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Importantly, ablation of the cytolytic effector molecule perforin fully protected
against vascular permeability and edema. Furthermore, perforin production specifi-
cally by CD8 T cells was required to cause fatal edema during ECM. We propose that
CD8 T cells initiate BBB breakdown through perforin-mediated disruption of tight
junctions. In turn, leakage from the vasculature into the parenchyma causes brain
swelling and edema. This results in a breakdown of homeostatic maintenance that
likely contributes to ECM pathology.
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alaria is a serious global health issue with approximately 200 million new cases

occurring annually. Despite improvements in comprehensive prevention mea-
sures each year, there were still an estimated 438,000 deaths from malaria in 2015 (1).
Approximately 70% of fatal malaria cases occur in children less than 5 years old (1).
While uncomplicated Plasmodium falciparum infection is highly treatable, the most
severe complication, cerebral malaria, presents a significant problem for patients.
Human cerebral malaria (HCM) is characterized by disruption of the blood-brain barrier
(BBB), coma, seizures, and death (2, 3). Patients that survive HCM are prone to persisting
cognitive and neurological deficits after they have recovered from the infection (4, 5).
While antimalarial drugs have shown efficacy in killing parasites, treatments to improve
the outcome of HCM are lacking (6). Furthermore, the cellular mechanisms regulating
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HCM disease progression remain poorly understood. The difficulties associated with
studying human patients during infection have limited our understanding of HCM and
have created a need for additional preclinical research.

Part of the failure to adequately understand HCM is the limited ability to collect
human data pertaining to neurological function. Recently, Seydel et al. carried out an
expansive magnetic resonance imaging (MRI) study analyzing HCM patients in Malawi
(7). Their study characterized physiological changes occurring in brain structure during
cerebral malaria in a large cohort of patients. The findings, obtained using T2-weighted
MRI, determined that brain swelling is the strongest prognostic indicator that differ-
entiated fatal cases of cerebral malaria from less severe outcomes. Furthermore, their
study suggested relieving cranial pressure by reducing brain swelling as a potential
route for therapeutic intervention to treat cerebral malaria.

Experimental cerebral malaria (ECM) using Plasmodium berghei ANKA infection of
C57BL/6 mice provides a setting for determining mechanistic details that is not feasible
with human studies (8-10). The ECM system models many features of HCM. In both
humans and mice, parasitic infection initiates BBB disruption leading to fatal neuro-
logical dysfunction (11). The mechanism of disease onset involves a complex network
of known effector cells and proteins. Studies have demonstrated that an influx of CD8
T cells, macrophages, and neutrophils into the brain occurs during ECM (12). In addition
to immune infiltration, nitric oxide availability appears to play a role during ECM (13,
14). Dysfunction of endothelial nitric oxide synthase (eNOS) and neuronal NOS (nNOS)
contributes to decreased nitric oxide bioavailability, which in turn mediates cerebro-
vascular pathology (15).

Previous studies have determined that T cells traffic to the brain and accumulate
during ECM (16). CD4 T cells play an important role in generating the population of
effector CD8 T cells in the brain. These T cells are required for disease, and when either
CD4 or CD8 T cells are depleted, ECM is completely prevented (17-19). Additionally,
CD8 T cells promote pathology through the cytotoxic effector molecules perforin and
granzyme B. Ablation of the perforin and granzyme B genes in knockout mice confers
resistance to fatal ECM (20-22).

Although CD8 T cells appear to be a critical proximal effector cell type in
mediating ECM pathology, the mechanism underlying their activation is poorly
understood. It is clear that following activation, parasite-specific CD8 T cells pro-
mote BBB breakdown (23-25). Understanding the interactions between the various
infiltrating immune cells and the components of the BBB is paramount for identifying
therapies for cerebral malaria. The BBB is made up of a heterogeneous population of cells.
The primary barrier is formed by an extensive network of tight-junction proteins between
adjacent endothelial cells forming a unique boundary that restricts the blood-
derived factors within the endothelial lumen from freely crossing into the central
nervous system (CNS) parenchyma (26). Pericytes that tightly wrap the endothelial
cells, astrocyte end-feet that protrude toward the vessel, and neuronal processes all
contribute to the maintenance of BBB integrity (27). The complexity of this barrier
makes it difficult to determine which cell types are directly involved in BBB
disruption during ECM.

To identify critical factors related to edema and brain swelling, we developed an MRI
platform to visualize the brains in live animals during ECM. Using gadolinium-enhanced
T1-weighted MRI to measure vascular leakage and T2-weighted MRI to measure brain
swelling and edema, we observed the physiological changes occurring during disease
progression. With this technology, we visualized the distinct spatial localization of
vascular permeability within the brain. Pairing MRI with immunofluorescence micros-
copy allowed us to define protein alterations that colocalize with BBB permeability.
Specifically, we investigated the cerebral endothelial tight-junction proteins. These
observations build upon current understanding and help to identify important physi-
ological changes occurring within the brain during ECM.
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FIG 1 CD8 T cell trafficking to the brain and parasitemia are independent of perforin during experimental cerebral malaria. (A) Survival curve showing fatal
disease progression in C57BL/6 mice 6 days after infection with 106 parasitized erythrocytes containing Plasmodium berghei ANKA compared with perforin-
deficient mice (pfp~/~) that are fully protected from ECM (P < 0.0001). Survival curve statistical analysis was done by log rank test, with 10 mice, with results
pooled from two independent experiments. ****, P < 0.0001. (B) Representative plot illustrating gating strategy for quantifying brain-infiltrating immune cells.
(Cand D) CD8 T cells infiltrating the brain at 6 dpi are at the same frequencies (C) and total numbers (D) in ECM-protected pfp—/~ and WT C57BL/6 mice. Ten
mice per group were used, and results were pooled from two independent experiments. (E) Cumulative percentages of parasitemia postinfection show no
difference between pfp~/— and WT C57BL/6 mice. Giemsa-stained peripheral blood smears were analyzed at X100 magnification from P. berghei ANKA-infected
mice. Error bars represent standard errors of the mean (SEM), and P values were determined by an unpaired two-tailed t test.

RESULTS

Perforin-deficient mice are protected from ECM despite brain infiltration of
CD8 T cells equivalent to that in susceptible mice. This study expands upon the
previously identified role CD8 T cells play in mediating pathology during ECM. We
infected mice with red blood cells parasitized with Plasmodium berghei ANKA to cause
ECM. C57BL/6 mice became symptomatic abruptly at 6 days postinfection (dpi). Mice
began experiencing a loss of balance, respiratory distress, and ataxia and then ulti-
mately and rapidly proceeded to a moribund state. Deletion of the effector molecule
perforin resulted in complete protection from ECM (Fig. 1A). One possible explanation
for mice failing to succumb to pathology could be a defect in the ability of CD8 T cells
to respond to infection. However, although we saw that the mice were protected from
ECM, CD8 T cells still accumulated within the brain at the same frequency and total
number as they did in susceptible C57BL/6 mice (Fig. 1B to D). It is also necessary to rule
out the possibility that the perforin knockout (pfp=/~) mice respond uniquely to
infection. We examined the peripheral infection in pfp~/~ and wild-type (WT) C57BL/6
mice and saw no differences in the circulating parasite loads between the groups over
the course of infection (Fig. 1E). These data demonstrate that although mice are
infected with P. berghei ANKA parasites and CD8 T cells traffic normally to the brain,
pathology during ECM requires perforin.

CNS vascular permeability colocalizes with disruption of BBB tight junctions. A
defining characteristic of ECM is CNS vascular permeability due to disruption of the BBB.
To analyze the extent of vascular permeabilization as disease progresses, we intrave-
nously injected fluorescein isothiocyanate (FITC)-albumin 6 dpi and measured the
fluorescence intensity within the brain. By immunofluorescence microscopy, we saw
that in phosphate-buffered saline (PBS)-injected control mice, intravenously (i.v.) in-
jected FITC-albumin is restricted within the brain vasculature. We observed the tight-
junction proteins claudin-5 and occludin connecting cerebral endothelial cells to form
a continuous and linearly organized network of microvessels (Fig. 2A). Six days after P.
berghei ANKA infection, the continuity of claudin-5 and occludin was lost and FITC-
albumin leaked from the microvessel lumen into the perivascular space. The diffuse
FITC-albumin leakage specifically colocalized with regions of claudin-5 and occludin
disruption (Fig. 2B). The tight-junction proteins that form the proximal seal of the BBB
were no longer linear along the wall of the vessels but were broken and disorganized.
Importantly, to address the possibility that we missed the plane of intact vasculature
during the imaging of these regions of tight-junction disruption, we assessed the
volume above and below the area of imaging through creation of three-dimensional
(3D) imaging stacks. This confirmed that the tight junctions are disrupted in WT mice
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FIG 2 Vascular leakage associates with perforin-dependent tight-junction disruptions during ECM. (A to C) Representative
immunofluorescent confocal microscopy images of occludin, claudin-5, and FITC-albumin in mouse brain sections. (A)
PBS-injected WT control mice show FITC-albumin restricted within the vasculature. (B) P. berghei ANKA (PbA)-infected C57BL/6
animals show increased FITC-albumin leakage from vessels into the parenchyma and claudin-5 and occludin disruption. (C) P.
berghei ANKA-infected pfp=/— mice maintain claudin-5 and occludin tight-junction integrity, and FITC-albumin is again
constrained within the microvasculature. Fresh frozen sections were taken from mice 6 dpi. (D) Leakage of intravenously
injected FITC-albumin into the CNS was significantly elevated 6 dpi in WT C57BL/6 mice infected with P. berghei ANKA
compared to that in PBS-injected controls (P = 0.003) and infected pfp~/— mice (P = 0.002). (E and F) Quantification of
claudin-5 (E) and occludin (F) show reductions in the area of tight-junction proteins within the brains of C57BL/6 mice but not
pfp~/~ mice at 6 dpi compared to those in uninfected controls. (G) Densitometry quantification of Western blots of brain
protein lysate shows no detectable elevation of active cleaved caspase-3 in the cortex or olfactory bulb 6 days after P. berghei
ANKA infection or PBS injection (P = 0.20). GL261 brain tumor samples show increased cleavage of caspase-3, indicating an
active apoptotic pathway. Four mice per experiment were used, and results are representative of three independent
experiments. Error bars represent SEM, and P values were determined by analysis of variance (ANOVA) with Bonferroni’s post
hoc analysis. **, P < 0.01; ***, P < 0.001; ns, nonsignificant.

during ECM. Interestingly, pfp~/— mice retain tight-junction integrity after P. berghei
ANKA infection (Fig. 2C). The intact tight junctions preserve a functional BBB that
prevents FITC-albumin from leaking into the brain parenchyma.

Total brain fluorescence increases as FITC-albumin is deposited within the brain after
BBB disruption. Fluorescence intensity was significantly elevated in the brains of P.
berghei ANKA-infected C57BL/6 mice compared to that of control animals. However, in
pfp~/~ mice, where the BBB remains intact after infection, fluorescence was not
elevated relative to that in uninfected mice (Fig. 2D). Quantification of the cerebral
tight-junction proteins demonstrated that both claudin-5 and occludin were signifi-
cantly reduced at 6 dpi in C57BL/6 mice relative to the levels in uninfected controls
whereas infected perforin-deficient mice maintained tight-junction levels similar to
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FIG 3 Vascular permeability during ECM is localized to specific vital brain regions. (A to F) Representative
T1-weighted gadolinium-enhanced MRI axial sections comparing levels of vascular permeability in the CNS
of C57BL/6 (A and E) and pfp—/— mice (C and F). 3D volumetric renderings show gadolinium leakage (red)
in C57BL/6 mice (B) that is elevated compared to that in pfp~/~ mouse brain scans (D). Midsagittal sections
show gadolinium enhancement in the olfactory bulb (arrow a), ventricles (arrow b), and brainstem (arrow
) of C57BL/6 mice (E) but not in pfp~/~ mice (F). MRIs were analyzed with Analyze 10.0 (Biomedical Imaging
Resource, Mayo Clinic) to render 3D masks of gadolinium leakage volume. All images are representative of
three independent experiments of 5 mice per group.

those of uninfected animals (Fig. 2E and F). Thus, elevated BBB leakage correlates with
a perforin-dependent reduction in cerebral tight-junction protein levels during ECM.

Because perforin is a known effector molecule in the lytic granule exocytosis
pathway used by CD8 T cells to kill targets, we hypothesized that T cells may directly
kill target cells at the BBB. To determine if endothelial cell death was responsible for
tight-junction disruption, we immunoblotted brain lysates for detection of cleaved
caspase-3, the active form of the protein. However, we did not observe an elevation in
the activated cleaved caspase-3 in P. berghei ANKA-infected mice compared to that in
uninfected controls in the cortex or the olfactory bulb, a known brain region of vascular
permeability during ECM (Fig. 2G). Brain tissue from glioma-bearing mice was used as
a positive control for cell death. This implies that perforin-mediated tight-junction
disruption may occur by a mechanism independent of the initiation of apoptosis.

BBB disruption occurs in distinct brain regions during ECM. We have established
that BBB disruption and tight-junction protein alterations occur in the brains of P.
berghei ANKA-infected mice. To further examine this phenotype, we used gadolinium-
enhanced T1-weighted MRI to analyze the localization of vascular leakage during ECM.
Gadolinium is used as a contrast agent and can be visualized as a hyperintense signal
when it leaks from vasculature in areas of BBB disruption. Six days after P. berghei ANKA
infection, we observed gadolinium leakage in C57BL/6 mice (Fig. 3A) but not in pfp~/—
mice (Fig. 3C). We then compiled serial sections to create a 3D rendering of the total
volume of gadolinium leakage throughout the whole brain (Fig. 3B and D). The 3D
volume (illustrated in red) depicts the extensive vascular leakage within brains of P.
berghei ANKA-infected WT mice (Fig. 3B). There was an increase in the area of observ-
able gadolinium leakage in C57BL/6 mice (Fig. 3A and B) compared with the scans of
pfp~/~ animals, which were devoid of gadolinium leakage (Fig. 3C and D).

We then analyzed the specific location of gadolinium enhancement. Midsagittal
sections illustrate precisely which functional brain regions have BBB disruption in these
mice. We determined that vascular leakage is not homogeneous across the entire brain
but rather is restricted to specific brain regions (Fig. 3E). Our results indicate BBB
disruption and vascular leakage into the olfactory bulb (Fig. 3E, arrow a) and the lateral
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FIG 4 Elevated brain edema during ECM correlates with regions of BBB disruption. (A to C) Axial sections
from representative T2-weighted MRIs of murine brains during ECM. T2 hyperintensity is seen in ventricles
of all samples but also in the cortex of P. berghei ANKA (PbA)-infected C57BL/6 mice. (D) Quantification of
hyperintensity volumes illustrates brain edema during ECM in C57BL/6 mice. Hyperintensity in P. berghei
ANKA-infected C57BL/6 mice is significantly increased compared to that in both uninfected C57BL/6 (P =
0.0015) and infected pfp~/~ (P = 0.0016) animals. *, P < 0.05. (E and F) Sagittal sections of brains 6 dpi
demonstrate regions of meningeal hyperintensity (asterisks) in C57BL/6 animals (E) that do not appear in
pfp~/— mice (F). Images were analyzed using Analyze 10.0 (Biomedical Imaging Resource, Mayo Clinic). Five
mice per group were used, and data are representative of two individual experiments. Error bars represent
SEM, and P values were determined using ANOVA with Bonferroni’s post hoc analysis.

ventricle (Fig. 3E, arrow b). Importantly, we also observed extensive gadolinium leakage
in the brainstems of P. berghei ANKA-infected C57BL/6 mice (Fig. 3E, arrow c). No areas
of gadolinium leakage appeared on T1-weighted MRI scans of pfp~/~ mice (Fig. 3F).
This demonstrates that loss of perforin protects the mice from vascular leakage in these
vital brain regions. These MRI results indicate that blocking CD8 T cell effector function
protects mice from BBB disruption, thus preventing ECM.

Perforin is required for the development of brain edema during ECM. Following
the identification of the specific localization of BBB permeability during ECM, we next
sought to analyze the effect vascular leakage has on brain homeostasis. We hypothe-
sized that the excess fluid entering the brain would result in increased intracranial
pressure. To test this, we used T2-weighted MRI to visualize abnormalities within the
brain tissue of mice during ECM, as hyperintensity of brain tissue over background
levels on these scans is indicative of edema. C57BL/6 mice presented with increased
free fluid in the brain 6 dpi compared to that in healthy control animals (Fig. 4A and B).
Perforin-deficient mouse brains were devoid of edema, and these mice had brain scans
similar to those of healthy uninfected control animals (Fig. 4C). 3D volumetric analysis
of T2-weighed MRIs further confirmed that P. berghei ANKA-infected C57BL/6 mice
exhibit a significant increase in volume of hyperintense regions compared to both
uninfected C57BL/6 controls (P = 0.0015) and P. berghei ANKA-infected perforin
knockout mice (P = 0.0016) (Fig. 4D). Sagittal sections of these brains revealed that this
abnormal hyperintensity is most extreme surrounding the brainstems of P. berghei
ANKA-infected animals (Fig. 4E, asterisks) and is located at the meningeal layer sitting
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FIG 5 Perforin secretion is required for CD8 T cells to cause brain edema during ECM. (A) Survival curve
demonstrating that 6 days after adoptive transfer of purified CD8 T cells from WT C57BL/6 mice into
pfp~/~ recipients, animals develop ECM. In contrast, the control group of pfp~/~ animals receiving pfp—/~
CD8 T cells remains protected from disease (P = 0.0008). Survival was analyzed using a log rank test with
8 animals, and results were pooled from two independent experiments. ***, P < 0.001. (B) Representative
T2-weighted MRIs of sagittal sections from mice 6 days after adoptive transfer and P. berghei ANKA
infection. (C) Volumetric quantification of hyperintensity from T2-weighted MRI illustrates brain edema
during ECM in pfp~/~ mice with adoptively transferred C57BL/6 CD8 T cells but not in pfp~/~ donors (P =
0.0213). Error bars represent SEM, and the P value was obtained using an unpaired t test. *, P < 0.05.

beneath the skull and enveloping the brain tissue. This layer of hyperintensity was not
seen in infected pfp~/— animals (Fig. 4F). These data confirm that brain edema during
ECM occurs in conjunction with BBB disruption and is regulated by a perforin-
dependent mechanism.

Perforin production from CD8 T cells alone causes edema during ECM. To
determine the cellular source of perforin production contributing to the development
of brain edema, we performed an adoptive transfer of purified WT CD8 T cells from
infected donors into perforin-deficient mice. Animals receiving wild-type CD8 T cells
developed ECM. In contrast, no mice receiving pfp~/~ CD8 T cells developed symptoms
or succumbed to disease (Fig. 5A). Next, we performed T2-weighted MRI scans to assess
edema in the brains of the recipient animals. Mice that received perforin-deficient CD8
T cells displayed no edema within the brain parenchyma. However, when animals were
given wild-type CD8 T cells, edema was visible in both the cortex and meningeal layer
(Fig. 5B). Volumetric analysis of the brains of these animals revealed significantly
elevated hyperintensity when perforin-expressing CD8 T cells were transferred in
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comparison to the intensity in the controls (Fig. 5C). These data illustrate that CD8 T
cell-produced perforin is necessary to initiate fatal brain edema during ECM.

DISCUSSION

CD8 T cells have been previously identified as one of the critical effector cell types
mediating ECM. However, the mechanism by which these cells initiate fatal disease
pathology is not well understood. Here, we identify a noncytotoxic role for the effector
molecule perforin in promoting disease. We show that pfp deficiency prevents the
disruption of cerebral endothelial cell tight-junction proteins during P. berghei ANKA
infection. The integrity of the tight-junction proteins studied here, claudin-5 and
occludin, is critical for the maintenance of a selectively permeable barrier between the
endothelial lumen and the CNS (28, 29). This study demonstrates that disruption in the
organization of tight junctions has significant global consequences that can lead to
organ-wide pathology. Recent work has identified a reduction in claudin-5 during ECM
(30). Here, we confirm a significant reduction in claudin-5 and also show that this
phenomenon is shared by the tight-junction protein occludin. The reductions in
claudin-5 and occludin both depend upon functional CD8 T cells. Furthermore, this
work shows that CD8 T cell-mediated disruption of tight junctions results in significant
brain edema that is ultimately fatal. This link between fatal brain edema and CD8 T cells
provides a novel avenue to pursue as a potential therapeutic target for treatment. Still,
it is important to consider the role of CD8 T cells in modulating endothelial tight-
junction integrity in the context of their interactions with other key brain-infiltrating
immune cells. Recent work has shown that activated endothelial cells are capable of
cross-presenting parasitic antigens (25, 31). This would suggest a direct interaction
between the CD8 T cells and the cerebral endothelial cells as the most straightforward
model.

In our experiments, we observed no signs of increased cell death of brain endothe-
lial cells during ECM. This was interesting, as a primary role of activated CD8 T cells is
to employ cytolytic effector functions. However, this observation is in agreement with
other recently reported results where apoptosis could not be detected (32, 33). While
some studies have reported evidence of apoptosis, this has not been seen at levels
great enough to cause the extensive vascular leakage responsible for cerebral malaria
(21). Additionally, while in vitro analysis shows the capacity for CD8 T cells to kill, the
extent to which these cells kill in vivo is still being identified (31, 34). Rigorous
quantification of both endothelial cell density and number of apoptotic cells in the
brain suggests it is a rare event (12, 32). Here, we show that vascular leakage and edema
are not rare but are diffuse events affecting large regions of the brain (Fig. 3 and 4).
Additionally, we see no difference in the activation of the apoptotic pathway, as
measured by caspase 3 cleavage (Fig. 2E). Taken together, these data suggest an
alternative mechanism of ECM pathology than endothelial cell apoptosis alone.

Although this pathway has yet to be fully delineated, this study demonstrates that
perforin plays a critical role in disruption of tight junctions. Previous studies have
indicated that the CD8 T cells recruited during ECM are specific to parasitic antigens (25,
35, 36). Therefore, this pathway appears to be initiated when CD8 T cells recognize
major histocompatibility complex (MHC) class | molecules loaded with parasitic anti-
gens and mediate BBB disruption downstream through perforin. However, these CD8
T cells do not appear to directly kill the endothelial cells. Alternatively, the T cells initiate
a process that ultimately disrupts endothelial tight junctions, weakening the BBB. This
work contributes to a growing body of evidence for a noncytotoxic mechanism of CD8
T cell-mediated pathology during ECM.

Noncytolytic roles for perforin and granzyme B have recently been demonstrated in
systems other than P. berghei ANKA infection. A report recently identified an extracel-
lular role for granzyme B in facilitating lymphocyte migration through interactions with
basement membranes (37). This is an example of a protease functioning as expected,
but in an alternative location. Here, granzyme B cleaves extracellular matrix proteins
outside a target cell. This supports the hypothesis that the canonical cytolytic effector
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molecules, granzymes and perforin, may act in additional roles to modulate the
immune response.

CD8 T cells have also been shown to restrict latent herpes simplex virus (HSV)
reactivation from within infected neurons without destroying the cells (38, 39). Fur-
thermore, it has previously been demonstrated that perforin-dependent neuropathol-
ogy occurs in mice infected with Theiler's murine encephalomyelitis virus (TMEV) (40).
This mechanism also occurs independently of detectable CD8 T cell killing (41, 42).
Future work focused on defining how CD8 T cells regulate infection through alternative
pathways will enhance our understanding of CD8 T cell biology. This knowledge could
potentially translate to therapeutic intervention during cerebral malaria that would not
block productive CD8 T cell functions.

Our use of gadolinium-enhanced T1-weighted MRI allowed us to track BBB disrup-
tion in live animals. We observed vascular leakage occurring during ECM that is
localized to specific regions of the brain. The brainstems of P. berghei ANKA-infected
mice exhibit extensive gadolinium leakage. Pathology in the brainstem during ECM
correlates with the first symptoms of neurological deficit, including a lack of balance
and strained respiration (43). Proper respiratory control is regulated through nerve
centers innervating the medulla and pons of the brainstem (44). The cerebellum also
relies upon signals originating within the brainstem, specifically the pontine nuclei, to
effectively regulate motion and balance (44, 45). Perturbation of homeostasis in these
vital regions disrupts the signals required for adequate brain function. This indicates
that disruption of the BBB within the brainstem could induce the observed symptoms.
These results complement recent work by Swanson et al. showing that ECM induces
neuronal death (30). These results indicate that the extensive vascular leakage within
the brainstem results in the death of critical neurons. These MRI results also raise the
question of what makes vasculature in these discrete brain regions particularly suscep-
tible to BBB disruption. It is clear that endothelial cells are highly heterogeneous in their
functionality and surface protein expression (46). Identifying features unique to these
distinct areas could present intriguing molecular targets for strengthening the BBB.

Our MRI analysis also revealed extensive gadolinium enhancement in the olfactory
bulb. This region is populated with an intricate network of microvessels. Recently, Zhao
et al. showed that microhemorrhages occur early during ECM in this region (47). Our
data corroborate this finding and also show that functionally, these hemorrhages are
associated with a leaky BBB. Further evidence depicts vascular leakage and edema
initiating in the olfactory bulb and traveling down the rostral-migratory stream to the
brainstem (48). We also see BBB disruption in these regions of the brain. This work
provides mechanistic insight into the cause of pathology in ECM. We show that
perforin-mediated tight-junction disruption leads to BBB disruption and edema during
ECM. MRI analysis allows us to address questions that were previously inaccessible to
researchers. Pairing this technique with a small-animal model in which we can attempt
to manipulate the disease course pushes forward the possibility of better understand-
ing the disease mechanism to discover targets for treatment. Future studies employing
these methodologies have the potential to advance the understanding of human
cerebral malaria.

Finally, this study provides insight into the deleterious effects that excessive vascular
permeability has upon the brain. These data show that BBB breakdown (Fig. 2 and 3)
results in edema (Fig. 4). More specifically, we show that perforin produced by CD8 T
cells is required to initiate the fatal edema that occurs during ECM. The recent human
MRI study from Seydel et al. implicated brain swelling from edema as the cause of fatal
outcomes in HCM (7). Our findings indicate that the ECM model of P. berghei ANKA
infection follows a similar pathogenesis. This study proposes a potential mechanism
common to the human disease. This is an important discovery for a field that has been
debating the similarities and differences between ECM and HCM pathogenesis (49).
Importantly, the etiology of human brain swelling and edema is currently unknown.
The data put forward in this study demonstrate that perforin has the capacity to induce
edema, the leading indicator associated with fatal HCM. Further studies investigating
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the involvement of CD8 T cells in HCM are required to fully understand the relationship
to the mouse model. These data show the benefits in using the ECM model for future
preclinical work to test potential therapeutic interventions for preventing brain edema.

MATERIALS AND METHODS

Animals. C57BL/6 and C57BL/6 perforin knockout (pfp=/~) mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). Mice were housed at the Mayo Clinic (Rochester, MN).

Plasmodium berghei ANKA infection. Mice were infected intravenously between 8 to 12 weeks of
age with 10° parasitized red blood cells diluted in PBS. At 6 dpi, the mice were euthanized and their
brains were harvested for experimentation.

Flow cytometry. Flow cytometry for brain-infiltrating lymphocytes was performed as previously
described (50). Briefly, brains were homogenized and digested in type IV collagenase. Following
incubation, samples were spun through a Percoll gradient and the lymphocyte layer was extracted and
stained.

FITC-albumin permeability assay. Mice were injected intravenously with 10 mg FITC-albumin
(Sigma-Aldrich, St. Louis, MO). One hour later, brains were harvested, flash frozen, and stored at —80°C.
Fresh frozen brains were homogenized, and fluorescence readings were taken at 488-nm excitation and
525-nm emission wavelengths on a Synergy H1 plate reader (BioTek, Winooski, VT).

Confocal microscopy. Samples were prepared as previously described (50). Mice were injected with
10 mg FITC-albumin 1 h before the brains were harvested. Samples were fresh frozen and embedded in
O.C.T. compound (Tissue-Tek). Twenty-micrometer coronal sections of isocortex anterior to the hip-
pocampal formation were taken. Samples were blocked with 5% normal goat serum for 1 h. Primary
antibodies, mouse anti-claudin-5 (35-2500; Invitrogen) and rabbit anti-occludin (71-1500; Invitrogen),
were applied and incubated overnight at room temperature (RT). Sections were stained with secondary
antibodies, Alexa Fluor 532 goat anti-mouse IgG (H+L) (A-11002; Invitrogen) and Alexa Fluor 647 goat
anti-rabbit IgG (H+L) (A-21244; Invitrogen), for 1 h at RT. During analysis, 15-um z-stacks of brain sections
were taken to ensure that vessels were within the visible plane. The images were acquired on a Leica DM
2500 confocal microscope and analyzed using LAS AF 6000 acquisition software (Leica Microsystems).
Image-Pro Premier software (Media Cybernetics) was used to quantify the areas of positive fluorescence
intensity for claudin-5 and occludin from tissue sections. Three randomly chosen fields were averaged for
each sample.

Western blotting. Brain tissue was homogenized in radioimmunoprecipitation assay (RIPA) buffer
with complete ULTRA protease inhibitor supplement (Roche). Fifty micrograms of protein was added to
reducing Laemmli buffer and separated using a 4-to-20% gradient gel by SDS-PAGE. Samples were
transferred to a polyvinylidene difluoride (PVDF) membrane and blocked with 5% dry milk in PBS-T (PBS
with Tween 20) for 1 h at RT. Primary antibodies against cleaved caspase 3 (9661; Cell Signaling
Technology) or GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (5174; Cell Signaling Technology)
were diluted 1:1,000 in 5% dried milk-PBS-T overnight at 4°C. Goat anti-rabbit secondary horseradish
peroxidase (HRP)-conjugated antibodies were applied for 1 h at RT at a dilution of 1:5,000 in a 5% dried
milk-PBS-T solution (sc-2004; Santa Cruz Biotechnology). Blots were developed with Western Lightning
Plus-ECL chemiluminescence reagent (PerkinElmer).

Magnetic resonance imaging. Magnetic resonance images were acquired using a Bruker Avance |
7 T vertical-bore small-animal MRI system (Bruker Biospin) as previously described (51). Mice were
anesthetized under isoflurane for the duration of scanning. For T1-weighted scans, mice were given an
intraperitoneal (i.p.) injection of gadolinium (100 mg/kg). After 15 min, a T1-weighted multislice multi-
echo (MSME) sequence with a repetition time (TR) of 300 ms, an echo time (TE) of 9.5 ms, a field of view
(FOV) of 4.0 by 2.0 by 2.0 cm, and a matrix of 192 by 96 by 96 was used. For T2-weighted scans, a rapid
acquisition with relaxation enhancement (RARE) pulse sequence was used with a TR of 1,500 ms, a TE of
70 ms, a RARE factor of 16, an FOV of 3.2 by 1.92 by 1.92 cm, and a matrix of 256 by 128 by 128. A
T2-weighted MRI MSME sequence with a TR of 300 ms, a TE of 9.5 ms, an FOV of 4.0 by 2.0 by 2.0 cm,
and a matrix of 192 by 96 by 96 was used. MRI scans were analyzed using Analyze 10.0 (Biomedical
Imaging Resource, Mayo Clinic) to generate 3D volumes.

Adoptive transfer. Donor mice were infected with 106 parasitized erythrocytes. At 6 dpi, splenocytes
were isolated and CD8 T cells were purified using a CD8a* T cell isolation kit (Miltenyi Biotec catalog no.
130-104-075). A total of 5 X 10 purified CD8 T cells were transferred intravenously into recipient pfp=/~
animals. Recipient mice were infected with 106 parasitized red blood cells on the same day as the CD8
T cell transfer.

Ethics statement. The Institutional Animal Care and Use Committee at the Mayo Clinic approved all
experiments (protocol A57913). All experiments were conducted in accordance with the Animal Welfare
Act and the Guide for the Care and Use of Laboratory Animals.
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