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Sterile inflammation (SI), or inflammation in the absence of microbial 

pathogens, is responsible for the morbidity and mortality of millions of Americans 

every year. Decades of pathologic research have shown that innate immune cells play 

a critical role in the initiation and resolution of SI; however, researchers do not 

understand why SI exists or what stimulates this process. A barrier to progress in the 

field has been the lack of a suitable intra-vital system with which to image SI. In vitro 

systems poorly recapitulate complex tissue-level inflammatory responses, and murine 

models require surgical procedures to perform intra-vital imaging. To address these 

issues, we have developed a system with which to study SI in zebrafish larvae. 

Zebrafish larvae are an ideal system in which to study SI because their small 

size and transparency allows for intravital imaging without causing damage to the 

animal. We adapted the Nitroreductase/Metronidazole (NTR/Mtz) system in order to 

induce tissue damage via production of reactive oxygen species (ROSs) in the livers of 

zebrafish larvae. Transgenic leukocyte reporter lines and fluorescent dyes were 

crossed with animals that express NTR in hepatocytes and imaged intra-vitally using 

our spinning disk confocal microscope. 

We found that the NTR/Mtz system induces apoptosis and necrosis in 

hepatocytes within 24hrs of Mtz exposure, and that reactive oxygen species are 

present during this process. Leukocyte recruitment to the liver corresponds with the 

onset of these cell death processes. Furthermore, neutrophils and macrophages show 

distinct behaviors in both the timing of their recruitment and their morphology upon 



 

arriving to the damaged liver. Macrophages appear to patrol the liver and phagocytose 

(presumably damaged) hepatocytes within 24hrs of Mtz exposure. Neutrophils are 

generally not recruited to the liver unless Mtz has been removed from the bathing 

media and the larvae are allowed ~24hrs to recover. This system has enabled us to 

observe cell death and inflammation in vivo and in real time in the larval zebrafish 

liver. We believe that this adaptation of the NTR/Mtz system will enable progress in 

the field of SI. 
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CHAPTER 1: INTRODUCTION 

Sterile inflammation (SI), defined as inflammation that occurs in the absence of 

microbial pathogens1–4 is a growing problem. Each year, millions of individuals in the 

United States alone will suffer from the effects of SI due to disease processes such as 

myocardial infarction (MI), stroke, asthma, non-alcoholic fatty liver disease 

(NAFLD), and gout3,5–8. SI has been documented to worsen outcomes for patients 

suffering from these, and other, disease processes. Although the precise mechanisms 

by which SI worsens tissue damage remains unclear, the hallmarks of SI (cell 

swelling, tissue damage, leukocyte infiltration, and cytokine and chemokine 

production (Figure 1.1)) remain consistent among various disease processes and 

suggest innate immune system involvement. The innate immune system has been 

shown to contribute to the major hallmarks of SI3,5–7,9, yet researchers are only 

beginning to understand the intricacies of this process. The main justification for 

studying SI has been to identify novel therapeutic targets to treat disease, but SI is also 

intriguing from a basic science perspective. This thesis will explore relevant questions 

and progress in the field of SI. Primary data from a novel intravital imaging system in 

zebrafish will be presented and discussed, along with a thorough description of the 

Figure 1.1: Schematic representation of the hallmarks of 
sterile inflammation.  
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methods used in this study. Finally, this thesis will discuss how this system can 

contribute to the scientific and medical understanding of SI. 

The importance of understanding SI 

SI has become interesting to scientists for two main reasons. First, it is of 

medical interest because of its prevalence in non-infectious disease in the US, and that 

the prevalence of diseases with SI processes is expected to rise in coming decades10–13. 

In the United States infection is no longer a leading cause of death; therefore, people 

die at an older age due to complications of chronic disease (heart attack, cancer, 

etc)10,14. SI plays an integral role in these processes, as it has been associated with 

poorer prognosis for patients3,5. These phenomena lead one to ask why SI is so 

prevalent in human diseases since it seems to have only negative outcomes for the 

host. The signaling pathways that become active in SI are present throughout the 

animal kingdom, including invertebrates15. Therefore, if SI produces only negative 

outcomes for the host, it seems unlikely that SI would be highly conserved across the 

phyla. This observation begs the question of whether SI provides an evolutionary 

advantage to the host, or whether SI is a coincidence of inflammatory activity in a host 

whose immune system adapted to fight infection. This project attempts to address the 

question of which process(es), signal(s), and inflammatory mediator(s) may be active 

in the zebrafish in circumstances of oxidative damage in vivo, allowing us to better 

understand SI in a live animal.  

SI as an evolutionarily advantageous process 

The question of whether SI is representative of a process that may be beneficial 

to the host has been raised in recent years. A recent review indicated that inflammation 

is beneficial—and perhaps even necessary—in the healing and resolution phase of 

certain disease processes in the liver8. One example in their discussion is that liver 

failure (acute or chronic) can increase an organism’s susceptibility to infection, so 
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inflammation may occur prophylactically to prevent infection. Generally speaking, 

however, liver compromise is unnecessary for microbes to infect a host. For infection 

to take place, pathogens must overcome several obstacles. In most circumstances, 

external epithelial surfaces provide an effective barrier that prevents most pathogenic 

infections16. However, if the epithelial barrier has been breached, pathogens could 

then cross the barrier and infect the host. Mucosal surfaces are more vulnerable to 

infection and generally have a significant amount of immune activity associated with 

the epithelial barrier (such as the production of IgA antibodies and antigen-presenting 

cells near the epithelium)16. Since epithelial barriers are so important for protecting a 

host against pathogens, and since most pathogenic microbes cannot cross the 

epithelium unless it is breached, perhaps it is more effective for leukocytes to respond 

to an epithelial injury rather than the pathogen itself. Essentially, a sterile wound is 

Figure 1.2: Canonical representation of neutrophil and 
macrophage involvement during SI. Neutrophil recruitment to the 
site of injury occurs 6-25hrs post-injury followed by macrophage 
recruitment. Depending on the macrophage’s state of activation it 
can either worsen or resolve inflammation by initiating the repair 
and healing process.  
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capable of becoming infected after the initial injury. If leukocytes could only travel to 

sites of infection, the pathogen would have a bit of time to replicate and invade the 

host. Leukocyte migration to signals from the injury, rather than the pathogen, would 

be of immense benefit to the host because leukocytes already present in the wound can 

neutralize pathogens as soon as they arrive.  

Experimental evidence for benefits of SI 

Other members of our laboratory also questioned whether neutrophils could 

mount an immune response to pathogen-associated molecular patterns (PAMPs) 

agents alone, or if additional signals were needed to stimulate robust neutrophil 

recruitment. In this study, Pseudomonas aeruginosa (PA) was injected into the otic 

cavity of zebrafish larvae expressing fluorescent leukocyte markers17. The study 

suggested that sterile and infectious stimuli together generate an inflammatory 

response that is stronger than that generated by either sterile or infectious stimuli 

alone17. Furthermore, sterile and infectious signals are not equally capable of 

activating inflammation in vivo; in fact, SI signals may be more effective than 

pathogenic signals17. After extensive experimentation, the authors found that injecting 

PA into the otic cavity was much more effective at inducing leukocyte recruitment if 

the otic cavity was ruptured during the injection17. In other words, the addition of 

damage-associated molecular patterns (DAMPs) from epithelial cells lining the otic 

cavity augmented the immune response to bacteria. Injecting bacteria in a solution of 

hypotonic injection medium (as opposed to injection medium that is isotonic to the 

zebrafish larval intestinal fluid) produced a stronger immune response17, perhaps by 

causing local tissues to swell. Bacterial stimulation provides some input for the 

inflammatory process: injecting PA with null mutations of lipopolysaccharide (LPS) 

reduced neutrophil recruitment, whereas injecting multi-flagellated PA did not change 

the immune response17. The authors also discovered that blocking cPLA2 transcription 
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using a morpholino reduced leukocyte recruitment in this model, and that injecting 

cPLA2 mRNA into the single-cell staged embryo increased leukocyte recruitment17. 

This is consistent with a prior study from our lab that showed that nuclear swelling is 

sufficient to induce cPLA2 translocation to the nuclear membrane, where it liberates 

arachidonic acid (AA) from the nuclear membrane18 to drive inflammation. Finally, 

mortality in larvae with a ruptured otic cavity was much lower (44% survival) in 

larvae that did not suffer damage to the otic cavity (15% survival) 17. Therefore, 

DAMPs/SI signaling promotes survival, indicating that DAMP signaling may be 

beneficial for the host. Inflammation in this infection model is greatly enhanced by 

sterile signals (i.e. otic cavity rupture during the injection), indicating that bacterial 

insults play a smaller role in this process.  

Evidence for SI as maladaptive response 

SI signals may provide benefit in protecting a host from pathogenic infection 

in the case of epithelial barrier breach. When we consider this process in the context of 

SI in the absence of epithelial barrier breach, however, it becomes less clear whether 

SI provides an advantage for the host. Since processes like MI and gout typically 

occur in sterile environments, it is difficult to rationalize the presence of neutrophils in 

these injuries5,19–21. While the concept of neutrophils migrating to necrotic tissue to 

remove debris is reasonable, the question of whether (and/or how) neutrophils 

exacerbate inflammation and tissue damage remains. A recent study in mice showed 

that while neutrophil activation may not contribute significantly to liver damage 

during paracetamol (APAP) toxicity, it may actually be a critical part of host defense 

or injury resolution following APAP overdose22. It has been known for some time that 

macrophages can switch from an activated pro-inflammatory state into a healing, anti-

inflammatory state during SI6,23, and that they may require inflammatory signals from 

neutrophils to do so8,24,25. The processes are actively being researched, but one of the 
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central questions (how and why neutrophils are recruited to the site of sterile injury) 

has yet to be fully addressed. In order to discuss this process in more detail, it is useful 

to review the innate immune system and its role in SI and disease pathogenesis. 

Innate Immunity in SI 

SI has been of increasing interest to investigators as the leading causes of death 

in the United States have shifted from infectious etiology (such as tuberculosis and 

influenza) to sterile etiology (such as heart disease and cancer)10. Although the innate 

immune system has been recognized as an integral component of SI26,27, the 

mechanism of how the innate immune system contributes to SI did not become of 

interest to investigators until recently. In order to understand how the innate immune 

system functions during SI, it is helpful to review the overall functioning of the innate 

immune system, which has been best characterized in terms of its anti-microbial 

functions.  

The innate inflammatory response 

The inflammatory response is induced by tissue injury or pathogenic invasion 

of the host. The diameter of blood vessels near the site of injury increase, causing heat, 

swelling, and redness16. The release of inflammatory cytokines, chemokines, and 

bradykinins causes pain and leukocyte recruitment to the injury16. Neutrophils are the 

first responders to injury and infection2,25,28,29. They respond to tissue damage and/or 

pathogens within approximately 30min and remain at the wound site for 12-24hr to 

clear debris and protect the host against opportunistic infection4. Within the first hour 

of the process, macrophages (sometimes from surrounding tissues) are recruited to the 

site of injury and begin to clear the remnants of necrotic cells30. 8-12h later pro-

inflammatory monocytes enter the wound and transition into regulatory monocytes 

over the course of 48hrs31. While in the wound, monocytes mature and engulf 

cytotoxic cellular debris and pathogens to prevent further damage to the host. In this 
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way, macrophages prevent dead and damaged cells from releasing cytotoxic 

intracellular DAMPs into the extracellular space while producing anti-inflammatory 

cytokines such as TGF-β3,5,7.  

Innate immunity in infection 

Historically, the innate immune system’s primary role in a host is thought to be 

infection clearance16. This function is vital to the survival of the host; without it, the 

host would succumb to infection. In order to respond to pathogenic threat, leukocytes 

rely on a limited set of receptors (called pattern recognition receptors (PRRs)) to 

recognize and attack viruses and bacteria16,32. PRRs specifically respond to molecules 

known as PAMPs, which are simple, regular patterns of molecular structure (such as 

mannose-rich oligosaccharides and LPS) that are almost exclusively produced by 

pathogens16,17,32–36. PRRs also identify and respond to “self” proteins during SI, as will 

be discussed in more detail below. 

The process of tissue infection can be described in fairly general terms, 

although it is important to note that many pathogens have developed unique 

pathophysiology for evading the immune response. As previously discussed, 

pathogens must first gain entry into the host, whether it be incidentally after an injury 

to the epithelial barrier or by overcoming host defenses16. After entry the pathogen 

will be able to migrate into a tissue, where it will likely be recognized by tissue 

macrophages37. These macrophages produce inflammatory signals to recruit other 

inflammatory cells to the site of infection. Of these, activated neutrophils will be the 

first leukocyte subpopulation to arrive to the site of infection37.  

Immune effector functions such as complement and antibody production are 

also initiated. The complement cascade can be activated by either the classical, lectin, 

or alternative pathways, at which time a few key processes occur16. The release of 

complement proteins C3a and C5a can cause inflammation and induce leukocyte 
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recruitment38. Additionally, the complement proteins C5b and C6-C9 can assemble on 

the surface of a pathogen and generate pores that directly lyse the pathogen16. 

Complement protein C3b binds to the surface of pathogens, making them visible to 

phagocytes, which opsonize (that is, engulf) the pathogen37,38. Both macrophages and 

neutrophils can phagocytose pathogens, taking them up into phagosomes. Phagosomes 

can fuse with lysosomes within the cells, which contain noxious substances like the 

O2
- superanion and H2O2 to neutralize the pathogen—a process known as the oxidative 

burst7,8,39. Macrophages and neutrophils then produce cytokines and chemokines that 

perpetuate the inflammatory response16,40,41.  

Pattern recognition in innate immunity 

A theme in both sterile and non-sterile inflammation is the ability of the innate 

immune system’s ability to recognize and respond to molecular motifs in both 

pathogenic and “self” structures. Researchers have traditionally thought that PRRs 

existed primarily to recognize PAMPs. Many PAMPs have been identified to date. In 

addition to LPS and mannose-rich oligosaccharides, researchers have discovered that 

peptidoglycans, unmethylated CpG DNA, dsRNA, and other molecules activate the 

innate immune system16,32–35. Many PRRs coincidentally recognize host molecular 

motifs called DAMPs, which are thought to drive SI5,16,32,36,42. The fact that these 

receptors recognize both PAMPs and DAMPs inspires additional questions. One 

might question whether DAMPs are in some way derived, or evolved from, PAMPs. 

Additionally, does the innate immune system preferentially respond to PAMPs as 

opposed to DAMPs, or vice versa? For instance, if tissue injury stimulates innate 

immunity more robustly than bacterial pathogens, and since these two processes seem 

to drive inflammation synergistically, shouldn’t each DAMP/PAMP be recognized by 

a different PRR? Or, are there additional co-signaling factors that bolster the immune 

response that remain to be characterized? There is an added layer of complexity to this 
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question when we consider the wide variety of PRRs and the molecules that stimulate 

them.  

PRRs are diverse, comprising different receptor families and sub-groups. Each 

PRR responds to at least one PAMP or DAMP, and different PRRs can induce 

different effector functions. For example, mannose-binding lectin is a free-circulating 

PRR. It binds to bacterial mannose, making the bacteria more susceptible to 

opsonization by phagocytes37. There are also mannose receptors on the surface of 

leukocytes. One, called the macrophage mannose receptor, also acts to facilitate 

phagocytosis of the pathogen37,42,43. PRRs called scavenger receptors are located on 

the surface of leukocytes and recognize anionic polymers and acetylated LDLs16,44. To 

date, the best studied PRRs are toll-like receptors (TLRs) and Nod-like receptors 

(NOD). 

Several TLRs, especially TLRs 1, 2, 4-7 and TLR 11, activate the NF-κβ 

transcription factor via the MyD88 signaling adaptor molecule, which causes the cell 

to produce pro-inflammatory responses (Figure 1.3)16,33,35. TLR3 is an exception to 

this, as it utilizes the TRIF-dependent pathway. Some TLRs are present on the plasma 

membranes of cells where they can recognize PAMPs/DAMPs in the extracellular 

space. TLRs can also be present intracellularly in the endosomal membranes16,35 to 

induce inflammation in the event that a pathogen has been opsonized by a leukocyte. 

NOD1/2 are NOD-like receptors that localize to the cytosol of the cell and utilize 

some of the same pathways as TLRs32,45. They belong to the CARD family of genes 

and can activate NF-κβ to induce expression of inflammatory factors such as IL1, IL6, 

IL8, and TNF-α32,33,45,46. Activation of the TLRs and/or NLRs results in 

inflammasome formation and subsequently IL-1β and IL-18 release via Caspase 1 

signaling35.  
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Conservation of pattern recognition 

PRRs, PAMPs, and DAMPs tend to be conserved across the animal kingdom, 

although variation among different species is quite common. The TLR family of genes 

has been described in zebrafish and was recently found to have a subfamily of genes 

that have a large number of orthologs in TLR signaling35,47. Zebrafish also contain at 

Figure 1.3: Damaged hepatocytes undergo apoptosis or necrosis and 
release DAMPs. DAMPs are recognized by nearby cells and 
leukocytes, stimulating the production of inflammatory mediators 
like IL-1β through the NF-κβ pathway.  
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least 8 non-mammalian TLRs, and may contain more than one genomic copy of each 

receptor34. Overall, TLR and NLR signaling leads to a pro-inflammatory state in the 

cell.  Aside from the non-mammalian TLRs, TLRs and NLRs are fairly conserved in 

the zebrafish with respect to humans. This PRR ligand specificity is well conserved in 

zebrafish, increasing the value of zebrafish as a model organism for studies on 

inflammation47. 

Zebrafish are far from being the only organism for which DAMPs are 

conserved with mammals. Even invertebrates such as D. melanogaster have conserved 

DAMP/PAMP recognition15. Since multiple species of hosts could potentially be 

infected by some of the same pathogens, it makes sense that PRRs are conserved in 

the animal kingdom. Similarly, many DAMPs are highly conserved among animal 

species. This is because DAMPs are essentially normal intracellular proteins that are 

normally sequestered from the immune system and become immunogenic when they 

are released from dying cells3,48. Several types of DAMPs have been identified to date, 

ranging in complexity from single molecules such as ATP49,50 to complex peptides 

such as S100 proteins3,4,7,8,26,48,51–54. Additional DAMPs include nuclear and 

mitochondrial DNA55,56, N-formyl peptides57,58, and heat shock proteins59,60. 

Essentially, if a molecular motif resides in a cell (or other space that prevents 

recognition from the immune system) is released into the extracellular space, that 

substance may act as a DAMP6,61. Although SI and DAMP spillage is considered to be 

a result of necrotic cell death, apoptotic cells can release “find me” and “eat me” 

signals to macrophages. This is part of a non-inflammatory form of cell death5,51,57 

since macrophages function to eliminate apoptotic cells to prevent DAMP release. 

Inflammasome activation in SI 

PRRs, especially TLRs, are crucial for the activation of SI6. For example, 

TLRs 2 and 4 have been studied in models of ischemia reperfusion injury (IRI) by MI 
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and acute kidney injury6. Most TLRs signal through the IL-1β—MyD88 axis in 

response to sterile injury; which is responsible for initiating production of pro-

inflammatory cytokines and chemokines by activating the inflammasome62,63. 

Inflammasome activation requires two distinct signals. The first signal induces 

transcriptional upregulation of several molecules (including inflammasome 

components), pro-IL-1β, and pro-IL-183. The second signal brings the inflammasome 

components together to form the inflammasome complex and induce Caspase-1 

cleavage, which causes cytokine activation and secretion3,48. The precise mechanism 

by which the inflammasome activates neutrophil recruitment is an area of active 

research. One explanation is that cytokine/chemokine signals directly recruit 

leukocytes to the site of injury. Alternatively, cytokine/chemokine signals could act 

indirectly by stimulating sentinel cells near the injury to produce inflammatory 

cytokines, recruiting leukocytes to the area3. In addition to stimulation by 

DAMPs/PAMPs, there are many layers of complexity to inflammasome activation in 

SI. For example, there is some evidence to suggest that the IL-1β—MyD88 pathway 

recruits neutrophils to sites of SI, but not to bacterial infection54 even though the same 

surface receptors (eg. TLR-4, etc) are thought to be involved. Thus, there may be 

additional pathways and signals involved in this process that have yet to be 

characterized.  

Current questions in the role of pattern recognition in SI 

Recent work indicates that DAMPs may only represent part of SI. Recently 

there has been debate regarding whether DAMPs act directly on leukocytes as chemo-

attractants or whether they stimulate sentinel cells, which then produce signals that 

promote inflammation. One study showed that this may be the case with ATP. The 

authors had hypothesized that ATP released from dying cells acts as a chemoattractant 

to guide neutrophils to the site of sterile injury4. To test this, the authors administered 
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apyrase, an ATPase, to a mouse liver that had been sterilely damaged. They found that 

while ATP hydrolysis resulted in fewer neutrophils to the damaged liver, it did not 

impair their ability to move toward the injury4. They then concluded that ATP does 

not function as a chemotactic signal, but instead initiates inflammation by producing 

signals that promote neutrophil adhesion. This is only one example of how DAMPs 

are being tested for their role in SI, but it demonstrates how much work is needed in 

the field to better understand DAMPs and their molecular interactions.  

The story of DAMP signaling in SI is further complicated when we look at 

examples of IRI in mice. In IRI, cells in areas of ischemia were known to retain their 

morphology and metabolic function to some degree; however, restoration of blood 

flow to the area results in significant necrosis and neutrophil recruitment to the 

infarct29,64,65.  Researchers began to ask whether the necrotic cells themselves were 

recruiting neutrophils, or whether the neutrophils were responding to some other 

signal that the ischemic cells released upon reperfusion (Figure 1.4), causing 

neutrophils to enter the ischemic injury and lyse damaged cells via their cytotoxic 

Figure 1.4: Neutrophils may depend on non-canonical 
signals to travel to the site of sterile injury before cellular 
necrosis begins. If that is the case, neutrophils may 
contribute to the tissue damage and worsen SI. 
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functions. Several studies have supported this hypothesis, including one in which 

researchers knocked out IRF-3 in mice, which is necessary for neutrophil chemotaxis. 

The study showed that the IRF-3 knockout (KO) mice were consistently protected 

from IRI in this model, which was similar to the results observed in MyD88 KO 

mice64,66. They also found that the livers from MyD88 KO mice suffered significantly 

from the IRI, but that the damage was not as severe as that seen in WT controls. 

Therefore, this is a complex process that likely cannot be attributed to a single 

pathway or group of receptors. 

SI in disease pathology 

SI includes a wide variety of injuries and disease processes. For example, 

inflammation resulting from injuries sustained as a result of sterile surgical procedures 

are considered SI7,64,67. Processes involving subcutaneous/epithelial injury are 

relatively simple to study in vivo because the injury and healing process can be 

observed directly without surgery. Vertebrate systems such as zebrafish have proven 

useful for such studies since cutaneous epithelial subtypes can be labeled with 

transgenic reporters and imaged intravitally68–71. As described elsewhere in this 

chapter, our lab has explored important questions relating to the importance of SI 

during epithelial barrier breach, which is one of the most direct routes of microbial 

infection16,37,72. The recent paper by Huang, et al., discussed earlier in this chapter, 

describes a scenario in which SI signals bolster leukocyte recruitment to the otic cavity 

in a model of infection in zebrafish17. Epithelial barrier breach in nonsterile 

environments poses an important problem to an organism: the host must have a way to 

clear a potential source of infection (such as a laceration or abrasion) before the 

pathogen has an opportunity to infect the host. Therefore, it makes sense that 

breaching the epithelial barrier would induce inflammation in order to prevent 

microbes in a wound from establishing infection in the host. 
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However, we also know that SI occurs in instances where the epithelial barrier 

is not breached1,2,6,13,21,51,73. The recruitment of neutrophils and macrophages in 

clinical cases of IRI has been well known for decades in the field of pathology. It 

would seem that SI is a harmful, rather than beneficial, process64,66. In addition to IRI, 

non-infectious hepatic insults such as chronic cholestasis, alcoholic fatty liver disease, 

and drug toxicity contribute to dysregulated inflammatory responses in the 

liver5,8,51,52,54,61,74,75. Non-alcoholic steatohepatitis/non-alcoholic fatty liver disease 

(NASH/NAFLD) has become a popular system in which to study SI in recent years 

due to relative ease with which researchers can recapitulate symptoms and pathology 

in rodents and zebrafish11,12,76,77. This work has become increasingly relevant, as up to 

25% of Americans are expected to suffer from NASH/NAFLD in coming years due to 

increasing rates of obesity and fat-rich diet11,78. While the mechanisms by which fatty 

deposits cause inflammation in the liver is an area of ongoing research, the association 

between NASH and chronic activation of the innate immune system has been well 

characterized1.  

Crystal deposition into tissues also leads to SI. For example, monosodium 

urate and calcium pyrophosphate dihydrate crystals cause gout and pseudogout, 

respectively, when crystal accumulation disrupts joint tissues and causes neutrophilic 

infiltration of the joint20,51. Atherosclerosis, characterized by the hardening and 

inflammation of major arteries, is a common disease affecting the majority of 

Americans by late adulthood. Atherosclerosis causes inflammation when excess 

cholesterol crystals are phagocytosed by macrophages, inducing an inflammatory 

response when the macrophages are unable to clear the crystals, causing the 

macrophages to take on a “foamy” appearance and produce inflammatory 

mediators13,19. These processes are also active in the brain. β-amyloid plaque 

accumulation in the extracellular matrix induces microglial cells (the resident 
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macrophages of the brain) to activate and produce reactive oxygen species (ROSs), 

pro-inflammatory cytokines, and chemokines20,21. 

Drug-induced liver injury (DILI) presents another special case in which SI can 

be induced acutely6. Paracetamol (APAP)-induced and idiosyncratic DILI is 

responsible for roughly 60% of the total cases of liver failure in the United States 

annually79. Of these cases, APAP-induced DILI is roughly four times more common 

than idiosyncratic DILI. APAP-induced DILI has been well characterized rodent and 

zebrafish models. In therapeutic doses, APAP is metabolized by UDP-

glucuronosyltransferase (UDP) and sulfotransferase (SGT) and excreted in urine. In 

the context of APAP overdose, UGT and SGT become saturated. APAP then becomes 

available for metabolization into N-acetyl-p-benzoquinone (NAPQI, a highly reactive 

metabolite) by CYP2E1 and CYP3A444,80–82. Small amounts of NAPQI are conjugated 

to glutathione (GSH) by phase II metabolizing enzymes. When these enzymes are 

saturated by APAP overdose, GSH becomes the limiting reagent of the reaction, as the 

amount of NAPQI overwhelms GSH neutralizing enzymes and causes GSH depletion 

in the liver. NAPQI then accumulates, causing mitochondrial oxidative stress by 

covalently binding to mitochondrial proteins83. This mechanism has been documented 

to induce inflammatory liver disease84, although it is unclear whether neutrophil 

recruitment results in worsened liver damage or whether it defends against liver 

toxicity44.  

IRI is an interesting pathology because it represents a single process with 

which any tissue that relies on vascular blood supply can be affected. IRI encompasses 

a wide range of diseases involving SI, in part because the pathophysiology for diseases 

caused by IRI (e.g. heart attack, graft rejection, etc) is virtually identical among these 

disease processes2,25,40,66,85. IRI occurs when a tissue that has been deprived of blood 

flow and therefore becomes deplete of oxygen and other nutrients. After experiencing 
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a restoration of blood flow, the tissue becomes subject to damage and inflammation. 

The degree of tissue damage can be predicted, to some extent, by the duration of 

ischemia2. The longer the ischemia, the more ROSs are produced by the cell, which 

increases the degree of tissue damage upon reperfusion2. Other signals such as calcium 

overload contribute to mitochondrial dysfunction and further injury.   

Redox signaling 

Many disease processes, such as cancer, promote redox signaling in response 

to ROSs. Redox signaling is an integral part of many disease processes in the liver, 

including IRI, viral infection, NASH/NAFLD, and alcohol intoxication51. Even 

prolonged periods of starvation can cause NRF cellular necrosis or apoptosis and 

result in alterations of mitochondrial metabolism78. ROSs may also contribute to 

downstream signaling that initiates SI54. For a cell to detect and respond to ROSs, 

several things must happen. First, the cell must detect ROSs. After ROSs are detected, 

the cell has the use of two main redox pathways with which it can neutralize the 

ROSs. In the first arm, GSH conjugation (one of the most important molecules for 

enabling cellular function to continue during ischemia) assists with converting the 

ROSs into biologically inactive compounds for excretion by the host86,87. In the second 

major arm of redox signaling, ROSs are neutralized via the enzymes peroxiredoxin 1 

(Prdx1) and thioredoxin (Txn)88,89 (Figure 1.5). These processes are described in more 

detail below. 

The detection of ROSs by the kelch-like ECH-associated protein 1 (KEAP1)/ 

nuclear factor like 2 (NRF2) signaling pathway is considered to be a major regulator 

of redox signaling58,88,90–92. In the absence of oxidative stress, KEAP1 binds NRF2 in 

the cytoplasm of the cell and prevents NRF2 from translocating to the nucleus while 

promoting its degradation by the ubiquitin proteasome pathway91. The thiol groups of 

cysteine-rich proteins are particularly sensitive to ROSs and electrophiles93,94. In the 
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presence of ROSs KEAP1 undergoes a structural change that releases NRF2, allowing 

it to enter the nucleus and bind the antioxidant response element (ARE) in promoters 

of genes involved with the redox response93,94. Activation of the KEAP1/NRF2 

pathway has been described in models of liver injury, including starvation and 

IRI58,64,88. Additionally, there is evidence to support that the induction of this pathway 

offers a protective response; for example, KEAP1-null mice have an abundance of 

NRF2, causing their redox signals to become hyperactive. These mice showed 

resistance to several hepatotoxins such as cadmium and alcohol88.  

When NRF2 binds to the ARE element of antioxidant genes, GSH-producing 

and recycling enzymes are upregulated and become active95. GSH is oxidized and 

conjugated with another GSH molecule via covalent binding into GSSG as a means of 

neutralizing free radical and ROS insults86. Under normal physiologic conditions, 

GSSG is recycled into two GSH molecules by a number of GSH-restoring enzymes, 

such as glutathione reductase (GR), in what are usually NADPH-dependent 

processes95 (Figure 1.5). Therefore, GSH can be recycled and used to detoxify the cell 

multiple times.  

Figure 1.5: ROSs present in cells are neutralized by both the glutathione 
and peroxiredoxin/thioredoxin pathways.  
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The second arm of redox signaling allows for detoxification of free radicals 

and ROSs, such as H2O2, by utilizing peroxiredoxins (PRDXs) and the 

thioredoxin/thioredoxin reductase (Trx/TrxR) system96. H2O2 is formed by NADPH 

oxidases, which convert O2 into the O2
- free radical, and the O2

- free radical is 

converted to H2O2 by one of the superoxide dismutases (SOD)54,96,97. Both arms of 

redox signaling rely on NADPH oxidases to recycle GSH and to restore the 

PRDX/Trx/TrxR enzymes to their reduced form96.  The oxidation-reduction ratio of 

NADPH to NADP+ and GSH to GSSH controls signaling mechanisms, including 

transcription factor activity90,98,99. During situations of oxidative stress, the cell 

compensates for the increased demand of NADP+ by producing more via the pentose 

phosphate pathway90. However, if the cell accumulates more ROSs than it can 

neutralize, the cell will consume all available NADPH, creating an NADPH 

deficiency. When intracellular NAPDH decreases in the setting of ATP depletion (as 

in starvation or IRI), the cell begins to decompensate because it can no longer recycle 

NAPDH 100. 

The interactions between GSH, NADPH, and ROSs are complex and may 

contribute to the development of tissue damage and inflammation in multiple ways. 

ROSs and free radicals have been associated with cell death and inflammation1,90,91,98. 

ROSs and free radicals are produced physiologically by mitochondria during electron 

transport40,44,101 and are quickly neutralized by the pathways described above. In the 

nitroreductase/metronidazole (NTR/Mtz) system (which will be discussed later in this 

chapter), ROSs are produced when NTR converts Mtz into a toxic free radical102–104. 

ROSs and free radicals can cause cellular damage in a variety of ways, including 

direct damage to DNA, phospholipid bilayers, and thiol-rich intracellular proteins105. 

Canonically, the upregulation of KEAP1/NRF2-dependent enzymes is considered to 

be a protective mechanism against ROS and oxidative stress58,89,91. However, there has 
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been increased evidence that hyperactivation of this pathway can be detrimental to the 

cell90,91.  

The relationship between oxidative stress and tissue damage 

 This concept introduces a key question in understanding the relationship 

between oxidative stress and tissue damage: Does ROS-mediated tissue damage 

induce leukocyte recruitment to the injury, or does redox signaling recruit leukocytes 

that travel to the injury and cause the damaged cells to die? If ROS-mediated tissue 

damage induces leukocyte recruitment via cellular necrosis and DAMP spillage, one 

would expect the leukocyte influx to correspond with the degree of tissue damage. 

Although several studies have found this to be the case7,65,74, this observation does not 

answer the question of whether leukocytes are responding to, or generating, tissue 

damage. If leukocytes are being recruited to tissues by redox signals, one would 

expect that leukocyte recruitment would not correspond with the degree of tissue 

damage, and also that inhibition of these signals would reduce leukocyte recruitment. 

This picture is further complicated when we consider the role of oxidative stress and 

ROSs on cell death. Studies on IRI have revealed insights into these processes. One 

hypothesis is that redox signaling in the presence of oxidative stressors prevents tissue 

damage by protecting the cells against cell death106. In this scenario, the removal of 

the oxidative stressor also removes signals necessary to upregulate protective 

enzymes, thereby allowing the tissue to experience worsening damage, and ultimately, 

cell death. Another is that severe conditions of oxidative stress can overwhelm the 

cell’s ability to protect itself through redox signaling. To better understand how these 

processes interact to cause SI, it is important to first review the mechanisms of 

apoptotic and necrotic cell death and how they interact with the immune system.   
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Apoptosis 

Cells undergo apoptosis physiologically, using this programmed form of cell 

death to remove unwanted/damaged cells and tissue modeling1,107. The process is 

characterized by chromatin condensation and DNA fragmentation, blebbing of the 

plasma membrane, cell shrinkage, and finally fragmentation of the entire cell into 

plasma membrane-bound “apoptotic bodies1,108”. Apoptosis can be initiated by either 

the “intrinsic” or “extrinsic” pathways1,57,109.  

The extrinsic pathway of apoptosis 

Activation of the Fas, TNF-α and TRAIL receptors initiates the extrinsic 

pathway when the receptors trimerize (Figure 1.6), recruiting proteins like FADD to 

the receptor complex109. FADD is an example of proteins that contain death domains, 

Figure 1.6: The extrinsic pathway of apoptosis is initiated when FasL, 
TNF-α, and TRAIL bind to their respective receptors. These receptors then 
trimerize to recruit FADD to the receptor complex, which contributes to 
the cleavage of procaspases 8 and 10, allowing them to either cleave 
caspases 3, 6, and 7 and induce apoptosis, or utilize the mitochondrial 
pathway via caspase 9 activation of caspases 3, 6, and 7. Adapted from 
Guicciardi, et al., “Apoptosis and necrosis in the liver”. Comr Physiol. 
2013. 3(2). 
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which contribute to the activation of caspases 8 and 10 1,57,109.  Activation of caspase 8 

and caspase 10 then initiate apoptosis by activating caspases 3, 7, and 9, culminating 

in the degradation of intracellular proteins1.  

The intrinsic pathway of apoptosis 

The intrinsic pathway does not require activation of receptors to initiate 

apoptosis. Instead, it relies on cytotoxic stimuli such as oxidative stress, DNA damage, 

and UV radiation to induce translocation of pro-death members of the Bcl2 protein 

family to the outer mitochondrial membrane1,108,109. The Bcl2 family of proteins 

regulates this process at both the mitochondrial level, and upstream; some proteins 

have pro-survival activity and some have pro-apoptotic activity1,109. Bax and Bak are 

Figure 1.7: The intrinsic pathway of apoptosis is initiated when a stimulus 
activates Bax and BAK, which form MOMPs on the mitochondrial membrane. 
Cytochrome C and SMAC/Diablo proteins work on downstream effectors to start 
apoptosis. Adapted from Guicciardi, et al., “Apoptosis and necrosis in the liver”. 
Comr Physiol. 2013. 3(2). 
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two pro-apoptotic peptides that undergo conformational changes upon activation, 

allowing for their insertion into the mitochondrial membrane1. There, they can 

oligomerize and form pores into the outer mitochondrial membrane. The point at 

which Bax and Bak become activated marks the “point of no return” for the cell; that 

is, if these proteins become activated, the cell will fragment and die109. Perforation of 

the outer mitochondrial membrane allows downstream pro-apoptotic proteins, 

including Cytochrome C, Smac/DIABLO, and endonuclease-G, activate caspases 3 

and 9, and induce apoptosis1,5,109–111. The activated caspases are then free to cleave 

their substrates, one of which being the Inhibitor of Caspase Activated DNAse 

(ICAD), which the activates the Caspase Activated DNAse (CAD)109,110.  

It is the activation of CAD that leads to DNA laddering and the “blebbing” of 

apoptotic bodies and other characteristic morphologies109. These apoptotic bodies are 

corpses that self-contain cellular fragments that include DNA, cytosolic proteins (such 

as DAMPs) and organelles109. However, they are incapable of maintaining 

homeostasis for an extended period of time since they do not contain a complete 

genome. If left in that state, the apoptotic bodies deplete their ATP stores and can no 

longer maintain the electrochemical gradient across the plasma membrane, leading to 

a phenomenon known as “secondary necrosis112”. This leads to DAMP spillage into 

the extracellular space30,52,53. Logically, this would cause DAMP spillage into the 

extracellular space and drive SI; however, recent work has shown that apoptotic cells 

maintain a relatively anti-inflammatory state, even during secondary necrosis 113.  

Anti-inflammatory signals in apoptotic cells 

Recently, researchers have come to understand that apoptotic corpses secrete 

anti-inflammatory factors that recruit macrophages113. Additionally, apoptotic cells 

secrete several anti-inflammatory molecules such as TGF-β that work to prevent 

inflammation. TGF-β has anti-inflammatory effects that inhibit neutrophil adhesion 
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and TNF-α signaling 114 while stimulating macrophage infiltration 115. Apoptotic 

bodies release a variety of signals called “find me” signals, including 

lysophosphatidylcholine, the nucleotides ATP and uridine 5-triphosphate (UTP), and 

sphingosine 1-phosphate (S1P), that stimulate and direct macrophage recruitment to 

the apoptotic corpse 50,108. When the macrophages arrive, “eat me” signals such as 

phosphatidyl serine are presented on the outer surface of the plasma membrane 108,116. 

These signals stimulate phagocytosis of the apoptotic body by the macrophage, 

thereby preventing secondary necrosis and harmful DAMP release. An important 

aspect of this process is that macrophages perform anti-inflammatory functions (such 

as releasing IL-10 and TGFβ) upon phagocytosing the apoptotic corpses117–119. 

Therefore, it is possible that macrophages and apoptotic cells work together to prevent 

SI by directly discouraging neutrophils from entering the area.  

The use of pan-caspase inhibitors prior to liver transplant 

Since apoptosis plays a crucial role in the tissue damage induced by ROSs, 

there have been studies on the use of pan-caspase inhibitors to prevent tissue injury, 

particularly in cases of IRI.  One group used pan-caspase inhibitor IDN-6556 to 

prevent IRI in the case of clinical liver transplant, and observed reduced SI when the 

drug was administered to the organ only by delivery through storage and flush solution 

pre-operatively 107. However, there was little-to-no benefit when administered 

intravenously to organ recipients107. There are two possible reasons for this: 1) 

inhibition of apoptosis in the presence of certain proinflammatory factors (such as 

TNF-α) may allow cell death to occur by more destructive means such as 

necroptosis109,120,121; and 2) that neutrophil apoptosis has been implicated in resolution 

of inflammation8,107, so inhibiting apoptosis of all cell types in the recipient may 

prevent resolution of inflammation. 
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If inhibiting apoptosis only provides benefit when given to the damaged tissue 

itself, as opposed to administration to the entire host, new challenges arise. Pan-

caspase inhibitors like zVAD-FMK and MX 1013 may have benefit in limited cases 

(e.g. organ transplant) but would do little for patients suffering from non-transplant 

IRI (such as MI and stroke). Furthermore, inhibiting certain parts of the apoptotic 

process may result in other forms of more toxic cell death, like necroptosis, which 

means that treating patients with systemic pan-caspase inhibitors could cause harm. 

For example, caspase inhibition in the presence of TNF-α activates a programmable 

form of necrosis called necroptosis. Necroptosis occurs when the intrinsic pathway of 

apoptosis cannot activate caspase 3, and instead forms a necrosome that contains 

RIP3. Phosphorylation of RIP3 causes translocation of mixed lineage kinase-like 

(MLKL) domain to the plasma membrane, where it oligomerizes into a pore-forming 

protein that induces cell lysis120,122. Therefore, activation of apoptosis does not 

necessarily lead to an immunologically silent cell death, and inhibition of apoptosis 

may actually worsen the inflammatory effects associated with apoptotic cell death.  

Necrosis 

As noted in the section describing DAMP release and pattern recognition, 

necrosis causes DAMPs to leak into the extracellular space, which allows them to be 

recognized by the innate immune system and neighboring cells. As this mechanism is 

described at length elsewhere in the chapter, this section will focus on another possible 

mechanism for tissue damage during IRI— the neutrophilic response itself. Studies 

involving both DILI and renal IRI have shown that inhibiting neutrophil migration to 

damaged tissue prevents, or at least greatly reduces, the degree of tissue 

damage65,110,123,124. This hypothesis has gained traction in recent years, as increasing 

evidence has shown that necrotic cell lysis or apoptosis is unnecessary to induce 

neutrophil chemotaxis18,70,125. Therefore, it is possible that pre-necrotic signals such as 
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inflammatory lipids and H2O2 signaling are responsible for the initial recruitment of 

neutrophils to the site of tissue damage, and it is neutrophils themselves that initiate 

tissue necrosis18,65,70. The hypothesis of neutrophil-mediated tissue damage is 

attractive from a clinical perspective because it would enable a therapeutic target to 

prevent IRI. However, it has been difficult to confirm this hypothesis because few 

animal models or in vitro systems exist which allow direct observation of this 

phenomenon.  

Challenges associated with studying SI 

While DAMP involvement in SI has been known for some time, whether 

DAMPs are required for SI initiation remains debatable. One of the main barriers to 

better understanding SI is the lack of a model system that allows for the direct 

observation of how stressed/dying cells interact with leukocytes in the inflammatory 

process. Traditionally, SI has been studied using mammalian models and in vitro 

systems. Scores of information have been gathered using traditional methods like 

histopathology, western blotting, and immunohistochemistry. However, some of the 

most pressing questions, such as precisely which signals initiate SI and whether 

leukocytes themselves contribute to the progression of SI, are difficult to answer 

without the ability to observe these processes directly. 

Ischemia reperfusion injury 

IRI has been discussed as an example of SI elsewhere in this chapter. Models 

of MI have been used extensively due to the clinical relevance of the model and 

relative ease with which MI can be caused in rodent models. This model has shown 

that DAMP release and PRR signaling are present during MI, and that tissue damage 

can be reduced by targeting these pathways126. Studies on the role of inflammasomes 

in MI have shown that inhibition of NLRP3 reduces cardiac remodeling and improve 

LV systolic functioning127. Similar work has been performed in rodent models of 
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stroke, showing that deleting NLRC4 and NLRP3 attenuates inflammasome-mediated 

neuro-inflammation128. Work performed in renal and liver transplant models has 

shown that tissue damage and infarct size is reduced when neutrophil adhesion is 

blocked, supporting the hypothesis that neutrophils may be responsible for mediating 

tissue damage in IRI25. With these systems it is fairly straightforward to study the 

consequences of these injuries. However, due to the nature of working with rodent 

models, it has been practically infeasible to identify signals that initiate the 

inflammatory process before the tissues have been damaged.  

Zebrafish and the NTR/Mtz system 

We therefore set out to identify early recruitment signals for SI by using the 

NTR/Mtz system to induce damage in the larval zebrafish liver, which can be imaged 

intravitally without dissecting the animal. The liver is a heterogeneous organ 

composed of multiple cell types such as Kupffer cells (KCs, resident macrophages of 

the liver), hepatic stellate cells (HSCs), sinusoidal endothelial cells, and hepatocytes. 

Because of this, in vitro systems rarely recapitulate the complex interaction between 

multiple cell types. Non-hepatocyte cells comprise approximately half of the cells in 

the liver and 70-80% of the liver’s mass12,129. Many cell types, including HSCs, KCs, 

and endothelial cells play a role in inflammatory signaling129,130. For example, HSCs 

secrete prostaglandins and cytokines in response to stress and surrounding tissue 

damage129,131. Due to the complexity of these interactions, finding a way to image the 

liver that will not alter inflammatory signals is crucial to understanding these 

processes. Intravital imaging of the intact organ is one way in which the limitations of 

in vitro systems could be addressed. 

Intravital imaging, however, has its own limitations. Intravital imaging of liver 

inflammation has been accomplished in mouse models of heat-induced liver 

damage3,4,27, but this work requires surgical procedures in order to visualize the liver. 
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This is exceedingly difficult and requires a great deal of expertise. For these reasons, 

we decided to use zebrafish larvae as a tool to study SI in the intact liver. 

Advantages of zebrafish and confocal microscopy as an approach to studying SI 

Zebrafish are vertebrates, and as such, their immune cells and chemokines 

have greater homology to humans than worm and drosophila models. The zebrafish 

liver is fully functional and metabolically active by 5 days post-fertilization (dpf)81, 

although it is still undergoing morphogenesis at this developmental stage. Therefore, 

experiments can be designed and executed within a week, saving valuable time and 

resources. Females can lay 50-100 embryos per mating, so it is relatively easy to 

obtain enough animals for a complete experiment with one or two breeding pairs. 

Zebrafish larvae are optically transparent, precluding the need for time-intensive 

dissection techniques for imaging. Optical transparency can be maintained indefinitely 

by working with zebrafish larvae from the AB casper background, which produce no 

melanocytes or iridophores due to null mutations in the roy and nacre genes132. Wild-

type AB larvae also remain optically transparent until at least 8dpf with the application 

of N-phenylthiourea (PTU) to the embryo water, which inhibits pigment formation.  

Our spinning-disc confocal microscope enables us to take high-resolution 

images of the liver without breaching the epithelium. Although widefield microscopy 

is more common for such studies, confocal microscopy allows imaging with higher 

resolution. With this increase in resolution it is possible to see morphologic changes in 

hepatocytes and subcellular structures such as nuclei.  

Transgenic reporter lines allow us to study SI in vivo 

Since it is ultimately leukocytes that respond to inflammatory signals, we 

decided to use transgenic reporter lines for neutrophil (TG(lysc:PM2-mKate2) and 

TG(mpx:PM2-mKate2)) and macrophage (TG(mpeg1:eGFP)) populations to count the 

number of leukocytes present in the liver. To my knowledge, only one other group has 
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used this approach to assay liver inflammation in a model of hepatocellular 

carcinoma76, and none have tried it for drug-induced models of SI. For assays of 

leukocyte recruitment to be robust, the inflammatory signal should originate from one 

region of the embryo (i.e. an amputated tailfin or from the injection of bacteria into the 

otic cavity). This is important because in vivo leukocyte recruitment data can be noisy 

without a highly localized inflammatory signal. The ability to exert spatiotemporal 

control over the tissue damage is also crucial because we need to be able to induce 

damage at a consistent larval age. To study SI in the absence of epithelial barrier 

breach, we utilized a pharmacologic approach to induce SI in the zebrafish liver. This 

presented a technical challenge for our approach because most drug-based methods of 

inducing SI in the zebrafish liver (like acetaminophen, alcohol, and heavy metal 

toxicity) affect multiple organ systems in the zebrafish larvae. Therefore, we sought 

out to find a way to generate tissue damage in only the zebrafish liver without causing 

damage to other systems in the larvae that could alter leukocyte recruitment.  

Drawbacks of current drug-induced liver injury-based studies on SI 

Since there are so many advantages to using the zebrafish liver for intravital 

imaging, it is no surprise that many studies have been conducted using the zebrafish 

liver as a model system. Researchers studying drug toxicity have developed high-

throughput methods to screen for the toxicity of many different compounds81,133,134. 

However, for the purpose of studying SI in the liver, there are limitations to these 

studies that I have been able to address in this project. Several studies on DILI and 

liver damage in response to environmental toxins have been conducted using widefield 

imaging and traditional molecular biology techniques81,102,135–137. With widefield 

imaging, liver damage can be assessed by measuring a reduction in liver size102. One 

limitation to these studies is that many of them start toxin and drug exposure at 3dpf, 

which is when the liver bud begins to develop. Therefore, it is difficult to determine 
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whether the reduction in liver size is due to actual liver damage or to inhibition of liver 

development using this technique alone. This is a major drawback because 

developmental delay of the liver bud could be mistaken for liver damage if using 

widefield microscopy, leading to misinterpretation of the data. Additionally, 

cytochrome P450 enzyme expression levels change during this developmental stage. 

Since these enzymes are critical to the animal’s ability to metabolize drugs and 

modulate toxicity, it is difficult to know whether results obtained in larvae are relevant 

to those obtained in older animals.  

For this reason, follow-up studies in adult zebrafish are typically necessary 

because of the technical challenges associated with histpathologic analysis of 

zebrafish larvae. I address this problem in two ways. First, noxious substances are 

applied to the zebrafish larvae after 5dpf, when the liver is fully functional and 

metabolically active. This ensures that the reduction in liver size is due to liver 

damage rather than developmental delay. The higher resolution capability of our 

confocal microscope allows for analysis of morphologic variations in damaged 

hepatocytes (which is described in more detail in subsequent chapters). Essentially, 

this allows us to observe liver damage prior to the reduction in liver size because we 

can observe the morphology of individual cells. 

Some of the DILI studies in zebrafish have also attempted to address the 

question of inflammation in the liver. However, almost all of them rely on molecular 

biology techniques such as quantitative PCR to identify transcriptional changes in 

inflammatory genes28,47,137 as opposed to quantifying the number of leukocytes in the 

liver. 
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The NTR/Mtz system 

The NTR/Mtz system allowed us to generate liver damage in a 

spatiotemporally controlled manner (Figure 1.8). The NTR/Mtz system has been used 

before in zebrafish to study the effects of specific cell types on certain processes, such 

as regeneration and development104,138–141. In the NTR/Mtz system, the bacterial 

enzyme NTR is expressed as a transgene in zebrafish using a promoter of interest (in 

our case, the hepatocyte-specific fabp10 promoter), usually fused with a fluorescent 

Figure 1.8: The NTR/Mtz system allows us to damage hepatocytes in a 
spatiotemporally controlled manner. A) Schematic showing Mtz-induced damage in 
only hepatocytes expressing fabp10:NTR-mTq2. B) NTR converts Mtz into a toxic 
free-radical and generates DNA damage. C) Structure of Mtz.  
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fusion protein. NTR is not expressed in vertebrates in nature and has no effect on the 

animal on its own. However, when the NTR-expressing zebrafish larvae are bathed in 

Mtz, NTR converts Mtz into a toxic free radical that induces oxidative stress in the 

NTR-expressing cell142. Neighboring cell types are unaffected by this process, so this 

system was ideal for our study.  

The NTR/Mtz system has enabled us to address several questions relating to SI 

that were otherwise difficult to answer. As previously discussed, prior work in our lab 

has shown that DAMPs are insufficient to induce leukocyte recruitment to the site of a 

tailfin amputation, and that inflammatory lipids are sufficient to recruit leukocytes. It 

is also unclear whether cell death causes leukocyte recruitment to the site of tissue 

injury via DAMP release, or whether leukocytes are recruited to the damaged tissue 

with non-canonical signals and cause tissue damage themselves. Therefore, the main 

goal of this study was to determine which signals are responsible for recruiting 

leukocytes to the liver during NTR/Mtz-mediated liver damage. Since we had both 

neutrophil and macrophage reporter lines available to us for this study, and since 

neutrophils and macrophages play different roles in SI, we also sought to determine 

which cell type(s) are active in the damaged liver and the timecourse in which 

leukocyte subpopulations travel to the liver. The final goal of this study was to identify 

how hepatocytes were damaged/killed and to identify the predominant form of cell 

death in the liver. My hypothesis was that neutrophils would be recruited to the liver 

early (~24hrs) during Mtz application by signals other than DAMPs and worsen liver 

damage, and that macrophages would be recruited to the liver after neutrophils to 

promote healing and resolution of inflammation. 
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CHAPTER 2: MATERIALS AND METHODS 

Plasmid construction 

Standard molecular biology procedures were used to create entry clones and 

expression plasmids. The NTR construct103,104,139 was c-terminally fused to the cyan 

fluorescent protein mTurquoise2 (mTq2). The mKate2 (mK2) and PM2-mK2 DNA 

fragments were created as previously described (Enyedi et al.). To create plasmids for 

transgenesis the DNA fragments were cloned into the pDONR221 backbone vector 

and recombined with the lysc or fabp10 promoter and the SV40 polyadenlyation 

sequence into the pDestTol2GC2 backbone vector using the Tol2kit system. 

Zebrafish husbandry 

Casper 132, AB wild-type, and transgenic zebrafish strains were maintained 

using standard rearing conditions with the approval of the Institutional Animal Care 

and Use Committee (IACUC). Zebrafish larvae were raised in E3 medium (5mM 

NaCl, 0.17mM KCl, 0.33mM CaCl2, 0.33mM MgSO4). For liver inflammation 

assays, larvae were raised until 5dpf in E3, at which time they were fed standard 

>50um larval food (from the aquatics facility at Memorial Sloan Kettering Cancer 

Center) daily until 24 hours prior to imaging (7-9dpf for the purposes of this study). 

Generation of transgenic lines 

~25pg of the TG(fabp10:NTR-mTq2), TG(lysc:PM2-mK2), or TG(mpx:PM2-

mK2), plasmid and transposase mRNA in 0.1M KCl was injected into the cytosol of 

single-cell stage casper embryos. Larvae were raised to adulthood and founders 

identified by mating adults with casper adults. F1 progeny were screened for 

expression of the transgene construct by the presence of either mTq2, eGFP, or mK2 

(depending on the desired transgene). F1 progeny were raised to sexual maturity. 

Experiments were performed on progeny of F1s that were either outcrossed to casper 

adults or to the transgenic line of choice (depending on the experimental objective). 
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TG(mpeg1:eGFP) adults in the AB wild-type background were a gift from David 

Tobin’s laboratory. 

Metronidazole exposure 

Larvae in the casper background were reared until 5dpf in E3, at which point 

they were sorted for expression of the desired transgene(s) as indicated. Larvae were 

then transferred into a new dish containing E3 and fed standard >50μm larval food. 

Larvae were transferred to 5mM Mtz (Acros Organics) in 0.2% DMSO in E3 for the 

appropriate length of time (i.e. larvae to be imaged at the 24hr time point were placed 

in 5mM Mtz 24hrs prior to imaging, etc.) (Figure 2.1). Controls were placed in 0.2% 

DMSO for 48hrs starting at 6dpf. Since the larval food fluoresces strongly in the 

TRITC channel and the larval gut lies in close proximity to the liver, larvae were 

starved for 24hrs prior to imaging to prevent intestinal fluorescence from interfering 

with liver imaging. All larvae were imaged at 8dpf regardless of when Mtz was 

applied, with the exception of the larvae imaged after a 24hr recovery period (which 

were 9dpf) and the larvae imaged after a 48hr recovery period (which were 10dpf). 

Experiments conducted using the TG(mpeg1:eGFP) transgenic line in the AB 

background were performed as described, except 0.2mM N-phenylthiourea (PTU) was 

Figure 2.1: Timing of Mtz application and feeding. 5mM Mtz is applied at various time 
points prior to imaging, corresponding with the desired length of Mtz exposure. For 
example, larvae in the 48hr Mtz group have been exposed to 5mM Mtz starting at 6dpf 
until they are imaged at 8dpf. All larvae are imaged at 8dpf. 
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added to the E3 starting at 1dpf until imaging to inhibit melanin synthesis. See 

Appendix A for detailed experimental procedures. 

Fluorescent dye labeling 

TG(fabp10:NTR-mTq2; casper) larvae were reared and treated with 5mM Mtz 

as described above. Immediately prior to imaging, larvae were placed in E3 medium 

containing 0.2% DMSO and the specified fluorescent dye. Dye concentrations and 

incubation times are listed in Table 2.1 below: 

 

Table 2.1: Fluorescent Reporter Dye Concentrations and Incubation Times 

Fluorescent Dye Final concentration (in E3) Incubation time (min) 

SYTOX Green 

(Invitrogen) 

0.2uM 20 

CellROX Orange 

(Invitrogen) 

2.5uM 30 

After incubation with the fluorescent dye, larvae were washed 3 times with 0.2mg/mL 

Tricaine in E3, embedded, and imaged. 

Confocal microscope 

Experiments were performed at room temperature (~26°C) on a Nikon Eclipse FN1 

microscope equipped with a 25x Apochromat LWD NA 1.1 water immersion 

Illustration 2.1: Embedding of larvae for confocal imaging. A) A custom 
3D-printed form (left) was used to make a mold using 2% agarose (right). 
B) Larvae were positioned in the slots with the ventral surface facing up 
so that the liver would be accessible to the microscope objective. 
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objective lens, a Yokogawa CSU-X1 Spinning Disk unit, an Andor iXon3 897 

EMCCD camera, 405 nm, 488 nm, and 561 nm diode laser lines (Andor Revolution 

XD). Liver inflammation experiments were performed on 8-10dpf larvae anesthetized 

in 0.2mg/ml Tricaine (Sigma) for 20min prior to imaging. Larvae were immobilized 

by embedding them in custom agarose molds with the ventral surface facing upward 

(to position the liver as close to the confocal objective as possible) (Illustration 2.1). 

Molds were prepared with 2% agarose dissolved in E3, the larvae positioned in the 

desired orientation in their individual slots and embedded in 2% low-melting point 

agarose dissolved in E3. After the agar solidified, the imaging dish was covered in ~2-

3mL 0.2mg/mL Tricaine in E3 to prevent the larvae from desiccating during imaging 

and to ensure that they remained anesthetized during the entire imaging process. 

Imaging with the TG(lysc:PM2-mK2) or TG(mpx:PM2-mK2) transgenic lines (in 

which neutrophils are labeled with mK2) crossed with the TG(fabp10:NTR-mTq2) 

line, or TG(fabp10:NTR-mTq2; casper) larvae with the fluorescent dye CellROX 

Orange (CRO) was performed using the 561nm laser with a 620/30 bandpass filter (to 

capture mK2/orange fluorescence) and the 405nm laser with a 435/40nm bandpass 

filter (to visualize mTq2 fluorescence in hepatocytes). Imaging with 

TG(mpeg1:eGFP; fabp10:NTR-mTq2) larvae and TG(fabp10:NTR-mTq2; casper) 

larvae labeled with SYTOX Green (SG) dye was performed using the 488nm (with a 

535/40 bandpass filter) and the 405nm (with a 435/40nm bandpass filter) laser to 

visualize macrophages, SG, and the NTR-mTq2 construct, respectively. 

TG(hsp70:cpla2-mK2; fabp10:NTR-mTq2) larvae were imaged on the confocal 

microscope with the 561nm and 405nm lasers. 

Confocal images were captured as z-stack images with a resolution of 2um per 

field of view at the desired time point (the height of the z-stack varies depending on 
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liver size and position). NIS-Elements software (Nikon) was used to acquire the 

images. 

Widefield Fluorescence microscopy 

Experiments were performed at room temperature (~26°C) on a Nikon Eclipse 

Ti inverted microscope, equipped with a 20x Plan Apochromat NA 0.75 and a 10x 

Plan Apochromat NA 0.45 air objective lens (Nikon), an Andor Clara CCD camera 

and a motorized stage. Green and red fluorescence was excited with a LED light 

source (Lumencor) using the bandpass filters 475/28 and 549/15, respectively. For 

eGFP measurements the 470/40 excitation filter was used together with a multispectral 

dichroic (Chroma, 59022 bs) and the 525/50 emission filter set (Chroma). The far-red 

mK2 fluorophore was imaged with the 572/35 excitation filter combined with the 

previously mentioned dichroic and the 632/60 emission filter set (Chroma).  

To image leukocytes in the transgenic fish, 20-25 anesthetized 8dpf larvae 

were aligned and embedded on a coverglass dish (Matek Corporation) with the left 

side of the animal touching the coverglass. The larvae were anesthetized with 

0.2mg/mL of Tricaine 20min prior to alignment. The larvae were immobilized in 1% 

low-melting agarose with 0.2mg/mL Tricaine dissolved in 5mM Mtz in E3. A Z-stack 

of red or green fluorescence images (with images in the Z-plane spaced apart 20um 

and spanning 80um) was acquired every 5min on the above described widefield 

microscope over the course of 4hrs with the 10X objective to follow leukocyte 

migration in the liver. 

Image processing and analysis of leukocytes and fluorescent dyes in zebrafish livers 

(confocal images) 

All image processing tasks were completed using the programs Prism, 

Autoquant X, Microsoft Excel, and the programming language R. Data sets were 

analyzed by two independent researchers to ensure reproducibility. Presented figures 
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and graphs are from the analysis conducted by the first author of this manuscript. 

Results from the second author were consistent within 20% of the results from the first 

author. Files were randomly blinded prior to analysis by either researcher using a 

custom R script to maintain objectivity during analysis. The custom script 

automatically exports a master key of the original file names along with the new 

blinded image numbers. Blinded images were opened in Autoquant X as maximum 

intensity projections of the z-stacks and visually analyzed for morphology score (see 

Table 2.2 for scoring criteria). Morphology scores for each image were recorded in a 

Microscoft Excel spreadsheet and re-organized into a contingency plot. Data was then 

copied into a Prism file for graphical representation and statistical analysis of the data. 

Morphology scores were presented as percentages of all of the images within one 

treatment category, with the absolute number of livers indicated numerically on the 

graph. 

The liver images were cropped using the free-hand region-of-interest tool in 

Autoquant X. The 3D objects counter tool was used to quantify the number of 

leukocytes or fluorescently-labeled cells using fluorescence- and size-based thresholds 

(see Table 2.3). To calculate the minimum intensity threshold, cropped images were 

viewed using the slice viewer tool. An area without bright objects in the given channel 

was selected in a random slice and the average intensity for that channel was 

measured. This background fluorescence was recorded and multiplied by 5. This 

multiplier was selected based on imaging non-labeled TG(fabp10:NTR-mTq2; casper) 

larvae that had been treated with Mtz and suffered liver damage. Multiplying 

background fluorescence by 5 was the smallest multiplier that would allow for 

detection of fluorescent signal while excluding signal from auto-fluorescent cell 

debris. 
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Images were visually inspected slice-by-slice through the entire z-stack. 

Objects detected by Autoquant were deleted if they did not lie at least partially (for 

leukocytes, 20% of the object was inside the liver) or entirely (for cells labeled with 

fluorescent dye) within the liver margin. Results were exported as a Microsoft Excel 

file and recorded using MS Excel. Results of the MS Excel files were copied into a 

Prism file and plotted into dot plots (leukocyte or fluorescently-labeled cells) or  

 

contingency tables (morphology scores) as indicated. Objects labeled by Autoquant X 

were visually inspected to ensure that the object’s morphology was consistent with the 

Table 2.2: Damage Score Criteria for Liver (Confocal Imaging) 
 
Morphology 
Score 

Criteria 

No/Mild 
Damage 

Liver is large (~200-250um at widest point) with a clearly defined margin. 
Hepatocytes look small (~15um in diameter) with uniform size and at least 
90% of cells maintaining cell-cell contact with neighboring cells. Sinusoids 
are visible in the images as clear regions flanked by healthy-looking 
hepatocytes (Figure 3.1A). In some instances, areas of cytoplasmic clearing 
will be present within the cell. 
 

Moderate 
Damage 

The liver starts to lose its overall shape and the liver margin becomes 
disrupted. There may be fewer hepatocytes, but overall liver volume will be 
similar to that in “mild” damage because the hepatocytes become enlarged at 
this stage. Sinusoids will not be visible and enlarged cells will often have 
regions of cytoplasmic clearing.  10-65% of hepatocytes will have lost contact 
with neighboring cells. After the initial hepatomegaly, cells shrink and begin 
to resemble popcorn (termed “popcorn cells”; these structures tend to be 
autofluorescent and are likely cell corpses). (Figure 3.1A). 
 

Severe 
Damage 

Severely damaged livers will be significantly smaller in size than controls and 
show reduced mTq2 fluorescence. At this stage, there should be fewer rounded 
cells and more popcorn cells. A liver is rated as “severely” damaged when 
fewer than 40% of the hepatocytes appear to be intact and when at least half of 
the cells in the image are popcorn cells. Occasionally the liver will look so 
damaged that it is difficult to observe the liver margin (there will be a cluster 
of cells that are grouped together but do not necessarily come into contact with 
one another) (Figure 3.1A). 
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structures that I wanted to label. For example, since I wanted to count necrotic nuclei, 

structures had to meet the minimum size of 50µm3 and have a round morphology. 

 TUNEL staining 

The in situ Cell Death Detection Kit, TMR Red (Sigma-Aldrich) was used to 

identify apoptotic cells via the TUNEL assay. 8dpf TG(fabp10:NTR-mTq2; casper) 

larvae that had been reared in either 0.2% DMSO or 5 mM Mtz for 24-48 hours were 

euthanized and fixed in 4% paraformaldehyde overnight at 4°C. Larvae were rinsed 3 

times in phosphate-buffered saline/0.1% tween (PBST) for 5 min. Larvae were 

dehydrated by subsequently incubating them for 5 min in each of the following 

solutions: (i) 25% methanol (MeOH)/75% PBST, (ii) 50% MeOH/50% PBST, (iv) 

75% MeOH/25% PBST, and (v) 100% MeOH. Larvae were placed in fresh 100% 

MeOH and stored at -20°C for a minimum of 12 hours. Larvae were rehydrated by 

subsequently incubating them for 5 min in each of the following solutions: 75% 

methanol (MeOH)/25% PBST, 50% MeOH/50% PBST, 25% MeOH/75% PBST. 

Larvae were washed 3 times with PBST, incubated in a 10μg/ml solution of Proteinase 

K for 15 min, and washed 3 more times with PBST. For permeabilization, larvae were 

incubated in a 1:1 mixture of acetone:ethanol for 7 min at -20°C, and were then 

washed 3 times with PBST. Positive controls were created by incubating control 

larvae in TURBO DNase (4U/ml—10U/ml in 50 mM Tris-HCL, pH 7.5, 1 mg/ml 

BSA) for 2 hours at room temperature. For each reaction, 5μl TUNEL enzyme 

Table 2.3: Image Analysis Parameters for Confocal Liver Imaging 
Reporter/Fluorescent 
Dye (object) 

Minimum intensity threshold 
(arbitrary units) 

Minimum volume 
(um^3) 

lysc:PM2-mK2, 
mpx:PM2-mK2, and 
mpeg1:eGF (leukocyte 
count) 

Background fluorescence X 5 70 

CellRox Orange (ROS) Background fluorescence X 5 10 
Sytox Green (necrosis) Background fluorescence X 3 50 
TUNEL TMR Red 
(apoptosis) 

Background fluorescence X 5 10 
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solution was added to 45μl TUNEL label solution and applied to the larvae. Samples 

were placed overnight in a humidified chamber at 37°C, washed 3 times with PBST, 

and mounted for confocal imaging. 

RNA-seq of Zebrafish Larval Hepatocytes 

TG(fabp10:NTR-mTq2; fabp10:PM2-eGFP-P2A-mK2) larvae were reared to 

5dpf as described above. Larvae were treated with 5mM Mtz starting at 6dpf. At 8dpf 

larvae were euthanized on ice for 20min. Larvae were then dissociated by incubating 

in 0.25% Trypsin-EDTA during simultaneous mechanical disruption of the embryos 

by pipetting (see Appendix B for detailed protocol). Hepatocytes were sorted using 

fluorescence-assisted cell sorting (FACS) by expression of three fluorescent proteins 

(mTq2, eGFP, mK2) to ensure that the sorter returned a pure population of 

hepatocytes. mRNA was extracted using the PicoPureTM RNA Isolation Kit by 

Arcturus® and submitted to the Integrated Genomics Core at MKSCC, where it was 

tested for quality and amplified using SMARTer RNA amplification. The sample was 

then sequenced using the HiSeq RNA-seq platform by Illumina. Data files were 

analyzed by the MSKCC bioinformatics core. 

Statistical analysis 

Statistical analysis was performed using Prism. Leukocyte/fluorescently 

labeled cell counts in each experimental condition were compared to the 0.2% DMSO 

in E3 controls using an unpaired, two-tailed t-test with Welch’s correction (to account 

for the fact that each experimental condition is not expected to have the same standard 

deviation). Error bars are presented as standard error of the mean. Morphology scores 

were analyzed via one-way ANOVA across all of the experimental conditions using a 

confidence interval of 0.99. 
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CHAPTER 3: RESULTS 

The NTR/Mtz-system induces selective damage in the larval zebrafish liver. 

To adapt the NTR/Mtz system for my study, I created a transgenic line in the 

casper background expressing the NTR-mTq2 fusion protein under the hepatocyte-

specific fabp10 promoter. Casper zebrafish originate from AB wt zebrafish and 

contain null mutations in the genes nacre and roy, inhibiting both melanocyte and 

iridophore development 132. In order to ensure that the liver was fully functioning and 

metabolically active, Mtz was added no earlier than 5dpf. Characteristic morphologic 

features of the liver, such as hepatic sinusoids and small, uniformly-sized hepatocytes, 

became apparent using a spinning disc confocal microscope by 5dpf (Figure 3.1A).  

To induce liver damage, 6dpf TG(fabp10:NTR-mTq2; casper) larvae were 

bathed in 5mM Mtz 12-48hrs prior to imaging (Figure 2.1). This resulted in 

morphologically-identifiable liver damage starting at 24hrs after Mtz exposure. The 

first visible signs of damage were disruption of hepatic sinusoids, hepatocyte 

enlargement and swelling, and loss of contact with neighboring cells (Figure 3.1A, 

Table 2.2). The proportion of livers with moderate damage increases significantly 

starting ~24hrs post Mtz exposure and progresses until the majority of livers are either 

moderately- or severely-damaged (Figure 3.1B). Hallmarks of severe damage included 

loss of overall liver architecture with significant shrinkage of the entire organ, 

hepatocyte enlargement, and the presence of small, shrunken-looking structures with 

mTq2 fluorescence that may be cell corpses (Figure 3.1A). These features became 

most prominent at 48hrs post-Mtz application. Furthermore, I observed that 

morphological evidence of liver damage occurs prior to significant reduction in liver 

volume (Figure 3.1B&C). I observed little/no overall physical malformation in 8dpf 

Mtz-treated larva relative to controls (Figure 3.1D).  
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Figure 3.1: The NTR/Mtz system induces damage in the larval zebrafish liver.  

(A) Confocal images of 8dpf zebrafish larval livers exposed to either 0.2% DMSO 
(controls) or 5mM Mtz for 24hrs or 48hrs. Top row: Control livers. NTR-mTq2 
fluorescence and PM2-eGFP fluorescence are shown in a single slice in the left and 
center columns, respectively. Maximum intensity projection with both channels is 
shown in the right column. Sinusoids are seen as channels without eGFP and mTq2 
flanked by cells with increased eGFP fluorescence at the edge of the sinusoid. The 
panels show healthy hepatocellular membranes with a high degree of cell-cell 
contact and organization around the sinusoids. Second row: Moderately damaged 
liver from larva exposed to 5mM Mtz for 24hr. Hepatocytes show rounding, reduced 
cell-cell contact, increased cytoplasmic clearing (insets), and reduced size. Sinusoids 
are less visible. Third row: Moderately damaged liver from larva exposed to 5mM 
Mtz for 48hr. A few shrunken cells are visible in this image (inset), although at this 
stage they represent a minority of the cells in the liver. Bottom row: Severely 
damaged liver from larva exposed to Mtz for 48hr. The liver has lost much of its 
overall organization and is reduced in size. Shrunken cells are present in abundance 
(inset). All scale bars = 50µm. (B) The proportion of moderately- to severely-
damaged livers increases with increasing Mtz exposure. Bars show percentage of 
livers in each condition that belong to each damage score. Absolute number of livers 
in each group is indicated by the white or black numbers. (C) Liver volume 
decreases when livers are severely damaged. Mean values for each group are 
indicated above the dot plots in brackets. ***T-test p < 0.0005. (D) Whole larvae 
exposed to 5mM Mtz for 48hrs (right) have reduced liver (red arrows) and swim 
bladder size (blue arrows) relative to untreated (left) larvae. 
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Figure 3.1: The NTR/Mtz system induces damage in the larval zebrafish liver (legend 
on preceding page). 
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The NTR/Mtz system induces oxidative stress in hepatocytes. 

According to previous reports, the NTR/Mtz system causes tissue damage 

when NTR converts Mtz into a free radical and induces the production of cytotoxic 

reactive oxygen species (ROS) in NTR-expressing cells103,104,139. To determine 

whether this is the case in our system, we decided to investigate changes in gene 

regulation using RNA-seq to determine which molecular pathways and inflammatory 

signals are differentially expressed. I dissociated TG(fabp10:NTR-mTq2;  

fabp10:PM2-eGFP-P2A-mK2) larvae after exposing them to 5mM Mtz for  

 

Figure 3.2: RNA-seq analysis shows upregulation of redox signaling and 
downregulation of inflammatory mediators. RNA-seq of FAC-sorted hepatocytes 
revealed involvement of the GSH and H2O2 redox pathways. Canonical SI 
mediators TNF-α and IL-1β showed no difference in gene expression, and the 
chemokine CXCL-C1C (which induces neutrophil chemotaxis) was strongly 
downregulated. This analysis was performed using the Zv9 genome alignment from 
Ensemble. 
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Figure 3.3: ROSs accumulate in livers damaged by the NTR/Mtz system. (A) Confocal 
images of 8dpf zebrafish larval livers exposed to either 0.2% DMSO (controls) or 5mM 
Mtz for 24 or 48hrs and incubated in the live-imaging dye CellROX Orange. Images are 
maximum intensity projections of z-stacks that have been deconvolved, autoscaled, and 
cropped so only the liver shows. Scale bars = 50μm. (B) The proportion of moderately- to 
severely-damaged livers increases with increasing Mtz exposure. Bars show percentage of 
livers in each condition that belong to each damage score. Absolute number of livers in 
each group is indicated by the white or black numbers. (C) Mtz-treated livers accumulate 
ROSs starting at 24hr Mtz exposure. The number of animals used for each group are 
indicated above the dot plots in brackets. T-test. * p < 0.05. *** p < 0.0005.  
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48hrs. mRNA was then extracted from FAC-sorted hepatocytes and submitted for 

RNA-seq as described in Chapter 2. Several genetic pathways relating to glutathione 

(GSH) synthesis and recycling were upregulated, as well as pathways involved in 

H2O2 and ROS neutralization (Figure 1.5 and Figure 3.2). Notably, many of the 

upregulated genes are from the KEAP1/NRF2-mediated antioxidant signaling 

pathway, which is described in more detail in Chapter 1. 

Since antioxidant pathways were strongly upregulated in this system, I 

hypothesized that the NTR/Mtz system induces liver damage by producing ROSs and 

causing free radical DNA damage. I used CellROX Orange (CRO), a live imaging dye 

that becomes fluorescent upon binding to ROSs, to label cells experiencing oxidative 

damage. TG(fabp10:NTR-mTq2; casper) larvae treated with either Mtz or 0.2% 

DMSO and were incubated in CRO immediately prior to imaging. After 24hrs Mtz 

exposure, the TG(fabp10:NTR-mTq2; casper) larvae showed a significant increase in 

CRO labeling relative to untreated controls (Figure 3.3).   

It is important to note that analysis of fluorescent dye labeling presents 

technical challenges that must be taken into consideration prior to analysis. After 

several experiments using fluorescent live-imaging dyes, I found it difficult to identify 

proper minimum fluorescence intensity thresholds in order to automate quantification 

using the software Autoquant. I treated TG(fabp10:NTR-mTq2; casper) larvae with 

either Mtz or 0.2% DMSO for 48hrs and imaged them in the mK2 (561nm) and eGFP 

(488nm) channels on our confocal microscope. I observed that larvae with liver 

damage auto-fluoresce in the 561nm channel (Figure 3.4), which also detects mK2 and 

CRO. In the 488nm channel, however, autofluorescence decreased after 48hrs of Mtz 

exposure (Figure 3.4).  



48 
 

 

Figure 3.4 Autofluorescence in the 561nm/mK2 channel (previous page). (A) 
TG(fabp10:NTR-mTq2; casper) livers treated with 5mM Mtz for 24hrs (bottom) 
show autofluorescence in the 561nm/mK2 channel relative to controls (top). 
Images are maximum intensity projections of z-stacks that have been deconvolved, 
autoscaled, and cropped so only the liver shows. (B) Autofluorescence in 
TG(fabp10:NTR-mTq2; casper) livers treated with 5mM Mtz for 24hrs (bottom, 
left two panels) does not compare significantly to the mK2 fluorescence seen in 
TG(fabp10:NTR-mTq2; casper) livers treated with 5mM Mtz for 24hrs that have 
been labeled with CRO (bottom, right two panels). Images are maximum intensity 
projections of z-stacks that have been cropped so only the liver shows. 
Fluorescence was adjusted to be the same among all images captured in the mK2 
channel and separately adjusted to be the same among all images captured in the 
mTq2 channel. (C) Corrected total fluorescence of autofluorescence present in 
TG(fabp10:NTR-mTq2; casper) livers after 24hrs 5mM Mtz exposure. Calculations 
were made based on fluorescence measurements taken in ImageJ. 
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After testing several different minimum fluorescence intensity thresholds, we 

found that multiplying the background fluorescence of each image by 5 allowed us to 

capture signal in the 561nm channel without including this autofluorescence (and 

therefore preventing the counts from being artificially high). Please note that this  

background multiplier is specific to our imaging system and may need to be modified 

for other microscopes. We found this technique to be useful while analyzing images 

captured in the 561/620nm excitation/emission spectra because it effectively excluded 

background signal in a consistent fashion.  

The NTR/Mtz system induces cell death by apoptosis. 

To determine how the NTR/Mtz system induces liver damage, we used the 

TMR Red TUNEL kit from Sigma to learn whether Mtz-treated NTR-mTq2 

hepatocytes die via apoptosis. The TUNEL kit labels nicked DNA, a process that 

occurs when DNA in apoptotic cells undergoes fragmentation143. TUNEL staining 

differs from the live imaging protocol in that the larvae must first be fixed in 4% PFA 

and permeabilized to allow the DNA-labeling enzymes to penetrate the liver (detailed 

in Chapter 2). The labeling and washing process can change the morphology of the 

liver and surrounding tissues. Additionally, fixation reduces mTq2 fluorescence. 

Therefore, I was unable to analyze these images for liver damage.  

I anesthetized TG(fabp10:NTR-mTq2; casper) larvae that had been treated with 

Mtz or 0.2% DMSO for 24 or 48hrs, and euthanized them by placing them on ice for 

20min. This was followed by an overnight incubation in ice-cold 4% PFA. I observed 

little-to-no labeling in the control animals but extensive labeling in larvae treated with 

Mtz (Figure 3.5). In my hands, the number of apoptotic cells did not change between 

the 24hr and 48hr groups. 
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The NTR/Mtz system also induces necrotic cell death. 

To determine whether necrosis is present in TG(fabp10:NTR-mTq2; casper) 

larvae that had been treated with Mtz, I labeled the larvae with SG and imaged them 

intravitally. SG, which fluoresces upon binding to double-stranded DNA (dsDNA), is 

Figure 3.5: The NTR/Mtz system causes apoptosis in TG(fabp10:NTR-mTq2; casper) 
larvae. (A) Larvae were fixed in 4% PFA and labeled with the TMR Red TUNEL kit. 
Images shown are maximum intensity projections of livers captured in a z-stack with our 
spinning disc confocal microscope. Top: Control liver reared in 0.2% DMSO in E3 shows 
little/no TUNEL labeling. Middle: Liver from larva exposed to 5mM Mtz for 24hrs. Liver 
shows significant labeling with SO, indicating cellular necrosis. Bottom: Liver from larva 
exposed to 5mM Mtz for 48hrs. The degree of apoptosis in 48hr-exposed larvae is similar 
to that of 24hr-exposed larvae. Images have been deconvolved for clarity. Scale bars = 
50µm. (B) Quantitative analysis of apoptosis. Number of animals per condition is 
indicated above the plot in brackets. T-test. ** p < 0.005. ***p < 0.0005. (C) RNAseq 
data showing significant upregulation of pro-apoptotic genes.  
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impermeable to intact cellular membranes. Therefore, cells labeled with SG must have 

a permeabilized plasma membrane, which is a hallmark of necrotic cell death120. I 

observed that livers treated with SG showed limited hepatocellular necrosis after 

~24hrs Mtz exposure (Figure 3.6A&B), and that necrosis increased as the length of 

Mtz exposure increased. 

Leukocytes are recruited to the liver during NTR/Mtz-induced liver damage. 

Our primary motivation for adapting the NTR/Mtz system was to study sterile 

inflammatory processes in the absence of integumental damage. Therefore, we crossed 

three transgenic reporter lines (TG(lysc:PM2-mKate2) and TG(mpx:PM2-mKate2) in 

the casper background to label neutrophils and TG(mpeg1:eGFP), in the AB wt 

background, to label macrophages) with the TG(fabp10:NTR-mTq2) transgenic line to 

determine whether leukocytes are recruited to the liver during NTR/Mtz-induced liver 

damage. 

 

Figure 3.6: Necrosis is present in Mtz-treated livers. (A) TG(fabp10:NTR-mTq2; AB wt) 
livers treated with 5mM Mtz for 24hrs show SG labeling. Images are maximum intensity 
projections of z-stacks that have been autoscaled and cropped so only the liver shows. 
Scale bars = 50μm. (B) SYTOX Green-labeled structures appear 24hrs after Mtz 
exposure and increase 48hrs after Mtz exposure. Number of animals per experimental 
condition are indicated above the dot plot in brackets. T-test. *** p < 0.0005. 



52 
 

 

Figure 3.7: Lysc+ neutrophils are not recruited to the liver, but hepatocytes contain mK2-
positive inclusions. (A) TG(lysc:PM2-mK2; fabp10:NTR-mTq2) livers treated with 5mM 
Mtz do not show increased neutrophil recruitment to the liver. Small mK2-positive 
vesicles are visible in the samples (white arrow). Scale bars = 50μm. (B) 5X Inset shows 
close-up of neutrophil and an inclusion-containing hepatocyte. Scale bar = 10μm. Images 
are maximum intensity projections of z-stacks that have been deconvolved, autoscaled, 
and cropped so only the liver shows. (C) Leukocytes are not recruited to the liver even 
though the larvae have increased liver damage after Mtz exposure. (D) Quantification of 
neutrophil recruitment to the liver after treatment with Mtz (left). Number of animals for 
each condition are shown above the dot plot in brackets. Quantification of small, mK2-
positive inclusions present in the liver (right). Number of animals for each condition are 
shown above each dot plot in brackets. T-test. * p < 0.05; ** p < 0.005.  
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Figure 3.7: Lysc+ neutrophils are not recruited to the liver, but hepatocytes contain mK2-
positive inclusions (legend on preceding page).  
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In the initial experiments using the lysc transgenic reporter, I observed no 

increase in neutrophil recruitment (Figure 3.7A&B) after 48hrs exposure to 5mM Mtz. 

Instead, we found that there was an increase in the number of small, rounded, mK2-

positive inclusions in many of the hepatocytes (Figure 3.7B, white arrow). The lack of 

neutrophil recruitment raised several questions, as the finding was contrary to my 

initial expectations. To address the concern that Mtz may inhibit neutrophil 

chemotaxis, I imaged TG(LysC:PM2-mK2; fabp10:PM2-eGFP -P2A-mTq2) larvae 

that had been exposed to Mtz for 48hrs and compared the number of neutrophils with 

Figure 3.8: Livers without NTR show a reduction in lysc+neutrophils after Mtz exposure. 
(A) TG(lysc:PM2-mK2; fabp10:PM2-eGFP-P2A-mTq2) larvae exposed to Mtz for 48hrs 
show no changes in liver morphology (B) and a decrease in leukocyte recruitment to the 
liver. (C) Quantification of lysc+ neutrophils in the liver. Mean values for each condition 
are indicated above the dot plot in brackets. T-test. * p < 0.05. 
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that in a control group (Figure 3.8). We found that there is a significant reduction in 

lysc+ neutrophils in the liver after 48hr Mtz exposure. This raised the concern that Mtz 

could inhibit neutrophil development. Therefore, I imaged the caudal hematopoietic 

niche (CHT) of TG(lysc:PM2-mK2; fabp10:NTR-mTq2) larvae using widefield 

microscopy (Figure 3.9).  

There was a statistically significant reduction in lysc+ neutrophils in the CHT 

between the Mtz-treated and control TG(lysc:PM2-mK2; fabp10:NTR-mTq2) larvae, 

but the difference between the means of the control and Mtz-treated group was not 

large enough to account for the reduction seen in Figure 3.8. To determine if mpx+ and 

mpeg1+ development was suppressed during Mtz exposure, TG(mpx:PM2-mK2; 

fabp10:NTR-mTq2) and TG(mpeg1:eGFP; fabp10:NTR-mTq2) larvae were also 

imaged in the CHT after being exposed to Mtz or 0.2% DMSO for 48hrs. The mean 

neutrophil counts in each of these reporter lines were unchanged (Figure 3.9).  

Imaging the livers of TG(mpx:PM2-mK2; fabp10:NTR-mTq2) larvae showed that 

mpx+ neutrophils were increased in the liver after 48hrs Mtz exposure (Figure 3.10A-

D). Increasing Mtz exposure was also associated with an increase in mK2+ neutrophil 

inclusions within hepatocytes. Since I initially expected neutrophils to arrive to the 

liver earlier (i.e. at 24hrs) during Mtz-induced damage, I decided to repeat this 

experiment with TG(mpeg1:eGFP; fabp10:NTR-mTq2) larvae to determine whether 

mpeg1+ macrophages would arrive later in the inflammatory process as I originally 

predicted.  

I found that macrophages were recruited to the liver after 24hrs of Mtz 

exposure (Figure 3.11). Macrophages that are recruited to the liver associate with 

damaged hepatocytes. Figure 3.11A&B shows macrophages surrounding hepatocytes 

which have been damaged after Mtz exposure.  
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Figure 3.9 Mtz does not affect development of leukocyte subpopulations. (A) Leukocytes 
in the caudal hematopoietic niche (CHT) treated with either 0.2% DMSO or 5mm Mtz-
treated larvae were quantified. A reduction in neutrophils is seen in the lysc+ neutrophil, 
but there are no significant differences between Mtz-treated larvae and their respective 
controls in the mpx+ and mpeg1+ leukocytes. T-test. * p < 0.05. (B-D) Widefield 
maximum intensity projections of the CHT of TG(lysc:PM2-mK2) (B), TG(mpx:PM2-
mK2) (C), and TG(mpeg1:eGFP) (D) leukocyte reporters. Scale bars = 100μm. 



57 
 

 

Figure 3.10: Mpx+ neutrophils are recruited to the liver during Mtz exposure. (A) Mpx+ 
neutrophils are recruited to the liver during NTR/Mtz-induced damage. TG(mpx:PM2-
mK2; fabp10:NTR-mTq2) larvae were exposed to 5mM Mtz for 24 or 48hrs prior to live 
imaging. Intact leukocytes (green arrow) are visible within the liver and were quantified 
using the software Autoquant. Confocal microscopy enabled us to visualize small, rounded 
objects labeled with mK2 (white arrows) that appeared to be contained within, or 
sometimes adjacent to, hepatocytes. Scale bars = 50µm. (B) Inset is 5X magnification of 
the region in part (A) that is outlined with a grey box. Scale bar = 10μm. (C) Liver damage 
increases with increasing Mtz exposure. (D) Quantification of macrophage recruitment to 
the liver. Neutrophils and mK2+ inclusions are Mean values are increased in the 48hr 
group. Number of animals is shown for each condition above the dot plot in brackets. T-
test. * p < 0.05. *** p < 0.0005.  
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Figure 3.10: Mpx+ neutrophils are recruited to the liver during Mtz exposure (legend on 
preceding page). 
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Figure 3.12: The anti-inflammatory cytokine TGF-β is upregulated in Mtz-treated 
hepatocytes. Two zebrafish isoforms of TGF-β show differential expression in Mtz-treated 
larvae. In contrast, IL-10 shows no differential expression. 

Differential Expression of Anti-Inflammatory 
Cytokines in Mtz-treated Hepatocytes 

TGF-β2 TGF-β3 Il-10 Il-10R 

Figure 3.11: Macrophages are recruited to the liver during Mtz exposure. (A) 
TG(mpeg1:eGFP; fabp10:NTR-mTq2) larvae show robust macrophage recruitment 
after 24hrs Mtz exposure. Macrophages appear to phagocytose injured or dead 
hepatocytes (red arrow). Images are maximum intensity projections of z-stacks that 
have been deconvolved, autoscaled, and cropped so only the liver shows. Scale bar = 
50 μm. (B) 5X inset of the area indicated by the gray box in part (A). Scale bar = 10μm. 
(C) Quantification of macrophage recruitment to the liver. Number of animals for each 
condition are indicated above the dot plot in brackets. T-test. * p < 0.05.  
*** p < 0.0005.  
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 Suspecting that Mtz may be responsible for an anti- inflammatory response in 

the liver, I decided to image TG(lysc:PM2-mK2; fabp10:NTR-mTq2)  larvae both after 

24hrs Mtz exposure and after 24hrs Mtz exposure followed by a 24hr recovery period 

(Figure 3.13). In this experiment I did not observe an increase in neutrophil 

recruitment after the recovery period. Since the mpx+ neutrophils were seen in the 

liver after 48hrs, but not 24hrs, of Mtz exposure, I repeated the experiment using 9 and 

10dpf TG(lysc:PM2-mK2; fabp10:NTR-mTq2) larvae that were exposed to Mtz for 

48hrs. These larvae were allowed to recover for 24 or 48hrs, respectively (Figure 3.14) 

and labeled with SG prior to imaging.  

In this experiment, 8dpf larvae treated with Mtz for 48hr were the most 

severely damaged group (Figure 3.15D) but did not show increased lysc+ neutrophil 

recruitment compared to the 8dpf control group (Figure 3.15B). The severity of liver 

damage corresponds with a significant increase in SG labeling (Figure 3.15C); 

however, the number of SG-labeled cells between the 24 and 48hr exposure groups 

was practically unchanged (Figure 3.15C), even though the 48hr exposure group 

suffered much worse liver damage (Figure 3.15D).  

The addition of recovery time after 48hrs Mtz exposure resulted in robust 

neutrophil recruitment (Figure 3.15). 9dpf larvae given a 24hr recovery period showed 

greater lysc+ neutrophil recruitment to the liver than either the 9dpf control group or 

the 9dpf 48hr Mtz exposure group without a recovery period (Figure 3.15B). The 

10dpf Mtz-treated group also showed greater neutrophil recruitment after a 48hr 

recovery period. These cohorts show that liver damage is most severe in the 48hr Mtz 

exposure group (Figure 3.15D). In both groups, the recovery group was found to have 

greater damage than the control group, but less damage than the 48hr Mtz group. In 

the 9dpf larvae group, the amount of SG labeling increased in both the 48hr Mtz  
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Figure 3.13: Removal of Mtz after 24hr Mtz exposure does not induce neutrophil 
recruitment into damaged livers. (A) Representative maximum intensity projections of 
zebrafish livers at 10dpf with fluorescent neutrophils after indicated times of Mtz exposure 
and recovery in the TG(lysc:PM2-mK2) reporter line. Scale bars = 50μm. (B) 
Quantification of morphological phenotypes by damage score. Numbers within bars 
indicate number of animals per group. (C) Number of neutrophils in the liver at indicated 
times of Mtz exposure in TG(lysc:PM2-mK2) reporter line. Square brackets indicate the 
number of animals per condition.  Error bars, SEM. ***t-test p < 0.0005. Rec = Recovery. 
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exposure and in the 48hr Mtz exposure with the 24hr recovery period compared to 

controls (Figure 3.15C). The recovery group has the most SG-labeled cells, coinciding 

with the influx of neutrophils seen in this group. Concerned that the increase in SG 

labeling could be due to neutrophilic cell death (as opposed to hepatocellular cell 

death), I counted the number of SG+ neutrophils in each liver and deducted them from 

the total SG count in the livers. The 10dpf larvae exposed to Mtz for 48hrs and given a 

48hr recovery period showed the greatest degree of leukocyte recruitment out of all 

the groups (Figure 3.15B).  

 

 

 

 

 

 

Figure 3.14: Schematic of recovery experiments performed with 9dpf (A) and 10dpf (B) 
larvae.  
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Figure 3.15: Removal of Mtz after 48hr Mtz exposure induces neutrophil recruitment into 
damaged livers. (A) Representative maximum intensity projections of zebrafish livers at 
10dpf with fluorescent neutrophils after indicated times of Mtz exposure and recovery in 
the TG(LysC:PM-mK2) reporter line. Scale bars, 50nm. (B) Number of neutrophils in the 
liver at indicated times of Mtz exposure and recovery in the TG(LysC:PM-mK2) reporter 
line. Square brackets indicate the number of animals per condition.  Error bars, SEM. T-
test. *** p < 0.001. **** p < 0.0001. (C) Number of SG-positive hepatocytes in the liver 
at indicated times of Mtz exposure. Square brackets indicate the number of animals per 
condition.  Error bars, SEM. T-test. * p < 0.05. ** p < 0.01. *** p < 0.001. (D) 
Quantification of morphological phenotypes by damage score. Numbers within bars 
indicate number of animals per group. 
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Figure 3.15: Removal of Mtz after 48hrs of Mtz exposure induces neutrophil recruitment 
into damaged livers (legend on preceding page). 
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CHAPTER 4: DISCUSSION 

The NTR/Mtz system as a tool for inducing liver damage 

The purpose of this project was to identify the signals that direct leukocyte 

trafficking during SI without breaching the epithelial barrier. To accomplish this, I 

needed to induce spatiotemporally-controlled liver damage so leukocytes would be 

preferentially trafficked to the liver. The larval zebrafish liver is an ideal system in 

which to study SI because it is a well-defined, fully functioning organ at 8dpf that is 

small enough to be imaged in a single confocal image field. Damaging the liver while 

sparing other tissues in the larvae presented a technical challenge, as zebrafish larvae 

are quite small and available systems (which rely heavily on drug toxicity) have 

systemic off-target effects. The NTR/Mtz system enabled us to reliably damage the 

liver while preserving surrounding tissues.  

Mechanism of action of the NTR/Mtz system 

The NTR/Mtz requires the use of both genetic and pharmacologic tools. NTR, 

an enzyme normally found in bacteria103,104, converts the otherwise harmless antibiotic 

Mtz into a toxic free radical142. This free radical is then capable of inducing DNA 

damage and oxidative stress in the NTR-expressing cell. Since this system has been 

used in the liver by another group102–104, I chose to express NTR-mTq2 under the 

hepatocyte-specific fabp10 promoter102,136.  

The NTR/Mtz system is a reliable way with which to induce selective liver damage 

The NTR/Mtz system provided a way to initiate liver damage and 

inflammation in a spatiotemporally controlled manner without breaching the epithelial 

barrier. To measure SI we decided to count the number of leukocytes in the livers of 

TG(fabp10:NTR-mTq2) larvae that had been exposed to Mtz. Several leukocyte 

reporter lines were already in use by other members of the lab, which I could easily 

cross with TG(fabp10:NTR-mTq2) larvae. Since the liver is relatively large and well 
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demarcated, the liver margin served as a natural region of interest for leukocyte 

quantification. Our lab has extensive experience using leukocyte chemotaxis to assay 

inflammation. Such intravital imaging experiments have a certain amount of 

background noise, which is reduced if special care is taken to ensure that only one part 

of the larva is damaged. Inducing damage in only hepatocytes improves this intravital 

assay because it reduces the possibility that damage to other organs/epithelium (and 

therefore inflammatory signals) could interfere with our results. 

Although there are many advantages to the NTR/Mtz system, there are also 

caveats to this approach. The NTR/Mtz system has been reported to induce mainly 

apoptotic cell death104. Although this was supported by my own data, I also observed 

necrosis in Mtz-treated TG(fabp10:NTR-mTq2) larvae. Because of this, it is difficult to 

draw definitive conclusions about the precise mechanism by which leukocytes are 

recruited to the liver. Pharmacologic inhibitors to prevent apoptosis are available, but 

necrosis cannot be pharmacologically inhibited (with the exception of necroptosis). To 

circumvent this problem, we conceived novel approaches to induce purely apoptotic or 

purely necrotic cell death in the zebrafish liver.  

Alternative genetic approaches to induce liver damage 

We considered multiple ways with which we could induce necrosis and/or 

apoptosis in the liver. In a prior study, researchers showed that overexpression of 

mixed-lineage kinase like (MLKL) domain is sufficient to induce necrosis/necroptosis. 

I was able to replicate this finding in both HeLa cells and zebrafish embryos (data not 

shown). MLKL forms pores in the plasma membrane of cells upon stimulation of the 

necroptosis pathway (and/or overexpression), inducing necrotic cell death via 

necroptosis. Due to the toxicity of mK2-MLKL, I decided to use a conditional 

expression system to generate larvae that would express mK2-MLKL only in the liver. 

A TG(hsp70:Cre) line was already present in lab, so I attempted to create a 
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TG(fabp10:loxp-mTq2-stop-loxp-mK2:MLKL) transgenic line to cross with the 

TG(hsp70:Cre) line. I identified an F0 animal that produced TG(fabp10:loxp-mTq2-

stop-loxp-mK2:MLKL) progeny, but I was unable to demonstrate that the 

TG(hsp70:Cre) line was capable of recombination. Unfortunately, that line did not 

have a fluorescent protein reporter expressed under the hsp70 promoter, so I was 

unable to determine whether that line expressed functioning Cre. Although I was 

unable to complete this tool, it may be worth revisiting since there are few practical 

ways of inducing necrosis. The conditionally-expressed mK2-MLKL approach could 

theoretically work, and if successful, could be of immense benefit to the field. 

In addition to the inducible necrosis construct, we conceived a strategy to 

develop a zebrafish line capable of inducing only apoptosis in the liver. Since Caspase 

9 (Casp 9) overexpression has been shown to cause apoptosis110, we aimed to use 

conditional overexpression (i.e. the Cre-lox system) to induce apoptosis in 

hepatocytes. As discussed above with the mK2-MLKL construct, I created a 

fabp10:loxp-mTq2-stop-loxp-mK2-MLKL transgene. I planned to generate a transgenic 

line with this construct and mate the F1 adults with the TG(hsp70:Cre) line to 

conditionally express apoptosis. I stopped work on this, however, when it became 

clear that the TG(hsp70:Cre) line was unreliable. As with the mK2-MLKL construct, 

this approach can theoretically work and would prove useful to the field. 

Attempts at using other drug-based approaches to induce SI 

I made several attempts to induce liver damage in 5-8dpf zebrafish larvae 

using paracetamol (APAP) and alcohol (EtOH) as described in prior studies12,22,81,144. 

Despite multiple attempts to optimize these experiments, I did not observe liver 

damage in response to either substance at high concentrations. The concentration of 

APAP and EtOH was sufficient to kill roughly 50% of the treated larvae at 8dpf, but 

the larvae (both deceased and survivors) did not show obvious signs of liver damage. 
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Without further experimentation I cannot comment on how or why this is the case, but 

it is important to note that there was a key difference in the timing of the drug 

application and imaging relative to other studies.   

In previous studies larval livers were exposed to APAP or EtOH as early as 2-

3dpf 81,133,145, whereas I exposed the livers to APAP and EtOH from 5-8dpf. I made 

this change for a few reasons. First, the liver bud begins to develop at around 3dpf and 

is not fully functional until roughly 5dpf146. I was concerned that the 2-3dpf larvae 

would be unable to properly metabolize APAP and EtOH, which could alter the 

experimental outcome. Drug metabolism is a critical step in the pathophysiology of 

APAP- and EtOH-induced hepatitis because liver damage is actually caused by the 

metabolites of APAP and EtOH, as opposed to the drugs themselves84,147. Zebrafish 

larvae do not have a fully functional liver prior to 5dpf146; therefore, I decided to apply 

the drug no earlier than 5dpf in order to mimic the effects of APAP and EtOH toxicity 

in adults as closely as possible. My other concern with the approaches used in younger 

larvae was that at 3dpf the liver is actively undergoing morphogenesis146. I was 

concerned that administering drugs to larvae that young would result in developmental 

delay of the liver, which would be substantially smaller than healthy livers. Since the 

most common way to assay liver damage is to image the larvae and measure reduced 

liver size/volume12, developmental delay of the liver could essentially result in false 

positive results. Therefore, I relied on 5-8dpf and confocal imaging to avoid these 

pitfalls. Despite several attempts at optimization of APAP and EtOH, I was unable to 

induce liver damage or SI using either APAP or EtOH. 

Confocal imaging produced high-resolution intravital images 

Benefits of confocal imaging 

The lab’s spinning disk confocal microscope offers a major advantage to this 

project. This microscope allowed us the option of observing morphological changes 
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individual cells prior to the development of severe damage. It could image individual 

hepatocytes greater detail than a widefield microscope. On a widefield microscope, the 

most reliable way to look for liver damage is to quantify changes in liver size. With 

the confocal microscope, however, I observed that reduction in liver size was most 

pronounced with severely damaged livers and virtually nonexistent in mild or 

moderately damaged livers. Based on my data, it is important to detect liver damage 

before the livers become severely damaged. Many processes we observed took place 

in moderately-damaged livers that were similar in size to control livers. For example, 

moderately-damaged livers showed extensive CRO labeling (Figure 3.3) and 

macrophage infiltration (Figure 3.10). We were also able to identify mK2+ inclusions 

in hepatocytes, which to my knowledge is a novel finding. Therefore, confocal 

microscopy increases the sensitivity of the damage score assay, providing better 

information on the relationship between liver damage and cell death or leukocyte 

recruitment.  

Caveats of our confocal imaging system 

Every imaging modality, including confocal microscopy, has limitations that 

are important to be aware of. After imaging several experiments with the CRO dye, I 

noticed that it could be difficult to visually distinguish between CRO-labeled 

structures and autofluorescent cellular debris. This became more challenging in 

animals with weaker CRO labeling because it was necessary to lower the minimum 

fluorescence intensity threshold in order to quantify these inclusions using Autoquant. 

This effectively increased the chance that autofluorescent debris would be read and 

counted as a CRO+ hepatocyte by the analysis software.  

To overcome this issue, I improved the accuracy of the assay by accounting for 

each image’s background intensity. I first imaged several Mtz-treated larvae in the 

405nm, 488nm, and 561nm channels and determined that Mtz-treated livers have mild 
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autofluorescence in the 561nm channel but not the 488nm channel (Figure 3.4). To 

overcome this problem, I measured the background fluorescence of each image in the 

561nm channel and multiplied that by a single number until Autoquant could no 

longer detect autofluorescent debris. For the 561nm channel a multiplier of 5 was 

enough to virtually eliminate autofluorescence in the quantitative analysis. The liver 

could then be visually inspected to confirm the presence of CRO labeling or 

autofluorescent cell debris, which has different morphology from the CRO+ cells. 

Although there was no autofluorescence in the 488nm channel, the data were much 

cleaner after using a minimum intensity threshold calculated for each image by 

measuring the background fluorescence and multiplying it by 3. These parameters are 

specific to our microscope, so I highly recommend that anyone who tries this 

technique should first image unlabeled Mtz-treated larvae on their own system to 

determine whether a background fluorescence multiplier is necessary. 

Mechanism of liver damage and cell death 

The experimental results presented in this thesis are consistent with the 

mechanisms of NTR/Mtz-mediated cell death that have been described in other 

studies104. In my hands, experiments performed with TUNEL and fluorescent dye 

labeling revealed that apoptosis, necrosis, and ROSs are present in this system. 

Findings in prior studies suggest that hepatocellular damage in these larvae occurs via 

ROSs and free-radical damage, causing primarily apoptosis142,148. I was unable to 

definitively prove that ROSs or apoptosis cause liver damage, or to identify which 

signals cause leukocyte recruitment in this system. However, the pattern of leukocyte 

recruitment seen in my experiments poses interesting questions into which signals 

cause leukocyte trafficking to the liver.  
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Redox signaling may direct the progression of liver damage in the NTR/Mtz system 

It is widely accepted that the NTR/Mtz system mediates tissue-specific 

ablation via free-radical DNA damage and oxidative stress142. The predominance of 

apoptotic cell death, the presence of ROSs, and the differential regulation of redox 

signaling enzymes in Mtz-treated livers support this hypothesis. Indeed, our RNA-seq 

data indicate that enzymes involved in the NRF2-mediated antioxidant response is 

highly upregulated in this system (Figure 3.2). Many of the upregulated genes (such as 

GCL, Prdx1, Ptgr1, and many others) are downstream of the KEAP1/NRF2-mediated 

response to oxidative stress91,92,149. These data have limited utility because the mRNA 

for RNAseq was extracted from FAC-sorted hepatocytes of larvae that had been 

treated with either Mtz for 48hrs or 0.2% DMSO in E3. Intravital imaging experiments 

showed that these conditions do not necessarily correspond with neutrophil 

recruitment to the liver, depending on the leukocyte reporter used (Figure 3.7, Figure 

3.10, Figure 3.11). Given that the RNA-seq results were consistent with the 

mechanisms described in the literature142, I hypothesized that the NTR/Mtz system 

was causing oxidative damage in NTR-expressing hepatocytes. 

This conclusion was further supported by live-imaging TG(fabp10:NTR-mTq2; 

casper) zebrafish labeled with CRO, which showed that ROSs are present in Mtz-

treated livers within 24hrs of Mtz exposure (Figure 3.3). At 24hrs, most of the livers 

were either undamaged or moderately-damaged. Except for the 48hr Mtz exposure 

group, it is difficult to make a direct comparison between this and the RNA-seq 

experiment, since the RNA-seq data was obtained from RNA collected from 

hepatocytes exposed to Mtz for 48hrs. However, CRO labeling is visible in the liver 

starting at 24hrs, and we know that CRO labeling continues until 48hrs Mtz exposure 

from the data shown in Figure 3.3.   
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The RNA-seq and CRO experiments showed that ROSs are present in the 

NTR/Mtz system, and that hepatocytes alter expression of redox signaling enzymes 

after Mtz treatment. However, these experiments do not prove that ROSs or redox 

signaling is responsible for the progression of liver damage in this system. In order to 

determine whether this is the case, it is necessary to perform experiments in which key 

redox signaling enzymes are perturbed. If inhibiting these enzymes causes worsened 

liver damage, one could conclude that ROSs cause liver damage and that redox 

enzymes work to neutralize damage-causing ROSs. If inhibiting these enzymes causes 

less severe liver damage one may conclude that it is not the ROSs themselves that 

directly induce cellular damage, but that damage could be a downstream response to 

signaling pathways that detect ROS. Increased CRO labeling in the liver upon redox 

signal inhibition would support the hypothesis that redox signaling neutralizes ROSs 

in hepatocytes.  

Experiments in which TG(lysc:PM2-mK2; fabp10:NTR-mTq2), TG(mpx:PM2-

mK2; fabp10:NTR-mTq2), or TG(mpeg1:eGFP; fabp10:NTR-mTq2) are treated with 

redox signaling inhibitors during Mtz exposure could yield valuable insights into the 

role of ROSs and redox signaling on leukocyte recruitment. Although there is 

evidence that leukocyte recruitment occurs in response to oxidative stress and tissue 

damage7,29, the literature is unclear about whether leukocytes are attracted to the 

cellular damage or to signals produced by redox signaling enzymes. Increased 

leukocyte recruitment after inhibition of redox signaling inhibition would support the 

hypothesis that leukocytes are attracted to cells damaged by ROSs. Conversely, if 

leukocyte recruitment is decreased after inhibition of redox signaling, one could 

conclude that redox enzymes are capable of inducing inflammatory pathways in 

response to ROSs.  
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Pharmacologic inhibition is the most straightforward approach to answer these 

questions. Genetic knockouts of key redox enzymes (Figure 1.5) are embryonic lethal, 

and conditional knockout systems are unreliable in Zebrafish. Morpholino inhibition 

was ineffective because morpholino and mRNA phenotypes were lost after 4dpf (data 

not shown). Since two arms (GSH and Prdx1) of redox signaling are present, the 

inhibition of one arm (i.e. inhibition of GSH signaling alone) could cause 

compensatory increases in the activity of the other arm. Therefore, in order to ensure 

that ROS neutralization/signaling is completely blocked, it may be useful to apply 

multiple drugs to the fish (such as buthionine sulfoximine to inhibit GSH synthesis 

and Conoidin A to inhibit Prdx1). If leukocyte recruitment is reduced in response to 

pharmacologic redox inhibitors, it may be possible to identify the signaling enzyme(s) 

responsible. Pharmacologic inhibitors to many of the key redox enzymes are available, 

and could be used to determine whether inflammatory signaling is initiated by redox 

enzymes or a downstream pathway. 

Apoptosis is the major form of cell death in the NTR/Mtz system 

One of the goals of this project was to identify the types of cell death caused 

by the NTR/Mtz system. Another was to determine whether leukocytes would be 

recruited to the dead and dying cells. Previous studies showed that the NTR/Mtz 

system induces cell death via apoptosis, possibly through ROS and/or free radical-

mediated DNA damage. To better understand this process, I turned to data from the 

RNA-seq experiment for evidence of apoptosis. Examination of the RNA-seq data 

showed that several pro-apoptotic genes, such as Caspase 3 (Casp 3), Caspase 8 

(Casp 8), and Casp 9, were upregulated during Mtz exposure.  

To verify whether apoptosis is present in the NTR/Mtz system, I labeled Mtz-

treated, PFA-fixed larvae with the TMR Red TUNEL kit from Sigma. I found that 

Mtz-treated larvae underwent pronounced apoptosis after 24hrs Mtz exposure as 
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expected. Unfortunately, I was unable to draw a connection between liver damage and 

apoptosis. The damage score assay was specifically developed for use with live larvae, 

and is not useful in fixed larvae. The TUNEL protocol involved fixing, dehydrating, 

rehydrating, and two separate overnight incubations; consequently, the livers’ 

morphology varied from that seen in live imaging (compare Figure 3.5 to Figure 3.1). 

Note that the overall shape of the liver in the TUNEL-labeled larvae was similar to 

that seen in intravitally-imaged livers, but finer details (such as cell swelling, 

sinusoids, etc) were lost (Figure 3.5). Furthermore, mTq2 fluorescence was greatly 

reduced in fixed larvae. These factors together prevented me from analyzing these 

livers for damage. Since I cannot make a reliable assessment on the degree of liver 

damage in these livers, I am currently unable to draw a direct correlation between liver 

damage and apoptosis.  

Apoptosis is an important feature of the NTR/Mtz system. Canonically, 

apoptotic cell death has been considered an “immunologically silent” form of cell 

death that occurs in response to DNA damage, such as that seen in oxidative stress1. 

Cells with oxidative stress and/or DNA damage attempt to undergo apoptosis as a 

means to prevent necrotic cell death41,52,113, which is cytotoxic to neighboring cells. In 

Mtz-treated livers TUNEL staining revealed an increase in apoptosis at 24hrs Mtz 

exposure, which coincides with macrophage infiltration in the liver. This could be 

explained by prior reports in the literature, which show that macrophages are recruited 

by “find me” signals produced by apoptotic bodies50,113,118. Treating TG(mpeg1:eGFP; 

fabp10:NTR-mTq2) larvae with a pan-caspase inhibitor such as zVAD-FMK during 

Mtz exposure should inhibit apoptosis62,107,150. If macrophage recruitment is reduced 

or prevented zVAD-FMK application, we could conclude that apoptosis is responsible 

for macrophage infiltration.  
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Even if apoptosis is responsible for the liver damage seen in this system, 

inhibiting apoptosis may not prevent liver damage and could actually worse it. Reports 

in the literature have documented that inhibition of apoptosis does not improve the 

progression of organ damage (as in the case of IRI), and may actually increase the 

amount of necrosis in the organ, worsening tissue damage107. In situations of oxidative 

stress, stressed cells attempt to mitigate damage by upregulating redox signaling 

enzymes. The cell has become so damaged that it will no longer divide; however, it 

will continue to fulfill its metabolic functions as much as possible until the source of 

the oxidative stress is removed151,152. Since the cell has been irreparably damaged, it 

will undergo apoptosis upon removal of the stressor. In theory, this process allows for 

the death and removal of damaged cells with as little inflammation as possible. If 

apoptosis is inhibited in situations of oxidative stress, the cell will no longer be able to 

undergo apoptosis when the oxidative stressor is removed. Eventually, the cell would 

succumb to necrosis.   

Necrosis is a minor contributor to cell death in the NTR/Mtz system 

Although apoptosis is the predominant form of cell death seen in these 

experiments, necrosis also contributes to the pathogenesis of Mtz-mediated liver 

damage. Our data show that necrotic cell death is present in low levels in the Mtz-

treated liver (Figure 3.6) and that it is probably not widespread enough to account for 

the degree of tissue damage we observe. To better understand necrosis in the 

NTR/Mtz system, I used SG to label necrotic nuclei in live zebrafish larvae. SG 

labeling was significantly increased within 24hrs of Mtz exposure, and further 

increased at 48hrs of Mtz exposure. However, the number TUNEL-labeled nuclei 

outnumbered SG-labeled nuclei by roughly 10:1. An important feature to note is that 

SG does not specifically label hepatocytes; rather, it labels nuclei of any cells that 

have permeabilized plasma membranes (i.e. necrotic cells)95. Since the liver is 
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composed of multiple cell types, it is important to consider that some of the SG 

labeling may actually be of non-hepatocyte cells. During image analysis it became 

clear that a that some of the SG-labeled cells did not exist within hepatocytes. For 

example, SG was observed in some lysc+ neutrophils (Figure 3.15A). When SG+ lysc+ 

neutrophils were observed, the number of SG+ lysc+ neutrophils was deducted from 

the total count of SG+ cells. Without other cell type-specific reporter lines (such as 

those available for hepatic stellate cells and endothelial cells) I am only able to 

quantify the number of SG+ cells within the liver parenchyma that are not neutrophils. 

Understanding how non-hepatocyte cells in the liver respond to hepatocellular damage 

is important because some cell types (especially hepatic stellate cells) have been 

documented to undergo inflammatory and fibrotic changes in response to damage 

signals. Therefore, further experimentation is needed better understand necrosis in 

non-hepatocyte cell populations in the NTR/Mtz system. 

In the data discussed thus far, it seems unlikely that primary necrosis (i.e. 

pathological necrosis by an otherwise intact hepatocyte) contributes significantly to 

cell death in this system. Although there may be some primary necrosis in this system, 

some of the necrosis could be secondary necrosis of apoptotic bodies that were not 

cleared in a timely manner. Since one of the central paradigms of SI is that DAMP 

spillage from necrotic cells is responsible for recruiting neutrophils to the site of 

injury3,7,23,53, these findings may indicate that the NTR/Mtz system is not the best tool 

with which to study SI. However, reports in the literature indicate that inhibition of 

apoptosis may result in increased necrosis as described. If this is true, applying pan-

caspase inhibitors to the larvae during Mtz exposure ought to result in significantly 

more necrosis. Provided that DAMPs truly are responsible for driving SI, this should 

result in neutrophilic infiltration to the liver.   
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Inhibiting apoptosis may be useful for understanding necrosis in this system. 

However, the data presented in Figure 3.15 demonstrates that replacing Mtz with clean 

0.2%DMSO in E3 for 24-48hrs after exposing the larvae to Mtz for 48hrs results in 

both an increase in neutrophils and SG+ cells in the liver. Figure 3.15C shows that SG+ 

cells are increased in the 9dpf group that had been exposed to Mtz for 48hrs and given 

a 24hr recovery time relative to 9dpf larvae exposed to Mtz for 48hrs alone. This 

occurs even though the livers had less severe damage than the 9dpf larvae exposed to 

Mtz for 48hrs without a recovery period (Figure 3.15D). In the 10dpf larvae exposed 

to Mtz for 48hrs and given a 48hr period of recovery, SG+ cells were still significantly 

increased relative to 10dpf controls, but not relative to 10dpf larvae that were exposed 

to Mtz for 48hrs without a recovery period. Therefore, the addition of a 24hr recovery 

period could be sufficient to drive SI in the liver and enable researcher to study this 

process in vivo. Given the relationship between redox signaling, apoptosis, and 

necrosis, redox enzymes would be a reasonable place to start perturbation 

experiments. Two obvious experiments would be qRT-PCR of key redox and 

inflammatory mediators, in addition to pharmacologic perturbation of said mediators. 

For a more comprehensive understanding of differential gene expression, it would also 

be worth performing RNA-seq on TG(fabp10:NTR-mTq2; casper) larvae that had 

been given a 24hr recovery period after Mtz exposure or no recovery period, and 

compare those groups with the control group. This experiment could identify 

additional targets for perturbation and elucidate which signals are necessary for 

leukocyte recruitment to the liver. 

Leukocyte recruitment to the liver 

The main reason for attempting to induce necrosis and apoptosis in the liver 

was to cause SI. We would use it to test redox and inflammatory pathways to 

determine their role in SI. Although we eventually observed leukocyte infiltration in 
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all three of our leukocyte reporter lines, the process was not as straightforward as we 

originally expected.  

Neutrophils are generally not recruited to the liver in the presence of Mtz  

When I first began designing the assay for this experiment (i.e. quantifying the 

number of neutrophils or fluorescently-labeled cells in each liver), it was with the 

expectation that neutrophil recruitment would occur as a result of pro-inflammatory 

signals being released from hepatocytes prior to their death. In the initial experiments, 

I imaged larvae during continuous exposure to Mtz. I expected results from the 

TG(lysc:PM2-mK2) and TG(mpx:PM2-mK2) reporter lines to be similar because prior 

work showed that lysc- and mpx-driven reporters should label identical neutrophil 

populations153,154.  

In practice, I observed significant differences in behavior between the two 

lines. In the lysc reporter I saw no increase in neutrophil migration to the liver during 

Mtz exposure (Figure 3.15B). I also observed fewer lysc+ neutrophils during Mtz 

exposure than in the control group (Figure 3.7D & Figure 3.13C) in more than one 

instance. In the mpx reporter line, however, I observed that mpx+ neutrophils were 

recruited to the liver after 48hrs Mtz exposure (Figure 3.10). Mpx+ neutrophil 

infiltration was most apparent when the livers were severely damaged. However, a 

linear regression analysis showed that the degree of liver damage is a poor predictor of 

leukocyte infiltration (R2 = 0.23, data not shown).  

I consistently observed small, round mK2+ inclusions in hepatocytes in both 

reporter lines. Without further study I cannot identify the structures with certainty, but 

they resemble vesicules in structure and presumably obtain mK2+ material from the 

neutrophil populations labeled by lysc:PM2-mK2 and mpx:PM2-mK2. The mechanism 

of this activity is unclear. In the future, creating timelapse movies of Mtz-treated livers 

could capture the event(s) that lead to the development of mK2+ inclusions in 
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hepatocytes. Initially, there was concern that these inclusions were not mK2+, but 

instead contained autofluorescent substances such as lipofuscin. To ensure that this 

was not the case, I examined the images carefully in all three channels and discovered 

that the inclusions were only present in the 561nm/mK2 channel. Analysis of 

unlabeled, Mtz-treated TG(fabp10:NTR-mTq2; casper) larvae showed that damaged 

livers autofluoresce at a low level in the 561nm channel. Steps were taken to ensure 

that quantification of leukocytes and fluorescent dye-labeled livers was unaffected by 

this autofluorescence (see Chapter 2 for more details). This was mainly accomplished 

by multiplying the background fluorescence of each image either an integer multiplier. 

Therefore, the inclusions seen in TG(lysc:PM2-mK2; fabp10:NTR-mTq2) and 

TG(mpx:PM2-mK2; fabp10:NTR-mTq2) are unlikely to be an artifact of imaging or 

autofluorescence from dead cell corpses. 

The discrepancy between the results of the lysc and mpx lines drew our 

attention, as we expected the two leukocyte reporters to behave the same way. I 

reasoned that this difference could be due to one of three reasons: (1) It is possible that 

our lysc+ and mpx+ neutrophil reporter lines vary slightly from those described in the 

literature. These transgenic lines were created by injecting single-cell stage casper 

embryos with the respective Tol2 constructs and transposase mRNA (see Chapter 2 

for detailed protocol). It is possible that the PM2-mK2 constructs were inserted into 

the genome in such a way that the expression of one of the constructs was changed by 

the surrounding non-coding DNA. (2) These results may be due to the reduction of 

lysc+ neutrophils observed in TG(lysc:PM2-mK2; fabp10:PM2-eGFP-P2A-mTq2) 

larvae after exposure to Mtz (Figure 3.8). That experiment should be repeated using 

the mpx reporter line to determine whether Mtz may have an effect on mpx+ neutrophil 

infiltration into the liver. (3) Mtz may effect the development of lysc+ neutrophils. The 

data shown in Figure 3.9 indicates that lysc+, but not mpx+, neutrophils are reduced in 
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the CHT after exposure to Mtz. The difference in means between control and Mtz-

treated lysc+ neutrophils is statistically significant, but smaller than one would expect 

based on the discrepancies shown in Figure 3.8 and Figure 3.9. 

Mtz may have anti-inflammatory activity in the zebrafish liver 

There has been at least one report that Mtz has anti-inflammatory properties155. 

This remains a possibility in the NTR/Mtz system, especially given the pattern of gene 

expression in our RNA-seq data. For example, several canonical mediators of SI such 

as Il-1β, Cxcl-C1C, and formylated peptides either demonstrated no differential 

expression in hepatocytes or were strongly downregulated. Certain anti-inflammatory 

mediators were upregulated. Ptgr1, a NRF2-dependent enzyme, was the most strongly 

upregulated gene in the analysis. Ptgr1 hydrolyzes LTB4, a potent neutrophil 

chemoattractant, into a biologically inactive molecule. Additionally, two isoforms of 

Tgf-β, which also has anti-inflammatory properties, are upregulated in zebrafish 

hepatocytes during Mtz exposure (Figure 3.12). Therefore, further characterization of 

the effects of Mtz on the zebrafish liver is needed to better understand the system and 

results obtained using the lysc+ neutrophil reporter. An RNA-seq or qRT-PCR 

experiment comparing TG(lysc:PM2-mK2; fabp10:PM2-eGFP-P2A-mTq2) livers 

treated with Mtz or 0.2% DMSO in E3 would be very important for this system. 

Neutrophil recruitment occurs after Mtz has been removed from the bathing medium 

After reviewing the above experiments, I suspected that Mtz may have anti-

inflammatory effects on lyc+ neutrophils, or perhaps inhibit their development. I 

decided to image Mtz-treated larvae after removing Mtz from the bathing medium to 

see whether SI could be initiated in the absence of Mtz. To do this, I reared larvae to 

6dpf and exposed them to Mtz for 48hrs. They were given either a 24hr or 48hr 

recovery period in 0.2% DMSO in E3 and imaged at 9dpf and 10dpf, respectively. 

Figure 3.15 shows that lysc+ neutrophils infiltrate the damaged liver robustly after a 
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recovery period. The 9dpf larvae given 24hrs to recover after 48hrs Mtz exposure had 

greater leukocyte recruitment than the 9dpf larvae without a recovery period. The 

same trend was observed in the 10dpf larvae that were either given a 48hr recovery 

period after 48hrs of Mtz exposure, or 48hrs of Mtz exposure without a recovery. The 

24hr and 48hr recovery groups had less damage than the non-recovery groups in both 

the 9dpf and 10dpf larvae, showing that liver damage is not correlated to lysc+ 

neutrophil recruitment.  

To determine whether leukocyte recruitment and hepatocellular necrosis was 

correlated in these groups, I had incubated the larvae described above with SG and 

included SG in the imaging. I found that the 9dpf larvae with a 24hr recovery period 

had more leukocytes and significantly increased SG labeling relative to the 9dpf larvae 

without a recovery period. The 9dpf, 24hr recovery group also had less damage than 

the 9dpf larvae without a recovery. Without additional experiments to verify these 

observations I cannot make a concrete conclusion about this finding. However, in 

these larvae, necrosis does not necessarily correlate to the degree of liver damage 

(Figure 3.15C). This suggests that necrosis may not be responsible for liver damage. 

The 10dpf larvae with a 48hr recovery period had more leukocytes and less SG 

labeling than the 10dpf larvae without a recovery period. These data indicate that 

leukocyte recruitment does not necessarily correspond with increased SG labeling. At 

this time the mechanism by which neutrophils are recruited to the liver is unclear. One 

could argue that removal of Mtz causes neutrophil recruitment, which then cause liver 

damage and necrosis. On the other hand, Mtz removal could allow cells to undergo 

necrosis, which then drives neutrophil recruitment to the liver. It should be noted that 

although survival was not quantified in this experiment, roughly half of the larvae in 

the 24hr and 48hr recovery groups expired before they could be imaged. The 

significance of this observation is currently unclear. An experiment in which 
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leukocyte recruitment of shorter recovery groups (i.e. 12hrs, 6hrs, etc) would be useful 

for understanding this process. While this experiment does not directly support the 

hypothesis that neutrophils arrive to the liver via signals other than DAMPs, it also 

does not provide evidence to the contrary. I find it curious that the amount of necrosis 

in the liver does not necessarily correspond to the degree of inflammation. This should 

be followed up on because it is an important question in SI research. 

Macrophages are recruited to the liver within 24hrs Mtz exposure 

I expected that macrophages would be present in greater numbers after 

neutrophils had been recruited to the liver. My data, however, showed that there is a 

strong influx of macrophages at 24hr Mtz exposure without a recovery period. 

Macrophages are still present in the liver after 48hr Mtz exposure, but there are 

roughly twice as many per liver in the 24hr group. Invtravital timelapse images 

collected during this process showed that not only were macrophages engulfing 

hepatocytes, but that the macrophages were constantly moving around the damaged 

liver (data not shown). 

Canonically, macrophages produce anti-inflammatory cytokines, including 

TGF-β and Il-10, upon engulfment of apoptotic cell corpses3,5,7. I do not have any data 

to directly show that macrophages enter the liver to engulf apoptotic hepatocytes. 

However, this is a possibility given that they enter the liver while the liver is 

undergoing apoptosis; that is, they are observed as having engulfed hepatocytes or 

apoptotic bodies, which is reported in the literature. Canonically, macrophages are 

recruited to apoptotic cell corpses upon release of “find me” signals such as 

sphingosine 1-phosphate117 and engulf apoptotic cells with “eat me” signals present on 

the outer membrane of the apoptotic cells108. Therefore, it is possible that the 

macrophages could be contributing to anti-inflammatory signals in the liver that 

suppress neutrophil recruitment.  



83 
 

The results from the macrophage recruitment experiment were consistent with 

my observations from prior experiments. However, more work is needed to verify the 

mechanism by which macrophages are recruited to the liver and determine the role of 

macrophages in the liver during this process. To verify that macrophages are recruited 

to the liver by apoptotic cells, an experiment in which a pan-caspase inhibitor such as 

zVAD-FMK is applied to TG(mpeg1:eGFP, fabp10:NTR-mTq2) larvae. If 

macrophages are recruited by “find me” signals from apoptotic hepatocytes, there 

should be fewer macrophages in the liver when an apoptosis inhibitor is applied. If 

macrophages are recruited to the liver as a means to engulf apoptotic cells and prevent 

apoptotic cells from progressing to secondary necrosis, knocking out the macrophage 

population in the larvae should theoretically result in increased necrosis and greater 

neutrophil recruitment. This could be accomplished by injecting macrophage-

depleting drugs, such as clodronate liposomes29, into the larvae. Finally, the 

TG(mpeg1:eGFP) line is in the AB wt background instead of the casper background. 

In order to image AB wt larvae, it is necessary to rear them in a solution of PTU to 

inhibit the development of melanocytes and iridophores. PTU is highly toxic and may 

have off-target effects. Therefore, it should be tested in larvae in the casper 

background to determine whether it influences the leukocyte recruitment assay 

readout. 

The use of the NTR/Mtz system for studies on SI 

My original hypotheses were that neutrophils would arrive to the liver by non-

DAMP signals and directly cause liver damage, and that macrophages would be 

recruited to the liver after this in order to promote healing and resolution of the 

inflammatory process. In terms of leukocyte recruitment, I observed that macrophages 

were recruited earlier than mpx+ neutrophils during Mtz exposure, whereas lysc+ 

neutrophils were not recruited to the liver at all during Mtz exposure. I observed that 
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not only did neutrophils infiltrate into the liver after the macrophages had arrived, but 

also that their presence in the liver did not correspond to either an increase in 

hepatocellular necrosis or worsened liver damage. In our transgenic lines, I observed 

that experiments performed with lysc+ neutrophils showed different results than the 

experiments performed with the mpx+ neutrophils. Further work with the lysc reporter 

revealed that Mtz may have an anti-inflammatory effect on, or inhibit development of, 

lysc+ neutrophils.  
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CHAPTER 5: CONCLUSION AND FUTURE DIRECTIONS 

This project provides valuable insight into how cell death and leukocyte 

recruitment interact to generate SI. The NTR/Mtz system can be used to study several 

aspects of SI generated by tissue injury in the absence of epithelial barrier breach. For 

example, treating the larvae with Mtz without a recovery period can be used to study 

redox signaling, apoptosis, and macrophage recruitment. Allowing the larvae time to 

recover from Mtz toxicity could be used to study the pro-inflammatory aspect of the 

system, in which neutrophil recruitment and necrosis become prominent. Although I 

did not perform the recovery experiment with the mpx and mpeg1 reporter lines, it 

would be useful to perform for two reasons. First, it would provide further insight as to 

whether lysc+ and mpx+ neutrophils have radically different behavior in this system. 

Second, an experiment with the mpeg1 line would be useful to better understand 

which signals are needed for macrophages to arrive to, and stay in, the liver.  

We expected that the NTR/Mtz system would most likely produce liver damage 

and inflammation via a combination of necrosis and apoptotic cell death. While useful, 

(since this probably mimics clinically relevant processes like APAP toxicity), it makes 

identifying individual signals from the different forms of cell death difficult. 

Developing and optimizing novel tools, such as the necroptosis and apoptosis tools 

discussed in the previous chapter, would be immensely valuable to the field of SI.  

While the NTR/Mtz system has the potential to be a highly useful tool, further 

characterization of the effects of Mtz and PTU are required in order to fully 

understand the dynamics of these processes. Since pharmacologic perturbation 

remains the most promising tool to study several aspects of the anti-oxidant pathways, 

each drug that one uses to target an enzyme in the pathway should also undergo 

rigorous characterization. By rigorous characterization, I mean that every drug should 

be subjected to at least the following tests: 1) Titrate the drug of interest to find the 
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highest non-lethal dose at which the larvae can be subjected to; 2)Imaging the CHT of 

each leukocyte reporter used in the study to ensure that the drug does not alter the 

leukocyte population; 3) Imaging of each leukocyte reporter crossed with the 

TG(fab10:PM2-eGFP-P2A-mTq2) reporter line to determine whether the drug affects 

the number of leukocytes in the liver at baseline; 4) Experiments using Mtz and co-

application of Mtz should include a separate control for the tested drug only; and 5) 

Tests 1 and 2 should be performed with the co-application of Mtz and the drug of 

choice to ensure that there are no synergistic effects of Mtz and the drug on the system 

in the absence of NTR. For drugs that produce interesting results, it would be 

necessary to validate the intravital data with orthogonal approaches, such as qRT-PCR 

and western blotting. 

In summary, the NTR/Mtz system may be useful for studying SI. I was able to 

generate neutrophil recruitment to the liver under specific experimental conditions; 

however, with the data collected so far I am unable to draw conclusions on the 

mechanism by which this occurs. While obtaining mechanistic data on SI is important, 

it is more important to first perform a systematic series of control experiments on the 

effects of Mtz and PTU in all leukocyte reporters. Without these data it will be 

impossible to draw definitive conclusions about how the system induces SI, and 

whether it will provide meaningful results in future experiments. 
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APPENDIX A 

Protocol for Metronidazole Exposure (for larvae requiring PTU) 

• Collect tg(mpeg1:eGFP) X tg(fabp10:NTR-mTq2) or tg(mpeg1:eGFP) X 

tg(fabp10:NTR-mK2) larvae. 

• 1dpf: place embryos in 0.2mM PTU in E3. 

• 1-4dpf: Clean dishes and replace E3 with 0.2mM PTU as needed. 

• 5dpf: Sort larvae for transgene expression. Feed larvae with a very small 

amount of 50µm larval food by dipping a 200µL pipette tip into the food and 

sprinkling it into the dish. 

• 6dpf: From this point on all of the solutions should be dissolved in 0.2% 

DMSO in E3. 

o Make the following stock solutions (volumes will vary depending on 

the experiment): 

 0.5L of 0.2% DMSO in E3: add 1mL DMSO to 499mL E3. 

 100mL 10mM Mtz: add 0.1715g Mtz powder to 100ML 0.2% 

DMSO in E3. This is a 2X stock solution. 10mM Mtz can be 

stored at 4°C for up to 1 week; after that it needs to be made 

fresh. It is okay to leave at room temperature for 1-2 days, but 

after that it should be made fresh. It takes a little time to 

dissolve so it helps to stir it using the magnetic stir bars for 

~10min. 

 100mL 2X PTU: add 4mL 50X PTU to 96mL 0.2% DMSO in 

E3. 

o Separate larvae out into desired experimental groups (i.e. Controls, 

24hr Mtz exposure, etc). Anesthetize the larvae in tricaine and place the 
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control group (and shorter timepoint groups) into 1X PTU in 0.2% 

DMSO in E3 and feed. 

o If imaging larvae exposed to Mtz for 48hrs, place the 48hr exposure 

group in 5mM Mtz. These larvae will also need PTU, so add equal 

volumes of 10mM Mtz and 2X PTU to a petri dish and then transfer the 

larvae to this dish and feed them. 

o Experimental groups requiring shorter Mtz exposure should be 

transferred to dishes containing the 5mM Mtz/PTU solution at the 

appropriate time. For example, the 36hr exposure group will be 

transferred 36hrs prior to imaging at 6dpf, the 24hr group will be 

transferred 24hrs prior to imaging at 7dpf, etc. 

• 7dpf: Place larvae in dishes containing fresh 0.2% DMSO in E3 or the 5mM 

Mtz/PTU mixture as appropriate. Do NOT feed, as food in the intestines will 

become autofluorescent and interfere with imaging. 

• 8dpf: Image larvae. For long-term live imaging (i.e. movies longer than 1hr or 

so) it is a good idea to put Mtz into the embedding agarose and bathing liquid. 

I add ~500uL 10mM Mtz and 20µL 20X Tricaine to 500uL 2% low-melting 

point agarose to make a 1% low-melting agarose with 5mM Mtz and 1X 

Tricaine. If bathing liquid is needed, use 5mM Mtz with the appropriate 

volume of Tricaine. 
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APPENDIX B 

Protocol for Zebrafish Larval Dissociation using Trypsin 

By Isabelle Kim (Richard White Lab, MSKCC), adapted by Michelina Stoddard 

• Anesthetize larvae in 0.2mg/mL Tricaine in E3, place in Eppendorf tube, and 

euthanize at 4°C for 20min. 

• Wash 3X with ice-cold FACS buffer (1mM CaCl2 in PBS). 

• Pre-warm ~2-3mL 0.25% Trypsin-EDTA for 5min at 37°C. 

• Remove FACS buffer from Eppendorf tube and add 500uL pre-warmed 0.25% 

Trypsin-EDTA. Place the Eppendorf tube into a 37°C heat block for 15-20min, 

or until the larvae have completely dissociated. During the incubation, pipette 

up and down with a P1000 pipette every 5min. Dissociation is complete when 

the mixture is a homogenous dark brown, and the zebrafish’s eyes are no 

longer visible floating in the suspension. 

• Add 100uL Fetal Calf Serum (FCS) to the mixture to quench the reaction. 

• Gently mix with a P200 pipette to break up any remaining chunks. 

• Centrifuge at 1000Xg for 5min and gently remove supernatant with P1000 

pipette. 

• Resuspend contents in 1mL FACS buffer with 1:100 FCS added (make about 

15mL). 

• Filter through 40μm BD strainer into a 50mL Falcon tube with 4mL FACS 

buffer with FCS. 

• Centrifuge 1000Xg for 5mmin, gently remove supernatant. 

• Resuspend in 200μL FACS buffer with FCS (up to 500μL, if necessary) and 

strain through 40μm, blue-topped BD FACS tube (5mL). 

• Place on ice and proceed with FACS operations. 
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