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Mammalian circulation relies on a closed high-pressure system to deliver oxygen to 

tissues via red blood cells within blood vessels lined by endothelial cells. However, this high-

pressure system makes us vulnerable to hemorrhage if a blood vessel is damaged. Therefore, we 

have a mechanism to rapidly seal a damaged vessel with a platelet-fibrin clot in a physiological 

process called hemostasis. However, clots can form in an intact blood vessel and obstruct blood 

flow, in a pathological process called thrombosis. Such clots can be life threatening if they 

interfere with blood flow in critical organs, such as the brain (i.e., ischemic stroke). However, 

recent research has revealed that thrombosis can be involved in augmenting and supporting the 

innate immune response to control infection through immunothrombosis.  

As recent work has demonstrated that Toxoplasma gondii infects and lyses central 

nervous system endothelial cells that form the blood-brain barrier (BBB), T. gondii-infection is a 

good model to study the interplay between coagulation, immunity, and infection. However, little 

is known about the effect of T. gondii infection on the BBB and the functional consequences of 

infection on cerebral blood flow (CBF) during the different stages of infection. To study CBF 

changes during T. gondii infection longitudinally we developed a surgical method to achieve 
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chronic optical access for >100 days. Then, using an in vivo infection model in mice, we 

demonstrated that brain endothelial upregulate the adhesion molecules ICAM-1 and VCAM-1 

and become morphologically more tortuous during T. gondii infection. Longitudinal two-photon 

imaging of cerebral blood vessels during infection revealed vascular occlusion in the brain, 

prompting an analysis of the coagulation cascade. We detected platelet-fibrin clots within the 

cerebral vasculature during acute infection. Longitudinal analysis of CBF using laser-speckle 

imaging during T. gondii infection demonstrated that CBF decreased during acute infection, 

recovered during stable chronic infection, and decreased again during reactivation of the 

infection. Finally, we demonstrate that treatment of mice with an anticoagulant, during infection 

partially rescued CBF in T. gondii-infected mice. These data provide insight into the host-

pathogen interactions of a CNS pathogen within the brain vasculature and suggest that 

thrombosis and changes in cerebral hemodynamics may be an unappreciated aspect of infection 

with T. gondii. 
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Chapter 1 

 

Introduction to Immunothrombosis During Infection 
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Hemostasis 

 Mammalian circulation relies on a closed high-pressure system to deliver oxygen to 

tissues via red blood cells (RBCs) within blood vessels lined by endothelial cells. When there is 

a break in a blood vessel, for instance due to a laceration, a rapid response is needed to seal the 

break and prevent gross hemorrhage. This response is called hemostasis, which is the 

physiological response to blood vessel damage, in which platelets and the coagulation cascade 

are activated (Mackman et al., 2007). Platelets are small (~1-3 µm) enucleated cells derived from 

megakaryocytes in the bone marrow, which circulate in the blood (Yeaman, 2010). The 

coagulation cascade culminates in the formation of a fibrin, an insoluble protein that forms a 

matrix with itself. Together, fibrin and activated platelets form a fibrin-platelet clot to seal the 

injured vessel.  

There are two major mechanisms by which the clotting cascade can be initiated, the 

“intrinsic” and “extrinsic” pathways (Fig. 1.1). The intrinsic pathway was named because 

researchers noted that blood removed from the body coagulated on its own, needing no 

additional factors. This pathway relies on the activation of factors (F)XII, FXI, and FIX 

(canonically in that order), and is activated when FXII comes in contact with negatively charged 

molecules (e.g., silica, DNA, RNA, or the plasma membrane of activated platelets) (Grover and 

Mackman, 2019). The extrinsic pathway requires an additional stimulus from outside the blood, 

tissue factor (TF or FIII), which activates FVII (Mackman et al., 2007).  The pathways converge 

on the common pathway, made up of FX, prothrombin (FII), and fibrinogen (FI) (Fig. 1.1). 

Notably components of the extrinsic and common pathways can also activate the intrinsic 

pathway, which is important for the sustained activity of the coagulation cascade (Grover and 

Mackman, 2019; Mackman et al., 2007). 
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Figure 1.1 Coagulation Cascade. A schematic of the intrinsic, extrinsic, and common pathways of the coagulation 

cascade. 

 

In vivo, the extrinsic pathway is the primary activator of coagulation, with the intrinsic 

pathway amplifying the coagulation cascade, contributing to the propagation of a thrombus and 

the recruitment of platelets (Mackman et al., 2007). TF is constitutively expressed in 

subendothelial cells (e.g., fibroblasts, vascular smooth muscle cells, and astrocytes in the brain) 

and is physically separated from the other factors, which are found in plasma (Fig. 1.2) (Drake et 

al., 1989; Eddleston et al., 1993; Fleck et al., 1990; Mackman et al., 2007). However, there are 

some conditions in which TF can be found in the blood compartment, which will be discussed in 

detail later. All the factors, except TF, are zymogens, requiring cleavage to become active. In 

contrast, TF is active on the surface of cells and is typically an integral membrane protein 

(Mackman et al., 2007). TF also has tissue-specificity and is expressed at higher levels in some 
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organs, including the brain, heart, lungs, kidney, placenta, and testis (Mackman, 2005; Mackman 

et al., 1993). This distribution of TF is thought to reflect the physiological intolerance of these 

organs to hemorrhage (Mackman, 2005). In the event of vessel injury, TF rapidly binds to FVII, 

and initiates a series of proteolytic cleavages, culminating in the cleavage of fibrinogen (FI) to 

fibrin (FIa) (Fig. 1.2) (Mackman et al., 2007). FXIIIa (fibrin stabilizing factor) stabilizes the clot 

by crosslinking fibrin (Dorgalaleh and Rashidpanah, 2016). Cross-linked fibrin together with 

activated platelets forms the hemostatic plug, preventing hemorrhage (Fig. 1.2) (Mackman et al., 

2007).  

 Additionally, platelets collaborate with the coagulation cascade to amplify the clotting 

response (Semple et al., 2011). In response to vessel damage, platelets rapidly adhere to the 

lesion, undergo activation, and aggregate. Activated platelets support coagulation by exposing 

phospholipids on their surface, such as phosphatidylserine, which activate FXII (Semple et al., 

2011). Conversely, thrombin contributes to the activation of platelets through cleavage of 

proteinase-activated receptor 1 and 4 (PAR1 and PAR4) on platelets (Engelmann and Massberg, 

2012). 
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Figure 1.2. Formation of a clot at a site of injury. In the intact blood vessel, coagulation factors in the blood (blue 

circles) are separated from TF on the surface of subendothelial cells. However, in the event of injury (right), TF 

activates FVIIa, and the coagulation cascade ultimately produces insoluble fibrin, which forms a fibrin-platelet clot 

to seal the injured vessel and prevent hemorrhage.  

 

Thrombosis 

Thrombosis is generally considered to be a pathological variation of hemostasis and 

occurs when a thrombus (clot) forms intravascularly and obstructs blood flow. Such clots can be 

life threatening if they interfere with blood flow in critical organs, such as the brain (i.e., 

ischemic stroke), heart (i.e., myocardial infarction), or lungs (i.e., pulmonary embolism) 

(Mackman, 2008). The mechanisms leading to thrombosis vary depending on where in the 

vascular system they occur. Thrombi in the high-pressure arterial system are often caused by the 

rupture of an atherosclerotic plaque, and the subsequent clot formation occurs very similarly to 

physiological hemostasis (discussed earlier) (Mackman, 2008). In contrast, venous thrombosis 

tends to involve blood stasis and endothelial activation, which can occur during long periods of 

immobility (a risk factor for deep vein thrombosis) or during sepsis (i.e. disseminated 

intravascular coagulation) (Mackman, 2008). 
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One of the major differences between thrombosis and physiological hemostasis is the 

involvement of innate immune cells (i.e., monocytes, neutrophils, and dendritic cells) in the 

former (Engelmann and Massberg, 2012). The coagulation cascade and platelets activate the 

innate immune system. Conversely, the innate immune system can also activate the coagulation 

cascade and platelets. For example, thrombin and activated factor Xa activate PAR1 on dendritic 

cells (Niessen et al., 2008). Activation of PAR1 activates sphingosine 1-phosphate 3 (S1P3), 

which leads to an inflammatory phenotype in dendritic cells (i.e., the release of cytokines, 

activation of the inflammasome, and increased mobility) (Niessen et al., 2008). Furthermore, 

mice lacking PAR1 or S1P3 had attenuated coagulation in a LPS model of disseminated 

intravascular coagulation (Niessen et al., 2008). Activated platelets can also recruit immune cells 

through the release of inflammatory chemokines (e.g., CXCL1, CXCL4, CXCL5), which help to 

recruit leukocytes to nascent clots (Semple et al., 2011). Activated platelets also express 

selectins, which help cells such as neutrophils adhere to thrombi (Semple et al., 2011).  During 

inflammation, monocytes and neutrophils have been shown to express TF, and monocytes can 

also release TF in microparticles, which can be involved in the formation and amplification of 

clots (Brühl et al., 2012; Maugeri et al., 2006; Todoroki et al., 2000). Additionally, neutrophil 

extracellular traps (NETs) released by activated neutrophils can contribute to coagulation 

through a variety of mechanisms (Engelmann and Massberg, 2012; Fuchs et al., 2010; Massberg 

et al., 2010). During NETosis neutrophils release neutrophil elastase, which inactivates two 

anticoagulant molecules, tissue factor pathway inhibitor (TFPI) and thrombomodulin (Glaser et 

al., 1992; Massberg et al., 2010). NETs also activate platelets, and act as a scaffold for platelets 

to adhere to, thereby contributing to the localized growth of a thrombus (Fuchs et al., 2010). 
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Histones released in NETs can also activate platelets through Toll-like receptor 2 (TLR2) and 

TLR4 signaling (Semeraro et al., 2011; Xu et al., 2011). 

 

Immunothrombosis 

 Although, thrombosis is usually thought of as a pathological condition, research has 

revealed that the connection between the innate immune system and coagulation in mammals can 

be beneficial in protecting against pathogens. This processes was termed ‘immunothrombosis’ in 

2012 by Engelmann and Massberg (Engelmann and Massberg, 2012). This link between the 

innate immune systems and thrombosis makes is intuitive because a break in the endothelium 

(i.e., in the skin), can be an entry point for pathogens (T G Loof et al., 2011). This connection 

was first made clear within arthropods (i.e., horseshoe crabs) because they lack an adaptive 

immune system, and innate pathways of immunity play a larger role in their defense against 

pathogens (Krem and Cera, 2002; Torsten G Loof et al., 2011). The horseshoe crab has only one 

blood cell called an amoebocyte. In the event of injury, amoebocytes rapidly migrate to the 

injured site and release factors that initiate coagulation. This is functionally analogous to the 

thrombotic process in the mammalian system and cumulates in the cleavage of the zymogen 

coagulogen to coagulin (analogous to fibrinogen to fibrin conversion) to form a coagulin-

amoebocyte clot. This clot allows the amoebocytes to efficiently phagocytose invading 

pathogens while sealing the injury and preventing further invasion by pathogens (Torsten G Loof 

et al., 2011).  

In the mammalian system, immunothrombosis has been shown to help defend against 

several pathogens. This is thought to occur through a variety of concordant mechanisms. First, 
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microthrombi have been shown to entrap pathogens (i.e., E. coli, Yersinia enterocolitica). This 

entrapment limits pathogen dissemination through the vasculature and migration of pathogens 

into tissues. Second, microthrombi create a compartment in which antimicrobial peptides can 

accumulate. Third, thrombi create an environment near the invading pathogen to which 

additional immune cells can quickly aggregate. Finally, activated platelets can directly 

participate in the innate immune response by releasing inflammatory cytokines (e.g., CXCL1, 

CXCL4, CXCL5) (Semple et al., 2011). 

Unfortunately, some pathogens have evolved systems to evade or exploit coagulation. 

Streptococcus pyogenes can enhance clot dissolution through the expression of streptokinase and 

DNase. Streptokinase activates the host’s plasminogen, which helps to resolve clots by breaking 

down fibrin (Bergmann and Hammerschmidt, 2007; Sun et al., 2004). Streptococcus pneumonia 

has also been shown to express EndA, a DNase that breaks down the DNA matrix in 

prothrombotic NETs (Beiter et al., 2006). Using different mechanisms, Staphylococcus aureus 

can exploit thrombotic responses by facilitating platelet aggregation and then adhering to 

platelets, thus preventing clearance by the immune system (Yeaman, 2010). 

Additionally, thrombosis in response to pathogens can be detrimental to the host, 

especially if it is very widespread (as in disseminated intravascular coagulation) or in critical 

tissues (i.e., brain, heart, lungs), where it can interfere with blood flow as occurs in ischemic 

stroke (Siegel et al., 2015). Examples of this pathological response include patients with 

COVID-19 and sepsis, who suffer from reduced cerebral blood flow (CBF) in conjunction with 

cerebral thrombi (Helms et al., 2020; Semmler et al., 2008; Soldatelli et al., 2020). Additionally, 

clotting during cerebral malaria, caused by the Apicomplexa parasite Plasmodium falciparum, 

has been associated with worse outcomes in pediatric cases (Hemmer et al., 1991; Moxon et al., 
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2015, 2013; Vogetseder et al., 2004). Plasmodium induces infected erythrocytes to adhere to 

blood vessels through the formation of ‘knobs’ on the infected RBC surface. Knobs are nano-

scale structures made up of knob-associated histidine rich protein (KAHRP) and P. falciparum 

erythrocyte membrane protein 1 (PfEMP1) (Aikawa et al., 1990; Crabb et al., 1997; Roberts et 

al., 1985), and can adhere to CD36, ICAM-1, and chondroitin sulfate A on the endothelium 

(Lubiana et al., 2020; Rowe et al., 2009; Turner et al., 2013).  

 Interestingly, another Apicomplexa parasite, Toxoplasma gondii has been shown to cause 

clotting in the liver (Johnson et al., 2003a). T. gondii is a highly successful eukaryotic parasite, 

which chronically infects 1/3 of humans worldwide (Pappas et al., 2009). The most common 

route of infection is oral, and the parasite initially disseminates throughout the periphery during 

acute infection, before being cleared by the host’s immune response (Dupont et al., 2012; Hill 

and Dubey, 2002). However, T. gondii persists within tissue cysts in brain and muscle tissue. 

Often the acute infection stage is mild within immunocompetent individuals, but the parasite can 

cause major pathology in immunocompromised individuals, discussed in further detail below. 

Unlike P. falciparum, which replicates inside hepatocytes and red blood cells, T. gondii can 

replicate and eventually lyse any nucleated cell, including endothelial cells at the blood-brain 

barrier (Konradt et al., 2016a; Kumar and Tolia, 2019), which could expose subendothelial TF in 

the brain. Furthermore, recent work showed that cerebral blood flow is disrupted during T. 

gondii infection in a mouse model (Estato et al., 2018). However, these previous studies have not 

examined whether thrombosis occurred in the brains of mice infected with T. gondii. 
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Toxoplasma gondii life cycle 

 Toxoplasma gondii is an obligate intracellular eukaryotic parasite in the Apicomplexa 

phylum (Dubey and Frenkel, 1972; Hill and Dubey, 2002). It can infect any warm-blooded 

animal, including humans. T. gondii has three different infectious stages: sporozoites in oocysts, 

the rapidly growing tachyzoite stage found during acute infection, and the slowly growing 

bradyzoite form found in tissue cysts (Hill and Dubey, 2002). 

Oocysts are a critical stage for the spread of T. gondii because they can survive within  

the environment for months (Tenter et al., 2000). Furthermore, they are resistant to disinfectants, 

due to their relative impermeability (Tenter et al., 2000). Oocysts are formed after T. gondii 

undergoes sexual reproduction within the intestines of a feline (the definitive host). Cats are the  

only host that can naturally excrete oocysts (Frenkel et al., 1970). For decades, the reason that T. 

gondii only undergoes sexual reproduction in felids remained a mystery. However, it was 

recently discovered that the enzyme delta-6-desaturase, which metabolizes linoleic acid, was 

responsible for this species specificity (Martorelli Di Genova et al., 2019). Felines are the only 

mammals that lack delta-6-desaturase activity in their small intestine, and therefore, they do not 

metabolize linoleic acid, which results in increased levels of linoleic acid in the gut. Linoleic 

acid is cytotoxic to the asexual tachyzoite stage (Martorelli Di Genova et al., 2019; Shamseddin 

et al., 2015; Sinclair et al., 1979) and induces sexual reproduction in another eukaryotic organism 

(i.e., fungi) (Horowitz Brown et al., 2008; Martorelli Di Genova et al., 2019). Interestingly, 

researchers were able to reverse the species specificity of the sexual reproduction of T. gondii by 

blocking delta-6-desaturase activity or supplementing linoleic acid in mice, which resulted in T. 

gondii-infected mice secreting oocysts (Martorelli Di Genova et al., 2019). Once the oocyst is 
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excreted from the infected feline in feces it can enter the food or water supply (e.g., by 

contaminating livestock or vegetables) (Tenter et al., 2000). 

Intermediate hosts, including non-felid warm-blooded animals such as humans, can 

become infected if they consume water or food contaminated with oocysts or tissue cysts 

containing bradyzoites. Within the small intestines the parasites excyst and convert into the 

rapidly growing tachyzoite form and begin to infect nearby host cells (i.e., enterocytes) (Dubey, 

1998). The tachyzoite form of T. gondii destroyed by acid in the stomach, so are not typically 

infectious orally (Dubey, 1998). 

T. gondii can infect any nucleated cell within its host, where it will grow and replicate 

inside a parasitophorous vacuole (Fig. 1.3). T. gondii invasion into a cell has three major parts: 

loose attachment, tight attachment, and finally, entry. Loose attachment is mediated by proteins 

which coat the surface of T. gondii tachyzoites, including glycosylphosphatidylinositol (GPI)-

anchored surface antigens (SAGs), particularly SAG1-2 (Blader and Saeij, 2009; Lekutis et al., 

2001). Neutralization of SAG1 and SAG2 with monoclonal antibodies causes diminished 

adhesion of T. gondii to host cells (Lekutis et al., 2001). After the initial loose attachment, T. 

gondii establishes a tighter connection to the host cell, which is mediated by secreted microneme 

proteins (e.g. MIC2) and the formation of the moving junction. MIC2 is a transmembrane 

adhesin, which is rapidly moved to the apical surface upon contact with a host cell. MIC2 binds 

to host molecules, such as intracellular adhesion molecule-1 (ICAM-1), heparin, and chondroitin 

sulfate A and C (Barragan et al., 2005; Brossier and Sibley, 2005; Harker et al., 2014; Huynh and 

Carruthers, 2006). The moving junction is established by the cooperation of several T. gondii 

proteins, including the apical membrane antigen 1 (AMA1) and rhoptry neck proteins (RON 

proteins). In the moving junction, AMA1 anchored to the plasma membrane of T. gondii binds to 
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the RON complex injected in the host cell’s plasma membrane (Blader et al., 2015). Once the 

moving junction is established, T. gondii enters the host cell through invagination, creating the 

parasitophorous vacuole membrane out of the host’s own plasma membrane (Fig. 1.3)(Mordue et 

al., 1999). The moving junction also acts as a sieve to prevent the host’s transmembrane proteins 

from transferring over to the surface of the parasitophorous vacuole, thus creating a 

nonfusogenic compartment, avoiding the host cells endocytic and exocytic machinery (Mordue 

et al., 1999).  

 

Figure 1.3. Lytic lifecycle of T. gondii. A model of the T. gondii invasion, replication, and lysis cycle. 

 

After replication, T. gondii will egress from the host cell, lysing the cell in the process 

(Fig. 1.3)(Blader et al., 2015). After approximately 1-2 days in mouse models, parasitemia 

(tachyzoites within the blood) can be detected after oral infection (Dubey, 1998). During acute 



 

13 

 

infection, the parasites can be found in many organs throughout the body. But eventually, T. 

gondii is cleared from most tissues, persisting in the bradyzoite form within tissue cysts in long-

lived tissues, such as the muscle and brain (Dubey, 1998). This chronic infection lasts for the 

lifetime of the host. It is hypothesized that tissue cysts occasionally rupture, releasing parasites, 

but that the excysted parasites are rapidly killed in an immunocompetent host (Dubey, 1998). 

Failure to control the excysted parasites can result in reactivation of widespread infection of the 

host and serious CNS pathology, which will be discussed later. 

 

T. gondii epidemiology 

Approximately, 1/3 of the global population is chronically infected with T. gondii, with 

geographical variation in prevalence (Pappas et al., 2009). In the United States approximately 

10% of the population carries T. gondii (Maldonado et al., 2017; Pappas et al., 2009). Risk 

factors include eating undercooked meat contaminated with tissue cysts, having greater than 

three cats (though limiting their hunting by keeping them indoors minimizes risk), handling raw 

meat, and consuming raw shellfish (Hill and Dubey, 2002; Maldonado et al., 2017). 

Additionally, outbreaks have been linked to contamination of vegetables and water supplies by 

infected cat feces containing oocysts (Hill and Dubey, 2002; Maldonado et al., 2017). 

 Genotyping studies have found that there are three major clonal lineages (Type I, II, and 

III) of T. gondii in North America and Europe. These types are very similar to each other, with 

greater than 98% sequence identity at the nucleotide level, and the Type I and III lineage may 

have evolved from a Type II ancestor (Boyle et al., 2006; Su et al., 2006). Additionally, a recent 

lineage has been found in North American wildlife (Type XII) (Khan et al., 2011). In contrast to 
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the conserved lineages observed in North America and Europe, T. gondii in South America are 

highly diverse, and have been termed ‘atypical’ (Khan et al., 2007; Su et al., 2012). This genetic 

diversity has been hypothesized to suggest that T. gondii primarily propagates asexually in North 

America and Europe, while sexual propagation, resulting in genetic recombination, is more 

common in South America than in other regions (Su et al., 2012). Atypical strains have also been 

found in Australia and Africa. These ‘atypical’ strains have been associated with more serious 

disease than infection with the Type I-III lineages in immunocompetent individuals, such as eye 

pathology and multi-organ involvement (Dardé et al., 1998; Demar et al., 2007; Grigg et al., 

2001).  

 

T. gondii clinical disease 

 The most common route of T. gondii infection is oral, through the consumption of tissue 

cysts in undercooked meat or oocysts from contaminated vegetables or water (Hill and Dubey, 

2002). However, T. gondii can also be acquired through tissue transplant with an infected tissue, 

or congenitally if a pregnant woman becomes infected for the first time during a pregnancy and 

lacks preexisting maternal antibodies to control the infection (Hill and Dubey, 2002; Maldonado 

et al., 2017). The consequences of infection vary greatly in severity based on the 

immunocompetency of the host or the development of the immune system and will be discussed 

in the following groups: immunocompetent individuals, immunocompromised individuals, and 

fetuses. 

 In immunocompetent individuals, the initial acute infection is typically asymptomatic, 

though patients may experience flu-like symptoms (Hill and Dubey, 2002). The infected 
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individual is often not aware they have been infected (Maldonado et al., 2017). However, as 

mentioned previously, immunocompetent hosts can develop more serious ocular disease when 

infected with ‘atypical’ strains. Since the parasite persists within tissue cysts in the brain, if an 

individual becomes immunocompromised later in life (e.g., due to untreated HIV infection, 

chemotherapy for cancer, or by taking immunosuppressive drugs for organ transplantation), they 

can develop much more serious pathology, as discussed below. 

 In immunocompromised individuals, severe toxoplasmosis is often the result of 

reactivation of a latent infection (Luft and Remington, 1992; Roth et al., 1992). One of the most 

common and serious presentations is toxoplasmic encephalitis with one or more brain abscesses 

(Montoya and Liesenfeld, 2004). Toxoplasmic encephalitis can present acutely or as a more 

progressive condition over weeks with neurological issues, such as mental status changes 

(including confusion), seizures, motor defects (such as hemiparesis), speech abnormalities, 

cerebellar symptoms, and sensory abnormalities (Montoya and Liesenfeld, 2004). Patients can be 

diagnosed with neuroimaging (i.e., magnetic resonance imaging) and PCR. With imaging, ‘ring-

enhancing’ lesions can often be found, however, to rule out lymphomas or other pathogens, PCR 

of the cerebrospinal fluid for T. gondii DNA can be used as a highly specific follow-up exam 

(Marra, 2018). Toxoplasmosis in immunocompromised patients can also present as 

chorioretinitis, pneumonia, or with multi-organ involvement. Treatment occurs in two stages, a 

primary treatment to control the infection, followed by longer-term suppressive treatment until 

immune recovery occurs. Common therapeutics to treat T. gondii infection include 

pyrimethamine, sulfadiazine, and combination trimethoprim/sulfamethoxazole (Marra, 2018). 

Notably, these therapeutics do not cure T. gondii infection, as they have limited efficacy on the 

bradyzoite form of the parasite.  
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 Congenital infection (vertical transmission) occurs when T. gondii transverses the 

placenta in a pregnant woman. This can occur during several scenarios, most commonly when a 

naïve pregnant woman (not previously exposed to T. gondii) becomes acutely infected, if an 

infected woman becomes immunosuppressed while pregnant and the parasites reactivate, or 

more rarely, if a previously infected woman is infected by a more virulent atypical T. gondii 

strain (Maldonado et al., 2017). The likelihood of congenital infection increases with gestational 

age; however, the severity of symptoms decreases with gestational age (Dunn et al., 1999; 

Sterkers et al., 2012). The most severe consequence of congenital infection is spontaneous 

abortion. But children born with congenital toxoplasmosis can suffer ocular (e.g., chorioretinitis, 

cataracts, macular degeneration, visual impairment), CNS (e.g., seizures, brain masses, 

developmental delays), and many other more systemic and peripheral issues (e.g., pre-term birth, 

anemia, myocarditis) (Maldonado et al., 2017). Universal prenatal screening for maternal T. 

gondii seroconversion during pregnancy is common in countries such as France, Austria, and 

Slovenia but rare in the US (however, Massachusetts and New Hampshire carryout neonatal 

screening), and was recently found to be more cost-effective than postnatal screening efforts 

(Binquet et al., 2019). 

 

Immunity to T. gondii 

 Control of T. gondii infection requires the activation of both innate and adaptive immune 

cells. Initially, dendritic cells release IL-12 in response to T. gondii infection, which stimulates 

CD4+ T cells and NK cells to produce IFN-γ (Scharton-Kersten et al., 1998; Yarovinsky, 2014). 

Additionally, neutrophils release IFN-γ through a IL-12-independent pathway, which is instead 

regulated by TNF and IL-1β (Sturge et al., 2013). IFN-γ is involved in host-defense against T. 



 

17 

 

gondii through several different mechanisms.  First, IFN-γ upregulates indoleamine 2-3-

dioxygenase (IDO), which converts tryptophan to N-formylkynurenine (Pfefferkorn et al., 1986). 

This conversion decreases the availability of tryptophan, thus starving T. gondii of one of its 

essential amino acids (Pfefferkorn, 1984). Second, IFN-γ induces the production of nitrogen 

oxide (NO), which involves the production of nonpolar uncharged intermediates. These NO 

intermediates can modify proteins (for example at reactive thiols, heme groups, and iron-sulfur 

clusters) and can cross cell membranes to interact directly with T. gondii, interfering with 

metabolic enzymes (Fang, 2004; Yarovinsky, 2014). Furthermore, NO synthesis depletes 

arginine, which is also an essential amino acid for T. gondii (Adams et al., 1990; Fox et al., 

2004). Finally, IFN-γ activates immunity-related GTPases (IRGs), which cause vesiculation of 

the parasitophorous vacuole membrane, leading to disruption of the parasitophorous vacuole and 

killing of the parasite through lysosome-mediated degradation (Ling et al., 2006; Martens et al., 

2005). Interestingly, these host-defense mechanisms are species specific, as humans only have 

one IRG, compared to 21 in mice, and its role in T. gondii defense is controversial (Bekpen et al., 

2005; Yarovinsky, 2014). 

 Monocytes also have an essential role in host defense against T. gondii, and are present in 

the CNS during acute and chronic T. gondii infection (Biswas et al., 2015; Dunay et al., 2010, 

2008; Robben et al., 2005; Schneider et al., 2019). During T. gondii infection inflammatory 

(Ly6ChighCCR2+) monocytes contribute to T. gondii control through the production of cytokines, 

including IL-1α, IL-1β, TNF-α, and IL-6 (Biswas et al., 2015). Monocytes also release anti-

parasitic effector molecules during T. gondii infection (e.g., reactive oxygen species and NO) 

(Biswas et al., 2015). However, monocytes may also play a role in T. gondii dissemination across 

the blood-brain barrier, discussed below. 
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 Ultimately, a strong T cell response is necessary to establish long-term protection against 

T. gondii. This is demonstrated by the inability of patients with acquired immunodeficiency 

syndrome (AIDS) to control latent T. gondii infection after their CD4+ T cells are depleted (Luft 

and Remington, 1992). Additionally, severe combined immunodeficient (SCID) mice, which 

lack T and B cells, die during T. gondii-infection and can be rescued with adoptive transfer of 

lymphocytes from immunocompetent mice (Hunter et al., 1993; Johnson, 1992). CD4+ and CD8+ 

cells contribute to host defense against T. gondii mainly through the production of protective 

cytokines, including IFN-γ and TNF-α (Yap and Sher, 1999). T cells also mediate perforin-

dependent cytotoxicity, which is involved in the immune response against T. gondii, but may 

have a smaller role in the brain, where many infected cells are MHC class I- neurons (Schlüter 

and Barragan, 2019).  

 

T. gondii dissemination across the blood-brain barrier 

 The blood-brain barrier is a specialized barrier within the host, acting to limit the 

dissemination of many molecules and cells from the blood into the brain parenchyma. This is 

largely due to the unique nature of endothelial cells that make up the blood-brain barrier, as they 

have low rates of endocytosis, express tight junction proteins (e.g., Claudin-5 and Occludin), and 

have selective transporters for specific molecules [e.g., glucose transporter 1 (GLUT1)]. These 

properties of endothelial cells at the blood-brain barrier are induced, and maintained by the 

surrounding cells in the brain (i.e., pericytes, astrocytes, microglia, and neurons)(Abbott et al., 

2006). Functionally, the restrictive nature of the blood-brain barrier to cells and molecules makes 

it a formidable barrier to cross, which protects the CNS against invasion by most pathogens 

(Coureuil et al., 2017). 
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However, T. gondii can breach the blood-brain barrier. Currently, there is evidence for 

several different mechanisms by which T. gondii crosses the blood-brain barrier (BBB). One 

mechanism is the intracellular “Trojan horse” mechanism, which involves parasites entering the 

brain parenchyma within infected leukocytes (e.g., monocytes), which extravasate across the 

blood-brain barrier during T. gondii infection (Fig. 1.4)(Courret et al., 2006; Lachenmaier et al., 

2011). Eventually, the parasites lyse the infected leukocyte, and can infect surrounding cells 

(e.g., neurons). Interestingly, in vitro work demonstrated that T. gondii-infected monocytes move 

more quickly and further distances than non-infected monocytes (Ueno et al., 2014). Recent 

work has also suggested that another approach T. gondii may use to breach the BBB is direct 

infection and lysis of vascular endothelial cells in the brain (Konradt et al., 2016a).  

 

Figure 1.4. Mechanisms of T. gondii dissemination across the BBB. The left side shows the Trojan horse model 

of T. gondii dissemination, by which T. gondii crosses the BBB in an infected leukocyte. The right side shows 

endothelial cell lysis, another possible mechanism by which T. gondii can disseminate across the BBB. 
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The evidence of endothelial cell lysis and the presence of monocytes in the brain during 

T. gondii infection may support the formation of thrombi in the CNS. Indeed, previous research 

has shown that mice deficient in clotting, or treated with warfarin [a commonly used anti-

coagulative therapeutic, which lowers the bioavailability of Vitamin K a cofactor needed for 

activation of FII, FVII, FIX, FX (Holbrook et al., 2005)], do not survive acute T. gondii 

infection, unlike their control counterparts (Johnson et al., 2003a; Mullarky et al., 2006). 

Furthermore these mice were found to have gross hemorrhage in their livers upon necropsy 

(Johnson et al., 2003a). However, whether T. gondii infection induced thrombosis in the brain 

was not examined. Therefore, this work sought to investigate whether thrombosis was occurring 

in the brains of mice infected with T. gondii and whether cerebral blood flow was affected in 

these mice. In order to do this, we first developed a technique to longitudinally measure cerebral 

blood flow in mice relatively non-invasively over the course of 100+ days (Hoover et al., 2021). 

We then examined T. gondii-infected animals for evidence of clotting and disrupted cerebral 

blood flow. Ultimately, these findings could contribute to a better understanding of cerebral 

pathology and thrombotic responses during infection. 
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Transcranial chronic optical access method to  

longitudinally measure cerebral blood flow  
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Introduction  

Cerebral blood flow (CBF) regulation is essential for normal brain functioning, and many 

physiological and pathological conditions may cause disruption in CBF. Stroke (Siegel et al., 

2015), Alzheimer's disease (Kogure et al., 2000; Ruitenberg et al., 2005), and aging (Martin et 

al., 1991) can have long-lasting negative effects on CBF, whereas acute infection, such as with 

SARS-CoV2, can cause short-term effects on CBF in Covid-19 patients (Helms et al., 2020; 

Soldatelli et al., 2020). There are currently few techniques to study long-term CBF changes or 

the efficacy of therapeutic modulation of CBF in animal models.  

The ability to measure CBF in the same animals longitudinally over time has several 

advantages. First, it reduces the number of experimental animals needed to examine the kinetics 

of CBF changes, as researchers can investigate CBF dynamics in the same set of mice, rather 

than euthanizing separate cohorts of mice for each time-point. Second, the ability to determine a 

baseline measurement of CBF before a pathology manifests or prior to induced changes in blood 

flow controls for inter-animal variation in CBF, as each animal can serve as its own internal 

control. Current approaches for measuring CBF in animal models include methods based on 

magnetic resonance imaging (Calamante et al., 1999), positron emission tomography (Heiss et 

al., 1994), microscopy, such as two-photon excitation fluorescence microscopy (Drew et al., 

2010; Kleinfeld et al., 1998; Schaffer et al., 2006; Shih et al., 2015; Zhang and Murphy, 2007), 

and wide-field optical techniques like laser speckle imaging (LSI)  (Boas and Dunn, 2010; Dunn 

et al., 2001; Fercher and Briers, 1981). Among these techniques, only two-photon microscopy 

and LSI provide the spatial resolution necessary to image individual blood vessels (Dunn et al., 

2001; Shih et al., 2012). 
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LSI has been used to measure CBF dynamics in a wide-range of neurologically relevant 

conditions, such as cardiac arrest (Crouzet et al., 2016), cortical spreading depression (Dunn et 

al., 2001), and stroke (Schrandt et al., 2015; Sunil et al., 2020). Unlike two-photon microscopy, 

which enables absolute measurements of cerebral blood flow, LSI detects relative blood flow in 

biological tissues (Boas and Dunn, 2010; Dunn et al., 2001; Fercher and Briers, 1981). However, 

LSI involves a simpler imaging platform and does not require the use of exogenous dyes or 

transgenic animals with fluorescently labeled vasculature (e.g., Tie2-GFP mice) to visualize the 

dynamics of flow in cerebral vessels (Drew et al., 2010; Kleinfeld et al., 1998; Schaffer et al., 

2006; Shih et al., 2015; Zhang and Murphy, 2007).  

 An important consideration in imaging cerebral blood flow is balancing clear optical 

access with the potential for damage inflicted by a surgical procedure. Craniotomy and skull-

thinning surgeries can provide optimal access for two-photon microscopy and LSI. However, 

these approaches require highly precise surgical skill to avoid inducing permeability of the 

blood-brain barrier (BBB) due to heat from drilling (Luan et al., 2017; Shoffstall et al., 2018). 

Removing a portion of the skull may also cause a temporary inflammatory response or induce 

bone re-growth, resulting in diminished optical access (Xu et al., 2007). LSI does not require a 

craniotomy or skull-thinning surgery, since this technique can be done through the intact 

hydrated skull of mice once the scalp is resected (Ayata et al., 2004b). Resecting the scalp is a 

simpler surgical procedure than craniotomy or skull thinning. The shorter time-frame for surgery 

may increase the number of animals a researcher can reasonably include in a study (since a 

craniotomy can require four or more hours to perform (Goldey et al., 2014)), while also reducing 

the length of time that each animal is under anesthesia. However, to our knowledge, there have 
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been no reports of maintaining long-term optical access to measure CBF with LSI through an 

intact skull. 

Here we describe a surgical method in mice that we have named cyanoacrylate skull 

(CAS), which enables continuous chronic optical access through an intact skull. The CAS 

approach enables bi-hemispheric imaging of cerebral blood vessels using LSI or other wide-field 

optical imaging techniques. Using CAS, we were able to stably measure functional CBF for 

more than 100 days post-surgery and detect acute changes in CBF due to hypercapnia (elevated 

CO2). This procedure can take a skilled researcher less than one hour to complete, which is 

significantly less time than performing a craniotomy. The CAS technique may prove useful for 

researchers investigating relative cerebral blood flow, as it will enable studies on changes in 

long-term CBF in human-relevant disease models (e.g., Alzheimer's disease, stroke, infection), 

as well as the ability to evaluate therapy-induced CBF changes over time. 

Materials and Methods 

Animals 

All procedures and protocols were approved by the Institutional Animal Care and Use 

Committee at the University of California, Irvine. Procedures were performed on 2-5 month-old 

male and female C57BL/6J mice purchased from Jackson Laboratories. 

 

Surgical Preparation 

A schematic of the surgery is shown in Fig. 2.1A, and accompanying images of each step 

of the surgery are shown in Fig. 2.1B-E. Mice were anesthetized with O2 vaporized isoflurane 
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(2% for induction, 1-1.5% for maintenance, Patterson Veterinary, Devens, MA). Body 

temperature was maintained at 37˚C with a feedback heating pad (Harvard Apparatus, Holliston, 

MA). Sterile eye ointment (Rugby, Livonia, MI) was applied to prevent corneal drying. 

Carprofen (10 mg/kg, s.c., Zoetis) and topical 2% lidocaine hydrochloride jelly (Akorn, Lake 

Forest, IL) were administered to provide systemic and local analgesia, respectively. Mice were 

given Ringer’s lactate solution (0.2 mL/20 g/hr, s.c.) to replace fluids. All surgical tools were 

sterilized using a glass bead sterilizer (Germinator 500). Following shaving and sterilization with 

Povidone-iodine for five minutes, the scalp was resected to expose bregma and lambda. 2% 

lidocaine hydrochloride jelly was reapplied to the exposed fascia (Fig. 2.1B), which was 

subsequently removed. Afterwards, the skull was dried with ethanol (70% in DI water) (Fig. 

2.1C). Three thin layers of cyanoacrylate (Vetbond, 3M) were applied using a double-ended 

micro spatula (Fine Science Tools). Each layer was composed of a single drop of cyanoacrylate 

(~15 µL) and allowed to dry between applications to ensure smoothness (Fig. 2.1D). Multiple 

layers of cyanoacrylate prevented potential skull exposure from the mice, as they occasionally 

scratch at the surface. After the cyanoacrylate layers were dry, a ~2 mm deep well was then 

made using acrylic resin Ortho-Jet BCA (Lang Dental, Wheeling, IL) around the edges of the 

surgical prep, and a final thin layer of cyanoacrylate was applied over the previous cyanoacrylate 

layers (Fig. 2.1E, Supplemental Video 1). A second dose of Carprofen (10 mg/kg, s.c., Zoetis) 

was administered one day post-operation (dpo). Mice were not returned to their home cages until 

their skulls were uniformly covered with cyanoacrylate to prevent infection. After the procedure, 

mice can be co-housed and handled as normal (i.e., being held by the scruff for injections). No 

signs of distress (i.e., low activity, hunched poster, or piloerection) were noted. Animals were 

allowed to recover from the surgery for 3-5 days before longitudinal imaging was performed.  
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Figure 2.1. Surgical procedure for chronic optical access. A) Flowchart showing steps for the surgical procedure, 

as well as the approximate time that it takes to complete each step. B-E) Representative image of surgical site after 

each step of the surgical procedure. Scale bars: 1 mm. 

 

Imaging Instrumentation 

To obtain cerebral blood flow (CBF) data, we used laser speckle imaging (LSI) (Crouzet 

et al., 2016; Dunn et al., 2001). A schematic of the setup is shown in Fig. 2.2A. A long-

coherence 785 nm laser (Ondax, Monrovia, CA) was used as the excitation source. Laser light 

was transmitted through beam expansion optics, which included an aspheric lens (ThorLabs, 

Newton, NJ) and ground glass diffuser (ThorLabs, Newton, NJ), to achieve near-uniform 

illumination of the cortex. Raw speckle images (10 ms exposure time) were acquired using a 4x 

Achrovid objective with a 37 mm working distance (Edmund Optics, Barrington, NJ) and 

monochrome CMOS camera (FLIR, Wilsonville, OR). Cross-polarization optics between the 

source and detector were used to remove specular reflection.  
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Imaging, Data Acquisition, and Data Processing 

For imaging, mice were anesthetized with O2 vaporized isoflurane (2% for induction and 

1.5% for maintenance, Patterson Veterinary, Devens, MA). Sterile eye ointment (Rugby, 

Livonia, MI) was applied to prevent corneal drying. Body temperature was maintained at 37˚ C 

with a feedback heating pad (Harvard Apparatus, Holliston, MA), as described above. Saline was 

then applied to the cyanoacrylate and a glass coverslip (Fisherbrand, 12CIR-2) was placed on top 

for 10 min prior to image acquisition to allow the relative blood flow to stabilize. Total imaging 

time takes approximately 14 minutes per mouse. Each mouse was imaged 11 to 14 times over 

105 days. 

Raw speckle images were acquired at 60 Hz using a LabVIEW (National Instruments, 

Austin, TX) program.  First, all raw speckle images were converted to CBF maps using the 

spatial speckle contrast algorithm to detect periods of motion artifact. A 5 x 5 sliding window 

was used to convert each raw speckle image to a corresponding speckle contrast (K) image using 

the equation K = σ/< I >, where σ is the standard deviation of the intensity and <I> is the 

average intensity within each sliding window position. Each speckle contrast image was then 

converted to a CBF map using a simplified speckle imaging equation CBF =
1

2𝑇𝐾2
 (Ramirez-San-

Juan et al., 2008). Next, sharp spikes due to breathing were manually defined in the CBF time 

course as periods of motion artifact. These time points were removed from the calculation of the 

temporal speckle contrast. 

MATLAB (MathWorks, Natick, MA) code was written to convert raw speckle images to 

CBF maps using the temporal speckle contrast algorithm (Cheng et al., 2003). The temporal 

algorithm was chosen, as it is less susceptible to static scatterers, such as the skull, than the 

spatial algorithm (Li et al., 2006; Ramirez-San-Juan et al., 2014). Speckle contrast (K) was 
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calculated as the ratio between the standard deviation and the mean intensity at each pixel over 

60 raw speckle images without motion artifact caused by breathing. A 3x3 spatial averaging 

filter was then applied to the temporal speckle contrast image to reduce noise. Each speckle 

contrast image was then converted to a CBF map using a simplified speckle imaging equation 

CBF =
1

2𝑇𝐾2
 , where T is the exposure time (Ramirez-San-Juan et al., 2014).  

 

Hypercapnia Experiments 

Mice were imaged continuously for 15 minutes. For the first 5 minutes, they breathed room 

air to establish baseline readings. Then they were challenged for 5 min with 5% CO2 with 

balanced room air to induce hypercapnia, and for the last 5 minutes they breathed room air (Fig. 

2.3A).  
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Figure 2.2. Laser speckle imaging of mice. A) Schematic of laser speckle imaging set-up. B) Example of green 

light image of the brain. C) Green light imaging showing bregma (arrow) and lambda (arrowhead). D) Green light 

image showing ROIs (half circles) over left and right side of the skull. Scale bars: 1 mm. E) Cerebral blood flow 

(CBF) of all animals during first two weeks. 

 

Data Quantification 

To assess longitudinal CBF changes using the CAS preparation, speckle contrast images at 

each time point were aligned using MATLAB code (Lertsakdadet et al., 2018). Using the aligned 

data, a point at bregma and lambda were selected. Two semi-elliptical regions of interest (ROIs) 

offset by +/- 0.5 mm from the midline with radii of 1.05 mm along the short axis and 1.63 mm 

along the long axis. were used to obtain longitudinal CBF data. The same ROI per animal was 
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used for every time point. A representative example of ROI selection is shown in Fig. 2.2B-D. 

The median CBF from each ROI was calculated, and the median CBF values for the right and 

left hemispheres were averaged and used for further statistical analyses. In the case of one mouse 

(Fig 2E, light blue), only the CBF from the right hemisphere was included, as the other ROI had 

a scattering artifact due to an uneven coating of cyanoacrylate or to insufficient removal of 

fascia.  

To assess hypercapnia-induced CBF changes, the spatial speckle contrast algorithm was 

used. For each imaged mouse, four ROIs were selected. The two semi-elliptical ROIs (described 

above) were used to obtain a more global CBF measurement. Two small ROIs (one left 

hemisphere, one right hemisphere) were also defined. A representative example of the ROI 

selection is shown in Fig. 2.3B. For each ROI, a CBF time course was obtained. A 10s sliding 

median filter was applied to the CBF time courses to remove the pulsatile component.  The 

median-filtered data was downsampled to a sampling frequency of 1Hz. The downsampled data 

was then normalized to the mean median-filtered CBF calculated over a one-minute interval 

immediately prior to onset of hypercapnia to create a rCBF time course. 

In addition, we determined the smallest vessels that could be resolved in this system by 

analyzing images from a subset of the mice in ImageJ. First, we applied an automated threshold 

to detect vessels, created a mask, and smoothed the resulting image with a Guassian blur (sigma 

set to 0.75). With this procedure, vessels as small as 40 µm could be resolved. 
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Statistical Analysis 

GraphPad Prism 7.02 software was used for statistical analyses. A two-way repeated 

measures ANOVA followed by a post-hoc Tukey test was used to test the left and right 

hemispheres, as well as the small and large ROIs for significant differences in rCBF after the 

start of the hypercapnia challenge from baseline (average of 5 minutes prior to hypercapnia). 

Differences between groups in the longitudinal imaging dataset were determined using a 

repeated measures one-way ANOVA, followed by a post-hoc Tukey test. P < 0.05 was 

considered significant. 

 

Figure 2.3. Relative cerebral blood flow during hypercapnia challenge. A) Experimental set-up of hypercapnia 

challenge. B) Speckle contrast image at baseline showing representative large ROIs (half circles) and small ROIs 

(rectangles) in the right and left hemispheres. Scale bars: 1 mm. C-D) Percent change of rCBF to baseline (prior to 

challenge). **** P < 0.0001; significance was calculated by a repeated measures two-way ANOVA, with a post-hoc 

Tukey test. Each time point after challenge was compared to baseline. No significant difference was found between 

the large and small ROIs or left and right hemisphere. Error bars represent SD. 
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Results & Discussion 

We used LSI to measure the CBF of seven mice (four females and three males) for the 

first two weeks after implementation of the CAS surgical technique (Fig. 2.2E). CBF values 

from the right and left hemisphere were averaged to account for the blood flow changes across 

both hemispheres (Fig. 2.2D-E). Overall, we found little difference in CBF among individual 

mice or between males and females during the first two weeks after surgery. 

To assess our ability to detect dynamic CBF changes using LSI after the CAS technique, 

a hypercapnia challenge induced by CO2 inhalation was performed (Fig. 2.3A). Hypercapnia is 

commonly used as a way to assess cerebrovascular reactivity, as it causes a rapid increase in 

CBF (Ayata et al., 2004a; Dalkara et al., 1995; A Hauge et al., 1980; Wenzel et al., 2020). 

Consistent with prior studies (Ayata et al., 2004a; Dalkara et al., 1995; Anton Hauge et al., 1980; 

Wenzel et al., 2020), we detected a significant increase in rCBF in both the left hemisphere (Fig. 

2.3C) and the right hemisphere (Fig. 2.3D). These data indicate that acute changes in CBF can be 

detected by LSI imaging of mice that have undergone the CAS surgical technique. Both large 

and small ROIs were examined for comparison, and no statistically significant differences 

between the large and small ROIs, nor the left and right hemispheres were detected. These data 

indicate that the size of the ROI drawn did not affect the measurement of relative changes in the 

CBF. 

To determine the length of time over which we could maintain optical access for LSI 

imaging using the CAS technique, we continued to image a subset of mice (two females and two 

males) for more than 100 dpo. Representative speckle contrast images are shown for 3, 35, 53, 

and 103 dpo (Fig. 2.4A), and CBF values are shown for all time points (Fig. 2.4B). Over time, 

there appeared to be a decline in CBF in the mice. To examine this trend, we grouped the 
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animals into three categories: early (<1 month-post-surgery), middle (1-2 month(s)-post-

surgery), and late (2+ months-post-surgery) (Fig. 2.4C). In aggregating the data in this manner, 

CBF was found to be significantly higher in the early phase post-surgery when compared to the 

middle and late phases, with no difference between the middle and late phases. Therefore, these 

data suggest that the surgical procedure may induce a temporary increase in CBF, or that the 

CBF values decline after the early phase and then stabilize with time after surgery. 

 

Figure 2.4. Longitudinal cerebral blood flow analysis. A) Speckle contrast imaging at 3, 35, 53, and 103 dpo. 

Scale bars: 1 mm. B) Longitudinal cerebral blood flow to >100 days post-operation. C) Comparison of the early (< 1 

months), middle (1-2 months), and late (2+ months) time periods after surgery. * P < 0.05, ** P < 0.001, ns: not 

significant; significance was calculated by a repeated measures ANOVA with a Tukey post-hoc test. Error bars 

represent SD. 
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Conclusions 

As emerging research reveals that many physiological and pathological conditions affect 

CBF, reproducible and minimally invasive tools are needed to study changes in CBF in animal 

models. Though CAS may not have the resolution of techniques that rely on craniotomies for 

optical access, it has numerous benefits for detecting CBF using LSI. The surgery is relatively 

fast, easy to master, and less invasive than techniques that involve removing the skull. As we 

have demonstrated, CAS can be used prior to LSI for detecting acute changes in rCBF (as shown 

by hypercapnic challenge), as well as for imaging experiments in mice that last over 100 days.  

Notably, our data indicate that CBF measurements stabilized after the initial two weeks 

post-operation. Based on these findings, it may be recommended to begin “baseline” imaging 

after this point. Another consideration is the use of anesthesia for imaging. In the current study, 

mice were imaged with isoflurane anesthesia, which has been previously shown to increase CBF 

(Janssen et al., 2004).  In the future, this technique may be refined to allow for imaging of head-

constrained awake mice, similar to the method published by Murphy et al. (Murphy et al., 2016). 

We anticipate that CAS will be a useful surgical preparation for investigating diseases 

that affect CBF, including processes that take several months to develop (such as models of 

Alzheimer’s disease), as it enables the study of long-term changes in CBF. CAS coupled with 

LSI imaging may also be useful for analyzing the potential benefits of therapeutics administered 

to alter CBF. This approach should mitigate any potential effects of an anesthetic agent on CBF 

measurements. Ultimately, CAS may enhance the understanding and discovery of therapeutics 

for diseases that result in altered CBF in humans. 
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Toxoplasma gondii infection triggers coagulation at the  

blood-brain barrier and a reduction in cerebral blood flow  
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Introduction 

Hemostasis is the physiological response to vessel injury, in which the coagulation 

cascade is activated to form a thrombus or blood clot, consisting of aggregated platelets and 

cross-linked fibrin. Thrombosis is considered to be a pathological manifestation of hemostasis 

and occurs when thrombi form within blood vessels, causing vessel occlusion. Infection of 

individuals with diverse pathogens has been linked to increased risk of blood clots during 

infection, including in those infected with viruses (e.g., HIV, influenza, SARS-CoV2), blood-

borne bacteria (e.g. E. coli, Yersinia enterocolitica), and eukaryotic parasites (Plasmodium 

falciparum) (Helms et al., 2020; Luo et al., 2013; Massberg et al., 2010; Roberts et al., 1985). In 

some cases, clotting can be beneficial to the host, helping to sequester the pathogen and limit its 

dissemination (Engelmann and Massberg, 2012). However, when thrombosis occurs within the 

brain during infection, it can be associated with negative outcomes, for instance, in pediatric 

patients with cerebral malaria (Hemmer et al., 1991; Moxon et al., 2015, 2013; Vogetseder et al., 

2004), or in COVID-19 adult patients (Soldatelli et al., 2020). Despite the highly vascularized 

nature of the brain, thrombi in the brain can negatively affect cerebral blood flow (CBF) and 

BBB function leading to irreversible neuronal loss and neurological sequelae, as seen with stroke 

patients (Siegel et al., 2015). This ischemia is particularly detrimental to the host since the 

regulation of CBF is critical to normal brain functioning. Furthermore, patients with sepsis and 

SARS-CoV2 have been found to have reduced CBF (Helms et al., 2020; Semmler et al., 2008; 

Soldatelli et al., 2020). 

Clotting can be initiated in response to vessel damage due to the subendothelial exposure 

of tissue factor to coagulation factors in the blood. Clotting is critical in preventing hemorrhage 

through the formation of a fibrin-platelet clot. Tissue factor is typically found on subendothelial 

cells (i.e., astrocytes in the brain) (Eddleston et al., 1993); however, it can also be expressed on 
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myeloid cells during inflammation (Brühl et al., 2012; Massberg et al., 2010; Maugeri et al., 

2006; Todoroki et al., 2000). Clotting can also be initiated in response to negatively charged 

molecules and surfaces (i.e., DNA, RNA, plasma membrane of activated platelets), which 

activate factor XII in the blood (Grover and Mackman, 2019). 

Toxoplasma gondii is a eukaryotic protozoan parasite that is found worldwide (Pappas et 

al., 2009) and that infects and lyses brain microvascular endothelial cells (Konradt et al., 2016a) 

prior to parasite entry to the brain. There is also evidence that the cerebral microvasculature is 

perturbed during T. gondii infection (Estato et al., 2018; Marcos et al., 2020). However, little is 

known about the effect of T. gondii infection on the blood-brain barrier and the functional 

consequences of infection on cerebral blood flow (CBF) during the different stages of infection 

observed in humans: 1) the acute stage in which T. gondii replicates in the peripheral organs and 

enters the brain from the periphery; 2) the stable chronic stage, in which the parasites are located 

within cysts in the brain and muscle tissue; and finally, 3) the reactivation stage, which occurs in 

immunocompromised patients when the latent infection is no longer controlled (Dubey, 1998; 

Dubey et al., 1997). 

Here we use intravital imaging approaches coupled with fixed tissue analysis in mice to 

demonstrate that brain endothelial cells were activated during acute infection with T. gondii, 

upregulated expression of adhesion molecules ICAM-1 and VCAM-1 and became 

morphologically more tortuous during infection. Surprisingly, longitudinal two-photon imaging 

of live mice during infection revealed vascular occlusion in the brain, and formation of platelet-

fibrin clots within the cerebral vasculature during acute infection. Longitudinal laser speckle 

imaging revealed that CBF decreased during acute infection, recovered during stable chronic 

infection, and decreased again during reactivation of the infection. Finally, we demonstrate that 
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treatment with a low-molecular-weight heparin, an anticoagulant, partially rescued CBF in T. 

gondii-infected mice. These data suggest that changes in cerebral hemodynamics may be a 

common feature of systemic inflammation and infection. 

Materials and Methods 

Animals 

All procedures and protocols were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of California, Irvine. Procedures were performed on 2–to-

6-month-old male and female mice. Wild-type (WT) C57BL/6J mice were purchased from 

Jackson Laboratories. Heterozygous Tie-2::eGFP-Claudin-5 transgenic mice were bred in-house 

to WT C57BL/6J mice and screened by PCR as previously published. (Knowland et al., 2014). 

 

Acute and Chronic Infections and Reactivation 

Mice were intraperitoneally (i.p.) injected with 1-5x104 T. gondii tachyzoites for acute 

infection experiments and 200 tachyzoites for chronic infection experiments in 200 µL of PBS. 

GFP- or tdTomato-expressing type II Prugniaud parasites were used. Tachyzoites were serially 

passaged and maintained in human foreskin fibroblasts as described previously (Gov et al., 

2013). Mock-infected control mice were injected i.p. with 200 µL of sterile PBS (Corning). 

Reactivation was induced by i.p. injection of 2 mg of anti-IFN-γ (XMG1.2, Bio X cell) or rat 

IgG1 isotype control (Bio X cell) per mouse at 28 and 32 dpi. At experimental endpoints, mice 

were sedated with 2.5% Tribromoethanol (Avertin; Sigma-Aldrich) and perfused transcardially 

with 30 mL 1× PBS (Corning) to remove non-adherent blood cells, as previously reported 

(Schneider et al., 2019). 
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Parasite Quantification 

For B1 quantification, the Blood and Tissue kit (Qiagen) was used to extract DNA from 

10 mg of homogenized brain tissue following the manufacturer’s guidelines. For SAG1 

quantification, total RNA was harvested from 10 mg of homogenized brain tissue using the 

RNeasy Kit (Qiagen) and treated with DNase I (Life Technologies) to remove contaminating 

genomic DNA. cDNA was synthesized using the Superscript III First-Strand Synthesis kit (Life 

Technologies), according to the manufacturer’s instructions, and subsequently used as a template 

in quantitative reverse transcription real-time PCR (RT-qPCR). qPCR was performed in 

triplicate using a Bio-Rad iCycler PCR system and iTaq Universal SYBR Green Supermix (Bio-

Rad). All primers were synthesized by Integrated DNA Technologies. Primer pairs for B1: 

CAGATGTGCTAAAGGCGTCA (sense), GCCCTAGACAGACAGCGAAC (anti-sense). B1 

data were used to determine parasite concentration (parasites/mg) by referencing a standard 

curve of parasites as previously published (Burg et al., 1989). Mouse GAPDH primers were 

previously published (Morgado et al., 2011). Primers pairs for SAG1: CAGCACTCTTGGTC 

CTGTCA (sense), TGGCACCATTATCACTCGAA (anti-sense). Primers pairs for human TF: 

AAGAGTACAGACAGCCCGGTAG (sense), CCACAGCTCCAATGATGTAGAA (anti-

sense). Human GAPDH primers were previously published (Gov et al., 2013). qPCR data were 

analyzed using the threshold cycle method (Livak and Schmittgen, 2001), and gene expression 

data are shown normalized to that of the housekeeping gene GAPDH. In all RT-qPCR assays, 

cDNA generated in the absence of reverse transcriptase, as well as water in place of the DNA 

template, were used as negative controls, and these samples were confirmed to have no 

amplification. 

 



 

41 

 

Immunofluorescence Staining, Imaging, and Analysis 

Brains were collected and incubated in 4% PFA for 6-16 hours, cryopreserved with 30% 

sucrose in 1x PBS until the tissues sunk, and embedded in OCT freezing medium (Thermo 

Fisher Scientific). After sectioning, tissue was stored in cryoprotection media (30% sucrose, 30% 

ethylene glycol, 0.1M Phosphate buffer, 1% PVP-40) at -20 °C. Nuclei were stained just prior to 

the final wash using Hoechst dye (1:20,000; Sigma). For detection of ICAM-1 and VCAM-1, 16-

μm-thick sections were blocked and permeabilized in IFA buffer [1X PBS (Corning), 5% normal 

donkey serum (Southern Biotech, Birmingham, AL), 0.3% Triton-x 100 (Thermo Fisher 

Scientific)] for 2-4 hr. Antibodies against GLUT1 (1:400; Millipore), ICAM-1 (1:100; 

Biolegend), or VCAM-1 (1:100; Biolegend) in IFA buffer were incubated with sections for 48 

hr. Secondary antibodies (1:500) were incubated with sections for 24 hr. Z-stacks were taken 

with a 63X objective on a confocal Leica SP8 microscope (Leica Microsystems). Ten random 

non-adjacent fields of view (FOVs) in the cortex were imaged. For detection of CD41 and fibrin, 

100-μm-thick sagittal sections were blocked and permeabilized in IFA buffer for 16 hrs. 

Antibodies against GLUT1 (1:400; Millipore), fibrin (1:200; Thermo Fisher Scientific), or CD41 

(1:100; Biolegend) in IFA buffer were incubated with sections for 72 hr. Secondary antibodies 

(1:500) were incubated with sections for 48 hr. Immediately prior to imaging, brain tissues were 

cleared using the ultrafast optical clearing method (Zhu et al., 2019). A widefield (pinhole set to 

3 Airy Units) tilescan was imaged with a 20X objective on a Leica SP8 microscope. 

The quantification of ICAM-1 and VCAM-1 was done on max z-stack projections. The 

quantification of CD41 and fibrin was done on ten random 300 x 300 µm FOVs spaced 

throughout the cortex from widefield (pinhole set to 3 Airy Units) fluorescence tilescans of 100 

µm-thick sagittal sections, while blinded to the CD41 or fibrin signal. Images were globally 
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smoothed using FIJI’s smooth function, the channels were split, and a threshold was applied to 

determine areas that were positive for GLUT1 (to denote vessels), ICAM-1, VCAM-1, CD41, or 

fibrin. Afterward, the percent positive areas of ICAM-1, VCAM-1, CD41, or fibrin within the 

GLUT1 positive areas were calculated. 

 

Serum Cytokine Multiplex Assay 

Whole blood was collected into coagulation tubes (BD Biosciences) prior to perfusion 

(Schneider et al., 2019). Coagulated blood was centrifuged per the manufacturer’s instructions to 

isolate sera. Cytokines were measured using the LegendPlex bead-based assay (Biolegend) per 

kit instructions at a dilution of 1:2. Samples were analyzed on a Novocyte flow cytometer 

(Agilent). 

 

2-Photon Imaging 

Cranial windows were installed in Tie-2::eGFP-Claudin-5 heterozygous mice 1-2 weeks 

prior to imaging as previously described (Schneider et al., 2019). Imaging was performed using a 

resonant 2-photon microscope (Neurolabware) equipped with an Olympus 20x (0.8 NA) water-

emersion objective. A Ti:Sapphire laser tuned to 900 nm (Mai-Tai HP, SpectraPhysics) was used 

to stimulate eGFP fluorescence. Emissions were filtered using a 510/84-nm BrightLine bandpass 

filter (Semrock) and acquired using a using Scanbox acquisition software (Scanbox). We used an 

electrically tunable lens (Optotune) for volumetric scanning over 1-2 minutes in 5-6 fields. To 

minimize motion artifacts, mice were anesthetized with Isoflurane (Patterson Veterinary) in O2 

(2% for induction and 1-1.5% for maintenance). Sterile eye ointment (Rugby) was applied to 

prevent corneal drying and body temperature was maintained at 37˚C with a custom-made closed 
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loop heating pad. At the end of each imaging session, mice were injected intravenously via the 

tail vein with 100 µL 0.5% Biocytin-TMR (Invitrogen) in sterile 1x PBS to visualize vascular 

perfusion. For image processing, focal planes were sum binned and motion corrected using 

HyperstackReg (DOI 10.5281/zenodo.2252521) in FIJI, a processing package based on ImageJ2 

(Schindelin et al., 2012). 

 

Endothelial cell analysis 

Day 0 (baseline, prior to infection) and day 6 imaging were performed by 2-photon 

microscopy of eGFP-claudin-5 mice injected with PBS (control) or infected with T. gondii. 

Endothelial cells were compared in each FOV, and cells within the same FOV at both day 0 and 

day 6 post-infection were analyzed. Endothelial cell borders delineated by eGFP-claudin-5 were 

hand-traced in FIJI using a stylus and tablet. Cell area and perimeter were assessed using the 

measure function, and the shape index was calculated using the standard formula: shape index =

4π∗area

(perimeter)2
, as has previously been published (Ohashi et al., 2007). The fold-change of the shape 

index was calculated as a ratio of the day 6 to day 0 shape index for each endothelial cell.   

Endothelial cell protrusions were counted at day 0 and day 6 along claudin-5 cell borders. 

The same cell was quantified at each time point. A minimum of 3 vessel sections were quantified 

for each mouse across at least three fields of view (n = 32-52 cells total per mouse). Protrusions 

were defined as sections of cell border with a visible open center less than 8 µm in diameter.  
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Laser speckle imaging 

Surgeries and laser speckle imaging (LSI) in mice were performed as previously 

published (Hoover et al., 2021). In brief, mice were anesthetized with isoflurane (2% for 

induction and 1.5% for maintenance, Patterson Veterinary). Then the scalp was resected, and 

cyanoacrylate was applied to the skull. Mice recovered from surgery for at least two weeks prior 

to infection. Laser speckle imaging to measure cerebral blood flow (CBF) was performed using a 

long-coherence 785 nm laser. Raw speckle images (10 ms exposure time) were acquired using a 

4x Achrovid objective with a 37 mm working distance (Edmund Optics). Cross-polarization 

optics between the source and detector were used to remove specular reflection.  

To measure the changes in cerebral blood flow (CBF) during acute infection, we imaged 

mice at 0, 4, and 7 dpi. For the chronic infection and reactivation experiments, mice were imaged 

at 0, 7, 14, 28, 34, and 38 dpi. During LSI, mice were anesthetized with O2 vaporized isoflurane 

in the same way as for the 2-photon imaging, and body temperature was maintained at 37˚C with 

a feedback heating pad (Harvard Apparatus, Holliston, MA). As in Hoover et al., CBF was 

calculated using a simplified speckle imaging equation CBF =
1

2𝑇𝐾2
 (Ramirez-San-Juan et al., 

2008). Two semi-elliptical regions of interest (ROIs) were used to obtain longitudinal CBF data 

from each hemisphere. The median CBF from each ROI was calculated, and the median CBF 

values for the right and left hemispheres were averaged. Relative CBF (rCBF) was calculated as 

a percentage of baseline CBF (set to 100%). 

 

Low-molecular-weight heparin treatment 

Mice were given subcutaneous injections of 100 units/kg of nadroparin calcium, a low-

molecular-weight heparin, in PBS (Sigma-Aldrich) twice daily, roughly twelve hours apart. 
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Control animals received the same volume of PBS only. Treatment was started at 0 dpi after LSI 

imaging and continued until 7 dpi when mice were euthanized. 

 

Isolation and infection of primary human neutrophils 

Whole blood from healthy donors was provided by the Institute for Clinical and 

Translational Science (ICTS) at the University of California, Irvine, in accordance with 

guidelines and approval of the Institutional Review Board. Primary human neutrophils were 

isolated as previously described (Lima et al., 2018). Briefly, whole blood was mixed with 3% 

dextran (Sigma-Aldrich) in PBS for 20 min. The top layer was transferred to a fresh conical tube, 

underlaid with 15 ml of Ficoll-Paque Plus (GE Healthcare), and centrifuged at 300 × g for 

20 min. The underlying pellet with neutrophils and red blood cells (RBC) was suspended in 1× 

RBC lysis buffer (eBioscience) and incubated for 10 min. Neutrophils were washed in PBS and 

suspended in RPMI 1640 (HyClone) supplemented with 10% heat-inactivated fetal bovine serum 

(FBS) (Omega Scientific), 2 mM L-glutamine (Corning), 100 U ml−1 penicillin, and 100 µg 

ml−1 streptomycin (HyClone) (R-10%). Following extraction, 107 human neutrophils were 

immediately infected at a multiplicity of infection (MOI) of 2, given ultrapure 

lipopolysaccharide (LPS) (List Biological) at 500 ng/ml, or an equivalent volume of sterile 

media (mock-treated). The cells were maintained at 37°C in 5% CO2 incubators for 1, 4, and 18 

hrs before RNA extraction. 

 

Statistics 

GraphPad Prism 8.0.1 software was used for statistical analyses. When only two non-

longitudinal groups were compared, an unpaired Student’s t-test was used to test for significance. 
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A one-way ANOVA with a post-hoc Tukey test was used to test for significance in the sera 

cytokine analysis and neutrophil TF transcript analysis. For the endothelial cell shape analysis, a 

paired Student’s t-test was used to test for significance. For the acute and chronic infection, 

endothelial cell protrusion analysis, CBF, and weight loss experiments significance was tested 

with a repeated measures two-way ANOVA, with a post hoc Sidak's multiple comparisons test. 

For the reactivation and nadroparin-treatment experiments, CBF and weight loss significance 

was calculated with a mixed-effects analysis with a post-hoc Sidak's multiple comparisons test. 

 

Results 

Acute T. gondii infection of the CNS  

To track T. gondii infection of CNS endothelial cells (ECs) forming the blood-brain 

barrier (BBB) and the brain parenchyma during acute infection, we utilized transgenic mice that 

express eGFP fused to the tight junction protein Claudin-5 under the control of the Tie2 

promoter (Tie2::eGFP-Claudin-5) to visualize the cerebral blood vessels (Knowland et al., 2014). 

The mice were infected with tdTomato-expressing type II T. gondii (Prugniaud strain) or mock-

treated with PBS. Brain sections from mock and infected mice were imaged by confocal 

fluorescence microscopy during acute timepoints post-infection. T. gondii was detectable within 

the CNS blood vessels (Fig. 3.1A) and in the brain (Fig. 3.1B) during these acute timepoints, 

demonstrating early dissemination of the parasite into the brain during infection. Detection of the 

T. gondii-specific gene B1 by qPCR revealed significantly more parasite DNA in the brains of 

infected mice than mock-treated mice at 9 dpi (Fig. 3.1C). 
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Figure 3.1. T. gondii dissemination to the CNS.  A) Representative confocal microscopy of brain sections from 

PBS-injected or tdTomato-expressing T. gondii-infected eGFP-claudin-5 mice at 5, 7, and 8 dpi stained with 

Hoechst (blue) and imaged for eGFP-claudin-5 (green), and tdTomato-T. gondii (red). Scale bars, 10 µm. B) 

Confocal microscopy from PBS-injected or T. gondii-infected mouse at 9 dpi. Scale bars, 15 µm. C) Brain 

homogenates were examined for the T. gondii B1 gene by qPCR to determine T. gondii per mg of brain tissue in 

mice injected with PBS or T. gondii (9 dpi). *** P < 0.001; Student’s t test. 
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To determine the levels of systemic cytokines circulating at these acute timepoints, we 

examined serum cytokines, including two key mediators of resistance to T. gondii infection, IFN-

γ and IL-12, at 2, 4, 6, 8, and 9 dpi. The levels of IFN-γ were significantly elevated by 2 dpi in 

infected mice compared to mock-treated mice and continued to be detected at high levels 

throughout the acute infection (Fig. 3.2A). IL-12 was significantly upregulated at 4 dpi and then 

returned to baseline levels (Fig. 3.2B). TNF-α increased throughout acute infection and was 

significantly different in infected mice compared to mock by 9 dpi (Fig. 3.2C). 

 

Figure 3.2. Sera cytokine levels during acute T. gondii infection. Levels of IFN-γ (A), IL-12p70 (B), and TNF-α 

(C) in the serum of PBS-injected or T. gondii-infected mice at the indicated timepoints, as measured by multiplex 

analysis. Each circle represents one mouse. Dotted lines indicated the upper or lower limit of quantification (ULOQ 

and LLOQ). n= 3-10 mice per group. *P < 0.05, ***P < 0.001, ****P < 0.0001 significance was calculated by a 

one-way ANOVA with a post-hoc Tukey test. All error bars represent SD. 
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Response of endothelial cells to acute T. gondii infection 

Given the presence of inflammatory cytokines in the bloodstream during acute infection, 

we examined EC activation. Brain sections from mock-treated or acutely infected mice were 

stained with anti-GLUT1 monoclonal antibodies (mAbs) to delineate blood vessels, as well as 

mAbs against ICAM-1 or VCAM-1, two cell adhesion molecules that are upregulated in 

response to inflammation. We observed increased ICAM-1 and VCAM-1 signals in the blood 

vessels of infected mice compared to mock-treated mice (Fig. 3.3A-B), as previously published 

(Deckert-Schlüter et al., 1999). Quantifying the percent of ICAM-1 or VCAM-1 signal over 

GLUT1 signal in cerebral vessels of mock and T. gondii-infected mice revealed a significant 

increase in the vessel coverage of these two adhesion molecules in infected mice (Fig. 3.3C-D), 

indicating activation of the endothelium. Notably, ICAM-1 and VCAM-1 signal were detected in 

infected mice in regions both with and without T. gondii parasites, indicating a global effect of 

infection on EC activation. 
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Figure 3.3. Activation of endothelial cells during acute T. gondii infection. C57BL/6 mice were injected with 

PBS or infected with T. gondii and brains were harvested at 7 dpi. A-B) Representative confocal images of brain 

sections stained with antibodies against GLUT1 and (A) ICAM-1 or (B) VCAM-1. Scale bars, 15 µm. C-D) Percent 

area of ICAM-1 or VCAM-1, respectively, in GLUT1+ vessels. Each circle represents one mouse. n = 5-6 mice per 

group, **P < 0.005, ****P < 0.0001; Student’s t test. Error bars represent SD. 
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To further investigate the effects of T. gondii infection on the vascular endothelium in the 

brain, we conducted 2-photon imaging of the brain in transgenic eGFP-Claudin-5 mice during 

infection. These mice enable the detection of changes in vascular organization both at the level 

of the vessel and at the level of individual endothelial cells, since each endothelial cell border is 

delineated with eGFP-claudin-5 signal. Cranial windows were installed by excising a portion of 

the skull and attaching a coverslip in its place, as previously described (Knowland et al., 2014; 

Schneider et al., 2019). After 5-7 days of recovery, time-lapse 2-photon microscopy was used to 

image mice at day 0 for a baseline reading of cell shape and vessel architecture, and again six 

days after injection of PBS (mock) or tdTomato-expressing T. gondii. This imaging approach 

enables us to image to 400 µm depth in the brain and return to the same imaging FOVs over time 

during infection. In conducting this longitudinal imaging, we found that the endothelial cell 

borders in the infected mice became profoundly distorted, compared to the control PBS-injected 

mice, which underwent the same surgery and imaging procedures (Fig. 3.4A). We also noted 

increased numbers of “protrusion” structures in the claudin-5 signal, specifically in T. gondii-

infected mice (Fig. 3.4A, C). These protrusions have been previously reported and indicate 

active tight junction remodeling (Knowland et al., 2014). 

 To quantify the changes in the endothelial cells, we examined the shape index of the 

cells, which is used to monitor the roundness of endothelial cells (Ohashi et al., 2007). At 

baseline, both groups of mice had similar shape index values (Fig. 3.4B). However, by 6 dpi, the 

shape index of cells decreased in the T. gondii-infected mice, reflecting the distorted shape of the 

endothelial cells over time. This change was not observed in the PBS-injected mice (Fig. 3.4B), 

indicating that this effect resulted from infection and not due to the surgery or imaging 

procedure. Similar to the endothelial cell activation detected by elevated adhesion molecule 
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expression, the endothelial shape changes were observed in regions with and without T. gondii, 

further indicating a global effect of infection on the vasculature.  

 

Figure 3.4. Morphology of endothelial cells during acute T. gondii infection. Intravital 2-photon imaging was 

performed through cranial windows on eGFP-claudin-5 mice that were injected with PBS or infected with T. gondii. 

Longitudinal imaging was performed at baseline (0 dpi) and at 6 dpi in both control and infected mice. A) 

Representative field of view showing blood vessels in the cortex at both timepoints. Numbers indicate the same 

endothelial cells across days. Open arrowheads represent protrusions that were detected at 6 dpi. Closed arrowheads 

indicate regions where protrusions disappeared. Scale bars, 20 µm. B) Shape index of brain endothelial cells at 6 dpi 

compared to baseline. Each dot represents a single endothelial cell. n = 150-255 cells per group from 3-4 

independent mice per group. C) Endothelial cell protrusions per adjacent cell were counted at day 0 and day 6 along 

claudin-5 cell borders. The same cell was quantified at each time point. A minimum of 3 vessel sections were 

quantified for each mouse across at least 3 fields of view (n = 32-52 cells total per mouse). ****P < 0.0001; 

Student’s t test (B); one-way ANOVA (C). Error bars represent SD. 
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To examine the effect of T. gondii infection on the BBB more directly, we imaged 

infected eGFP-Claudin-5 mice for regions with detectable parasites by 2-photon microscopy. 

Longitudinal imaging of a mouse infected with tdTomato-expressing T. gondii revealed a large 

vacuole of parasites in a cortical capillary (Fig. 3.5B). Notably, this vacuole was not observed 40 

min earlier (Fig. 3.5A), suggesting that it arrived at the capillary level within an infected cell 

circulating in the bloodstream. At 80 min after the start of imaging, the vacuole underwent 

spontaneous lysis, and individual tachyzoites could be detected (Fig. 3.5C). After 120 min of 

imaging (Fig. 3.5D), biocytin-TMR, an 860 dalton fluorescent dye, was injected intravenously to 

determine the effect of this vacuole lysis event on vessel perfusion. Interestingly, we did not 

detect leakage of this very low-molecular-weight dye near the region of parasites or elsewhere in 

the FOV suggesting an intact BBB. However, we did detect apparent vessel occlusion near the 

parasites. Scanning through the z-stacks revealed that the blood vessel region immediately 

adjacent to the site of parasite lysis was not perfused with dye (Fig. 3.5E, white arrowhead). 

Surprisingly, we also detected regions not immediately adjacent to parasites, which also 

appeared to have reduced dye perfusion (Fig. 3.5E, white arrow). These data indicate that T. 

gondii infection leads to changes in the morphology of endothelial cells and reduced perfusion of 

vascular dyes in cerebral blood vessels, both near parasites and at more distant sites. 
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Figure 3.5. Reduced blood vessel perfusion during acute T. gondii infection. 2-photon imaging in the cortex of an eGFP-

claudin-5 mouse infected with tdTomato-expressing T. gondii at 9 dpi. A-D) Imaging in the same FOV at 0, 40, 80, and 120 

minutes. Arrowhead shows a vacuole of T. gondii parasites. a-d) Insets show a magnified FOV around the T. gondii vacuole. E) 

Biocytin-TMR (860 Daltons) was injected i.v. during imaging and dye perfusion (red) was imaged in the same FOV as in A-D. 

Arrow shows location distal to vacuole with reduced perfusion. Scale bars, 50 µm. 

 

T. gondii infection induces clotting in the brain microvasculature 

One possible explanation for the reduced dye perfusion in the brains of T. gondii-infected 

mice is the formation of blood clots in the cerebral vessels. To investigate this possibility, we 

examined the end products of the clotting cascade: platelets (that are CD41+) and fibrin. Indeed, 

the deposition of platelets and fibrin within GLUT1+ blood vessels were detectable near large 

sites of parasite infection (Fig. 3.6A). Examining 100 µm-thick sagittal sections that were 



 

55 

 

optically cleared (Zhu et al., 2019) enabled us to image GLUT1, fibrin, and CD41 throughout the 

cortex of mock and T. gondii-infected mice (Fig. 3.6B-C). GLUT1 signal was not significantly 

different between the mock and infected mice over several FOV per infected animal (Fig. 3.6D). 

However, the percent area of CD41 and fibrin in GLUT1+ vessels was significantly increased in 

the brains of infected compared to mock-treated mice. Interestingly, the CD41 and Fibrin 

deposition most often did not occur near parasitic foci. These data indicate that acute T. gondii 

infection leads to the formation of platelet-fibrin clots in the cerebral vasculature. 
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Figure 3.6. Evidence of clot formation in cerebral vessels of T. gondii-infected mice. C57BL/6 mice were 

infected with T. gondii or injected with PBS and brains were harvested at 9 dpi. A) Confocal image of brain section 

stained with antibodies against GLUT1, CD41, and fibrin. Scale bars, 50 µm. B-C) Widefield images of brain 

sections stained with anti-GLUT1 and anti-CD41 (B) or anti-fibrin (C). Scale bars, 50 µm. D) Percent area of 

GLUT1 within each FOV. E-F) Percent area of CD41 or fibrin in vessels, respectively. Each circle represents one 

FOV. n = 40-80 FOVs from 4 independent mice per group. *** P < 0.001; Student’s t test. Error bars represent SD. 
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Hemodynamic changes during T. gondii infection 

Due to the increased tortuosity of endothelial cells at the BBB and the detection of 

coagulation at the BBB, we next investigated the degree to which acute T. gondii infection led to 

hemodynamic changes. We performed the cyanoacrylate skull (CAS) surgery on C57BL/6J mice 

prior to laser speckle imaging (LSI) to measure CBF through the intact skull (Hoover et al., 

2021). This approach allowed us to image the same mice longitudinally during acute and chronic 

infection, starting with baseline measurements at 0 dpi, prior to injection with either PBS or T. 

gondii (Fig. 3.7A). We found that relative CBF (rCBF) in PBS-treated mice was stable. 

However, during acute infection rCBF significantly decreased by 4 dpi, and the decline became 

more profound by 7 dpi (Fig. 3.7B). Interestingly, the reduction in rCBF preceded weight loss 

induced by T. gondii-infection, as the weight changes of T. gondii-infected mice were only 

significantly different than the mock-treated mice at 6 dpi (Fig. 3.7D). 
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Figure 3.7. CBF changes during acute T. gondii infection. C57BL/6 mice were injected with PBS or infected with 

T. gondii and longitudinal laser speckle imaging was performed at 0, 4, and 7 dpi through the intact skull to measure 

CBF. A) Representative laser speckle images of control and T. gondii-infected mice. Scale bars, 400 µm. B) Percent 

change of rCBF to baseline in control and T. gondii-infected mice. C) Percent weight change from baseline in 

control and T. gondii-infected mice. n = 4-5 mice per group. *P < 0.05, ***P < 0.001; significance between mock 

and infected mice at each timepoint was calculated by a repeated measures two-way ANOVA, with a post hoc 

Sidak's multiple comparisons test. Error bars represent SD. 
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We next investigated hemodynamic changes over the entire course of infection (acute, 

chronic, and reactivation stages) by infecting C57BL/6J mice with a lower dose of T. gondii and 

tracking the mice out to 38 dpi (Fig. 3.8A). Since IFN-γ is an essential mediator of host defense 

against T. gondii (Suzuki et al., 1988), the administration of anti-IFN-γ mAb to the mice during 

the chronic stage of infection effectively neutralizes the cytokine and induces reactivation of 

chronic infection (Gazzinelli et al., 1992). Anti-IFN-γ was administered at 28 and 32 dpi to 

induce reactivation, which was confirmed by the elevated levels of SAG1 transcripts detected at 

38 dpi in the brains of T. gondii-infected mice injected with anti-IFN-γ, but not in infected mice 

injected with the control Ig (cIg) (Fig. 3.8B).  

 

 

 

Figure 3.8. Chronic T. gondii infection model. A) Experimental set-up for chronic and reactivation laser speckle 

experiments. B) Relative expression of SAG1 to GAPDH transcripts in brains of control (PBS) and T. gondii-

infected mice at 38 dpi. Mice were administered control IgG (cIg) or anti-IFN-γ (αIFN-γ) starting at 28 dpi. SAG1 

was not detected (ND) in any group except the T. gondii-infected mice given anti-IFN-γ. 
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Longitudinal laser speckle imaging was conducted on these mice, and representative 

images from the 0, 14, 28, and 38 dpi timepoints are shown (Fig. 3.9A). Consistent with the 

acute infection data (Fig. 3.7A and B), infected mice had a significant decrease in CBF by 14 dpi 

compared to PBS-treated mice, but rCBF recovered to the level of the PBS-treated mice by 21 

dpi (Fig. 3.9A and B). Notably, the changes in rCBF were distinct from the weight changes in 

the T. gondii-infected mice, which did not regain their pre-infection weight even in chronic 

infection (Fig. 3.9C). During the reactivation of infection induced by anti-IFN-γ administration, 

there was again a significant decrease in rCBF, which was not detected in chronically-infected 

mice injected with the isotype control antibody (Fig. 3.9D). Consistent with the reactivation of 

infection, this group also experienced significant weight loss (Fig. 3.9E). Collectively, these data 

demonstrate a reduction in CBF during acute and reactivated T. gondii infection, and that the 

mice recover normal levels of CBF during stable chronic infection. 
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Figure 3.8. CBF changes during chronic T. gondii infection. A) Representative laser speckle imaging 

showing CBF in control (PBS) or T. gondii-infected mice at 0, 14, 28, and 38 dpi. Scale bars, 400 µm. B) 

Percent change of rCBF to baseline in control and T. gondii-infected mice over time. C) Percent weight 

change from baseline in control and T. gondii-infected mice. D) Percent change of rCBF in control and T. 

gondii-infected mice (Tg) administered cIg or anti-IFN-γ during reactivation. E) Percent weight change in 

control and T. gondii-infected mice administered cIg or anti-IFN-γ during reactivation. n = 8-11 mice (B-

C) and 4-7 mice per group (D-E). *P < 0.05, **P < 0.005, ***P < 0.001, ****P < 0.0001; significance 

between groups at each timepoint was calculated by a two-way ANOVA (A-B) or a mixed-effects 

analysis (D-E) with a post-hoc Sidak's multiple comparisons test. In D-E significance shown between T. 

gondii-infected mice treated with IgG or anti-IFN-γ. Error bars represent SD. 
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 Next, we assessed the contribution of clotting to CBF changes by treating T. gondii-

infected mice with a low-molecular-weight heparin, nadroparin calcium, and measuring CBF 

longitudinally. Low-molecular-weight heparins inhibit clotting by binding to antithrombin and 

accelerating its inhibition of activated factor X (factor Xa) (Hirsh et al., 2001). Longitudinal laser 

speckle imaging was performed at 0, 4, and 7 dpi on infected mice treated with nadroparin or the 

vehicle control. We observed a partial rescue in the rCBF of T. gondii-infected mice treated with 

nadroparin calcium compared to those treated with PBS at 7 dpi (Fig. 3.10A). Interestingly, there 

was not a significant difference in weight loss between these groups (Fig. 3.10B).  Collectively, 

these data suggest that clotting contributes to decreased CBF during acute T. gondii infection. 

 

 

Figure 3.10. Nadroparin calcium treatment of T. gondii-infected mice. A) Percent change of rCBF to baseline in 

T. gondii-infected mice treated with PBS or nadroparin calcium at 0, 4, and 7 dpi. B) Percent weight change from 

baseline in T. gondii-infected mice treated with PBS or nadroparin calcium. n = 3-6 mice per group. **P < 0.005; 

significance was calculated by a mixed-effects analysis with a post hoc Sidak's multiple comparisons test. Error bars 

represent SD. 
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 Finally, we assessed whether T. gondii infected human neutrophils expressed TF in vitro. 

To test this, we isolated neutrophils from whole blood donated by healthy human donors. We 

either infected the cells with T. gondii, treated them with LPS, or gave them sterile media, before 

extracting RNA at 1, 4, and 18 hrs. Notably, we found that T. gondii-infected neutrophils 

expressed similar levels of TF compared to LPS-treated neutrophils, and significantly more than 

the mock-treated cells at 4 and 18 hrs (Fig. 3.11). 

 

 

Figure 3.11. TF expression by T. gondii-infected neutrophils. Relative expression of tissue factor (TF) calculated 

using the Pfaffl method corrected for primer efficiency (1.34^(CT(GAPDH))/1.54^(CT(TF)) = Relative Expression) 

in human neutrophils treated in vitro with sterile media (mock), T. gondii, or LPS for 1, 4, and 18 hours. *P < 0.05, 

**P < 0.005, ***P < 0.001, ****P < 0.0001; significance between groups at each timepoint was calculated by a one-

way ANOVA. 
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Discussion 

 The term ‘immunothrombosis’ was recently coined by Engelmann and Massberg 

(Engelmann and Massberg, 2012) and refers to an innate immune response induced by the 

coagulation cascade in blood vessels. In the context of immunothrombosis, coagulation supports 

the accumulation of myeloid cells, such as neutrophils and monocytes, at sites of infection, as 

well as the activation of the complement cascade (Engelmann and Massberg, 2012). These 

processes enhance the ability of the host to limit pathogen dissemination and control the 

pathogen infection (i.e., E. coli and Yersinia pestis) (Luo et al., 2013; Massberg et al., 2010).  

Although the formation of blood clots may prove beneficial for ensnaring some 

pathogens in the bloodstream, clotting during infection in the cerebral vasculature has the 

potential to be detrimental. This may be the case in COVID-19 patients, some of whom have 

evidence of both cerebral ischemic stroke and reduced CBF (Helms et al., 2020; Soldatelli et al., 

2020). Recent research has linked the accumulation of neutrophil extracellular traps (NETs) in 

the brain microvasculature to this pathology (Middleton et al., 2020). Furthermore, evidence of 

clotting is associated with negative survival outcomes in pediatric cerebral malaria cases 

(Hemmer et al., 1991; Moxon et al., 2015, 2013; Vogetseder et al., 2004). The current study 

demonstrates evidence of coagulation in cerebral vessels during infection with T. gondii. 

Although Toxoplasma and Plasmodium are both apicomplexan parasites that share many 

structural and biochemical features, the mechanisms of pathogenesis caused by these two 

pathogens are distinct. Indeed, in cerebral malaria, thrombosis is associated with regions of 

infected erythrocytes sequestered in small vessels in the brain due to cytoadhesion of the infected 

RBCs (Moxon et al., 2013). In particular, the virulence of P. falciparum infection is linked to the 

ability of the parasite-infected RBCs to form “knobs,” which are nanoscale-sized protrusions on 
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the surface of infected erythrocytes. These knobs are comprised of knob-associated histidine-rich 

protein (KAHRP) and P. falciparum erythrocyte membrane protein 1 (PfEMP1), and they 

facilitate the binding of infected erythrocytes to the vascular endothelium (Aikawa et al., 1990; 

Crabb et al., 1997; Roberts et al., 1985). 

Unlike in cerebral malaria, clotting during T. gondii infection was detected at sites in the 

vasculature both near and far from clusters of T. gondii parasites. Previous research has found an 

effect of T. gondii infection on cerebral blood flow, which was attributed to the pruning of the 

cerebral microvessels as a consequence of infection (Estato et al., 2018). Interestingly, in this 

model of infection reported by Estato et al., the reduced CBF was detected during acute infection 

(10 dpi) and at 40 dpi, only recovering by 180 dpi. Consistent with this work, we also observed 

decreased CBF during acute infection. However, in our longitudinal study of the same infected 

mice over time, we found a recovery of CBF, followed by a decline during reactivation induced 

by IFN-γ depletion. Notably, we observed a partial rescue of CBF with anticoagulation therapy. 

These findings indicate that other mechanisms also contribute to the reduced CBF during T. 

gondii infection. Our findings and others suggest the reduced CBF may relate to the architecture 

of the cerebral vasculature. Indeed, Estato et al. reported evidence of microvessel pruning, and 

we detected increased vessel and endothelial cell tortuosity during acute infection. Increased 

endothelial cell tortuosity has been previously linked to changes in blood pressure, which cause 

re-arrangement of the cytoskeleton of endothelial cells (Acevedo et al., 1993; Ohashi et al., 2007; 

Salwen et al., 1998). Vessel tortuosity has been linked to decreased CBF during aging, 

potentially explaining the decrease in CBF observed during T. gondii infection (Li et al., 2018). 

Future studies will be needed to determine the other factors contributing to decreased cerebral 

blood flow in T. gondii infection. 
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One outstanding question is the cause of clotting during T. gondii infection. One potential 

explanation for clotting near foci of infection is that an infected endothelial cell has recently been 

lysed, exposing subendothelial tissue factor (TF), and initiating clotting within the region. 

Another avenue of research is whether myeloid cells upregulate TF during T. gondii infection in 

vivo and trigger coagulation in the sites where they accumulate. Past work has shown that 

monocytes and neutrophils exposed to LPS can upregulate TF (Brühl et al., 2012; Darbousset et 

al., 2012; Maugeri et al., 2006; Pawlinski et al., 2010; Todoroki et al., 2000). Furthermore, we 

found that in vitro human neutrophils upregulated TF in response to T. gondii-infection. We have 

previously found that monocytes accumulate in the cerebral vessels of T. gondii-infected mice 

(Schneider et al., 2019), which may explain the coagulation at sites distant from foci of infection. 

These large numbers of adherent monocytes in the blood vessels could also contribute to the 

formation of clots by causing more turbulent blood flow, which creates an environment more 

favorable to clot formation. Coagulation could also be initiated through the intrinsic pathway of 

coagulation if activated platelets or other negatively charged surfaces are exposed to Factor XII 

within plasma.  

It remains to be determined whether thrombosis during T. gondii infection is beneficial to 

the host or detrimental. Previous research has demonstrated that mice treated with warfarin and 

fibrinogen-deficient die during acute T. gondii infection compared to mock-treated or fibrinogen-

sufficient control mice (Johnson et al., 2003a). Future studies will be needed to determine 

whether clotting helps prevent parasite dissemination or protects against hemorrhage during T. 

gondii infection. 
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Mammals rely on a high-pressure system to oxygenate tissues, which makes us 

vulnerable to gross hemorrhage in the event of blood vessel damage. To counteract this risk, we 

have a robust mechanism (i.e., hemostasis) to rapidly seal vessel damage with a fibrin-platelet 

clot through activation of platelets and the coagulation cascade (Mackman et al., 2007). 

Occasionally this system is employed within intact vessels due to blood stasis (i.e., deep vein 

thrombosis) or in response to inflammation (i.e., disseminated intravascular coagulation), 

resulting in a thrombus (Mackman, 2008). Some systemic pathogens for instance SARS-CoV2, 

HIV, E. coli, and malaria can cause thrombosis in the brain (Helms et al., 2020; Luo et al., 2013; 

Massberg et al., 2010; Roberts et al., 1985). Thrombosis in the brain can reduce cerebral blood 

flow, which can be deadly, as demonstrated by ischemic stroke, which causes millions of deaths 

annually (>3 million in 2013) (Benjamin et al., 2017). Additionally, cerebral malaria patients 

with evidence of thrombosis have worse outcomes than those without thrombi (Moxon et al., 

2015). However, previous research has demonstrated that thrombosis during infection (e.g., with 

E. coli and Yersinia pestis) can be a host-defense mechanism, for instance by entrapping 

pathogens within clots and concentrating immune cells near the invaders (Engelmann and 

Massberg, 2012), so more research is needed into studying the balance between the host-

protective or host-harming effects of thrombosis in the brain during infection. 

Recent work has demonstrated that Toxoplasma gondii infects and lyses central nervous 

system (CNS) endothelial cells that form the blood-brain barrier (BBB) (Konradt et al., 2016a). 

We hypothesized that this vessel damage could lead to clotting, for instance due to the exposure 

of subendothelial tissue factor on cells such as astrocytes (Eddleston et al., 1993; Mackman et 

al., 2007). Yet, although previous research had found evidence of clotting in the liver of T. 

gondii-infected mice, it still remained unclear as to whether thrombosis occurred in the brain 
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microvasculature during infection (Johnson et al., 2003b). Therefore, we investigated whether 

thrombi were present in the brain during T. gondii-infection and whether cerebral blood flow was 

affected. This parasite offers a good model to study these questions because T. gondii can infect 

BBB endothelial cells, causes high levels of circulating inflammatory cytokines (e.g., IFN-γ and 

TNF-α), and triggers a robust innate immune response. 

 

Coagulation during T. gondii infection 

When we examined brain sections from T. gondii-infected mice, we were able to detect 

fibrin and platelet deposition, which was absent in the control PBS-injected mice. Still to be 

explored is the cause of thrombosis during T. gondii-infection. The related Apicomplexa 

parasite, Plasmodium falciparum, causes clotting near sites in the vasculature where infected 

erythrocytes are sequestered during cerebral malaria (Moxon et al., 2015). This sequestration is 

mediated by ‘knobs’ found on infected erythrocytes (Aikawa et al., 1990; Crabb et al., 1997; 

Roberts et al., 1985; Zhang et al., 2015). These knobs are nanoscale structures made up of knob-

associated histidine rich protein (KAHRP) and P. falciparum erythrocyte membrane protein 1 

(PfEMP1), and they facilitate cytoadhesion of infected erythrocytes to the endothelium (Aikawa 

et al., 1990; Crabb et al., 1997; Roberts et al., 1985). However, the mechanism of clotting during 

T. gondii infection is likely to be different, as the clotting does not seem to be limited to regions 

near T. gondii foci. Future studies are needed into the contributions to thrombi formation of 

endothelial cells, innate immune cells, and the clotting cascade, which are considered below. 

 Part of what contributes to the thrombotic response is the aggregation of platelets and 

immune cells on the endothelium (Engelmann and Massberg, 2012). Endothelial adhesion 
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molecules expressed on activated endothelium are critical for promoting adhesion of platelets 

and immune cells (Coenen et al., 2017; Diamond et al., 1990; Elices et al., 1990). For instance 

platelets adhere to intracellular adhesion molecule-1 (ICAM-1) on endothelial cells through the 

platelet integrin αIIbβ3 (Coenen et al., 2017). ICAM-1 also promotes the adhesion of leukocytes 

to the endothelium through interactions with LFA-1 and Mac-1 (Diamond et al., 1990). Vascular 

cell adhesion molecule-1 (VCAM-1) promotes adhesion of leukocytes through interaction with 

VLA-4 (Elices et al., 1990). During T. gondii infection both ICAM-1 and VCAM-1 have been 

shown to be upregulated during acute and chronic infection in mouse models, and have been 

shown to be involved in recruiting immune cells into the brain (Deckert-Schlüter et al., 1999; Sa 

et al., 2014). Our work here confirms these previous data, as we found upregulation of both 

ICAM-1 and VCAM-1 during acute infection with T. gondii in mice. Furthermore, previous 

research has shown that T. gondii can bind to ICAM-1 through the parasite adhesin MIC2 in 

vitro and that this interaction was important for parasite transmigration across an endothelial cell 

layer, especially under shear stress conditions (Barragan et al., 2005; Harker et al., 2014). 

Additionally, ICAM-1 may be involved in the dissemination of T. gondii to the brain, as previous 

research showed that ICAM-1 may promote crawling of infected monocytes and the 

transmigration of infected dendritic cells in vitro (Furtado et al., 2012; Ueno et al., 2014). Future 

studies need to be done to investigate whether blocking ICAM-1 with monoclonal antibodies 

leads to a reduction in clotting in the brain during T. gondii infection due to reduced platelet 

and/or innate immune cell cytoadhesion in the cerebral blood vessels. 

 Additionally, the innate immune system can play multiple roles in promoting thrombosis 

during inflammation. For instance, myeloid cells, such as neutrophils and monocytes, can 

upregulate tissue factor (TF), when exposed to inflammatory stimulus (Brühl et al., 2012; 
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Darbousset et al., 2012; Maugeri et al., 2006). Indeed, we found that T. gondii-infected human 

neutrophils upregulated TF transcripts in vitro. This could contribute to intravascular thrombi 

formation. However, the expression of TF by myeloid cells and its role in thrombi formation 

during T. gondii infection in vivo still needs to be investigated. This could be done by 

investigating whether mice deficient in TF on myeloid cells (TFfl/fl LysM-cre) mice have reduced 

clotting in the brain. Notably, previous work from our lab found instances of monocytes packing 

microvessels within brains of T. gondii infected mice (Schneider et al., 2019). Additionally, 

neutrophil extracellular traps (NETs) released by neutrophils can contribute to thrombosis 

(Engelmann and Massberg, 2012). NETs can act as a scaffold for a growing thrombus, activating 

platelets, and inactivating clotting inhibitors (Fuchs et al., 2010; Massberg et al., 2010). Recent 

work has found evidence of NET formation after T. gondii infection (Abdallah et al., 2012; Lima 

et al., 2018). However, the formation of NETs in the CNS in vivo still needs to be examined, and 

whether they are a major contributor to thrombosis during T. gondii infection remains to be 

determined. 

 Finally, both the intrinsic and extrinsic coagulation pathways can be responsible for 

initiating coagulation. Typically, in vivo, the extrinsic pathway, initiated by the exposure of 

subendothelial tissue factor (TF) to plasma, initiates coagulation, especially in the context of 

hemostasis (Mackman et al., 2007). Exposure of subendothelial TF during T. gondii infection 

could happen after an infected endothelial cell is lysed (Blader et al., 2015; Konradt et al., 

2016b). In vitro, the intrinsic pathway was found to be sufficient to trigger coagulation when 

plasma contacted an artificial surface, such as silica; however, parsing out the contributions of 

the intrinsic pathway to coagulation in vivo has been difficult (Grover and Mackman, 2019). 

Nevertheless, research into arterial and venous thrombi formation have indicated a role for the 
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factors of the intrinsic pathway (FXIIa, FXIa, FIXa) in pathological thrombus formation in 

rodent models (Grover and Mackman, 2019). Interestingly, knocking-out or pharmacologically 

blocking the intrinsic pathway in these pathological models did not interfere with physiological 

hemostasis (Grover and Mackman, 2019). Additional research needs to be done to explore the 

contributions of the extrinsic pathway (and the source of TF) and intrinsic pathway to the 

initiation and propagation of thrombosis during T. gondii infection. This could be addressed by 

treating mice with antibodies against the intrinsic pathway and employing cell-specific 

conditional knockout mice (e.g., mice deficient in TF on myeloid cells or astrocytes). 

 

Cerebral blood flow changes during T. gondii infection 

Previous work suggested that cerebral blood flow (CBF) was reduced during T. gondii 

infection in vivo (Estato et al., 2018). However, the experiments were not performed 

longitudinally on the same mice, and in our studies, we found that at baseline, there is some 

variability in the CBF of individual mice. This variability may potentially obscure or magnify 

differences between mock-treated and T. gondii-infected mice due to the baseline difference.  

When designing the experiments to longitudinally measure CBF in T. gondii-infected mice, 

we discovered that there were few surgical techniques that would enable chronic optical access 

over a long period of time without utilizing craniotomies. Because craniotomies themselves can 

affect the integrity of the blood-brain barrier due to heat from drilling (Shoffstall et al., 2018), we 

sought to develop a less invasive procedure. Therefore, we developed the cyanoacrylate skull 

(CAS) surgery, which achieves optical access for >100 days by covering a resected skull with 

thin coatings of cyanoacrylate (Chapter 2). This allowed us to measure CBF longitudinally in 
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these mice using laser speckle imaging with a less invasive and quicker surgery than those 

relying on craniotomies.  

We then applied the CAS surgical method with laser speckle imaging to test the changes in 

CBF throughout the course of infection with T. gondii. We found that initially, during acute 

infection, CBF declines, then it recovers during chronic infection, and decreases again with T. 

gondii reactivation. To specifically investigate whether the decreases in CBF were related to 

thrombi formation, we treated the mice with a low-molecular weight heparin (nadroparin 

calcium), which interferes with coagulation by inducing a permanent conformation shift in anti-

thrombin. This causes anti-thrombin to become more efficient at deactivating thrombin, thus 

preventing clotting from occurring (Hirsh et al., 2001). Interestingly, treatment with nadroparin 

partially restored CBF, indicating that clotting may contribute to some of the CBF changes 

during T. gondii-infection, but not all. Notably, T. gondii-infected mice treated with nadroparin 

calcium did not have significant weight changes or increased mortality during acute infection 

compared to their PBS-treated controls. This suggests that anti-coagulation therapy did not 

change the course of infection. Future studies will need to be done to investigate whether 

thrombosis has resolved by 21 dpi, when we see that CBF has returned to baseline levels in T. 

gondii-infected mice, but this could explain the recovery in CBF. Furthermore, longer term 

treatment with nadroparin calcium could elucidate whether thrombosis and CBF decreases were 

harmful to the mice over a longer course of infection.  

Other factors that could affect CBF during T. gondii infection are changes in the tortuosity 

of vessels and cerebral autoregulation. In our research, we found that endothelial cells increased 

in tortuosity during infection with T. gondii. Previously, in rodent aging models, vessel tortuosity 

has been associated with decreased CBF (Li et al., 2018). These changes in the vessel 
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architecture could also participate in decreasing CBF during T. gondii infection. Additionally, 

previous research has found that sepsis can disrupt cerebral autoregulation, which is the 

physiological process meant to maintain adequate and stable CBF across changes in systemic 

blood pressure through changes in vascular tone (either constriction or dilation) (Goodson et al., 

2018). Autoregulation is complex and maintained through at least four intersecting mechanisms: 

1) myogenic (i.e., smooth muscle contraction or dilation in response to changes in blood 

pressure), 2) neurogenic (i.e., sympathetic innervation in the blood vessel walls stimulating 

contraction or dilation), 3) metabolic (i.e., increased CO2 in the blood results in dilation), 4) 

endothelial factors (e.g., NO causes vasodilation) (Armstead, 2016). Future research measuring 

responsiveness of CBF to changes in mean arterial pressure may reveal whether cerebral 

autoregulation is affected by T. gondii infection.  

 

Coagulation and host-defense during T. gondii infection 

 One major outstanding question of this work is the relationship between coagulation and 

host-defense. Previous work has shown that coagulation can help the innate immune response to 

limit dissemination, recruit immune cells, create a scaffold in which immune cells (e.g., 

monocytes and neutrophils) can accumulate to neutralize an invading pathogen, and activate the 

complement system (Engelmann and Massberg, 2012). It was previously unclear whether 

clotting occurred in the CNS during T. gondii infection. Although, there have been a several case 

studies reporting retinal vessel occlusion in human ocular toxoplasmosis (Aggio et al., 2016; 

Chiang et al., 2012; Miserocchi et al., 2009; Willerson et al., 1977). Additionally, previous work 

found that T. gondii-infected mice deficient in fibrin formation or warfarin-treated mice did not 

survive acute infection, and had gross hemorrhage in their livers upon necropsy (Johnson et al., 
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2003b). The researchers did not report increased parasite burden in the livers of infected mice in 

the absence of coagulation, but it is still an outstanding question whether clotting limits 

dissemination into the CNS. Furthermore, since T. gondii has a lytic life cycle, coagulation could 

be responsible for limiting hemorrhage in the host (Blader et al., 2015). Interestingly, in our 

hands, T. gondii-infected mice treated with a low-molecular-weight heparin did not die more 

quickly and had no significant difference in weight loss during infection compared to PBS-

treated controls, unlike in Johnson et al. (Johnson et al., 2003b). This difference in outcomes 

could be due to the different pharmacokinetics of low-molecular weight heparin vs warfarin. 

Low-molecular-weight heparins directly act as anti-coagulants through activation of anti-

thrombin. However, warfarin initially acts as pro-coagulant, due to the reliance of major anti-

coagulative proteins on protein K (i.e. protein C and S) (Ageno et al., 2012). It still needs to be 

investigated, as to whether hemorrhage occurs in the brains of T. gondii-infected mice treated 

with an anti-clotting drug. 

At the same time, coagulation in the brain can reduce CBF, as seen in ischemic stroke 

(Heiss et al., 1994; Siegel et al., 2015), which can be detrimental to the host, but could 

conceivably also help to limit dissemination. Alternatively, the reduced flow could bring 

extracellular parasites and parasitized immune cells in contact with the endothelial cells for 

longer periods of time, aiding dissemination across the blood-brain barrier. Interestingly, 

previous research has demonstrated that T. gondii is better able to cross endothelial cell barriers 

in vitro under shear stress conditions (Harker et al., 2014). Additional research will be needed to 

investigate the interplay between CBF changes and T. gondii invasion in vivo. 

 Furthermore, a related eukaryotic parasite, Plasmodium falciparum, emphasizes that 

coagulation is not always beneficial, as coagulation during cerebral malaria infection is 
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correlated with worse clinical outcomes (Aikawa et al., 1990; Moxon et al., 2015). During 

Plasmodium infection, coagulation is often found near areas where infected erythrocytes have 

adhered to the endothelium (Moxon et al., 2013). Interestingly, in our research, coagulation 

during T. gondii-infection did not seem to be limited to regions near parasites. 

 In summary, the work described here presents a previously unappreciated view of the 

hemodynamic response to T. gondii and the function consequences to CBF. We affirmed that the 

endothelium was activated during acute T. gondii infection, and that inflammatory cytokines 

were upregulated. To our knowledge, we are the first to report thrombosis in the brain during T. 

gondii infection. We also developed a relatively non-invasive rapid surgery to achieve chronic 

optical access and analyze CBF longitudinally in the same animal with laser speckle imaging. 

We applied this surgical method to T. gondii-infected mice, and found that initially CBF declines 

during acute infection, recovers to baseline during chronic infection, and then decreases again 

with reactivation. Experiments, using an anti-coagulant therapy showed that at least some of the 

changes in CBF may be attributed to thrombotic processes. Although further studies must be 

done, we are hopeful that this new knowledge could further understanding of thrombosis and 

hemodynamic changes during infection. 
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