mouse on day 6 of infection showing no hemorrhages. Magnification:3100. D-I, Inflammation: D and G: parenchimal (D) and pial (G)
vessels of uninfected control mice, showing no accumulation or adhesion of leukocytes. E and H: parenchimal (E) and pial (H) vessels of saline-treated
PbA-infected mice; the parenchimal vessel is plugged with a large number of leukocytes, and the pial vessel shows several endothelium-adherent
leukocytes (arrows). F and I: parenchimal (F) and pial (I) vessels of DPTA-NO–treated PbA-infected mice, showing reduced accumulation of leukocytes
(arrows). Magnitude of leukocyte accumulation and adherence was heterogeneous among vessels in both saline-treated and DPTA-NO–treated mice
(quantification of pial adherence is shown on Figure 5). All sections were stained with hematoxylin-eosin, magnification 3400.
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a limited period of time. It is conceivable that NO-delivery

systems providing lower doses of NO for extended periods of

time would be more effective.

In summary, the decreased incidence of CM during exoge-

nous NO therapy in the PbA-infected mice is associated with

improved brain microvascular hemodynamics, particularly with

decreased vasoconstriction and improved blood flow, decreased

brain vascular inflammation, and decreased incidence of

hemorrhages.
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