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Abstract
Plasmodium falciparum malaria is responsible for the deaths of over half a million African
children annually. Until a decade ago, dynamic analysis of the malaria parasite was limited to in
vitro systems with the typical limitations associated with 2D monocultures or entirely artificial
surfaces. Due to extremely low parasite densities, the liver was considered a black box in terms of
Plasmodium sporozoite invasion, liver stage development, and merozoite release into the blood.
Further, nothing was known about the behavior of blood stage parasites in organs such as brain
where clinical signs manifest and the ensuing immune response of the host that may ultimately
result in a fatal outcome. The advent of fluorescent parasites, advances in imaging technology, and
availability of an ever-increasing number of cellular and molecular probes have helped illuminate
many steps along the pathogenetic cascade of this deadly tropical parasite.

Introduction
Despite significant progress in battling malaria, Plasmodium falciparum is still responsible
for 655,000 deaths annually, the vast majority of which occur in African children under 5
years of age [1]. While the initial round of replication of the parasite in the liver is clinically
silent, the subsequent infection of red blood cells (RBC) results in various severe
manifestations of the disease including cerebral malaria (CM) and acute lung infection/acute
respiratory distress syndrome (ALI/ARDS). Because of the difficulty to monitor, at
subcellular resolution, the pathogenesis of clinical malaria in infected patients' internal
organs, various mouse models have been developed for intravital microscopy (IVM) to
provide a better understanding of the basic biology of the parasite and the innate and
adaptive immune responses of the host.

In this review, we focus on the considerable knowledge gained over the past decade on the
dynamics of Plasmodium sporozoite entry into the liver, growth and maturation of the
parasite's exoerythrocytic schizonts or liver stages (LS), the release of thousands of
merozoites into the blood, the pathogenesis of experimental cerebral malaria (ECM), and the
manifestation of malarial ALI/ARDS using high-resolution optical imaging approaches
[2-4]. For a review on intravital observations of sporozoite transmission into the skin see the
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contribution of Jerome Vanderberg to this issue. While some of the IVM observations
confirmed suspected events, others were completely unexpected. Thus, insight into the
dynamics of cellular interactions is crucial as it will improve the design of subsequent
studies aiming at characterizing the underlying molecular mechanisms.

1. Imaging the Elusive Plasmodium Liver Stage
Unlike any other organ in the body, the liver receives not only oxygenated arterial blood, but
also nutrient-rich portal venous blood from the gastrointestinal tract [5, 6]. The two arterial
and venous blood sources merge upon entry into the liver lobule and flow along the
sinusoids towards the central venule. While the liver normally mounts an immune response
against potential pathogens or toxins, it is typically tolerant to the large number of innocuous
dietary and commensal antigens, microbial products and food antigens that arrive from the
gastrointestinal tract via the portal venous blood [7, 8]. The liver harbors a resident
population of professional macrophages, called Kupffer cells, which are crucially involved
in the dichotomy between induction of tolerance or immunity [9].

1.1 Monitoring the hepatic microvasculature
Its unique metabolic and immunological features, combined with easy accessibility, have
made the liver a major focus of IVM for many years [10, 11]. Due to its barrier function
between the digestive system and the rest of the body, the liver is subject to a multitude of
microbial infections. Monitoring microbial infection and the innate or acquired immune
response of the host requires visualization of leukocytes infiltrating the hepatic
microenvironment and their interaction with the various non-parenchymal antigen-
presenting cells of the liver [9, 12]. IVM has provided insights into the regulation of the
microcirculation of the liver and the function of Kupffer cells, the resident hepatic
macrophages, in health and disease [13-19]. IVM also revealed differences in the molecular
mechanisms underlying the recruitment of neutrophils and platelets during sepsis and sterile
inflammation [20-25]. Further, liver IVM was used to visualize CXCR6+ NKT cells
patrolling the hepatic sinusoids [26] and to characterize T cell and macrophage dynamics
during mycobacterial granuloma formation [27, 28]. Finally, IVM proved a powerful tool to
provide molecular information on intracellular signaling processes, cell division and death,
cell migration and communication, as well as the de novo formation of microvascular blood
networks during tumor progression and metastasis [29, 30].

1.2 Imaging the liver phase of the Plasmodium life cycle
After transmission by a female anopheline mosquito, Plasmodium sporozoites travel to the
liver of the mammalian host, where they infect hepatocytes and grow rapidly to large LS
[31]. Initial dynamic imaging studies of the Plasmodium infected liver focused on the basic
biology of the parasite and mechanisms of survival in the hepatic microenvironment [2-4,
32, 33] (reviewed in [34]).

Some IVM observations confirmed suspected events. For example, sporozoite arrest and
gliding along the sinusoidal endothelium [3] was expected based on a number of studies on
the molecular interaction between the circumsporozoite protein of the parasite and
extracellular matrix heparan sulfate proteoglycans of the liver [35-38]. Similarly, early
digital IVM work using supported the notion that sporozoites use Kupffer cells as a gate to
the liver after transmission by mosquito bite [3], which had been suspected based on various
earlier studies conducted in vitro[36, 39, 40] and in vivo[41] (reviewed in [42, 43]). Electron
microscopy revealed that in contrast to traversed hepatocytes [44], sporozoites enter a
membrane-bound compartment of Kupffer cells without any obvious damage to the cell
membrane of the macrophage [31, 36, 39, 45, 46], emphasizing the fundamental difference
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between cells of epithelial versus phagocytic origin. In vitro studies suggest that this
compartment is a non-fusogenic LAMP1-negative vacuole that allows the vast majority of
WT sporozoites to persist inside Kupffer cells without evidence for loss of viability [39, 47],
which is reminiscent of the ability of the evolutionarily older avian and reptilian
Plasmodium species to live and multiply inside macrophages including Kupffer cells [48,
49]. These findings, together with the discovery that P. yoelii sporozoites are able to
generate an anti-inflammatory cytokine secretion profile in Kupffer cells and to suppress the
respiratory burst by interfering with the intracellular signaling pathways of these
macrophages [50, 51], led to the hypothesis that Plasmodium may be able to exploit Kupffer
cells as the port of entry into the liver [42, 52]. Ample evidence suggests that the
macrophages emerge from encounters with sporozoites functionally crippled and moribund,
destined to undergo programmed cell death [3, 39, 41, 47, 53-56].

A recent IVM study adds an important new dimension to the process of sporozoite entry into
the liver. Tavares and coworkers showed that 23% of intravenously inoculated sporozoites
crossed at a distance of Kupffer cells and without traversing an endothelial cell [47]. This
phenotype is compatible either with a paracellular pathway between two endothelia or with a
transcellular pathway through endothelia without loss of membrane integrity, for example
by widening a pore within a sinusoidal sieve plate. This finding may explain the residual
infectivity of SPECT-deficient parasites, which are completely cell traversal deficient [55]
and prone to lysosomal degradation [47]. The majority of sporozoite crossing events (77%)
occurred by cell traversal [47]. An elegant cytosolic fluorescence fading technique revealed
that 16.7% of the sporozoite crossing events occurred by direct traversal of endothelial cells,
without involvement of a Kupffer cell. An important outcome of the fading approach is that
the endothelial cell membrane (like the membrane of traversed hepatocytes) is injured in the
process of sporozoite traversal. A large proportion of the crossing events (36.6%) involved
traversal of an endothelial cell after interactions with a Kupffer cell and 24% of the crossing
events occurred by direct traversal of Kupffer cells, without involvement of endothelial cell
traversal. Thus, ∼47% of cell traversal events involved both a Kupffer and an endothelial
cell, while ∼53% of the sporozoites gained entry through a single cell type, an endothelial or
a Kupffer cell. Sporozoite interactions with Kupffer cells were involved in ∼60% of all
para- and transcellular crossing events, which corresponds to 78% of all cell traversal
events. Thus, sporozoites could potentially exploit the tolerogenic properties of these
resident macrophages of the liver [7-9, 57].

Interestingly, Kupffer cells are anchored to the sinusoidal wall by inserting a small footprint
into the endothelial cell layer, while most of the cell body is located inside the sinusoidal
lumen (reviewed in [57]). Based on this intricacy of the liver architecture, it seems possible
that some parasites pass through the point of insertion of the Kupffer cell directly into the
space of Disse, thus disabling only a Kupffer cell in the process. Those sporozoites that fail
to exit Kupffer cells through the small footprint directly into the space of Disse, which is in
fact rather likely, may subsequently traverse an underlying endothelial cell on their way into
the liver. Interestingly, the endothelial and paracellular routes appear not to compensate for
liver infection in the absence of Kupffer cells, because the liver burden of PyXNL
sporozoite infected op/op mice was decreased by 84% compared to littermate controls with
normal Kupffer cell numbers [41]. With the remote exception that op/op mice exhibit any
resistance to Plasmodium LS development beyond their deficiency in macrophage-colony
stimulating factor [58], these findings demonstrate that Kupffer cells are important for
efficient sporozoite infection of the liver. This is of particular importance for natural
infection conditions, where only minute numbers of parasites have been observed to reach
the liver [3, 47]. In summary, the role of Kupffer cells as a major, although not exclusive,
gate to the liver as well as the ability of the parasites to kill these phagocytes is now also
clearly established in vivo[47]. Thus, all available evidence points towards sporozoites being
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able to traverse a variety of cell types in a number of different tissues, an explanation that
seems parsimonious and ties together the findings from different groups. As on many other
occasions in the past, yet another level of complexity of the interaction between Plasmodium
and the liver of the host has been uncovered. Improved purification techniques that
minimize the amount of mosquito-derived cellular debris and microorganisms that typically
contaminate sporozoite preparations while retaining parasite viability [59], combined with
continued improvement of IVM techniques and instrumentation, are expected to further
elucidate the mode and consequences of sporozoite traversal across the sinusoidal cell
barrier.

IVM was used to monitor LS development in the livers of mice infected with P. berghei
NK65 [3], P. berghei ANKA [2], and P. yoelii 17XNL [4, 32]. Comparison of the infection
rates of fluorescent lines of these Plasmodium species/strains revealed the superiority of the
P. yoelii 17XNL infected BALB/c mouse model for study of LS growth and biology, a
crucial aspect considering the low number of parasites compared to the large mass of the
liver and the limited surface area available for IVM observation. The asynchronicity of
Plasmodium LS development further demands a high density of infected hepatocytes for
collection of sufficient representative datasets per mouse for subsequent statistical analysis.

A series of elegant in vitro imaging studies, which offer the advantage of the defined 2D
environment of hepatoma monocultures, has provided details on the mechanisms by which
Plasmodium supports its survival in the liver. Imaging revealed that sporozoites undergo
extensive metamorphosis after host cell invasion and that only organelles necessary for
replication are retained [60]. In P. berghei infected Hepa 1-6 cells or P. yoelii infected
HepG2-CD81 cells, host cell-derived cholesterol was shown to accumulate in the membrane
of the parasitophorous vacuole surrounding the Plasmodium LS and documented the vacuole
as a dynamic and highly permeable compartment with the ability to support the rapid growth
of the intracellular parasite [61-63]. The P. berghei infected HepG2 cell model demonstrated
the essential role of mitochondrial lipoic acid scavenging for P. berghei liver stage
development [64], the reorganization of parasite and hepatocyte membranes during liver
stage egress [65], the parasite-mediated inhibition of programmed death of its host cell [33,
66], and the involvement of a sporozoite-secreted cysteine protease inhibitor in hepatocyte
invasion and prevention of host cell death [67]. In vitro live cell imaging also provided
evidence for a verapamil-sensitive calcium channel in the membrane of Plasmodium LS,
which contributes to changes in permeability of the parasitophorous vacuole membrane that
precede the release of merozoites into the cytoplasm of the host cell [68]. The general
cysteine protease inhibitor E64 was shown to block PV breakdown thus preventing
merozoite liberation into the host cell cytosol [68].

Eventually, Plasmodium LS mature to thousands of merozoites, the stage of the parasite that
infects erythrocytes and is responsible for the clinically symptomatic blood phase of the
disease. Because merozoites have a short life span in the extracellular milieu and are highly
susceptible to phagocytosis [69], the general assumption at the time was that merozoites,
upon release from hepatocytes into the sinusoidal bloodstream, would immediately infect
RBC to be able to safely bypass the gauntlet Kupffer cells on the way out of the liver.
Surprisingly, however, IVM revealed that mature P. yoelii and P. berghei LS release
merosomes, large membrane-bound structures containing hundreds of newly formed
merozoites [2, 4, 32]. These large merosomes are shuttled out of the liver, down-sized while
passing through the right heart, and arrested in the lungs, where they eventually release
merozoites into the pulmonary microcirculation [4]. Interestingly, in the P. berghei HepG2
cell model, infected hepatoma cells detach from the culture vessel upon parasite maturation
[2]. Although there is no direct in vivo correlate for this observation as hepatocytes are not
expelled from the liver parenchyma upon merozoite release [4], HepG2 cell detachment in
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vitro may reflect the separation of the hepatocyte membrane from the surrounding
extracellular matrix in vivo, which is required to initiate the budding process associated with
merosome formation [2, 4]. According to the current model, envelopment in a host-derived
membrane that is characterized by low levels of the apoptotic marker phosphatidylserine
allows hepatic merozoites to safely bypass the highly phagocytic Kupffer cells that line the
liver sinusoids [2, 4, 41]. Merosome formation has therefore been likened a “Trojan horse”
mechanism of immune evasion [65].

1.3 Technical aspects of intravital liver imaging
While early liver IVM work typically depended on transillumination microscopy and video
recording, which restricted examination to the edge of the liver, the area of analysis was
subsequently greatly extended by the use of wide-field epifluorescence microscopy [70-73].
Technical advances in instrument design over the years have to led to confocal, spinning
disc, and 2-photon microscopes with vastly improved IVM and spectral capabilities [4, 10,
26-28, 74, 75]. Parameters such as sensitivity, image acquisition speed, Z-resolution, depth
of analysis, phototoxicity and fluorochrome bleaching differ somewhat amongst the
available equipment and it is up to the researcher to select an instrument capable of
performing the specific task at hand.

Based on a decade of dynamic in vivo analyses of the liver, we consider the P. yoelii 17XNL
infected BALB/c mouse, in particular the BALB/cAnNHsd strain, an excellent model for
IVM based on its superior rate of LS development and negligible induction of unspecific
inflammation [76, 77]. Stable transgene integration into the dispensable S1 (sporozoite
expressed gene 1) locus of P. yoelii, which enables fluorescence expression throughout the
parasite life cycle, has overcome the possibility of reversion by plasmid excision and also
eliminated survival disadvantages associated with transgene expression in the small
ribosomal subunit locus, a strategy previously utilized for both P. berghei and P. yoelii[32,
78]. The recent construction of powerful P. berghei strains such as luciferase-GFP,
mCherry, tdTomato as well as novel GFP-expressing strains with improved brightness
[79-83], in particular if used in combination with the wide range of transgenic or full
knockout C57Bl/6 mice, which are more susceptible to P. berghei, should compensate for
the higher levels of liver inflammation and the lower rates of LS maturation previously
associated with this parasite.

The use of mice that were engineered to express fluorescence in certain cell types such as
sinusoidal endothelial cells (Tie2-GFP), macrophages and neutrophils (lysM-EGFP), or
dendritic cells (CD11c-YFP) and back-crossed into BALB/c background has aided in
visualizing P. yoelii LS in the hepatic microenvironment [76, 84]. Mice expressing DsRed
or CFP in all nucleated cells, for example, are useful for adoptive transfer of fluorescent T
cells or bone marrow cells. Parasites that express fluorescent protein at all developmental
stages are readily detectable in the liver tissue [32, 85], in particular if transfected with
fluorochromes of improved photostability such as tdTomato and mCherry [81]. In contrast,
LS from wild type (wt) parasites are inherently difficult to identify. As mosquitoes infected
with wt parasites typically produce more oocysts in their midguts compared to those infected
with fluorescent mutants, less time is spent on the tedious process of salivary gland
dissection to collect the several million sporozoites necessary for intravital imaging.
Therefore, methods were developed for identification of non-fluorescent parasites for cases
in which fluorescent transgenic parasites are scarce or not available [76]. For example, DNA
staining visualizes the hundreds of punctate merozoite nuclei that eventually fill the entire
volume of mature LS and readily identifies the location of wt parasites in the liver
parenchyma, especially if used in conjunction with transgenic mice such as Tie2-GFP mice
or mice that express DsRed in all nucleated cells [76]. Another useful approach is to inject
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the infected host with a mitochondrial stain, which provides structural details of the liver
parenchyma and reveals the space occupied by non-fluorescent parasites [76].

The recent development of a novel microvascular imaging technique, termed intravital
reflection recording (IRR), greatly improves visualization of the blood flow in non-
fluorescent mice [76]. Based on simultaneous recording of reflected and autofluorescent
signal, this approach visualizes plasma, blood cells, and the microvascular wall in the
absence of fluorescent tracers. Recorded either in direct or inverse mode (Figure 1, Video S1
and Video S2), intravital reflection facilitates visualization of immune cells patrolling the
sinusoidal microvasculature, adhering to the endothelium, and invading the parenchyma, and
is thus ideally suited to monitor the response of the hepatic microenvironment to infection
with Plasmodium. If used in combination with the multitude of cellular and molecular
probes and reporter mice available, this method represents a powerful tool, because any laser
line can be used to generate data in a complementary color, one major advantage of this
technique [76]. There are many other potential applications of this novel imaging technique
as well. For example, IRR will help identify up-regulation of endothelial surface molecules
such as ICAM-1, CXCR6, or CD14 during vascular inflammation within selected sections
of the microvasculature [26, 86, 87]. Because inverse IRR depicts (non-fluorescent) blood
cells as bright objects on a dark background, this approach also eliminates the need for ex
vivo labeling of erythrocytes for velocity measurements [71].

1.4 Interaction between Plasmodium liver stages and CD8+ effector T cells
Despite decades of research, Plasmodium LS still represent a major focus of antimalarial
intervention and vaccine development [88-91], highlighting our incomplete understanding of
the basic immunobiology of Plasmodium within the hepatic microenvironment. Vaccination
with whole live radiation, genetically or chemically attenuated organisms, as well as viable
parasites under drug cover, produces long-lasting sterile immunity in animal models [89,
92-97] and humans [90, 91, 98, 99]. Vaccination requires parasite invasion of the liver and,
optimally, arrest at late stages of LS development [100]. Rodent malaria models suggest that
CD8+ effector memory T cells play a central role in the elimination of Plasmodium infected
hepatocytes from the liver [101-104]. Immunization with attenuated sporozoites generates a
reservoir of hepatic CD8+ T cells, which is maintained by KC and DC derived IL-15 in the
presence of a depot of parasite LS antigens, and that resident
CD44hiCD45RBhiCD122hiCD62Llo/hi CD8+ central memory T cells are required for the
proliferation of IFN-γ producing CD44hiCD45RBloCD122loCD62Llo effector memory T
(TEM) cells capable of conferring protection against reinfection [104-107]. In vitro studies
have shown that P. berghei and P. yoelii specific CD8+ T cells are capable of contact-
dependent recognition of parasite antigen on the surface of infected hepatocytes and
elimination of LS in the absence of cytokines such as IFN-γ or TNF-α [108-110]. However,
the cellular interactions and molecular effector mechanisms that lead to parasite killing in
vivo are still poorly understood. Two recent studies have used IVM and adoptive transfer
approaches to monitor the behavior of CD8+ effector/effector memory T cells in the liver
[84, 111]. IRR was used to better visualize the dynamic events in the sinusoidal
microvasculature surrounding Plasmodium LS to advance our understanding of the unique
biology of this parasite in its natural hepatic microenvironment [76].

1.4.1 Behavior of splenic CD8+ effector T cells in the liver of infected mice—
Based on adoptive transfer of 9-10 million splenic P. yoelii CSP TCR transgenic CD8+
effector T cells into mice infected with 3× 105 PyXNL sporozoites, Cockburn and
coworkers monitored the behavior of the T cells in the vicinity of infected hepatocytes
[111]. Although the average velocity of the CD8+ effector T cells was relatively low,
suggesting that their ability to efficiently screen the liver was somewhat limited [112], the
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study visualized for the first time CD8+ T cells killing Plasmodium LS following prolonged
stable interactions with infected hepatocytes. Parasite death was associated with 4 different
phenotypes: sudden loss of the bulk of the GFP signal, progressive attrition of parasite
viability lasting hours, parasite blebbing, or complete loss of GFP signal in less than 5
minutes. Mathematical modeling as well as functional inhibition of G-protein coupled
receptors with pertussis toxin revealed that clustering of the Py-specific CD8+ T cells
around the infected hepatocytes and parasite elimination depend on a mechanism that
involves positive feedback signaling mediated by GPCRs. Interestingly, antigen-unrelated
OT-I CD8+ T cells moved at essentially the same velocity as the antigen-specific CD8+
effector T cells, both in the vicinity of and at a distance from infected hepatocytes [111],
suggesting that the microenvironment of the entire liver, not only the neighborhood of
infected hepatocytes, was altered in response to the infection. Thus, consistent with the
notion that extraordinarily large frequencies of CD8+ effector T cells are required for
sterilizing immunity [113], it appears that extreme numbers of CD8+ T cells must be present
in the liver to allow detection of parasite antigen on infected hepatocytes.

1.4.2 Behavior of hepatic and splenic CD8+ effector memory T cells in the
livers of naïve, immunized, and infected mice—Considering the important role of
intrahepatic CD8+ T cells in protection, Cabrera and coworkers compared the behavior of
hepatic and splenic CD8+ TEM cells in the liver, both before and after adoptive transfer into
sporozoite infected mice [84]. BALB/c mice were infected with 1-2 million PyXNL-GFP
sporozoites and inoculated with 1 million fluorescent CD8+ TEM cells isolated from the
livers or spleens of Py-RAS, Pyuis4(-), or Pyfabb/f(-) sporozoite immunized mice. IRR was
then used to monitor the behavior and location of the CD8+ TEM cells with respect to the
hepatic microvasculature (Figure 2, Video S2) [84]. Although CD8+ T cells were observed
actively patrolling the livers of the immunized donor mice, neither hepatic nor splenic CD8+
T cells exhibited any significant velocity following adoptive transfer into infected or
uninfected control mice. Despite variation of the timing of CD8+ T cell purification relative
to challenge, adoptive T cell transfer relative to sporozoite inoculation, and IVM relative to
infection and adoptive transfer, the CD8+ TEM cells remained immotile for a period of at
least 3 days after adoptive transfer. This loss of motility was observed for CD8+ T cells
from donor mice immunized with Py-RAS, Pyuis4(-), or Pyfabb/f(-) sporozoites, as well as
for Py-CS280-288 epitope-specific TCR transgenic CD8+ TEM cells [84]. Although the
relatively high parasite density should have facilitated LS recognition, surprisingly none of
the transferred hepatic or splenic CD8+ T cells approached or made contact with infected
hepatocytes under any of the experimental conditions used in this study. The implications of
these findings for immunity against malaria LS were recently discussed in the context of the
hepatic blood lymph counterflow concept [114]. Many of the CD8+ TEM cells from
attenuated sporozoite-immunized mice, in particular those of splenic origin, were likely not
parasite-specific, yet they were equally immotile in the liver after adoptive transfer [84].
This finding is reminiscent of the antigen-unrelated OT-1 in the Cockburn study, whose
velocity equaled that of the Py-specific CD8+ T cells [111].

Jointly, these two complementary IVM studies suggest that CD8+ effector/effector memory
T cells, whether of hepatic or splenic origin and whether parasite-specific or not, exhibit
equally decreased velocity in the liver, both after adoptive transfer into infected and
uninfected naïve control mice, but are nevertheless able to target infected hepatocytes via a
GPCR-dependent mechanism and kill the intracellular parasites [84, 111]. Both studies
represent a useful starting point for further refinement in the future.
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1.5 Whole mouse imaging
While restricted in resolution and signal detection and thus not suitable for single cell
analysis, detection of luminescence emitted by luciferase expressing parasites offers the
distinct advantage that multiple readings can be collected from intact animals over long
periods of time. For example, transgenic P. berghei GFP-luciferase (PbGFP-LucCON)
parasites have provided important visual information on the parasite load in the liver and the
overall state of protection of animals immunized with attenuated parasites [82, 83]. Whole
mouse imaging is also a promising approach for screening antimalarial drugs directed
against Plasmodium liver stages [115].

2. Imaging Cerebral Malaria Pathogenesis
Pediatric severe malaria is known to involve the accumulation of infected red blood cells
(iRBC), monocytes, and platelets in the microvasculature of the central nervous system
[116, 117]. Several other organs, in particular the lungs, are also involved (see below). Since
more is known about the molecular and cellular events occurring in the brain, we review the
pathogenesis of CM first. In fatal cases of human cerebral malaria (HCM), brain capillaries
can be packed with pigmented iRBC [118-122]. According to a current model [116], HCM
begins with the sequestration of iRBC to the microcirculation. The principal parasite ligand
on the surface of human RBC infected with P. falciparum is the variant antigen PfEMP-1,
encoded by the var gene family [117, 123, 124]. Its various adhesive domains mediate
rosetting as well as adhesion to receptors on vascular endothelia of the host including
ICAM-1, CD36, CD31, chondroitin sulfate A (CSA), and heparan sulfate [117]. Multiple
mechanisms have been implicated in iRBC sequestration including direct adhesion to CD36
of the endothelial cell surface, indirect binding via platelet LFA-1 to endothelial ICAM-1,
mechanical trapping of rosettes mediated by CD36 on platelets, and increased rigidity of the
parasitized cells [125]. While no orthologues exist in other Plasmodium species, the pir
superfamily, identified in rodent and human malaria parasites, has been implicated in
cytoadherence, immune evasion, and antigenic variation [126].

Further parasite or host factors have been implicated in pathogenesis. For example, the local
release of Plasmodium glycosylphosphatidylinositol during iRBC rupture is thought to
induce an inflammatory acute phase response. Alternatively, the digestive vacuole
membrane has been proposed as an inflammatory signal and it has been shown to trigger
complement activation and clotting as well as promote fibrin formation in platelet-free
plasma [127]. Further evidence implicating the digestive vacuole in pathology comes from
the rodent P. berghei model, in which infection of mice with a parasite carrying a disrupted
copy of the plasmepsin IV gene led to changes in both virulence and ECM. Specifically,
susceptible mouse strains became resistant to ECM and ECM-resistant mice were able to
clear the infection [128]. Platelets become activated by TNF-α and adhere directly to
endothelial cells mediated by binding of CD40 to CD40 ligand (CD40L) [129, 130]. This
early event appears to represent an important trigger for inflammation and tissue injury.
Secretion of IL-1 from platelets may then lead to local endothelial activation with up-
regulation of adhesion molecules such as ICAM-1 and production of cytokines such as IL-6
and chemokines that activate neutrophils and attract monocytes. After recognizing iRBC via
pattern recognition receptors, monocytes differentiate to macrophages, become activated,
produce reactive oxygen species (ROS) and secrete chemokines [131]. The ensuing
endothelial damage attracts additional macrophages that interact with endothelia and
platelets and further alter the function of the vascular endothelium. These inflammatory
processes are thought to provide additional endothelial receptors for the sequestration of
leukocytes that express P-selectin glycoprotein ligand 1 (PSGL1) and CD40 on their surface
for binding to platelet selectin (P-selectin) and CD40L, respectively. While various
leukocytes clearly contribute to the pathogenesis of ECM, liposome-encapsulated clodronate
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elimination of macrophages did not prevent disease [132], CD8+ T cells are generally
considered the terminal effector cells [133-136]. Eventually, after several rounds of
amplification, the inflammatory cascade compromises the blood brain barrier (BBB)
resulting in perivascular edema and hemorrhages, metabolic dysfunction, and neuronal
injury. Ultimately, CM can lead to unrousable coma and death.

2.1 Imaging human cerebral malaria
Very few methods enable the monitoring of neuropathology in HCM patients. Computer
tomography (CT) scans combined with ophthalmic examination including follow-up CT
scans 7-18 months later have confirmed some of the pathological changes in the brains of
pediatric patients (e.g. edema, herniation, ventricular changes) and the extent of ‘recovery’
following a CM episode [137]. Recently, magnetic resonance imaging (MRI) of pediatric
cerebral malaria patients has become available in Blantyre, Malawi [138] and has provided
some insights into macroscopic neuronal changes associated with pathology [137]. Although
a wide range of changes was reported, some were correlated to retinopathy with
involvement of the basal ganglia being the most common finding, followed by increased
brain volume with herniation, as well as diffuse and focal cortical abnormalities, alterations
of the deep gray matter and involvement of the corpus callosum. Some of the reported
changes are associated with seizure and epilepsy, which are observed during HCM and as
neurological sequelae [137]. These data, however, cannot be generalized to adult HCM,
which varies in clinical course and pathophysiology [118] and for which only a very limited
number of MRI studies are available [137]. Published data on MRI findings in adults is
principally restricted to a small number of case studies [139-141]. For example, in one such
study where four HCM patients were treated, not all patients presented hemorrhages and one
patient, who was already in a coma at admission, had suffered acute hemorrhagic infarctions
of the brain stem and cerebellum did not survive [141]. However, there are important
limitations to MRI and CT scanning and the lack of sensitivity requires significant changes
(i.e. hemorrhages, infarct, edema) for detection [142]. In a primate model of CM, for which
Japanese macaques (Macaca fuscata) were infected with Plasmodium coatneyi, positron
emission tomography with 18F-fluorodeoxyglucose (FDG-PET) and MRI revealed a
reduction of the metabolism in the cerebral cortex, but no significant changes were observed
by MRI [143]. It is noteworthy that an MRI study of ECM-resistant mice found increased
blood flow and metabolic changes in the brains of infected mice consistent with the
observed liver damage, reportedly a feature in human disease [144]. These approaches,
while invaluable for clinical diagnoses and treatment, do not inform us on the underlying
mechanisms of cerebral malaria pathophysiology. Although some options have become
available to study the blood flow alterations associated with HCM, for example orthogonal
polarization spectral imaging of the rectal or sublingual mucosa [145-147], computer
tomography [148], or magnetic resonance spectroscopy [144], the behavior of individual
parasites or immune cells cannot be monitored at high resolution in the brain or in other
large internal organs such as the liver or the lung. Postmortem studies provide valuable, but
limited information regarding the spatial and temporal progress of parasitological and
pathological processes in malaria patients. Small animal models also have limitations in that
different host/parasite combinations may exhibit different manifestations of the disease, in
some cases somewhat dissimilar from humans. Provided that such results are interpreted
cautiously and correlated with knowledge of human disease, animal models are invaluable
for study of the biology of the parasite and the pathogenesis of the disease dynamics
[149-151].

2.2 Imaging approaches for the live mouse brain
While two-photon microscopy undoubtedly provides advantages in terms of tissue
penetration and heat production, confocal microscopy allows data acquisition to a depth of
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50 μm in the brain [86, 152] and even in a dense organ such as the liver [3, 4]. Other factors
concerning brain IVM enter the equation as well. For example, imaging through a cover-
slipped cranial window permits examination of a considerably larger area (∼20,000 μm2)
compared to the thinned skull technique (∼30 μm2) [153, 154]. While the thinned skull
technique requires two-photon microscopy for penetration of the remaining layer of bone,
confocal microscopy readily reaches the superficial cortical microvasculature thorough the
intact Dura mater. Preserving the Dura mater is crucial to prevent injury to the cerebral
cortex and bleeding from pial vessels, which essentially prevents image acquisition. This
approach allows monitoring microvessels in the neocortical layer I of the murine brain
[155], i.e. beyond the 10-15 μm thick meninges [86].

2.3 Imaging experimental cerebral malaria
Several approaches have been developed for imaging live mice during ECM, namely whole
animal bioluminescence imaging [156, 157], MRI [158, 159], and IVM [86, 160, 161].
Insights gleaned from each of the techniques outlined above will be described here as
pertains to ECM.

Parasite sequestration: Infection with P. berghei GFP-luciferaseSCH, a transgenic line that
expresses a cytoplasmic GFP-luciferase fusion protein under the schizont-specific promoter
ama1, revealed CD36-dependent sequestration of parasitized red blood cells within the
adipose tissue and the lungs, but surprisingly not in the brains of mice with ECM [128, 157].
On the other hand, bioluminescence imaging of PbA parasites that express luciferase
throughout the erythrocytic cycle documented parasite biomass in the brains of mice at the
time of ECM, although the signal in the head region was generally small compared to the
rest of the body [133, 134, 162, 163]. Further, ex vivo imaging revealed random luciferase
signal patterns in the brain, suggesting that parasite accumulation is likely not associated
with a specific subregion [134, 163]. In the absence of any known adhesion receptors for
PbA iRBC other than CD36, together with the lack of PbA iRBC marginalization in the
cortical microvasculature [86], factors such as cerebral congestion and hemorrhaging, which
likely culminate during the agonal phase of the disease in response to intracranial
hypertension, could contribute to the observed accumulation of early-stage iRBC, in
particular since prevention of ECM by elimination of CD8+ or CD4+ T cells diminished the
luciferase signal in the brain [162, 163]. Interestingly, adherence to CD36 has not yet been
conclusively correlated to disease severity in humans (reviewed in [164]). Further, a P.
berghei gene, schizont membrane associated cytoadherence (smac), implicated in CD36-
mediated sequestration was shown to be necessary for normal parasite growth indicating a
role other than immune evasion for sequestration [165]. P. berghei Δsmac were no longer
able to sequester in vivo and exhibited a reduced growth rate and reduced persistence in the
host not solely attributable to RBC removal by the spleen. Indeed, in in vivo growth assays,
where mixed populations of wt and mutant parasites were transferred weekly to naïve mice,
Δsmac parasites were undetectable by week 2. In contrast, in splenectomized mice mutant
parasites persisted for up to 4 weeks. Restoration of parasite presence in the host to the same
levels as wt parasites was only achieved in splenectomized CD36 deficient mice suggesting
a role other than avoidance of splenic clearance for CD36 sequestration [165].

Accumulation of platelets and leukocytes: Advances in nano- and micro-particle technology
have provided further tools in neuroimaging enabling in vivo molecular magnetic resonance
imaging (mMRI) of cerebral microvascular endothelial targets such as VCAM-1, E-selectin
and markers of activated platelets [166, 167]. Microparticles of iron oxide (MPIO)
conjugated to a single chain antibody specific for ligand-induced binding sites on activated
platelets glycoprotein IIa/IIIb enable the detection of platelet accumulation in live mice by
mMRI [159]. Platelet accumulation was discernible from day 5, with an increase at day 6
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and peak at the onset of ECM at day 7. Moreover, platelet accumulation in the cerebral
vasculature could be mimicked by intrastriatal injection of TNF-α in uninfected mice [159].
Further development of specific contrasting agents may enable some visualization of cellular
interactions in patients if this technology becomes available for safe application in clinical
settings.

IVM is currently the only approach that enables the investigation of parasite/host
interactions at the cellular level. Quantification of blood flow, cellular adhesion, and
leukocyte recruitment can all be achieved with this method [86, 160, 168, 169].
Improvements in reporter fluorescent proteins such as mCherry with increased photostability
now provide better tools for this rapidly advancing field [81]. Previous IVM studies have
shown that ECM is associated with vasoconstriction and vascular collapse, predominantly of
pial arterioles, and leukocyte recruitment mediated by TNF-α [160, 168]. Treatment of mice
with nimodipine, a calcium channel blocker used for the treatment of post-subarachnoid
hemorrhage (SAH) vasospasm, in conjunction with the antimalarial artemether improved
survival of ECM, and in one case led to complete remission without neurological sequelae
[160]. Furthermore, a recent IVM study revealed a striking difference in the integrity of the
BBB between two lethal Plasmodium infections, P. berghei ANKA (PbA), a model for
ECM, and P. yoelii 17XL (PyXL), a model for hyperparasitemia and severe anemia (Figure
3). In this study, young CBA/CaJ mice proved superior for brain imaging based on the
anatomical features of their skull and higher tolerance to anesthetics compared to the more
traditional ECM model mice (Swiss Webster or C57Bl/6), despite a somewhat higher risk of
bleeding during craniotomy due to the higher vascular density in their calvarium [86]. No
other approach could have led to the discovery that CBA/CaJ mice with ECM, but not
hyperparasitemia, exhibit extensive vascular leakage from postcapillary venules (PCV), but
not capillaries or arterioles. Vascular leakage from PCV, the morphological correlate of the
neuroimmunological BBB [170], was accompanied by platelet marginalization,
extravascular fibrin deposition, and the appearance of endothelial CD14 (Video S3).
Blockage of LFA-1 mediated cellular interactions prevented leukocyte adhesion, vascular
leakage, neurological signs, and death from ECM.

2.4 Mechanism of BBB opening
Monitoring luciferase-expressing parasites in live mice has demonstrated the requirement
for the simultaneous brain accumulation of PbA iRBC and CD8+ effector T cells [133, 134,
157, 162, 163, 171, 172]. Recently, a pro-ECM role was described for IL-12Rβ2, which is
predominantly expressed on activated T cells [173]. Using MRI and magnetic resonance
angiography (MRA), the authors showed that IL-12 Rβ2 knockout mice did not develop
ECM nor showed signed of ECM-associated brain edema or reduced blood flow (due to
changes in vascularization). However, ECM onset also requires sufficient parasite-specific
antigen to be present [134]. The proposed mechanism of BBB disruption, a hallmark of
ECM and HCM has not yet been fully elucidated and evidence is contradictory at times. For
example, it has been reported that P. falciparum iRBC induce endothelial cell apoptosis in
vitro by modulating the expression of several genes such as the TNF-α superfamily genes
(Fas, Fas L) and apoptosis-related genes (e.g. Bad, Bax, Caspase-3, SARP 2, IFN-γ, iNOS)
leading to morphologically characteristic changes consistent with apoptosis [174]. Further,
CD36 activation through trompospondin-1 was shown to induce caspase activation leading
to endothelial cell apoptosis [175]. In contrast, in murine models of ECM, resistance to
disease was associated with perforin- and granzyme B-mediated cytotoxic effects of CD8+
T cells [134, 135]. There is also evidence of non-apoptotic disruption of BBB tight junction
(TJ) proteins by antigen-specific CD8+ T cells in an in vivo model of CD8+ T cell-initiated
CNS vascular disruption [158]. Moreover, using cultures of human cerebral vasculature cell
lines, one study found changes in TJ proteins to be associated with metabolic acidosis and
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independent of P. falciparum cytoadherence [176], while in another reported opening of
intercellular junctions was associated with P. falciparum iRBC binding and formation of
transmigration-like cups [177].

There is growing evidence from the CNS barrier literature that tight and/or adherens
junction protein modification or degradation is sufficient to cause BBB dysregulation
including increased permeability and loss of immuno-quiescence (reviewed in [178]). For
example, vascular endothelial growth factor (VEGF) has been shown to promote Tyr-
phosphorylation of TJ proteins zonula occludens-1 (ZO-1) and occludin either directly
through its membrane tyrosine kinase receptor (VEGFR2) or through activation of the
cytosolic tyrosine kinase c-src leading to TJ destabilization and increased permeability. It is
noteworthy that VEGF has been implicated in the pathology of malaria-associated ALI/
ARDS in a murine model (see below) [179]. Indeed, reductions of VEGF levels in sera
protected mice from ALI/ARDS. Furthermore, recent evidence using a CD8+ T cell-induced
BBB disruption murine model demonstrated that the inhibition of neuropilin-1 (NRP-1), a
VEGF co-receptor that enhances VEGFR2 activation, reduced BBB permeability, brain
hemorrhages, and mortality [180]. The underlying molecular interactions should be further
investigated by IVM to confirm the molecular players and sequence of events that lead to
BBB disruption in ECM.

In a recent IVM study, the endothelial barrier-stabilizing mediator fingolimod inhibited
vascular leakage and neurological signs and prolonged survival to ECM [86]. Fingolimod
(FTY720) is an FDA-approved orally active immunomodulatory drug that has shown
efficacy in clinical trials for the treatment of patients with relapsing multiple sclerosis [181].
Fingolimod down-modulates the expression of S1P1 receptors on the T cell surface, which
favors the CCR7-mediated retention in lymph nodes of naïve and central memory T cells,
but not effector memory T cells [182]. In chronic autoimmune diseases such as experimental
autoimmune encephalomyelitis (EAE), a murine model for multiple sclerosis, fingolimod
prevents lymphocyte recruitment from secondary lymphatic tissues to the brain [182, 183].
More relevant for acute infections such as ECM, in particular because the drug has to be
administered throughout the course of the disease [86, 184], may be its ability to prevent
activation of CD8+ effector T cells in the spleen by decreasing migration and function of
CD11c+ dendritic cells and by destabilizing dendritic cell/T cell interactions thus preventing
immunological synapse formation [185, 186]. In addition to its involvement in T cell
activation and targeting to the brain, fingolimod is also thought to have a directly stabilizing
effect on endothelial junctions at the BBB [183, 187-189], which is consistent with the
observation that granzyme B and perforin deficient mice do not develop ECM, but
nevertheless recruit CD8+ T cells to a similar degree as wt mice [135, 190]. Interestingly,
the S1P pathway has also been implicated in P. falciparum infections [184, 191-194], but
whether BBB opening in humans and mice is regulated by similar mechanisms remains to
be determined.

2.5 Parasite sequestration and cause of BBB opening
While it is a well-known fact that different parasite/host combinations exhibit pathogenetic
differences, in mice as well as in humans, the underlying molecular basis of this
phenomenon is unknown. For example, why do certain reticulocyte-tropic Plasmodium
species such as PbA, Pb K173, and less frequently also P. berghei NK65 [86, 195], induce
ECM in some susceptible mouse or rat strains, but not in others (reviewed in [136])?
Further, do iRBC, in particular P. vivax infected reticulocytes, travel through human brain
capillaries at reduced velocity, similar to PbA iRBC during ECM [86]? Unless dynamic high
resolution imaging studies are performed, a reduction in velocity of ring-iRBC from non-
cytoadherent Plasmodium species would go unrecognized, for example in autopsy
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specimens. However, this phenomenon has been demonstrated clearly in an in vitro model;
the Russell lab [196] reported that P. vivax-infected reticulocytes travel slower through
narrow ducts and that reduction in velocity is correlated with parasite maturity. The fact that
endothelial adhesion molecules were absent in this in vitro system suggests that the decrease
in iRBC velocity was due to a decrease in reticulocyte flexibility. Further, Plasmodium-
induced changes in host cell membrane fluidity are well documented. Based on these and
our own data and the reticulocytosis typically associated with the onset of rodent malaria
[197], we propose that other Plasmodium species, in particular the reticulocyte-tropic P.
vivax and P. ovale, can also travel slowly through capillaries - without necessarily causing
damage to this part of the microvascular tree.

Transient interactions between P. falciparum iRBC and the capillary endothelium may very
well contribute to the pathogenesis of HCM. Unfortunately, this hypothesis must remain
pure speculation unless dynamic studies to distinguish between iRBC traveling at
bloodstream velocity and iRBC transiently interacting with the human cerebral
microvasculature can be conducted. However, careful examination of human autopsy
specimens may reveal that iRBC located in capillaries differ from those present in PCV in
terms of parasite maturity. For example, if capillaries were to harbor predominantly ring
stages (physically trapped there at the time of death), while PCV were predominantly lined
with trophozoite to schizont stages, this might indicate transient iRBC binding to the former
and true cytoadhesion to the latter. In this scenario, iRBC “rolling” would be followed by
static cytoadherence – as suggested by Silamut and colleagues, whose quantitative analysis
of the microvascular sequestration in P. falciparum-infected human brains demonstrated
spatial clustering by parasite age in different vessels [198]. Importantly, iRBC “rolling”, but
not adhesion, would preserve the blood flow in capillaries, which is required to assure the
release of new ring stages into the circulation.

IVM enables the differentiation of cortical capillaries (4-8 μm diameter, thin vascular wall,
absence of a perivascular space) from PCV (10-60 μm diameter, presence of a perivascular
space, influx of blood from joining capillaries) and from arterioles (10-50 μm diameter, no
visible perivascular space, efflux of blood into branching capillaries) [86]. Further, a recent
study revealed that PCV and arterioles differ in expression of endothelial CD14 and CD31.
In vivo immunolabeling revealed that CD31 (PECAM-1) is predominantly expressed on the
luminal surface of arteriolar endothelia, while CD14 is present on venous endothelia (in
addition to monocytes) of PbA-infected ECM mice. Indeed, CD14 was associated with
endothelia from PCV, but not those from arterioles or capillaries, from mice infected with
PbA, but not mice infected with PyXL or uninfected controls [86]. Furthermore, and in
agreement with the role of endothelial CD14 in mediating leukocyte adhesion to cerebral
PCV [199-202], we found that CD14-positive PCV exhibit extensive Evans blue leakage,
while CD14-negative arterioles do not [86].

In conclusion, brain IVM has proven a powerful tool for study of the pathogenesis of ECM.
No other approach could have revealed the central role of the opening of the
neuroimmunological BBB in brain edema, coma and death in cerebral malaria.

3. The Dual Role of the Lung in Malaria
The lung contributes crucially to two stages of the Plasmodium life cycle. First, the initial
generation of hepatocyte-derived erythrocyte-infective merozoites is released into the
pulmonary microvasculature, which places the lung at the intersection between the clinically
silent liver phase and the symptomatic blood phase of the infection [4]. Second, the lung is
subject to a severe manifestation of malaria, ALI/ARDS, which is characterized by
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impairment of oxygen exchange due to widespread inflammation of the alveolar
microvasculature [203].

3.1 Merosome arrest in the lung
After budding from Plasmodium infected hepatocytes, the first generation of merozoites is
released into the microvasculature of the liver as merosomes, large bags of hepatocyte
membrane containing dozens of parasites [2, 4, 32]. Merosomes are shuttled out of the liver
unharmed, by-passing the gauntlet of highly phagocytic Kupffer cells, and travel to the lungs
where they are arrested and efficiently cleared from the bloodstream. After a period of most
likely several hours, the hepatocyte-derived membrane disintegrates and (all) merozoites are
released from the merosome into the pulmonary bloodstream [4].

One possible explanation for the high efficiency with which the lung clears merosomes from
the blood [4] is mechanical trapping. Merosomes may be arrested based on their large size
within pulmonary arterioles, i.e. before being able to enter the narrow alveolar capillary bed
of the lung. This hypothesis is supported by the fact that the average diameter of
extrahepatic merosomes (∼13-18 μm) clearly exceeds the 1-4 μm functional diameter of
alveolar capillaries [4, 204]. However, merozoites that bud from hepatocytes are also much
larger than the hepatic sinusoids (∼7 μm), but exit the liver nevertheless [4, 205-207].
Mechanical trapping could result if merosomes were to become more rigid prior to entering
the lungs. Arguing against this are ex vivo lung imaging data showing merosomes easily
adapting to the narrow vascular lumen of small pulmonary vessels (Leberl and Frevert,
unpublished data) [4], suggesting that merosomes retain the flexibility needed to squeeze
through the pulmonary capillary bed if otherwise unrestricted. Alternatively, the merosomal
membrane may contain Plasmodium-derived adhesion molecules that bind to the
microvascular endothelium. This mechanism, even if not selective for the pulmonary
endothelium, would explain the high efficiency of merosome clearance from the blood [4],
as the lung represents the first capillary bed merosomes encounter after leaving the liver.
The exact site of merosome arrest in the alveolar microvasculature is currently under
investigation.

Non-malarial ALI/ARDS—Acute lung injury is a uniform response of the lungs to various
infectious, inflammatory, or chemical insults. In humans, ALI/ARDS is commonly
associated with systemic illness such as sepsis or trauma and less frequently induced by
local insults such as pneumonia, aspiration of gastric acid or inhalation of toxic gases [208,
209]. Various animal models have revealed details on the pathogenetic steps leading to ALI/
ARDS [210]. Central to the onset is a shift of the normal anti-thrombotic and anti-
inflammatory state of the (tolerant) pulmonary endothelia towards an activated pro-
thrombotic and pro-inflammatory phenotype with expression of activators of the clotting
system and adhesion molecules for platelets and leukocytes [209]. Neutrophils are key
effector cells that accumulate in the lung during the pathogenesis of ALI/ARDS [211-213].
Specific receptor ligand interactions as well as the decreased cellular deformability of the
infiltrating activated neutrophils mediate their arrest in the narrow pulmonary
microvasculature [214, 215]. Further, monocytes are recruited from the bone marrow in
response to low-level endotoxemia and marginalize in the pulmonary microvasculature; this
predisposes the lungs towards acute injury by secondary septic stimuli [216]. Once attached
to the endothelium, macrophages function as a local source of proinflammatory and
vasoactive mediators; this eventually causes the breakdown of the blood alveolar barrier
(BAB) and flooding of the alveolar space with a proteinaceous edematous fluid. Elimination
of inflammatory macrophages or blockage of platelet activation prior to septic challenge
attenuates the development of ALI/ARDS [216]. Unlike most animal models of ALI/ARDS,
where respiratory failure is typically induced by a single defined stimulus, typically by
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intratracheal instillation of noxious materials [217, 218], experimental severe malaria offers
the unique opportunity to study these pulmonary complications in a natural multifactorial
setting, a situation that resembles closely the redundant stimuli that normally trigger ALI/
ARDS in humans [209, 210].

3.2 ALI/ARDS in human severe malaria
Pulmonary complications have long been described primarily for adult patients with malaria
[117]. Initially believed to be a severe manifestation restricted to infections with P.
falciparum, the most fatal of all Plasmodium species, case reports during the past 20 years
document ALI and ARDS for P. vivax, P. ovale, and P. knowlesi as well [219-227]. Both
ALI and ARDS require the presentation of bilateral pulmonary infiltrates on chest
radiographs, confirming a pulmonary edema that is neither cardiogenic nor hydrostatic. The
resulting impairment of gas exchange is indicated by the ratio of arterial oxygenation to
fraction of inspired oxygen (PaO2/FiO2), which measures <300 mm Hg for ALI and <200
mm Hg for ARDS compared to 500-300 mm Hg in a normal lung [218, 228-233]. Studies of
malaria-associated lung pathology show non-cardiogenic pulmonary edema classified as
ALI/ARDS, while the mechanism of interstitial and alveolar flooding with protein-rich fluid
is still not entirely clear. Unlike ALI/ARDS induced by sepsis, the infiltration of
inflammatory cells into the microvasculature and interstitium of the lung during human
malaria appears histopathologically as predominantly mononuclear with a lesser
contribution of polymorphnuclear cells [219, 222, 223, 225, 234, 235]. Initially, P.
falciparum iRBC tether and roll along the microvascular endothelium via interactions with
ICAM-1, VCAM-1, PECAM-1, as well as P- and E-selectins, then firmly adhere to
endothelial CD36 [117, 221, 236]. The binding of iRBC to the pulmonary microvasculature
activates the endothelium and leukocytes, although the relative contribution of the various
leukocyte subpopulations remains unclear. Endothelial activation results in the release of
cytokines and up-regulation of adhesion molecules, thus perpetuating the inflammatory cell
recruitment. This then leads to the accumulation of monocytes, which also release pro-
inflammatory cytokines such as TNF-α and IL-1. TNF-α and IL-1, in turn, induce IL-6 and
IL-8 as well as endothelial cytoadherence by up-regulating ICAM-1 and VCAM-1, but not
CD36 [117, 231, 236]. Although the central role of the pulmonary microvascular injury is
now recognized, the relative contribution of individual subsets of inflammatory cells to the
disruption of the BAB in humans remains unclear.

3.3 Murine model for malaria-associated ALI/ARDS
Several studies have employed mouse models to study lung pathology prior to death from
ECM [237, 238] or in concert with ECM [239-241]. Selective models for murine malaria-
associated ALI/ARDS have provided valuable insights into various pathogenetic
mechanisms [179, 242, 243] and possible interventions [179, 237, 238, 243, 244]. For
example, CD36 is expressed on capillary and post-capillary venule endothelia where it is
recognized by P. berghei iRBC in the mouse and P. falciparum iRBC in humans [245]. The
schizont membrane-associated cytoadherence protein (SMAC) of P. berghei was identified
as a ligand to endothelial CD36 analogous to P. falciparum erythrocyte membrane protein 1
(PfEMP1) [165]. CD36 is predominantly expressed in the microvasculature of the lung,
adipose tissues, skin, and spleen, but not in the brain [236, 245, 246], and in agreement with
its proposed role in P. berghei iRBC sequestration in the lung, CD36-deficient mice are
protected from malarial ALI [157, 237, 245].

Similar to human and murine CM (see above), Ang-1 also protects against ALI/ARDS by
binding to the endothelial receptor Tie2 [217, 247]. Ang-1 counteracts VEGF, a signaling
protein involved in the induction of ALI/ARDS [248], while VEGF over-expression closely
correlates with decreased levels of Ang-1 [249, 250]. VEGF binding to the endothelial
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receptor VEGFR2 reduces VE-cadherin expression in adherens junctions, thus loosening
inter-endothelial contacts and increasing vascular permeability, leading to interstitial edema
[249, 251]. VEGF over-expression results in the release of various cytokines (TNF-α, IL-1β,
IL-6, and IL-8), which cause endothelial adhesion of activated leukocytes leading to
vascular permeability in a dose-dependent manner [252, 253]. Carbon monoxide, which
reduces the plasma levels of VEGF, has been used as an anti-inflammatory therapy to
protect mice from malaria-induced ALI/ARDS [179, 244]. Thus, the cascade of events
leading up to the recruitment of inflammatory cells is only partially known and many
pathogenetic mechanisms are yet to be discovered.

3.4 Real-time microscopic lung imaging
IVM and ex vivo imaging of the intact perfused lung have long been on the forefront of
pulmonary research [254-257]. Compared to ex vivo imaging, IVM provides normal blood
pressure and flow conditions, preserved innervation, an intact immune system, and
physiologic ventilation conditions. Various thoracic windows have been constructed for use
in dogs [258-260], rabbits [261], and rats [262-265]. To allow microscopic observation of
this organ during continued respiratory motion, pulmonary windows have traditionally
consisted of a round aluminum or stain-less steel frame, whose exterior upper and lower
flanges are implanted into the opening in the chest wall. The frame holds a standard
coverslip and is surrounded by a circular suction ring to immobilize the pleural surface of
the lung within the viewing area [258, 261-263]. While technically feasible in larger
animals, implantation of a thoracic chamber for complete immobilization the lung is more
difficult to achieve in mice due to their smaller size and higher respiratory rate. One
approach that was exploited extensively for the real-time study of cellular and molecular
responses in the mouse lung was to use an ex vivo organ model, which allows tight control
of inflation and vascular perfusion [266]. In situ IVM of the murine lung was only recently
accomplished by generating a thoracic window using a flexible transparent polyvinylidene
membrane tightly sealed to the rib cage [267]. A trans-diaphragmatic catheter was implanted
to remove the intrathoracic air. While this approach brings the re-inflated lung to the
polyvinylidene membrane, it does not immobilize the lung under the membrane.
Consequently, substantial breathing motion, in addition to artifacts caused by cardiac
movements, can be seen in the supplemental online movies, acquired through 10× or 20×
objectives with a silicone intensified monochromatic tube camera and recorded on digital
videotape [267]. To address this problem, the ventilator was temporarily stopped during the
expiratory plateau phase while the lung was allowed to move freely through the respiratory
cycle, which permitted digital videotaping of pulmonary microvessels for periods of up to 5
seconds [267]. Another approach is based on open thorax examination of the ventilated
mouse lung in a model that relies on low magnification analysis during temporary
immobilization of the lung within a suction ring of 2-3 mm diameter [268]. Finally, a novel
instrument equipped with a multi-wavelength laser scanner was recently developed that uses
needle-sized (1.3 mm diameter) “stick lenses”, which can be inserted deep (1-2 cm) into
tissues through a small keyhole incision and allows real-time imaging of most internal
organs [269, 270]. Due to the surprisingly high numerical aperture of these stick lenses, this
new technology has great potential for future IVM work [271].

3.5 IVM of the Plasmodium infected lung
Based on the PbA-infected DBA/2 mouse model for ALI/ARDS [179], we developed a
technique for lung IVM to monitor cellular interactions in the pulmonary microvasculature
at high-resolution by confocal microscopy. Visualizing the pathogenesis of ALI/ARDS in a
live mouse is a difficult task considering the severe respiratory problems presented during
the acute phase of the disease. Successful experiments require mice to survive a series of
steps including anesthesia, intubation and mechanical ventilation, thoracotomy and
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implantation of a pleural window, inoculation of fluorescent markers and long-term
imaging, while blood flow and oxygenation are maintained at physiological levels. The
model relies on synchronization of respiratory and confocal scan rate, which allows
recording of identical phases of the ventilation cycle, for example at the peak of inspiration,
thus mimicking complete immobilization of the lung. Restoration of the natural negative
intra-thoracic pressure induces close apposition of the pleura during mechanical ventilation
further facilitating long-term imaging despite the relatively slow image acquisition rate
provided by confocal microscopy (Figure 4, Video S4). This approach, combined with
fluorescent parasites, plasma markers, and probes for specific leukocyte subpopulations and
platelets, revealed that ALI/ARDS in the PbA-infected DBA/2 mouse model manifests as
acute microvascular injury and interstitial pneumonia with a mononuclear infiltrate
composed predominantly of blood-derived monocytes/macrophages, dendritic cells, and
CD8+ T cells (Leberl and Frevert, manuscript in preparation). This murine lung IVM model
sets the stage for further studies on the mechanism of the BAB dysfunction and
hemodynamic changes associated with ALI/ARDS or other forms of severe malaria. Beyond
malaria, lung IVM offers the opportunity to monitor immune cell interactions and
microvascular alterations involved in the pathogenesis of other apicomplexan parasites such
as Toxoplasma gondii, nematodes or flukes with a developmental or larval migration phase
in the lung, for example Paragonimus, Schistosoma, or Strongyloides, and various forms of
bacterial, viral and fungal pneumonia.

Outlook
Intravital microscopy (IVM) has grown steadily since its first publication in 1839 [272],
with currently over 200 papers being published annually [273]. Although restricted to
analysis of superficial tissue layers, IVM, whether by bright field/digital, confocal, two-
photon or spinning disk microscopy, is currently the only way to study the dynamics of
individual cell interactions in vivo. Due to scattering of emitted signal, deep layers of skin or
internal organs may never be accessible to high-resolution microscopic imaging. Whole
animal imaging provides information on overall parasite mass, but not parasite number
[274]. Late-stage blood parasites express the greatest luciferase signal due to their large size
so that a given signal intensity may reflect a large number of early-stage iRBC (high
parasitemia) or a much smaller number of late-stage parasites, unless schizont-specific
fluorescent protein constructs are used [275]. Further, the influence on the luminescence
signal intensity of factors such as tissue density and parasite depth within the body or organ
is difficult to ascertain. Detection of low intensity signal may require organ removal and ex
vivo analysis at increased detector sensitivity. Further, whole animal imaging lacks the
resolution to distinguish truly arrested from slowly moving iRBC so that vascular
congestion may simulate parasite accumulation. Thus, whole body imaging, similar to
qPCR, is semi-quantitative and cannot reveal parasite sequestration or immune cell
recruitment in the strict sense. Flow cytometry does provide quantitative and molecular
information, but requires that cells be removed from their natural microenvironment.
Histological tissue sections are subject to fixation and therefore only provide a snapshot in
time - and not necessarily an accurate one, because manipulations of the animal prior to
organ harvest may influence the apparent histopathology to a larger extent than the disease
process itself. For example, the circumstances surrounding the death of the experimental
animal, whether due to the disease or by sacrifice, the type of anesthesia, alteration of the
vascular content by exsanguination or vascular perfusion, as well as the method of organ
harvesting all influence the apparent histopathological outcome. In conclusion, no one
methodology can provide the ultimate answer. Therefore, by interpreting different
approaches such as IVM and whole mouse imaging, immunohistochemistry and
histopathology, cytokine measurements and flow cytometric quantification of cell
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populations and their state of activation in conjunction, we will eventually be able to
decipher the immunobiology of Plasmodium and the pathogenesis of malaria.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ALI/ARDS acute lung infection/acute respiratory distress syndrome

BAB blood alveolar barrier

BBB blood brain barrier

CM cerebral malaria

ECM experimental cerebral malaria
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HCM human cerebral malaria

IVM intravital microscopy

IRR intravital reflection recording

LS liver stage

MRI magnetic resonance imaging

PbA Plasmodium berghei ANKA

PyXL Plasmodium yoelii 17XL

PCV postcapillary venule

RBC red blood cell

iRBC infected red blood cell

TJ tight junction

wt wild type

Frevert et al. Page 33

Parasitol Int. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Highlights

• Intravital microscopy (IVM) provides insights into Plasmodium-host
interactions

• IVM enables the study of parasite immunobiology in multiple organs

• IVM visualizes the behavior of CD8+ effector T cells in the liver of
Plasmodium infected and immunized mice

• IVM explains the mechanism of vascular leakage during experimental cerebral
malaria

• IVM is a valuable tool to monitor the pathogenesis of malarial acute lung injury
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Figure 1. IRR enhances visualization of the sinusoidal blood flow
(a) Direct IRR visualizes blood cells traveling in the sinusoids (left panel). Fluorescence
emission in this ECFP mouse liver (middle panel) is strongest in hepatocytes. Overlay of the
two signals results in a complementary depiction of the non-fluorescent microvasculature
and the fluorescent liver parenchyma (right panel). (b) Inverse IRR depicts blood cells
traveling in the sinusoidal lumen as dark objects embedded in bright red plasma (left panel).
Fluorescence in the DsRed mouse liver is most pronounced in hepatocytes (middle panel).
Overlay of the inverse IRR and DsRed signals (pseudocolored in green) highlights the
demarcation between hepatocytes and sinusoids (right panel). See [76] for details. Scale bars
= 20 μm.
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Figure 2. Visualizing the immunobiology of Plasmodium liver stages
Selected frames from a confocal IVM movie (see Video S1) showing CD8+ T cells (green)
crawling slowly along the sinusoidal endothelium of a mouse liver. Note the trailing uropod
of a CD8+ T cell, whose direction of movement is indicated by an arrow. Inverse IRR was
used to visualize the architecture of this DsRed mouse liver. If direct IRR had been used, the
non-fluorescent vascular lumen would have been dark and the blood cells, which reflect the
laser light, would have appeared red. The hepatocyte cytoplasm of the DsRed mouse emits
bright fluorescence and the nuclei are dim red. In inverse IRR mode (shown here), the
sinusoidal lumen appears red and blood cells appear black. The hepatocyte cytoplasm
appears dark and hepatocyte nuclei appear red. See [76] for details. Scale bar = 20 μm.
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Figure 3. Imaging experimental cerebral malaria
During symptomatic ECM, PbA infected mice exhibit characteristic changes in PCV, but
not capillaries or arterioles, including leakage of the plasma marker Evans blue (shown in
red) into the perivascular space and the surrounding cerebral parenchyma, focal deposition
of small aggregates of platelets (shown in white), appearance of the pattern recognition
receptor CD14 on the luminal surface of the endothelium, and recruitment of various
populations of leukocytes. Note the absence of vascular leakage, platelet deposition, and
CD14 in PCV from PyXL infected mice with hyperparasitemia. Scale bars = 50 μm.
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Figure 4. Intravital lung imaging
Consecutive frames from a movie of a live ventilated mouse lung. Synchronization of scan
and respiratory rate allows image acquisition at the peak of every inspiration, which
simulates immobilization of the lung surface. One of the Gr-1+ neutrophils (green) can be
seen crawling along an alveolar capillary towards the left (arrow) until it disappears from
view (at 3.0 s). The pulmonary microvasculature is visualized with Evans blue (red). The
alveoli are inflated and appear black (asterisk). Scale bar = 20 μm.

Frevert et al. Page 38

Parasitol Int. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


