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Cerebral malaria is one of the most severe complications of Plasmodium 

falciparum infection and occurs mostly in young African children. This syndrome results 

from a combination of high levels of parasitemia and inflammation. While mutations in 

inflammatory cytokine genes and the levels of cytokines found in serum and 

cerebrospinal fluid are correlated with the severity of human malaria infection, very little 

cellular infiltrate is identified on autopsy in fatal cerebral malaria cases, suggesting a 

novel mechanism of local inflammation drives this syndrome. Vascular congestion is a 

prominent feature of all malaria parasites, although some species promote a primarily 

leukocytic congestion while others promote parasite sequestration. The role coagulation 

plays in congestion is becoming an active area of research. Although parasite 

sequestration in the brain vasculature is a feature of the human malaria parasite P. 

falciparum, sequestering strains do not uniformly cause severe disease, suggesting 

interplay with other factors. Infection of mice with Plasmodium chabaudi, a rodent 

malaria parasite, leads to mild illness in wildtype animals. However, IL-10
 
KO mice 
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respond to the parasite with increased levels of the pro-inflammatory cytokines IFN-γ and 

TNF. While P. chabaudi sequesters during the schizont stage, as all malaria parasites do, 

this parasite does not accumulate in the brain vasculature. Nevertheless, these mice 

exhibit some cerebral symptoms similar to human cerebral malaria, including gross 

cerebral edema and hemorrhage, allowing study of these critical features of disease 

without the influence of brain-sequestered parasite.  

In these studies, IL-10 KO mice were found to suffer significant declines in 

behavioral and physical measures during infection compared to wildtype mice, 

suggesting that brain pathology contributes to the systemic consequences of infection. 

Elevated inflammatory monocyte and resident macrophage populations were identified in 

the IL-10 KO brain post-infection, and the activation state of monocytes and microglia 

was increased. CD4
+
 T cells making IFN-γ were also identified in the brain, but remained 

localized within the vasculature and did not enter the brain parenchyma. Theses T cells 

were also found to be contained within fibrinous thrombi. 

In order to understand the mechanisms of cerebral leukocyte accumulation in P. 

chabaudi infection, we investigated the relationship of vascular congestion with 

leukocytes and fibrinogen to astrocyte activation. As coagulation is known to cause 

localized ischemia and hypoxia that can lead to brain tissue damage, we investigated 

hypoxia within the brain, and found scattered hypoxic neurons in infected IL-10 KO 

mice. In order to determine the driving mechanisms of inflammation and congestion, we 

also investigated the roles of TNF, and the anti-coagulants heparin and low-molecular-

weight heparin, on vascular coagulopathy and astrocyte activation in order to identify 

drivers of pathology in the brain parenchyma. Neutralization of TNF reduced mortality as 
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previously reported, but also eliminated behavioral deficits, and significantly reduced 

both thrombus formation and astrocyte activation. Strikingly, anticoagulant treatment 

with low-molecular-weight heparin (LMWH) also rescued IL-10 KO mice from acute 

mortality, suggesting a role for coagulation in the lethal pathology. Glial cell activation 

near vessels in the brain was also partially-dependent on coagulation, as it was reduced 

with LMWH treatment. 

These studies demonstrate that neuroinflammation, driven by TNF and 

characterized by accumulation of leukocytes in the vasculature, is concurrent with the 

development of behavioral symptoms and glial cell activation in P. chabaudi infection of 

IL-10 KO mice. Our data also demonstrate that congestion of the vasculature is driven by 

coagulation and promotes lethal pathology. These findings support the contribution of 

cytokines, coagulation, and leukocytes within the brain vasculature, to neuropathology in 

malaria infection. In addition, localization of inflammatory leukocytes within 

intravascular clots suggests a mechanism by which cytokines can drive local 

inflammation without considerable cellular infiltration into the brain parenchyma. 
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INTRODUCTION 

Chapter 1: History, infection with Plasmodium, and cerebral malaria 

With written documents describing malaria symptoms dated as early as 2700 BCE 

in the Chinese Nei Ching [1], the influence of malaria on the evolution of modern 

medicine cannot be understated. The name itself comes from the medieval Italian mala 

aria, meaning “bad air”, in reference to its association with swampy marshlands and their 

often foul-smelling stench [2]. Indeed, the association of malaria with swamps and its 

potential transmission via insect vectors was first hypothesized by the Roman writers 

Varro  and Columella in their descriptions of patients falling ill after being attacked by 

swarms [3]. Malaria was the first disease recognized as a repeatable collection of 

symptoms, as it was a widely known ailment to the Greek city-states in the 5
th

 century 

BCE and was well-documented by the ancient medical scholar Hippocrates during this 

time [3]. In 1638, the curative properties of the quinine-producing Cinchona trees was 

discovered after Countess del Chinchon, the wife to the Viceroy of Peru, was cured from 

an intermittent fever after being treated with a tincture made from Cinchona bark [3]. 

However, the effectiveness of Artemisia annua in treating febrile illness was well-known 

by traditional Chinese physicians for almost 2,000 years before the eventual isolation and 

purification of artemisinin by Nobel laureate Tu Youyou and colleagues in 1972 [4].  

The true etiology of malaria did not become apparent until philosophical advances 

in cell theory and technological innovations that allowed for more powerful microscopic 

lenses were realized in the mid-19
th

 century. Observations by the French physician and 

Nobel laureate Charles Louis Alphonse Laveran in 1880 led to the discovery of 
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Plasmodium parasites within red blood cells of febrile patients, and his subsequent 

proposal of malaria disease being mediated by a protozoal infection [3]. This seminal 

discovery was followed by a proposal in 1894 from Sir Patrick Manson, recognized as 

the “Father of Tropical Medicine”, suggesting mosquitos as a potential vector for malaria 

after his similar findings in filariasis. Empiric evidence for the transmissibility of malaria 

parasite via Anopheles mosquitos followed quickly, and a complete life-cycle of the 

malaria parasite was established by Nobel laureate Sir Ronald Ross in 1897 [1, 3]. 

Despite humanity’s extensive history with malaria infection, true strides in controlling 

this debilitating disease were not evident until the last century. 

Insights into the true nature and pathogenesis of malaria disease had an almost 

immediate impact on the lives of those affected. Construction of the Panama Canal was 

initiated by the French in the late 19
th

 century, but was hindered indefinitely by 

engineering limitations and the heavy toll taken by tropical infectious diseases, primarily 

yellow fever and malaria. Estimations at the beginning of construction in 1884 placed the 

worker mortality rate at over 200 per month [5]. However, due to vector control 

interventions implemented after the United States of America’s acquisition of the canal, 

the hospitalization rates of workers dropped from 81% in 1906, to 11% in 1912. As a 

result, construction on the canal was quickly completed, leading to its opening in 1914, 

and providing an example of the effectiveness of vector control efforts on ameliorating 

the burden of mosquito-borne diseases. 

Further advancements in malaria control continued to decrease the burden of 

disease with the discovery of choloroquine by Hans Andersag in 1934, and the 

introduction of residual insecticide spraying using DDT in the late 1940s [6]. Despite the 
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eventual recognition of the harmful effects of broad outdoor-spraying of DDT on wildlife 

and its eventual discontinuation as an insecticide in United States in the 1960s [7], 

endemic malaria transmission was eradicated from the North American continent largely 

as a result of stringent vector control efforts. Modern malaria control strategies continue 

to utilize vector management methods including indoor residual spraying, which is less 

harmful to the environment, and insecticide-treated bed nets. In the last decade, these 

methods have led to major reductions in the disease burden within sub-Saharan Africa 

and Southern Asia [8-10], the major regions still affected by endemic malaria 

transmission. However, many obstacles remain towards achieving complete parasite 

eradication in these regions: namely, the increases in incidence of insecticide-resistant 

mosquitos, and artemisinin-resistant infections. Secondary to these obstacles, are the 

paucity of effective therapeutic strategies with which to treat severe malaria cases, such 

as the most severe neurological complication of P. falciparum infection, cerebral malaria 

(CM), and persistent infections with P. vivax hypnozoites, which become dormant in the 

liver. Currently, there are no effective drugs to treat CM, and primaquine has been the 

only intervention to date shown to adequately prevent relapse of P. vivax infection [11].  

Malaria infection remains a highly debilitating disease with elevated levels of 

morbidity in endemic regions. As a result, the most effective method adopted by 

scientific, medical, and humanitarian communities tasked with malaria control and 

prevention is to adopt a multifaceted approach, involving vector control strategies and 

continued research into novel and effective anti-malarial therapeutics and vaccines. 

Through the study of malaria pathogenesis and mechanisms of severe disease, new 
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insights with which the parasite can be combated are predicted to increase the chances of 

successful eradication of this devastating disease within the next few decades.  

 

CHAPTER 1.1:  MALARIA LIFE CYCLE AND PATHOGENESIS 

 

The genus that includes the malaria parasite, Plasmodium, appears to have co-

evolved alongside animals for millions of years, as there have been over 200 Plasmodium 

species identified to date, with individual species specifically infecting birds, reptiles, 

rodents, and primates. There are five Plasmodium species known to infect humans: 

Plasmodium falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi. Two of these 

species, P. falciparum and P. vivax, account for the majority of human infections, with P. 

falciparum responsible for the vast majority of severe disease and death [10]. Malaria 

infection is caused by transmission of the Plasmodium parasite from the mosquito vector, 

genus Anopheles, into a susceptible vertebrate host. This is accomplished via the 

innoculation of 20-200 Plasmodium sporozoites into the skin by a female Anopheles 

mosquito during the acquisition of a blood meal [12]. The sporozoites are injected into 

the dermis alongside mosquito salivary proteins that exhibit multiple local regulatory 

functions that facilitate quick entry into the bloodstream, such as anti-coagulation 

proteins, vasodilators, anti-histamines, and immunomodulators [13, 14]. This allows for a 

few infectious sporozoites to hematogenously spread quickly to the liver and infect 

hepatocytes within 1-3 hours of inoculation [15, 16]. Upon invasion of the liver, which 

initiates the complex intrahepatic stage of the parasite life cycle, the Plasmodium 

sporozoite enters into a process of replication which results in multinucleated schizonts 

being produced, each of which can generate thousands of merozoites that are released 
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upon hepatocyte rupture 5-15 days post-infection [17, 18]. It is estimated that up to 

90,000 merozoites are generated and released during this stage [19]. The intrahepatic 

stage of malaria disease is largely “silent”, in that the parasite is successful in evading the 

host immune system via the downregulation of MHC proteins on hepatocytes [20], 

resulting in a lack of clinical symptoms.  

Merozoite release into the bloodstream after hepatocyte rupture initiates the 

intraerythrocytic stage of the parasite life cycle, in which the Plasmodium parasite 

quickly invades circulating red blood cells (RBCs). Within the erythrocyte, the parasite 

undergoes a cyclical replication process that generates both sexual gametocytes and more 

infectious merozoites capable of infecting new RBCs upon erythrocyte rupture. 

Depending on the Plasmodium species, this cyclical invasion and lysis of red blood cells 

occurs every 24 hours (P. knowlesi, P. chabaudi), 48 hours (P. falciparum, P. ovale, P. 

vivax), or 72 hours (P. malariae), driven by host circadian regulation. Parasite-driven 

RBC rupture also promotes the paroxysmal fevers characteristic of malaria infection due 

to the massive release of parasite proteins and the upregulation of pro-inflammatory 

cytokines by innate immune cells [21]. These repeated rupture/invasion cycles occur with 

regular periodicity, and are characterized as either highly synchronous, in which most of 

the infected RBCs lyse together (as in P. falciparum and the rodent parasite P. chabaudi), 

or asynchronous, in which RBC lysis occurs when a given parasite independently reaches 

the mature schizont stage. These unique characteristics of parasite growth and 

propagation  have distinct effects on the resultant parasitemia [22] and immune response 

[23]. 
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The sexual gametocyte forms of the parasite circulate within the bloodstream until 

such a time that they can be acquired by an Anopheles mosquito taking a blood meal from 

an infected host. This initiates the mosquito, or sexual, stage of the parasite life cycle, 

which involves the fusion of male and female gametocytes to form zygotes that mature 

into motile ookinetes, which invade mosquito midgut epithelial cells and form oocysts. 

When the oocysts rupture, they release newly infectious asexual sporozoites that make 

their way to the mosquito salivary gland, thus completing the Plasmodium life cycle [18]. 

The sexual stage is an essential step in the Plasmodium life cycle that ensures continued 

transmission of the parasite. Therefore, many of the most effective and economical 

strategies to prevent malaria infection involve either limiting exposure to parasite-

carrying mosquitos (bed nets, insect repellant sprays) or decreasing the parasite burden 

altogether (insecticides). Ingenious strategies to reduce the mosquito population by 

engineering “infectious sterility” and introducing Plasmodium-lethal proteins and 

microbionts are also currently being developed [24]. 

 

CHAPTER 1.2:  CLINICAL DIAGNOSIS 

 

Due to the eradication of endemic malaria on the North American and European 

continents, malarial disease is rarely observed within the United States. Occasional cases 

continue to be diagnosed in travelers returning from malaria-endemic regions, with over 

1,700 cases reported in the United States by the Centers for Disease Control and 

Prevention in 2014 [25]. However, these infection rates pale in comparison to those in 

malaria-endemic countries, and malaria continues to be a major burden in many regions 

of the world. With 212 million new cases and 429,000 estimated deaths in 2015, malaria 
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is one of the most culturally and economically impactful infectious diseases worldwide 

[26]. As a result, while malaria disease is only suspected in travelers in the United States, 

it is a diagnosis of exclusion in South America, sub-Saharan Africa, and Southern Asia, 

where it makes up the majority of clinical cases of intermittent fever. 

Upon infection with malaria, the first symptoms to arise are most often fever, 

chills, headaches, nausea/vomiting, and muscle pains. These symptoms coincide with the 

initiation of RBC lysis during the erythrocytic stage of the parasite life cycle about one 

week after infection. This is due to the massive release of parasite proteins that are 

capable of inducing a robust immune response [21] and the production of pyrogenic, pro-

inflammatory cytokines, such as interleukin (IL)-1β, IL-6, and tumor necrosis factor 

(TNF) [27]. As these symptoms are not specific and mimic those of other febrile 

illnesses, malaria is often diagnosed using various methods. 

The first and simplest form of diagnosis is by examination of a thick blood smear 

and microscopic identification of the Plasmodium parasite located within RBCs. This can 

be accomplished using Giemsa stain and a light microscope. Due to the relative low-cost 

and simplicity of the reagents and equipment necessary to perform a Giemsa stain on a 

patient’s blood, it remains the gold standard in malaria diagnosis with an estimated 203 

million patients tested by microscopic examination in 2014. However, limitations can 

exist based on the quality of the reagents, the availability of a microscope, or the training 

of technicians. Symptoms of malaria can also be caused by many other disease and 

metabolic processes, particularly in severe cases, and the resultant parasitemia could be 

incidental and not related to the presenting illness. A 2004 study in Malawi found that 

23% of children that met the criteria for CM, the most severe neurological complication 
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of P. falciparum infection, had died from alternative causes [28]. As a result, a suspected 

case of malaria is often confirmed with a second laboratory test.  

Antigenic detection of Plasmodium proteins is often the most appropriate 

secondary diagnostic test to confirm a suspected malaria case. This is rapidly becoming 

more available with the introduction of rapid diagnostic tests (RDTs), which involve the 

use of Plasmodium-specific antibodies that are often engineered onto paper 

chromatographic strips that require little volume of blood from the patient and can be 

processed and read within 15 minutes. RDTs offer an alternative method for malaria 

diagnosis in settings where microscopic capabilities are lacking. The World Health 

Organization (WHO) reported that over 300 million RDT products were sold in 2014, 

with 62% of these being specific for detection of P. falciparum [26]. Parasite nucleic 

acids can also be detected using molecular methods, such as polymerase chain reaction 

(PCR). However, the need for laboratory space and technological expertise is often a 

limiting factor in this method as an effective diagnostic tool. Molecular techniques are 

further hindered by the time it takes to replicate the nucleic acid material to sufficient 

quantities for detection, hindering its feasibility for the treatment of acutely ill patients.  

In cases of severe malaria, which includes severe anemia and CM, clinical 

findings suggestive of anemia (decreased hematocrit) or neurological dysfunction (coma, 

seizures, confusion) greatly increases the suspicion for malaria. As a result, the healthcare 

provider often includes a thorough neurological exam and panel of laboratory and 

metabolic tests capable of detecting features of severe malaria, including anemia, 

hypoglycemia, multiple-organ failure, or lactic acidosis. 
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Patients with CM often present with the typical fever/chills, headache, and 

vomiting characteristic of malaria infection, but also demonstrate signs of neurological 

dysfunction ranging from altered sensorium and irritability, to seizures and coma [29, 

30]. CM is defined by the WHO as unarousable coma in patients demonstrating 

parasitemia positive for P. falciparum, while excluding other common causes of coma 

(viral encephalopathy, toxic syndromes, metabolic etiologies). Within the last decade, 

fundoscopic examination of the retina has become an important tool in the diagnosis of 

CM. Retinal findings suggestive of CM include macular whitening, vascular 

discoloration, and the presence of retinal hemorrhage, which were superior in 

differentiating CM from non-malarial coma when compared to laboratory tests [31], and 

was positively-correlated with coma length and disease severity [32]. The clinical 

suspicion of CM rises when combined with neuroimaging studies demonstrating cerebral 

edema and cortical infarcts [33-35], however imaging alone is neither specific to a CM 

diagnosis, nor widely available at many facilities with the highest burden of malaria 

patients. The presentation of CM also differs between children, who make up the 

majority of fatal cases in Africa, and adults, who make up the majority of fatal cases in 

Asia and among travelers [10]. Coma usually develops rapidly in children, with the 

majority of cases involving seizures (62%) [36]. The speed of onset contrasts sharply 

with adults, who exhibit a much more gradual decline in consciousness, and demonstrate 

a lower incidence of seizures (17%) [37]. Psychiatric manifestations can also be present, 

including delusions, hallucinations, and psychoses. However, these symptoms can also be 

a side-effect of treatment with the anti-malarial drug mefloquine, which is commonly 

used for prophylaxis.  
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CHAPTER 1.3: TREATMENT STRATEGIES  

The standard treatment for uncomplicated malaria infections are oral anti-malarial 

medications, which are only active against the disease-causing, blood-stage Plasmodium 

parasite forms. Anti-malarial drugs are the only intervention that has been proven to 

reduce mortality in patients. The most common medications are those originally derived 

from the Cinchona tree (quinine, quinidine, chloroquine, mefloquine, primaquine) and 

the sweet wormwood, Artemisia annua (artesunate, artemether), which are now 

synthesized chemically. Each is known to exhibit potent anti-malarial effects. However, 

the recent increase in drug resistance, particularly against the more powerful artemisinins 

in Southeast Asia, is a cause for concern [38]. In response, combination therapy with 

artemisinins (artemether-lumefantrine) is recommended to combat resistance, and to 

shorten the duration of therapy and prevent toxicity (particularly with the cinchoids). 

A small percentage of P. falciparum infections result in severe malarial disease. 

However, a significant proportion of severe malaria infections include CM, which is a 

leading cause of death in sub-Saharan African children and represents a major burden 

worldwide [39, 40]. CM accounts for over 500,000 cases per year, and correlates with 

high parasitemic burden, severe inflammation, and cerebral edema [40]. In cases of 

suspected CM, immediate action and timely anti-malarial treatment is essential for 

improving outcome. CM patients are transferred to the best health care facilities to 

receive supportive care focused on the recognition and prevention of common 

complications, including hypoglycemia, electrolyte imbalances, acidosis, and organ 

impairment. Lack of such facilities in areas with high malaria burden is a major factor 

contributing to the high mortality associated with CM cases [41]. However, even timely 

treatment with parenteral anti-malarial medication results in a mortality rate of 20% in 

children presenting with CM [42]. In addition, 10-25% of children that survive CM 

develop long-term neurological sequelae and cognitive dysfunction [43-46]. 
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Since anti-malarial agents take at least 12-18 hours to become effective at 

eliminating the parasite in the blood, and given the rapid decline in many CM patients, 

adjunctive therapies administered early are being explored in hopes to reduce mortality 

and prevent future neurological sequelae in survivors. As of yet, despite many promising 

trials in animals, no adjunctive therapies have proven efficacious in reducing CM 

mortality [47]. Therefore, a better understanding of the mechanisms of disease is 

important for identifying new targets for treatment. 
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Chapter 2: Experimental insights into cerebral malaria pathogenesis 

CHAPTER 2.1:  HUMAN CEREBRAL MALARIA PATHOPHYSIOLOGY  

Effective anti-malarial drugs often result in cure during uncomplicated malaria 

infection. However, as many as 10% of Plasmodium falciparum infections worldwide 

result in severe malaria disease, including severe anemia, pregnancy-associated malaria 

and CM [39, 40].  CM correlates with high levels of parasitemia, inflammation, and 

severe cerebral edema [40]. There is little evidence that specific strains of P. falciparum 

are linked to this syndrome, although parasite adhesion in the brain and retina is 

associated with death [28]. Adding to the complex etiology of CM, inflammation also 

promotes parasite sequestration, as demonstrated in murine models of experimental 

cerebral malaria (ECM) [39]. As a result, it is possible that inflammation is the primary 

precipitating cause of P. falciparum sequestration in the human brain and other organs. 

Histopathological studies from fatal CM cases have provided insight into the 

pathologic events that correlate with fatal disease [48-50]. Recent striking studies linked 

evidence of severe cerebral edema with death [40]. Cytokines such as TNF can cause 

vascular leakage and edema; however, the causal mechanisms leading to blood-brain 

barrier (BBB) breakdown and brain swelling in human CM cases are not clear. While 

sequestration is cited as a cause of vascular blockage and edema [51], this has not been 

sufficiently demonstrated to date. 

Several host genetic factors have been implicated in pathology. For example, 

mutations in the promoters of the inflammatory cytokine TNF, which drives the anti-

malaria response of phagocytes, and the regulatory cytokine IL-10, which protects the 

host from excessive immunopathology, have been correlated with severe disease [52-54]. 

However, inflammatory cytokines also promote parasite sequestration by increasing 

expression of adhesion molecules on the vascular endothelium [39].  
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Causal mechanisms leading to brain pathology in human CM cases are 

multifactorial [55, 56]. Despite our incomplete understanding of the mechanisms of 

malaria pathogenesis, it is clear that the immune response causes much of the pathology 

associated with malaria infection [57]. Due to overlapping and synergistic mechanisms 

driving CM pathogenesis, determining the independent contributions of each pathway 

involved presents an ongoing challenge to investigators. The impact of parasite-specific 

factors, such as cerebral sequestration, have been studied in animal models of CM [58-

60]. However, the interplay of inflammation with parasite-dependent factors makes it 

difficult to isolate the effects of organ-specific immune responses and their contribution 

to CM pathogenesis. This has been a historical struggle between investigators since the 

proposal of 2 competing hypotheses over 20 years ago concerning the mechanism of 

neuropathology in CM: the sequestration hypothesis, and the inflammatory/cytokine 

hypothesis.  

 

CHAPTER 2.2:  SEQUESTRATION HYPOTHESIS  

The “sequestration hypothesis” inherited its name from the unique ability of 

Plasmodium-infected RBCs (iRBCs) to adhere to brain endothelial cells within the 

microvasculature and to uninfected RBCs, termed sequestration and rosetting, 

respectively [61]. This sequestration event was believed to be an essential mechanism 

that drives all downstream neuropathology, and was first postulated by Marchiafava and 

Ginami in 1894 [62]. It was thought these adhesive interactions would lead to the 

accumulation of iRBC and RBC aggregates inside the lumen of the blood vessel, 

obstructing blood flow, leading to localized tissue hypoxia and the buildup of toxic waste 

products, thus contributing to neural dysfunction and coma [42, 63]. Sequestration is the 

result of the expression of parasite proteins, P. falciparum erythrocyte membrane protein 

1 (PfEMP-1) in particular, on the surface of iRBCs, which bind host cell-adhesion 
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molecules such as intercellular adhesion molecule 1 (ICAM-1) present on the surface of 

vascular endothelial cells [64, 65]. Some human studies support this idea, as infection 

with specific P. falciparum clones exhibiting brain-sequestering phenotypes correlate 

with a higher incidence of CM compared to non-sequestering P. falciparum clones [66, 

67]. Parasites within the vasculature can promote local cytokine production and 

coagulation. However, the accumulation of lactic acid is often cited as evidence of local 

tissue hypoxia secondary to anaerobic respiration [68]. Available evidence suggests that 

cerebral pathology is in fact not linked to anaerobic glycolysis, but rather to other factors, 

such as decreased oxygen delivery secondary to anemia [69]. The possibility that 

decreased deformability of iRBCs compared to uninfected RBCs leads to increased 

susceptibility for vascular adhesion and plugging has been proposed as well, supported 

by evidence correlating deformability with poorer outcomes and similar effects observed 

in ECM [63]. Finally, several classic studies have shown an association with the density 

of vascular packing with CM disease [70, 71]. 

Despite this evidence, however, some questions remain that have yet to be 

answered by this hypothesis. The logical conclusion following the sequestration 

hypothesis suggests that an increase in the parasite load would increase vascular adhesion 

and blockage, thus, promoting downstream neuropathology. However, although severe 

malaria disease is associated with a higher parasitemia than mild malaria, there is little 

quantitative correlation between parasitemia and mortality in CM cases [72]. Also, the 

assumption that vessel blockage promotes brain pathology secondary to hypoxia is not 

supported by the observation that CM patients recovering from coma lack the same 

degree of permanent sequelae when compared to other ischemic and hypoxic brain 

conditions [73]. Though rare, there have also been reports of neurological symptoms in 

cases of P. vivax infection, which is not believed to exhibit vascular sequestration in the 

brain [74, 75]. Finally, P. falciparum is known to sequester in the microvasculature of 

other organs, such as the lungs, intestines, and heart, without causing apparent pathology 
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[61]. While compelling, the sequestration phenomenon alone lacks the capacity to 

completely explain the entire pathology observed in cases of CM. 

  

CHAPTER 2.3:  INFLAMMATORY/CYTOKINE HYPOTHESIS  

The “inflammatory/cytokine hypothesis” was developed in 1948 by Maegraith 

and suggested that parasites generate a pro-inflammatory environment during infection 

that can elicit organ failure through coagulopathy, endothelial dysfunction, leukocyte 

accumulation, and edema [76, 77]. These changes would lead to microglia activation, and 

astrocyte/neuronal dysfunction, eventually inducing coma in the affected patient. 

Cytokine production was proposed to be initiated through the actions of parasite-derived 

toxins, particularly glycophosphoinositol (GPI) and hemozoin, which we now know 

interact with pattern recognition receptors (PRRs) on innate immune cells to induce pro-

inflammatory cytokines IL-1β, IL-6, TNF, and nitric oxide (NO) [78, 79]. These pro-

inflammatory cytokines would be toxic at the high levels produced during malaria 

infection and directly cause the neuropathological syndrome via immunopathology. The 

role of the parasite was primarily to induce the initial cytokine burst, which would be 

beneficial at promoting parasite killing, but would eventually lead to propagation and 

exacerbation of organ-specific immunopathology in the absence of sufficient regulation.  

Increased production of the pro-inflammatory cytokines TNF and interferon 

(IFN)-γ, leads to upregulation of ICAM-1 on vascular endothelial cells during ECM [80, 

81]. Serum levels of TNF and IFN-γ correlate with CM in humans [80], and there is 

strong evidence in ECM that IFN-γ and lymphotoxin (LT) are required for upregulation 

of ICAM-1 on brain endothelial cells and development of severe disease [82, 83]. 

Furthermore, studies in knockout mice support the role of the inflammatory response on 

the development of severe malarial disease [84]. 
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Additionally, NO is suspected to play an important role in CM pathogenesis via 

its multiple roles in modulating sequestration, inflammation, and coagulation [85, 86]. 

NO is thought to be produced in high amounts during malaria infection and may 

contribute to parasite elimination [87], with the unintended effect of inducing neuronal 

dysfunction in the brain [73]. As a result, NO adjuvants have been proposed in the 

treatment of severe malaria. However, so far there is little evidence of a role for NO in 

Plasmodium killing [88], and there is conflicting data on its benefit, with one report even 

showing a positive correlation between levels of NO found in patient cerebrospinal fluid 

(CSF) with death [89]. 

 However, a key missing piece of the structure supporting the inflammatory 

hypothesis is the source of cytokines behind the BBB in the brain parenchyma.  As few 

leukocytes enter the parenchyma, there is little support for their role in brain-specific 

pathology. As a result, the current inflammatory/cytokine hypothesis, much like the 

sequestration hypothesis, cannot completely account for the pathology observed in CM. 

For example, high levels of systemic pro-inflammatory cytokines can be measured in 

non-lethal malaria infections, such as P. vivax [90], arguing against the sufficient role of 

systemic inflammation as the sole driver for the development of CM. Furthermore, 

immunomodulatory therapeutics aimed at controlling the excessive inflammatory 

response, so far including corticosteroids and anti-TNF/LT antibodies, have failed to 

yield a benefit in treating CM patients [91-93]. However, one study in adult CM patients 

using adjunctive pentoxifylline therapy, which inhibits TNF synthesis, did show 

improvement in coma resolution time and mortality [94]. There are two possible 

explanations as to why monoclonal antibodies to TNF did not prove curative: 1) some of 

the anti-TNF reagents may actually prolong the bioavailability of the cytokine by 

maintaining TNF in circulation, allowing for prolonged systemic effects [91], or 2) the 

amplification of inflammation may be too advanced at the time of presentation of CM 

patients compared to the early stages available for treatment in animal models. The latter 
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is a significant issue for most of the treatment regimens which have proven effective in 

small animal models [95]. Nonetheless, proponents of the inflammatory/cytokine 

hypothesis maintain that it is complementary to the sequestration hypothesis. For 

example, schizogony of parasites adherent in the blood vessels could induce elevated 

local concentrations of pro-inflammatory cytokines, although the exact mechanisms are 

not clear given the paucity of data on local leukocytes. Localized cytokine production 

would lead to downstream detrimental effects on the vasculature, and potentially the 

brain parenchyma, which would not necessarily be measureable in the serum [77]. This 

could be one explanation why some severely-ill patients with P. falciparum CM have 

much lower levels of systemic cytokines compared to uncomplicated P. vivax malaria, 

which does not sequester in the brain.  

Excessive inflammation, promoted by genetic and environmental factors, is likely 

to predispose a malaria patient to neuropathology (and thus development of CM), but is 

likely not the sole cause. Mechanisms of local cytokine production must be more 

thoroughly dissected for an improved understanding of parasite-dependent and 

independent drivers of pathology, such as parasite and leukocyte-mediated obstruction of 

blood flow. An improved understanding of the local lymphoid-organizing structures 

which typically amplify inflammation in specific tissues, but do not appear to be present 

in the brain in this infection, will inform future attempts to control neuro-immuno-

pathology.  
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Chapter 3: Role of coagulation and inflammation in cerebral malaria 

 

CHAPTER 3.1:  COAGULATION ACTIVITY IN MALARIA  

 

Ischemia has been proposed to represent a significant contributor to brain 

pathology in malaria [34, 47, 96]. Vascular obstruction, caused either by sequestered 

parasite or the congestion of activated leukocytes, could inhibit the perfusion and 

subsequent oxygenation of tissues downstream of the blockage, resulting in neural tissue 

hypoxia and dysfunction. However, due to the rapid resolution of coma and lack of long-

term neurological sequelae seen in most CM cases, many investigators remain unsatisfied 

in regards to theories focusing on vascular congestion-mediated pathology as the primary 

driver of brain dysfunction. Rather, there is rising evidence of the importance of 

hemostatic changes in mild disease [97, 98], and an increasing focus on coagulation 

activity in severe malaria [99-101]. Studies have shown that the relative dysfunction in 

the coagulation cascade correlates with severity of malaria disease [99, 102] and 

parasitemia [103]. Furthermore, although increased bleeding is relatively rare in cases of 

severe malaria, disseminated intravascular coagulation (DIC) is associated with malaria 

infection in up to 10% of cases [104]. In many of the other cases, however, it has been 

noted that all of the symptoms of DIC (increased microparticles, platelet accumulation, 

apoptosis, etc.) are present except for a reduced clotting time. It is well known from 

studies of sepsis that organ failure can be associated with elevated coagulation and 

inflammation [105]. 

Evidence of elevated coagulation products has been demonstrated in some studies 

of severe malaria [106, 107], but was not a prominent feature in others [108, 109]. 

Similar contradictory trends have been observed in sepsis reports as well [110]. D-dimer, 

an important clinical marker of coagulation status, is often upregulated in severe malaria 

cases, but lacks in specificity as it is also known to be increased in mild disease [103, 
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111]. However, elevated D-dimer levels are indicative of increased fibrin turnover by 

plasmin, suggestive of a pro-coagulant state. One proposed explanation for the apparent 

discrepancy is that lower levels of coagulation proteins are indicative of functional 

fibrinolysis that occurs during inflammation [112]. Other potential mechanisms involve 

activated immune cells, such as the production of elastase from neutrophils that is known 

to degrade the anti-coagulation protein factor XIII [102], or the upregulation of pro-

fibrinolytic proteins expressed on endothelial cells during CM [113]. Furthermore, the 

parasite itself expresses proteins that can degrade components of the coagulation cascade 

[104, 114]. 

Despite the abundance of evidence suggestive of increased coagulation in severe 

malaria infection [115], standard anticoagulation therapy using heparin has so far proved 

unsuccessful, even given its proven ability to disrupt rosette formation [116] and inhibit 

parasite growth in vitro [117, 118]. As an alternative, some promise has been 

demonstrated in an animal model of pregnancy-associated malaria using low-molecular 

weight heparin (LMWH), which is more specific than unfractionated heparin and has 

decreased hemorrhagic side effects [119]. Studies in sepsis have also demonstrated 

significant interactions between the coagulation cascade and systemic inflammation [120, 

121], suggesting more complex mechanisms are at work than are currently understood. 

Septic shock models using Escherichia coli infection demonstrate the important role that 

tissue factor (TF) plays in regulating the coagulopathy [122, 123], findings also recently 

observed in severe malaria infection [124]. There is a demonstrated link between pro-

thrombotic TF and inflammatory cascades, as TF can be promoted by high levels of TNF 

in severe malaria infection [80, 125]. As a result, modulation of the systemic immune 

response and factors involved in promoting a pro-thrombotic state are likely to be key in 

preventing immunopathology due to excessive, vascular-localized inflammation, such as 

that observed in CM. Anti-coagulation therapy and approaches aimed at reversing 

thrombocytopenia have seen some success in the treatment of experimental sepsis [122, 
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123], so a logical step would be to take the same approach in the management of severe 

malaria infection.   

 

CHAPTER 3.2:  HYPERINFLAMMATORY EXPERIMENTAL CEREBRAL MALARIA 

 

Histopathological studies from fatal CM cases have provided insight into the 

pathologic events that correlate with fatal disease [48-50]. Though more evidence is 

required, a recent striking study on several patients using magnetic resonance imaging 

(MRI) linked evidence of severe cerebral edema with death via compression of the brain 

stem, leading to respiratory failure [40]. Systemic TNF is sufficient for causing vascular 

leakage and edema; however, the causal mechanisms leading to blood-brain barrier 

breakdown and brain swelling in CM cases are not clear. Sequestration is also cited as a 

cause of vascular blockage and edema [51]; however, sequestration as a causation for 

edema has not been demonstrated to date. Fortunately, animal models have been 

developed that share significant similarities to human CM. In Plasmodium berghei 

ANKA-induced ECM infection, pathogenic mononuclear cells accumulate in cerebral 

blood vessels as a result of inflammatory TNF secretion and the upregulation of 

chemokine receptors like C-X chemokine receptor 3 (CXCR3) on T cells [126], and cell-

adhesion molecules such as ICAM-1 on the vascular endothelium [127]. Other studies 

have shown cytotoxic CD8
+
 T cell recruitment, occurring downstream of IFN-γ, can 

directly damage microvascular endothelial cells and contribute to edema [128-131]. 

Though vascular endothelial damage in P. berghei ANKA infection depends on perforin 

and granzyme, it may be independent of direct contact [129, 130, 132].  

In this dissertation, we utilized a hyperinflammatory experimental cerebral 

malaria (HECM) model, using the rodent malaria parasite Plasmodium chabaudi, to 

study the contributions of inflammation, independent of the effects of parasite 

sequestration, to neuropathology. P. chabaudi leads to mild malaria in wild-type (WT) 
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C57BL/6J mice. However, in IL-10-knockout (KO) mice, P. chabaudi infection leads to 

excessive inflammation, cerebral symptoms, and death. The severe syndrome includes 

significantly increased levels of the pro-inflammatory cytokines TNF and IFN-γ [133], 

and lethal disease characterized by cerebral pathology involving gross cerebral edema 

and hemorrhage [134]. Strikingly, there is no significant parasite sequestration in the 

brains of these mice. While a few parasites have been seen in the brain vasculature via 

electron microscopy [135], a thorough examination of the brain using luminescent 

parasites failed to show significant enrichment of parasites in the brain, but only in other 

organs [136].  

The P. chabaudi lifecycle is synchronous, as is P. falciparum infection in humans, 

with schizonts disappearing from the peripheral circulation almost completely. This is 

beneficial to the parasite because it reduces parasite killing in the spleen. Through this 

process, P. chabaudi parasites can be found sequestered in the liver and lungs of mice in 

a partially ICAM-1-dependent manner [137]. However, pathological damage within each 

organ does not necessarily correspond to the degree of organ-specific sequestration of the 

parasite [136], arguing for a more prominent role for inflammation in mediating 

pathology. In support of this, activated immune cells and pro-inflammatory cytokines 

have been implicated in the mortality of IL-10 KO mice infected with P. chabaudi. IL-10 

is required to protect animals from lethal pathology, as it regulates the pro-inflammatory 

cytokines IL-12 and TNF [138]. IL-10 is primarily made by CD4
+
 IFN-γ

+
 T cells in P. 

chabaudi infection, and is downstream of IL-27 [139]. Neutralization of TNF ameliorates 

the severe phenotype, while administration of TGF-β antibodies exacerbates disease 

[133]. IL-10 KO mice lacking IFN-γ receptor signaling are also rescued from mortality, 

even though they exhibit higher levels of parasitemia [140]. This data demonstrate that a 

delicate balance of inflammatory and regulatory cytokines can control development of 

lethal malaria disease. This model provides an opportunity to investigate the effect of 



22 

systemic inflammation, as separate from the effect of parasite sequestration in the brain, 

on neurological damage during malaria infection. 
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RESULTS 

Chapter 4: Behavioral defects and cellular neuroinflammation in 

hyperinflammatory experimental cerebral malaria 

INTRODUCTION 
 

Plasmodium chabaudi, a rodent malaria species, leads to uncomplicated disease in 

wildtype (WT) animals. However, in IL-10-deficient (IL-10 KO) mice, P. chabaudi 

infection leads to lethal disease characterized by cerebral pathology, including gross 

cerebral edema and hemorrhage [134], in the absence of cerebral sequestration [136]. In 

P. chabaudi, sequestration has been documented in several organs, including liver and 

lungs, but adherent parasite is not readily detectable in the brain vasculature [135, 136]. 

On the other hand, there is a strong spike of systemic, pro-inflammatory, TNF at the peak 

of infection that has been shown to cause the lethal pathology in this model [133]. As 

such, it is clear that inflammatory cytokines can promote, and anti-inflammatory 

cytokines protect from, malaria-related pathology in murine models [141-143]. In 

humans, a strong balance of the anti-inflammatory cytokine IL-10 with TNF is also 

known to be critical for control of parasitemia and pathology [144]. 

Neuroinflammation and behavioral changes have not been studied in the lethal 

course of disease in P. chabaudi-infected IL-10 KO animals. Furthermore, the type and 

location of immune cells in the brain are unknown in this model. Therefore, by using the 

SHIRPA behavioral screen, general health, neurological reflexes, and baseline behavior 

were assayed. Multiple deficiencies in these measures were observed in infected IL-10 
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KO mice compared with even the most moribund WT animals. A significant population 

of monocytes were found in the brains of P. chabaudi-infected IL-10
 
KO mice by flow 

cytometry. T cells were also found in the brain, although not at significantly higher levels 

than WT animals. Interestingly, the infiltration of T cells was localized primarily to blood 

vessels and not the brain parenchyma. This study supports the role of brain-localized 

inflammatory leukocytes in promoting lethal malarial pathology and behavioral changes 

in mice infected with P. chabaudi.  
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MATERIALS AND METHODS 
 

MICE 

 

C57BL/6 (WT) and B6.129P2-Il10
tm1Cgn

/J (IL-10 KO) animals (The Jackson 

Laboratory, Bar Harbor, ME) were bred in The University of Texas Medical Branch 

(UTMB) animal care facility. Experimental animals were between 6-12 weeks of age at 

the time of infection. All animals were kept in specific-pathogen free housing with ad 

libitum access to food and water. General health, neurological, and behavioral analyses 

were performed on 16 IL-10
 
KO and 16 wildtype mice (female only) in UTMB’s Rodent 

in Vivo Assessment (RIVA) core facility (directed by Dr. Kelly Dineley) housed within the 

Center for Addiction Research (directed by Dr. Kathryn Cunningham). 

 

PARASITE AND INFECTION 

 

Frozen stocks of Plasmodium chabaudi chabaudi (AS)-infected RBCs (iRBCs) 

(Jean Langhorne, Francis Crick Institute, London, UK) stored at -80°C were thawed and 

injected intraperitoneally (i.p.) into C57BL/6 mice. Parasitemia was assessed by 

preparing thin blood smears stained with Diff-Quik
 
(Siemens Healthcare Diagnostics, 

Newark, DE) and counted using a light microscope. Parasitized blood was diluted in 

Krebs glucose, and normal saline to deliver 10
5
 iRBCs in 200μL i.p. Thin blood smears 

were collected at regular intervals to monitor for peripheral parasitemia. 
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ANIMAL BODY TEMPERATURE AND WEIGHT 

 

Internal body temperature measurements were determined by subcutaneous 

implantation of IPTT-300 temperature transponders and read using a DAS-6007 reader 

system (BMDS, Seaford, DE). Animal weights were measured using an OHAUS CS 200 

portable balance (OHAUS, Parsippany, NJ). 

 

BEHAVIORAL STUDIES 

 

Beginning on day 3 post-infection, throughout the peak of parasitemia (days 9-

11), and up to day 14, all surviving animals were assessed using a modified SmithKline 

Beecham, Harwell, Imperial College, Royal London Hospital, phenotype assessment 

(SHIRPA) protocol [145]. This comprehensive behavioral assessment involves a battery 

of 33 semi-quantitative tests for general health and sensory function, baseline behaviors 

and neurological reflexes. Higher scores are given for measures showing higher 

functional ability. The procedures were carried out in an open testing environment away 

from the home cage, and took 15-20 minutes per animal daily.  

Initially, observation of undisturbed behavior was conducted with the mouse in an 

open-bottomed viewing jar placed on top of a metal grid suspended above a piece of 

white paper for 3 minutes, during which Body Position, Spontaneous Activity, 

Respiration Rate, and Tremor were assessed. Body Position scores ranged from 0 

(completely flat) to 5 (repeated vertical leaping). Spontaneous Activity scores ranged 

from 0 (none) to 4 (rapid/dart movement). Respiration Rate scores ranged from 0 

(irregular) to 3 (hyperventilation). Tremor scores ranged from 0 (important) to 2 (none). 
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At the end of the observation period, the number of fecal pellets and urinary stains 

accumulated on the paper was recorded. Transfer arousal is measured by transferring the 

animal in the jar quickly to a gridded arena (3x5 grid) from ~6-8 inches in the air. The 

immediate reaction is recorded with scores ranging from 0 (no movement) to 6 [126]. 

Locomotor activity is the number of squares entered by all four feet in 30 seconds after 

transfer. Palpebral closure is scored from 0 (eyes closed) to 2 (eyes wide open), and 

piloerection is 0 (present) or 1 (absent). Gait is observed as the animal traverses the arena 

and is scored from 0 (incapacity) to 3 (normal). Pelvic elevation notes the height the 

animal’s pelvis as it moves, and is scored from 0 (markedly flattened) to 3 (elevated). 

Similarly, tail elevation scores range from 0 (dragging) to 2 (elevated). Touch escape 

measures the reaction to a finger stroke, and is scored from 0 (no response) to 3 (escape 

response to approach). Positional passivity records the animal’s response to sequential 

handling, with scores ranging from 0 (no struggle) to 4 (struggles when held by tail). 

Trunk curl is recorded as either 0 (absent) or 1 (present) and limb grasping is either 0 

(absent) or 1 (present), while holding the animal by the tail. As the animal is lowered 

back down to the wire grid, visual placing (how early the animal reaches out for the grid) 

is scored from 0 (none) to 4 (early extension at 25mm). As the animal grips the grid, a 

gentle horizontal pressure is applied to assess qualitative grip strength, scored from 0 

(none) to 4 (unusually strong). Body tone is assessed by compressing the sides of the 

animal between the thumb and index finger, and scored from 0 (flaccid) to 2 (extreme 

resistance). Pinna reflex is observed by ear retraction to the tip of a fine cotton swab, 

recorded as 0 (none) to 2 (repetitive flick). Corneal reflex is measured by lightly touching 

the cornea of the animal with a cotton swab and scored from 0 (none) to 2 (multiple eye 
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blinks). Toe pinch is assessed by gentle compression of a hind foot digit with fine forceps 

to observe the response, scored from 0 (none) to 4 (repeated extension and flexion). Wire 

manuver is assessed by measuring the length of grasp on an inverted wire grid, scored 

from 0 (falls immediately) to 4 (active grip with hind legs). Skin color: 0 (blanched) to 2 

(flushed); heart rate: 0 (slow) to 2 (fast); limb tone as measured by resistance to gentle 

fingertip pressure of the plantar surface of the hind paw, scored 0 (no resistance) to 4 

(extreme resistance); abdominal tone by palpation of the abdomen, scored 0 (flaccid) to 2 

(extreme resistance); lacrimation as 0 (present) or 1 (absent). A small dowel is inserted 

between the teeth at the side of the animal’s mouth to measure salivation, recorded as 0 

(wet zone entire sub-maxillary area) to 2 (none), and provoked biting, recorded as 0 

(present) or 1 (absent). Righting reflex is scored from an upside-down position near the 

surface and observing the responding effort to upright itself upon release, scored from 0 

(fails to right) to 3 (lands on feet). Contact righting reflex is assessed by placing the 

animal inside a plastic restrainer tube and inverting it to assess its ability to sense its 

position and correct, scored as 0 (absent) or 1 (present). Throughout this entire battery of 

tests, vocalization, urination, and general fear, irritability, or aggression were recorded as 

either being 0 (present) or 1 (absent). For analysis, SHIRPA data was pooled from 

infected IL-10
 
KO mice exhibiting fatal symptoms early during the acute phase of 

infection (<12 days post-inoculation) and synchronized to the time of death of the 

individual mouse. Synchronized IL-10 KO SHIRPA scores were compared to the peak of 

infection for C57BL/6J control animals (day 10 post-inoculation). 
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The results obtained using the full SHIRPA screen as described above and 

displayed in Table 1 was used to design an abbreviated SHIRPA, termed “mini-

SHIRPA” screen using only the behaviors that showed the greatest significance between 

WT and IL-10 KO mice at the peak of infection. The parameters included in the mini-

SHIRPA screen are body position, spontaneous activity, palpebral closure, grip strength, 

gait, tail elevation, touch escape, heart rate, and righting reflex. Any mouse that scored 

below a 17 (out of a total score of 22) before day 9 post-infection was sacrificed by 

intracardiac perfusion.  

 

FORELIMB GRIP STRENGTH 

 

Quantitative forelimb grip strength was measured using a Chatillon DFIS-2 digital 

force gauge (Ametek, Largo, FL) measuring maximal grams of resistance by restraining 

the animal at the base of the tail and allowing it to grasp the tension bar whilst pulling 

back gently until the animal released its grip. Resistance was calculated in real-time and 

the maximal resistance achieved by each mouse was averaged. Animals were subjected to 

three trials (with at least 10 minutes of rest between each trial).  

 

TAIL FLICK ANALGESIA 

 

To test for nociceptive pain sensitivity, animals were placed on a tail flick 

analgesia meter (Columbus Instruments, Columbus, OH) and gently restrained. Latency 

to tail flick was recorded as the time (in seconds) required for the mouse to move its tail 
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out of the path of a heat source. Animals were subjected to three trials with no less than 

20 minutes between trials.  

FLOW CYTOMETRY 

 

Mice infected with Plasmodium chabaudi were anesthetized with inhaled 

isoflurane (0.25% - 3%, to effect) or ketamine/dexmedetomidine cocktail (60-75 mg/kg 

K, 0.5-1.0 mg/kg D) i.p. and perfused with 20 mLs PBS via cardiac puncture. Single-cell 

suspensions from brains were made in PBS by pressing through a 70µm cell strainer, 

enriched by collecting the cells at the interface of a 30/70% Percoll overlay (Sigma-

Aldrich, St. Louis, MO), and stained in PBS supplemented with 2% FBS (Sigma-Aldrich) 

and 0.1% sodium azide with anti-CD16/32 (2.4G2) supernatant (BioXCell). This was 

followed by combinations of FITC, PE, PerCP-Cy5.5, PE/cyanine 7 (Cy7), PE/Cy5, 

(allophycocyanin)-, or allophycocyanin/eflour780–conjugated Abs (all from 

eBioscience); CD4-Brilliant Violet 785 (BioLegend, San Diego, CA); Ly5.2 PE, Ly-6C 

FITC, TNF-PE/Cy7 (all from eBioscience), and CD11b-Biotin, followed by Streptavidin-

PE/Cy5. Cells were collected on a LSRII Fortessa using FACSDiva software (BD 

Biosciences, San Jose, CA) and analysed in FlowJo (version 9.7, TreeStar, Ashland, OR). 

Cells were analysed within 1 hour of staining. For intracellular staining of IFNγ and TNF, 

cells were stimulated for 3 hours with PMA/Ionomycin and Brefeldin A for 2 additional 

hours before fixation in 2% paraformaldehyde (Sigma-Aldrich) and permeabilization 

using BD Perm/Wash buffer. Subsequently, cells were incubated with IFNγ-Brilliant 

Violet 605 (BioLegend) and TNF PE/Cy7 (eBioscience) for 40 minutes at 4°C and 

washed. Compensation was performed in FlowJo using single-stained splenocytes (using 
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CD4 in all colors). For presentation, data from three to four mice were concatenated to 

achieve sufficient cell numbers, from which averages and SEM were calculated.  

 

CONFOCAL MICROSCOPY 

 

Infected IL-10 KO and WT animals were injected with 2x10
6
 Cell Trace Violet

+
 

(CTV
+
) CD4 T cells i.p. 3.5 hours before sacrifice, and 40ug of DyLight488 labelled 

Lycopersicon esculentum (Tomato) Lectin i.v. 20 minutes before sacrifice without 

intracardiac perfusion. After 48 hours of post-fixation in 4% paraformaldehyde and 48 

hours of cryo-protection in 30% sucrose, 30μm frozen sagittal sections of mouse brains 

were made using Tissue Freezing Medium (Triangle Biomedical Sciences, Durham, NC), 

mounted on glass slides with fluorescent mounting medium (DAKO, Carpinteria, CA), 

and cover slipped. Confocal images were acquired on a Fluoview 1000MPE system 

configured with an upright BX61 microscope (Olympus, Center Valley, PA). Images 

were analyzed using Olympus Fluoview FV1000-ASW 2.0 Viewer, and ImageJ image 

processing software. 

 

STATISTICS 

 

Where indicated, experiments were analyzed by one-way ANOVA, followed by 

Student’s t-test or Wilcoxon rank-sum test or Wilcoxon signed-rank test for 

nonparametric data, in Prism (GraphPad, La Jolla, CA) and SigmaPlot 12.0 (Systat 

Software, San Jose, CA); SPSS (IBM, Armonk, NY) was used to calculate chi-squared 

formula: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. Error bars represent +/- SEM.  
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RESULTS 
 

Chapter 4.1: IL-10 KO animals exhibit significant behavioral deficits 

P. chabaudi-infected IL-10 KO mice suffered a more severe course of disease 

with decreased survival (females: 6/39, 15.4%; males: 9/20, 45.0%; Figure 1A) and 

significant weight and temperature loss, despite comparable parasitemia to WT animals 

(Figure 1B, C). The majority of IL-10 KO animals succumbed between days 7 and 11 

post-infection. This is comparable to previous studies in P. chabaudi, although mortality 

is increased [140, 146]. While severe anemia is an important cause of death in P. 

chabaudi infection of several strains of mice [147, 148], anemia peaks in both IL-10 KO 

and WT mice at day 10 post-infection [146], and not during the time frame when most 

IL-10 KO animals are succumbing to infection (days 7-9 post-infection, Figure 1D). 

Furthermore, anemia is not an accurate predictor of mortality [133], nor is it correlated 

with percent paresitemia in this model [149]. In order to determine the behavioral 

phenotype of IL-10
 
KO mice infected with P. chabaudi, IL-10

 
KO and WT mice were 

infected with 10
5
 P. chabaudi-infected red blood cells (iRBCs), and a comprehensive 

animal health and behavior assessment was performed daily. The SHIRPA, a rigorous 

and semi-quantitative battery of tests, has revealed significant deficits in animals with P. 

berghei ANKA-induced ECM [150]. During the acute phase of infection (5-14 days post-

infection), IL-10
 
KO mice demonstrated significant deficiencies in many behavioral tests 

when compared to infection-matched WT mice. However, more results of the SHIRPA 

assessment became significant when analyzed at time points closer to death, even when 

compared to WT mice at their most severe state (10 days post-infection). This analysis is 
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shown in Table 1. Deficiencies in each SHIRPA functional domain in infected IL-10
 
KO 

mice were found, suggesting that malaria infection affects a broad array of neurological 

functions. 

 
 

 Figure 1. Female IL-10
 
KO animals succumb to P. chabaudi infection and 

exhibit increased malaria-related pathology. A)  Survival of female and 

male IL-10
 
mice KO and female WT mice inoculated with 10

5
 Pcc-iRBCs 

i.p. and followed for 16 days during the acute phase of infection. 

Statistical significance determined by Log-rank (Mantel-Cox) Test. B) 

Animal weights (in grams) were measured during the peak of infection via 

digital scale. Percent change in weight determined as compared to baseline 

measurement (2 days pre-inoculation). Student’s t-test ***p < 0.001. C) 

Infection-matched female IL-10
-/- 

and WT animals were implanted with 

subdermal temperature-transmitting microchips and monitored daily 

throughout the peak of infection. Student’s t-test **p < 0.01, ***p < 

0.001. D) Slides of thin blood smears from the tail vein were collected and 

stained to measure peripheral parasitemia. Data points and error bars 

represent mean values and +/- SEM, respectively.  
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Day 10 IL-10 KO vs. C57BL/6J 

C57BL/6J <120hr 

 

<96 hr 

 

<72 hr 

 

<48 hr 

 

<24 hr 

 

n=16 n=4 P n=6 P n=5 P n=5 P n=8 P 

Weight 17.8 (1.6) 18.2 (2.7) NS 17.4 (1.9) NS 16.8 (3.1) NS 16.4 (2.3) NS 14.7 (1.9) <0.001* 

Reflex/Sensory Function 

Visual Placing 4 (4/4) 3.5 (3/4) NS 3 (3/4) 0.015* 3 (3/4) 0.039* 3 (3/3.5) 0.005* 3 (3/4) 0.006* 

Pinna Reflex 1 (1/1) 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 

Corneal Reflex 1 (1/1) 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 

Toe Pinch 4 (4/4) 4 (4/4) NS 4 (4/4) NS 4 (4/4) NS 4 (4/4) NS 4 (4/4) NS 

Righting Reflex 3 (3/3) 3 (3/3) NS 3 (3/3) NS 3 (3/3) NS 3 (2.5/3) NS 3 (1/3) 0.018* 

Cont. Right. Reflex 1 (1/1) 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 

Neuropsychiatric State 

Spontaneous Activity 2 (2/2) 2 (2/2) NS 2 (2/2) NS 2 (1/2) 0.012* 1 (1/2) 0.001* 1 (1/1.5) <0.001* 

Transfer Arousal 5 (5/5) 5 (4.25/5) NS 5 (4/5) NS 5 (4.5/5) NS 3 (2.5/5) 0.017* 2 (2/4.5) <0.001* 

Touch Escape 2 (2/2) 2 (2/2) NS 2 (2/2) NS 2 (1.5/2) NS 2 (2/2) NS 2 (1/2) 0.005* 

Posit. Passivity 4 (4/4) 4 (4/4) NS 4 (4/4) NS 4 (4/4) NS 4 (4/4) NS 4 (4/4) NS 

Provoked Biting 0 (0/0) 0 (0/0) NS 0 (0/0) NS 0 (0/0) NS 0 (0/0.5) NS 1 (0/1) 0.001* 

Fear 1 (1/1) 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 0 (0/1) 0.001* 0 (0/1) <0.001* 

Irritability 1 (1/1) 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (0.5/1) NS 

Aggression 1 (1/1) 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 

Vocalization 1 (1/1) 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (0/1) NS 0 (0/0.5) 0.002* 

Motor Behavior 

Body Position 4 (3/4) 4 (4/4) NS 4 (4/4) NS 3 (3/3.5) NS 3 (3/3.5) NS 3 (3/3.5) 0.043* 

Tremor 2 (2/2) 2 (2/2) NS 2 (2/2) NS 2 (2/2) NS 2 (1/2) 0.012* 2 (1/2) 0.005* 

Locom. Activity 6.2 (4.9) 8.8 (5.4) NS 14.3 (8.2) 0.009* 8.6 (4.8) NS 4.2 (2.8) NS 3.7 (1.9) NS 

Pelvic Elevation 2 (2/2) 2 (2/2) NS 2 (2/2) NS 2 (2/2) NS 2 (2/2) NS 2 (1.5/2) NS 

Gait 3 (3/3) 3 (3/3) NS 3 (3/3) NS 3 (3/3) NS 3 (2/3) 0.012* 3 (1.5/3) 0.005* 

Tail Elevation 1 (1/1) 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (0/1) 0.018* 

Trunk Curl 1 (1/1) 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 

Limb Grasping 1 (1/1) 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 

Wire Maneuver 4 (4/4) 4 (4/4) NS 4 (4/4) NS 4 (4/4) NS 4 (4/4) NS 4 (2/4) 0.018* 

Negative Geotaxis 4 (4/4) 4 (4/4) NS 4 (4/4) NS 4 (4/4) NS 4 (4/4) NS 4 (0/4) 0.018* 

Autonomous Function 

Resp. Rate 3 (2/3) 2 (2/2) 0.034* 2 (2/2) 0.012* 3 (2/3) NS 2 (2/3) NS 2 (2/3) NS 

Feces 1.3 (1.6) 2.0 (0.8) NS 1.0 (1.5) NS 0.2 (0.4) NS 0.4 (0.5) NS 0.4 (1.0) NS 

Urine 0 (0/0) 0 (0/0) NS 0 (0/0) NS 0 (0/0) NS 0 (0/0) NS 0 (0/0) NS 

Palpebral Closure 2 (2/2) 2 (2/2) NS 2 (2/2) NS 2 (1.5/2) NS 2 (1/2) 0.012* 2 (1/2) 0.005* 

Piloerection 0 (0/0.75) 1 (1/1) 0.009* 1 (1/1) 0.002* 1 (0/1) NS 0 (0/1) NS 0 (0/1) NS 

Skin Color 1 (1/1) 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (0/1) NS 

Heart Rate 2 (1.25/2) 1 (1/1) 0.009* 1 (1/1) 0.002* 1 (1/2) NS 1 (1/1.5) 0.035* 1 (1/1) 0.002* 

Lacrimation 1 (1/1) 1 (1/1) NS 1 (1/1) NS 1 (0.5/1) NS 1 (0/1) 0.012* 1 (0/1) 0.005* 

Salivation 1 (0/2) 0 (0/0.75) NS 0.5 (0/1) NS 1 (0/2) NS 1 (0/2) NS 2 (2/2) 0.015* 

Temperature 36.4 (0.9) 38.5 (0.2) 0.019* 38.7 (0.3) 0.011* 37.9 (0.3) 0.031* 35.5 (3.1) NS 33.4 (2.9) 0.021* 

Muscle Tone and Strength 

Grip Strength 3 (3/3) 3 (3/3) NS 3 (3/3) NS 3 (3/3) NS 3 (2.5/3) NS 2 (1.5/3) <0.001* 

Body Tone 1 (1/1) 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (0.5/1) NS 

Limb Tone 2 (2/2) 2 (2/2.75) NS 2 (2/3) NS 2 (2/3) NS 2 (2/3) NS 2 (2/2) NS 

Abdominal Tone 1 (1/1) 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 1 (1/1) NS 
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Table  1. P. chabaudi-infected IL-10
 
KO mice show impaired performance in 

the SHIRPA assessment. Compiled from 2 independent experiments, 

female IL-10
 
KO mice (n=11) and WT mice (n=16) were inoculated with 

10
5
 Pcc-iRBCs i.p. and followed for 10-14 days during the acute phase of 

infection in which the SHIRPA comprehensive behavioral assessment was 

performed daily. SHIRPA data was pooled from infected IL-10
-/- 

mice 

exhibiting fatal symptoms early during the acute phase of infection (<12 

days post-inoculation) and synchronized to the time of death of the 

individual mouse. Synchronized IL-10 KO
 
SHIRPA scores were compared 

to the peak of infection for WT control animals (day 10 post-inoculation). 

Data shown are median (lower/upper quartile) or mean (+/- SD) where 

appropriate. Statistical significance determined by Rank Sum Test or 

Student’s t test (p<0.05). Significant values are starred and displayed in 

bold font. Categories adapted from [150]. 

 

Locomotor activity is measured as the number of squares on a grid traversed by 

mice exploring a new environment, and has been used as a surrogate measure of non-

specific sickness behavior in P. berghei ANKA infection [151]. This activity decreased 

similarly between groups, until day 7 post-infection, from which time on there was a non-

significant trend for surviving IL-10 KO animals to move less (Figure 2A). A decrease in 

spontaneous activity was specific to the IL-10 KO group, and was reduced beginning 

eight days post-infection (Figure 2B). Furthermore, forelimb grip strength and 

nociceptive pain sensitivity, measures of motor and pain-sensing neural activity, in 

infected IL-10 KO mice became significantly different from WT mice on days 8 and 14 

post-infection, respectively (Figures 2C, D). Evaluation of fine motor coordination 

revealed transient deficits in IL-10 KO mice that resolved later in the post-infection 

recovery period (Figure 3). The results obtained using the full SHIRPA screen was used 

to design an abbreviated SHIRPA test, termed “mini-SHIRPA”, using only the behaviors 

that showed the greatest significance between WT and IL-10 KO mice at the peak of 

infection. The expected score of a healthy, uninfected IL-10 KO or WT mouse adds up to 

22, whereas an infected mouse that succumbs to infection shows a decreased score before 
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Figure 2. IL-10
 
KO mice exhibit impaired general health, neurological reflexes 

and baseline behavioral measures during P. chabaudi infection. As 

part of the comprehensive SHIRPA behavioral assessment in infection-

matched IL-10
 
KO and C57BL/6J WT control mice, A) locomotor activity 

was measured by allowing the mice to explore a novel grid enclosure for 

30 seconds. The number of squares traversed by all four feet was 

measured within the allotted time. B) Spontaneous activity was measured 

by observing the mouse within an enclosed environment for 2 minutes. 

Scores ranged from 0 (no activity, resting) to 4 (extremely vigorous, 

rapid/dart movement), with the baseline score being 2 (vigorous scratch, 

groom, moderate movement). C) Animal forelimb grip strength was tested 

using a digital force-gauging apparatus measuring maximal grams of 

resistance. Animals were subjected to 3 trials (with at least 10 minutes of 

rest between each trial). D) Nociceptive pain sensitivity was tested by a 

tail flick analgesia apparatus to measure the latency of tail removal from a 

nociceptive stimulus. Student’s t-test (A, C, D) or Rank Sum Test (B) *p 

<0.05, **p < 0.01, ***p < 0.001. Data points and error bars represent 

mean values and +/- SEM, respectively. 
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death (Figure 4A). A score of 17 was selected as the predictive endpoint based on 

statistical analysis using the chi-squared test that determined any P. chabaudi-infected 

IL-10 KO mouse that scores below a 17 on the mini-SHIRPA screen before day 9 post-

infection has a statistically significant chance of succumbing to infection with an odds 

ratio of 23.7 (95% CI: 4.0-126.0). Although 2 out of 49 mice that were predicted to die 

actually survived, the mini-SHIRPA screen was rapid and highly predictive of outcome, 

as the scores of mice that died during infection were statistically lower compared to mice 

that survived (Figure 4B). In summary, IL-10 KO mice infected with P. chabaudi 

develop behavioral and functional deficiencies across all categories of the SHIRPA 

assessment, suggesting damage across several brain areas, including the circuitry 

underlying locomotor activity, strength, and analgesia. 

Chapter 4.2: Increased cerebral CD11b+ immune cells and microglia activation 

In order to identify the cellular populations present in the brains of IL-10 KO 

mice infected with Plasmodium chabaudi, single-cell suspensions from perfused brains 

were prepared for flow cytometry. During the acute phase of infection (7-9 days post-

infection), lymphocytes (CD45
hi

, CD11b
-
), monocytes/macrophages (CD45

hi
, CD11b

+
), 

microglia (CD45
int

, CD11b
+
), and non-hematopoietic cells (CD45

-
, CD11b

-
) were 

detected. There was a significant increase in the fraction of cells in the 

monocyte/macrophage gate in infected animals (from 0.84% in uninfected to 1.45% in 

WT), with the IL-10 KO group increasing the most (2.40%, Figure 5A). Within the 

monocyte/macrophage gate, migrating “inflammatory monocytes” (CD11b
+
, Ly6C

+
, 

MHC-II
+
) were distinguished from the rest of the macrophage population. Migratory 

monocytes were increased in the brains of infected IL-10
 
KO animals (Figure 5B). 

CD11b
+
Ly6C

-
MHC-II

+
 macrophages, which include resident and some migratory  
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Figure 3. Motor learning, balance, and motor coordination decreased in IL-10 

KO animals during the recovery phase of infection. Rotating rod 

examination was performed on surviving female IL-10 KO mice A) 41-43 

days post-innoculation (n=5) and B) 111-113 days post-innoculation (n=3) 

compared to infection matched WT controls (n=8). Latency time defined 

as the amount of time (in seconds) for the animal to fall off the rod after 

initiating rotation. Experiments were performed in triplicate trials with an 

inter-trial interval of no less than 30 minutes for 3 consecutive days. 

Student’s t-test *p < 0.05. 

 
 

Figure 4. mini-SHIRPA screen predicts worse outcomes in P. chabaudi-infected 

IL-10 KO mice. A) Representative experiment showing mini-SHIRPA 

scores of infected male IL-10 KO mice grouped by eventual outcome 

(survived = blue, n= 6; died = black, n= 5).  B) Graph showing 

contatenated data from multiple experiments. Infected IL-10 KO mice 

grouped according to eventual outcome, y-axis shows the lowest mini-

SHIRPA score of individual mice before day 9 post-infection (n = 48). 

Wilcoxon signed rank test ***p <0.001. 
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Figure 5. Brains from IL-10
 
KO animals show increased CD11b

+
 immune cell 

trafficking and MHC-II upregulation during P. chabaudi infection. 
Compiled from multiple independent experiments, cells were isolated 

from PBS-perfused brains of female IL-10
 
KO and WT mice 7-9 days 

post-infection A) Representative FACS plots showing CD11b
+
CD45

hi
 

immune cells in the brain expressing Ly6C and MHC-II. B) Total percent 

and number of Ly6C
-
MHC-II

+
 tissue macrophages and of Ly6C

+
MHC-II

+
 

inflammatory monocytes within the CD11b
+
CD45

hi
 gate. C) Histogram 

and % positive proportion of MHC-II expression and on CD45
hi

CD11b
+
 

immune cells. Histogram colors: Uninfected WT
 
(Grey); day 7 and day 9 

post-infection WT (Blue); day 7-9 post-infection IL-10 KO (Red). I= 

Infected, U= Uninfected. Student’s t-test *p < 0.05, **p <0.01, ***p 

<0.001. 

macrophages, were also increased in both infected WT and IL-10 KO groups. However, 

the numbers of Ly6C
-
 macrophages in brains of infected IL-10 KO animals were greater 

compared to infection-matched WT animals and uninfected controls. Furthermore, MHC-

II expression was found to be upregulated on the entire CD45
hi

CD11b
+
 

monocyte/macrophage population compared to WT infected and uninfected controls, 

suggesting activation (Figure 5C). In addition, microglia (CD45
int

, CD11b
+
) in the brains 

of infected IL-10 KO mice also showed increased expression of MHC-II (Figure 6). An 

increase in peripheral immune cell populations and the activation state of resident 
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microglia suggests cellular infiltration in the brains of IL-10 KO mice infected with P. 

chabaudi. 

 

Chapter 4.3: IFN-γ-producing T cells in the brain 

As T cells have been implicated in the pathogenesis of ECM [152-154], and the 

death of P. chabaudi-infected IL-10
 
KO mice [139], infiltrating CD4

+
 and CD8

+
 T cells 

were specifically stained within the lymphocyte gate (CD45
hi

, CD11b
-
, Thy1 (CD90)

+
) 

(Figure 7A). Staining B cells with CD19 identified a minority of animals with B cells in 

the brain as well (data not shown). Some IL-10 KO animals had an increased number of 

CD4
+
 and CD8

+
 T cells in the brain, however it was not found to be significantly 

different from WT or uninfected controls (Figure 7B). Almost all of the T cells present 

within the brains of infected WT and IL-10 KO mice expressed IFN-γ. Importantly, 

CD4
+
 T cells in IL-10 KO mice expressed much higher levels of IFN-γ per cell than 

CD8
+
 T cells (Figure 7C). As the brains were perfused, these cells could be adherent to  

the vascular endothelium or infiltrating the brain parenchyma. Therefore, it is important 

to define their localization to determine the function that these cells may play in the 

pathogenesis of severe malaria. 

 

Chapter 4.4: CD4+ T cells exhibit intravascular localization 

To investigate the localization of potentially pathogenic CD4
+
 T cells relative to the 

vasculature, CellTrace Violet
+
 (CTV

+
) polyclonal CD4

+
 T cells were transferred from 

infection-matched (day 7 post-infection) IL-10 KO donors, and injected with Tomato 

lectin, which stains glycoproteins localized to the vascular endothelium. Adoptively 
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Figure 6. Brains from IL-10 KO animals show increased microglia activation 

during P. chabaudi infection. Compiled from multiple independent 

experiments, cells were isolated from PBS-perfused brains of female IL-

10 KO and C57BL/6J WT mice 7-9 days post-infection. Mean fluorescent 

intensity (MFI) and histogram of MHC-II expression on resident microglia 

cells (CD11b
+
CD45

int
). Histogram colors: Uninfected WT

 
(Grey); day 7 

and day 9 post-infection WT (Blue); day 7-9 post-infection IL-10 KO 

(Red). I= Infected, U= Uninfected. Student’s t-test *p < 0.05, **p <0.01. 

 

transferred cells were visualized by confocal microscopy. The vast majority of T cells 

remained within the brain vasculature, as opposed to invading the parenchyma (Figure 

8). Upon closer inspection, the T cells that appeared to localize to the parenchyma 

displayed several anomalies (multiple fluorescent staining, out of focus), that decrease 

their likelihood of representing true transendothelial migration. Thicker brain sections 

were also observed with multiphoton microscopy, confirming localization of CD4
+
 T 

cells in the vasculature (data not shown). Additionally, multi-organ failure was ruled out 

in IL-10 KO mice as there were no significantly different pathological changes found in 

internal organs compared to WT (Figure 9). In conclusion, CD4
+
 T cells that are 

responsible for lethal pathology in P. chabaudi-infected IL-10 KO mice do not infiltrate 

the parenchyma, but remain within the blood vessels supplying the brain. 
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Figure 7. Mice have IFN-γ-producing T cells in the brain during P. chabaudi 

infection. Compiled from two independent experiments, cells were 

isolated from PBS-perfused brains of female IL-10 KO and WT mice 7-9 

days post-infection. A) Representative FACS plots showing CD11b
-

CD45
hi

 immune cells in the brain, gated on the Thy1.2
+
 population, then 

CD4 and CD8a. B) Total cell numbers of CD4 and CD8 T cells within the 

CD11b
-
CD45

hi
/Thy1.2

+
/CD4

+
 or CD11b

-
CD45

hi
/Thy1.2

+
/CD8

+
 gate, 

respectively. C) Histograms showing the expression of IFN-y in CD4
+
 and 

CD8
+
 T cells. Right panel: MFI of IFN-y-expressing T cells in infected 

mice and uninfected controls. Percent positive proportion of infected IL-

10
-/- 

mice shown. Histogram colors: Uninfected IL-10 KO (Grey); day 7 

and day 9 post-infection WT (Blue); day 7-9 post-infection IL-10 KO 

(Red). I= Infected, U= Uninfected. 
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Figure 8. CD4
+
 T cells exhibit intravascular localization in IL-10 KO animals 

infected with P. chabaudi. A 30μm sagittal section of a female IL-10 KO 

brain 8 days post-inoculation with 10
5
 Pcc-iRBCs i.p. Animals were 

injected with 2x10
6
 CTV

+
 CD4 T cells i.p. 3.5 hours before sacrifice, and 

40ug of DyLight488 labelled Lycopersicon esculentum (Tomato) Lectin 

i.v. 20 minutes before sacrifice without perfusion. Left panel: Confocal 

image of an adoptively transferred CTV
+
 CD4

+
 T cell located in the 

Lectin
+
 microvasculature of the KO brain. Right panel: Quantitation of 

adoptively transferred CTV
+
 CD4 T cells found inside or outside Lectin

+
 

blood vessels within the KO brain. Imaging performed using a 20X 

objective with 4X digital zoom to visualize individual T cells within 

microvasculature. 
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Figure 9. IL-10 KO mice do not die of multi-organ failure. Representative images 

from 2 independent experiments. WT and IL-10 KO mice were infected 

with 10^5 Pcc-iRBCs i.p. and monitored during the peak of infection. 

Upon severe morbidity, IL-10 KO mice were perfused with PBS and 10% 

Formalin via intracardiac injection. WT mice were sacrificed at the peak 

of infection (d10). Organs were harvested and left in 10% Formalin for 48 

hours, before being paraffin-embedded, sectioned to 5µm, and stained 

with H&E. 
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DISCUSSION AND CONCLUSIONS 

 

In this study, behavioral and immunological outcomes of P. chabaudi infection in 

IL-10 KO animals were assessed. The goal was to identify the cellular immune 

populations associated with the neurological syndrome and the fatal phenotype [133, 140, 

146]. While brain pathology has been well-documented in this model [133], behavioral 

assessments have not been performed to confirm that infection had severe effects on 

general health, neurological reflexes, and baseline behaviors in IL-10 KO mice infected 

with P. chabaudi. Trafficking immune cell populations found in the brain also had not 

been investigated by flow cytometry or confocal microscopy. 

Behavioral studies in the P. berghei ANKA model have established a correlation 

between the deterioration in motor skills and neuromuscular function with 

histopathological changes associated with ECM [150, 151, 155]. Mice infected with P. 

berghei ANKA and evaluated with the SHIRPA exam showed early indications of 

neurological consequences via impairment in reflex and sensory functions, along with 

neuropsychiatric state [150]. As the disease progressed, multiple parameters became 

significantly different in mice suffering from ECM versus non-cerebral control mice, 

which also correlated with mean size of brain hemorrhage [150]. In the present study of 

animal behavior during P. chabaudi infection of IL-10 KO mice, an association of 

decreased function with fatal disease was observed. The main finding here was that at the 

peak of illness, wildtype animals performed better on virtually all behavioral tests than 

the IL-10 KO mice 24 hours prior to death. Thus, deficiencies in functional behavior 

domains may serve as early indicators of severe disease as some of these categories were 

decreased even earlier than 48 hours prior to death (Table 1). The behavioral findings in 
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this study are very similar to findings in P. berghei ANKA infection [150], suggesting 

brain involvement in the lethal  pathology of P. chabaudi-infected IL-10 KO mice. Using 

this model, Brugat et al. have also shown indications of pathology in the liver and lungs, 

with concomitant sequestration in these organs. In addition, kidney pathology is present, 

however, there is no evidence of sequestration in the kidney, suggesting sequestration is 

not always the primary cause of organ pathology in this model [136]. Infected IL-10 KO 

mice show an increase in diagnostic markers of kidney damage and leukocyte trafficking 

to the lungs. These indications are seen in cases of multiple organ failure caused by 

severe malaria infection [156-158]. Liver failure is also observed in infection of the 

susceptible mouse strain DBA/2 [159], which is mirrored in BALB/c mice lacking 

expression of heme oxygenase-1 (HO-1, Hmox1 KO) [160], a free heme-catalyzing 

enzyme under the regulation of IL-10 that has been shown to be important in the 

pathogenesis of ECM and human CM [161, 162]. The role HO-1 plays in the 

pathogenesis of severe malaria in IL-10 KO mice infected with P. chabaudi has yet to be 

studied. While there are similarities between this model and ECM, the exact cause of 

death in IL-10 KO mice is unclear. Therefore, it is important that these findings 

demonstrate a significant peripheral immune infiltration of the central nervous system 

(CNS) vasculature, correlating with neurological and behavioral deficits. Given the lack 

of correlation of sequestration with all organ damage, and given that the mortality of 

infected IL-10 KO mice can be prevented with neutralization of TNF [133, 159], 

symptoms in this model are likely attributable to inflammation versus other features 

downstream of parasite biomass.  
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P. chabaudi infection in IL-10 KO mice results in vascular leakage and 

hemorrhage [134], which is also observed in P. berghei ANKA infection [163]. This 

pathological finding has been linked to the accumulation of cytotoxic CD8
+
 T cells in the 

cerebral microvasculature [128, 130]. The presence of microvascular hemorrhages and 

cerebral edema in human CM cases is correlated with adverse outcomes and death [28, 

40]. The trafficking of pathogenic T cells and their involvement in mediating ECM is 

pertinent in our model, as it has been shown that selective deletion of IL-10 from T cells 

recapitulates the fatal phenotype observed in IL-10 KO mice [139]. However, it is not 

known at what anatomical sites these cells are lethal. Non-Treg IFN-γ
+
 CD4

+
 T cells were 

identified as the primary producers of IL-10 in that study, as well as in lethal P. yoelii 

infection [164]. 

In order to characterize the cellular infiltrate, cell populations in the perfused 

brain tissue of P. chabaudi-infected IL-10
 
KO mice were identified by flow cytometry. 

Significant increases in macrophages (CD45
+
CD11b

hi
) of two distinct types were 

observed in IL-10 KO animals compared to infection-matched WT animals. 

Inflammatory monocytes (CD11b
+
Ly6C

+
) were identified as well as tissue-resident 

(CD11b
+
Ly6C

-
) macrophages, though these are also likely to include maturing 

infiltrating cells [165]. A significant increase in activation of microglia was also 

measured, suggesting that either cytokines, or contact with other activated cell types, are 

affecting glial cells, which are an integral part of the brain parenchyma and act as the first 

line of defense in the CNS. 

In this study, CD4
+
 T cells were found in perfused brains, suggesting that they are 

either adherent or have infiltrated into the brain parenchyma. We further show by 
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confocal microscopy that they are located within the brain vasculature of infected IL-10 

KO mice. T cells in the brain were also shown to make IFN-γ, clearly demonstrating that 

pathologic lymphocytes traffic to the brain vasculature where they could contribute to the 

decrease in functional behavior witnessed in IL-10 KO mice infected with P. chabaudi. 

Furthermore, this suggests that infiltration of pathological immune cells may not be 

necessary to affect neurological function. Further supporting this interpretation, mice 

infected with the mild parasite Plasmodium chabaudi adami also transiently 

demonstrated behavioral defects, generalized microglial activation, and decreased 

neurogenesis despite the absence of gross cerebral vascular leakage [166]. Additionally, 

P. chabaudi adami-infected animals displayed elevated levels of pro-inflammatory 

cytokines in brain tissue during the peak of infection (day 9 post-infection), which 

resolved during the recovery phase (day 15 post-infection) [166]. These data, together 

with the present study, suggest that while relatively mild levels of inflammation may 

result in transiently altered behavior, a certain threshold is required to enact irreparable 

damage and eventual death. 

Infection of IL-10 KO mice with P. chabaudi induces a fatal malarial disease 

characterized by increased mortality, severe neurological and behavioral deficits, 

elevated numbers of IFN-γ
+
 T cells and macrophages adherent within the brain 

vasculature, and activated microglia, suggestive of elevated neuroinflammation. This 

study adds to the growing knowledge suggesting an integral role of inflammation in 

neuronal damage and downstream behavioral effects observed in malaria infection. These 

findings contribute to the current understanding of the etiologies of cerebral pathology 

and neurocognitive deficiencies in malaria infection.  
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Chapter 5: Thrombosis and astrocyte activation ameliorated by TNF 

and anticoagulation therapy in hyperinflammatory experimental 

cerebral malaria 

INTRODUCTION 

 

Causal mechanisms leading to brain pathology in human CM cases are 

multifactorial [55, 56]. Despite our incomplete understanding of the mechanisms of 

malaria pathogenesis, it is clear that the immune response causes much of the pathology 

associated with malaria infection [57]. Due to overlapping and synergistic mechanisms 

driving CM pathogenesis, determining the independent contributions of each pathway 

involved presents an ongoing challenge to investigators. The impact of parasite-specific 

factors, such as cerebral sequestration, has been studied in animal models of CM [58-60]. 

However, the interplay of inflammation with parasite-dependent factors makes it difficult 

to isolate the effects of organ-specific immune responses and their contribution to CM 

pathogenesis. 

Here, we continued to utilize the HECM model to isolate the possible 

contributions of inflammation to severe disease from parasite sequestration. We recently 

defined a set of pathological behavioral phenotypes indicative of neurological and 

cognitive dysfunction in this model [167], distilled into the mini-SHIRPA test described 

in Chapter 4. The mini-SHIRPA was used here to identify animals that were moribund 

due to neurological inflammation, as opposed to anemia developed at later timepoints. 

Interestingly, despite lacking infiltration of inflammatory cells into the parenchyma, 

increased activation of microglia, a monocyte-related lineage derived from the yolk sac 
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during development, was observed in the brains of IL-10 KO mice infected with P. 

chabaudi by flow cytometry [167]. This prompted the question of how the inflammatory 

cells and cytokines within the vasculature could direct parenchymal activation and 

behavioral consequences suggestive of neuropathology. 

The aim of this study was to investigate the localization of vascular leukocytes in 

relationship to glial cell activation in the brains of P. chabaudi-infected IL-10
 
KO mice. 

These studies support the contributions of cytokines, intravascular coagulation, and 

leukocytes confined within the brain vasculature to pathological glial cell activation in 

malaria infection. 
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MATERIALS AND METHODS 
 

MICE 

 

Mice were maintained according to the Materials and Methods found in Chapter 4. 

 

PARASITE AND INFECTION 

 

Parasite and infection of P. chabaudi chabaudi (AS) was carried out according to the 

Materials and Methods found in Chapter 4. 

 

ANIMAL BODY TEMPERATURE AND WEIGHT 

 

Internal body temperatures were assessed daily during infection using rounded stainless 

steel rectal probes and a BIO-TK8851 digital rodent model thermometer (Bioseb, Pinellas 

Park, FL). Probes were sanitized with Cavicide (Metrex Research Corp., Romulus, MI) 

between each use. Animal weights were measured according to the Materials and 

Methods found in Chapter 4. 

 

ANIMAL BEHAVIOR EVALUATION 

 

Beginning on day 5 post-infection, daily assessments were performed on all animals 

using an abbreviated version of the modified SmithKline Beecham, Harwell, Imperial 

College, Royal London Hospital, phenotype assessment (SHIRPA) protocol [145], as 

described in Chapter 4. 
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IMMUNOHISTOCHEMISTRY 

 

Immunofluorescence of cryosections was examined after 48 hours of post-fixation of 

mouse brains in 4% PFA and 72 hours of cryo-protection in 30% sucrose. Fixed frozen 

sagittal sections (30μm) were made using Tissue Plus® Optimal Cutting Temperature 

Compound (Fisher Healthcare, Houston, TX) and mounted on glass slides with 

Fluoromount mounting medium (Novus Biologicals, Littleton, CO). Sections were 

incubated overnight at 4C with primary antibodies rabbit anti-Fibrinogen (catalogue #: 

A0080, Agilent Technologies, Carpinteria, CA), rat (clone 2.2B10, catalogue #:13-0300, 

Thermo Fisher Scientific, Waltham, MA) or rabbit (catalogue #: Z0334, Agilent 

Technologies, Carpinteria, CA) anti-GFAP, mouse anti-CD11b biotin  (clone M1/70, 

catalogue #: 13-0112-85, eBioscience, San Diego, CA), rat anti-CD45 biotin (clone 104, 

catalogue #: 13-0454-85, eBioscience, Sand Diego, CA). Secondary antibodies used were 

goat anti-rat AlexaFluor-488 (catalogue #:A11006, Thermo Fisher Scientific, Waltham, 

MA) and goat anti-rabbit AlexaFluor-568  (catalogue #:A11011, Thermo Fisher 

Scientific, Waltham, MA). Streptavidin-FITC (catalogue #: 11-4317-87, eBioscience, 

San Diego, CA) was used as a tertiary step for biotinylated antibodies. CellTrace Violet 

(catalogue #:C34557, Thermo Fisher Scientific, Waltham, MA)-labelled CD4 T cells 

were adoptively transferred into IL-10 KO mice for later co-localization with brain 

vasculature after i.v. perfusion with DyLight488-labelled tomato lectin (catalogue #: DL-

1174, Vector Laboratories, Burlingame, CA). For detection of hypoxic cells, infected IL-

10 KO and WT mice, and uninfected IL-10 KO control mice were given pimonidazole 

HCl i.p. 90 minutes before sacrifice and perfused with PBS and 4% PFA. 30-micrometer 

sagittal brain sections were stained with Zenon Alexa-fluor 488-labelled anti-
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pimonidazole antibodies that detect protein-pimonidazole adducts that form during 

periods of low-oxygen tension (pO2 less than 10mm Hg). 

 

CELL AND IN VIVO LABELING 

 

Some infected IL-10
 
KO and WT animals were injected with CTV

+
 CD4 T cells, and 

DyLight488 labelled Lycopersicon esculentum (Tomato) as described in the Materials 

and Methods in Chapter 4. 

 

ANTI-TNF ANTIBODY AND ENO TREATMENT 

 

Mice receiving anti-TNF antibody (clone XT3.11, Bio X Cell, West Lebanon, NH) were 

treated with 0.2µg/day for 5 days starting on day 5 post-infection (days 5-9). Untreated 

mice received isotype rat IgG1 as a control. Mice receiving LMWH (Lovenox, 

enoxaparin sodium injection, 30mg/0.3ml, Sanofi-Aventis, Bridgewater, NJ) were given 

1000IU/kg i.p., twice a day (every 12 hours), starting on day 4 post-infection until day 

12. Untreated mice received saline as a control. 

 

CLARITY AND OPTICAL CLEARING 

 

Fixed brain sections (IL-10 KO and WT) were subjected to the passive CLARITY optical 

clearing method [168] for large-scale labeling and imaging. In brief, mice were 

anaesthetized and perfused transcardially with a mixture of 4% (wt/vol) PFA, 4% 

(wt/vol) acrylamide, 0.05% (wt/vol) bis-acrylamide, 0.25% (wt/vol) VA044 (hydrogel 
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solution) in PBS. Brains were extracted and incubated in hydrogel solution at 4˚C for 3 

days. Solution temperature was then increased for 3 hours to 37˚C to initiate 

polymerization. Hydrogel embedded brains were sectioned into 2mm- thick sagittal 

sections and placed in clearing solution (sodium borate buffer, 200 mM, pH8.5) 

containing 4% (wt/vol) SDS) for 3 weeks at 40˚C under gentle agitation. After 

immunostaining, samples were optically-cleared using increasing serial concentrations 

(10-100%) of 2,2′-thiodiethanol (TDE) in Milli-Q water (EMD Millipore, Darmstadt, 

Germany) to achieve optimal refractive index matching with tissue.  

 

MICROSCOPY  

 

Fixed cryosections (30 µm thickness, fluorescent or confocal microscopy) or fixed, 

CLARITY-processed sections (2mm thickness, two-photon confocal microscopy) were 

imaged with a Nikon Eclipse 80i epifluorescence microscope, a Fluoview 1000MPE 

system configured with an upright BX61 microscope (Olympus, Center Valley, PA), or a 

custom Prairie Ultima IV (Prairie Technologies/Bruker, Middleton, WI) upright 

microscope. For two-photon microscopy, a 10X 0.3 N.A. objective (UPLFL10X, 

Olympus) and a 25X 1.05 N.A. super-objective (XLSLPLN25XGMP, Olympus) were 

used for image collection. Illumination for excitation of fluorescence was provided by a 

femtosecond laser (Mai Tai, SpectraPhysics, Santa Clara, CA) tuned to 800 nm. 

Fluorescence was collected using a 2-photon standard M filter set including filters with 

bandwidth 604±45nm, a filter with bandwidth 525±70nm and dichroic mirror cut off at 

575nm. Samples were mounted on a 30-mm cage plate (CP06, ThorLabs, Newton, NJ) in 

between two #1.5 cover glass. Epifluorescence Images were acquired using a Nikon 
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Eclipse 80i fluorescent microscope. Images were analyzed using Image J (FIJI), Olympus 

Fluoview FV1000-ASW 2.0 Viewer (confocal), Imaris Image Analysis Software 

(confocal and two-photon microscopy; Bitplane USA, Concord, MA), and NIS Elements 

(confocal; Nikon Instruments, Melville, NY). Positive fibrinogen and elevated GFAP 

staining in each field was quantified by applying a signal intensity threshold and the % 

area covered was calculated via the outlined areas of positive staining that met the signal 

intensity threshold per field of view. The percentage of total area included was calculated 

using Image J software (FIJI, NIH). For quantitation of hypoxic cells, numbers of Alexa-

fluor 488+ cells per section were enumerated using epifluorescence microscopy and 

plotted per animal using Prism software. 

 

STATISTICS  

 

Where indicated, groups were compared by t-test (2 groups) or one-way ANOVA (3 or 

more groups), followed by post-hoc Bonferroni method to identify significance between 

individual groups. Each point represents the average value per animal after analysis of 10 

fields. Statistical analysis was performed in Prism (GraphPad, La Jolla, CA) *p≤ 0.05, 

**p ≤ 0.01, ***p ≤ 0.001. Error bars represent +/- SEM. 
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RESULTS 

 

Chapter 5.1: Residual fibrinogen deposition 

To investigate vascular abnormalities in P. chabaudi-infected IL-10 KO mice, we 

examined sagittal sections of perfused and fixed brain tissue for evidence of vascular 

leakage as indicated by fibrinogen extravasation at the peak of infection (day 8 post-

infection). Brains from infection-matched, disease-resistant WT mice were used as 

controls. Residual fibrinogen foci were identified within the vascular lumen of brain 

blood vessels in IL-10 KO mice despite transcardial perfusion prior to sacrifice (Figure 

10A). Some sites of perivascular fibrinogen were also occasionally identified. 

Quantification of fibrin staining in the IL-10 KO mice compared to WT controls (% area 

of Alexa Fluor 568
+
 pixels, 10 fields/mouse), showed an increase in the area of the brain 

with bright fibrinogen immunoreactivity closely associated with blood vessels (red, 

Figure 10A, B). In some WT mice, we could occasionally see a low level of fibrinogen 

present in a minority of the brain blood vessels, but this was not statistically significant 

compared to uninfected mice. There was also an increase in liver fibrinogen in infected 

IL-10 KO, but not WT (Figure 10C). This could potentially be due to an increase in 

fibrinogen production by the IL-10 KO mouse downstream of inflammation, as 

fibrinogen is an acute phase response protein [169]. However, while production of 

fibrinogen is a risk factor for coagulation, it does not lead to clotting [170]. 
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Figure 10. IL-10 KO mice have residual fibrin(ogen) deposition in and around 

brain vasculature, and increased liver fibrinogen. A) Confocal images 

(20X) showing immunofluorescent staining of fixed, frozen brain sections 

(30m) from P. chabaudi-infected IL-10 KO and WT mice (day 8 p.i.). 

Fibrin(ogen) (red) and tomato lectin (green, vascular endothelium). B) 

Fibrin(ogen) (red) was quantified by surveying 10 fields per brain section 

(10X). Graph showing average % area of fibrin(ogen) positive staining 

above threshold  in each field. C) Immunofluorescent staining (10X) and 

quantitation of fibrinogen (red) in liver from infected IL-10 KO, WT, and 

uninfected controls. One-way ANOVA, followed by post-hoc Bonferroni 

method was used to determine statistical significance. *p < 0.05, **p < 

0.01. Scale bar represents 100um. 
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Chapter 5.2: Leukocyte congestion of brain vasculature 

 Studies of both human CM and murine ECM have documented congestion of the 

brain and retinal vasculature. The presence of peripheral immune cells adherent within 

the vasculature in mouse models of CM and in brain vessels on autopsy of CM patients 

[50, 171] suggest that such cells play an important role in mediating neuropathology [59]. 

Interestingly, we found that both large and small vessels retain intravascular fibrinogen 

(red, Figure 11A), often to the point of complete occlusion of the vascular lumen (Figure 

11B), reminiscent of thrombosis. The coagulation cascade leads to cleavage of fibrinogen 

into fibrin during the formation of a clot [172]. The polyclonal antiserum used to detect 

fibrinogen here also detects fibrin and other fibrinolytic degradation products [173, 174]. 

In addition, the staining pattern resembled intravascular thrombi. Therefore, we interpret 

this staining pattern to represent fibrin clots. The appearance of round gaps in fibrin 

staining led us to hypothesize that immune cells were retained within these congested 

vessels. In order to identify potential immune cell populations within thrombi, we stained 

IL-10 KO brains using the pan-leukocyte marker CD45 (green, Figure 11C), and the 

monocyte marker CD11b (green, Figure 11D). Staining showed both CD45
+
 leukocytes 

and CD11b
+ 

monocytes within areas of residual fibrinogen staining. We previously 

showed using flow cytometry that all of the CD11b
+
 cells within the brain were also 

Ly6C
+
, indicating inflammatory monocytes, in P. chabaudi infected IL-10 KO mice 

[167]. There was a large and significant increase in Ly6C
hi

 inflammatory monocytes, 

while a Ly6C
int

 population of resident macrophages, was not increased. 
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Figure 11. Vascular congestion in IL-10 KO mice with malaria includes thrombi 

containing monocytes and T cells. Immunofluorescent staining of fixed, 

frozen brain sections (30m) from P. chabaudi-infected IL-10 KO mice 

(day 8 p.i.). A) Confocal images (40X) of IL-10 KO brain for fibrin(ogen) 

(red). B) Successive single-plane confocal images (40X) of a m z-

stack showing complete occlusion of a large vessel with residual 

fibrinogen (red). C) Immunofluorescence staining of IL-10 KO brains 

showing fibrin staining of blood vessels (red) and leukocytes expressing 

CD45 (green, 60X) and D) CD11b (green, 40X). E) CTV
+
 CD4 T cells 

(blue) from infected IL-10 KO mice were adoptively-transferred into 

infection matched IL-10 KO (d7 p.i.) recipients 3.5 hours before sacrifice. 

Frozen brain sections (d7 p.i.) were stained for fibrin (red). Max intensity 

projection of a 30m z-stack (240X) displayed from brain tissue of  IL-10 

KO mice co-stained with WT control samples (n=3-4 mice per group). 

Scale bars represent 30m (A), 50µm (B, C, D), or 10m (D). 

 

We were also interested to see if CD4 T cells, the primary producers of IL-10 in 

this model, were also found localized with residual fibrinogen in the vessels. Therefore, 

CellTrace Violet-labelled CD4 T cells from IL-10 KO mice 7 days post-infection were 

adoptively transferred into infection-matched IL-10 KO recipients, which underwent 

transcardial perfusion and brain tissue collection 3.5 hours later. Upon analysis of the 

localization of the transferred cells in the brain, we identified fluorescently-labelled CD4 

T cells (blue) surrounded by fibrinogen (red, Figure 11E). Given the potential for 
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clusters of activated leukocytes to promote local inflammatory cytokine production, we 

next tested the local effect of congestion on the neuroglial cells surrounding the 

vasculature, namely astrocytes. 

Chapter 5.3: Increased astrocyte activation 

 As astrocytes play an important role in maintaining the integrity of the blood-

brain-barrier (BBB), including in the context of ECM [175], we analyzed the extent of 

astrocyte activation in IL-10 KO mice infected with P. chabaudi. In order to visualize 

extensive activation of astrocytes, we utilized CLARITY followed by optical clearing, a 

series of tissue processing techniques which remove relatively opaque lipids, 

transforming thick sagittal brain sections (2mm) to make them virtually transparent. This 

process diminishes excess light scattering during image acquisition by confocal or two-

photon microscopy, allowing for increased imaging depth beyond that possible in native 

opaque tissues. The ability to obtain image stacks over the full 2mm thickness combined 

with image stitching allowed for image acquisition of the entire thick sagittal section. 

Whole brain sections stained with anti-GFAP (glial fibrillary acidic protein; upregulated 

on activated astrocytes) were imaged to determine the extent of astrocyte activation in 

susceptible IL-10 KO mice (Figure 12A), and resistant WT animals (Figure 12B). A 

higher GFAP signal indicating astrocyte activation was observed in the IL-10 KO brain 

in multiple areas including the hippocampus, thalamus, and caudate putamen. While 

GFAP is expressed on most astrocytes, even in uninfected animals, the level of 

expression is significantly lower than on activated astrocytes [176]. Interestingly, there 

was little GFAP signal in the cortex, a finding that is consistent with findings in human 

CM autopsy [50]. For unbiased comparison of astrogliosis, we focused our analysis on 
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the hippocampal formation (Figure 12C, D), as a representative region in which 

astrogliosis was evident. This region is amenable to being isolated from other regions by 

image processing due to its well-defined margin and thus allowed for comparison of 

GFAP
bright

 cells in the full volume of the hippocampus region in the section. As shown in 

high-resolution 3D micrographs, in addition to upregulation of GFAP, astrocytes in IL-10 

KO mice showed distinct morphological changes (Figure 12E), appearing hypertrophied 

and possessing more processes compared to WT (Figure 12F). Upon quantification, we 

showed that the hippocampal formation stained by GFAP in infected IL-10 KO mice was 

significantly increased compared to WT mice (Figure 12G). As inflammation, or 

vascular damage, can lead to astrocyte activation, we next investigated whether 

congestion and astrocyte activation occurred in close proximity. 

Chapter 5.4: Astrocyte activation clusters with fibrinogen staining 

To investigate the potential connection between vascular congestion and astrocyte 

activation, we performed immunofluorescent staining of infected and uninfected IL-10 

KO brains for fibrinogen and the astrocyte marker GFAP. In the hippocampal formation, 

we observed an increase in residual fibrinogen staining in the infected IL-10 KO brains 

compared to WT (Figure 13). Interestingly, the astrocytes near fibrin-staining vessels 

frequently showed an increase in GFAP intensity. Uninfected mice showed neither 

residual fibrinogen deposition, nor an increase in GFAP immunoreactivity. However, it 

was noted that not all areas with residual fibrinogen staining showed an increase in GFAP 

intensity. This could potentially be due to the kinetics of astrocyte activation upon 

encountering a vascular abnormality, however, further studies will need to be done to 

address the kinetics of these events. Having established a link between microvascular 
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congestion characterized by residual fibrinogen staining and astrocyte activation, we next 

sought to determine the role that inflammatory cytokines might play in this process. 

 
 

Figure 12. Increased astrocyte activation in IL-10 KO mice during P. chabaudi 

infection. Mice were infected with P. chabaudi and sacrificed 8 days post-

infection. Thick sagittal brain sections (2mm) were CLARITY-processed, 

optically-cleared, stained with GFAP (red), and imaged by two-photon 

confocal microscopy. A, C, E) IL-10 KO and B, D, F) WT brains from the 

peak of P. chabaudi infection (d8 p.i.). A, B) Single fields of the entire 

tissue section (10X) stitched together. C, D) Hippocampus of thick brain 

section is masked for increased resolution and quantitation in C) IL-10 KO, 

and D) WT animals. E, F) Representative high resolution image (25X) of 

astrocytes from hippocampus showing E) IL-10 KO and F) WT control 

brains. G) Quantification of the percent area of astrocyte staining above 

threshold in the hippocampal formation of P. chabaudi-infected IL-10 KO 

and WT brains. Number of fields for IL-10 KO (n=15) and WT (n=9). Scale 

bars represent 1mm (A, B), 200m (C, D) and 50m (E, F). Student’s t-test 

was used to determine statistical significance. **p < 0.01. 

 

Chapter 5.5: Anti-TNF treatment prevents clotting and astrocyte activation 

Immunopathology in IL-10 KO mice infected with P. chabaudi is generated by 

the hyper-inflammatory cytokine response generated in the absence of this regulatory 

cytokine primarily made by T cells. Neutralizing TNF, or IFN- receptor deficiency in 

IL-10 KO mice, ameliorates disease and improves survival, while neutralizing the other 

major regulatory cytokine, transforming growth factor- increases mortality [133]. 
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Therefore, we hypothesized that brain pathology, including astrocyte activation, is driven 

by inflammatory cytokines. To test this, we treated IL-10 KO mice with neutralizing anti-

TNF antibody for five days (days 5-9 post-infection). Behavioral symptoms were 

monitored using the P. chabaudi-specific SHIRPA health assessment that we previously 

described [167], and measured systemic pathology including temperature and weight 

loss. Infected IL-10 KO and WT mice treated with rat isotype IgG1 were used as 

controls. To monitor for fibrin(ogen) accumulation and astrocyte activation, mice were 

sacrificed at day 8 post-infection, which is at the onset of severe disease, and stained their 

brains for microscopic analysis. Despite IL-10 KO mice treated with anti-TNF antibody 

showing improved survival over the course of infection, temperature and weight loss 

were similar with the isotype IgG-treated IL-10 KO mice (Figure 14). 

 

 
 

Figure 13. Activated astrocytes cluster along thrombus-containing brain 

vasculature. IL-10 KO mice were either infected with P. chabaudi and 

sacrificed 8 days post-infection, or used as uninfected controls. 

Representative epifluorescence images (20X) of the hippocampal formation 

in cryosections (30m) from infected (d8 p.i.) IL-10 KO brains (left, 

middle), and uninfected IL-10 KO brains (right) immunostained for GFAP 

(green), fibrinogen (red), and DAPI (blue). IL-10 KO mice were co-stained 

with WT control samples (n=5-6 mice per group). Scale bars represent 

50m. 
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While we observed an increase in GFAP staining and increased residual 

fibrinogen in isotype-IgG-treated IL-10 KO animals (Figure 15A), we did not observe 

these changes in the IL-10 KO group treated with neutralizing anti-TNF antibodies 

(Figure 15B), which was similar to isotype-IgG-treated WT mice (Figure 15C). 

Immunofluorescent staining in the brain showed a significant reduction of fibrinogen 

accumulation upon neutralization of TNF (Figure 15D). Furthermore, the anti-TNF-

treated IL-10 KO group showed a significant decrease in astrocyte activation (Figure 

15E), and was protected from behavioral symptoms during treatment (Figure 15F). 

Excess production of fibrinogen in the liver was also reduced by anti-TNF treatment 

(Figure 15G), suggesting a decrease in the acute-phase reaction. Therefore, anti-TNF 

treatment decreased intravascular fibrin clotting and astrocyte activation, suggesting that 

inflammation plays a critical role in regulating vascular and parenchymal cell 

homeostasis within the context of malaria infection.

 

Figure 14. Anti-TNF antibody treatment improves survival of IL-10 KO mice 

infected with P. chabaudi, despite similar temperature and weight loss. 

Mice were infected with P. chabaudi and followed throughout the acute 

phase of infection (day 12 p.i.). One group of IL-10 KO mice was kept as 

uninfected controls (n=2). 2 groups of infected IL-10 KO mice (n= 5 each) 

received either anti-TNF IgG treatment, or isotype IgG treatment, with one 

group of infected WT mice (n=5) receiving isotype IgG treatment. Survival 

(left), internal body temperature (middle), and body weight (right) were 

monitored daily during the course of infection. Green arrows represent the 

dosing schedule of either anti-TNF IgG, or isotype control IgG. Log-rank 

test (Mantel-Cox) was used to determine statistical significance in the 

survival graph. 
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Figure 15. Anti-TNF antibody treatment prevents astrocyte activation and mortality in IL-

10 KO mice during P. chabaudi infection. Mice were infected with P. chabaudi and 

followed throughout the acute phase of infection (day 12 p.i.), or sacrificed 8 days 

post-infection for immunofluorescent staining. One group of IL-10 KO mice received 

anti-TNF IgG treatment, while another group of IL-10 KO mice and a group of WT 

mice received isotype IgG as control. A) Representative confocal images (20X) of 

cryosections stained for astrocytes (GFAP; green) and fibrinogen (red) with DAPI 

(blue) in sagittal brain sections in anti-TNF antibody treated IL-10 KO mice, B) 

isotype-IgG-treated IL-10 KO mice, C) and isotype-IgG-treated WT mice. D) Brain 

fibrinogen, and E) GFAP staining for reactive astrocytes in the hippocampus was 

quantified by calculating the % area per field of immunostaining above signal 

threshold. Ten fields per animal was assessed, with the graph showing the mean value 

per animal. F) General behavior as measured by the abbreviated SHIRPA screen of 

anti-TNF antibody treated (IL-10 KO, n=5) and isotype-IgG treated (IL-10 KO, n=5; 

WT, n=5) mice infected with P. chabaudi. Green arrows represent the dosing schedule 

of either anti-TNF IgG, or isotype control IgG. G) Liver fibrinogen quantitation. Data 

shown is representative of 2 independent experiments. One-way ANOVA, followed by 
post-hoc Bonferroni method was used to determine statistical significance. *p < 0.05, 

**p < 0.01., ***p < 0.001. Scale bars represent 50m. 
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Chapter 5.6: Hypoxic brain cells 

As one of the most prominent hypotheses regarding neurological damage in CM 

centers around pathology caused by hypoxia secondary to vascular congestion [96, 177], 

we investigated the possibility of hypoxic cells in the brain tissue of P. chabaudi-infected 

mice. Using a commercial kit that requires injection of a chemical compound 

(pimonidazole HCl) that selectively binds reduced thiol groups only in the presence of 

low oxygen tension (pO2 less than 10mm Hg), brain tissue was collected during the peak 

of malaria symptoms in infected WT and IL-10 KO mice, with uninfected controls. The 

brain tissue was immunostained and visualized for hypoxic cells using fluorescent 

microscopy. Surprisingly, we found small numbers of cells that appeared neuronal in 

morphology (Figure 16A). And while they were found in small amounts across the entire 

tissue section, there were a significant increase in hypoxic cells in infected IL-10 KO 

brains compared to infected WT tissue (Figure 16B). While it appears that anti-TNF IgG 

treatment reduces the number of hypoxic cells in IL-10 KO mice infected with P. 

chabaudi, it did not reach statistical significance. The significance of this finding is 

uncertain, as the number of hypoxic cells found in the tissue was highly variable in IL-10 

KO tissue and in relatively negligible abundance compared to the unstained neuronal 

cells that are presumably healthy. Additionally, there was no consistent pattern of co-

localization of hypoxic cells near areas of residual fibrinogen.  
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Figure 16. IL-10 KO mice infected with P. chabaudi have few, but significantly 

increased numbers of hypoxic cells in the brain. During P. chabaudi 

infection, mice were given pimonidazole HCl i.p. 90 minutes before 

sacrifice. 30-m sagittal brain sections were immunostained with anti-

pimonidazole antibodies. Numbers of Alexa-fluor 488+ cells per section 

were enumerated using epifluorescence microscopy and plotted per animal 

using Prism software. Representative 20X confocal images from each 

infection group displayed. One-way ANOVA, followed by post-hoc 

Bonferroni method was used to determine statistical significance. *p < 0.05. 

 

 

Chapter 5.7: Enoxaparin treatment of IL-10 KO mice 

 Finally, in order to support our hypothesis that intravascular congestion mediated 

by residual fibrinogen contributes to the fatal neurological phenotype of IL-10 KO mice 

infected with P. chabaudi, we treated infected IL-10 KO mice with anti-coagulants. 

Unfractionated heparin treatment showed no efficacy in protecting IL-10 KO mice from 

fatal neuropathology (Figure 17). Following that study, we treated IL-10 KO mice with a 

low-molecular weight heparin (enoxaparin sodium, ENO) starting on day 4 post-

infection, through to the end of peak illness at day 12 post-infection. Mice were treated 
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twice per day and monitored using the mini-SHIRPA screen (Figure 18A). Blood smears 

were also collected on day 9 post-infection to monitor parasite burden. To our surprise, 

ENO  

 
 

Figure 17. IL-10 KO mice are not rescued from fatal neurologic disease with 

unfractionated heparin treatment. Four groups of IL-10 KO or WT mice  

(n= 4/group) were either treated with 2,500IU/kg unfractionated heparin i.p. 

once a day (red/blue), or given saline (black/white) starting at day 5 post-

infection until the middle of the anemic period of disease (day 11 post-

infection). 

 

treatment of IL-10 KO mice rescued them from fatal neurologic disease, with the saline-

treated mice succumbing to fatal neurological disease early in the infection despite 

having comparable parasite burden (Figure 18B). However, ENO-treated IL-10 KO mice 

were still susceptible to severe anemia that presents after the peak of infection (day 9 

post-infection), as 2 out of 4 ENO-treated mice (50%) died during this phase. The 

minimum mini-SHIRPA scores of individual mice before the peak of anemia were 

significantly lower in the saline-treated mice compared to the ENO-treated mice (Figure 

18C). Additionally, the timecourse of behavioral symptoms shows a marked decrease in 

the saline-treated mice early in infection, whereas the ENO-treated mice do not begin to 

decline until after 10 days post-infection at the beginning of anemic symptoms. 
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Figure 18. IL-10 KO mice are rescued from fatal neurologic disease with LMWH 

treatment. A) Two groups of IL-10 KO mice (n= 4) were either treated 

with 1,000IU/kg (20IU/dose) Enoxaparin Na (ENO) i.p. twice a day (12-

hours apart), or given saline starting at day 4 post-infection until the middle 

of the anemic period of disease (day 12 post-infection). B) Survival was 

monitored daily and blood smears were collected on d9 post-infection. C) 

Behavior was monitored daily using the mini-SHIRPA score. Mice were 

culled at day 16 post-infection during the recovery/chronic phase of the 

disease. 
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DISCUSSION AND CONCLUSIONS  
 

 In the present study, we investigated the neuropathology of lethal P. chabaudi 

infection in IL-10
 
KO

 
animals. The goal was to identify potential mechanisms driven by 

excessive inflammation responsible for the neurological syndrome and the fatal 

phenotype in IL-10 KO animals infected with P. chabaudi [133, 140, 146, 167]. In this 

model, we have demonstrated severe behavioral symptoms and leukocytes collected 

within the brain vasculature of mice succumbing to infection [167] in a manner similar to 

P. berghei ANKA (PbA)-infected C57BL/6 mice, the most common model of ECM [58, 

150]. While cerebral pathology, including edema and hemorrhage, has been documented 

in this model [134], and cytokines have been shown to be essential in promoting or 

preventing fatal disease [133], the presence of activated leukocytes within the brain, and 

their contribution to brain pathology, have not been determined. Further studies to 

determine the specific mechanisms of leukocytes within the brain are critical, because 

while inflammatory cytokines are implicated by studies of host genetics and correlations 

of serum cytokines with poor outcomes in severe malaria [178, 179], no significant 

inflammatory infiltrate has been documented in human or mouse studies of the disease 

[50, 70, 180].  

Congestion of the brain and retinal vasculature, to the extent of blocking blood 

flow, has been documented in human CM and is associated with poor prognoses [181, 

182], although the constituents of the blockage are not certain. While parasite and 

erythrocyte rosettes have been identified bound to vascular endothelium and clotting 

factors, such as platelets and von Willebrand factor [60, 183], it is not yet clear how this 

alone could drive neural pathology [184]. Localized inflammatory cells are also likely to 
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contribute to the generation, or amplification, of neuropathology; however, several 

studies have shown that leukocytes are not observed in large numbers in the brain 

parenchyma of CM patients on autopsy [70, 180, 185]. Importantly, coagulation defects 

are seen in both murine ECM and in human CM infections [114, 186, 187]. DIC, the 

most severe abnormality, was observed in 19% of CM patients, and correlated with poor 

outcomes in a recent study in Malawi [188]. Other patients suffered many of the 

characteristic symptoms of DIC, except lacked evidence of coagulopathy. In order to 

understand the role of intravascular inflammatory leukocytes and coagulation in 

promoting neuronal malfunction, we investigated parenchymal events associated with 

vascular congestion by focusing on astrogliosis as a marker of potential parenchymal 

dysfunction.  

 The vascular findings in this study, suggestive of intravascular coagulation 

(Figure 10) and incomplete perfusion secondary to congestion (Figure 11), are striking. 

These abnormalities have not been described in the P. chabaudi model before. Yet, 

coagulation is of major relevance for our understanding of neuroinflammatory 

mechanisms in CM [170, 185, 189]. Clotting defects in both pro- and anti-coagulatory 

proteins have been documented in human CM [190, 191]. Recent studies show that the 

endothelial protein C receptor (EPCR) may link coagulation, inflammation, and P. 

falciparum sequestration by both binding the parasite and promoting inflammation and 

BBB breakdown [114, 192]. Systemic inflammation has also been recently shown to 

contribute to intravascular clotting via potential mechanisms involving neutrophils and 

monocyte interaction with platelets in CM [193, 194], linking inflammation and clotting, 
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which in turn also promotes sequestration. Studies of the intersection of the clotting 

cascade and inflammation point to bi-directional amplification of both pathways [170].  

Macrophages and inflammatory monocytes are the best-known example of an 

immune effector cell regulated by IL-10 [195], although the critical cell type expressing 

IL-10 receptor is not yet known in this infection. The role of inflammatory monocytes in 

ECM is not clear, as C-C chemokine receptor type 2 KO mice still succumb to disease 

[196]. The role of CD4
+
 T cells, although few in number, cannot be underestimated as 

demonstrated by their critical regulatory role in P. berghei ANKA [197], and P. chabaudi 

infection of IL-10 KO [139]. Mice that express a T-cell specific deletion of the IL-10 

gene do not succumb to P. chabaudi infection [139]. The immunoregulatory cytokines 

(IL-10 and TGF-) from CD4
+
 T cells regulate many aspects of the Th1-type response 

(IFN-, TNF) that must be carefully balanced to kill the parasite, but not cause lethal 

immunopathology. The data presented here in an inflammation-dependent model 

confirms a critical role for cytokines in both clot formation and vascular pathology in the 

absence of the effects of local parasite enrichment. 

Studies in PbA-infected ECM mice have established the importance of several of 

the aforementioned processes to the development of IFNγ [150, 151, 155]. PbA infection 

shows pathogenic immune cell accumulation in cerebral blood vessels as a result of 

inflammatory TNF and IP-10  secretion [198, 199], and intercellular adhesion molecule-1 

(ICAM-1) on the vascular endothelium [127]. PbA infection has also been shown to 

induce astrocyte activation and degeneration near sites of monocyte vascular adhesion 

[175, 200]. However, the signals leading to the breakdown of local astrocyte barrier 

function in malaria have not yet been defined.  
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 The activation of astrocytes is a well-defined feature in many neurological 

diseases, including CM [201, 202]. Our results demonstrate a link between excessive 

inflammation, intravascular cellular congestion, coagulation, astrocyte activation, and 

hypoxia (Figures 12, 13, 16). Identification of monocytes and T cells within fibrin clots 

suggests a new working model where systemic inflammatory cells affect regulation (as in 

WT mice infected with P. chabaudi) and/or damage (IL-10 KO mice) via their proximity 

within the cerebral vasculature. Critically, as sequestration has only been shown to occur 

in organs other than the brain in this model, contributions can be determined independent 

of parasite-specific factors such as sequestration. These inflammatory foci within 

intravascular thrombi may act as local drivers of disease in the brain (Figure 19). This is 

important because CM is resistant to anti-malarial drug treatment despite timely 

therapeutic support, suggesting a local positive feed-forward cycle of inflammation. A 

significant amount of work remains to be done in order to define the essential features 

originating from these structures. 

Finally, in this study, we show that cellular congestion localized within 

intravascular thrombi, and nearby astrocyte activation, can be reversed via neutralization 

of TNF (Figure 15). Furthermore, fatal HECM is dependent on intravascular coagulation 

prevented by anti-coagulant treatment acting early in the coagulation cascade (Figure 

18). Serum TNF concentration correlates with severity of human malaria [81]. However, 

TNF blockade has thus far proven ineffective in preventing death in childhood CM [91, 

92]. Two proposed explanations for this outcome are: 1) antibody to TNF prolongs 

cytokine circulation within the blood stream, and 2) humans with CM present too late to 

prevent the inflammatory cascade [91]. Most importantly, these human clinical trials 
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showed that different reagents had different effects, suggesting that timing, dose or 

precise antigenic specificity of treatments are likely play a role. New insights into the  

 

Figure 19. Model of Thrombus-Associated Lymphoid Cluster (TALC)-mediated 

inflammation amplification. We hypothesize that amplification of local 

cytokine production is necessary for inducing brain damage in infected IL-

10 KO mice compared to WT.  Therefore, we developed a model to 

explain how inflammatory cytokine production is amplified locally in the 

brain in the absence of direct cellular infiltration of the brain parenchyma, 

which is protected by microglia and astrocytes that form the blood-brain-

barrier.  We propose the working hypothesis that fibrin(ogen) deposits 

either within the vessels, or leaking into the perivascular space, promoting 

a local inflammatory cascade involving cytokine upregulation and glial 

cell activation. Proposed timeline: 1. Fibrin clots form in vessels causing 

mild hypoxia due to elevated pro-inflammatory cytokine circulation 

(TNF). 2. Clots also trap blood immune cells which interact with 

circulating antigen-presenting cells and activated endothelium, 3. leading 

to the amplification of systemic immunity within the brain 

microvasculature, 4. increasing the activation  and production of TNF 

from glial cells.  This contributes to poor brain function, as shown by 

behavioral deficiencies associated with infection of IL-10 KO.  
 

intricate regulatory mechanisms of TNF and other important immune-mediated cytokines 

that may regulate the coagulation cascade will increase our chances of understanding the 

full range of immunopathology at play in human CM. 
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The studies presented in this dissertation demonstrate that leukocytes are a 

component of intravascular coagulation, and that these thrombi are an important 

mechanism of vascular congestion. We further demonstrated the proximity of reactive 

astrocytes to these congested vessels containing inflammatory foci mediated by fibrin 

deposition. The presence of activated astrocytes near the leukocyte-rich congested areas, 

and the orchestration of both thrombi and astrogliosis via excessive TNF production 

(likely, but not yet proven to be initiated by these leukocytes), indicate that the 

congestion within vessels is central to the neuropathology. These findings contribute to 

the current understanding of the etiologies of cerebral pathology and neurovascular 

abnormalities in malaria infection, which could inform the rationale design of future 

therapeutics aimed at targeting intravascular coagulation, cytokine, or cellular mediators 

of disease. Future investigations should aim to determine whether anti-inflammatory and 

anti-coagulant therapies could synergize in the treatment of human CM, and determine 

their efficacy in the late-stage treatment of the most severely ill and comatose patients. 
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