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Abstract

Cerebral Malaria (CM) is a severe manifestation of malaria that commonly occurs in children and is hallmarked by
neurologic symptoms and significant Plasmodium falciparum parasitemia. It is currently hypothesized that cerebral
hypoperfusion from impaired microvascular oxygen transport secondary to parasitic occlusion of the
microvasculature is responsible for cerebral ischemia and thus disease severity. Animal models to study CM, are
known as Experimental Cerebral Malaria (ECM) and include the C57BL/6J infected with Plasmodium berghei ANKA
(PbA), which is ECM susceptible, and BALB/c infected with PbA, which is ECM resistant. Here we sought to
investigate whether changes in Oxygen (O5) delivery, O, flux and O, utilization are altered in both these models of
ECM using Phosphorescence Quenching Microscopy (PQM) and direct measurement of microvascular
hemodynamics using the cranial window preparation. Animal groups used for investigation consisted of ECM
susceptible C57BL/6 (Infected, n=14) and ECM resistant BALB/c (Infected, n=9) mice. Uninfected C57BL/6 (n=6)
and BALB/c (n=6) mice were included as uninfected controls. Control animals were manipulated in the exact same
way as the infected mice (except for the infection itself). C57BL/6 ECM animals at day 6 of infection were divided
into two cohorts: Early stage ECM, presenting mild to moderate drops in body temperature (>34°C<36°C) and late
stage ECM, showing marked drops in body temperature (<33°C). Data were analyzed using a general linear mixed
model. We constructed three general linear mixed models, one for total O, content, another for total O, delivery and
the third for total O, content as a function of convective flow. We found that in both the ECM-susceptible C57BL/6J
model and ECM resistant BALB/c model of CM, convective and diffusive O, flux along with pial hemodynamics are
impaired. We further show that concomitant changes in p50 (oxygen partial pressure for 50% hemoglobin
saturation), only 5 mmHg in the case of late stage CM C57BL/6J mice and O, diffusion result in insufficient O,
transport by the pial microcirculation and that both these changes are required for late stage disease. In summary,
we found impaired O, transport and O, affinity in late stage ECM, but only the former in either early stage ECM and
ECM resistant strains.
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Introduction

Cerebral Malaria (CM) is one manifestation of malaria in the
pediatric populace in areas where the parasite is endemic [1]. Often
the diagnosis is clinical and involves deep coma and significant P.
falciparum parasitemia. Symptoms accompanying CM include
headache, stiff neck, drowsiness, disorientation and seizures. CM also
often presents with several metabolic acidosis, accompanied by
abnormal respiratory patterns. Morbidity and mortality are high with
11% experiencing neurologic sequelae and between 13% and 25% of
cases leading to death [2,3]. The exact pathology of CM is unknown,
though postmortem CM studies have revealed that parasitized Red
Blood Cells (pRBCs), particularly sequestrations of trophozoites and
schizonts, adhere to the capillary endothelium thereby resulting in

obstruction of the pial microvasculature [4,5]. Many
pathophysiological aspects of CM are still not completely understood.
Possible  contributing mechanisms involve  microcirculatory

dysfunction, vasoconstriction, hemolysis and reduced deformability of
Red Blood Cell (RBC). These mechanisms are not mutually exclusive,
but they all result in impaired blood flow. It is hypothesized that these
microvascular obstructions in conjunction with anemia result in
depressed cerebral oxygenation and subsequently cerebral ischemia,
coma and death, if left untreated. Clinically cerebral hypoperfusion and
ischemia are assessed indirectly by elevated cerebrospinal fluid lactate
and retinal hypoperfusion [6-8]. Susceptible murine models of
Experimental Cerebral Malaria (ECM) by Plasmodium berghei ANKA

(PbA) have further supported the hypothesis of cerebral hypoperfusion
and ischemia by demonstrated increased expression of Hypoxia
Inducible Factor-lo (HIF-1a) and positive staining by the hypoxia
probe (pimonidazole) [9].

Beyond microvascular occlusion, O, transport is mediated by blood
pH (Bohr effect), Hemoglobin (Hb) concentration (anemia) and core
body temperature, all of which are altered systemically during malarial
infection. Particularly in CM, intra-erythrocytic parasitic digestion of
Hb into hemozoin further contributes to anemia. We have previously
reported oxygen tension in the cerebral pial circulation of two strains
of mice, namely the C57BL/6J, which is ECM susceptible and
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BALB/c, which is ECM resistant. Specifically, we found impaired pial ~ Parasite infection
microvascular hemodynamics and depressed oxygen tension from . . . L 6
in the ECM Animals were inoculated with an IP injection of 1 x 10

Phosphorescence Quenching Microscopy (PQM)
susceptible C57BL/6]J strain compared to the BALB/c ECM resistance
strain [10]. However, these previous studies did not simultaneously
acquire perivascular and intravascular O, tensions, limiting
quantification of convective and radial/diffusive O, flux, O,
consumption and more sophisticated measures of pial microvascular
hemodynamics [11-14]. Here, we sought to expand upon our previous
findings by investigating whether O, delivery, O, flux or O,
utilization is altered and to identify whether increased pial oxygen
consumption or impaired delivery is the mechanism for depressed pial
tissue oxygenation. Using PQM, we demonstrate impaired
microvascular O, delivery and utilization secondary to CM infection
independent of parasitic load. Furthermore, by examining
microvascular O, content and delivery as a function of both vessel
diameter and convective flow, we demonstrate impaired axial and
radial flux, further supportive of impaired O, diffusion and altered O,
metabolism in both models. Unique to this study is paired acquisition
of perivascular and intravascular O, tension with sophisticated
statistical modeling for calculation of O, delivery, flux and utilization
[15].

Materials and Methods

Closed cranial window animal preparation

Animal handling and care followed the NIH guide for care and use
of laboratory animals. All protocols were approved by the La Jolla
bioengineering institutional animal care and use committee. 8 to 10
week old C57B1/6J and Balb/cJ mice (Jackson laboratories, ME) were
implanted with a closed cranial window model as described elsewhere
[16]. 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 post-surgical swelling
of the brain, inflammatory 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 and
lidocaine-epinephrine was applied on the periosteum, which was then
retracted to expose the skull. A 3 mm-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 was applied to the
dura mater to stop any eventual small bleeding. The exposed area was
covered with a 5 mm glass cover slip secured with cyanoacrylate
based glue and dental acrylic. 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 IP.
Two to three weeks after surgery, mice fulfilling the inclusion criteria
(see below) were inoculated with P. berghei ANKA and on day 6 of
infection, they were lightly anesthetized with isoflurane (4% for
induction, 1%-2% for maintenance) and held on a stereotaxic frame
for measurements of pH and pO,.

Inclusion criteria
Animals were suitable for the experiments if:

¢ Animal behavior was normal.
* Microscopic (350X magnification) examination of the cranial
window did not reveal signs of edema or bleeding.

Plasmodium berghei ANKA parasites expressing the Green
Fluorescent Protein (PbA-GFP, a donation from the malaria research
and reference reagent resource center-MR4, Manassas, VA; deposited
by CJ Janse and AP waters; MR4 number: MRA-865). Parasitemia,
body weight, rectal temperature and clinical status (using six simple
tests adapted from the SHIRPA protocol, as previously described)
were monitored daily from day 4 of the infection [17]. Parasitemia
was checked using flow cytometry by detecting the number of
fluorescent GFP expressing pRBCs in relation to 10,000 RBCs. ECM
was diagnosed when one or more of the following clinical signs of
neurological involvement were observed: Ataxia, limb paralysis, poor
righting reflex, seizures, roll over or coma.

Physiological ranges of the variables measured for the
animal species used

Two groups of animals, C57BL/6 (n=6) and BALB/c (n=6),
instrumented with the closed cranial window were used to characterize
normal microhemodynamic (vessel diameter and blood flow),
intravascular and perivascular pO,s and pH in the pial
microenvironment.

Experimental groups

Group 1 aimed to establish the effects of PbA infection in
microhemodynamics, intravascular and perivascular pO,s and pH in
the pial microenvironment. The group consisted of ECM susceptible
C57BL/6 (infected, n=14) and ECM resistant BALB/c (infected, n=9)
mice. Uninfected C57BL/6 (n=6) and BALB/c (n=6) mice were
included as controls. Control animals were manipulated in the exact
same way as the infected mice (except for the infection itself).
C57BL/6 ECM animals at day 6 of infection were divided in two
cohorts: Early stage ECM, presenting mild to moderate drops in body
temperature (>34°C<36°C) and late stage ECM, showing marked
drops in body temperature (<33°C). Another group, group 2, was
included to establish the relation between vascular inflammation
resulting from PbA infection and microhemodynamics and
oxygenation in relation to ECM pathophysiological changes. The
group consisted of C57BL/6 (infected, n=9) mice to which leukocyte
adhesion, blood flow and pO, levels were measured. Similarly, as in
group 1, the ECM animals at day 6 of infection were divided in two
cohorts: Early stage ECM and late stage ECM. All experiments were
repeated at least once.

Experimental setup

Animals were lightly anesthetized with isoflurane (4% for
induction, 1%-2% for maintenance). They were secured to the
microscopic stage of an intravital microscope (BX51WI, Olympus and
New Hyde Park, NY) on a stereotaxic frame with the head gently held
with ear bars for epi-illumination imaging. Body temperature,
measured pre-anesthesia, was maintained with a heating pad. The
tissue image was projected onto a charge coupled device camera
(COHU 4815) connected to a videocassette recorder and viewed on a
monitor. Measurements were carried out using a 40X (LUMPFL-WIR,
numerical aperture 0.8, Olympus) water immersion objective. The
animals did not recover from anesthesia, as they were euthanized
(Euthasol 100 mg/kg, IP) right after the intravital microscopy
measurements.
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Microhemodynamics

A video image-shearing method was used to measure vessel
Diameter (D) [18]. Changes in arteriolar and venular diameter from
baseline were used as indicators of a change in vascular tone.
Arteriolar and venular centerline velocities were measured online
using the photodiode cross correlation method (photo diode/velocity
tracker model 102B, vista electronics, San Diego, CA). The measured
centerline Velocity (V) was corrected according to vessel size to
obtain the mean RBC velocity [19,20]. Blood flow (Q) was calculated
from the measured values as Q=n x V (D/2)*2. This calculation
assumes a parabolic velocity profile and has been found to be
applicable to tubes of 15 pm-80 um internal diameters and for Hets in
the range of 6%-60%.

Microvascular pO, distribution

High resolution non-invasive microvascular pO, measurements
were made using Phosphorescence Quenching Microscopy (PQM)
[21]. PQM is based on the relationship between the decay rate of
excited Palladium-mesotetra-(4-carboxyphenyl) porphyrin (frontier
scientific porphyrin products, Logan, UT) bound to albumin and the
O, concentration according to the Stern-Volmer equation [22]. The
method was used previously in microcirculatory studies to determine
pO, levels in different tissues. pO, measurements by PQM were
obtained following these steps for all groups:

* The probe was injected (tail injection of 15 mg/kg at a concentration
of 10 mg/ml of the phosphorescence complex 10 min before
0O, measurements).

* The tissue was illuminated (pulsed light at 420 nm wavelength) to
excite the probe into its triplet state.

e The emitted phosphorescence (680 nm wavelength) was collected

and analyzed to yield the phosphorescence lifetime.

The phosphorescence lifetime was converted into O, concentration,

pO,. The phosphorescence lifetimes are concentration independent,
which permit extravascular fluid pO, measurements, although the
dye albumin complex that extravasates is very small. Extravascular
fluid pO, was measured in regions in between
functional capillaries. PQM allows for precise localization of the pO,
measurements without subjecting the tissue to injury. These
measurements provide a detailed understanding of microvascular O,
distribution and indicate whether O, is delivered to the interstitial
areas.

Hematocrit and hemoglobin

Blood was collected from the tail in heparinized glass capillaries.
Hemoglobin was determined spectrophotometrically from a single
drop of blood in a B-hemoglobin analyzer (Hemocue, Stockholm,
Sweden). Hematocrit was estimated by centrifugation.

Oxygen delivery and extraction

Oxygen delivery, DO, was approximated as:

DO, = [(RBCyp X ¥ X 54)] X Q4 (1)

Where;
RBCyp=Total Hb (g/dL)

vy=0, carrying capacity of saturated Hb, approximated as 1.34 mL

Sa=Arteriolar blood oxygen saturation.
Qa=Arteriolar flow.

Similarly, arterio-venous oxygen extraction (O, A-V extraction or
VO,) was approximated as:

DV = [(RBCyp X ¥ X S4-y)] X Qu_y (2)

Where;
Sa.v=Difference between arteriolar and venular oxygen saturation.
Qa.y=Average of arteriolar and venular flow rate.

O, saturations were approximated using the blood O, equilibrium
curve.

Statistical analysis

Results are presented as mean + standard deviation. Data between
groups was analyzed using a non-parametric Kruskal-Wallis test.
When appropriate, post hoc analyses were performed with the Dunns’
multiple comparison test. Microvascular O, content and O, delivery
were compared using a general linear mixed model as a function of
either diameter or flow. Data were linearized by log-log
transformation to allow for analysis. Differences in radial and axial O,
fluxes were compared using an Analysis of Covariance (ANCOVA)
from the aforementioned general linear mixed model. All statistics
were calculated using GraphPad prism 9.1.2. changes were considered
statistically significant if p<0.05.

Results

Systemic blood gas parameters

No significant differences were observed in hematocrit, arterial
blood pH, blood oxygen affinity (p50) and body temperature between
C57BL/6J and BALB/c mice at baseline though were altered with
infection at day 6. These results along with detailed statistical analysis
are shown in Table 1.

Group Hematocrit, % Hb, g/dL Perivascular pH P50, mmHg Parasitemia, % Temperature, ‘C
C57BL/6 Uninfected 48+3 15.6 £0.7 7.196 + 0.008 41+1 - 38.3+0.8
Early ECM 32+3ab 9.4 +0.62b 7.208 +0.012° 43 £ 1 10.6 +3.3 35.3 £ 0.92P
Late ECM 27+ 22 75+0.72 6.984 + 0.0092 48 + 22 12634 33.1+1.5°
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BALB/c Uninfected 51+1 15.1+0.5 7.120 £ 0.015 43 +1 - 37.1+05
Infected 32 +2ab 9.3+0.52p 7.153 £ 0.0172P 44 £ 2b 105+24 35.7 £ 0.82P

Note: 2P<0.05 compared with uninfected control; °P<0.05 compared with late ECM C57BL/6 (infected animals only); °Measured at perivascular pH.

Table 1: Infected C57BL/6 (ECM-susceptible) and BALB/c (ECM-resistant) mice: Blood O, characteristics, perivascular pH and core
temperature. Values are means = SD. Hb, hemoglobin concentration, P50, PO, at which 50% of the Hb in the blood is saturated with O,.

Diffusive oxygen transport and delivery

We first sought to quantify the effect of CM infection in both the
ECM susceptible C57BL/6J strain and the ECM resistant BALBc
strain. Total arteriolar and venular oxygen content were quantified
using Equation (1) from PQM data. Total O, content was next
analyzed as a function of diameter. Log-log plots with corresponding
linear regression analysis are explained. To quantify changes between
uninfected and CM infection, we used a general linear model, log(total
O, content) ~ fy+f; log(D)+f, group+ps (log(D): group. Here, log(D)
corresponds to the log of diameter, (group) corresponds to the group
(uninfected, early CM and late CM in the case of the C57BL/6J and
uninfected and CM in the case of BALBc) and (log(D):group)
corresponds to the interaction term. We took 1/4; to reflect radial
diffusive flux, which is the inverse of the slope of the log-log plots, £,
to reflect the absolute difference in total O, content between groups and
f3 to represent whether infection alters radial diffusive flux. In
arterioles from the C57BL/6J strain, we observed a significant
depression in total oxygen content (p=1.09 x 10°) and radial diffusive
flux (p=1.0 x 10713, interaction p=0.00135) in both CM groups
compared to uninfected controls. We observed a similar result in
venules from this strain (8; p=1.0 x 10°13, #, p=1.0 x 10713, interaction
p=1.0 x 10°13). For the ECM resistant BALBc strain, in arterioles, we
also observed a depressed total oxygen content (p=1.0 x 1071%) and
depressed radial diffusive flux (p=1.0 x 10713, interaction p=1.0 x 10713)
between the CM group and uninfected controls. We observed similar
results for venules ( p=1.0 x 10713, p=1.0 x 10713, interaction p=8.55 x
107%). Log-log plots for this analysis are explained.

The O, content only reflects the concentration gradient for diffusion
but does not reflect changes in consumption or metabolism. To test
whether CM infection in both the ECM susceptible C57BL/6J strain
and ECM resistant BALBc strain altered oxygen consumption, we
calculated O, delivery (DO,) using Equation (2). Log-log plots for
arterioles and venules from both strains are summarized. As before, to
quantify changes post CM infection, we used a general linear model,
namely log(DO,) ~ Syt log(D)+p, group+p; (log(D):group. Here, we
took 1/f; to represent total O, consumption, with 5, and S5 having the
same interpretation as above. We found that in arterioles from the ECM
susceptible C57BL/6J strain that O, delivery was depressed (p=3.68 x
10®) in both early and late CM compared to uninfected controls.
Consumption, though depressed compared to uninfected controls in
both CM groups (p=1.0 x 10°!5) was not altered by infection
(interaction p=0.3160). These results, along with corresponding results
from venules are summarized. We next assessed consumption in the
ECM resistance BALBc strain. We found depressed DO, and depressed
consumption for arterioles (8, p=1.0 x 105, B, p=1.0 x 1015,
interaction p=1.0 x 10'%) and venules (8, p=1.0 x 1015, 8, p=1.0 x
10-15, interaction p=0.172). In the latter, however, the change in
consumption was directly a result of the depression in DO,.

Convective oxygen transport

Finally, we sought to quantify changes in convective oxygen

transport within the pial microcirculation post CM infection in both
models. To test the hypothesis that convective transport was depressed
in CM infected mice, we analyzed total O, content as a function of
convective flow, quantified using Poiseuille’s equation. As above, we
compared groups using a general linear model, namely log(total O,
content) ~ Syt log(Q)+5, grouptps (log(Q):Group, where Q is flow
rate. In this analysis, we took 1/f; to represent convective or axial O,
flux, with §, and 5 having the same interpretation as above. In the
ECM susceptible C57BL/6J strain, we found depressed convective O,
flux in arterioles in both CM groups compared with uninfected
controls (p=1.0 x 10°1%), though no significant difference between
early and late CM (interaction p=0.0632). In arterioles from the ECM
resistant BALBc strain, we also found depressed convective oxygen
flux (8, p=1.0 x 10°15, interaction p=1.0 x 1071%). These analyses as
well as those for venules are found table.

Discussion

The principle finding of this study is that in both the ECM
susceptible (C57BL/6J) model and ECM resistant (BALB/c) model of
CM, convective and diffusive O, flux along with pial hemodynamics
are impaired. To our knowledge, this study is the first to quantify
changes in diffusive (radial) and convective (axial) oxygen flux in
models of CM and correlate these changes with global hemodynamic
changes in Hb-O, affinity. Furthermore, O, transport appears to be
more impaired in the ECM resistant strain compared to the ECM
susceptible strain, as expected [23]. It also appears that differences in
oxygen transport and utilization were absent between early and late
stage CM C57BL/6J suggesting that alterations in pial microvascular
transport either preclude worsening disease or are independent of
symptoms. Our results further suggest that concomitant changes in
p50, only 5 mmHg in the case of late stage CM C57BL/6J mice and
oxygen diffusion result in insufficient O, transport by the
microcirculation and thus poor cerebral function. In adults with CM,
intracerebral lactate production and cerebral spinal fluid lactate
concentrations are increased. These findings correlate with our results
and can be explained by the impairment in cerebral microcirculation
O, transport, resulting from a combination of reduced perfusion,
anemia, impaired RBC deformability and RBC sequestration. Lastly,
the surprising reversibility of coma in experimental and clinical
studies, which can last, in some cases, for several days, indicates that
there is incomplete ischemia in CM [24].

Alterations in microvascular hemodynamics alone do not explain
differences in the pathophysiological manifestation of CM, as
supported by the few differences we observed in early vs. late stage
CM in the ECM susceptible C57BL/6J model. Normally, the
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sigmoidal shape of the Hb-O, promotes O, delivery, provided the
steep gradient for O, delivery in the tissue from low tissue pO,.
However, alterations in the Hb O, affinity, in this case secondary to
metabolic acidosis from systemic hypoxia and the Bohr effect, in
conjunction with depressed radial O, flux, as demonstrated in our
study, impede tissue O, delivery. In fact, based on our study, we posit
that severe symptomatic CM requires both impaired microvascular O,
diffusion and impaired Hb-O, kinetics. Although there is some
evidence of autonomic nervous system dysfunction in malaria, there is
no evidence that neural control of vascular tone leads to impaired
tissue perfusion. In CM, there seems to be a normal response of the
cerebral resistance vessels (small arteries and arterioles) to changes in
arterial O, and CO,. Specifically, we observed that despite similar
changes in microvascular diffusive and convective flux in early and
late CM models, disease severity was different, likely due to the
observed difference in p50.

Our results provide further insight the role of hypothermia in the
pathogenesis of CM. Whether hypothermia induced by ECM is a
protective mechanism or a strategy to preserve tissue function is still
unknown. Hypothermia is known to decrease the metabolic rate of
brain tissue, oxygen consumption and the growth rate of the malaria
parasite [25]. Furthermore, our previous studies have demonstrated
that hypoperfusion and subsequent ischemia is key to CM
pathogenesis. Although cerebral blood flow in CM is within the
normal range, it is low in comparison with the arterial O, content.
Cerebral vascular resistance is increased, whereas cerebral O,
extraction is diminished. Yet, our results here suggest that concomitant
microvascular hypoperfusion and decreased Hb-O, affinity are
required for severe disease. In this context, our results suggest that
hypothermia is a compensatory mechanism to increase Hb-O, affinity
and is thus beneficial. Importantly, however, this analysis fails to
account for the effect of the parasite on temperature regulatory centers
in the brain. Thus, future studies are required for investigation of this
hypothesis and specifically the role of hypothermia in CM outcomes
[26].

Integral to this study is the use of robust statistical methods, namely
simple linear model and ANCOVA, to both quantify and compare
diffusive (radial) and convective (axial) oxygen flux and their
relationship to Hb-O, off-loading kinetics in the context of CM.
Specifically, we introduced application of a general linear mixed
model to log-log plots derived from PQM data as a proxy to quantify
flux, which more generally captures the non-linearities of oxygen
diffusion in CM. In our calculation of convective flux, we assessed
oxygen content as a function of microvascular flow, indicative of
oxygen off-loading. Here, we demonstrated in both ESM resistant and
ESM susceptible models impaired convective O, post infection and
similar degrees of O, off-loading despite differing degrees of
neurologic impairment. In fact, infected BALB/c died without
neurologic symptoms of CM. As alluded to above in the case of radial
flux, we therefore hypothesize that neurologic sequalae from CM
require both impaired microvascular oxygen transport and impaired
Hb-O, kinetics. In all cases, cerebral hypoxia ensues from the lack of
a convective pO, gradient across arterioles. However, so long as the
sigmoidal Hb-O, curve is maintained, then tissue hypoxia is at a
minimum provided appropriate off-loading. In the case when both the
Hb-O, is significantly right shifted and microvascular oxygen
diffusion is impaired, then local regulatory mechanisms to maintain
tissue pO, fail to compensate. These results further suggest that
intervening upon Hb-O, kinetics by altering affinity may help preserve
cerebral function despite impaired microvascular hemodynamics and

oxygen transport [27]. Future studies should therefore aim to
investigate compounds with this effect, like 5-hydroxymethyl-2-
furfural (5-MHF) and voxelotor (GBT440) to test whether they have a
protective effect in late stage ESM despite impaired microvascular
oxygen transport.

Conclusion

Impaired microcirculatory flow is essential in the pathophysiology
of severe CM. Several factors combine to reduce microcirculatory
flown limiting convective transport of O,. Parasitized RBCs adhere to
vascular endothelium, and the rigid adherent cells block the
microvascular lumen, restricting the blood flow. In addition, the
flowing infected RBCs are less deformable, increasing blood viscosity.
This decreased number of functional capillaries during ECM is of
great importance. There is a paradigm shift in understanding the
pathogenesis of ECM mediated by microcirculatory dysfunction
(decreased functional-capillary density and low O, delivery), much
earlier than macrocirculation dysfunction. Paradoxically, given that
CM is believed to be a disease characterized by anemia, mitochondrial
dysfunction, altered redox state, seizures and impaired clearance by
the liver, amongst other factors. Our experimental analysis suggests
that CM can be attributed to microvascular dysfunction and decreased
O, delivery.

In conclusion, our study provides insight into the convective and
diffusive fluxes in two different animal models of CM using statistical
methods based linear mixed modeling. From our model applied to
PQM data as a function of diameter and flow, we found that diffusive
and convective fluxes were similarly impaired, yet those animals with
more severe infection had significant shifts in Hb-O, kinetics. We
therefore hypothesize that concomitant impairment in microvascular
0O, diffusion and Hb-O, affinity is required for severe disease. Future
studies should therefore aim to investigate whether altering Hb-O,
affinity pharmacologically has a protective effective despite
impairment in microvascular oxygen diffusion.

Acknowledgement

We thank Cynthia Walser and Diana Adams for animal care and
surgical preparation.

Ethical Approval

Animal handling and care followed the NIH guide for care and use
of laboratory animals. All protocols were approved by the La Jolla
bioengineering institutional animal care and use committee.

Completing Interests

I declare that the authors have no competing interests as defined by
BMC or other interests that might be perceived to influence the results
and/or discussion reported in this paper.

Authors’ Contributions

LC and PC planned and designed all experiments. VPJ, ATW and
PC performed all statistical analysis. VPJ and PC wrote the main
manuscript text. VPJ prepared all. All authors reviewed the
manuscript. All authors listed have made a substantial, direct and
intellectual contribution to the work and approved it for publication.

J Community Med Health Educ, an open access journal

Volume 13 ¢ Issue 3 » 1000816



Citation:

Community Med Health Educ 13:816.

Jani VP, Williams AT, Carvalho L, Cabrales P (2023) Changes in Oxygen Delivery during Experimental Models of Cerebral Malaria. J

Page 6 of 6

Funding

This work was supported by National Institutes of Health (NIH)

grants ROIHL162120 and RO1HL159862.

Availability of Data and Materials

The raw data and any materials supporting the conclusions of this

article will be made available by the authors, without undue
reservation, to any qualified researcher.

References

1.

2.

10.

11.

12.

Idro R, Jenkins NE, Newton CR (2005) Pathogenesis, clinical features
and neurological outcome of cerebral malaria. Lancet Neurol 4: 827-840.
Idro R (2003) Severe anaemia in childhood cerebral malaria is associated
with profound coma. Afr Health Sci 3: 15-18.

Maitland K, Marsh K (2004) Pathophysiology of severe malaria in
children. Acta Trop 90: 131-140.

Beare NA, Harding SP, Taylor TE, Lewallen S, Molyneux ME (2009)
Perfusion abnormalities in children with cerebral malaria and malarial
retinopathy. J Infect Dis 199: 263-271.

Pongponratn E, Riganti M, Punpoowong B, Aikawa M (1991)
Microvascular sequestration of parasitized erythrocytes in human
Falciparum malaria: A pathological study. Am J Trop Med Hyg 44:
168-175.

White N (1985) Pathophysiological and prognostic significance of
cerebrospinal fluid lactate in cerebral malaria. Lancet 325: 776-778.
MacPherson GG, Warrell MJ, White NJ, Looareesuwan SO, Warrell DA
(1985) Human cerebral malaria. A quantitative ultrastructural analysis of
parasitized erythrocyte sequestration. Am J Pathol 119: 385-401.

Beare NA, Taylor TE, Harding SP, Lewallen S, Molyneux ME (2006)
Malarial retinopathy: A newly established diagnostic sign in severe
malaria. Am J Trop Med Hyg. 75: 790-797.

Cabrales P (2013) Cerebral tissue oxygenation impairment during
experimental cerebral malaria. Virulence 4: 686-697.

Sai AG, Johnson PC, Intaglietta M (2003) Oxygen gradients in the
microcirculation. Physiol Rev 83: 933-963

Tsai AG, Friesenecker B, McCarthy M, Sakai H, Intaglietta M (1998)
Plasma viscosity regulates capillary perfusion during extreme
hemodilution in hamster skinfold model. Am J Physiol 275: H2170-
H2180.

Sharan M, Vovenko EP, Vadapalli A, Popel AS, Pittman RN (2008)
Experimental and theoretical studies of oxygen gradients in rat pial
microvessels. J Cerebral Blood Flow Metab 28: 1597-1604.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Vovenko E (2009) Transmural oxygen tension gradients in rat cerebral
cortex arterioles. Neurosci Behav Physiol 39: 363-370.

Vovenko E (1999) Distribution of oxygen tension on the surface of
arterioles, capillaries and venules of brain cortex and in tissue in
normoxia: An experimental study on rats. Pflugers Arch 437: 617-623.

van Santbrink H, Maas Al, Avezaat CJ (1996) Continuous monitoring of
partial pressure of brain tissue oxygen in patients with severe head
injury. Neurosurgery 38: 21-31.

Mostany R, Portera-Cailliau C (2008) A craniotomy surgery procedure
for chronic brain imaging. J Vis Exp. 15: 680.

Lackner P (2006) Behavioural and histopathological alterations in mice
with cerebral malaria. Neuropathol Appl Neurobiol 32: 177-188.
Intaglietta M, Tompkins WR (1973) Microvascular measurements by
video image shearing and splitting. Microvasc Res 5: 309-312.

Lipowsky HH, Zweifach BW (1978) Application of the “two-slit”
photometric technique to the measurement of microvascular volumetric
flow rates. Microvasc Res 15: 93-101.

Lipowsky HH, Kovalcheck ST, Zweifach BW (1978) The distribution of
blood rheological parameters in the microvasculature of cat mesentery.
Circ Res 43: 738-749.

Golub AS, Pittman RN (2008) PO, measurements in the
microcirculation using phosphorescence quenching microscopy at high

magnification- Am J Physiol Heart Circ Physiol 294: H2905-H2916.
Kerger H (2003) pO, measurements by phosphorescence quenching:
Characteristics and applications of an automated system. Microvasc
Res 65: 32-38.

Supanaranond W, Davis TM, Pukrittayakamee S, Nagachinta B, White
NJ (1993) Abnormal circulatory control in falciparum malaria: The
effects of antimalarial drugs. Eur J Clin Pharmacol 44: 325-329.

Warrell D (1988) Cerebral anaerobic glycolysis and reduced cerebral
oxygen transport in human cerebral malaria. Lancet 332: 534-538.
Rehman K (2016) Effect of mild medical hypothermia on in vitro growth
of Plasmodium falciparum and the activity of anti-malarial drugs. Malar
J15:162.

Dufu K (2019) Pharmacological

voxelotor analog does not decrease brain tissue pO, or limit O,

increase of Hb-O, affinity with a

extraction in brain tissues of sickle cell mice- Blood 134: 3564.

Martini J, Gramaglia I, Intaglietta M, van der Heyde HC (2007)
Impairment of functional capillary density but not oxygen delivery in the
hamster window chamber during severe experimental malaria. Am J
Pathol 170: 505-517.

J Community Med Health Educ, an open access journal (MRPFT)

Volume 13 ¢ Issue 3 » 1000816


https://www.thelancet.com/journals/laneur/article/PIIS1474-4422(05)70247-7/fulltext
https://www.thelancet.com/journals/laneur/article/PIIS1474-4422(05)70247-7/fulltext
https://www.ajol.info/index.php/ahs/article/view/6777
https://www.ajol.info/index.php/ahs/article/view/6777
https://www.sciencedirect.com/science/article/abs/pii/S0001706X03003243?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0001706X03003243?via%3Dihub
https://academic.oup.com/jid/article/199/2/263/2192078?login=false
https://academic.oup.com/jid/article/199/2/263/2192078?login=false
https://www.ajtmh.org/view/journals/tpmd/44/2/article-p168.xml
https://www.ajtmh.org/view/journals/tpmd/44/2/article-p168.xml
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(85)91445-X/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(85)91445-X/fulltext
https://cir.nii.ac.jp/crid/1573668924146474752
https://cir.nii.ac.jp/crid/1573668924146474752
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=89a517df7389bab8a1d6d30a329649b46676511e
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=89a517df7389bab8a1d6d30a329649b46676511e
https://www.tandfonline.com/doi/full/10.4161/viru.26348
https://www.tandfonline.com/doi/full/10.4161/viru.26348
https://journals.physiology.org/doi/full/10.1152/physrev.00034.2002
https://journals.physiology.org/doi/full/10.1152/physrev.00034.2002
https://journals.physiology.org/doi/full/10.1152/ajpheart.1998.275.6.H2170
https://journals.physiology.org/doi/full/10.1152/ajpheart.1998.275.6.H2170
https://journals.sagepub.com/doi/10.1038/jcbfm.2008.51
https://journals.sagepub.com/doi/10.1038/jcbfm.2008.51
https://link.springer.com/article/10.1007/s11055-009-9142-6
https://link.springer.com/article/10.1007/s11055-009-9142-6
https://link.springer.com/article/10.1007/s004240050825
https://link.springer.com/article/10.1007/s004240050825
https://link.springer.com/article/10.1007/s004240050825
https://journals.lww.com/neurosurgery/Abstract/1996/01000/Continuous_Monitoring_of_Partial_Pressure_of_Brain.7.aspx
https://journals.lww.com/neurosurgery/Abstract/1996/01000/Continuous_Monitoring_of_Partial_Pressure_of_Brain.7.aspx
https://journals.lww.com/neurosurgery/Abstract/1996/01000/Continuous_Monitoring_of_Partial_Pressure_of_Brain.7.aspx
https://www.jove.com/t/680/a-craniotomy-surgery-procedure-for-chronic-brain-imaging
https://www.jove.com/t/680/a-craniotomy-surgery-procedure-for-chronic-brain-imaging
https://onlinelibrary.wiley.com/doi/10.1111/j.1365-2990.2006.00706.x
https://onlinelibrary.wiley.com/doi/10.1111/j.1365-2990.2006.00706.x
https://www.sciencedirect.com/science/article/abs/pii/0026286273900423?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0026286273900423?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0026286278900092?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0026286278900092?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/0026286278900092?via%3Dihub
https://www.ahajournals.org/doi/10.1161/01.RES.43.5.738
https://www.ahajournals.org/doi/10.1161/01.RES.43.5.738
https://journals.physiology.org/doi/full/10.1152/ajpheart.01347.2007
https://link.springer.com/article/10.1007/BF00316467
https://link.springer.com/article/10.1007/BF00316467
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(88)92658-X/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(88)92658-X/fulltext
https://malariajournal.biomedcentral.com/articles/10.1186/s12936-016-1215-8
https://malariajournal.biomedcentral.com/articles/10.1186/s12936-016-1215-8
https://www.sciencedirect.com/science/article/pii/S0006497118614922
https://www.sciencedirect.com/science/article/pii/S0006497118614922
https://www.sciencedirect.com/science/article/pii/S0006497118614922
https://ajp.amjpathol.org/article/S0002-9440(10)60874-7/fulltext
https://ajp.amjpathol.org/article/S0002-9440(10)60874-7/fulltext
https://www.sciencedirect.com/science/article/pii/S0006497118614922
https://malariajournal.biomedcentral.com/articles/10.1186/s12936-016-1215-8
https://malariajournal.biomedcentral.com/articles/10.1186/s12936-016-1215-8
https://journals.physiology.org/doi/full/10.1152/ajpheart.01347.2007
https://journals.physiology.org/doi/full/10.1152/ajpheart.01347.2007
https://www.sciencedirect.com/science/article/abs/pii/S0026286202000274?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0026286202000274?via%3Dihub

	Contents
	Changes in Oxygen Delivery during Experimental Models of Cerebral Malaria
	Abstract
	Introduction
	Materials and Methods
	Closed cranial window animal preparation
	Inclusion criteria
	Parasite infection
	Physiological ranges of the variables measured for the animal species used
	Experimental groups
	Experimental setup
	Microhemodynamics
	Microvascular pO2 distribution
	Hematocrit and hemoglobin
	Oxygen delivery and extraction
	Statistical analysis

	Results
	Systemic blood gas parameters
	Diffusive oxygen transport and delivery
	Convective oxygen transport

	Discussion
	Conclusion
	Acknowledgement
	Ethical Approval
	Completing Interests
	Authors’ Contributions
	Funding
	Availability of Data and Materials
	References




