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Abstract 

 Neutrophils and macrophages are an important first line of defense against invading 

pathogens. While best known for their antimicrobial activities, these phagocytic cells also are 

important modulators of the immune response. Understanding how neutrophils and 

macrophages interact with one another to coordinate the host response to infection is of major 

importance and is the topic of this dissertation. Here, I use the transparent zebrafish larva to 

investigate the host innate immune response to localized infection with the fish and human 

pathogen, Streptococcus iniae. In Chapter 2, I show that both neutrophils and macrophages 

are rapidly recruited to the site of infection and can phagocytose S. iniae. Depletion of either 

cell type results in increased susceptibility to infection. As part of the inflammatory response, 

I show in Chapter 3 that macrophages aggregate in the tail of infected larvae. The 

development of these aggregate structures is mediated, at least in part, by neutrophils and 

leukotriene B4 (LTB4) production since larvae with impaired neutrophil function or larvae 

lacking Lta4h, the enzyme responsible for LTB4 production, do not develop macrophage 

aggregates and also have increased susceptibility to infection. Neutrophil-specific expression 

of Lta4h is sufficient to induce macrophage aggregation and rescues the survival defect in 

Lta4h-deficient larvae. Taken together, I have shown that the phagocyte response to S. iniae 

infection is crucial to host defense, and in addition to their antimicrobial activities, 

neutrophils can modulate macrophage behavior to S. iniae infection through Lta4h signaling. 
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Chapter 1 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Part of this Chapter is modified from the following published review article: 

Harvie, E. A., and Huttenlocher, A. (2015) “Neutrophils in host defense: new insights from 

zebrafish.” Journal of Leukocyte Biology.  
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The innate immune response to infection 

The innate immune response is a critical first line of defense against invading 

microorganisms. Host cells with pattern recognition receptors (PRRs) are able to sense the 

presence of microorganisms by recognizing conserved structures known as microbe-

associated molecular patterns (MAMPs).  Four different classes of PRRs have been 

identified: transmembrane Toll-like receptors (TLRs) and C-type lectin receptors (CLRs) as 

well as cytoplasmic Retinoic acid-inducible gene receptors (RIG-I-like) and NOD-like 

receptors (NLRs) (1). Activation of PRRs results in upregulation in transcription of genes 

involved in the pro-inflammatory response. As part of this response, leukocytes, including 

neutrophils and macrophages, are rapidly recruited to contain the infection. Neutrophils and 

macrophages are the main phagocytes of the innate immune response and are the focus of this 

dissertation work. 

Macrophages are a component of both human and zebrafish innate immune systems. 

Tissue-resident macrophages patrol host tissues using their PRRs to sense the presence of 

microorganisms. Once activated, macrophages utilize a variety of antimicrobial effector 

functions. Following phagocytosis, digestive enzymes such as proteases, nucleases, and 

lysozyme degrade the microbe in acidified phagosomes. Production of antimicrobial peptides 

and reactive nitrogen or oxygen species can kill or damage ingested microbes. Both 

autophagy (2) and pyroptosis (3) are also mechanisms by which macrophages target 

intracellular bacteria for destruction. In addition to their antimicrobial functions, activated 
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macrophages produce chemokines and cytokines to recruit other host leukocytes to the site of 

infection. 

 Neutrophils are the most abundant type of circulating leukocyte in both humans and 

zebrafish and are typically the first responders recruited to sites of tissue injury or infection 

(4, 5).  To traffic to a site of infection, neutrophils mobilize from hematopoietic tissue and 

travel through the vasculature. Once at the site of infection, these highly motile cells play a 

critical role in initial defense through phagocytosis of microbes, secretion of granule proteins 

and other antimicrobials, production of reactive oxygen species, and release of neutrophil 

extracellular traps (NETs) (6, 7).  Neutrophils also mediate the pro-inflammatory response to 

infection by releasing cytokines that recruit and activate other immune cells. The crucial 

importance of neutrophils in host defense against infection is demonstrated by enhanced 

susceptibility of neutropenic patients to a wide range of bacterial and fungal infections (5).  

 

The use of zebrafish larvae to study the innate immune response to infection 

 The progression of infectious disease is determined by dynamic and complex 

interactions between host defense systems and pathogen virulence factors. While detailed in 

vitro analyses have provided critical insight into this delicate interaction, its complexity is 

more easily studied in vivo, especially when both host and pathogen are amenable to genetic 

analysis. There has been increasing use of the larval zebrafish (Danio rerio) to study 

infectious disease because its optical accessibility and potential for genetic manipulations 

allow visualization of the immune response to infection inside a living, intact vertebrate host. 
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Genetic tools in zebrafish allow for the generation of transgenic lines with fluorescently 

labeled cell populations including neutrophils (8, 9) and macrophages (10). The vertebrate 

innate immune system is highly conserved in zebrafish and includes: complement (11), Toll-

like receptors (12, 13), macrophages (14)  and neutrophils (4, 15). The adaptive immune 

system is not functionally mature until 4-6 weeks post fertilization (16-18), and thus, the 

study of host-pathogen interactions in the embryonic and larval stages of development allows 

for an understanding of the specific contribution of innate immunity to host defense. 

Importantly, transient manipulation of gene expression is readily available in the larval 

zebrafish including injection of synthetic mRNA for overexpression and injection of 

antisense morpholino oligonucleotides for gene suppression. Recently, the generation of null 

mutants has become easier and faster with the application of gene editing tools including 

CRISPR/Cas (19) and TALENs (20).   

 

Zebrafish macrophage and neutrophil development 

Myelopoiesis in zebrafish is genetically controlled by the transcription factor 

Pu.1/Spi1 (21).  Pu.1-expressing myeloid precursors are first detected about 12 hours post 

fertilization (hpf) (22). Neutrophils and macrophages originate in the developing larval 

zebrafish from both the primitive and definitive waves of hematopoiesis. During the primitive 

wave, myeloid precursors arise in the rostral blood island (RBI; also known as the anterior 

lateral plate mesoderm) and migrate over the yolk sac, where they differentiate into primitive 

macrophages by 22 hpf (14). These primitive macrophages either invade the head 
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mesenchyme where they differentiate into microglial cells (23) or they enter the blood where 

their roles include removing apoptotic bodies or phagocytosing invading microbes (14). A 

subset of these primitive macrophages then differentiate further into neutrophils by 33 hpf 

(15). Definitive or multilineage hematopoiesis begins as early as 24 hpf when a transient 

population of pluripotent erythromyeloid progenitor cells differentiates within the posterior 

blood island (PBI), an area that later expands to become the caudal hematopoietic tissue 

(CHT) (24, 25).  These cells are soon replaced by another group of hematopoietic stem cells 

that migrates from the aorta-gonad-mesonephros (AGM) through the blood to start colonizing 

the CHT by 48 hpf (26), where they also give rise to neutrophils and tissue-resident 

macrophages (25). Neutrophil distribution in the developing larva includes a population of 

neutrophils in the CHT as well as a population of randomly migrating neutrophils in the head 

mesenchyme (Fig. 1A; supplemental Video 1). By 4 dpf, the kidney marrow begins to mature 

and will become the site of definitive hematopoiesis in adult fish (27).  

 Zebrafish macrophages and neutrophils are fully functional in the early developmental 

stages, capable of phagocytosis by 28-30 hpf (14, 15) and of generating a respiratory burst by 

72 hpf (28).  Zebrafish neutrophils are also capable of NETosis (29), the release of 

decondensed chromatin, histones and granule proteins into the extracellular space to 

physically trap and kill microbes by exposing them to high local concentrations of 

antimicrobial molecules (30, 31). Direct visualization of neutrophils in response to wounding 

has led to new insight into neutrophil behavior at sites of tissue damage. Indeed, a study of 

the neutrophil response to wounds in zebrafish provided the first direct demonstration that 
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resolution of neutrophil infiltration at wounds can occur by neutrophil reverse migration and 

not apoptosis (8).  Reverse transmigration of neutrophils from a site of inflammation has also 

been reported with primary human neutrophils in vitro (32)  and more recently in a mouse 

model of ischemia-reperfusion injury (33).  This highlights the advantage of using zebrafish 

as a model for visualizing leukocyte behavior in vivo, and supports the idea that zebrafish 

represent an important model system that complements studies using mouse and human 

immune cells.  

 

Tools for imaging neutrophils and macrophages in zebrafish 

 Neutrophils can be imaged in whole fixed zebrafish using Sudan Black, which stains 

the rod-shaped cytoplasmic granules irreversibly (15), or immunostaining. Differentiated 

neutrophils and macrophages both express the pan-leukocyte marker L-plastin (lcp1) (34), 

and immunolabeling of L-plastin has been used to visualize leukocytes in fixed larvae (35). 

For live in vivo imaging, the generation of transgenic lines that label zebrafish neutrophils 

and macrophages has provided an important tool to image phagocyte behavior. Transgenic 

lines with fluorescently labeled leukocytes have been made possible, in part, by the Tol2 

system, which allows for the efficient integration of exogenous DNA into the genome (36).  

Photoconvertible proteins such as Dendra2 (37, 38) or Kaede (39, 40) allow for the tracking 

of individual host cells over the course of infection. Fluorescent transgenic lines using the 

pu.1/spi1 promoter have been used to drive expression in all myeloid cell precursors (41, 42). 

Reporter lines specific for macrophages or neutrophils have also been generated in zebrafish.  
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Myeloperoxidase and lysozyme C are both components of mammalian neutrophil granules 

(43), and the myeloid peroxidase (mpx) (8, 9) and lysozyme C (lyz) (34, 44) promoters are 

generally neutrophil-specific in zebrafish.  Although it has been shown that lyz marks both 

neutrophils and macrophages at 32 hpf (45), lyz primarily labels neutrophils by 48 hpf (34, 

46). An additional transgenic line with expression in only a subset of neutrophils was 

generated using an enhancer trap screen (34).  Labeled neutrophils in this line are able to 

respond to both wounds and bacterial infection and make up ~50% of the neutrophil 

population. This suggests that different subsets of neutrophils serve distinct functions in 

zebrafish innate immunity. Until recently, a macrophage-specific reporter line did not exist 

which greatly hindered the study of this cell type. Although the fli1a promoter drives 

expression mainly in endothelial cells, there is also expression in a subset of macrophage-like 

cells (48, 49). The fms (CSF1R) promoter is macrophage-specific in mice (50, 51), and in 

zebrafish, fms is not expressed in neutrophils (34) but is expressed in a population of 

migratory inflammatory macrophages (52). Although fms is also expressed in zebrafish in 

neural crest cells like xanthophores, these cells are immobile and thus, can be separated from 

the mobile macrophage (52). The macrophage expressed gene 1 (mpeg1) is also expressed 

specifically in macrophages in mice and humans (53), and reporter lines using the mpeg1 

promoter label macrophages, but not xanthophores in zebrafish (10, 54). With the generation 

of a macrophage-specific reporter line (10,  54), double transgenic fish allow for the 

observation of neutrophil-macrophage interactions during inflammation and infection in 

intact hosts (10). 
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 The use of fluorescently labeled microbes and phagocyte transgenic lines allows for 

the spatial and temporal imaging of host-pathogen interactions in a living animal (Fig. 1C 

and 1D; supplemental Videos 2 and 3). As in mammalian models, both localized and 

systemic infections can be modeled in the larval zebrafish, depending on the initial site of 

infection. A number of different anatomical sites in the larval zebrafish have been used to 

investigate the host response to systemic infection (Fig. 1B), but the most commonly used 

injection sites are the caudal vein (CV) and duct of Cuvier (DC). Localized infection in the 

hindbrain ventricle (HBV) (58), the otic vesicle (OV) (15), dorsal tail muscle (DM) (59, 60), 

and pericardial cavity (PC) (61)  allows imaging of phagocyte recruitment. Visual analysis of 

phagocyte function in vivo is enhanced by using fluorescent reporter probes. During 

phagocytosis, pHrodo dye can be used to label microbes and will fluoresce when exposed to 

acidic environments, like the leukocyte phagosome (62). There are also probes for live 

imaging of the production of reactive oxygen (ROS) (63, 64) and reactive nitrogen species 

(RNS) (65, 66).  

 Depletion of neutrophils or macrophages can provide important information about 

phagocyte function during infection (52).  Neutrophils or macrophages can be depleted using 

zebrafish lines that express the bacterial nitroreductase under control of neutrophil- or 

macrophage-specific promoters. The Escherichia coli nitroreductase converts the drug 

metronidazole to a cytotoxic product, inducing cell death in expressing cells to achieve 

tissue-specific ablation (67, 68).  Importantly, it has been shown that specific ablation of 

neutrophils or macrophages using this technique has no effect on the other population (69). 
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Antisense morpholino oligonucleotides can also be used to deplete specific phagocyte 

populations. Morpholinos are nucleic acid analogs that act to block splicing or initiation of 

translation of the target mRNA.  Limitations of morpholino technology include lack of tissue 

specificity and transient effects, typically wearing off after 3 dpf. Morpholinos targeting pu.1 

deplete both neutrophils and macrophages and are often used to examine the effect of 

myeloid cell loss on host defense. A morpholino targeting irf8 specifically depletes 

macrophages, but not neutrophils. However, a caveat of this approach is that depletion of irf8 

results in an expansion of the neutrophil population (70). Recently, an irf8 null mutant has 

been generated in which mpeg-positive cells are not present until after 4 dpf; in fish older 

than 4 dpf, immature mpeg-positive cells are produced, although in lower numbers than the 

number of mature macrophages in similarly-aged wild type fish (71). A morpholino target 

that allows specific depletion of neutrophils has not been reported. Several groups have used 

a morpholino targeting granulocyte colony stimulating factor receptor (Gcsfr)/colony 

stimulating factor 3 receptor (Csf3r) to reduce neutrophil numbers (65, 72), but gcsfr/csf3r is 

also expressed in a subset of monocytes and macrophages (73), and expression of 

macrophage-specific mpeg1 is dependent on gcsfr/csf3r signaling (10). Thus, although a 

Gcsfr/Csf3 morpholino largely reduces the neutrophil population, it also affects a subset of 

macrophages (74, 75).  
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Eicosanoids in the innate immune response to infection 

 In order for a host to successfully contain an infection, there has to be a balance of 

pro-inflammatory and anti-inflammatory mediators. Pro-inflammatory mediators help limit 

pathogen growth, but if not kept in check by anti-inflammatory, pro-resolving mediators, they 

can cause uncontrolled inflammation and tissue damage. On the other hand, if anti-

inflammatory, pro-resolving activity is too excessive or occurs too early in infection, this can 

result in pathogen growth, making the host increasingly susceptible to infection. Eicosanoids, 

such as leukotrienes and lipoxins, are lipid mediators derived from the oxidation of 

arachidonic acid and are involved in homeostatic biological functions as well as both the pro-

inflammatory and anti-inflammatory sides of inflammation (76).  

 

Leukotrienes 

 Leukotrienes are pro-inflammatory eicosanoids produced by leukocytes, mainly 

neutrophils and macrophages, following interaction of cell surface receptors with MAMPs or 

opsonin molecules (77, 78). Activation of cell surface receptors triggers the release of 

arachidonic acid from membrane phospholipids by cytosolic phospholipase A2 (cPLA2). 

Oxygenation of arachidonic acid by 5-lipoxygenase (5-LO) and its helper protein, 5-LO 

activating protein (FLAP) results in the production of leukotriene A4 (LTA4). LTA4 can be 

further metabolized by leukotriene A4 hydrolase (LTA4H) into the well-known pro-

inflammatory molecule, leukotriene B4 (LTB4).  
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 Binding of LTB4 to its downstream G-protein coupled receptors, BLT1/BLT2, results 

in a variety of pro-inflammatory downstream effector functions. LTB4 is a potent 

chemoattractant of leukocytes and is responsible for increased leukocyte accumulation at the 

site of infection due to increased recruitment of circulating leukocytes (79, 80), increased 

adhesion to the endothelium by upregulation of integrins (81) and decreased apoptosis (46, 

82). LTB4 also activates recruited and resident leukocytes to ingest and kill microbes through 

enhanced phagocytosis of parasites (83)  and bacteria (47, 55, 56), lysosomal enzyme release 

(57), granule protein release (84) and activation of the NADPH oxidase complex (85, 86) as 

well as increased production of antimicrobials (87, 88) and nitric oxide (89). In addition, 

leukotrienes stimulate the production of other pro-inflammatory cytokines from leukocytes 

such as TNFα (90), IL-8 (91), MCP-1 (92) and IL-6 (93) to further amplify leukotriene 

production and pro-inflammatory responses.  

 The first in vivo study to suggest a potential antimicrobial role for leukotrienes 

showed that administration of exogenous LTB4 enhances clearance of Salmonella enterica 

infection (47). More recently, with the generation of leukotriene-deficient mice generated by 

disruption of the 5-LO gene (94, 95), a greater understanding of the role leukotrienes play in 

host defense against infection has been elucidated. A role for endogenous leukotrienes was 

demonstrated in a study by Bailie et al. who reported that 5-LO-/- mice are increasingly 

susceptible to pulmonary infection with Klebsiella pneumoniae and exogenous LTB4 is 

sufficient to rescue the enhanced susceptibility (55). Subsequent studies using leukotriene-
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deficient mice have also shown enhanced susceptibility to infection with bacteria (96, 97), 

fungi (98), and parasites (99). 

 Excessive leukotriene production can be more detrimental than beneficial to the host. 

Since chronic, non-resolving inflammation can result in a number of diseases such as asthma 

(100), cystic fibrosis (101), inflammatory bowel disease (102), psoriasis (103) and 

rheumatoid arthritis (104, 105), resolution of inflammation is an important mechanism to 

prevent these complications of excessive or prolonged inflammation.  

 

Lipoxins 

 Lipoxins are anti-inflammatory, pro-resolving lipid mediators structurally related to 

leukotrienes. Lipoxins are generated from LTA4 by 12-lipoxygenase (12-LO) or 15-

lipoxygenase (15-LO). Lipoxin production results in inhibition of neutrophil functions, 

stimulation of monocyte locomotion (106) and phagocytosis of apoptotic leukocytes by 

monocytes (107). Lipoxins also regulate the pro-inflammatory response by stimulating 

suppressors of cytokine signaling (SOCS) (108). Although resolution of inflammation is 

important in preventing excessive tissue damage, these anti-inflammatory, pro-resolving 

mediators can also increase the susceptibility of the host to chronic infections by preventing 

the pro-inflammatory responses necessary for microbial clearance. Toxoplasma gondii (109), 

Mycobacterium marinum (110), and Mycobacterium tuberculosis (111) are several examples 

of microbes that induce host production of lipoxins, presumably to avoid eradication by the 

pro-inflammatory response and establish a chronic, persistent infection. In fact, both T. gondii 
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(112) and Pseudomonas aeruginosa (113) encode secreted enzymes with 15-LO activity 

which are hypothesized to use arachidonic acid from their mammalian hosts to produce 

lipoxins to dampen the pro-inflammatory response and allow establishment of infection. 

 Interestingly, although a study by Peres et al. (97) found that 5-LO deficient mice 

were increasingly susceptible to infection with M. tuberculosis, another study by Bafica et al. 

(111) found that 5-LO-/- mice were protected against infection with low dose of M. 

tuberculosis. Work done in the zebrafish model of Mycobacterium infection has helped shed 

some light on the roles of leukotrienes and lipoxins in the host immune response. 

 

Using zebrafish to study the role of leukotrienes and lipoxins in infection 

 Leukotriene A4 hydrolase (Lta4h) was found to influence host susceptibility to M. 

marinum infection during a zebrafish mutagenesis screen (110).  This enzyme is required for 

production of pro-inflammatory LTB4 and sits at a key crossroads regulating the balance 

between pro-inflammatory LTB4 production and anti-inflammatory lipoxin production.  Both 

Lta4h deficiency and excess resulted in increased host susceptibility to mycobacterial 

infection.  Deficiency in Lta4h results in an increase in production of anti-inflammatory 

lipoxins, which, in turn, reduces pro-inflammatory TNF levels. This results in enhanced 

intracellular bacterial burden causing necrosis of granuloma macrophages and extracellular 

release of bacteria (110, 114). Excess Lta4h results in an initial ability of the host to control 

bacterial proliferation, but the increased TNF levels induced by the highly pro-inflammatory 

environment also results in macrophage necrosis and an expanding extracellular bacterial 
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population (114). Thus, susceptibility to M. marinum results from either excessive or 

inadequate information.   

 This work done in zebrafish was used to demonstrate that specific therapies chosen 

based on host genotype could be used to correct the hyper- or hypo-inflamed statuses of 

Mycobacterium-infected hosts.  Anti-inflammatories such as aspirin or corticosteroids 

reduced the pro-inflammatory status of Lta4h-high fish and rescued the hypersusceptibility to 

disease by triggering production of lipoxins, but this same therapy was detrimental when 

applied to the Lta4h-deficient fish.  On the other hand, therapy aimed at reducing lipoxin 

levels rescued the hypersusceptibility in the Lta4h-deficient fish but was detrimental to the 

Lta4h-high fish (114). Thus, the inflammatory status, as mediated by the Lta4h genotype, 

determined host response to targeted therapies.  Similarly, it was found that LTA4H promoter 

polymorphisms in TB meningitis patients influenced individual patient response to treatment 

(114) demonstrating the productivity of this larval zebrafish model in providing direct 

translational applications for human disease treatments. 

 

Models of Primary Immunodeficiency in Zebrafish 

 Defects in phagocyte function in humans lead to severe, recurrent bacterial and fungal 

infections. Primary immunodeficiency disorders include neutrophil mobilization and 

adhesion defects, altered actin-based motility of phagocytes, and impaired microbial killing. 

The following is a summary of how zebrafish have been used to model human immune 

deficiencies that affect neutrophil and macrophage function. 
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Warts, Hypogammaglobulinemia, Infections and Myelokathexis (WHIM) Syndrome 

 WHIM syndrome is a primary immunodeficiency characterized by warts, 

hypogammaglobulinemia, infections and myelokathexis, a type of severe, chronic 

neutropenia with apoptosis of mature myeloid cells in the bone marrow (115, 116).  Stromal 

cell-derived factor 1 (SDF1) is expressed in bone marrow stromal cells and binds the receptor 

CXCR4 (117), which is expressed on mature neutrophils in the bone marrow (118).  In 

WHIM syndrome, gain of function mutations associated with truncation of CXCR4 prevent 

CXCR4 internalization and result in the active retention of neutrophils in the bone marrow 

(118).  In a mouse model of WHIM syndrome, expression of the CXCR4 WHIM mutations 

in hematopoietic stem cells impairs neutrophil release from the bone marrow and increases 

neutrophil apoptosis (119), causing neutropenia and recapitulating the human disease.  A 

zebrafish model of WHIM syndrome is also associated with reduced circulating neutrophils 

and recapitulates the neutropenia, although there was no reported effect on neutrophil 

apoptosis (120). Endogenous expression of Sdf1a mRNA is concentrated in areas of 

neutrophil production in zebrafish embryos, both in the head and the CHT.  Expression of the 

human WHIM mutations (121) in zebrafish neutrophils impairs Cxcr4b internalization and 

leads to retention of neutrophils in the CHT.  Thus, WHIM neutrophils are not recruited to 

sites of wounding or infection, resulting in increased susceptibility to infection. Morpholino-

mediated depletion of Sdf1a rescues neutrophil retention in the bone marrow (120) indicating 

that, like in humans and mice, Sdf1a in zebrafish mediates the neutrophil retention signal. 

Thus, the zebrafish model of WHIM syndrome complements human and mouse WHIM 
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models and provides the advantage of being amenable to direct visualization of the effects of 

altered chemokine signaling on neutrophil trafficking in vivo.  

 

Leukocyte Adhesion Deficiency (LAD) 

 Leukocyte Adhesion Deficiency (LAD) represents a group of human disorders 

characterized by an increase in circulating neutrophils (neutrophilia) and recurrent infections 

(122).   There are different types of LAD, depending on the underlying genetic defect 

(reviewed in (123)). LAD IV (124) is a recently reported type of LAD identified in two 

patients with a dominant inhibitory mutation in the hematopoietic tissue-specific Rho 

GTPase, Rac2 (125 -128). Rac2, the GTP-binding protein in neutrophils (129), plays 

important roles in neutrophil activation by regulating the actin cytoskeleton, cell migration 

and NADPH oxidase activity (130). Rac2
-/-

 mice display neutrophilia and impaired 

emigration out of the vasculature to sites of infection, resulting in increased susceptibility to 

infections like Aspergillus fumigatus (131). The phenotype of Rac2-deficient mice is similar 

to the phenotype of human patients with a dominant inhibitory mutation in Rac2 

(Rac2D57N). Neutrophils from these patients have impaired chemotaxis (126, 128), 

azurophilic granule secretion (125) and defects in superoxide generation (126, 127, 132). A 

zebrafish model of LAD IV (LAD fish) also recapitulates the neutrophilia and increased 

susceptibility to infection (133) seen in mammalian disease.  Zebrafish neutrophils expressing 

the dominant inhibitory Rac2D57N mutation show defects in cell polarization and migration 

(61, 125, 133). The zebrafish model provides new insight into the mechanisms that contribute 
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to neutrophilia. LAD fish exhibit both an increase in neutrophil mobilization from 

hematopoietic tissue and a defect in egress from the vasculature to sites of tissue damage, 

resulting in neutrophilia. Interestingly, neutrophil retention in the CHT in WHIM fish is 

attenuated by the expression of Rac2D57N in neutrophils (133), suggesting a critical role for 

Rac2-Cxcr4 signaling in retaining neutrophils in hematopoietic tissue. Thus, the zebrafish 

model of LAD recapitulates the human disease and provides new insight into the signaling 

mechanisms that mediate neutrophil retention in hematopoietic tissue. 

 

Wiskott Aldrich Syndrome (WAS) and X-linked Neutropenia 

 Leukocyte trafficking to infection requires the ability of leukocytes to sense 

directional cues and modify their actin cytoskeleton to form an F-actin-rich leading edge.  

The Wiskott-Aldrich Syndrome protein (WASp) is a key regulator of actin dynamics (134) 

that binds the actin-nucleating protein Arp2/3, resulting in actin polymerization at branch 

points along actin filaments (135).  Mutations in WASp result in a primary 

immunodeficiency known as Wiskott Aldrich Syndrome, which is characterized by recurrent 

infections, autoimmunity and bleeding disorders (136). Zebrafish have two WASp orthologs 

in hematopoietic cells, zWASp1 and zWASp2, which are 52% and 41% similar to human 

WASp, respectively (137).  Morpholino-mediated depletion of zWASp1 results in impaired 

directed migration of both neutrophils and macrophages to a tail wound due to defects in 

pseudopod selection and directed migration (137). To validate the morpholino studies, a 

zWASp1 mutant was generated (137) by TILLING (138). As in zWASp1 morphants, the 
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zWASp1 null mutant has a normal number of neutrophils and macrophages, but these 

leukocytes exhibit impaired recruitment to a tailfin wound (139) with defects in pseudopod 

selection similar to in vitro studies (140, 141). The WASp null mutant also has increased 

susceptibility to bacterial infection with Staphylococcus aureus, recapitulating the infection 

phenotype of WAS patients (139). Constitutively activating mutations in the GTPase binding 

domain of WASp results in X-linked Neutropenia (142) and have also been modeled in 

zebrafish larvae (139) to provide an in vivo model for human X-linked Neutropenia.  

 

Chronic Granulomatous Disease (CGD) 

 Chronic Granulomatous Disease (CGD) is an immunodeficiency characterized by 

inflammatory granulomatous lesions and enhanced susceptibility to bacterial and fungal 

infections. CGD is associated with mutations in the phagocyte NADPH oxidase complex 

(PHOX) that impair the ability of leukocytes to produce an oxidative burst (143, 144). 

Components of the PHOX complex include the membrane-bound components p22
phox 

and 

gp91
phox

, cytosolic components p47
phox

 and p67
phox 

, the regulatory units p40
phox

 and the small 

GTPase Rac1 or Rac2 (144). Upon phagocyte activation, the cytosolic and membrane-bound 

components form the intact PHOX complex leading to the generation of superoxide, which is 

converted to hydrogen peroxide by superoxide dismutase (144). Hydrogen peroxide, in the 

presence of myeloperoxidase, can be converted further to other antimicrobial reactive oxygen 

species such as hypochlorous acid (43). These reactive oxygen species activate neutrophil 

granule proteins and contribute to microbial killing (145). Although there is currently no 
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transgenic model of CGD in zebrafish, the use of morpholinos targeting different components 

of the PHOX complex have successfully been used to model CGD (44, 146). These studies 

demonstrate that phagocyte-mediated killing of Candida albicans (146) and Mycobacterium 

marinum (44) are dependent on their ability to generate an oxidative burst.  

 

IRF8 deficiency 

 Interferon regulatory factor-8 (IRF8), also known as the interferon consensus 

sequence-binding protein (ICSBP), is expressed predominantly in lymphocytes, macrophages 

and dendritic cells in mammals and regulates the transcription of interferon genes during the 

immune response (147).  In mice and humans, IRF8 is important for myeloid development, 

and deficiency results in a reduction of macrophage/monocyte numbers but an expansion of 

neutrophil numbers (148 -150). IRF8 deficiency is also associated with acute and chronic 

myeloid leukemia and increased susceptibility to infection in both mice and humans (148 -

152). 

 The expression pattern of IRF8 is highly conserved among vertebrates. Morpholino-

mediated depletion of Irf8 in zebrafish embryos reveals that Irf8 acts downstream of Pu.1 in 

primitive myelopoiesis to promote differentiation of macrophages while suppressing 

neutrophil formation, and thus, is a critical determinant in macrophage versus neutrophil fate 

(70). Additionally, Irf8 morphants have enhanced invasive disease and susceptibility to A. 

fumigatus infection (153). Similar to morphants, irf8 null mutants lack macrophages during 

early development and also have an expanded population of neutrophils (71). Once adult 
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phase definitive hematopoiesis begins, however, immature macrophages begin reappearing, 

though in much smaller numbers than in age-matched heterozygous siblings (71). Although 

irf8 mutants are viable through 3 months post fertilization, their survival rate is reduced 

compared to heterozygous and wild-type siblings probably due to an increased susceptibility 

to infection, similar to findings in IRF8 deficient mice and humans (148, 150). In addition, 

macrophage- (mpeg) or neutrophil (lyz) –specific expression of irf8 in irf8 mutants 

demonstrated that both immature myeloid and neutrophil populations are capable of 

developing into mature macrophages when expressing Irf8, supporting an in vitro study in 

which forced expression of irf8 in immortal mouse IRF8-null cell lines promoted macrophage 

differentiation while suppressing neutrophil development (71, 154). The development of this 

Irf8 mutant will allow for the study of the specific contribution of macrophages to infectious 

disease. 

 

Insights into phagocyte-pathogen interactions in zebrafish  

 Zebrafish have been used to model both bacterial and fungal disease. For a 

comprehensive list of zebrafish infection models see Table 1. This dissertation focuses on 

how neutrophils and macrophages contribute to host defense against infection with 

Streptococcus iniae.  

 
S. iniae is a natural fish pathogen and causes systemic disease characterized by 

meningitis and sepsis in both fish and humans.  With a worldwide distribution, S. iniae can 

infect over 25 species of fresh and saltwater fish (155), causing both skin infections as well as 



 

 

 
 

21 

invasive systemic disease. S. iniae disease results in 30-50% mortality in affected fish ponds, 

resulting in $100 million in annual losses for the aquaculture industry (155- 157). In humans, 

S. iniae is an opportunistic pathogen, infecting mainly the elderly and immunocompromised. 

Invasive human disease caused by S. iniae is characterized by cellulitis of the upper 

extremities or more invasive disease such as sepsis and meningitis (158), and thus, has 

similar pathologies to those caused by infection with Group A or Group B streptococci, 

respectively. Given its similarity to human pathogens and its impact on the aquaculture 

industry, S. iniae is an important pathogen to study.  

To evade host defenses and establish disease, S. iniae utilizes a number of virulence 

factors including: an M-like protein that contributes to adhesion and invasion as well as 

resistance to phagocytic clearance (5, 44, 159), a C5a peptidase (160), Streptolysin S which 

damages host cell membranes (161, 162),  phosphoglucomutase which has important roles in 

polysaccharide capsule production cell wall morphology (163), a peptidoglycan deacetylase 

(164), exopolysaccharide (165) and a polysaccharide capsule (54, 166). Capsule is important 

for S. iniae virulence in an adult zebrafish model of infection (166 -168) and a mutagenesis 

screen for mutants with attenuated virulence identified several mutants with insertions in 

genes required for capsule biosynthesis, including in the cpsA gene of the capsule locus (167, 

168). The identified capsule mutants were increasingly susceptible to phagocytosis in whole 

blood (167) and were internalized more efficiently by a fish macrophage cell line compared 

to wild-type S. iniae (166).  The cpsA mutant was shown to be deficient in polysaccharide 

capsule production (168) further supporting an important role for capsule in S. iniae disease. 
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 Localized S. iniae infection induces recruitment of leukocytes to infection sites in 

mice and adult zebrafish and infection spreads systemically resulting in rapid host mortality 

(169, 170). The time between the initial infection and host death is too short a time to involve 

adaptive immunity, suggesting that the innate immune system is the most critical contributor 

to host defense against this pathogen. In order to gain a more in-depth understanding into 

how host neutrophils and macrophages respond to S. iniae infection in vivo, it is necessary to 

use a host that is more amenable to non-invasive live imaging, such as the larval zebrafish.  

 The first larval zebrafish model of S. iniae infection is presented here in Chapter 2. 

This model allows live, real-time analysis of the neutrophil and macrophage response to 

localized otic vesicle infection with wild type S. iniae as well as the capsule-deficient cpsA 

mutant. Localized infection allows for the characterization of leukocyte recruitment and 

phagocytosis of bacteria. In addition, the amenability of the larval zebrafish to genetic 

manipulations enables the investigation of the individual contributions of neutrophils and 

macrophages to infection. Chapter 3 provides a closer look at neutrophil-macrophage 

crosstalk during infection and how neutrophils influence macrophage behavior through the 

release of eicosanoids. Overall, this dissertation provides an in-depth look into host-pathogen 

interactions as well as how host leukocytes interact with each other to coordinate the host 

response to infection, made possible through the use of the optically transparent larval 

zebrafish.  
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Figure Legends 

Figure 1-1: Live in vivo imaging of neutrophil response to infection. (A) Neutrophil 

(green) distribution at 3 dpf in a Tg(mpx:dendra2) larva. Neutrophils in the caudal 

hematopoietic tissue as well as randomly migrating neutrophils in the head are shown in 

supplemental material Video 1. The box indicates the region around the otic vesicle imaged 

in panels (C) and (D). Scale bar, 500 μm (B) Commonly used sites of infection in embryonic 

and larval zebrafish. CHT = caudal hematopoietic tissue, CV = caudal vein, DC = duct of 

Cuvier, HBV = hind brain ventricle, DM = dorsal muscle, OV = otic vesicle, PC = pericardial 

cavity, Y = yolk sac (C) Live imaging of a 3 dpf Tg(mpx:dendra2) larva infected with P. 

aeruginosa (Pa) strain PAK (pMKB1::mCherry) in the otic vesicle (white dotted line). Four 

frames were extracted from a 3 hour movie (see supplemental Video 2) and show neutrophil 

(green) recruitment and phagocytosis of Pa (magenta). Scale bar, 40 μm. (D) Live imaging of 

a 3 dpf Tg(mpx:dendra2) larva infected with CellTracker Red-labeled S. iniae (Si) strain 

9117 in the otic vesicle (white dotted line). Four frames were extracted from a 4 hour movie 

(see supplemental Video 3) and show neutrophil (green) recruitment and phagocytosis of Si 

(magenta). Scale bar, 40 μm.  
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Figure 1-1: 
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Table 1-1: The Role of Neutrophils and Macrophages in Zebrafish Models of Infection 

Bacterium Age of 

Zebrafish 

Route of Infection Role of Neutrophils and 

Macrophages 

Aeromonas 

hydrophila 

adult 

 

larva 

Immersion (171); IP (172, 

173)  

Immersion (174, 175)  

N/A 

 

N/A 

Aeromonas 

salmonicida 

adult Immersion after 

wounding
a
  (176) 

N/A 

Aeromonas 

veronii 

larva Immersion (177)  N/A 

Bacillus sp.  adult Mixed with feed (178)  N/A 

Bacillus 

sphaericus 

adult Immersion (179)  N/A 

Bacillus subtilis embryo 

 

larva 

CV (14); DC (180)  

 

DM (60)  

Recruitment and phagocytosis (60)   

Bacillus 

thuringiensis 

adult Immersion (179)  N/A 

Bartonella 

henselae 

embryo CV, DC, Yolk (181)  Recruitment and phagocytosis (181)  

Burkholderia 

cenocepacia 

adult 

 

embryo 

IP (182)  

 

CV (183, 184)  

N/A 

 

Some recruitment and phagocytosis 
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by neutrophils, most phagocytosis is 

by macrophages; both can serve as 

an intracellular niche for bacteria, 

(183)  

Citrobacter 

freundii 

adult Immersion (185)  N/A 

Edwardsiella 

ictaluri 

adult IM (186); Immersion 

(186)  

Recruitment (186)  

Edwardsiella 

tarda 

adult 

 

 

 

embryo 

IM (187, 188); 

Immersion (189, 190); IP 

(191, 192)  

 

CV (193, 194); DC (195); 

Immersion (189, 193)  

Infection causes upregulation in 

genes involved in neutrophil 

recruitment (190) 

 

N/A 

Enterococcus 

faecalis 

embryo DC (132)  Phagocytosis with most bacteria in 

macrophages; pu.1 morphants have 

increased mortality (132)  

Escherichia coli embryo 

 

 

 

 

 

CV (14, 15, 196); DC/PC 

(61, 197, 198); 

mesenchyme between eye 

and OV (199); notochord 

(200)  

 

Recruitment (14, 15, 61, 200) in 

neutrophils is mediated by Cxcl8 

(199); phagocytosis (61); neutrophil 

degranulation and production of 

IL1β (200); pu.1 morphants have 

increased mortality (61)   
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larva  Immersion (175, 201); OV 

(15)  

Flavobacterium 

columnare 

adult 

 

 

embryo 

IM, immersion after 

wounding
a
, IP (202)  

 

Immersion (203)  

N/A 

 

 

N/A 

Flavobacterium 

johnsoniae 

adult IM, immersion after 

wounding
a
, IP (202)  

N/A 

Francisella spp. adult 

 

embryo 

IP (204)  

 

DC, DM, OV (205)  

N/A 

 

Recruitment; more phagocytosis by 

macrophages; neutrophil 

phagocytosis is more efficient when 

microbe is attached to surface (205)  

Haemophilus 

influenzae 

embryo DC (195)  N/A 

Lactococcus 

garvieae 

adult IP (206)  Infiltration into optic lobes, lamina 

propria and gills (206); 

phagocytosis by macrophages (206) 

Leptospira 

interrogans 

embryo CV, HBV (207)  Recruitment and phagocytosis (207)  

Listeria 

monocytogenes 

adult 

 

IP (209)  

 

N/A 
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embryo CV (210)  Phagocytosis by both, but limited 

phagocytosis by neutrophils; 

engulfed bacteria are always in 

vacuoles, usually degraded; 

neutrophils contact infected 

macrophages; macrophages form 

cellular aggregates with neutrophils 

and erythrocytes (210)   

Listonella 

anguillarum 

adult 

 

 

 

larva 

IP (211)  

 

 

 

Immersion (212)  

Upregulation of neutrophil genes 

following infection (eg. mpx and 

lyz) (211)  

 

N/A 

Mycobacterium 

abscessus 

embryo CV (213)  Macrophage recruitment to bacteria, 

neutrophil recruitment to 

macrophage granulomas; 

phagocytosis (213)  

Mycobacterium 

marinum 

Adult 

 

 

 

embryo 

 

Immersion (215); oral 

intubation (215); IP (215, 

216)  

 

CV (44, 58, 109, 194, 217 

-219);  

Infection induces upregulation of 

neutrophil and macrophage genes 

following infection (229)  

 

Macrophage recruitment and 

formation of granulomas (44, 58, 
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larva 

HBV (44, 58, 109, 220, 

217, 218, (221- 225, 230); 

Yolk (219, 226, 227)  

 

 

Tail fin (228)  

109, 148, 155, 217, 226, 230, 232); 

Rare recruitment and phagocytosis 

at infection site by neutrophils  (44); 

Neutrophils are recruited and have a 

scavenger role at macrophage 

granuloma (44); pu.1 morphants 

have increased mortality (232); 

RNS production by neutrophils 

(66); Oxidative burst by neutrophils 

(44)  

 

Recruitment; macrophages contain 

some bacteria in autophagic 

vacuoles, or phagosomes or 

cytoplasm (228)  

Mycobacterium 

peregrinum 

adult Immersion, IP, oral 

intubation (215)  

N/A 

Pseudomonas 

aeruginosa 

embryo  

 

 

 

larva 

CV (233, 234); DC (195, 

235, 236); HBV (195) 

 

Immersion (174, 175, 

201); OV (133, 237, 238); 

Yolk (237)  

Recruitment by neutrophils (195); 

Phagocytosis (195, 233, 235); pu.1 

morphants have increased mortality 

(233, 235)  

 

Recruitment of neutrophils; (133, 

237, 238) phagocytosis by 



 

 

 
 

72 

neutrophils (237); LAD model 

supports critical role of neutrophils 

for survival (133)  

Pseudomonas 

fluorescens 

larva Immersion (177)  N/A 

Salmonella 

arizonae 

embryo CV (58)  N/A 

Salmonella 

enterica serovar 

Typhimurium 

embryo 

 

 

 

larva 

CV (194, 196, 239, 240); 

HBV (63, 65); OV (241); 

DM (241); Yolk (242) 

 

Immersion (243)  

Recruitment (63, 65, 241); 

macrophages phagocytose (196, 

241); infection increases neutrophil 

and macrophage production (65)  

 

 

N/A 

Shigella flexneri larva CV (244) Phagocytosis; scavenger role for 

neutrophils (244)  

Staphylococcus 

aureus 

embryo CV (245); eye (245); HBV 

(245); DC (78, 246); PC 

(245 -247); Yolk (246, 

247)  

Recruitment (245); Phagocytosis 

(69, 245); possible intracellular 

niche for bacteria (69); 

Neutrophil or macrophage ablation 

increases susceptibility to infection  

(69);  

pu.1 and irf8 morphants have 
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increased mortality (69)  

Staphylococcus 

epidermidis 

embryo Yolk (227)  N/A 

Staphylococcus 

chromogenes 

adult Immersion after 

wounding
a
 (185) 

N/A 

Stenotrophomonas 

maltophilia 

adult IP (248, 249) N/A 

Streptococcus 

agalactiae 

adult IM (250); IP (251, 252)  N/A 

Streptococcus 

equi 

adult IM, IP (253)  Leukocyte recruitment (253)  

Streptococcus 

iniae 

adult 

 

 

larva 

IM, immersion after 

wounding
a
, IP (169, 170)  

 

OV (54)  

Leukocyte recruitment (169, 170)  

 

 

Recruitment; phagocytosis; LAD 

model supports critical role of 

neutrophils in survival (54); irf8 

morphants support role of 

macrophages in survival (Chapter 

3) 

Streptococcus 

pnuemoniae 

adult 

 

embryo 

IM, IP (254)  

 

DC (255)  

N/A 

 

Phagocytosis by Spi1
+
 cells; pu.1 
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and WASp morphants have 

increased mortality (255)  

Streptococcus 

pyogenes 

adult 

 

 

embryo 

 

larva  

IP (170, 208, 210, 256, 

257); IM (59, 170, 210, 

256-258) 

 

Yolk (59)  

 

DM (59)  

Lack of infiltrating leukocytes (170, 

208, 210, 256, 257)  

 

N/A 

 

Lack of neutrophil recruitment (59); 

neutrophil recruitment to SLS- 

mutant (59)  

Streptococcus suis adult IP (259, 260) N/A 

Vibrio alginlyticus adult IM (261)  N/A 

Vibrio 

anguillarum 

larva Immersion (262)  N/A 

Vibrio vulnificus adult IP (263)  N/A 

Vibrio cholerae adult;  

 

 

larva 

Oral gavage, immersion 

(214) 

 

Immersion (214)  

N/A 

 

 

N/A 

Yersinia ruckeri embryo CV (264)  N/A 

Intestinal 

Microbiota 

larva Immersion (174, 177, 201, 

224, 226, 265)  

Presence of microbiota results in: 

establishment of neutrophil 

homeostasis in the gut (177, 224, 
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265); enhanced neutrophil 

recruitment to wound (224,  226); 

neutrophil priming to produce H2O2 

upon PMA stimulation (226)  

Human Intestinal 

Microbiota 

larva Injection into gut; 

immersion; (266)  

N/A 

Mouse Intestinal 

Microbiota 

larva Immersion (174)  N/A 

    

Fungus Age of 

Zebrafish 

Route of Infection Role of Neutrophils 

Aspergillus 

fumigatus 

embryo HBV (153)  Macrophage recruitment to conidia 

and aggregation around hyphae; 

neutrophil recruitment to hyphae 

but not conidia; LAD model 

supports critical role of neutrophils 

for survival and irf8 morphants 

have increased invasive disease 

supporting critical role for 

macrophages (153)  

Candida albicans adult  

 

embryo 

IP (231, 267) 

 

HBV (146, 231, 268); Y 

N/A 

 

Recruitment (268, 269) mediated by 
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larva 

(268) 

 

Swimbladder (injection) 

(268); Swimbladder 

(immersion) (269)  

NADPH oxidase (268); 

Phagocytosis by both but 

neutrophils may be more efficient at 

killing yeast cells (146); 

macrophages can inhibit 

germination of yeast into hyphae 

Penicillium 

marneffei (spores) 

larva Somatic muscle (10)  Phagocytosis (10)  

a 
as described in (169)  
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Supplemental Video Legend 

Video 1: Neutrophil distribution in a 3 dpf zebrafish larva.  A 3 dpf Tg(mpx:dendra2) 

larva was used to visualize neutrophil random motility and distribution. Time is in minutes. 

 

Video 2: Neutrophil recruitment and phagocytosis of P. aeruginosa. A confocal 

microscope was used to observe neutrophil recruitment and phagocytosis after otic vesicle 

injection of mCherry-labeled P. aeruginosa (depicted as magenta) in a 3 dpf 

Tg(mpx:dendra2) larva using a 20x objective. Time is in minutes. 

  

Video 3: Neutrophil recruitment and phagocytosis of S. iniae.  A confocal microscope 

was used to observe neutrophil recruitment and phagocytosis after otic vesicle injection of 

CellTrackerRed-labeled S. iniae (depicted as magenta) in a 3 dpf Tg(mpx:dendra2) larva 

using a 20x objective. Time is in minutes. 
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Chapter 2 

Innate immune response to Streptococcus iniae infection in zebrafish larvae 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This Chapter was published in the following journal article: 

Harvie, E. A., Green, J. M., Neely, M. N., and Huttenlocher, A. (2013) Innate immune 

response to Streptococcus iniae infection in zebrafish larvae. Infection and Immunity. 81(1): 

110-121. 
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Abstract 

Streptococcus iniae causes systemic infection characterized by meningitis and 

sepsis.  Here, we report a larval zebrafish model of S. iniae infection.  Injection of wild type 

S. iniae into the otic vesicle induced a lethal infection by 24 hours post infection.  In contrast, 

a S. iniae mutant deficient in polysaccharide capsule (cpsA) was not lethal, with greater than 

90% survival at 24 hours post infection.  Live imaging demonstrated that both neutrophils 

and macrophages were recruited to localized otic infection with mutant and wild type S. iniae 

and were able to phagocytose bacteria.  Depletion of neutrophils and macrophages impaired 

host survival following infection with wild type S. iniae and the cpsA mutant, suggesting that 

leukocytes are critical for host survival in the presence of both the wild type and mutant 

bacteria.  However, zebrafish larvae with impaired neutrophil function but normal 

macrophage function had increased susceptibility to wild type bacteria but not the cpsA 

mutant.  Taken together, we have developed a larval zebrafish model of S. iniae infection and 

have found that although neutrophils are important for controlling infection with wild type S. 

iniae, neutrophils are not necessary for host defense against the cpsA mutant. 
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Introduction 

Streptococcus iniae is a major aquatic pathogen and a potential zoonotic pathogen 

capable of causing systemic disease characterized by meningitis and sepsis in both fish and 

humans.  It is both aerobic and facultatively anaerobic, gram-positive, β-hemolytic, and non-

typeable by the Lancefield grouping system (1).  First isolated from the subcutaneous 

abscesses of a captive Amazon freshwater dolphin (Inia geoffrensis) in the 1970s, S. iniae has 

a worldwide distribution and can infect over 27 species of freshwater and saltwater fish (1-3).  

Although it is able to colonize the surface of fish and cause skin infections, S. iniae disease 

usually presents as meningoencephalitits with major involvement of the central nervous 

system (CNS) but can also cause sepsis and invasive systemic infection involving multiple 

organs. Mortality rates are as high as 30-50% in infected fishponds resulting in over $100 

million in global losses annually  (2, 4, 5). 

More recently, there have been reported human cases of S. iniae infection.  The first 

reported human case of S. iniae infection was in Texas in 1991 (6).  Since then there have 

been at least 25 reported human cases of S. iniae infection, although this number is thought to 

be an underestimate (2).  S. iniae is an opportunistic pathogen infecting mainly elderly or 

immunocompromised people with a recent history of fish handling and causes invasive 

infection with clinical pathologies similar to Group A and Group B streptococci.  Disease in 

humans is usually characterized by cellulitis of the upper extremities, similar to infection with 

Group A streptococci, but there have been cases of more systemic infection including sepsis 

and meningitis, similar to infection with Group B streptococci (6-10).   
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A better understanding of S. iniae disease pathogenesis requires an appropriate model 

system.  The embryonic zebrafish (Danio rerio) has a number of advantages as a model that 

makes it an increasingly attractive vertebrate host in which to study infectious disease (11 -

24).  The zebrafish is genetically tractable with a sequenced genome 

(http://www.sanger.ac.uk/Projects/D_rerio/) and is amenable to forward and reverse genetic 

screens.  Small size and high fecundity make the zebrafish amenable to high throughput 

chemical and drug screens and also allow for studies of disease progression and pathogenesis.  

Zebrafish embryos and larvae are more experimentally tractable than adults.  

Although adaptive immunity is not functionally mature until at least 2-3 weeks post 

fertilization (25-27), zebrafish embryos have a highly conserved vertebrate innate immune 

system including complement, Toll-like receptors, and neutrophils and macrophages that are 

capable of phagocytic activity by 28-30 hours post fertilization (hpf) (18, 28-32). The 

translucency of the embryonic and larval stages makes zebrafish more optically accessible 

and amenable to live imaging.  In addition, genetic studies either relying on the injection of 

synthetic mRNA for overexpression or the injection of antisense morpholino oligonucleotides 

(morpholinos) for gene knockdown (33) are available during the embryonic and larval 

periods.  

An adult zebrafish model of S. iniae infection has previously been reported (34).  

Intramuscular injection of 10
3
 CFU S. iniae wild type strain 9117 results in an influx of 

inflammatory cells at the injection site and rapid host mortality within 36 to 48 hour post 

infection (hpi) with evidence of systemic infection including bacterial dissemination to the 
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brain and other organs (34). The rapid time to death suggests that this period is too short to 

engage the adaptive immune system, but it is unclear how the immune system responds to S. 

iniae in the adult fish because the tools to study the host immune response in adult zebrafish 

are limited.  The optical transparency and genetic tractability of the embryonic and early 

larval stages of the zebrafish make it an attractive model for studying the host immune 

response to S. iniae infection in real time in vivo.  

S. iniae utilizes a number of identified virulence factors to evade host defense and 

establish disease (35-40).  In particular, the polysaccharide capsule of S. iniae is important for 

virulence in adult zebrafish (41-43).  A mutagenesis screen for S. iniae mutants with 

attenuated virulence and decreased systemic spread was done in adult zebrafish.  It was found 

that many of the identified mutants had insertions in genes required for capsule biosynthesis, 

including the cpsA mutant which has a mutation in the first gene of the putative S. iniae 

capsule operon (42-43). The cpsA gene encodes a transcriptional regulator of the operon and 

a polar insertion in this gene results in decreased transcription of the capsule operon and 

reduced production of capsule as determined by buoyant density in a Percoll gradient (42).   

In addition, many S. iniae capsule mutants were efficiently phagocytosed in human whole 

blood (43) and by cultured fish macrophages as compared to wild type S. iniae (41).   

Here, we have developed a zebrafish larval-S. iniae infection model to study host-

pathogen interactions using real time imaging.  We visualized the innate immune response to 

S. iniae infection in real time and investigated how the innate immune response controls 

infection with the wild type S. iniae and the cpsA mutant.  Our findings suggest that although 



 

 

 
 

83 

both neutrophils and macrophage are important for surviving infection with wild type S. 

iniae, neutrophils are not necessary for host defense against the cpsA mutant. 

 

Results 

Wild type S. iniae but not a capsule mutant impaired survival of zebrafish larvae.   

 We tested the susceptibility of zebrafish larvae to infection with a wild type strain of 

S. iniae.  Larvae at ~72 hours post fertilization (hpf) were microinjected in the left otic 

vesicle with wild type bacteria (Fig. 1A).   The otic vesicle forms during development when 

the ear placodal ectoderm cavitates to form a hollow cavity of epithelium (44, 45).  The otic 

vesicle is normally devoid of leukocytes, but in response to local bacterial infection, 

leukocytes are recruited to the otic cavity (19).  The otic vesicle has previously been used to 

study localized infection (19, 29, 46-49). We chose otic vesicle infection to allow for the 

direct observation of host neutrophil and macrophage responses to localized S. iniae 

infection.  

Similar to infection of adult zebrafish (34), larvae were susceptible to S. iniae 

infection.  An inoculum of ~100 CFU resulted in the death of about 40% of larvae by 24 hpi 

whereas mock infection with PBS did not result in host mortality (Fig. 1B) (P<0.0001).  

Injections with increasing doses of bacteria indicated that lethality following S. iniae 

infection was dose dependent (Fig. 1B) with ~1000 CFU killing about 80% of infected larvae 

within 24 hpi, and doses as low as ~10 CFU killing more than 40% of infected larvae by 48 
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hpi. However, lethality required viable bacteria, as injection of heat-killed S. iniae did not 

affect host survival (Fig. 1B).   

The polysaccharide capsule is an important virulence factor for S. iniae in establishing 

systemic disease in fish (36, 41-43, 50).  We next sought to determine whether the S. iniae 

9117 capsule mutant, cpsA, was virulent in zebrafish larvae.  The cpsA mutant has an 

insertional mutation in a transcriptional regulator of the S. iniae capsule operon that results in 

decreased production of capsule and attenuated virulence in adult zebrafish compared to the 

wild type strain (41). In contrast to infection with wild type bacteria, greater than 90% of 

larvae injected with comparable doses of the cpsA mutant survived for at least 72 hpi (Fig. 

1C).   The attenuated virulence of the cpsA mutant in larvae parallels what has been shown in 

the adult zebrafish infection model (41).  These data validate the use of zebrafish larvae in 

modeling streptococcal disease. 

As a measure of disease progression, we monitored bacterial load over time in whole 

animals infected with ~100 CFU bacteria.  Larvae were infected with the wild type strain or 

the cpsA mutant and at 0, 18, 24, 48, and 60 hpi, three larvae per condition were sacrificed, 

homogenized, and plated on colistin nalidixic acid (CNA) agar plates to select for the growth 

of gram-positive bacteria. In larvae infected with wild type S. iniae, the amount of 

recoverable bacteria increased over time from 100 CFU at the time of inoculation to the 

greatest bacterial loads around 10
4
 CFU at 60 hpi (Fig. 1D).   We noted that bacterial load 

and host susceptibility to infection corresponded with the physical appearance of infected 

larvae.  Larvae infected with the wild type strain developed a dark and opaque yolk sac and 
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deteriorating necrotic body (Fig. 1E).  The ability of some larvae to survive infection 

suggests that some individuals may be naturally more resistant to S. iniae infection than 

others or could reflect slight variations in inoculum.  However, it should be noted that the 

inoculum size as determined by enumerating bacterial loads in whole embryos sacrificed 

immediately following microinjection (~100 CFU) was similar to the inoculum size 

determined by plating the injection volume from the needle taken before and after infections 

(data not shown).  

In contrast to larvae infected with wild type bacteria, the amount of viable bacteria 

recovered from larvae infected with the cpsA mutant remained approximately equivalent to 

the initial inoculum over the 60 h monitoring period (~100 CFU) (Fig. 1D).  This suggests 

that the cpsA mutant is deficient in its ability to proliferate in the host and establish disease. 

To differentiate between an inability to proliferate in the host and an overall growth defect, in 

vitro growth assays were performed, and the cpsA mutant was found to exhibit wild type 

growth (data not shown).  Larvae infected with the cpsA mutant had a slight change in 

opacity of the yolk sac but overall, looked similar to the appearance of mock (PBS)-infected 

animals (Fig. 1E). 

 

Host neutrophil-S. iniae interactions during the early stages of infection.     

 One advantage of developing a zebrafish larval model of S. iniae infection is that the 

optical transparency at this developmental stage allows for real time visualization of the host 

immune response to infection in vivo.  Although B and T lymphocytes are not fully 
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functional until 2-3 weeks post fertilization, innate immunity develops early during zebrafish 

development.  By the age of the larvae used in this study, there are both neutrophil and 

macrophage populations with antimicrobial capabilities including phagocytosis and 

respiratory bursts (18, 29, 51).  To determine the contribution of neutrophils and 

macrophages to the host immune response, we used transgenic lines expressing the 

fluorescent protein Dendra2 specifically in neutrophils (Tg(mpx:dendra2)) (52) or 

macrophages (Tg(mpeg1:dendra2)). To visualize bacteria, the wild type strain and the cpsA 

mutant were labeled with the CellTracker Red CMPTX dye.   

Neutrophils are an important part of the innate immune system and are typically the 

first responders to a site of infection.  To quantify the number of neutrophils recruited to the 

otic vesicle during early S. iniae infection, we fixed infected larvae at 2 hpi and stained with 

the neutrophil specific stain, Sudan Black (29).   Neutrophils were robustly recruited to the 

site of infection with wild type bacteria by 2 hpi (Fig. 2A and 2B).  The median number of 

neutrophils recruited to the site of infection ranged from ~9 neutrophils following injection of 

~10 CFU wild type bacteria to ~20 neutrophils following injection of 1000 CFU (Fig. 2B).  

Injection of increasing doses of the wild type strain demonstrated that neutrophil recruitment 

was dose dependent, and neutrophils were also recruited to heat-killed bacteria (Fig. 2A and 

2B).  Moreover, neutrophils were recruited to the cpsA mutant, similar to wild type bacteria.  

Therefore, although the cpsA mutant produces a non-lethal infection in larvae, the initial host 

neutrophil response to pathogenic wild type S. iniae and non-pathogenic cpsA mutant appear 

to be similar. 
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To visualize neutrophil responses to infection with wild type bacteria, we 

microinjected CellTracker Red-labeled bacteria into the left otic vesicle of the transgenic fish 

Tg(mpx:dendra2) at 72 hpf.  The infected embryos were placed in a glass-bottom dish and 

immediately imaged in the left otic vesicle using a laser scanning confocal microscope.   

Neutrophils were recruited rapidly to the site of infection, even by the start of the movie at 

~10 min post infection (mpi) (see supplemental Video 1 and Fig 3A).  Several green-labeled 

neutrophils entered the otic cavity and appeared to engulf red-labeled wild type bacterial 

cells.  A neutrophil could be observed extending a thin protrusion towards some bacteria (see 

panel inset at 59 min of Fig. 3A and supplemental Video 1).  As neutrophils took up bacteria, 

they became less motile and developed a rounded morphology (see panel insets in Fig. 3A).  

After phagocytosis, the neutrophils recovered their polarized morphology and migrated to a 

new location.  

Tg(mpx:dendra2) larvae injected with the cpsA mutant resulted in a similar response 

to localized infection (see supplemental Video 2 and Fig. 3B).  Green-labeled neutrophils 

were recruited to the site of infection by ~10 mpi and rapidly engulfed red-labeled cpsA 

mutant.  The motility of these bacteria-laden neutrophils seemed to decrease and the 

neutrophils developed a rounded appearance, similar to what was seen following infection 

with wild type bacteria.  In contrast to wild type bacteria, the cpsA mutant was seen in several 

small vacuoles in some neutrophils (denoted by the arrowhead in Fig. 3B and supplemental 

Video 2) and was also in large vacuoles in other neutrophils (denoted by the arrow in Fig. 3B 

and supplemental Video 2).   
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Host macrophage-S. iniae interactions during the early stages of infection.   

 To characterize the macrophage response to S. iniae infection, ~100 CFU CellTracker 

Red-labeled wild type bacteria were microinjected into the left otic vesicle of 

Tg(mpeg1:dendra2) larvae at ~72 hpf.  Macrophage recruitment to the site of infection was 

quantified by fixing infected Tg(mpeg1:dendra2) larvae at 2 hpi.  Macrophages were 

recruited following infection with either wild type bacteria or the cpsA mutant (Fig. 4A and 

4B), and on average between 35 and 40 macrophages were recruited to the otic vesicle 

following infection.   

Real time imaging demonstrated that macrophages, like neutrophils, were also rapidly 

recruited to the site of S. iniae infection (see supplemental Video 3 and Fig. 5A).  

Occasionally, it was possible to observe a macrophage taking up bacteria (see panel inset at 

45 min of Fig. 5A and supplemental Video 3).  The bacteria-carrying macrophages appeared 

to lose polarity, had reduced motility and developed a rounded morphology.  Additionally, 

there also appeared to be uninfected macrophages with large unfilled vacuoles characteristic 

of an activated phenotype.  

Upon infection of Tg(mpeg1:dendra2) with red-labeled cpsA mutant, macrophages 

were rapidly recruited to the otic vesicle at ~10 mpi.  This was similar to what was seen 

following infection with the wild type strain.  It was possible to observe a macrophage extend 

a protrusion and capture bacteria (see panel inset at 6 min of Fig. 5B and supplemental Video 

4).  The phagocytosing macrophage lost its spindle shape and acquired a rounded appearance.  

The engulfed bacteria seemed to fill multiple vacuoles within the macrophage, but eventually 
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the bacteria-filled vacuoles appeared to move together towards a central location (see panel 

inset at 48 min of Fig. 5B and supplemental Video 4).  It is also of note that it was easier to 

find macrophages phagocytosing the cpsA mutant compared to wild type bacteria (data not 

shown). In addition by 24 hpi, we observed both wild type and mutant bacteria in 

macrophages outside of the otic vesicle (data not shown) suggesting that macrophages may 

play a role in the dissemination of S. iniae. However, since we were unable to stably label the 

bacteria using fluorescent reporters we could not observe macrophage-mediated bacterial 

phagocytosis and dissemination over time due to dye dilution from bacterial proliferation.  

 

Myeloid cells are important for host survival following infection with wild type S. iniae 

and the cpsA mutant.   

 Since both neutrophils and macrophages are rapidly recruited to the site of infection, 

we sought to genetically determine the contribution of host myeloid cells to defense against 

infection with the wild type or the mutant strain by targeted gene knockdown using 

morpholinos (33).  To do this, we used a translation-blocking morpholino targeting Pu.1, a 

transcription factor important for the differentiation of the myelo-erythroid progenitor cells 

into cells of the myeloid lineage, including neutrophils and macrophages (53). A Pu.1 or a 

mismatch control morpholino was injected into double transgenic (Tg(mpx:mcherry) x 

Tg(mpeg1:dendra2)) embryos at the single-cell stage, and at 2 dpf, these morphants were 

infected with wild type bacteria or the cpsA mutant or were mock-treated with PBS.  The 

morphants were monitored for survival.  Because control larvae are highly susceptible to 
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infection with wild type S. iniae, we used a small inoculum (~10 CFU) of wild type bacteria 

for these studies to test whether Pu.1 morphants had increased sensitivity to infection.  We 

found that Pu.1 morphants were significantly more susceptible to a low dose infection with 

the wild type strain compared to control morphants, with over 35% mortality in infected Pu.1 

morphants by 24 hpi (Fig. 6Aii) compared to less than 10% mortality in infected control 

morphants (Fig. 6Ai) (P<0.0001). Thus, although wild type S. iniae is able to establish 

disease and proliferate in wild type zebrafish larvae, disease progression is more rapid in the 

absence of myeloid cells. This suggests a role for neutrophils and/or macrophages in 

controlling infection with the wild type strain.  Interestingly, Pu.1 morphants were also 

significantly more susceptible to infection with a higher dose (~100 CFU) of the cpsA 

mutant, with almost 40% mortality in Pu.1 morphants at 24 hpi compared to less than 10% 

mortality in control morphants (Fig. 6Ai and 6Aii) (P<0.0001). To test the sensitivity of Pu.1 

morphants to infection with the cpsA mutant, we also infected morphants with a lower dose 

(~10 CFU).  When infected with only ~10 CFU cpsA, there was greater than 40% mortality at 

48 hpi compared to less than 10% mortality of control morphants infected with a comparable 

dose of cpsA (Fig. 6Ai and 6Aii) (P<0.0001). To confirm depletion of myeloid lineage cells 

in Pu.1 morphants, embryos were imaged using a laser scanning confocal prior to infection 

(Fig. 6B). Taken together, our findings show that Pu.1 morphants are more sensitive to 

infection with both the cpsA mutant and wild type bacteria.  Our findings also suggest that 

neutrophils and/or macrophages are necessary to control infection with the cpsA mutant.   
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To monitor disease progression in the Pu.1 morphants, the bacterial loads were 

measured at 24 hpi.  We found that the bacterial burden at this time point appeared to predict 

host mortality whereas at later time points, it was difficult to measure bacterial load because 

the majority of the Pu.1 morphants had already succumbed to infection. The overall trend was 

that Pu.1 morphants had higher bacterial loads than control morphants following infection 

with either wild type bacteria or the cpsA mutant.  By 24 hpi, bacterial loads in Pu.1 

morphants increased to ~10
3
 to 10

4
 CFU following infection with ~10 CFU wild type bacteria 

compared to control morphants in which bacterial loads were about 10 fold lower (Fig 6C).   

The increased susceptibility to infection with the cpsA mutant was also reflected in relative 

bacterial burdens.  Pu.1 embryos infected with ~10 CFU cpsA had bacterial loads of ~10
2.5

 

CFU by 24 hpi and when infected with ~100 CFU cpsA had bacterial loads of 10
3
 to 10

4
 

CFU.  In contrast, in control morphants, there was not much increase in cpsA levels above the 

initial inocula (Fig 6C). This suggests that the ability of the bacteria to survive and proliferate 

in a host corresponds with increased mortality, and in the absence of myeloid cells, zebrafish 

larvae are susceptible to both a pathogenic and non-pathogenic strain of S. iniae.  

 

Neutrophils are important for controlling infection with wild type S. iniae but not the 

cpsA mutant.   

 To determine the role of neutrophils in controlling S. iniae infection, we monitored 

the infection process in larvae with impaired neutrophil function.  We used a previously 

generated zebrafish model of Leukocyte Adhesion Deficiency in which the human dominant 
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inhibitory mutation in Rac2, D57N, is expressed specifically in neutrophils (46).  Neutrophils 

expressing the inhibitory Rac2(D57N) mutation are unable to respond to inflammatory 

stimuli including otic infection with Pseudomonas aeruginosa (46). When larvae with the 

inhibitory Rac2(D57N) mutation expressed specifically in neutrophils were infected with the 

wild type strain or the cpsA mutant, we observed that neutrophils were not recruited to the 

otic vesicle even though they were recruited in larvae ectopically expressing the wild type 

Rac2 gene (Rac2(WT)) as shown by Sudan Black staining (Fig. 7A and 7B).  This 

corresponds to what was previously shown regarding the inability of neutrophils expressing 

the mutated Rac2(D57N) to respond to local bacterial infection (46).  However, the 

Rac2(D57N) dominant inhibitory mutation expressed in neutrophils did not affect 

macrophage recruitment to the otic vesicle following infection with either wild type bacteria 

or the cpsA mutant (Fig. 7C and 7D).  The Rac2(D57N) larvae were more susceptible to 

infection with a low dose inoculum (~10 CFU) of wild type bacteria compared to larvae with 

the wild type Rac2 gene (Rac2(WT)) with over 70% mortality of Rac2(D57N) fish compared 

to only 40% mortality of Rac2(WT) fish by 48 hpi (Fig. 7E) (P=0.0004).  This supports a 

role for neutrophils in controlling infection with wild type bacteria.  These data, when 

considered in combination with the Pu.1 morphants, indicate that both neutrophils and 

macrophages contribute to host defense against wild type S. iniae infection. Interestingly, and 

in contrast to the response to wild type bacteria, the Rac2(D57N) fish were not susceptible to 

infection with even ~100 CFU of the cpsA mutant (Fig. 7E).  These findings suggest that 

neutrophils are not important for host defense against the cpsA mutant, suggesting that 
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macrophages are likely to play a key role in controlling infection with the cpsA mutant. 

Therefore, both neutrophils and macrophages are important for controlling infection with 

wild type S. iniae, but neutrophils are not necessary to control infection with the cpsA mutant. 

 

Discussion 

Here we report a new model for the real time observation of the innate immune 

response to S. iniae disease using zebrafish larvae.  Injection of wild type S. iniae into the otic 

vesicle of zebrafish larvae resulted in a dose dependent host mortality accompanied by an 

increase in bacterial burden (Fig. 1).  Zebrafish larvae were highly sensitive to wild type S. 

iniae infection with as few as ~10 CFU resulting in lethal infection (Fig. 1B) and increasing 

bacterial burdens during the first 60 hpi (Fig. 1D). This infection model provided a powerful 

tool to differentiate host response and outcome to a S. iniae capsule mutant with an insertion 

in the cpsA gene.  The S. iniae cpsA mutant, which had attenuated virulence in adult 

zebrafish, was also attenuated in zebrafish larvae, further validating the use of this model (42) 

(Fig. 1).  Unlike infection with wild type bacteria, infection of zebrafish larvae with the cpsA 

mutant at doses as large as 1000 CFU was not lethal (Fig. 1C), and there was no increase in 

relative bacterial burden in the first 60 hpi (Fig. 1D) indicating that the host was able to 

control infection. 

Although the majority of larvae infected with wild type S. iniae did not survive 

infection, some larvae survived past 96 hpi. This variability may be due to individual 

variation in the ability of the host to control S. iniae disease because zebrafish lines cannot be 
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highly inbred.  In support of this idea, some of the surviving embryos had non-lethal carriage 

of dye-labeled wild type and mutant S. iniae up to 72 hpi (data not shown). It is also possible 

that the variability in survival was due to differences in the dose of inoculum or the site of 

injection since we cannot exclude the possibility that when retracting the microinjection 

needle, some bacteria may be deposited outside the otic vesicle as was previously reported in 

a study by Colucci-Guyon et al. (48). An additional consideration is that our method of 

measuring bacterial burden was not a specific measure of S. iniae burden, but rather, was a 

measure of the number of culturable gram-positive organisms.  Indeed, there were bacteria 

recovered from the PBS mock-infected larvae that are likely to be part of the normal 

zebrafish microbiota.  According to a study done by Roeselers et al., some potential members 

of the zebrafish gut microbiota are gram-positive bacteria including members from the phyla 

Actinobacteria and Firmicutes (54).  Despite these caveats, there was an overall trend where 

wild type-infected larvae had an increase in bacterial burden over time while cpsA-infected 

larvae had relatively constant bacterial burdens.  However, we cannot rule out the possibility 

that the increase in bacterial burden in the wild type-infected larvae may have resulted from 

infection-associated changes in the host that altered the composition of the gram-positive 

members of the microbiota. 

 Although the wild type strain and the cpsA mutant differed in their ability to establish 

lethal infection and proliferate in the larval host, both strains were similar in their ability to 

attract neutrophils and macrophages to localized sites of infection (Fig. 2-5). The mechanism 

of neutrophil and macrophage recruitment into the otic vesicle is not clear, but it likely 
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involves transmigration from blood vessels and movement through interstitial spaces in 

response to chemoattractive signals. It is possible that only a subset of host phagocytes have 

the surface receptor expression required to sense the signals that recruit the cells into the otic 

vesicle.  Neutrophils are among the first cells recruited to the site of infection and were able 

to phagocytose both wild type bacteria and the cpsA mutant (Fig. 3 and supplemental Videos 

1 and 2). Neutrophils that phagocytosed bacteria developed a rounded appearance that was 

accompanied by decreased motility.  This motility was quickly recovered in the case of 

infection with the wild type strain (see supplemental Video 1), but neutrophils phagocytosing 

the cpsA mutant became laden with bacteria and did not quickly regain their motility (see 

supplemental Video 2).  It is possible that neutrophils are more efficient at phagocytosing the 

cpsA mutant and that their apparent inability to immediately regain motility was due to larger 

amounts of internalized bacteria compared to infection with wild type bacteria.  

Macrophages were also able to phagocytose both wild type bacteria and the cpsA 

mutant.  In the case of wild type infection, it was possible to find many uninfected 

macrophages that had an activated morphology (Fig. 5A and supplemental Video 3) 

suggesting that even in the absence of phagocytosis, the macrophages still became activated 

by wild type S. iniae.  It was more common to see macrophages that had phagocytosed cpsA 

mutant than wild type bacteria. In addition, the cpsA mutant was contained in multiple 

separate vacuoles in the macrophages, as well as in single phagosomes (Fig. 5B and 

supplemental Video 4). Although our findings suggested that macrophages were more 

efficient at phagocytosing the cpsA mutant than wild type bacteria, we were not able to 
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quantify the efficiency of phagocytosis by neutrophils and macrophages because of the 

inability to reliably track S. iniae using stable fluorescent bacteria.   

Wild type S. iniae and the cpsA mutant differ in terms of polysaccharide capsule 

production.  The capsule of S. iniae is closely related to the capsule of S. agalactiae (Group B 

Streptococcus), which is known to have antiphagocytic properties. The polysaccharide 

capsule of Group B Streptococcus interferes with the deposition of the complement molecule 

C3b preventing activation of the alternative complement pathway and also disrupting the 

opsonophagocytic abilities of host phagocytes (55).  The capsule of S. iniae is thought to 

have similar antiphagocytic properties.  In vitro studies have demonstrated that S. iniae 

mutants with decreased capsule production are more prone to whole blood killing in either 

human (43) or fish (41) blood and are more susceptible to phagocytosis by cultured fish 

macrophages (41). Accordingly, we found that the cpsA mutant seemed more susceptible to 

phagocytosis since we observed more host phagocytes with internalized cpsA mutant 

compared to infection with wild type bacteria. Although initial recruitment of host 

phagocytes to the site of infection is similar for both wild type bacteria and the cpsA mutant, 

subsequent bacterial-phagocyte interactions seem to be different and likely contribute to the 

wild type strain being pathogenic and the cpsA mutant non-pathogenic.  

Phagocytosis of bacteria is important for controlling infection but may also play a role 

in bacterial dissemination. Intracellular residence in macrophages has been suggested to 

provide S. iniae with an intracellular niche for dissemination throughout the host (56).  It has 

been shown that S. iniae can survive inside cultured mouse RAW 267.4 macrophages (57) 
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and salmon macrophages (56)  for at least 24 hours. A challenge for future investigation will 

be to develop the tools to determine if host phagocytes contribute to bacterial dissemination 

with S. iniae infection in zebrafish larvae.  

As a first step, we were interested in determining if host phagocytes control disease in 

S. iniae infection of zebrafish. To examine the importance of neutrophils and macrophages in 

host defense, we depleted myeloid cells using a Pu.1 morpholino.  It has been previously 

shown that myeloid cells are important for controlling infection with P. aeruginosa (11, 14), 

Mycobacterium marinum (15), S. pneuomoniae (22), and Staphylococcus aureus (21).  

However, clearance of bacterial pathogens is not always dependent on the presence of 

myeloid cells as Pu.1 morphants are able to clear infection with non-pathogenic Escherichia 

coli (15).  Using the Pu.1 morphants, we show that myeloid cells are important for host 

defense in S. iniae infection, since the Pu.1 morphants had increased lethality following 

localized infection with both wild type bacteria and the cpsA mutant  (Fig. 6A). In the case of 

the Pu.1 morphants, deposition of even a few bacteria outside the otic vesicle could explain 

why the morphants develop a lethal infection when there are no host phagocytes to 

disseminate bacteria.  However, the lethality in the Pu.1 morphants may also occur because 

without host phagocytes, bacterial burden can rapidly reach lethal numbers. 

Our findings also demonstrate that neutrophils are necessary for controlling infection 

with wild type S. iniae but not the cpsA mutant (Fig. 7E).  Rac2(D57N) larvae were more 

susceptible than control larvae to a low dose inoculum of wild type bacteria, but not to the 

cpsA mutant (Fig. 7E).  These results suggest that although neutrophils play a role in 
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controlling infection with wild type S. iniae, they are dispensable for controlling infection 

with the non-pathogenic cpsA mutant. These findings raise the intriguing idea that 

macrophages, but not neutrophils, are critical for controlling infection with the cpsA mutant.  

The development of transgenic zebrafish lines with conditional tissue-specific ablation will 

help further elucidate the individual contribution of macrophages to host defense (58, 59). A 

further challenge will be to determine if macrophages are able to serve as “Trojan horses” 

which facilitate systemic spread of wild type S. iniae under some conditions (56).  

The ability of neutrophils and macrophages to respond and phagocytose bacteria has 

been shown to be pathogen-specific in various zebrafish models of microbial infection.  Both 

primitive neutrophils and macrophages phagoctyose P. aeruginosa (11, 14), but neutrophils, 

and not macrophages, are necessary to control P. aeruginosa infection (46).  Although both 

zebrafish neutrophils and macrophages are recruited to sites of infection with E. coli (15, 18, 

29, 60), Staphylococcus aureus (21), Listeria monocytogenes (61), Burkholderia cenocepacia 

(24), and Salmonella enterica serovar Typhimurium (60, 62), primitive macrophages play a 

more critical role in the phagocytosis of these microorganisms, with only minimal 

phagocytosis by neutrophils.  Additionally, macrophages, but not neutrophils, are recruited 

and are important for the phagocytosis of Mycobacterium marinum (15).   Host phagoyctes 

are also important for defense against S. pneumoniae infection (22), since Pu.1 morphants are 

more susceptible to disease. Here, we have shown that both neutrophils and macrophages are 

crucial for the control of wild type S. iniae infection but that in the absence of functional 

neutrophils, other host leukocytes such as macrophages control infection with the non-
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pathogenic S. iniae cpsA mutant.  Interestingly, the observation that neutrophils phagocytose 

wild type S. iniae and the cpsA mutant following infection in the otic vesicle is in contrast 

with a recent report from Colucci-Guyon, et al. (48).  This report showed that unlike 

macrophages, neutrophils were ineffective at phagocytosing E. coli injected into closed fluid-

filled body cavities such as the otic vesicle and were only highly phagocytic when bacteria 

were attached to a surface (48). This suggests that the ability of neutrophils to efficiently 

phagocytose bacteria in fluid-filled body cavities may be dependent on the particular type of 

invading microbe.      

In summary, we have developed a zebrafish larval infection model with the fish 

pathogen S. iniae.  The optical accessibility of this model allowed for the real-time 

observation of host phagocyte-S. iniae interactions in vivo.  The genetic tractability of the 

zebrafish allowed for components of the host immune system, such as neutrophils or 

macrophages, to be altered to investigate how defects in innate immunity affect S. iniae 

disease outcome.  We found that while both neutrophils and macrophages provide protection 

against infection with wild type S. iniae, neutrophils are not necessary for host survival 

following infection with the S. iniae cpsA capsule mutant.  Moreover, this model was able to 

differentiate between S. iniae strains with altered virulence allowing for the real time 

observation of host-pathogen interactions when both host and pathogen components are 

altered.    
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Materials and Methods 

Zebrafish maintenance.  Adult fish and embryos were maintained in accordance with the 

University of Wisconsin-Madison Research Animal Resources Center (Madison, WI, USA).  

A light cycle of 10 h darkness and 14 h light was used.  Wild type fish, type AB, were used in 

these experiments and to generate all transgenic lines; this population of AB wild type fish 

was not inbred.  Embryos were obtained by natural spawning and were raised at 28.5°C in E3 

medium (63).  For experiments performed using embryos aged 2 days post fertilization (dpf), 

embryos were dechorionated with pronase. For bacterial infection and live imaging, embryos 

were anesthetized in E3 medium containing 0.2 mg/ml tricaine (ethyl 3-aminobenzoate; 

Sigma-Aldrich, St. Louis, MO, USA).  The previously published transgenic lines 

Tg(mpx:dendra2) (52), Tg(mpx:mCherry-2A-rac2wt) and Tg(mpx:mCherry-2A-rac2-d57n) 

(46) were used in these studies. 

 

Generation of the transgenic Tg(mpeg1:dendra2) zebrafish line.  The mpeg1 promoter 

region was cloned from a BAC construct (clone DKEY-67k20, Imagene, Hanover, NH, 

USA) into a backbone vector containing minimal Tol2 elements (64) using previously 

reported primers (65) to amplify nucleotides 30437143–30438999 from chromosome 8.  This 

generated a 1.86 kb sequence immediately proximal to the mpeg1 5’-untranslated region.  

The mpeg1 region was PCR-amplified with primers (F: 

ACGTGGATCCTTTTGCTGTCTCCTGC and R: 

ACGTCTCGAGTGTTGGAGCACATCTG), then inserted into the Tg(mpx:dendra2) vector 
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(52).  The Tg(mpx:dendra2) vector and PCR product were cut with BamHI/XhoI, then ligated 

to remove the mpx promoter and replace it with the mpeg1 promoter. One-cell stage wild type 

AB embryos were injected with a 3 nl solution containing 25 ng/μl Tg(mpeg1:dendra2) DNA 

along with 35 ng/μl transposase mRNA and grown at 28.5°C. 

 

Bacterial strains, media, and culture conditions.  The S. iniae wild type strain 9117 and a 

S. iniae capsule mutant with a polar insertional mutation in the cpsA gene (cpsA) have been 

previously described (42, 66). The cpsA gene is the first gene of the S. iniae capsule operon 

and encodes a transcriptional regulator (42).  Therefore, the mutation of this gene results in 

the decreased transcription of the capsule operon and thus, decreased production of capsule 

(42).  Bacteria were cultured in Todd-Hewitt medium (Sigma-Aldrich, St. Louis, MO, USA) 

supplemented with 0.2% yeast extract (BD Biosciences, San Jose, CA, USA) and 2% 

proteose peptone (vegetable) (Sigma-Aldrich, St. Louis, MO, USA) (THY+P).  Bacteria were 

cultured in sealed tubes without agitation at 37°C.  Solid THY+P plates were made by 

supplementing liquid media with Bacto agar (BD Biosciences, San Jose, CA, USA) to a final 

concentration of 1.4%.   

 

Preparation of streptococci.  Bacterial cultures were grown overnight at 37°C in THY+P 

without agitation.  Overnight cultures were diluted 1:100 in fresh THY+P media, incubated at 

37°C, and harvested in mid-logarithmic phase of growth when the optical density at 600 nm 

reached 0.250 (corresponding to ~10
8 

CFU/ml) as determined by a Nanodrop 
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spectrophotometer.  Bacteria were pelleted by centrifugation at 1500 g for 5 min, washed in 

fresh PBS, repelleted and resuspended in PBS to achieve the desired optical density at 600 

nm. Phenol red tracking dye was added to bacterial aliquots prior to injection at a final 

concentration of 0.1%.  For infections with heat-killed bacteria, an equivalent of 1000 CFU 

wild type S. iniae was heated at 95°C for 30 minutes.  Heat-killing reduced the number of 

viable bacteria to undetectable levels as confirmed by plating an injection volume on solid 

THY+P medium. 

 

Microinjection of bacteria into zebrafish embryos.  Bacterial cells were microinjected in a 

1 nl volume into the otic vesicle as previously described (19).  The inoculum size was 

determined by injecting an equal volume of bacteria into PBS before and after zebrafish 

injections with each needle and plating on THY+P agar to quantify CFU.  The scoring of live 

or dead embryos was determined based on the presence of a heartbeat and response to gentle 

touching with a pipet tip.  After injection, zebrafish were returned to E3 medium and 

incubated at 28.5°C and monitored for survival at the indicated time points or fixed for Sudan 

Black staining at 2 hpi.   

 

Sudan Black staining.  Embryos were fixed at 2 hpi in 4% paraformaldehyde in PBS, and 

neutrophils were stained with Sudan Black as previously described (29).  Neutrophil 

recruitment was determined by obtaining visual counts of stained neutrophils in the otic 

vesicle using a Nikon SMZ 745 stereomicroscope (Melville, NY, USA). 
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Bacterial enumeration from infected embryos. At the indicated times, embryos were 

anesthetized, rinsed in E3 medium, and collected in 100 μl of 0.2% Triton X- 100 in PBS and 

homogenized by passing up and down 5 times through a 27 ½ - gauge needle.  Serial 

dilutions of the homogenates were made in PBS and plated onto Columbia CNA agar 

(dotScientific Inc., Burton, MI, USA) for selective isolation of gram-positive bacteria.  CFU 

were enumerated after 48 h of incubation at 37°C.  Log values of CFU counts were recorded.   

 

Morpholino oligonucleotide (MO) injection.  All MOs were purchased from Gene Tools, 

LLC (Philomath, OR), resuspended in distilled water and stored at room temperature at a 

stock concentration of 1 mM. Three nanoliters of MOs were injected into the yolk of 1-cell 

stage AB wild type embryos at the indicated concentrations (Pu.1 MO, 500 μM; standard 

control MO, 500 μM).  The translation-blocking Pu.1 MO was previously described (53). 

Elimination of the myeloid lineage in Pu.1 morphants was confirmed by injection into the 

double transgenic Tg(mpx:mcherry) x Tg(mpeg1:dendra2).   

 

Microscope analysis/Live imaging.  Anesthetized larvae were settled onto the bottom of a 

custom-made, glass-bottom dish.  Time-lapse fluorescence images were acquired with a laser 

scanning confocal microscope (Fluoview FV1000, Olympus, Center Valley, PA, USA) using 

a numeric aperture 0.75/20x objective.  For confocal imaging, each fluorescent channel (488 

nm and 543 nm) and DIC images were acquired by sequential line scanning.  Z-series were 
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acquired using a 250 µm pinhole and 2-6 μm step sizes.  Z-stacked fluorescence images were 

overlayed with a single DIC plane.  Where indicated, bacteria were labeled with 5 μM 

CellTracker Red CMPTX dye (catalog number C34552; Molecular Probes, Invitrogen, Grand 

Island, NY, USA) according to the manufacturer’s instructions.  

 

Statistical analyses.  All statistical analyses were performed using GraphPad Prism, versions 

4 and 6.  For quantification of neutrophil and macrophage recruitment, the Kruskal-Wallis 

test followed by Dunn’s multiple comparison posttest was used.  To monitor survival, a 

Kaplan-Meier curve was calculated for each inoculum as well as for PBS mock-infected 

larvae.  Differences in survival of bacteria-infected larvae compared to mock-infected larvae 

were calculated by the log-rank test.  
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Figure Legends 

Figure 2-1: Zebrafish larvae are susceptible to otic vesicle infection with wild type S. 

iniae but not the cpsA mutant. (A) Image of the head region of a zebrafish larva at 72 hpf.  

The site of microinjection in the otic vesicle is indicated.  Scale bar, 200 μm.  (B) Survival of 

72 hpf larvae microinjected with various doses of viable wild type S. iniae or an equivalent of 

1000 CFU wild type bacteria heat-killed at 95°C for 1 h. (n= 24 per group).  Compared to 

mock-infected larvae, each dose showed a significant difference in survival as calculated by 

the log-rank test (P<0.0001).  The data are from 3 independent experiments each with 24 

larvae per condition.  (C) Survival of 72 hpf larvae microinjected with various doses of wild 

type bacteria or the cpsA mutant. (n = 24 per group).  Compared to larvae infected with wild 

type bacteria, larvae infected with comparable doses of the cpsA mutant showed a significant 

difference in survival as determined by the log-rank test (100 CFU cpsA vs 100 CFU S. iniae, 

P<0.0001; 1000 CFU cpsA vs 1000 CFU S. iniae, P<0.0001).  The data are from 3 

independent experiments each with 24 larvae per condition.  (D) Enumeration of viable 

bacteria from individual larvae at the indicated time points post infection. The larvae were 

microinjected with PBS, ~100 CFU wild type or ~100 CFU cpsA, and individual larvae were 

euthanized, homogenized and plated on CNA agar.  Results are representative of at least 3 

independent experiments. (E) Bright field images of larvae microinjected with PBS, ~100 

CFU wild type or ~100 CFU cpsA taken at 24 hpi.  Scale bar, 500 μm.   
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Figure 2-1: 
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Figure 2-2: Neutrophils are recruited to sites of localized S. iniae infection. (A) Sudan 

Black staining of neutrophils recruited to the otic vesicle in larvae infected at 72 hpf with 

different doses of the wild type strain as indicated.  Larvae were fixed at 2 hpi.  

Representative images are shown for larvae microinjected with PBS, ~1000 CFU wild type 

bacteria or an equivalent of 1000 CFU heat-killed bacteria. (n = 25-35 per group). Scale bar 

200 μm.  (B) Quantification of the Sudan Black-stained larvae from (A).  Each dot represents 

neutrophil counts in the otic vesicle for an individual larva. (C) Sudan Black staining of 

neutrophils recruited to the otic vesicle in larvae infected at 72 hpf with either PBS, ~100 

CFU wild type or ~100 CFU cpsA.  Larvae were fixed at 2 hpi.  (n=11-16 per group).  Scale 

bar, 300 μm.  (D) Quantification of Sudan Black stained larvae from (C). Each dot represents 

neutrophil counts for an individual larva. Results are representative of 3 independent 

experiments. *** P<0.001; ** P<0.01; ns, not significant, as determined by Kruskal-Wallis 

with Dunn’s multiple comparison posttest. 
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Figure 2-2:  
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Figure 2-3: Real-time imaging of neutrophil responses to S. iniae infection. A confocal 

microscope was used to observe the neutrophil response to infection with the wild type strain 

or the cpsA mutant using a 20x objective.  Tg(mpx-dendra2) larvae were infected at 72 hpf 

with ~100 CFU wild type (A) or ~100 CFU cpsA (B) labeled with 5 μM CellTracker Red 

dye.  Six frames were extracted from a 96 min or a 90 min movie, respectively.  The number 

in the lower right corner of each frame represents the time in minutes.  Time 0 is at ~10 mpi.  

The otic vesicle is outlined in white.  The inset shows an enlarged picture of the cell indicated 

by the arrow or arrowhead colocalized with labeled bacteria.  Scale bar, 40 μm.  Results are 

representative of 3 movies from 3 independent experiments.  See also Movie S1 and S2. 
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Figure 2-3: 
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Figure 2-4: Macrophages are recruited to sites of localized S. iniae infection. (A) 

Fluorescence images of Tg(mpeg1:dendra2) larvae infected at 72 hpf with ~100 CFU wild 

type or ~100 CFU cpsA.  Larvae were fixed at 2 hpi and imaged using a confocal laser 

scanning microscope 20x objective.  Scale bar, 40 μm.  (B) Quantification of the number of 

macrophages recruited to the otic vesicle at 2 hpi in the larvae from (A).  Each dot represents 

an individual larva. (n=15-20 per group).  Results are representative of 3 independent 

experiments.  *** P<0.001; ns, not significant, as determined by Kruskal-Wallis test followed 

by Dunn’s multiple comparison posttest.  
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Figure 2-4: 
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Figure 2-5: Real time imaging of macrophage responses to S. iniae infection.  A confocal 

microscope was used to observe the macrophage response to infection with wild type bacteria 

or the cpsA mutant using a 20x objective.  Tg(mpeg1:dendra2) larvae were infected at 72 hpf 

with ~100 CFU wild type (A) or ~100 CFU cpsA (B) labeled with 5 μM CellTracker Red 

dye.  Six frames were extracted from a 90 min or a 48 min movie, respectively.  The number 

in the lower right corner of each frame represents the time in minutes.  Time 0 is at ~10 mpi. 

The otic vesicle is outlined in white.  The inset shows an enlarged picture of a cell indicated 

by the arrow colocalized with labeled bacteria.  Scale bar, 50 μm. Results are representative 

of 3 movies from 3 independent experiments. See also Movie S3 and S4. 
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Figure 2-5: 
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Figure 2-6:  Myeloid cells are important for host survival following wild type S. iniae 

and cpsA mutant infection.  Double transgenic embryos (Tg(mpx:mCherry) x 

Tg(mpeg1:dendra2)) were injected at the single cell stage with either 500 μM Pu.1 MO or 

500 μM control (Ctrl) MO. (A) Survival curves of Ctrl (Ai) and Pu.1 (Aii) morphants 

infected at 2 dpf with PBS, ~10 CFU wild type, ~10 CFU cpsA or ~100 CFU cpsA.  (n=24 

per group).  Compared to infected control morphants, Pu.1 morphants had a significant 

decrease in survival when infected with ~10 CFU wild type (P<0.0001 ) or with either ~10 

CFU or ~100 CFU of the cpsA mutant ( P<0.0001, P<0.0001) as determined by the log-rank 

test.  The data are from 3 independent experiments each with 24 larvae per condition. (B) To 

monitor the efficiency of targeted knockdown, embryos were screened prior to infection on a 

laser scanning confocal microscope.  Representative images are shown for Ctrl and Pu.1 

morphants.  Scale bar, 100 μm. (C) Enumeration of viable bacteria from morphants infected 

at 48 hpf with PBS, ~10 CFU wild type, ~10CFU cpsA or ~100 CFU cpsA.  Morphants were 

euthanized at 24 hpi, homogenized and plated on CNA agar. Results are representative of 3 

independent experiments.   
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Figure 2-6: 
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Figure 2-7: Neutrophils are important for controlling infection with wild type S. iniae 

but not the cpsA mutant.   Tg(mpx:mCherry-2A-Rac2) (Rac2(WT)) or Tg(mpx:mCherry-

2A-Rac2D57N) (Rac2(D57N)) larvae were infected at 48 or 72 hpf with PBS, wild type S. 

iniae or the cpsA mutant.  (A) Larvae infected at 72 hpf were fixed at 2 hpi and stained with 

Sudan Black. Representative images are shown for larvae microinjected with PBS, ~100 CFU 

wild type or ~100 CFU cpsA.  Scale bar, 300 μm. (B) Quantification of neutrophil 

recruitment to the otic vesicle in (A).  (n= 8-15 per group). Medians with common letters 

indicate P>0.05 by Kruskal-Wallis with Dunn’s multiple comparison posttest. Results are 

representative of 3 independent experiments. (C) Both the Rac2(WT) and Rac2(D57N) 

transgenic lines were crossed to Tg(mpeg1:dendra2) and the resulting double transgenics 

were infected at 72 hpf and fixed at 2 hpi.  Representative images are shown for larvae 

microinjected with PBS, ~100 CFU wild type or ~100 CFU cpsA.  Scale bar, 20 µm.  (D) 

Quantification of macrophage recruitment to the otic vesicle in (C).  (n=20 per group).  

Medians with common letters indicate P>0.05 by Kruskal-Wallis with Dunn’s multiple 

comparison posttest. Results are representative of 3 independent experiments. (E) Survival 

curves of larvae infected at 48 hpf with PBS, ~10 CFU wild type or ~100 CFU cpsA. (n=24 

per group). Compared to infected Rac2(WT) larvae, Rac2(D57N) larvae had a significant 

difference in mortality when infected with wild type bacteria (P=0.0004) but no significant 

difference when infected with the cpsA mutant as determined by the log-rank test.  The data 

are from 3 independent experiments each with 24 larvae per condition.  
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Figure 2-7: 
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Supplemental Video Legend 

Video 1. Neutrophil recruitment and phagocytosis of wild type S. iniae at the otic 

vesicle.  Confocal microscopy, 20x objective.  Tg(mpx:dendra2) larvae were microinjected in 

the otic vesicle at 72 hpf with ~100 CFU S. iniae 9117 labeled with 5 μM CellTracker Red 

dye.  The movie starts ~10 mpi.  Green fluorescent neutrophils were initially recruited to the 

localized site of infection.  Several neutrophils took up red-labeled wild type bacteria.  Total 

movie duration was 1 h 36 min.  This movie is representative of at least 3 movies taken from 

3 separate experiments. 

 

Video 2. Neutrophil recruitment and phagocytosis of the cpsA mutant at the otic vesicle. 

Confocal microscopy, 20x objective.  Tg(mpx:dendra2) larvae were microinjected in the otic 

vesicle at 72 hpf with ~100 CFU cpsA labeled with 5 μM CellTracker Red dye.  The movie 

starts ~10 mpi.  Green fluorescent neutrophils were initially recruited to the localized site of 

infection.  Several neutrophils phagocytosed large amounts of red-labeled cpsA mutant.  The 

engulfed bacteria were concentrated into single, large vacuoles in the neutrophils. Total 

movie duration was 1 h 28m.  This movie is representative of at least 3 movies taken from 3 

separate experiments. 

 

Video 3.  Macrophage recruitment and phagocytosis of wild type S. iniae  at the otic 

vesicle.  Confocal microscopy, 20x objective.  Tg(mpeg1:dendra2) larvae were microinjected 

in the otic vesicle at 72 hpf with ~100 CFU S. iniae 9117 labeled with 5 μM CellTracker Red 
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dye.  The movie starts ~10 mpi.  Green fluorescent macrophages were initially recruited to 

the localized site of infection.  One macrophage could be seen taking up red-labeled wild type 

bacteria.  Total movie duration was 1 h 31m. This movie is representative of at least 4 movies 

taken from 4 separate experiments. 

 

Video 4.  Macrophage recruitment and phagocytosis of the cpsA mutant at the otic 

vesicle. Confocal microscopy, 20x objective.  Tg(mpeg1:dendra2) larvae were microinjected 

in the otic vesicle at 72 hpf with ~100 CFU cpsA labeled with 5 μM CellTracker Red dye.  

The movie starts ~10 mpi.  Green fluorescent macrophages were initially recruited to the 

localized site of infection.  At least one macrophage can be seen taking up red-labeled cpsA 

mutant.  The bacteria were initially taken up into multiple vacuoles. Total movie duration was 

50 min. This movie is representative of at least 3 movies taken from 3 separate experiments. 
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Chapter 3 

Regulation of macrophage inflammation in a larval zebrafish model of Streptococcus 

iniae infection 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

132 

Abstract  

 Understanding how immune cells communicate during infection will reveal insights 

into how the immune system can be manipulated to provide enhanced defense against a broad 

spectrum of infections while minimizing damage from infection-induced inflammation. The 

larval zebrafish allows the real-time in vivo analysis of innate immune cell interactions during 

infection, and we have previously shown that both neutrophils and macrophages are 

important for controlling Streptococcus iniae infection. Here, we report the formation of 

organized macrophage aggregates as part of the host inflammatory response to infection, a 

process mediated, at least in part, by leukotriene A4 hydrolase (Lta4h) signaling. Depletion of 

Lta4h, which catalyzes the last step in leukotriene B4 (LTB4) synthesis, resulted in enhanced 

susceptibility to infection and abrogation of macrophage aggregation. Neutrophil 

immunodeficient fish also have worse survival and defects in macrophage aggregation 

following S. iniae infection. Neutrophil-specific expression of lta4h was sufficient to rescue 

the macrophage aggregation and survival defects in Lta4h-deficient larvae. Taken together, 

we have found that neutrophil expression of Lta4h modulates the macrophage inflammatory 

response to S. iniae infection in zebrafish larvae.  
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Introduction 

 The innate immune system is an important first line of defense against invading 

microbes, and neutrophils are typically the first type of leukocyte recruited to sites of 

bacterial infection (1). Once activated, neutrophils exhibit a wide range of antimicrobial 

effector functions including: phagocytosis, secretion of granule proteins and other 

antimicrobial peptides, production of reactive oxygen species (ROS) and release of neutrophil 

extracellular traps (NETs) (2, 3). In addition to their directly antimicrobial activities, 

activated neutrophils serve as modulators of the immune response by releasing pro-

inflammatory molecules and cytokines/chemokines to recruit other immune cells to the 

infection site. Currently, little is known about how neutrophils regulate macrophage behavior 

and coordinate the innate immune response to infection. 

 Activated leukocytes, particularly neutrophils, release a variety of pro-inflammatory 

mediators, including the eicosanoid, leukotriene B4 (LTB4) (4, 5). LTB4 is synthesized from 

leukotriene A4, a downstream metabolite of arachidonic acid, by leukotriene A4 hydrolase 

(LTA4H). The first in vivo study to suggest an antimicrobial role for leukotrienes reported 

that exogenous LTB4 enhances clearance of Salmonella enterica serovar Typhimurium 

infection in mice (6). Since this initial study, the generation of leukotriene-deficient mice (7, 

8) has revealed that leukotrienes play important roles in infection with bacteria (9-11), fungi 

(12), and parasites (13). In addition to functioning as a leukocyte chemoattractant (14, 15), 

LTB4 boosts the antimicrobial activity of leukocytes by enhancing phagocytosis (6, 16, 17), 

increasing lysosomal enzyme (18) and granule protein release (19), activating NADPH 
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oxidase to produce reactive oxygen species (ROS) (20), increasing production of 

antimicrobials (21, 22) and nitric oxide (23). LTB4 also stimulates the production of 

cytokines such as TNFα (24), IL-8 (25) and IL-6 (26) to further augment the pro-

inflammatory response to infection. These properties make LTB4 an effective means of 

communication between immune cells in the host response to infection. 

 In order to investigate neutrophil-macrophage interactions in vivo, it is necessary to 

use a model that is amenable to non-invasive live imaging. Although adaptive immunity is 

not functional until at least 2-3 weeks post fertilization (27-29), larvae have a highly 

conserved innate immune system with complement (30), Toll-like receptors (31-32), 

neutrophils (33-34) and macrophages. Larval zebrafish phagocytes are capable of a variety of 

antimicrobial functions including phagocytosis by 28-30 hpf (34-35) and a respiratory burst 

by 72 hpf (36). Additionally, zebrafish larvae are both genetically tractable and optically 

transparent, allowing for the generation of transgenic lines with fluorescently labeled 

leukocytes to study leukocyte behavior during infection in real time.  

 A number of bacterial infection models have been established in zebrafish to study the 

neutrophil and macrophage responses to infection (reviewed in (37) and (38), respectively), 

but how neutrophils and macrophages interact with one another during bacterial infection is 

currently not well understood. Localized injection of Streptococcus iniae into the otic vesicle 

of zebrafish larvae results in the rapid and robust recruitment of neutrophils and macrophages 

(39). Although neutrophils are important in the host response to infection with a wild-type 

strain of S. iniae (39), the individual contribution of macrophages to host defense and how 
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neutrophils and macrophages interact during the immune response to this pathogen have not 

yet been investigated. 

 Here, we use the zebrafish larval model of S. iniae infection (39) to show that 

macrophages are important in the response to infection, and infection-induced macrophage 

inflammation is characterized by cell aggregation in the tail/trunk of infected fish. 

Interestingly, both neutrophils and Lta4h signaling are important for the development of 

macrophage aggregation and are critical for host survival following S. iniae infection, 

indicating these macrophage structures may provide some protective role in host defense. 

Lastly, neutrophil-specific expression of lta4h is sufficient to induce this inflammatory 

macrophage phenotype in Lta4h-deficient larvae following S. iniae infection. Thus, this study 

demonstrates how neutrophils can influence macrophage behavior through Lta4h signaling 

and modulate the immune response to bacterial infection. 

 

Results 

Macrophages are important for host defense against S. iniae infection and infection with 

wild type S. iniae induces organized macrophage aggregation  

 Previous work has shown that both neutrophils and macrophages are recruited to otic 

vesicle infection with either a wild-type strain of S. iniae or a capsule-deficient S. iniae cpsA 

mutant (40), and depletion of both neutrophils and macrophages results in increased 

susceptibility to infection (39). Using a zebrafish model of leukocyte adhesion deficiency 

(LAD) where neutrophil function is impaired (41), LAD larvae were increasingly susceptible 
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to infection with the wild-type strain, but the cpsA mutant remained avirulent (39), suggesting 

that a cell type other than neutrophils is important for the control of this non-pathogenic 

mutant. Since macrophages are the other major type of white blood cell present at this 

developmental stage in zebrafish, we sought to determine the specific contribution of 

macrophages to host defense against S. iniae infection.  

To determine the individual contribution of macrophages in defense against S. iniae 

infection, we depleted macrophages with a morpholino targeting irf8, a transcription factor 

important in cell fate choice during primitive myelopoeisis. Expression of Irf8 promotes the 

formation of macrophages while suppressing neutrophil formation, and suppression of Irf8 

function results in depletion of macrophages (42). Irf8 morphants had increased susceptibility 

to infection with 50 CFU wild-type bacteria, with ~10% survival of Irf8 morphants compared 

to ~50% survival of control morphants (Fig. 1A) (p = 0.0002). Irf8 morphants also had 

enhanced susceptibility to infection with the cpsA mutant with ~40% survival of Irf8 

morphants compared to ~80% survival of control morphants (Fig. 1A) (p = 0.0004). This 

suggests an important role for macrophages in host defense against infection with S. iniae but 

also shows that while neutrophils are not necessary (39), macrophages are critical for control 

of infection with the cpsA mutant. Interestingly, we observed that although macrophages are 

necessary for control of infection with both wild-type and mutant strains, only infection with 

wild-type S. iniae induced a macrophage inflammatory response characterized by aggregation 

of infected and uninfected macrophages by 24 hours post infection (hpi) (Fig. 1B, 1C, 1E). 

The proportion of infected larvae that developed these macrophage inflammatory structures 
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increased in a dose-dependent manner. Injection of 10 CFU of wild-type S. iniae did not 

induce this macrophage inflammation, even by 96 hpi (data not shown), but by 24 hpi, ~20% 

of larvae injected with 50 CFU and ~50% of larvae injected with 100 CFU had formed 

macrophage aggregates. The average size and number of aggregates per larva varied greatly 

from fish to fish; the average area of an aggregate in larvae infected with 50-100 CFU wild-

type S. iniae was 1500 µm
2 

(Fig. 1D), and larvae had 3-4 aggregates on average (data not 

shown). In larvae that formed macrophage aggregates, these structures formed in the trunk, 

including around the region of the caudal hematopoietic tissue (CHT), and also extended to 

the tip of the tail. Injection of similar doses of S. iniae into the hindbrain ventricle or duct of 

Cuvier also resulted in the formation of these macrophage structures in the same location 

(Supplemental Fig. 1A). Interestingly, co-injection of heat-killed or formalin-killed wild-

type bacteria with viable cpsA mutant induced a similar macrophage inflammatory response 

compared to infection with viable wild-type bacteria (Supplemental Fig. 1B and 1C). This 

suggested that this particular macrophage inflammation may be in response to a combination 

of S. iniae capsule as well as infection-induced pro-inflammatory signals.  

 

Disruption of Lta4h signaling abrogates macrophage aggregation 

 To determine the mechanisms that regulate S. iniae-induced macrophage aggregation, 

we first targeted zebrafish Lta4h signaling. Lta4h is responsible for the synthesis of pro-

inflammatory LTB4, an important molecule that mediates leukocyte recruitment and 

antimicrobial functions. Additionally, Lta4h signaling has been found to regulate 
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Mycobacterium-induced granuloma formation in zebrafish (10, 43). In the zebrafish model of 

M. marinum infection, both Lta4h deficiency and excess result in hypersusceptibility, 

increased bacterial burdens and larger granuloma formation (10, 43). In S. iniae infection, 

morpholino-mediated depletion of Lta4h resulted in failure of larvae to form macrophage 

aggregates (Fig. 2B and 2C), suggesting that the macrophage inflammatory response to S. 

iniae infection is regulated in a different manner than M. marinum –induced granulomas. 

Whereas approximately 20% of control morphants infected with 50 CFU wild-type S. iniae 

developed macrophage aggregates, none of the Lta4h morphants developed aggregates (Fig. 

2B and 2C). Susceptibility to infection was also increased in Lta4h morphants with ~60% of 

Lta4h-deficient larvae succumbing to infection compared to only 40% of control larvae when 

infected with a low dose of 10 CFU (Fig. 2A) (p =0.0458 ). Since Lta4h morphants are 

increasingly susceptible to infection and do not form macrophage aggregates, this supports a 

host-protective role for macrophage aggregates. Treatment of infected larvae with a 

pharmacological inhibitor of Lta4h (Bestatin) or infection of an Lta4h-deficient mutant (10) 

also resulted in defects in macrophage aggregation (Supplemental Fig. 2C, 2D, 2F, 2G), but 

a minimal effect on host survival (Supplemental Fig. 2B and 2D).  

 Since Lta4h produces LTB4, we next tested whether exogenous LTB4 added to the 

water of infected larvae was sufficient to rescue the macrophage aggregation defect in Lta4h-

deficient larvae. Although LTB4 treatment did not significantly affect host survival even in 

the Lta4h morphants (Fig. 2D), exogenous LTB4 was sufficient to rescue the macrophage 

aggregation defect in Lta4h morphants. About 30% of Lta4h morphants treated with LTB4 
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formed aggregates compared to ~25% of control morphants treated with LTB4 and 0% of 

ethanol-treated Lta4h morphants (Fig. 2E and 2F). Thus, Lta4h signaling through production 

of LTB4 regulates the formation of S. iniae-induced macrophage aggregates.  

 

Neutrophils drive macrophage inflammation and aggregation in response to S. iniae 

infection 

 Since LTA4H signaling affects host survival and the macrophage inflammatory 

phenotype seen during the host response to S. iniae (Fig. 2), and neutrophils are also 

important for host survival during S. iniae infection (39) and can also express Lta4h, we 

wanted to determine if neutrophil Lta4h signaling was necessary for the observed 

macrophage aggregation. To address this, we used the zebrafish model of LAD in which 

neutrophils expressing the dominant inhibitory Rac2D57N mutation (LAD larvae) had 

impaired neutrophil recruitment to localized infection (39, 41). LAD larvae infected with 50 

CFU wild-type S. iniae did not form macrophage aggregates even though larvae expressing 

Rac2WT (control larvae) did (Fig. 3A and 3B), indicating that neutrophils are critical in 

driving the macrophage inflammatory response characterized by aggregation. Additionally, 

since neutrophils are important in host defense against infection with wild-type S. iniae (39), 

and neutrophil immunodeficient larvae do not form macrophage aggregates, this also 

supports a protective role for the aggregates in S. iniae infection. The dominant inhibitory 

Rac2D57N mutation responsible for the LAD phenotype has been found to not only affect 

neutrophil migration but also reactive oxygen species (ROS) production in human patients 
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(44, 45). To determine if the defect in macrophage aggregation in LAD larvae was due to a 

defect in neutrophil ROS signaling, we used a morpholino targeting the membrane-bound 

p22
phox

 subunit of the NADPH oxidase complex. Macrophages formed aggregates in response 

to infection with 50 CFU wild-type S. iniae in the p22
phox

 morphants, in a similar manner to 

what was seen in control morphants (Fig. 3C, 3D, 3E) with no survival defect (Fig. 3F). 

Taken together, these data suggest that neutrophils modulate macrophage aggregation 

independently of ROS signaling. 

 Although neutrophils are in the vicinity of macrophage aggregates but do not 

aggregate, we hypothesized that neutrophils are producing a signal critical in driving this 

macrophage behavior. Both neutrophils and Lta4h signaling are important in the formation of 

macrophage aggregates, leading to the hypothesis that neutrophil-specific Lta4h signaling 

influences S. iniae-induced macrophage aggregation. Exogenous LTB4 added to the water of 

S. iniae-infected LAD larvae resulted in a rescue in the macrophage aggregation defect with 

~20-25% of LTB4-treated LAD and control larvae forming macrophage aggregates, similar 

to the ~25% of ethanol-treated control larvae (Fig. 4B and 4C).  

 

Neutrophil-specific expression of Lta4h modulates macrophage behavior 

 To test if neutrophil-specific expression of lta4h was sufficient to rescue the 

macrophage aggregation defect seen in Lta4h-deficient fish, we generated a transgenic line in 

which lta4h was expressed downstream of the neutrophil-specific promoter, lyz (46, 47). 

Neutrophil-specific expression of lta4h in Lta4h-deficient larvae was sufficient to rescue both 



 

 

 
 

141 

the macrophage aggregation defect (Fig. 5A and 5B) and survival defect (Fig. 5C).  Lta4h 

morphants with neutrophil-specific expression of lta4h (OE Lta4h morphants) have 

significantly better survival than Lta4h morphants without overexpression of lta4h (WT 

Lta4h morphants) (p = 0.0335). Also, OE Lta4h morphants and OE control morphants do not 

have a significant difference in survival. These findings suggest that neutrophil production of 

Lta4h drives macrophage inflammation and protective host defense against infection with S. 

iniae. 

 

Discussion 

 Despite the importance of neutrophils in the innate immune response to infection, 

little is known about how these cells regulate macrophages to coordinate host defense. Here, 

we show that neutrophil Lta4h signaling modulates macrophage inflammation in the host 

response to S. iniae infection. Both neutrophils (39) and macrophages (Fig. 1A) contribute to 

host defense against infection with wild-type S. iniae, but only macrophages are necessary for 

controlling infection with the capsule-deficient cpsA mutant (Fig. 1A). Although early 

macrophage responses towards the wild-type and cpsA mutant strains are similar in terms of 

recruitment and phagocytosis (39), subsequent bacterium-phagocyte interactions are 

different. In response to infection with wild-type S. iniae, aggregates of infected and 

uninfected macrophages form in the trunk/tail of a proportion of infected larvae (Fig. 1E). 

This variability in the macrophage inflammatory response from larva-to-larva may be due to 

individual variation in the response to infection since zebrafish lines are not highly inbred. 
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Alternatively, variations in the infectious dose, due to bacteria settling in the needle, may also 

result in this variable macrophage inflammatory response since we show here that larger 

infectious doses result in a larger proportion of infected larvae developing macrophage 

aggregates early in infection (Fig. 1B and 1C). To control for potential differences in injected 

doses, needles are changed periodically throughout the experiment and injection volumes at 

the beginning and end of each needle are plated on media to record colony counts and ensure 

that larvae are injected with approximately the same number of bacteria throughout a given 

experiment. Additionally, these macrophage aggregates appear to develop in the same 

location in larvae regardless of the infection route (Supplemental Fig. 1A). A future 

challenge will be to determine the signaling mechanisms important for recruiting aggregating 

macrophages to this region. It is also of interest to determine why some macrophages are 

recruited to the aggregate structures while others are not. 

 Disruption of Lta4h signaling abrogates macrophage aggregation revealing an 

important role for Lta4h signaling in regulating the macrophage response to S. iniae infection 

(Fig. 2B and 2C). This is in contrast to what has been shown in a zebrafish larval model of 

M. marinum infection in which Lta4h-deficient larvae formed larger aggregates compared to 

controls (10). Thus, S. iniae- induced macrophage aggregates are regulated differently than 

Mycobacterium-induced granulomas. Additionally, disruption to Lta4h signaling enhances 

susceptibility to infection (Fig. 2A), indicating a protective role for these macrophage 

structures in host defense against S. iniae infection. Interestingly, exogenous LTB4 was able 

to rescue the macrophage aggregation defect in Lta4h-deficient larvae (Fig. 2E and 2F) 
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suggesting that LTB4-induced pro-inflammatory functions are critical to the formation of 

these macrophage structures in response to S. iniae infection.  

 Neutrophils are important for the immune response to wild-type S. iniae infection but 

not to the cpsA mutant (39), and since wild-type S. iniae, but not the cpsA mutant, induces 

the formation of macrophage aggregates (Fig. 1B-1E), the role of neutrophils in influencing 

macrophage aggregation was investigated. LAD larvae expressing the dominant inhibitory 

Rac2D57N mutation in neutrophils have defects in neutrophil emigration and chemotaxis to 

sites of infection (39, 41). These immunodeficient larvae did not develop macrophage 

aggregates in response to S. iniae infection (Fig. 3A and 3B) revealing an important role for 

neutrophils in macrophage aggregation. A similar requirement for neutrophils in modulating 

the macrophage response to bacterial infection was demonstrated in a study by Seiler et al., 

where neutrophils are required for early granuloma formation in a mouse model of M. 

tuberculosis infection (48). Although the underlying Rac2D57N mutation of the LAD 

phenotype in humans results in decreased NADPH oxidase activity (44, 45), defects in ROS 

production were not the cause of the macrophage aggregation defect seen in LAD larvae. 

Disruption to ROS signaling, achieved with a p22
phox

 morpholino (49), had no effect on 

macrophage aggregate formation (Fig. 3C and 3D). This suggests that defects in macrophage 

aggregation in LAD larvae were not due to defective neutrophil ROS signaling but were due 

to some other neutrophil-mediated response.  

 Neutrophils can produce LTB4, and since both Lta4h and neutrophils are both 

necessary for macrophage aggregation in response to S. iniae infection, we sought to 
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determine if neutrophil Lta4h signaling was responsible for regulating the development of 

macrophage aggregates. Exogenous LTB4 was enough to rescue the macrophage aggregation 

defect in LAD larvae (Fig. 4B and 4C), but to determine if neutrophil-specific expression of 

lta4h was sufficient to induce macrophage aggregation, we generated a transgenic line 

expressing lta4h downstream of a neutrophil-specific promoter. Neutrophil-specific 

expression of Lta4h was sufficient to rescue the macrophage aggregation defect in Lta4h-

deficient larvae (Fig. 5A and 5B) as well as the survival defect (Fig. 5C). Taken together, we 

have shown here that neutrophils are able to modulate the macrophage inflammatory 

response to S. iniae infection through Lta4h signaling.  

 There is growing evidence to suggest that neutrophils are more than just efficient 

microbe-killing phagocytes; they also have immunomodulatory behavior and have been 

shown to influence macrophage antimicrobial activities. Following engagement of their 

pattern recognition receptors, neutrophils can become activated to secrete cytokines, 

chemokines and other immunomodulatory molecules to regulate the immune response to 

infection. Several studies have found that the anti-mycobacterial activity of macrophages is 

enhanced after acquisition of neutrophil-produced granule peptides both in vitro (50) and in a 

mouse model (51). Here, we show that neutrophils modulate the macrophage inflammatory 

response to S. iniae infection in zebrafish larvae. Understanding how immune cells interact is 

essential for the development of anti-infective therapies aimed at modulating the host 

immune response. For example, in a study by Scott et al., it was reported that innate defense 

regulatory peptide 1 (IDR-1), a peptide synthesized to be similar in function to neutrophil 
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antimicrobial peptides, was not directly antimicrobial but offered host protection in multiple 

mouse models of bacterial infection by stimulating monocyte/macrophage recruitment to 

infection while controlling the infection-induced pro-inflammatory response (52). Since such 

host-directed anti-infective therapies do not act directly on the microbe, they may provide 

treatment for a wide variety of infections while also reducing concerns of contributing to the 

rise in antibiotic resistance.  

 In summary, we have shown that neutrophil-specific expression of lta4h modulates 

the macrophage inflammatory response to infection with S. iniae in zebrafish larvae. Our 

results indicate that beyond their phagocytic and antimicrobial roles, neutrophils also are 

important regulators of the early innate immune response. By furthering our understanding of 

immune cell crosstalk, we can develop anti-infective therapies aimed at modulating infection-

induced inflammation to target a broader range of infections while also controlling infection-

induced inflammation.  

 

Materials and Methods  

Zebrafish maintenance and drug treatment. Embryos, larvae and adults were maintained 

in accordance with the University of Wisconsin-Madison Research Animal Resources Center 

(Madison, WI). A light cycle of 10h darkness and 14h light was used. Wild-type AB fish 

were used to generate all transgenic lines and the following transgenic lines were used in 

these studies: Tg(mpx:mCherry), Tg(mpeg1:dendra2) (39), Tg(mpx:mCherry-2A-rac2wt) and 

Tg(mpx:mCherry-2a-rac2d57n) (41). Additionally, a previously described lta4h-deficient 
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mutant with a retroviral insertion in the seventh exon of lta4h (10) was generously provided 

by Lalita Ramakrishnan. Embryos were obtained by natural spawning and were raised at 

28.5°C in E3 medium as previously described (53). To prevent pigment formation, some 

larvae were maintained in E3 containing 0.2 mM N-phenylthiourea (Sigma-Aldrich, St. 

Louis, MO). For infections and live imaging, larvae were anesthetized in E3 medium 

containing 0.2 mg/ml tricaine (ethyl 3-amino-benzoate; Sigma-Aldrich). Where indicated, E3 

was supplemented with the following drugs immediately following infection and drug 

solutions were changed daily: 100 μM Bestatin (Cayman Chemical, Ann Arbor, MI), 0.1% 

DMSO, 30 nM LTB4 (Cayman Chemical) 0.1% ethanol. 

 

Bacterial strains and microinjection of bacteria. S. iniae wild-type strain 9117 and a 

capsule-deficient S. iniae mutant with a polar insertional mutation in the cpsA gene (cpsA 

mutant) have been previously described (40,54). S. iniae was prepared and microinjected into 

the otic vesicle of zebrafish aged 2-3 dpf as described (39). Hindbrain ventricle and duct of 

Cuvier injections were performed as previously described (55). Where indicated, heat-killing 

was achieved by placing bacteria at 95°C for 30 min and formalin-killing was achieved by 

resuspending bacteria in 1 ml of 4% paraformaldehyde and incubating at 37°C for 30 min. 

Also where indicated, bacteria were labeled with 5 μM CellTracker Red CMPTX dye 

(catalog number C34552; Molecular Probes, Invitrogen, Grand Island, NY) according to the 

manufacturer’s instructions. 
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MO injection. All morpholino oligonucleotides were purchased from Gene Tools, LLC 

(Philomath, OR), resuspended in distilled water and stored at room temperature at a stock 

concentration of 1 mM. One-cell stage wild-type AB embryos were injected with 3 nl of 

morpholinos at the following concentrations: Irf8 MO, 400 μM; Lta4h (I7E8) MO, 150 μM; 

p22
phox

 MO, 500 μM. Comparable doses of the standard control MO were used in each 

experiment. The Irf8 (42) and p22
phox

 (49) morpholinos were previously described. MO oligo 

sequences are as follows:  

Lta4h: 5’- CAGTCTGATCAAGAGAAAGACTCGA-3’  

p22
phox

: 5’-ATCATAGCATGTAAGGATACATCCC-3’  

Irf8: 5’- AATGTTTCGCTTACTTTGAAAATGG-3’  

Elimination of macrophages in Irf8 morphants was confirmed by injecting into 

Tg(mpeg1:dendra2) line with fluorescent green macrophages. Confirmation of Lta4h 

morpholino was achieved by RT-PCR of mRNA extracted from 2-4 dpf larvae 

(Supplemental Fig. 2A).  

Lta4h Primers for RT-PCR:  

lta4hF: 5’-TCTGAGAAGGAATATGTGGATGAA-3’ 

lta4hR: 5’-CAGCAAGAGATCTGTCTCCA-3’ 

 

Generation of the transgenic Tg(lyz:lta4h-2a-mCherry) zebrafish line. DNA encoding 

lta4h-2a-mCh (zebrafish lta4h (Open Biosystems Clone ID 6961761, Accession CD760387, 

BC068394) was PCR amplified and inserted into a backbone vector containing minimal Tol2 
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elements for efficient integration, the lyz promoter for neutrophil-specific expression (46) and 

an SV40 polyadenylation sequence (Clontech Laboratories, Inc.). A viral 2A peptide linker 

sequence was used to facilitate production of multiple protein products from a single 

transgene (56). One-cell stage wild-type AB embryos were injected with a 3 nl solution 

containing 25 ng/μl DNA and 35 ng/μl transposase mRNA and were grown at 28.5°C. 

 

Antibody staining. Zebrafish were fixed in formaldehyde overnight at 4°C and 

immunolabeled as previously described (57) using rabbit antibodies to zebrafish L-plastin 

(58). L-plastin is expressed in both neutrophils and macrophages (46).  

 

Microscope analysis and live imaging. Anesthetized larvae were settled onto the bottom of 

a custom-made, glass-bottom dish. Time-lapse fluorescence images were acquired with a 

laser scanning confocal microscope (Fluoview FV1000; Olympus, Center Valley, PA) using 

a numerical aperture 0.75/20X objective. Each fluorescent channel (488 nm and 543 nm) and 

differential interference contrast (DIC) images were acquired by sequential line scanning. Z-

series were acquired using a 200-300 μm pinhole and 6-10 μm step sizes. 

 

Statistical analyses. All statistical analyses were performed using GraphPad Prism, version 

6. Resulting p values are included in the figure legends for each experiment. Area of 

macrophage aggregates was calculated using ImageJ software. 
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Figure Legends 

Fig. 3-1: Macrophages are important for host defense against S. iniae infection. (A) 

Tg(mpeg1:dendra2) embryos were injected at the single-cell stage with either the Irf8 or 

standard control MO and were mock-infected with PBS or infected with 50 CFU wild-type S. 

iniae (WT) or 100 CFU cpsA mutant at 2 dpf and monitored for survival. Compared to 

control morphants, Irf8 morphants have significantly worse survival (wild-type S. iniae 

(WT), p = 0.0002; cpsA mutant, p=0.0004). (B and C) Infection of Tg(mpeg1:dendra2) larvae 

at 3 dpf with 50 or 100 CFU WT, but not heat-killed (HK) WT (50 CFU equivalent) or 100 

CFU cpsA mutant, results in development of macrophage aggregates in the trunk/tail of a 

proportion of infected fish by 24 hpi. Representative pictures shown in (B). Scale bar, 80μm. 

(D) Average area of macrophage aggregates at 24 hpi following infection with 50 or 100 

CFU WT. (E) A macrophage aggregate in Tg(mpeg1:dendra2) larva 24 hpi with 50 CFU 

WT. Aggregates contain both uninfected and infected (indicated by white arrows) 

macrophages. S. iniae was labeled with CellTracker Red dye. Scale bar, 20 μm. The data are 

from at least 3 independent experiments, each with 24 larvae per condition. 
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Fig. 3-1: 
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Fig. 3-2: Disruption of Lta4h signaling abrogates macrophage aggregation. (A) 

Tg(mpeg1:dendra2) embryos were injected at the single-cell stage with either the Lta4h MO 

or standard control MO and were mock-infected with PBS or infected with 10 CFU wild-type 

S. iniae (WT) at 2 dpf and monitored for survival. Compared to control morphants, Lta4h 

morphants infected with WT have significantly worse survival (p = 0.0458).  (B and C) Lta4h 

or control morphants were infected at 2 dpf with 50 CFU WT or mock-infected with PBS. By 

24 hpi, macrophage aggregates form in a proportion of WT-infected control morphants. 

Representative pictures are shown in (C). Scale bar, 40μm. (D) Survival of 2 dpf Lta4h or 

control morphants microinjected with 50 CFU wild-type S. iniae (WT) or mock-infected with 

PBS and treated with 30 nM LTB4 or 0.1% ethanol. Lta4h morphants have significantly 

worse survival than control morphants, regardless of LTB4 treatment (ethanol treated, 

p=0.0001; LTB4 treated, p=0.0072). (E and F) Immediately following infection with 50 CFU 

WT, Lta4h and control morphants were treated with 0.1% ethanol or 30 nM LTB4. Control 

morphants with ethanol or LTB4 treatment can form macrophage aggregates, whereas only 

LTB4-treated Lta4h morphants, not ethanol-treated Lta4h morphants, can develop 

macrophage aggregates by 24 hpi. Representative pictures are shown in (F). Scale bar, 40μm. 

The data are from at least 3 independent experiments, each with 24 larvae per condition. 
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Fig. 3-2:
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Fig. 3-3: Neutrophils drive macrophage inflammation and aggregation in response to S. 

iniae infection in a ROS-independent manner. (A and B) Tg(mpx:mCherry-2a-rac2wt) 

(Rac2WT) or Tg(mpx:mCherry-2a-rac2d57n) (Rac2D57N; LAD larvae) (red neutrophils) 

was crossed to Tg(mpeg1:dendra2) (green macrophages) and resulting double transgenic 

larvae were infected with 50 CFU WT or mock-infected with PBS. Only infected Rac2WT 

larvae develop macrophage aggregates by 24 hpi. Representative pictures are shown in (A).  

Scale bar, 80μm. (C-F) Tg(mpeg1:dendra2) embryos were injected at the single-cell stage 

with either a p22
phox

 or control MO and infected at 2 dpf with 50 CFU WT or mock-infected 

with PBS. Both control and p22
phox

 morphants developed macrophage aggregates by 24 hpi 

(C and D). Representative pictures are shown in (D).  Scale bar, 80μm. There was no 

significant difference in average aggregate size between control and p22
phox

 morphants (E) or 

in survival (F). The data are from at least 3 independent experiments, each with 24 larvae per 

condition. 
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Fig. 3-3: 
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Fig. 3-4: Exogenous LTB4 treatment of LAD larvae results in a rescue of the 

macrophage aggregation defect. Tg(mpx:mCherry-2a-rac2wt) (Rac2WT) or 

Tg(mpx:mCherry-2a-rac2d57n) (Rac2D57N; LAD larvae) (red neutrophils) was crossed to 

Tg(mpeg1:dendra2) (green macrophages) and resulting double transgenic larvae were 

infected with 50 CFU WT and immediately treated with 30 nM LTB4 or 0.1% ethanol. There 

is no significant difference in survival between ethanol-treated and LTB4-treated larvae (A). 

(B and C) Rac2WT larvae treated with ethanol or LTB4 treatment developed macrophage 

aggregates, whereas only LTB4-treated Rac2D57N, not ethanol-treated, larvae developed 

macrophage aggregates by 24 hpi. Representative pictures are shown in (C) Scale bar, 80μm. 

The data are from at least 3 independent experiments, each with 24 larvae per condition. 
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Fig. 3-4: 
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Fig. 3-5: Neutrophil-specific expression of Lta4h modulates macrophage behavior. (A 

and B) Tg(lyz:lta4h-2a-mCherry) (OE) or Tg(mpx:mCherry) (WT) (red neutrophils) was 

crossed to Tg(mpeg1:dendra2) (green macrophages) and injected with either a standard 

control MO or Lta4h MO. Double transgenic morphants were infected at 2 dpf with 50 CFU 

WT or mock-infected with PBS and monitored for macrophage aggregation at 24 hpi. 

Infected WT control morphants but not WT Lta4h morphants develop macrophage 

aggregates. However, OE control morphants and OE Lta4h morphants both develop 

macrophage aggregates indicating that overexpression of lta4h specifically in neutrophils is 

sufficient to induce macrophage aggregation. Representative pictures are shown in (A). Scale 

bar, 80μm. (C) Survival of double transgenic control and Lta4h morphants infected at 2 dpf 

with 50 CFU WT. Compared to WT control morphants, WT Lta4h morphants have worse 

survival (p = 0.0134). Compared to OE control morphants, OE lta4h morphants do not have 

significantly worse survival. Additionally, OE Lta4h morphants have significantly better 

survival than WT Lta4h morphants (p=0.0335) indicating that neutrophil-specific 

overexpression of lta4h rescues the survival defect of lta4h-deficient larvae. The data are 

from at least 3 independent experiments, each with 24 larvae per condition. 
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Fig. 3-5: 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

168 

Supplemental Figures: 

Supplemental Fig. 3-1: (A) Macrophages form aggregates in Tg(mpeg1:dendra2) larvae by 

24 hpi with 50 CFU WT injected into the hind brain (i) or duct of Cuvier (ii). Scale bar, 

80μm. (B and C) Coinjection of a 50 CFU equivalent of heat-killed (HK WT) or formalin-

killed (FK WT) wild-type bacteria and 100 CFU cpsA mutant resulted in the formation of 

macrophage aggregates by 24 hpi, similar to injection of 50 CFU WT. Coinjection of heat-

killed cpsA (HK cpsA) and cpsA did not induce aggregation. Scale bar, 80μm. The data are 

from at least 3 independent experiments, each with 24 larvae per condition. 
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Supplemental Fig. 3-1: 
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Supplemental Fig. 3-2: (A) RT-PCR of lta4h from mRNA extracted from 2-4 dpf zebrafish. 

The arrow denotes the presence of an alternative transcript in larvae injected with a splice-

blocking Lta4h morpholino. 1 = control MO, 2 = 100 μM Lta4h MO, 3 = 200 μM Lta4h MO, 

4 = 500 μM Lta4h MO. (B-D) 3 dpf Tg(mpeg1:dendra2) larvae were infected with 50 CFU 

WT or PBS and immediately treated with 0.1% DMSO or 100 μM of the Lta4h inhibitor, 

Bestatin. Bestatin treatment had no significant effect on survival (B) but resulted in an 

abrogation in macrophage aggregation at 24 hpi (C and D). Scale bar, 40μm. (E-G) 3 dpf 

lta4h-deficient mutants or AB-WT larvae were infected with 50 CFU WT, fixed at 24 hpi and 

immunolabled with an antibody to L-plastin to label all leukocytes. Although there was no 

significant difference in survival (E) Lta4h mutants did not develop macrophage aggregates 

(F and G). Scale bar, 80μm. The data are from at least 3 independent experiments, each with 

24 larvae per condition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

171 

Supplemental Fig. 3-2: 
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Chapter 4 

Conclusions and Future Directions 
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 The outcome of infectious disease is determined by interplay between host defense 

mechanisms and pathogen virulence factors. Neutrophils and macrophages are important 

early responders to infection and have a large arsenal of antimicrobial activities by which to 

control infection. However, some pathogens have evolved ways in which to evade the host 

immune response or hijack host immune cells to facilitate dissemination. Thus, the immune 

response must be intricately coordinated to both contain the infection and limit non-specific 

inflammation, and this coordination requires crosstalk between host cells. The focus of this 

dissertation has been on how host immune cells interact with a bacterial pathogen in addition 

to how immune cells modulate each other’s behavior to direct the host response to infection. 

Gaining insights into signaling mechanisms involved in cell-cell communication will drive 

the development of host-directed immunotherapies that could protect against a broad range of 

infections while also controlling excessive infection-induced hyperinflammation. 

 In Chapter 2, I presented the first larval zebrafish model of Streptococcus iniae 

infection. The development of such a model is important not only to understanding host-

pathogen interactions in vivo, but is also important for the study S. iniae disease pathogenesis. 

S. iniae is an important fish pathogen, causing hundreds of millions of dollars in annual 

losses for the aquaculture industry, and also causes disease in humans with clinical 

pathologies similar to diseases caused by Group A and Group B streptococci. Therefore, 

investigating S. iniae disease in the context of a natural host will reveal insight into how 

related streptococci cause disease in human hosts. Localized otic vesicle infection with S. 

iniae results in neutrophil and macrophage recruitment and phagocytosis. Neutrophils, in 
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particular, exhibit a type of behavior known as “swarming” in which there is initial 

chemotaxis of neutrophils close to the infection site followed by a second phase of amplified 

recruitment and clustering of neutrophils at the infection site. This behavior has also been 

described in mice where it requires LTB4 (1). Since I have shown in Chapter 3 that LTB4 is 

important in mediating the host inflammatory response to S. iniae infection in zebrafish, it is 

possible that LTB4 may also be responsible for this swarming behavior seen in response to 

localized S. iniae infection. Such similarities in immune cell behavior in zebrafish and 

mammalian models further validate the use of zebrafish to study immune responses to 

infection. In addition, identifying the signals important for immune cell recruitment to sites of 

infection can provide targets for future therapeutics aimed at dampening harmful and 

excessive infection-induced inflammation. 

 There are an increasing number of infection models established in zebrafish embryos 

and larvae, and there is growing evidence, including the data presented in this dissertation, 

that neutrophil and macrophage responses are pathogen-specific. Although neutrophils and 

macrophages are recruited to sites of infection with a broad range of bacteria, neutrophils, but 

not macrophages, are necessary to control infection with Pseudomonas aeruginosa (2). On 

the other hand, macrophages are more important in the phagocytosis of Escherichia coli (3-

6), Bacillus subtilis (6) , Burkholderia cenocepacia (7), Enterococcus faecalis (8), 

Francisella sp. (9), Listeria monocytogenes (10), Salmonella enterica (5, 11) and Shigella 

flexneri (12) in zebrafish. In these studies, a number of different infection sites have been 

used. A study by Colucci-Guyon, et al. reported that the relative contribution of neutrophils 



 

 

 
 

175 

and macrophages during the initial response to infection was dependent on the site of 

infection, regardless of the pathogen (6). The study showed that neutrophils, unlike 

macrophages, were unable to efficiently phagocytose E. coli or B. subtilis injected into closed 

fluid-filled body cavities (eg. otic vesicle) and only were efficient at phagocytosis when 

bacteria were attached to a surface (eg. dorsal muscle) (6). In a study of Francisella infection, 

similar observations were made where neutrophils only phagocytosed bacteria following 

injection into the dorsal muscle, not following blood infection (9). In contrast to these 

mentioned studies, I have shown in this dissertation that neutrophils and macrophages are 

both able to efficiently phagocytose S. iniae and P. aeruginosa following injection into the 

fluid-filled otic vesicle (Chapter 1, Chapter 2, Appendix I, Appendix III). Therefore, my 

dissertation work has shown that in contrast to the previous belief that phagocyte response to 

infection in zebrafish is context-dependent, the ability of neutrophils to efficiently 

phagocytose bacteria is actually dependent on the specific pathogen, not the anatomical 

location of infection. 

 Using a combination of morpholinos and a transgenic zebrafish model of primary 

immunodeficiency (LAD larvae), I have shown that both neutrophils and macrophages are 

critical in the host response to S. iniae infection (Chapter 2, Chapter 3); macrophages form 

protective, bacteria-containing aggregate structures, and neutrophils regulate this 

inflammation through leukotriene A4 hydrolase (Lta4h) signaling (Chapter 3). Although 

initially a localized infection, S. iniae infection becomes systemic and aggregates of both 

infected and uninfected macrophages form in the trunk and tail of infected fish. These 
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structures seem to provide some protection to the host since disruption of macrophage 

aggregation, such as when neutrophils are not functional or when Lta4h signaling is 

disrupted, impairs host survival in response to infection. It is possible that these structures 

help contain the infection and prevent further dissemination of bacteria. If these structures 

are, in fact, host protective, then it would be interesting to see if induction of macrophage 

aggregation through co-injection of heat-killed wild-type bacteria and viable cpsA mutant, a 

combination which can induce macrophage aggregation but does not induce host death, 

protects a subsequent infection with wild-type S. iniae. Additionally, the activation state of 

macrophages in aggregates is currently unknown, but there are several reporter lines available 

that will allow for characterization of the activation profiles of these macrophages; there are 

currently reporters of TNF (13) and NFκB (14) expression. The activation state of 

macrophages under neutrophil- or Lta4h-deficient conditions should also be examined. 

Understanding the activation state of macrophages in these bacteria-containing structures, 

and how macrophage activation is different under various conditions, can guide future 

therapeutic strategies aimed at manipulating macrophage behavior during infection. 

 Although best known for their antimicrobial functions, there is growing evidence, 

including the work presented here in Chapter 3, that neutrophils are also important 

regulators of the immune response and can influence macrophage behavior. Following 

engagement of their pattern recognition receptors, neutrophils become activated and can 

secrete antimicrobial peptides or pro-inflammatory molecules such as LTB4 and 

cytokines/chemokines to coordinate the macrophage response to infection. Macrophages that 
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ingest neutrophil granules have enhanced anti-mycobacterial behavior both in vitro (15, 16) 

and in a mouse model (16). Similar neutrophil-macrophage cooperation can enhance 

phagocytosis of Trypanosoma cruzi (17) and has also been demonstrated in Legionella 

pneumophila infection (18). Additionally, macrophages can be activated following 

phagocytosis of bacterially-infected neutrophils (19). In Chapter 3, I showed that neutrophils 

modulate the macrophage inflammatory response to S. iniae infection in zebrafish larvae 

through Lta4h signaling. Understanding how immune cells interact during infection will lead 

to the development of new anti-infective therapies aimed at modulating the immune response. 

For example, one study found that Innate Defense Regulatory Peptide 1 (IDR-1), a peptide 

synthesized to be similar to a neutrophil granule peptide, was not directly antimicrobial, but 

rather, increased host protection in multiple mouse models of bacterial infection by 

stimulating macrophage recruitment while also reducing infection-mediated inflammation 

(20). Since host-based therapies do not directly target bacteria, they are more likely to be 

useful in a broad range of infections while also reducing the risk of contributing to antibiotic 

resistance. Additionally, such therapies would have the benefit of increasing antimicrobial 

activity while also minimizing the damaging effects of excessive infection-induced 

inflammation.  

 The balance between protective and excessive inflammation is critical for effective 

host defense against infection to control pathogen growth while limiting non-specific, 

damaging inflammation. A better understanding of how immune cells influence one another 

will enable us to manipulate their interactions to alter the balance of inflammation during 
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infection. Eicosanoids, such as pro-inflammatory leukotrienes and anti-inflammatory 

lipoxins, are important molecules released by leukocytes in response to infection that can 

alter this balance. Here, we show that pro-inflammatory LTB4 is important for macrophage 

inflammation and host survival during S. iniae infection (Chapter 3). We targeted LTB4 

signaling by depleting larvae of Lta4h, but another method of decreasing LTB4 activity is 

through overexpression of the LTB4 dehydrogenase (LTB4DH), the enzyme that inactivates 

LTB4 (21). Is neutrophil-specific expression of LTB4DH sufficient to disrupt macrophage 

aggregation? An additional challenge will be to investigate how lipoxins might also regulate 

the response to S. iniae infection in zebrafish. Will increased production of anti-inflammatory 

lipoxins provide a survival benefit to the host in the wake of a highly pro-inflammatory 

response or will lipoxins disrupt macrophage inflammation and result in enhanced 

susceptibility to infection? The role of leukotrienes and lipoxins has been investigated in the 

zebrafish model of Mycobacterium marinum infection, and many different drug treatments 

are available to alter the production levels of these molecules (21).  

 In conclusion, neutrophils and macrophages both play critical roles in the host 

response to S. iniae infection in zebrafish larvae. Besides their role as efficient phagocytes, 

neutrophils also have immunomodulatory functions, and neutrophil expression of Lta4h helps 

coordinate the macrophage response to infection. Uncovering the mechanisms by which 

immune cells interact and regulate one another will allow us to develop host-directed 

therapies to a wide range of infections while also controlling potentially damaging infection-

induced inflammation. 
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Appendix I 

Non-invasive imaging of the innate immune response in a zebrafish larval model of 

Streptococcus iniae infection 
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response in a zebrafish larval model of Streptococcus iniae infection. Journal of Visualized 
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Short Abstract: 

Here, we present a protocol for the generation and imaging of a localized bacterial infection 

in the zebrafish otic vesicle.  

 

Long Abstract: 

 The aquatic pathogen, Streptococcus iniae, is responsible for over 100 million dollars 

in annual losses for the aquaculture industry and is capable of causing systemic disease in 

both fish and humans (1). A better understanding of S. iniae disease pathogenesis requires an 

appropriate model system. The genetic tractability and the optical transparency of the early 

developmental stages of zebrafish allow for the generation and non-invasive imaging of 

transgenic lines with fluorescently tagged immune cells. The adaptive immune system is not 

fully functional until several weeks post fertilization, but zebrafish larvae have a conserved 

vertebrate innate immune system with both neutrophils and macrophages (2-6). Thus, the 

generation of a larval infection model allows the study of the specific contribution of innate 

immunity in controlling S. iniae infection. 

 The site of microinjection will determine whether an infection is systemic or initially 

localized. Here, we present our protocols for otic vesicle injection of zebrafish aged 2-3 days 

post fertilization as well as our techniques for fluorescent confocal imaging of infection. A 

localized infection site allows observation of initial microbe invasion, recruitment of host 

cells and dissemination of infection. Our findings using the zebrafish larval model of S. iniae 

infection indicate that zebrafish can be used to examine the differing contributions of host 
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neutrophils and macrophages in localized bacterial infections. In addition, we describe how 

photolabeling of immune cells can be used to track individual host cell fate during the course 

of infection. 

 

Introduction: 

 Streptococcus iniae is a major aquatic pathogen that is capable of causing systemic 

disease in both fish and humans. While S. iniae is responsible for large losses for the 

aquaculture industry, it is also a potential zoonotic pathogen, capable of causing disease in 

immunocompromised human hosts with clinical pathologies similar to those caused by other 

streptococcal human pathogens. Given its similarities with human pathogens, it is important 

to study S. iniae disease pathogenesis in the context of a natural host. An adult zebrafish 

model of S. iniae infection revealed robust infiltration of host leukocytes to the localized site 

of infection as well as a rapid time to host death, a time too short to involve the adaptive 

immune system (7). In order to gain an in-depth look into the innate immune response to S. 

iniae infection in vivo, it is necessary to use a model that is more amenable to non-invasive 

live imaging.  

 The larval zebrafish has a number of advantages that make it an increasingly 

attractive vertebrate model for studying host-pathogen interactions. Zebrafish are relatively 

inexpensive and easy to use and maintain compared to mammalian models. Adaptive 

immunity is not functionally mature until 4-6 weeks post fertilization, but larvae have a 

highly conserved vertebrate innate immune system with complement, Toll-like receptors, 
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cytokines, and neutrophils and macrophages with antimicrobial capabilities including 

phagocytosis and respiratory burst (2-6, 8-11). In addition, the genetic tractability and optical 

transparency of the embryonic and larval stages of development allow for the generation of 

stable transgenic lines with fluorescently labeled immune cells making it possible to examine 

host-pathogen interactions in real time in vivo. The generation of these transgenic lines using 

a photoconvertible protein such as Dendra2 allows for the tracking of individual host cell 

origin and fate over the course of infection (12). 

 When developing a zebrafish larval infection model, the chosen site of microinjection 

will determine whether an infection is initially localized or systemic. Systemic blood 

infections into the caudal vein or Duct of Cuvier are most commonly used to study microbial 

pathogens in zebrafish and are useful for studying interactions between host and microbial 

cells, cytokine responses, and differences in virulence between pathogen strains. For slower 

growing microorganisms, early injection into the yolk sac of an embryo at the 16-1000 cell 

stage can be used to generate a systemic infection (13, 14), with the optimal developmental 

stage for microinjection of a slow-growing microorganism found to be between the 16 to 128 

cell stage (15). However, yolk sac injections of many microbes at later stages of host 

development tend to be lethal to the host due to the nutrient-rich environment for the microbe 

and lack of infiltrating leukocytes (16 -18). 

 A localized infection usually results in directed migration of leukocytes towards the 

site of infection that can be easily quantified with non-invasive imaging. This type of 

infection can allow for dissection of the mechanisms that mediate leukocyte migration as well 
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as investigation of different migratory and phagocytic capabilities of various leukocyte 

populations. Localized infections are also useful when examining differences in virulence 

between bacterial strains as well as studying microbe invasion mechanisms since physical 

host barriers must be crossed for a localized infection to become systemic. Zebrafish are 

typically raised at temperatures of 25-31 °C (19), but they can also be maintained at 

temperatures as high as 34-35 °C for studies of the invasiveness of certain human pathogens 

with strict temperature requirements for virulence (20, 21).   

 Many different sites have been used to generate an initially localized bacterial 

infection including the hindbrain ventricle (22), dorsal tail muscle (18), pericardial cavity 

(23), and otic vesicle (ear) (5, 16, 24). However, it has been found that injection of bacteria 

into tail muscle can cause tissue damage and inflammation independent of the bacteria, which 

may skew results when investigating leukocyte response (13). Although less damage is 

associated with injection into the hindbrain and although it is initially devoid of leukocytes in 

young embryos, the hindbrain ventricle steadily gains more immune cells over time as 

microglia take up residence. The hindbrain ventricle is also a more difficult location to image. 

The otic vesicle is a closed hollow cavity with no direct access to the vasculature (25, 26). It 

is normally devoid of leukocytes, but leukocytes can be recruited to the otic vesicle in 

response to inflammatory stimuli such as infection. It is also a preferred site of microinjection 

of bacteria in zebrafish aged 2-3 days post fertilization (dpf) because of the ease of imaging 

and the visualization of the injection. Therefore, we chose the otic vesicle as our site of 

localized bacterial infection.  
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Protocol: 

Adult and embryonic zebrafish were maintained in accordance with the University of 

Wisconsin-Madison Research Animal Resources Center. 

 

1. Preparing Microinjection Needles 

1.1) Prepare thin wall glass capillary injection needles (1.0 OD/.75 ID) using a 

micropipette puller device with the following settings: air pressure 200, heat 502, pull 90, 

velocity 80, time 70, air time at start of pull 5, air time at end of pull 5.  

 

1.2) Using fine tweezers, break off the tip of the pulled needle so that the tip opening has a 

diameter of approximately 10 µm.  

 

2. Preparing Larval Injection Dishes 

2.1) Rinse a gel comb with lane width of approximately 4-5 mm in sterile water and allow 

to dry. 

 

2.2) Prepare a 1.5-2% high melt agarose solution in E3 medium(19) and microwave until 

the solution is clear. Once cooled, pour some of the agarose into a Petri dish (100 mm x 15 

mm) and swirl, adding just enough agarose to completely cover the bottom of the dish.  

 



 

 

 
 

189 

2.3) Once the agarose layer has solidified, place the rinsed and dried gel comb on top so 

that the non-combed end is just resting on the top of the Petri dish and the combed end is 

touching the agarose. Ensure that the comb is as horizontal as possible, creating about a 30° 

angle with respect to the bottom agarose layer. 

 

2.4) Pour an additional small amount of agarose at the interface between the comb and 

bottom agar layer so that the fresh agarose layer covers the wells of the comb. Allow to cool 

completely before removing the comb. Using a pipet tip, remove any overhanging pieces of 

agarose from the wells. 

 

2.5) Pour E3 medium on top of the injection mold and store at 4 ˚C. 

 

2.6) Before each use, replace with fresh medium and warm injection ramps at 28.5 ˚C for 

at least an hour before injection.  

 

2.7) Immediately prior to injections, replace the E3 on the injection ramp with E3 medium 

containing 200 µg/ml ethyl 3-aminobenzoate (tricaine).  

 

3. Preparing S. iniae Inoculum 
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3.1) Prepare and autoclave Todd Hewitt broth medium supplemented with 0.2% yeast 

extract and 2% proteose peptone (THY+P): 30 g/L Todd Hewitt, 2 g/L yeast extract, 20 g/L 

proteose peptone. For agar plates, add 14 g/L agar. 

 

3.2) Prepare bacterial cultures the night before infections by pipetting a 100 µl aliquot of 

frozen bacterial stock into 10 ml of THY+P broth in a sealed 15 ml tube. Incubate overnight 

without agitation at 37 °C. After 14-16 hours of growth, use the overnight culture either to 

make freezer stocks or prepare for use in injections. 

 

3.3) Make freezer stocks by placing 1 ml of the overnight culture in 500 µl of 80% 

glycerol in a 1.7 ml centrifuge tube. To avoid freeze-thaw cycles, make 100 µl one-use 

aliquots from this mix and store at -80 ˚C.  

 

3.4) For S. iniae used in infections, dilute the overnight culture 1:100 for a total volume of 

10 ml culture by adding 0.1 ml of overnight culture to 9.9 ml of THY+P broth. Grow at 37 ˚C 

without agitation for approximately 4-5 hours. Monitor the optical density (OD) at 600 nm 

using a Nanodrop spectrophotometer and harvest the bacteria in mid-logarithmic phase when 

the OD600 nm reaches 0.250-0.500. An OD600 nm of 0.250 corresponds to approximately 

10
8 

colony forming units (CFU)/ml.  
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3.5) Pellet 1 ml of the bacterial culture in a 1.7 ml centrifuge tube at 1500 x g for 5 min. 

Resuspend in 1 ml of fresh PBS and repeat. Measure the OD600 nm of the bacteria in PBS, 

pellet, and resuspend in PBS to achieve the desired concentration. 

 

3.6) To aid in the visualization of microinjection, add phenol red to the bacterial 

suspensions prior to injection for a final concentration of 0.1%.  

 

3.7) For experiments involving the injection of heat-killed bacteria, heat the bacteria in 

PBS at 95 °C for 30 minutes. Confirm that the heat-killing process reduced the number of 

viable bacteria to undetectable levels by plating an injection volume (approximately 1 nl) on 

solid THY+P agar plates and incubating overnight at 37 ˚C. 

 

4. Labeling S. iniae with a CellTracker Red Fluorescent Dye: 

4.1) To label living bacterial cells, prepare a stock solution of a CellTracker fluorescent 

dye or equivalent. As the CellTracker Red CPTX dye used comes in 20 x 50 µg aliquots of 

powder and needs to be resuspended in DMSO, add 7.3 µl DMSO to the tube to obtain a 10 

mM stock concentration.  

 

4.2) Test a range of dye concentrations (e.g. 0.5-25 µM) on the bacteria to determine the 

lowest optimal concentration that stains the cells. Rapidly dividing cells and longer 

experiments may require a higher concentration of dye.  
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4.2.1) Pellet 1.0 ml of bacterial culture in a 1.7 ml tube by centrifugation as described above 

(section 3). Resuspend the pellet in 1 ml fresh PBS and add the appropriate volume of dye to 

the bacterial culture.  

 

4.2.2) Incubate without agitation at 37 ˚C for 30 min. Spin down the bacteria and resuspend 

in 1 ml of pre-warmed THY+P broth and incubate without agitation for an additional 30 min 

at 37 ˚C.  

 

4.2.3) Spin down the bacteria and wash two times in PBS before measuring the OD600 nm 

and diluting the bacteria for microinjection as detailed above (section 3). We typically inject 

approximately 100 CFU in 1 nl injection volume for our studies of leukocyte recruitment and 

phagocytosis. 

 

5. Preparation of Zebrafish Larvae for Infections: 

5.1) Set up breeding pairs the night before and collect embryos as described by Rosen et 

al. (27). Incubate embryos in E3 medium at 28.5 ˚C until ready to infect. 

 

5.2) For zebrafish that will be imaged, prevent the development of pigment (melanization) 

by adding N-Phenylthiourea (PTU) to the E3 medium at 24 hours post fertilization (hpf) for a 

final concentration of 0.2 nM. 
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5.3) For infections involving embryos aged 2 dpf, dechorionate embryos manually with a 

pair of fine tweezers. Alternatively, embryos can be dechorionated by removing E3 and 

replacing with pronase (2 mg/ml) for about 5 min or until gentle pipetting breaks embryos out 

of their chorion. Most larvae should have hatched naturally by 3 dpf. 

 

5.4) Anesthetize zebrafish several minutes prior to infection by placing dechorionated 

larvae into E3 medium containing 200 µg/ml tricaine.  

 

6. Otic Vesicle Injection of S. iniae into Three Day Old Larvae: 

6.1) Turn on the Picospritzer III microinjector and set the time range to “millisecond”. 

Open the valve on the carbon dioxide tank to let gas into the line. The pressure of the 

microinjector should read approximately 20 PSI. Adjust the pressure in the microinjector unit 

by clockwise turning of the black knurled knob for increased pressure or counterclockwise 

turning for decreased pressure. 

 

6.2) Vortex the prepared S. iniae culture in phenol red and PBS and use a microloader tip 

to load 2-3 µl of the culture into a pulled capillary injection needle. 
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6.3) Mount the loaded needle on a micromanipulator connected to a magnetic stand and 

position it under a stereomicroscope so that the needle is at approximately a 45-65˚ angle 

with respect to the base of the microscope.  

 

6.4) Press on the foot pedal of the microinjector to dispense a drop of the inoculum onto 

the tip of the needle. Measure the diameter of the drop using the scale bar in the ocular lens of 

the microscope.  

 

6.4.1) Alternatively, estimate the diameter of the drop by injecting a volume into a drop of 

mineral oil on a glass microscope slide with a scale bar. The diameter of the drop should be 

approximately 0.10 mm, which is about a 1 nl volume.  

 

6.4.2) Adjust the drop size by adjusting the duration setting on the microinjector or by 

clipping off more of the needle tip with fine tweezers. Note that the injection time should be 

between 20-35 milliseconds to avoid causing too much tissue damage. 

 

6.5) Using a plastic transfer pipet, transfer 12 anesthetized larvae into each well of the 

injection mold.  
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6.6) Use a glass rod, hair loop, or plastic tip to gently position the larvae so that the heads 

are pointed towards the back of the microscope and the yolk sacs are against the left side of 

the well. The left ear of the larva should be pointed up towards the ceiling. 

 

6.7) Looking through the ocular lens of the stereomicroscope, use the knobs on the 

micromanipulator to line up the loaded needle with the otic vesicle so that both are in the 

same field of view. Pierce the outer epithelial layer of the otic vesicle with the needle tip so 

that the needle tip is just inside the vesicle.  

 

6.8) Press on the foot pedal to inject 1 nl of the desired dose of S. iniae. Be sure to use a 

low enough pressure so as not to rupture the cavity. If the injection is successful, the otic 

vesicle, but not the surrounding tissue, should fill with the phenol red inoculum (Fig. 1Ai). 

Immediately remove any mis-injected fish from the injection plate. 

 

6.9) Carefully retract the needle out of the larva and move the injection plate by hand so 

that the next larva is in view. Do this under 5x magnification.  

 

Note: Retraction of the needle may result in the deposition of some bacteria outside of 

the otic vesicle, which may skew survival and leukocyte recruitment results. To avoid 

this, it is recommended to inject fluorescent dye-labeled bacteria and visually scan 
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injected larvae under a fluorescent microscope to remove any larvae where this has 

occurred. A correctly injected larva is shown in (Fig. 1Bi). 

 

6.10) To ensure the injection volume/inoculum remains the same over the course of the 

experiment, inject a drop of the bacterial suspension into a 1.7 ml centrifuge tube containing 

100 µl sterile PBS after every 48
th

 embryo. Plate the 100 µl on THY+P agar plates at 37 ˚C 

overnight to determine the CFU in the injection volume. 

 

6.11) When the entire group of 12 larvae on the injection ramp has been injected, carefully 

use a plastic transfer pipette to remove the larvae from the wells and place them into a new 

Petri dish (35 mm x 10 mm). Remove the tricaine solution and replace with approximately 2 

ml fresh E3 medium to allow the larvae to recover.  

 

6.12) Pipet injected larvae into single wells of a 96 well plate and incubate at 28.5 ˚C. 

Larvae can be monitored over time for survival in these plates or can later be removed for 

imaging or CFU counts.  

 

7. Sudan Black Staining of Neutrophils 

Note: The following steps can be done at room temperature in a small Petri dish (35 

mm x 10 mm) on an orbital shaker unless otherwise stated. For each step, the amount 
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of reagent used is approximately 2 ml per dish, using just enough liquid to completely 

cover the larvae. 

 

7.1) For fixation of infected larvae, use a glass Pasteur pipette to remove E3 medium and 

replace with an ice-cold 4% paraformaldehyde in PBS solution. Immediately place the fish at 

4 ˚C to euthanize. Fix overnight at 4 ˚C.  

 

7.2) Wash three times in PBS for 5 minutes each. 

 

7.3) Stain with Sudan Black (0.18% stock diluted 1:5 in 70% ethanol, 0.1% phenol) for 30 

min to 5 hours. Use a stereomicroscope to check if neutrophil granules have taken up the 

stain. 

 

7.4) Perform a series of 5 minute washes starting with a single wash in 70% ethanol 

followed by a single wash of a 1:1 ratio of 70% ethanol and PBS, followed by a final wash in 

PBS.  

 

7.5) Rehydrate into PBS plus 0.1% tween (PBT). 

 

7.6) To clear pigment from the larvae, wash in 1% potassium hydroxide/1% hydrogen 

peroxide for about 6-10 min. Monitor the sample closely and after about 5 min, check the 
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larvae under a stereomicroscope to see how much of the pigment has cleared. If the solution 

is left on too long, the yolk sacs will swell and burst.  

 

7.7) Wash three times for 5 min each in PBS. 

 

7.8) Store the samples in either PBS or PBT at 4 ˚C for up to one week until ready to 

image and count. 

 

7.9) To image Sudan Black-stained larvae, transfer the fish into PBT and then into 80% 

glycerol and place onto a single cavity depression slide. Position fixed larvae under a 

stereomicroscope using a pipette tip. Image using a color digital camera on a 

stereomicroscope (Fig. 1Aii-iv). 

 

8. Enumeration of Viable Bacteria from Infected Larvae: 

8.1) Euthanize larvae at the desired times post infection in an ice-cold 200-300 mg/L solution 

of tricaine in E3 medium. 

 

8.2) Pipet euthanized larvae into 1.7 ml centrifuge tubes. Remove the tricaine solution and 

replace with 100 μl of 0.2% Triton X-100 in PBS (PBSTx). 

 

8.3) Homogenize larvae by passing up and down 10 times through a 27-gauge needle.  
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8.4) Prepare serial dilutions of homogenates in sterile PBS. For example, if the infectious 

dose is 100 CFU, pipet 100 μl of the homogenate into 900 μl sterile PBS. Using a new pipet 

tip, transfer 100 μl of the diluted homogenate into 900 μl sterile PBS.  

 

8.5) Plate 100 μl of the dilutions on Columbia CNA agar for selective isolation of gram-

positive bacteria, and incubate at 37 ˚C for 48 hr. This medium will provide greater selection 

than the THY+P agar plates, which will support growth of both gram-negative and gram-

positive bacteria. 

 

8.6) On plates with fewer than 500 individual colonies, count the number of colonies and 

multiply by the dilution factor to determine the number of CFU. 

 

9. Fixation of Larvae for Imaging:  

9.1) Fix larvae in an ice-cold 4% paraformaldehyde in PBS solution as described in section 7. 

 

9.2) At room temperature, wash three times for 5 min each in PBS before imaging. 

 

10. Preparation of Larvae for Live Imaging: 

10.1) Prepare a 1.5% low-melting-point agarose solution in E3 by heating in the microwave 

until the solution is clear.  
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10.2) Place agarose solution in a 55 ˚C water bath to let it cool but not harden. 

 

10.3) Add tricaine to the agarose to a final concentration of 0.016%.  

 

10.4) Using a plastic transfer pipette, place 4-5 anesthetized larvae in a glass bottom dish on 

the stage of a stereomicroscope.  

 

10.5) Remove the tricaine and agarose solution from the 55 °C water bath and let it cool at 

room temperature for 1-2 minutes. While the agarose is cooling, remove as much liquid from 

the anesthetized larvae as possible.  

 

10.6) Pour the cooled agarose into the dish until about half of the surface is covered. Swirl 

the dish to spread the agarose. Note that if the agarose is too hot, it will kill the larvae. Also, 

if too much agarose is added to the dish, the objective lens of the microscope may hit the 

bottom of the dish when focusing through the agarose.  

 

10.7) Using a transfer pipette, pick up the larvae that have floated to the sides of the dish and 

pipet them back into the center. 
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10.8) Under the stereomicroscope, gently position the larvae as desired with a hair loop, a 

long pipette tip or a glass rod. For imaging of the otic vesicle, position the larvae so that the 

left otic vesicle is flat against the bottom of the dish. 

 

10.9) Let the agarose cool for about 10 minutes before moving the dish. The larvae may shift 

positions if the agarose is not solid. Gently pipet some tricaine and E3 solution to the top of 

the agarose layer to keep it moist.  

 

11. Confocal Imaging of Infection: 

11.1) Place the glass bottom dish with larvae onto the stage of an inverted microscope with 

an FV-1000 laser scanning confocal system.  

 

11.2) Set the pinhole to 200-300 μm and using a numeric aperture 0.75/20x objective lens, set 

z-stacks with 3-6 µm slices. 

 

11.3) Use continuous line scanning to adjust the laser power and detector gain for each 

channel. 

 

11.4) Using sequential line scanning for each fluorescence channel (e.g. 488 and 543 nm) and 

differential interference contrast (DIC), conduct a time lapse movie of the left otic vesicle 

every 3 min for 2-6 hr to observe initial recruitment and phagocytosis by neutrophils and 
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macrophages. For longer time courses, place a lid on the Petri dish to prevent evaporation and 

drying out of the agarose. 

 

11.5) Acquire still images of fixed (Fig. 1B) or live (Fig. 2) larvae at 20x or 40x 

magnification. 

 

12. Photoconversion of Dendra2-labeled Leukocytes at the Otic Vesicle: 

 

Dendra2 can be photoconverted from green to red fluorescence by focusing a 405 nm 

laser (50-70% laser power should be sufficient) on the region of interest (ROI) for 1 

min. Below is the step-by-step protocol used for the FV-1000 laser scanning confocal 

system: 

 

12.1) Visualize the sample using a z-stack scan with the 488 nm and 543 nm lasers. Use 

continuous line scanning to adjust the laser power and detector gain. Check to make sure 

there is no accidentally photoconverted red fluorescence. 

 

12.2) On the “Image Acquisition Control” window, under “Stimulus Setting” select the “Use 

Scanner” tool and choose “main”. Select the 405 nm laser and set it at 70% power. Using the 

circle option, define the ROI in the otic vesicle. 
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12.3) Under “Stimulus Start Setting” select “Activation in series” with a preactivation of 1 

frame and an activation time of 60,000 msec. On the “Acquisition Setting” window under the 

“Time Scan heading”, choose 2 intervals of 00:01:00 (one for pre- and one for post- 

photoconversion).  

 

Note: After the time lapse series scan is complete, the Dendra2 should have been 

photoconverted to its red fluorescent state. 

 

12.4) Scan the sample by a z-stack using the 488 nm and 543 nm lasers to visualize the 

photoconverted red fluorescence as well as any remaining green fluorescence (Fig. 3). 

 

Representative Results: 

 Microinjection of S. iniae into the otic vesicle (Fig. 1 and Fig. 2) results in an initially 

localized host response. When injected correctly, the bacteria should only be seen in the otic 

vesicle and not in the surrounding tissue or blood. This can be visualized during 

microinjection using phenol red dye (Fig. 1A). Alternatively, if labeled bacteria are injected, 

a quick scan of infected larvae immediately post injection can confirm the bacteria are only in 

the otic vesicle and not the surrounding tissue (Fig. 1B). Although a dose as little as 10 CFU 

wild type S. iniae is able to establish a lethal infection within 24-48 hours post infection (hpi), 

injection of 1000 CFU of an avirulent strain, cpsA, does not result in lethal infection and that 
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strain seems unable to proliferate in the host (24). Thus, this localized infection model is able 

to differentiate between bacterial strains of altered virulence.  

 Microinjection sites of initially localized infection are useful for studying leukocyte 

chemotaxis. Leukocyte recruitment can by quantified by either Sudan Black staining of 

neutrophil granules (Fig. 1A) or formaldehyde fixation of fluorescent transgenic lines (Fig. 

1B). To visualize the recruitment and phagocytic capabilities of immune cells, we used 

transgenic lines expressing the green fluorescent protein Dendra2 specifically in macrophages 

Tg(mpeg1:dendra2) (24) or neutrophils Tg(mpx:dendra2) (12). When S. iniae is injected into 

the otic vesicle of 3 dpf larvae, both neutrophils and macrophages are rapidly recruited within 

the first 2 hpi (Fig. 1). However, when performed correctly, microinjection of PBS into the 

otic vesicle does not result in the same robust recruitment of host leukocytes (Fig. 1). In 

addition to recruitment, live confocal time lapse imaging of fluorescent transgenic lines 

injected with fluorescently-labeled bacteria reveals the phagocytic capabilities of both 

neutrophils and macrophages. Red dye-labeled S. iniae can be found inside both neutrophils 

and macrophages (Fig. 2). Using the photoconvertible protein Dendra2 to label neutrophils or 

macrophages allows for non-invasive photolabeling for tracking individual cell fate over the 

course of the infection. Macrophages that were recruited to the otic vesicle at 5 hpi were 

photoconverted and then tracked over the following 24 hours. Although some photoconverted 

cells remain in the otic vesicle or head region, some can also be found disseminated 

throughout the body of the larvae (Fig. 3). 
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Discussion: 

 The infection method used here is useful for the study of the host immune response to 

an initially localized infection in 2-3 dpf embryos and larvae. The focus of an inflammatory 

stimulus, such as infection, in a closed cavity such as the otic vesicle allows for the study of 

neutrophil and macrophage chemotaxis and phagocytosis. One caveat of injecting bacteria 

into the otic vesicle is that the ability of neutrophils to efficiently phagocytose bacteria in 

fluid-filled cavities may be dependent on the particular microbe. Although Escherichia coli 

and Bacillus subtilis are not easily phagocytosed by neutrophils in the otic vesicle (28), we 

have found that neutrophils are able to phagocytose both Pseudomonas aeruginosa and S. 

iniae in this location (16, 24). Localized infection is also useful when studying the 

invasiveness of various pathogens. In order to cause a systemic infection following injection 

into a closed cavity such as the otic vesicle, the microbe must be able to traverse physical 

host barriers. Alternatively, different pathogens may rely on host cells for transportation and 

dissemination from the initial site of infection. This makes localized injections useful for 

comparing strains of altered virulence. During microinjection, to avoid bacteria settling and 

clogging the needle, change needles either after each condition or after about 50 larvae. This 

will help ensure the suspension in the needle is more uniform. If settling of bacteria in the 

needle seems to be a problem, a mix of PBS, 2% PVP40, and 10% glycerol may help keep a 

homogenous suspension. To ensure that each larva is being injected with approximately the 

same number of bacteria, check CFU counts by homogenizing a larva immediately following 

injection and plating the homogenate on CNA agar. CNA agar will select for the growth of 
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culturable gram-positive bacteria, not only S. iniae, but it will provide an idea of how 

consistent the injection doses are between each individual larva. With a target inoculum of 

100 CFU per larva, there are typically between 75-150 colonies on a CNA plate.  The number 

of non-S .iniae gram-positive colonies growing on a CNA plate is probably very low, since 

most PBS injected fish usually result in between 0-20 colonies. At later time points during the 

infection, it is not uncommon for there to be variation of up to half a log in colony counts 

between larvae infected with the same infectious dose. This could represent slight differences 

between individual larva in their ability to control the infection or could reflect differences in 

the amount of culturable gram-positive bacteria in the larvae or E3 medium.  

 While injecting into the otic vesicle, it is important not to inject too large a volume or 

with too high a pressure as this may cause the cavity to rupture. Injection volumes should be 

kept to approximately 1 nl. If the needle is too large, microinjection can cause damage to the 

surrounding tissue, which may affect the recruitment of host leukocytes to the site of 

infection or may allow bacteria to leak out of the otic vesicle. It is also important to confirm 

injection into the correct space. If the needle is inserted too deep, it may poke through the otic 

vesicle or it may hit blood vessels flowing around the otic vesicle. This may lead to the 

deposition of bacteria into the blood stream or outside the vesicle, which may alter host 

responses.   

 It is also possible that when the needle is extracted, some bacteria may be accidentally 

deposited outside the otic vesicle as shown by Colucci-Guyon et al. (28), but we find this to 

only be the case in less than 5% of the injections. Trying to inject into the center of the otic 
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vesicle may help avoid this situation. In a successful infection, the otic vesicle should fill up 

with the phenol red dye, but the dye should not leak out into the surrounding tissues. Any 

mis-injected larvae should be immediately discarded. Injecting labeled bacteria is a useful 

way to confirm a successful injection (Fig. 1B). One of the disadvantages of using a 

CellTracker dye is that this dye will become diluted as the bacteria divide, eventually 

preventing the bacteria from being visualized under fluorescence. We chose a red dye 

because we used green-labeled neutrophil and macrophage transgenic lines for the majority 

of our studies.   

 Dendra2 is a photoconvertible protein derived from octocoral Dendronephthya sp. 

which can be photoconverted from a green to a red fluorescent state with a 405 nm laser (29). 

This photoconversion is a noninvasive way to mark cells and track their fate over the course 

of infection. Leukocytes recruited to the site of infection can be photoconverted and followed 

over time to monitor their dissemination throughout host tissues (Fig. 3). Alternatively, 

leukocytes could be photoconverted prior to infection and then monitored post-microinjection 

to determine the origin of cells recruited to the site of infection. Labeling bacteria and 

immune cells allows for the study of leukocyte-pathogen interactions in vivo including 

recruitment and phagocytosis (Fig. 1B and Fig. 2). Distinguishing the red-labeled S. iniae 

from the red fluorescence of a photoconverted leukocyte is difficult, so a different fluorescent 

CellTracker dye could be used. This would be particularly useful to determine which of the 

photoconverted immune cells that leave the otic vesicle contain S. iniae.   
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 Future applications of the otic vesicle infection method could include measuring the 

speed and directionality by which neutrophils and macrophages move in response to various 

infections. The infection kinetics can also be studied to see which cell types are the first to 

arrive to a site of infection and which cell types are most robustly recruited in addition to 

where the cells originate or where they disseminate (30). In addition to studying the 

recruitment to an initially localized infection, this infection model can be used to study the 

function of host immune system components during initial infection. Antisense morpholino 

oligonucleotides that target specific RNAs can be used to knock down expression of host 

immune components including Toll-like receptors, cytokine receptors and leukocytes, and 

CRISPR-Cas or TALEN technology can be used to create genetic mutants.  Gene expression 

using RNAseq or qPCR can also be used to characterize the expression of certain host genes 

in response to infection. 
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Figure Legends 

Figure I-1: Leukocyte recruitment to otic vesicle infection with S. iniae. (A) Neutrophil 

recruitment to S. iniae infection. (i) Successful injection of a phenol red-labeled inoculum 

into the otic vesicle. (ii-iv) Sudan Black staining of larvae for investigation of neutrophil 

recruitment at 2 hpi. PBS mock-infected larvae show little recruitment of neutrophils to the 

otic vesicle (ii) whereas infection with either wild type S. iniae or the cpsA mutant results in 

robust neutrophil recruitment (iii, iv). Scale bar, 300 μm. (B) Macrophage recruitment to S. 

iniae infection. (i) Successful microinjection of red-labeled S. iniae (depicted in magenta) 

into the otic vesicle. (ii-iv) Fluorescent confocal images of microinjected transgenic 

mpeg1:dendra2 larvae fixed at 2 hpi. PBS mock-infected larvae show little macrophage 

recruitment (ii), but larvae infected with CellTracker Red-labeled (depicted in magenta) wild 

type S. iniae or the cpsA mutant show robust macrophage recruitment to the otic vesicle at 2 

hpi (iii, iv). Scale bar, 30 μm. 
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Figure I-1: 
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Figure I-2: Phagocytosis of S. iniae by phagocytes in the otic vesicle. Transgenic 

mpx:dendra2 (A) or  mpeg1:dendra2 (B) larva infected with red-labeled S. iniae (depicted in 

magenta) and imaged at 60 min post infection using a laser scanning confocal microscope. 

Scale bar, 30 μm.  
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Figure I-2: 
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Figure I-3: Photoconversion of macrophages at the otic vesicle 5 hpi with S. iniae. 

Macrophages (depicted in green) at the otic vesicle, designated by the circle (A), were 

photoconverted (B) using a 405 nm laser on a confocal microscope and tracked over time. By 

24 hpi, photoconverted macrophages (depicted in magenta) have migrated as far as the 

trunk/caudal hematopoietic tissue (C); scale bar, 50 μm. Higher magnifications of the boxed 

regions in C are shown in (i) and (ii), scale bar 30 μm; arrows point to photoconverted 

macrophages. Photoconverted cells appear white because of the merged 543 nm red 

fluorescence and any remaining 488 nm green fluorescence.  
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Figure I-3: 
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Appendix II  

Heat shock modulates neutrophil motility in zebrafish 
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Abstract 

Heat shock is a routine method used for inducible gene expression in animal models 

including zebrafish. Environmental temperature plays an important role in the immune 

system and infection progression of ectotherms. In this study, we analyzed the impact of 

short-term heat shock on neutrophil function using zebrafish (Danio rerio) as an animal 

model. Short-term heat shock decreased neutrophil recruitment to localized Streptococcus 

iniae infection and tail fin wounding. Heat shock also increased random neutrophil motility 

transiently and increased the number of circulating neutrophils. With the use of the 

translating ribosome affinity purification (TRAP) method for RNA isolation from specific 

cell types such as neutrophils, macrophages and epithelial cells, we found that heat shock 

induced the immediate expression of heat shock protein 70 (hsp70) and a prolonged 

expression of heat shock protein 27 (hsp27). Heat shock also induced cell stress as detected 

by the splicing of X-box binding protein 1 (xbp1) mRNA, a marker for endoplasmic 

reticulum (ER) stress. Exogenous expression of Hsp70, Hsp27 and spliced Xbp1 in 

neutrophils or epithelial cells did not reproduce the heat shock induced effects on neutrophil 

recruitment. The effect of heat shock on neutrophils is likely due to a combination of 

complex changes, including, but not limited to changes in gene expression. Our results 

indicate that routine heat shock can alter neutrophil function in zebrafish. The findings 

suggest that caution should be taken when employing a heat shock-dependent inducible 

system to study the innate immune response.  
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Introduction 

Fever is an evolutionarily conserved response during infection. In ectotherms such as 

fish, where regulation of body temperature depends on external sources, behavioral fever is 

often displayed as a result of infection, manifested as an acute change in thermal preference. 

Examples of this can be found in largemouth blackbass and bluegill sunfish which prefer 

elevated water temperatures after injection with killed Aeromonas hydrophila (A.h) (1). 

Goldfish maintained at a febrile temperature had a higher survival rate after injection with 

live A.h (2). Rainbow trout show an increased preferred temperature and enhanced expression 

of inflammatory cytokine interleukin-1 after bacterial lipopolysaccharide (LPS) injection 

(3). Zebrafish also exhibit behavioral fever following viral infection, accompanied by 

upregulation of anti-viral genes (4). Knowledge of what effect an elevated temperature has on 

immune cell function is limited. Several studies suggest that heat can affect neutrophil 

activation under some conditions. For example, heat exposure down-regulates TNF 

signaling in suspended neutrophils but not in neutrophils interacting with fibronectin in vitro 

(5). Heat inhibits LPS-induced neutrophil NF-B activation in mice (6). The physiological 

and molecular consequences of elevated body temperature on immune cell function in vivo 

are not clear.  

In addition to environmental temperature changes, short-term heat shock is a routine 

method for inducible gene expression with the use of heat shock protein promoters in various 

model organisms including mouse (7), zebrafish (8), Drosophila (9)  and Caenorhabditis 

elegans (10, 11). Elevated temperature increases the expression of heat shock proteins 
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(HSPs), which play important roles in innate and adaptive immunity (reviewed in (12, 13). 

Heat stress can also induce the unfolded protein response (UPR) and immune systems rely on 

intact UPR functions (reviewed in (14, 15). This study will address potential implications of 

the short-term heat shock procedure on neutrophil function. 

In this paper, we focused on the effect of short-term temperature elevation on innate 

immune function using zebrafish (Danio rerio) as an animal model. The immune system of 

the zebrafish is highly conserved and has emerged as a powerful vertebrate disease model of 

both innate and adaptive immunity (reviewed in (16, 17). Our data suggest that short-term 

heat shock affects innate immune function in vivo including a decrease in neutrophil 

recruitment to sites of infection and wound, and an increase in the mobilization of neutrophils 

into the circulation. This short-term heat shock, however, had no effect on larval survival 

with infection. Short-term heat shock increased neutrophil motility in a transient manner 

while the effect of heat shock on neutrophil wound response was long lasting. We showed 

that heat shock induced the expression of heat shock proteins such as Hsp70 and Hsp27 as 

well as the splicing of X-box binding protein 1 (xbp1) as part of the unfolded protein 

response. We adapted the translating ribosome affinity purification (TRAP) method for RNA 

isolation from specific cell types (18, 19) in zebrafish and found that heat shock induced 

specific changes in gene expression in neutrophils, macrophages and epithelial cells. 

Neutrophil specific over-expression of Hsp70, Hsp27 and spliced Xbp1 did not recapitulate 

the observed heat shock phenotypes. These findings suggest against a cell autonomous role 

for these specific heat shock-induced genes on neutrophil function. Our findings suggest that 
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caution should be taken when using the heat shock procedure to study innate immune 

responses since heat shock alone can induce changes in neutrophil function. 

 

Results and Discussion 

Heat shock induces changes in the innate immune response 

Zebrafish are normally maintained at 28.5C. Heat shock (HS) was performed at 38-

39C for 1 hour in a water bath. To assess the effect of heat shock on immune cells, we 

performed the previously established methods of Streptococcus iniae (S.i) otic vesicle 

infections (Fig. 1A) (20)  and tail fin wound assays (Fig. 1B) (21) on zebrafish larvae at 3 

days post fertilization (dpf). At this stage of development, adaptive immunity has not 

sufficiently matured (22, 23), allowing for the direct study of innate immunity in isolation.  

Neutrophils, as the first responders to sites of infection or wounds (reviewed in (24)), are an 

important part of the innate immune response. Larvae were infected with S.i or injected with 

a PBS control in the otic vesicle and fixed at 2 hours post infection (hpi) for Sudan Black 

staining and quantification of neutrophil recruitment. There was a decrease in neutrophil 

recruitment to the site of S.i. otic infection in HS larvae compared to controls (Fig. 1C). Since 

it has been shown that tilapia are more susceptible to S.i infection at higher temperatures (25), 

we then tested if short-term HS can affect the survival of zebrafish larvae after S.i infection. 

In our system, short-term HS for 1 hour did not alter survival 4 days post infection (Fig. 1D). 

HS also decreased neutrophil recruitment to the tail fin wound at 4 hours post wounding 

(hpw) when compared to controls (Fig. 1E). Since HS did not significantly change the total 
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number of neutrophils (Fig. 1F), the effect was likely due to a change in neutrophil behavior 

after HS. Taken together, our results suggest that HS impairs neutrophil recruitment to sites 

of infection and tissue damage. 

 

Heat shock affects neutrophil motility 

It has previously been reported that isolated human neutrophils display an increase in 

motility at higher temperatures (26). To further characterize the effects of heat shock, we 

analyzed the speed of neutrophils undergoing random motility in the head region of zebrafish 

larvae. We observed an increase in neutrophil speed immediately after HS followed by a 

return to baseline motility at 3 hours post heat shock (hpHS) (Fig. 2A). By contrast, the effect 

of HS on neutrophil wound recruitment was long lasting. When larvae were wounded at 3 

hpHS and then assayed four hours later, there was a significant decrease in the number of 

neutrophils at the tail wound site at 4 hpw (Fig. 2B).  

 

Heat shock increases neutrophil mobilization 

Since HS impaired neutrophil wound recruitment without affecting global numbers of 

neutrophils (Fig. 1F), we next tested if we could detect a change in neutrophil distribution 

induced by HS. Previous work has established that neutrophils in zebrafish larvae reside 

outside the vasculature, in a region known as the caudal hematopoietic tissue (CHT) and only 

mobilize into the circulation upon infection (27), wounding (28)  or with leukocyte adhesion 

deficiency (29). Using the zebrafish transgenic lines (Tg(mpx:dendra2) or 
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Tg(mpx:mCherry)), expressing fluorescent proteins  specifically in neutrophils, we were able 

to perform live imaging of circulating neutrophils in vivo. We observed an increase in 

circulating neutrophils, particularly at 3 hpHS (Fig. 3A and 3B). This may indicate that HS 

leads to either activation of the neutrophils or impaired retention of neutrophils within the 

CHT. 

 

Heat shock induces changes in gene expression 

We were interested in exploring the idea that heat shock-induced changes in gene 

expression might be responsible for the modification in neutrophil behavior. We looked at 

changes in gene expression immediately after HS and at 3 hpHS to assess the immediate-

early and longer-term changes in gene expression. We focused on three candidate genes, 

hsp70, hsp27 and the splicing of xbp1, due to their roles in immune function. Cell stress such 

as heat shock, infection, fever, inflammation, malignancy or autoimmunity can induce heat 

shock protein (HSP) synthesis (reviewed in (30)). HSP70 is involved in both innate and 

adaptive immunity and has been extensively reviewed (13, 33-36)). The role of HSP70 in 

inflammation is controversial. Recent studies suggest that it has pro-inflammatory functions 

(31)  as well as anti-inflammatory functions (32). HSP27 has been shown to function in 

different cellular processes such as protein folding, actin remodeling and in the reduction of 

oxidative stress (reviewed in (33)). HSP27 binds to the barbed end of actin filaments and 

inhibits actin polymerization (34-36). HSP27 has also been shown to be important for cell 

motility in human cancer cells (37). It has previously been reported that HSP27 regulates 
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neutrophil chemotaxis, however, this role is independent of its role in regulating actin 

reorganization (38). Although research on zebrafish Hsp27 is limited, it has been shown to 

have similar functions and to be regulated like mammalian HSP27 (39, 40).  

Upon ER stress induced unfolded protein response, the mRNA encoding the X-box-

binding protein-1 (XBP1) is spliced by IRE1 to generate a more potent transcription factor 

XBP1S (41). XBP1 protects Caenorhabditis elegans during the activation of its innate 

immune response upon infection with pathogenic bacteria (42). It has been shown that toll-

like receptor activation leads to the production of spliced XBP1 in mouse macrophages, 

which is required for optimal production of proinflammatory cytokines (43). XBP1 has also 

been linked to intestinal inflammation (44). The splicing of xbp1 in response to ER stress is 

conserved in zebrafish (45). 

We found that heat shock induced a global increase in hsp70 and hsp27 expression as 

well as the splicing of xbp1 (Fig. 4A). These specific heat shock proteins are normally 

expressed during development in certain tissue but not others. hsp70, for example, is 

normally expressed during lens development in zebrafish (46), while hsp27 is normally 

expressed in skeletal and cardiac muscle tissues (47). To assess changes in gene expression in 

specific cell types and to identify translationally active mRNAs from steady-state total 

mRNAs (48), we adapted the translating ribosome affinity purification (TRAP) method that 

was previously developed for murine models (18, 19). This method involves the expression 

of EGFP-tagged mouse ribosomal protein L10a in defined cell populations, allowing 

characterization of actively translating genes in specific cell types. Since zebrafish L10a 
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shares considerable homology with its mouse counterpart, we predicted the same construct 

could be employed for zebrafish TRAP. We generated three transgenic fish lines where 

EGFP-L10a is specifically expressed in neutrophils (lyz:TRAP), macrophages 

(mpeg1:TRAP) or epithelial cells (krt4:TRAP). The enriched mRNAs isolated from these 

transgenic lines were then analyzed. As expected, the lyz:TRAP and mpeg1:TRAP lines 

showed the expression of either the neutrophil marker (mpx) or macrophage marker (mpeg1), 

respectively (Fig 4B). In the krt4:TRAP line, we detected the expression of the epithelial 

marker krt4 but not the muscle marker myoD (Fig. 4C). We then used these transgenic lines 

to assess whether or not HS induced the expression of hsp70, hsp27 and the splicing of xbp1 

specifically in these subsets of cells. Using the TRAP method, we observed that HS did 

indeed induce the expression of hsp70 and hsp27 in neutrophils, macrophages and epithelial 

cells (Fig. 4D). At 3 hpHS, expression of hsp27 persisted while the expression of hsp70 

returned to baseline levels. Heat shock induced splicing of xbp1 occurred in all three cell 

populations tested, but appears to be short lived since there was no xbp1 splicing detectable at 

3 hpHS (Fig. 4D). 

 

The role of Hsp70, Hsp27 and spliced Xbp1 in neutrophil motility  

In an attempt to determine if elevated levels of Hsp70, Hsp27 and spliced Xbp1 

directly affect innate immune functions, we specifically expressed these proteins in 

neutrophils and/or epithelial cells. Expression of Hsp70 or spliced Xbp1 in neutrophils and 

epithelial cells did not affect the neutrophil response to S.i. otic infection (Fig. 5A and 5C). 
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Similar results were observed when Hsp27 was specifically expressed in neutrophils (Fig. 

5B). We next asked if over-expression of Hsp70, Hsp27 or spliced Xbp1 individually in 

neutrophils or epithelial cells could reproduce the HS phenotypes. As seen in Fig. 5D-5H, 

this approach did not reproduce the HS phenotype of altering neutrophil recruitment. 

However, we cannot rule out the involvement of these genes and must consider that 

constitutive expression of HSPs and spliced Xbp1 may not faithfully recapitulate the short-

term HS condition. Furthermore, the HS effects on neutrophil function may not be neutrophil 

cell autonomous. For example, it has been shown that elevated body temperatures can 

enhance LPS-induced proinflammatory cytokine TNF production in macrophages (49). 

Similarly, the effect of heat shock on neutrophil function is likely due to a combination of 

differential gene expression within neutrophils as well as in other cell types that act to guide 

or influence the behavior of neutrophils.   

Our results show that the effect of heat shock on the innate immune response should 

be taken into consideration when using heat shock as a tool for inducible gene expression. 

This is particularly important in the zebrafish field since heat shock is routinely used for 

temporal control of gene expression (8, 56-58) and the Hsp70 promoter is commonly used in 

the zebrafish community. As the expression of hsp27 persisted long after the initial heat 

shock, researchers may want to explore the use of the Hsp27 promoter for inducible gene 

expression in zebrafish, keeping in mind its endogenous tissue expression (50).  

 

 



 

 

 
 

229 

Conclusion 

Our data suggest that short-term HS results in changes in neutrophil behavior 

including increased motility and mobilization but decreased response to infection and 

wounding. HS induces changes in gene expression including hsp70 and hsp27 and in the 

splicing of xbp1. These findings suggest that caution should be taken when employing a HS-

dependent inducible system to study the innate immune system. The effect of long-term 

temperature increase on innate immunity will require further investigation. 

 

Materials and Methods 

Ethics Statement 

All animal studies were approved by the University of Wisconsin – Madison Animal 

Care and Use Committee and performed in accordance with the guidelines. 

Heat shock, tail fin wounding, otic vesicle injection and Sudan Black staining 

Heat shock was performed in a water bath at 38-39C for 1 hour. For tail fin 

wounding, larvae at 3 dpf were anesthetized using 0.2 mg/mL tricaine and wounded with a 33 

gauge needle. Preparation of Streptococcus iniae and microinjection of bacteria into zebrafish 

larvae has been previously described (20). 1 nl volume of 100 CFU of S. iniae wild-type 

strain 9117 (or a PBS control) was microinjected into the otic vesicle of larvae at 3 dpf. 
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Larvae were then fixed at the time points indicated with 4% formaldehyde overnight at room 

temperature and stained with Sudan Black as described previously (51). 

Purification of mRNA from TRAP zebrafish larvae and RT-PCR  

A protocol previously used for TRAP mRNA purification from mouse tissue (19) was 

adapted for zebrafish larvae with slight modifications. Briefly, a glass dounce homogenizer 

was used to homogenize the larvae. Purified rabbit anti-GFP antibody (Invitrogen A11122) 

was used for immunoprecipitation. After immunoprecipitation and high-salt polysome buffer 

washing steps, RNA was purified using an RNeasy Mini Kit (Qiagen) with in-column DNase 

digestion. RT-PCR was performed using the OneStep RT-PCR Kit (Qiagen) according to the 

manufacturer’s instruction. Primers used to amplify ef1, mpx  (52) and xbp1 (45) have been 

described previously. The other primer sequences used in this study were as follow: 

hsp27-F 5’-CGGATCCATGGCCGAGAGACGCATC-3’ 

hsp27-R 5’-TTATTTTGTGGTGCTGACGG-3’ 

hsp70-F 5’-CACCCAGCTATGTTGCCTTCAC-3’ 

hsp70-R 5’-CACCATGCGGTTGTCAAAGTCC-3’ 

krt4-F 5’-CTATGGAAGTGGTCTTGGTGGAGG-3’ 

krt4-R 5’-CCTGAAGAGCATCAACCTTGGC-3’ 

mpeg1-F 5’-CTTTAATTCAGAGCCACGGAGGAGC-3’ 

mpeg1 R 5’-GTAGACAACCCTAAGAAACCACAGG-3’ 

myoD-F 5’-CCTTGCTTCAACACCAACGACATG-3’ 
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myoD-R 5’-GTCATAGCTGTTCCGTCTTCTCGTC-3’ 

PCR products were analyzed using 1% agarose electrophoresis with the exception of xbp1 

RT-PCR in which 8% polyacrylmide gel made in TAE buffer was used. 

DNA injection 

All DNA expression vectors contained the zebrafish lysozyme C (lyz) promoter for 

neutrophil expression (24, 62), mpeg1 promoter for macrophage expression (20), or krt4 

promoter for epithelial cell expression (63, 64). To facilitate the production of multiple 

protein products from a single transgene, a viral 2A peptide linker sequence was used (53). 

All expression vectors contain minimal Tol2 elements for efficient integration (54)  and an 

SV40 polyadenylation sequence (Clontech Laboratories, Inc). The following constructs were 

generated: lyz-EGFP-L10a, mpeg1-EGFP-L10a, krt4-EGFP-L10a, lyz-hsp27-2A-mCherry 

(Zebrafish hsp27 (ATCC 10809422, accession BC097148)), lyz-hsp70-2A-EGFP (Zebrafish 

hsp70 (Open Biosystems Clone Id:6789418, accession BC056709)), krt4-hsp70-2A-mCherry, 

lyz-xbp1-2A-EGFP (Zebrafish spliced xbp1 (Open Biosystems Clone Id:3816043, accession 

BC044134)) and krt4-xbp1-2A-mCherry. Expression of constructs was obtained by injecting 

3 nL of solution containing 12.5 ng/L of DNA plasmid and 17.5 ng/L in vitro transcribed 

(Ambion) Tol2 transposase mRNA into the cytoplasm of one-cell stage embryo.  

Live imaging and image quantification 
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Larvae at 3 dpf were anesthetized using 0.2 mg/mL tricaine and mounted on a glass-

bottom dish with 1% low melt agarose for live imaging. Time-lapse fluorescence images 

were acquired using a confocal microscope (FluoView FV1000, Olympus) using a NA 

0.75/20x objective. Z-stack images were collected for 30 minutes with 1 minute intervals. 3-

dimentional tracking of neutrophils has been previously described (21). Quantification of 

circulating neutrophils has been previously described (27). Briefly, Tg(mpx:mCherry) or 

Tg(mpx:dendra2) were used and neutrophils that circulate through the posterior cardinal vein 

were scored in individual 3 minute movies with 3 second intervals using a Nikon SMZ-1500 

zoom microscope equipped with epifluorescence and a CoolSnap ES camera (Roper 

Scientific, Duluth, GA). 

Statistics 

Experimental results were analyzed with Prism version 4 (GraphPad Software) 

statistical software. The resulting P values
 
are included in the figure legends for each 

experiment. 
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Figure Legends 

Fig. II-1. Heat shock effects on neutrophil recruitment. (A) Schematic illustration of the 

experimental setup for otic vesicle infection shown in C. (B) Schematic illustration of the 

experimental setup for tail fin wounding shown in E. The red rectangle indicates heat shock 

at 38-39C for 1 hour. Grey circles indicate the time point for neutrophil counting. (C) 

Quantification of neutrophils at the otic vesicle (yellow dotted line) in control (cntl) and heat 

shocked (HS) larvae at 2 hours post infection (2 hpi). Larvae were injected with 100 CFU of 

Streptococcus iniae (S.i) into the otic vesicle (ear) at 3 days post fertilization (dpf). HS larvae 

showed decreased neutrophil recruitment compared with controls. **P<0.01 (two-tailed, 

unpaired t-test). (Right panel) Representative images of Sudan Black-stained larvae. Lateral 

view of the head of larvae at 2 hpi. (D) Survival of control (cntl) and heat shocked (HS) 

larvae infected with S.i. in the ear over time. Control and HS larvae showed a similar survival 

rate. dpi; days post infection. (E) Quantification of neutrophils at wounds in control (cntl) and 

heat shocked (HS) larvae at 1 and 4 hour post wounding (hpw). HS larvae showed fewer 

neutrophils at wounds at 4 hpw compared with controls. ****P<0.0001; ns, not significant 

(two-tailed, unpaired t-test). (Right panel) Representative images of Sudan Black-stained 

larvae. Lateral view of the tail fin of larvae at 3 dpf. (F) Quantification of neutrophils in 

whole larvae for control (cntl), heat shocked (HS) and 3 hours post heat shocked (3 hpHS) 

larvae. (Right panel) Representative images of Sudan Black-stained larvae. Data are 

representative of at least three experiments.  
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Fig. II-1 
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Fig. II-2. Heat shock induces transient changes in neutrophil random motility and 

sustained effects on recruitment to wounds. (A) (Top) Schematic illustration of the 

experimental setup for quantification of neutrophil speed. The red rectangles indicate heat 

shock at 38-39C for 1 hour. Arrows indicate the time point for neutrophil live imaging in the 

same larva before heat shock (cntl), right after heat shock (HS) and at 3 hours post heat shock 

(3 hpHS). (Bottom) Scatter plot showing the mean speed of Tg(mpx:dendra2) neutrophils at 

time points indicated. Neutrophils were tracked in 3 dimensions (3D) using Image J software 

and the MTrackJ plugin. HS larvae showed increased neutrophil speed compared with 

controls. At 3 hpHS, the speed of neutrophils went back to control levels. **P<0.01; ns, not 

significant (one way ANOVA with Dunn’s multiple comparison test). (B) (Top) Schematic 

illustration of the experimental setup for tail fin wounding. Larvae were wounded without 

heat shock (cntl), right after heat shock (HS) or at 3 hours post heat shock (3 hpHS). Larvae 

were then fixed at 4 hours post wounding (hpw) for quantification of neutrophils (grey 

circles). (Bottom) Quantification of neutrophils at tail fin wounds at 4 hpw. The effect of HS 

on neutrophil wound response persisted even when the wound was induced at 3 hpHS.  

****P<0.0001 (one way ANOVA with Dunn’s multiple comparison test). Data are 

representative of at least three experiments. 
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Fig. II-2 
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Fig. II-3. Heat shock induces neutrophil mobilization. (A) Quantification of circulating 

neutrophils in larvae at 3 dpf. There was an increase in circulating neutrophils at 3 hpHS. 

**P<0.01; ns, not significant (one way ANOVA with Dunn’s multiple comparison test). (B) 

(Left panel) Yellow box indicates area where kymograph was generated. Fluorescent signal 

in boxed region was stacked vertically into a one-dimensional line at each time point. Scale 

bar = 100 µm. (Right panel) Kymograph of 3 minute movies with a 3 second interval 

indicating the presence or absence of circulating neutrophils is shown. Data are representative 

of at least three experiments. 
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Fig. II-3 
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Fig. II-4. Heat shock induces changes in gene expression. (A) RT-PCR analysis of hsp70, 

hsp27 and splicing of xbp1 (p, pre-sliced; s, spliced) in control (cntl) or heat shock (HS) 

larvae. (B-C) RT-PCR analysis of the enrichment of RNA from neutrophils (lyz:TRAP), 

macrophages (mpeg1:TRAP) or epithelial cells (krt4:TRAP) from Tg(lyz:EGFP-L10a), 

Tg(mpeg1:EGFP-L10a) or Tg(krt4:EGFP-L10a) larvae, respectively. Whole larvae RNA 

(WT) or translating ribosome affinity purification (TRAP) RNA was used and specific 

markers for neutrophils (mpx), macrophages (mpeg1), epithelial cells (krt4) and muscle cells 

(myoD) were tested. (D) Heat shock (HS) induced expression of hsp70, hsp27 and splicing of 

xbp1 (p, pre-sliced; s, spliced) in neutrophils (lyz:TRAP), macrophages (mpeg1:TRAP) and 

epithelial cells (krt4:TRAP). Expression of hsp27 persisted at 3 hours post heat shock (3 

hpHS) while expression of hsp70 and splicing of xbp1 returned to control levels at 3 hpHS. 

Data are representative of at least two experiments. 
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Fig. II-4 
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Fig. II-5. Expression of Hsp27, Hsp70 or spliced Xbp1 in neutrophils or epithelial cells 

does not alter neutrophil recruitment. (A-C) Quantification of neutrophils at the otic 

vesicle (ear) of larvae at 2 hours post infection (hpi) with 100 CFU S.i. ear infection. 

Experiments were performed on the larvae of transgenic lines Tg(lyz:hsp70-2A-EGFP) x 

Tg(krt4:hsp70-2A-mCherry) (A), Tg(lyz:hsp27-2A-mCherry) (B) or Tg(lyz:xbp1s-2A-EGFP) 

x Tg(krt4:xbp1s-2A-mCherry) (C) at 3 dpf. Controls (cntl) were siblings with no transgene 

expression. Expression of Hsp27, Hsp70 and spliced Xbp1 (Xbp1s) did not have a significant 

effect on neutrophil recruitment to ear infection. (D-H) Quantification of neutrophils at tail 

fin wounds at 4 hpw. Experiments were performed on Tg(lyz:hsp70-2A-EGFP) (D), 

Tg(krt4:hsp70-2A-mCherry) (E), Tg(lyz:hsp27-2A-mCherry) (F), Tg(lyz:xbp1s-2A-EGFP) 

(G) or Tg(krt4:xbp1s-2A-mCherry) (H) larvae at 3 dpf. Controls (cntl) were siblings with no 

transgene expression. Expression of Hsp27, Hsp70 and spliced Xbp1 (Xbp1s) did not have a 

significant effect on neutrophil numbers at the wound at 4 hpw. Data are representative of at 

least two experiments.  
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Fig. II-5 
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Appendix III 

Distinct signaling mechanisms mediate neutrophil attraction to bacterial infection and 

tissue injury 
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Abstract  

 The signals that differentially guide neutrophils to sites of tissue injury or infection 

remain elusive. H2O2 has been implicated in neutrophil sensing of tissue injury, however its 

role in neutrophil recruitment to infection has not been explored. Here, using a 

pharmacological inhibitor of NADPH oxidases, DPI, and genetic depletion of an epithelial 

specific NADPH oxidase, we show that H2O2 is not required for neutrophil detection of 

localized infection with the Gram-negative bacterium Pseudomonas aeruginosa. In contrast, 

PI(3)K signaling is required for neutrophil responses to both wounding and infection. In vivo 

imaging using a H2O2 probe demonstrates a robust gradient of H2O2 generated at wound sites 

but not at infection sites. Moreover, DPI did not inhibit neutrophil wound attraction when 

Pseudomonas aeruginosa is present in the media. Finally, DPI also fails to inhibit neutrophil 

recruitment to localized infection with the Gram-positive bacterium, Streptococcus iniae. Our 

findings demonstrate that differential signals are involved in sensitizing neutrophils to 

pathogen versus non-pathogen induced tissue damage, providing a potential target to 

preferentially suppress non-specific immune damage without affecting the response to 

infection.  
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Introduction 

 Neutrophils are a key component of the innate immune system and the first 

responders to infection or tissue injury. Upon acute injury or infection, neutrophils 

transmigrate across the endothelium barrier, undergo interstitial migration to reach the 

inflamed site, where they engulf microorganisms, secrete granule contents, generate reactive 

oxygen species and/or release nuclear extracellular traps to control infection and promote 

wound healing (1). Defects in neutrophil function can result in immunodeficiency, 

characterized by recurrent infections and poor wound healing. The inability of neutrophils to 

enter the circulation is seen in neutropenic patients with Warts, Hypogammaglobulinemia, 

Infections, and Myelokathexis (WHIM) syndrome (2). Moreover, the trapping of neutrophils 

within the blood stream is a hallmark of leukocyte adhesion deficiency (3) and the failure of 

neutrophils to undergo oxidative burst is associated with chronic granulomatous disease (4). 

On the other hand, neutrophilic inflammation must be controlled to prevent non-specific 

damage to host tissues. Improper neutrophil infiltration is a hallmark of chronic inflammatory 

airway diseases (5), inflammatory bowel disease (6), autoimmunity (7) and other chronic 

inflammatory disorders. Attenuation of neutrophilic infiltration remains an attractive target to 

alleviate clinical symptoms or slow disease progression. Therefore, understanding the 

mechanisms that regulate neutrophil trafficking to sites of infection or inflammation in vivo 

is fundamental to human health.  



 

 

 
 

255 

 Although numerous in vitro studies using isolated neutrophils have identified 

mechanisms of neutrophil directed migration, the physiological signaling events that 

differentially guide neutrophil infiltration to sites of tissue injury or infection are still elusive. 

Recently, a stepwise dissection of the signaling events that guide neutrophil recruitment to a 

site of sterile inflammation was reported (8). However, the signaling events that guide 

neutrophil recruitment to bacterial infection are still largely unknown. 

 The zebrafish, Danio rerio, is gaining popularity as a model system to study innate 

immunity and leukocyte function. The innate immune system in the zebrafish larvae is highly 

conserved (9). Transparent larvae have made zebrafish an attractive model to observe 

leukocyte behavior in live animals. Ease of pharmacological and genetic manipulation has led 

to the discovery of novel signals that regulate rapid neutrophil recruitment in vivo. A gradient 

of hydrogen peroxide (H2O2) generated at injured epithelial cells are shown to mediate rapid 

detection of wounds by neutrophils (10). Pharmacological inhibition of nitotinamide adenine 

dinucleotide phosphate (NADPH) oxidase enzymes or depletion of a key oxidase in epithelial 

cells, dual oxidase (Duox), attenuated neutrophilic infiltration in the first 20 min post tissue 

injury. Although it is not clear how H2O2 is sensed by neutrophils, this breakthrough in 

wound biology highlighted the power of zebrafish for studying neutrophil function. In 

addition, similar H2O2 signaling is generated by oncogene-transformed melanoblasts and 

goblet cells in zebrafish, which mediates attraction of both neutrophils and macrophages (11). 

A balanced role for reactive oxygen species in host defense against infection is implicated in 

Drosophila gut immunity. Depletion of dDuox from the intestine results in a marked increase 
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in mortality rate after natural gut infection (12). Moreover, depletion of extracellular 

immune-regulated catalase, an enzyme that converts H2O2 to H2O, also shows a high 

mortality rate after similar gut infection (13). It is speculated that H2O2 burst is a general 

primary response to various stressors that induce inflammatory feedback of leukocytes (11-

14). However, whether the H2O2 signaling is involved in neutrophil detection of bacterial 

infection has not been determined. 

 Although a collection of bacterial infection models have been established in zebrafish, 

the majority of studies focused on models of systemic infection have observed direct 

pathogen-leukocyte interactions inside the vasculature (15-20). A limited number of studies 

have investigated neutrophil recruitment to localized infection (18, 21-23). Here we adapted a 

localized Pseudomonas infection model that is optimal for monitoring leukocyte-pathogen 

interactions. We found that H2O2 is dispensable for neutrophil attraction to localized bacterial 

infection. Our results provide evidence that neutrophils detect tissue injury and infection by 

distinct signaling pathways and positions tissue-generated hydrogen peroxide as an attractive 

target to differentially modulate neutrophil reaction to infection versus tissue damage.  

 

Results  

Generation of a localized infection model to monitor neutrophil recruitment 
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 Many locations in zebrafish have been explored as sites for localized infections, 

including the pericardial cavity (24), hindbrain ventricle (18, 21), the yolk sac (23-25), the 

left inner ear (22) and the dorsal muscle (23). To select an infection model best suited to 

monitor neutrophil recruitment to a contained infection, we first tested Pseudomonas 

aeruginosa infection into the left inner ear or the yolk sac. Bacteria constitutively expressing 

the red fluorescent protein mCherry (15), in combination with the transgenic fish expressing 

green fluorescent protein Dendra2 specifically in neutrophils (26), allows direct visualization 

of infection and neutrophil responses in real-time (Fig. 1A and Fig. 2B). Four hours post 

infection, Dendra2 labeled neutrophils are recruited to the infected ear, demonstrated by their 

co-localization with mCherry-labeled PAK in the otic vesicle (Fig. 1). A mock injection with 

sterile PBS did not induce neutrophil infiltration, indicating that neutrophils respond to 

bacterial infection specifically. In contrast, neutrophils are not recruited to infection localized 

in the yolk sac (Fig. 1B). Neutrophils, however, can sense the presence of bacteria, revealed 

by increased neutrophil presence on top of the yolk sac. These neutrophils are highly motile, 

constantly patrolling the yolk sac (data not shown), but fail to infiltrate into the infection site. 

Zebrafish larvae are highly resistant to localized ear infection (Fig. 1C). Injection of ~63,000 

cfu of PAK results in ~30% mortality of 3 dpf larvae. In contrast, when injected into the yolk 

sac, 2,100 cfu of PAK cause 100% mortality of 3 dpf larvae, which is probably due to the 

lack of neutrophil recruitment (Fig. 1D). Taken together, the otic vesicle is a preferred site 

that allows direct observation of neutrophil recruitment to localized infection. 
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Phagocytosis of PAK by neutrophils and resolution of inflammation 

 To better observe neutrophil behavior at the infected ear, a confocal movie was taken 

right after bacterial inoculation into the otic vesicle (Fig. 2). Neutrophils infiltrate into the ear 

immediately after infection and their number in the ear peaks ~ 6 h post infection. After that, 

neutrophilic inflammation slowly resolves and by 12 h post infection, neutrophil number at 

the infected ear significantly decreases. Bacteria taken up by neutrophils are readily observed 

throughout the infection process. At 12 hpi, several neutrophils containing phagocytosed 

bacteria are visible outside the ear, indicating that neutrophils migrate away from the site of 

infection, contributing to the resolution of inflammation. 

 

Neutrophil recruitment to bacterial infection is not dependent on tissue generated H2O2 

 The signals that mediate rapid neutrophil detection of bacterial infection are still 

obscure. H2O2 is generated by wounded epithelium (10) or oncogene-transformed cells (11) 

to mediate neutrophil recruitment to tissue injury or transformed cells, respectively. We next 

investigated the role of H2O2 in mediating neutrophil recruitment to PAK infection. DPI, an 

inhibitor for the NADPH complex that generates reactive oxygen species (ROS), results in a 

significant inhibition of neutrophil recruitment to tissue injury compared with vehicle control 

(Fig. 3A). Injecting PAK into the left ear leads to significant neutrophil recruitment 

compared with injecting sterile PBS alone. However, DPI does not inhibit PAK-induced 

neutrophil recruitment (Fig. 3B). LY294002, a pan-phosphatidylinositol 3-kinase (PI3K) 
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inhibitor previously shown to reduce neutrophil motility in vivo (27), inhibits neutrophil 

responses to both tissue injury and PAK infection.  

 To complement the DPI results with genetic approaches, a key component of the 

tissue-specific NADPH complex, Duox, was depleted from zebrafish larvae using MO (10). 

At 3 dpf, RT-PCR shows a partial inhibition of duox pre-mRNA splicing, indicated by a 

smaller band corresponding to exclusion of the target exon (Fig. 4C). Neutrophil recruitment 

to wounding is abolished in the duox morphant, suggesting functional inhibition of Duox (Fig. 

4A). Reduced numbers of neutrophils are present in the rostral mesenchymal tissues in duox 

morphants (Fig. 4B). When the number of neutrophils that are attracted to the infected ear is 

normalized to the total number of neutrophils within the head, there is no significant 

difference in the percentage of head resident neutrophils that are recruited to ear infection 

between duox morphants and control (Fig. 4D), indicating that Duox knockdown does not 

specifically inhibit neutrophil responses to localized PAK infection. The smaller fin and 

reduced neutrophil numbers in the duox morphants may be due to non-specific toxicity of the 

duox MO. Taken together, our data suggest that H2O2 is dispensable for neutrophil 

recruitment to PAK infection. 

 

Absence of H2O2 generation at localized PAK infection 

 A tissue gradient of H2O2 is generated by injured tissue (10) and transformed cells 

(11) to attract neutrophils. Although the H2O2 signal is not required for neutrophil recruitment 
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to localized PAK infection (Fig. 3), we next determined whether this is due to an absence of 

H2O2 at a PAK infected ear, or a dispensable role for H2O2 (if generated) to attract neutrophils. 

Using a genetically-encoded H2O2 probe, HyPer (10), we find robust signal of H2O2 

generated at wound sites but not from the infected ear (Fig. 5 and supplemental Video 1). At 

infected tissue, a weak signal of H2O2 is observed within the ear that does not propagate into 

the surrounding tissue. The slight increase in H2O2 signal in the ear could be due to the 

injection process which causes a very small wound or imaging artifact from fluid inside the 

ear, since mock infection with sterile PBS shows a similar H2O2 signal (data not shown). To 

confirm the function of the HyPer probe, the other ear of the same fish was wounded 

mechanically and H2O2 generation was imaged under the same acquisition parameters. 

Consistent with previous findings (10), the wounded ear bursts a H2O2 wave which 

accompanies rapid neutrophil infiltration (Fig. 5 and supplemental Video 1). Taken together, 

localized PAK infection does not result in a robust H2O2 gradient, consistent with the 

dispensable role of H2O2 in neutrophil attraction to infection. 

 

DPI selectively impairs neutrophil attraction to wounds in the presence of infection 

 A signal hierarchy has been described in isolated human neutrophils where 

neutrophils preferentially migrate to target chemoattractants (e.g., fMLP and C5a) emanating 

from the site of infection over intermediary endogenous chemoattractants (e.g., IL-8 and 

LTB4) (28). To determine whether signals generated at the infection sites compete with 
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wound signals, we performed infection and wounding in the same larvae. Efficient neutrophil 

recruitment to both wound and infection is observed, indicating that neutrophils can sense 

different signals generated at tissue injury or bacterial infection without competition (Fig. 6 

and supplemental Video 2). The result is not affected regardless of whether wounding or 

PAK infection is performed first (data not shown). Therefore, no obvious competition 

between infection and wound generated signals is observed in this whole fish setting. 

However, it is possible that individual neutrophils are not exposed to competing signals due 

to the physical distance between the ear and the tail. Nevertheless, DPI treatment attenuates 

neutrophil attraction to tail transection, but not to PAK infection in the same larvae. The 

PI3K inhibitor LY294002 reduces neutrophil motility and impairs neutrophil infiltration both 

to sites of tissue injury and PAK infection (Fig. 6 and supplemental Video 2). These findings 

again confirm a differential role for H2O2 in mediating neutrophil recruitment to tissue injury 

or bacterial infection. 

 

DPI does not inhibit neutrophil attraction to PAK wound-infection 

 To complement our results with localized infection, we next determined the 

requirement of H2O2 in neutrophil recruitment in a wound-infection model with the addition 

of PAK to the embryo medium during the wound response (29). A typical neutrophilic 

inflammation induced by a wound is characterized by initial recruitment of neutrophils during 

the first hours post wounding, followed by a resolution phase. The presence of PAK in 
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embryo medium does not affect neutrophil recruitment to the tissue injury, but delays the 

resolution of inflammation, as indicated by increased numbers of neutrophils at the tail 

wound 6 hours post wounding (Fig. 7A), suggesting that the presence of PAK alters the 

neutrophil response. DPI attenuates neutrophil attraction (during the first two hour post 

wounding) to tissue injury. However, in the presence of PAK in the media, neutrophil 

recruitment is not significantly affected by DPI treatment (Fig. 7B), indicating that PAK 

induces neutrophil recruitment that is independent of the H2O2 generated at the wound. Taken 

together, our results indicate that PAK detection by zebrafish neutrophils is independent of 

H2O2. 

 

DPI does not inhibit neutrophil attraction to localized infection by S. iniae 

Since most of the experiments were performed with Gram-negative bacterium, we next tested 

the effect of DPI on neutrophil recruitment to Streptococcus iniae, a Gram-positive bacterium 

and a natural zebrafish pathogen (30). Similarly, under conditions that attenuate neutrophil 

attraction to tissue injury, neutrophil recruitment to localized S. iniae infection is not 

significantly affected by DPI treatment (Fig. 8), indicating that detection of Gram-positive 

bacteria by zebrafish is also independent of H2O2. 
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Discussion 

 Here we report that zebrafish localized otic infection is suited for real-time 

observation of neutrophil infiltration and identification of host signaling pathways that 

sensitize neutrophils to bacterial infection. Neutrophils are recruited immediately to the site 

of infection (supplemental Video 2) and pathogen-leukocyte interactions are readily observed 

at the onset of the infection (Fig. 2). In contrast, neutrophils respond 90 min post infection 

with another strain of Pseudomonas, PA14, injected into the hindbrain ventricle (HBV) in 2 

dpf larvae (18). The potential difference in the dynamics of neutrophil infiltration into the ear 

or HBV may be due to the developmental stage of the larvae, dose and type of bacterial 

strains used, or the immune-privileged nature of the brain, which is well known in humans 

and other higher vertebrates. Although direct comparison of neutrophil recruitment in the ear 

and HBV infection is technically difficult (31), our study indicates that neutrophil responses 

to infection can be readily observed with the ear infection model in larvae 3 dpf. The yolk 

sac, on the other hand, is not a good site to investigate leukocyte-pathogen interactions since 

neutrophils fail to infiltrate into the yolk sac, making the larvae more susceptible to infection, 

consistent with a previous report (25). Nonetheless, neutrophils are able to sense the presence 

of bacteria inside the yolk, indicated by the increased numbers and motility of neutrophils 

patrolling on top of the yolk in response to infection (Fig. 1 and data not shown). Taken 

together, our findings identify localized otic infection as a powerful model system to 

characterize mechanisms that mediate leukocyte recruitment to sites of localized bacterial 

infection using real-time imaging. 
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 Since the identification of the requirement of H2O2 in mediating leukocyte wound 

detection and recruitment to transformed cells, the enhanced production of H2O2 is speculated 

to be a universal mechanism used by the host to sense the destruction of tissue homeostasis 

by various insults and to activate the appropriate innate immune response (11-14). In animal 

cells, H2O2 is known to serve as a second messenger that regulates transcription, proliferation 

or enzyme activity (32). Surprisingly, we visualize minimal H2O2 generation upon localized 

Pseudomonas aeruginosa infection (Fig. 5). Accordingly, neutrophil recruitment to localized 

infection with both Gram-negative and Gram-positive bacteria are independent of tissue 

generated H2O2 (Fig. 3,4,6,7,8), suggesting a context dependent requirement of H2O2 

signaling in sensitizing professional phagocytes. However, whether tissue generated H2O2 is 

required for efficient clearance of bacterial infection in zebrafish has not been determined 

(due to the limitation of current tools).  

 Although H2O2 is considered to be an antiseptic and routinely used for treating minor 

wounds, it remains questionable whether physiologically generated H2O2 could directly kill 

microbes since H2O2 is only microbicidal at high concentrations (33). Secondary oxidant that 

has higher destructive capacity, such as HOCl generated by neutrophil-derived 

myeloperoxidase, is more likely to conduct direct microbicidal activities (34-35). Therefore, 

tissue generated H2O2 may primarily modulate the local environment, which can mediate 

leukocyte infilitration and inflammation. Leukocytes, on the other hand, are the major 

effectors that clear microbes by phagocytosis, releasing ROS and neutrophil extracellular 

traps.  
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 The identities of the signals that mediate neutrophil recognition of bacterial infection 

and recruitment in vivo still remain elusive. The neutrophil chemoattractant could be 

bacterially-derived peptides with formylated N-terminal methionine groups, which is 

recognized by host N-formyl peptide receptor (FPR) and mediate neutrophil chemotaxis (36). 

However, fMLP, a synthetic peptide that mimics the activity of bacterially-derived peptides, 

fail to attract neutrophils when injected into the ear (data not shown). In addition, treatment 

with cyclosporin H, an FPR inhibitor, does not affect neutrophil recruitment to either 

infection or wounding (data not shown). Collectively, these results suggest that N-formyl 

peptides are not likely to be involved in rapid neutrophil detection of infection in zebrafish. 

Other candidate signaling molecules include those in the complement system, such as C5a. 

The complement system is being extensively studied in zebrafish (37) and multiple mannose 

binding lectin loci have been identified (38). However, it remains to be determined whether 

the complement system mediates rapid neutrophil detection of pathogens. 

The responses of neutrophils can also be driven by a diverse array of pattern 

recognition receptors (PRRs) that bind pathogen-associated molecular patterns (PAMPs). The 

toll-like receptor (TLR) family of cell surface receptors recognizes different foreign 

biomolecules including those exposed on the cell surface of both Gram-negative and Gram-

positive bacteria, such as lipopeptides, lipopolysaccharide (LPS) and flagellin. TLRs signal 

through several intracellular adaptor molecules, among which, MyD88 plays a pivotal role. 

TLRs and MyD88 are well conserved in the zebrafish (39). However, depleting endogenous 

MyD88 with two separate morpholino oligonucleotides indicates a dispensable role for 
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MyD88 in mediating neutrophil recruitment to PAK infection (data not shown). It is possible 

that MyD88 plays roles in later sustained neutrophil recruitment or activation, but not in the 

initial rapid neutrophil response. It is also possible that another adaptor protein, such as 

TRAM can function in place of MyD88 and mediate functional PRR signaling (40). In 

contrast, we find that MyD88 is involved in neutrophil wound detection, which is not entirely 

surprising since TLRs are implicated in recognition of endogenous ligands that are derived 

from necrotic cells, such as HMGB1 (41-42) or extracellular matrix components that are 

generated as a result of tissue injury (43). A challenge for future investigation will be to 

identify the specific signaling mechanisms that mediate leukocyte attraction to infected 

tissues in live animals. 

 In summary, we have identified a differential requirement for tissue generated H2O2 

in mediating neutrophil recruitment to tissue injury and bacterial infection. Our results 

indicate that signals mediating leukocyte response to infection or acute injury are indeed 

unique and suggest the potential of identifying novel signaling events that are differentially 

involved in sensitizing immune cells to non-pathogen driven versus pathogen driven 

inflammation.  

 

Experimental Procedures 

Zebrafish maintenance and drug treatment 
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 Adult fish were maintained in accordance with the University of Wisconsin-Madison 

Research Animal Resources Center (Madison, WI, USA). For live imaging or wounding 

assays, larvae were anesthetized in E3 containing 0.2 mg/ml Tricaine (ethyl 3-

aminobenzoate; Sigma-Aldrich, St. Louis, MO, USA). To prevent pigment formation, some 

larvae were maintained in E3 containing 0.2 mM N-phenylthiourea (Sigma-Aldrich). Where 

indicated, larvae were pretreated with 32.5 µM LY294002 (Calbiochem)  (27) or 100 µM 

DPI (Sigma) (10) in 1% DMSO in embryo medium (E3) to facilitate drug delivery for 1 hour. 

Following experiments were performed in E3 supplemented with indicated drug for indicated 

time. 

 

Bacterial strains and culture methods 

 Pseudomonas aeruginosa strain, PAK carrying a constitutive plasmid-encoded red 

fluorescent protein mCherry (pMKB1::mCherry) was kindly provided by S. Moskowitz, 

University of Washington, Seattle, WA, USA (15). The S. iniae strain was kindly provided 

by M. Caparon, Washington University, St Louis, MO, USA (30). S.iniae for infection was 

prepared as described (30). Frozen stock obtained with single colony of PAK 

(pMKB1::mCherry) was stroke freshly on Vogel-Bonner minimal (VBM) plate supplemented 

with 200 µg/mL carbenicillin the night before infection. Bacteria were responded in 

phosphate-buffered saline (PBS) and the optical density at 600 nm was measured with a 

Nanodrop spectrometer. To prepare the final inoculum, bacteria suspension was diluted or 
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pelleted by centrifugation at 1500 g for 5 min followed by resuspesion to achieve the desired 

bacterial density. Phenol red tracking dye was added to bacterial aliquots prior to injection at 

a final concentration of 0.1%. After infection, the inoculum was injected into PBS, diluted 

when necessary and plated to quantify colony forming units. 

 

Bacterial infection, tailfin wounding and Sudan Black staining 

 Bacterial infection in the otic vesicle was performed as described (31). For yolk 

infection, larvae were prepared as for otic infection with slight modifications: dorsal side 

(instead of ventral side for otic infection) was positioned against the injection groove. The tail 

fins of larvae at 3 dpf were either wounded with a needle or transected with a sterile razor 

blade. For wound-infection, PAK(pMKB1::mCherry) was added to E3 at a final OD600 of 

0.005 (29). Larvae were fixed at indicated time post wounding, and neutrophils were stained 

with Sudan Black as previously described (22). 

 

Morpholino oligonucleotides (MO) microinjection and RT-PCR 

 All MOs were purchased from GeneTools, LLC, resuspended in distilled water and 

stored at RT at a stock concentration of 1 mM. 1 nl of MOs were injected into the yolk of 1 

cell-stage embryos at concentrations indicated below. 100 μM Duox MO (10) was injected in 

combination with 300 μM p53 MO (10) to minimize non-specific MO toxicity. Efficient MO 
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mediated knockdown was confirmed with RT-PCR using mRNA extract from 3 dpf 

morphants. Primers to amplify duox (10) and ef1α as a house keeping gene (44) were 

previously described. Primers for the neutrophil specific marker mpx were as follows: mpx 

forward: 5’-ACCAGTGA GCCTGAGACACGCA-3’; mpx reverse: 5’-TGCAGAC 

ACCGCTGGCAGTT-3’. 

 

Live imaging and Hyper imaging 

 Larvae at 3 dpf were settled on a custom-made, glass-bottom dish. Time lapse 

fluorescence images were acquired with a confocal microscope (FluoView FV1000, 

Olympus, Center Valley, PA, USA) using a numeric aperture 0.75/20x objective or Nikon 

SMZ-1500 zoom microscope (Nikon, Melville, NY, USA). For confocal imaging, each 

fluorescence channel (488 nm and 543 nm) and DIC images were acquired by sequential line-

scanning. Z-series was acquired using a 200- to 300-mm pinhole and 2–10 mm step sizes. Z-

stacked fluorescence images were overlayed with a single DIC plane. For imaging of H2O2, 

1-cell stage zebrafish embryos from Tg(mpx:mCherry) were injected with HyPer mRNA. At 

3 dpf, larvae were infected with PAK (pMKB1::mCherry) in the left ear. The HyPer 

fluorescence was excited with 405 and 488 laser and corresponding YFP emission was 

acquired every 2 min after infection. Emission 510-525 was collected for YFP488 emission 

and 505-510 was collected for YFP405 emission. The right ear of the same fish was wounded 

right after the acquisition of the movie at infected side and the same conditions were used to 
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acquire the movie after wounding. For calculating HyPer ratio images, stacked, smoothed 

YFP488 and YFP405 images were divided. 
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Figure Legends 

Fig. III-1. Localized Pseudomonas infection model. (A) PBS or PAK (pMKB1::mCherry) 

was injected into the otic vesicle of Tg(mpx:dendra2) at 3 day post fertilization (dpf). Images 

were taken 4 hours post infection (hpi). (B) Survival of wild type AB zebrafish larvae 

infected at 3 dpf in the otic vesicle with PBS or PAK at indicated colony forming units (cfu). 

(C) PBS or PAK (pMKB1::mCherry) was injected into the yolk of Tg(mpx:dendra2) at 3 dpf. 

Images were taken 4 hpi. (D) Survival of wild type AB zebrafish larvae infected at 3 dpf in 

the yolk with PBS or PAK at indicated cfu. Results are representative from 3 independent 

experiments. Scale bar: 100 μm. 
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Fig. III-1: 
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Fig. III-2. Phagocytosis of PAK by neutrophils. PAK (pMKB1::mCherry) ~12,000 cfu was 

injected into the otic vesicle of Tg(mpx:dendra2). Still images at indicated time points from a 

representative confocal movie started right after infection are shown. Boxed regions are enlarged 

to show bacteria inside neutrophils. Scale bar: 50 μm. 
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Fig. III-2: 
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Fig. III-3. Neutrophil recruitment to wound, but not PAK infection is blocked by DPI. (A) 

Wild-type AB zebrafish larvae at 3 dpf were pretreated with DMSO, DPI or LY for 1 h followed 

by needle wounding at the tail fin. Larvae were fixed 1 hour post wounding (hpw) and 

neutrophils were visualized by Sudan Black staining. Neutrophils recruited to the tail fin were 

quantified and representative images are shown. (B) Wild-type AB zebrafish larvae at 3 dpf were 

pretreated with DMSO, DPI or LY294002 (LY) for 1 h followed by ear infection with ~ 1, 200 

cfu of PAK (pMKB1::mCherry). Larvae were fixed 1 hpi and neutrophils were visualized by 

Sudan Black staining. Neutrophils recruited to infected ear were quantified and representative 

images are shown. PBS was also injected into DMSO treated larvae as a control. Results are 

pooled from 3 independent experiments. ***, p<0.001, Kruskal-Wallis test followed by Dunn’s 

Multiple Comparison test. Scale bar: 50 μm.  
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Fig. III-3: 
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Fig. III-4. Neutrophil recruitment to wound, but not PAK infection is blocked in Duox 

morphants. Wild-type AB zebrafish larvae were injected with p53 together with or without 

Duox morpholino oligonucleotide at 1 cell stage. (A) 3 dpf p53 or duox morphants were fixed 1 

hpw. Representative images and quantification of neutrophils recruited to wounds are shown. (B) 

3 dpf p53 or duox morphants were fixed 1 hpi with ~ 1,200 cfu of PAK (pMKB1::mCherry). 

Representative images and quantification of neutrophils recruited to ear and total number of 

neutrophils present in the head are shown. (C) RT-PCR of duox and mpx from mRNA extracted 

from p53 or duox morphants at 3 dpf.  (D) Percentage of neutrophils at head that were recruited 

to PAK ear infection in 3 dpf p53 or duox morphants. Results are representative from 3 

independent experiments. ***, P<0.001, two-tailed Mann-Whitney test. Scale bar: 30 μm. 

  



 

 

 
 

285 

Fig. III-4: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

286 

Fig. III-5. Absence of H2O2 burst with localized PAK infection. Wild-type AB zebrafish 

larvae were injected with Hyper mRNA at 1 cell stage. Larvae at 3 dpf were infected with ~ 

1,400 cfu of PAK (pMKB1::mCherry) at the left ear and real-time ratiometric imaging was 

performed to measure relative amount of H2O2 generated in tissue. The right ear of the same fish 

was then wounded and generation of H2O2 was monitored by ratiometric imaging under the same 

conditions. Still images at indicted time after handling from a representative movie are shown. 

Images are representative for 10 movies from 4 separate experiments. * indicates wound site. 

Scale bar: 50 μm. 
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Fig. III-5: 
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Fig. III-6. Differential sensitivity to DPI in response to simultaneous wounding and 

infection. Wild-type AB zebrafish larvae at 3 dpf were treated with DMSO, DPI or LY for 1 h, 

then infected with ~ 1,200 cfu of PAK (pMKB1::mCherry) right followed by tail transaction. 

Neutrophils recruited to either ear infection or close proximity to tail transaction were quantified 

and representative images are shown. Results are representative for 3 independent experiments. 

***, P<0.001, Kruskal-Wallis test followed by Dunn’s Multiple Comparison test. Scale bar: 100 

μm. 
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Fig. III-6: 
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Fig. III-7. DPI does not inhibit neutrophil recruitment to wound in the presence of PAK. 

(A) Time course of neutrophil recruitment to wound-infection. Wild-type AB zebrafish larvae at 

3 dpf were treated with DMSO for 1 h, followed by tail transaction. Larvae were incubated in the 

presence or absence of PAK in the water (pMKB1::mCherry) and fixed after indicated times. 

Neutrophils recruited to within close proximity of tail transaction were quantified and 

representative images are shown. (B) DPI does not affect neutrophil recruitment to wounds in the 

presence of PAK. Wild-type AB zebrafish larvae at 3 dpf were treated with DMSO or DPI for 1 

h, followed by tail transaction. Larvae were incubated in the presence or absence of PAK 

(pMKB1::mCherry) at final OD of 0.005 and fixed after indicated time. Neutrophils recruited 

within close proximity to tail transaction were quantified and representative images are shown. 

Results are representative from 3 independent experiments. ***, p<0.001; *, p<0.05, Kruskal-

Wallis test followed by Dunn’s Multiple Comparison test. Scale bar: 30 μm. 
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Fig. III-7: 
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Fig. III-8. Neutrophil recruitment to S.iniae infection is not blocked by DPI. (A) Wild-type 

AB zebrafish larvae at 3 dpf were pretreated with DMSO, DPI or LY for 1 h followed by needle 

wounding at the tail fin. Larvae were fixed 1 hour post wounding (hpw) and neutrophils were 

visualized by Sudan Black staining. Neutrophils recruited to the tail fin were quantified and 

representative images are shown. (B) Wild-type AB zebrafish larvae at 3 dpf were pretreated 

with DMSO, DPI or LY294002 (LY) for 1 h followed by ear infection with ~100 cfu of S. iniae. 

Larvae were fixed 1 hpi and neutrophils were visualized by Sudan Black staining. Neutrophils 

recruited to infected ear were quantified and representative images are shown. Results are 

representative of 3 independent experiments. ***, p<0.001, Kruskal-Wallis test followed by 

Dunn’s Multiple Comparison test. Scale bar: 50 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

293 

Fig. III-8: 
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Supplemental Video Legend 

Supplemental Video 1. Absence of H2O2 burst at localized PAK infection.  

Wild-type AB zebrafish embryo were injected with HyPer mRNA at 1 cell stage. Embryos at 3 

dpf were infected with ~ 1,400 cfu of PAK (pMKB1::mCherry) at the left ear and real-time 

ratiometric imaging was performed to measure relative amount of H2O2 generated in tissue. The 

right ear of the same fish was then wounded and generation of H2O2 was monitored under the 

same conditions. Movies are representative for 10 movies from 4 separate experiments. * 

indicates wound site. Scale bar: 50 μm. 

 

Supplemental Video 2. Differential sensitivity to DPI during neutrophil response to 

simultaneous wounding and infection. 

Tg(mpx:Dendra2) at 3 dpf were treated with DMSO, DPI or LY for 1 h, then infected with ~ 

1,200 cfu of PAK (pMKB1::mCherry) immediately followed by tail transection. Movies are 

representative for 8 movies for each condition from 4 separate experiments. 

 

  

 

 

 

 

 

 


