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Abstract 

 

Over a million surgical procedures are carried out each year within the United Kingdom. Three 

quarters of these involve the gastrointestinal tract (GIT), and many require colonic resections 

with an anastomosis to re-join the ends of the remaining bowel to restore GIT continuity. While 

most anastomoses heal uneventfully, in up to 26% of patients, healing fails and an anastomotic 

leak (AL) develops, possibly resulting in death. Although it is well-established that prolonged 

inflammation plays a role in failure of healing, because of the hidden, and therefore less 

accessible, location of the intestine, substitution with buccal mucosa, lung or other epithelial 

surfaces have often been used as proxies to investigate this phenomenon. But these do not fully 

replicate the complexity of the intact intestinal environment. This thesis further develops the 

zebrafish as a model organism for this purpose, by establishing an intestinal injury model, a 

fluorescent gut line, and characterising intestinal colonisation with E. faecalis, a clinically 

relevant bacteria not usually found in zebrafish. The zebrafish is also validated as a model to 

study the action of specific modulators of inflammation resolution. The individual action 

profiles of these compounds on cells of the innate immune system, as well as the tissue-specific 

variation, their mechanism of action and their temporal effects are elucidated using fluorescently 

labelled neutrophils and macrophages and RNA sequencing. This thesis then introduces to the 

UK a validated mouse model of intestinal injury and healing, identifying a possible agent for 

enhanced intestinal wound healing. In conclusion, this work investigates the ways inflammation, 

genetics, and the microbiome, may work together in influencing the outcome of injury and 

healing in the intestinal tract. 
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Chapter 1: Introduction  

1.1 The importance of anastomotic leaks and the scope of the problem  

Treatments for haemorrhoids have been described since the 12
th
 and 13

th
 century BC, but direct 

surgical intervention in other parts of the bowel was actively avoided in ancient times, being 

performed infrequently even in acute injuries, and almost always ending dismally 

(Warusavitarne and Phillips, 2007). Whilst cutaneous breaches alone, even surgically induced 

ones, are often trivial and chronic wounds tolerated for years, incisions involving the 

gastrointestinal tract (GIT) are complex, and the consequences of failure to heal in this region 

often rapidly life-threatening. It was only in 1783 that Dubois performed the first recorded 

operation on uninjured bowel in the form of a colostomy for anorectal malformation in a baby, 

who tragically survived only ten days (Yesildag, Muñiz and Buyukunal, 2010).  Another forty 

years would pass before the first segmental colonic excision was survived in 1823, but followed 

soon after by a successful anorectal excision in 1826 (Graney and Graney, 1980). Since then, the 

numbers of GIT operations have grown exponentially. In the UK alone, between 2005-2014, 

lower GIT resections alone increased by almost a thousand cases per annum, to a total of over 

29,000 resections in 2014 (Eurostats, 2017). This rising number comes as no surprise due to 

increasing public awareness of bowel cancer symptomatology, combined with screening 

programmes performed in an ageing population. Reassuringly, improvements in survival have 

been substantial compared to that first foray into GIT surgery in the 18
th
 century, but one 

complication continues to haunt the surgeon, and indeed, the surviving patient: the anastomotic 

leak (AL).  

 

Many resections now involve an anastomosis to re-join the ends of the remaining bowel, thus 

restoring GIT continuity. While most heal uneventfully, in up to 26% of patients (Schiff et al., 

2016) healing fails and an AL develops despite the best technical efforts. When an anastomotic 

leak occurs, intestinal contents leak into the peritoneal cavity. Intestinal contents contain multiple 

microorganisms and either digestive enzymes or frank faeces, depending on the location of the 

anastomosis within the GIT. This can result in a range of complications such as abscesses, erosion 

of surrounding tissues causing abnormal connections (fistulae), generalised infection of the 

peritoneum (peritonitis) with an accompanying systemic inflammatory response, and even multi-
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organ failure and death. Because of the serious consequences of failure of healing, decades have 

been dedicated to optimising operative techniques such as accurate apposition of tissues with 

submucosal suturing to evert the mucosal layer for a leak-free join, careful preservation of the 

vascular arcades to the ends of the anastomosis with visible perfusion, and maintenance of a sterile 

operating field. When these failed to eliminate leaks, further fine-tuning extended to the peri-

operative period with careful control of blood pressure and albumin levels, in addition to advances 

in surgical technology culminating in increasingly sophisticated staplers, and increasingly varied 

adjuncts such as fibrin glue and nickel-titanium compression rings (Tabola et al., 2017). But 

none of these have proven infallible. For decades, surgeons have puzzled over this conundrum 

and searched for additional surgical or patient risk factors, such as smoking, male sex, 

anastomoses close to the anal verge, high arterial ligation or pre-operative radiotherapy 

(Kingham and Pachter, 2009; Trencheva et al., 2012; Lee and Mishra, 2014; Byrne et al., 2015). 

Indeed, many risk stratification strategies have emerged but again, none consistently predict or 

explain this often-catastrophic complication (Karliczek et al., 2009; Erb, Hyman and Osler, 

2014; Wu, Freek and Lange, 2014). Strikingly, despite increasing sophistication in surgical and 

anaesthetic techniques and equipment, the rate of anastomotic leaks has not decreased over the 

last few decades (Shogan et al., 2013).  

 

So what do we know so far about the reasons anastomoses leak? Literature directly related to 

molecular aspects of anastomotic healing is less extensive than would have been ideal, perhaps 

because of the technical challenges in creating an intestinal wound and subsequently directly 

observing healing in an internal organ in a clinically relevant manner, but observational studies 

generally support a central role for inflammation in affecting wound healing. 

 

1.2 The importance of inflammation to wound healing 

One of the defining observations in early medicine was that inflammation accompanies injury. 

First described by Celsus in 1AD (Rather, 1971), the cardinal features of inflammation, to 

different magnitudes, inevitably follow invasive surgical procedures. Many of the basic tenets of 

good surgical practice such as meticulously gentle tissue handling, preserving a good blood 

supply, debridement of non-viable tissue, and asepsis, may have their molecular basis in 

minimising the magnitude of inflammation that occurs. Whilst there is certainly no place for 
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gross departure from these principles, how important are they in preventing AL and how might 

they relate to cellular and molecular aspects of inflammation? Although these principles might 

seem like irrefutable and fundamental knowledge, many pharmacological potentiates based 

upon these principles have been reviewed over the years, and the results of these studies were 

often equivocal or even contradictory (a selection summarised in Table 1-1). However, 

interpretation of these experimental results is more complex than would seem at first glance, and 

differing conclusions not always simply due to different models or experimental setups. 

 

Let us examine, as an example, the importance of a good blood supply to the ends of the bowel 

forming the anastomosis. It almost defies common sense that anything could be more important 

than this. And yet experimental evidence is conflicting. Early experiments in dogs with 

intentional vascular occlusion causing 5 cm of visible devascularisation of the anastomotic 

region showed that in the sterile bowel, maintained by intraluminal antibiotic treatment, 

anastomoses healed despite this ischaemia (Cohn and Rives, 1956). More recent examples in 

rodents with segmental colonic ischaemia at the sites of anastomoses suggested a lack of 

difference in levels of tissue hypoxia between healed or non-healed anastomoses (Shakhsheer et 

al., 2017). However, in other studies using more severe arterial occlusion, positive effects with 

hyperbaric oxygen therapy (HBOT) have been demonstrated in healing, and negative effects 

with systemic hypoxia (Attard et al., 2005; Boersema et al., 2016). But even if we suppose that 

the conflicting results arose because the submucosal plexus of the intestine is more robust in 

animals, thus inadequately recapitulating human physiology, clinical reports also conflict. In 

humans, while reduced microperfusion of the rectal stump has indeed been linked to ALs in 

some studies (Vignali et al., 2000), other studies show no histological differences in 

microvascular density between AL and healed specimens (Schouten et al., 2014).  

  



 

29 

Table 1-1: Exemplar interventions for prevention of ALs and their relationship to the 

inflammatory process. This list includes some of the options that have been investigated, how they 

might ultimately impact upon the inflammatory pathways, and their often divergent conclusions. 

 Intervention 

investigated 

Relationship to the 

inflammatory process 

References Conclusion 

Ischaemia 

prevention 

PHD/HIF pathways (see 

text) 
 

 

(Cohn and Rives, 

1956) 
 

(Shakhsheer et al., 
2017) 
 

 (Schouten et al., 
2014) 
 

(Pommergaard et 
al., 2015) 

 
(Attard et al., 
2005) 

 
(Boersema et al., 
2016) 

Ischaemia did not cause AL in a sterile 

bowel in dogs 
 

No difference in tissue hypoxia levels in 
mice 
 

No differences in microvessel density in 
human histology specimens 
 

Impaired blood supply impairs healing 
in mice 

 
Systemic hypoxia impairs healing in rats 
 

 
HBOT improves anastomotic healing in 
rats 

Electro-

magnetic field 
therapy (EMF) 

Electromagnetic field 

therapy can down regulate 
inflammatory cytokines 
(IL6, IL1 COX2) and up 

regulate IL10 (Ongaro et 
al., 2012; Pesce et al., 
2013)  

(Mente et al., 

1996) 
 
 

(Nursal et al., 
2006) 

Improved mechanical strength and 

hydroxyproline content  with EMF in 
rats 
 

No difference in rats 

Amniotic 

membrane 

Amniotic membranes have 

integral immuno 
modulatory properties to 
avoid rejection of foetus 

 

(Barski et al., 

2017) 
 
(Moslemi et al., 

2016) 

Increased inflammation and adhesion, 

does not prevent AL in rats 
 
Prevents AL and reduced adhesions in 

rats 

Fibrin 
glue/sealants 

 

Mechanical barrier 
reducing peri-anastomotic  

inflammation 

(Pantelis et al., 
2010) 

 
(Senol et al., 2013) 
 

 
(Nordentoft et al., 
2015) 

 
(Slieker et al., 

2013) 

Positive effect with fibrin glue in 
healing in mice 

 
Improved hydroxyproline content with 
fibrin glue in rats 

 
A review showing lack of effect of fibrin 
glue 

 
No effect of six different sealants in 

mice 

Sildenafil Decreased neutrophil 

infiltration/decreased 
cytokine (see text) 

(Cakir et al., 2015) 

 
(Irkorucu and 

Comert, 2009) 

Improved collagen maturity in rats 

 
No effect on anastomotic integrity in 

rats  
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This confusion surrounding the hierarchical importance of blood supply however, has not 

slowed efforts to improve intraoperative visualisation of perfusion, with innovations such as 

scanning laser Doppler flowmetry (Boyle et al., 2000) and fluorescent indocyanine green (ICG) 

being introduced in recent years. But again, for example with ICG, there is still a lack of 

randomised controlled trials evidencing a significantly reduced AL rate (Degett, Andersen and 

Gögenur, 2016). Although non-randomised studies have indicated no leaks in the anastomoses 

that were immediately revised based upon intraoperative ICG fluorescence, it is unknown if 

these would ultimately have leaked without revision as ethical concerns prohibit such studies in 

humans (Jafari et al., 2015).  

 

Perhaps some of the difficulties in obtaining a clear-cut conclusion are because the hypoxia-

inflammation axis is more complex within the bowel, compared to other mucosal surfaces like 

the lung. The bowel is unique in that highly vascularised intestinal structures are in proximity to 

a physiologically hypoxic lumen especially within the lower GIT (Zheng, Kelly and Colgan, 

2015). Studies in humans suggest the existence of a counter current flow within small intestinal 

villi which allows this permissive hypoxia (Hallback et al., 1978), although there is absence of 

evidence for this in other mammals such as the rat (Bohlen and Lash, 1995), and the picture is 

complicated by fluctuations in blood flow from post-prandial hyperaemia. But within the colon, 

where post-prandial hyperaemia has not been demonstrated, the steep hypoxic gradient appears 

to be maintained by subsets of facultative anaerobes residing close to the mucosa (Albenberg et 

al., 2014). In line with this gradient, the GIT is well adapted to tolerate hypoxia and intestinal 

epithelial cells express the three hypoxia-inducible factor (HIF) Ŭ subunits and the constitutive 

HIF-1ɓ subunit that completes the heterodimer, as well as their inhibitors, the three prolyl 

hydroxylases (PHDs) and factor-inhibiting HIF1 (FIH1) (Cummins and Crean, 2016). Under 

basal conditions of physiologic hypoxia, HIF-1Ŭ is stabilised and, as a transcription factor, 

serves to perform enhanced barrier integrity functions in the gut by increasing expression of a 

multitude of genes such as those coding for mucin (Louis et al., 2006) and antibacterial peptide 

production (Glover, Lee and Colgan, 2016). As oxygen becomes plentiful, PHDs hydroxylate 

the inducible Ŭ subunit and target it for degradation. So central is the role of HIF1 in 

maintenance of mucosal homeostasis that inhibitors of PHDs are being trialled clinically as 

treatment for the chronic inflammatory states of Crohnôs Disease and Ulcerative Colitis 
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(Robinson et al., 2008; Marks et al., 2017), suggesting that higher oxygen tensions are not 

necessarily always beneficial in healing of this anatomical region.  

 

The early stages of inflammation involve an influx of innate immune cells, neutrophils followed 

by macrophages, which patrol the inflamed area removing debris and invading pathogens. 

Neutrophils are primarily glycolytic (Borregaard and Herlin, 1982) and therefore able to 

function without detriment in environments of low oxygen tension. However, neutrophils also 

increase hypoxia in inflammatory environments as they consume many more times the amount 

of oxygen than other cells, when generating an antimicrobial oxidative burst (Colgan and 

Taylor, 2010). Whilst it might be imagined that hyperbaric oxygen therapy (HBOT) in the 

animal experiments above acts solely by reversing this hypoxia, the picture is more complex. 

HBOT, in fact, also acts in an independently anti-inflammatory manner within the intestine, and 

has been shown to directly block interleukin-1ɓ (IL-1ɓ) and increase HIF-1Ŭ mRNA (Novak et 

al., 2016). This is possibly through stabilisation of HIF-1Ŭ via formation of oxygen radicals, but 

exact mechanisms are as yet unclear (Novak et al., 2016). A similar example of the complexity 

of mechanism of action is with sildenafil, a vasodilator beneficial in anastomotic healing 

ostensibly by increasing blood flow and thus oxygenation (Ayten et al., 2008), but which again 

has independent anti-inflammatory properties by decreasing TNF-Ŭ and interleukin-6 (IL-6) in 

human studies (Vlachopoulos et al., 2015). The importance of inflammation is also often also 

under-emphasised in related areas that may indirectly impact upon healing. One example is that 

of post-operative ileus, where normal GIT motility fails to return in a timely manner. The 

sympathetic neural response to intrusion of the peritoneal cavity and handling of bowel causes a 

reactive hypomotility of the GIT, which usually fades quickly upon abdominal closure, but 

prolonged ileus can occur, has been shown to be associated with increased IL-6 and leukocyte 

infiltration of the bowel (Kalff et al., 1999; The et al., 2007), and has a positive correlation with 

rates of AL (Moghadamyeghaneh et al., 2016). Here again evidence shows that inhibiting the 

inflammatory axis improves ileus (Schwarz et al., 2001; Raju et al., 2015), with clinical studies 

comparing laparoscopic with open surgery confirming a relationship between decreased 

inflammation, as evidenced by lower CRP levels post-laparoscopy, with lower ileus and AL 

rates (Mungo et al., 2017). So how might improving inflammation improve wound healing? 
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1.3 Manipulating inflammation to promote wound healing 

Wound healing can be divided into three overlapping phases (Figure 1-1A). Any breach in 

epithelial or mucosal layer of an organism, even in the absence of immediate ingress of 

microorganisms, generates an initial inflammatory response which is characterised by the influx 

of inflammatory cells. Neutrophils are the first cells to be mobilised to the site, and play an 

important role in controlling pathogens and to a certain extent, debris. Although removal of 

debris is not traditionally thought to be one of the main roles of neutrophils, in guinea pig 

wound  models, the number of erythrocytes in neutrophil-depleted, macrophage-normal, wounds 

were six times that of normal wounds (Simpson and Ross, 1972). It was speculated that 

neutrophils could release a haemolytic substance that aided in clearance of erythrocytes. 

Intriguingly, there was no evidence of impaired cutaneous wound healing despite this, whereas a 

long history of surgical observation (Guo and DiPietro, 2010) suggests that haematoma 

formation would impede healing, especially within the bowel. This is because coagulated blood 

would represent an enriched medium for bacterial proliferation. Certainly in mice with 

Haemophilia B, wound healing is delayed with an abundance of erythrocytes seen within the 

wound (Hoffman et al., 2015), although it is difficult to tease out the role of thrombin deficiency 

from that of erythrocyte accumulation affecting wound healing in those experiments.  

 

The second phase of wound healing is a granulation stage, marked by resolution of the acute 

inflammation, and initiation of the laying down of extracellular matrix, contraction of 

myofibroblasts, and proliferation of cells at the wound edge. This is then followed closely by, or 

occurs concurrently with, the final phase which includes the remodelling of the wound, 

including the formation of more collagen, to restore tissues to their former homeostatic state 

(Clarke, 1988). Resolution of the initial inflammation stage appears to be a pre-requisite for 

proper procession toward complete wound healing. The persistence of high numbers of 

activated neutrophils leads to chronic inflammation which disrupts the normal flow of healing 

(Figure 1-1B) due to the continued release of factors such as elastase and gelatinase that prevent 

laying down of normal extracellular matrix (Jiang et al., 2016). Although any one of these 

overlapping phases of healing could go wrong, in all cases of the emerging chronic wound, there 

exist imbalances between pro-inflammatory and pro-resolution mediators resulting in chronic 

inflammation (Pierce, 2001). The alluring prospect of a therapeutic agent that could halt the 



 

33 

chronicity of inflammation and drive the healing process to completion (Figure 1-1C) is a 

current area of active research. Already it has been shown that in diabetic mice models with 

chronic wounds, neutrophil depletion using anti-mouse antibodies increased the rate of healing 

by 50% (Dovi, He and Dipietro, 2003). 

 

But going even further, perhaps healing could be accelerated, even in the absence of pathology, 

by a therapeutic anti-inflammatory agent thus enhancing the organisms natural processes 

(Figure 1-1D). Or could the inflammation phase be skipped altogether? There is controversial 

evidence about whether inflammation is required for the wound healing process. Early work on 

wound healing using the CXCR2-knockout mouse (Devalaraja et al., 2000), suggested that 

neutrophils were essential to initiate healing. CXCR2 is a chemokine that is essential for 

neutrophil recruitment to a wound. But CXCR2 is also present on keratinocytes and removing 

this might influence their behaviour during the granulation phase in ways that could not be 

accounted for in that model. Evidence against the requirement for neutrophils are in models of 

neutrophil-depleted mice (Dovi, He and Dipietro, 2003), where not only was wound healing was 

accelerated but healing occurred with less scarring. It should be pointed out however that in this 

model, 15% of neutrophils still remained and a sterile wounding technique was used. 

Nonetheless, other studies using pu.1-null mice that do not have functioning neutrophils or 

macrophages (Martin et al., 2003), have also demonstrated improved wound healing that occurs 

without scarring in this group. Again, it should be noted that these experiments were done in 

neonatal mice, and foetal skin is fundamentally different to adult skin, where scar-less healing 

could be an intrinsic property of the foetal fibroblast rather than purely a consequence of lack of 

inflammatory cells (Leavitt et al., 2016).  

 

Indeed, although it has been demonstrated that having any histological evidence of chronic 

inflammation, for example in patients with inflammatory bowel disease (IBD), at the joined 

ends of an anastomosis conferred an odds ratio of 2.7 in developing an AL (Telem et al., 2010), 

completely eliminating inflammation per se does not seem to be a panacea because, 

paradoxically, anti-inflammatory drugs have met with unexpected failure in preventing ALs. 

Instead, non-steroidal anti-inflammatory drugs were associated with an increase in AL (Holte et 

al., 2009; Bakker et al., 2015). This may be because, while COX-1 is constitutively expressed 
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by intestinal epithelial cells, COX-2 expression is induced by the presence of inflammatory 

mediators. Recent studies in mice have identified COX-2 dependent production of PGE2 as 

essential for neovascularisation and subsequent intestinal healing, with disruption of this 

pathway increasing ALs (Reisinger et al., 2017), but other inflammatory mediators such as IL-6 

have also been shown to be essential during the initial injury phase to promote epithelial 

reconstitutition within the intestine (Kuhn et al., 2014).  

 

Interestingly, in the Reisinger experiments, administration of PGE2 alone did not fully rescue 

the COX-2 knockout AL phenotype (Reisinger et al., 2017). As the authors suggested, this 

could have been due to dosage, since mice appear to have a high sensitivity to the loss of even 

one functional allele of the parent gene (Manieri et al., 2012). But perhaps it could also be due 

to COX-2 inhibition blocking M2 macrophage differentiation (Na et al., 2015; X. Wang et al., 

2017) and thus disrupting the closely intertwined production pathways of specialised pro-

resolving mediators (SPMs) such as lipoxins and resolvins (Norris, Libreros and Serhan, 2019). 

SPMs are the end products of the eicosanoid pathways (Capra et al., 2015), and they have a role 

in limiting acute inflammation or even reversing chronic inflammation. SPMs are synthesised 

from three different fatty acid (FA) precursors: arachidonic acid (AA), docosahexaenoic acid 

(DHA) and eicosapentaenoic acid (EPA). Their synthesis requires three different lipoxygenase 

(LOX) enzymes in the human, often concatenated in action, but these pathways are significantly 

simplified in Figure 1-2 for clarity. In the most simplified version of these pathways, each 

essential FA gives rise to a different series of SPMs. Synthesised from AA are the Lipoxins A4 

(LXA4) and B; from EPA, the Resolvins (Rv) E1-3; and from DHA, RvD1-6, Protectin 1 

(PD1), and Maresin (Mar) 1-3. 
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Figure 1-1: The three overlapping stages of wound healing. A. Normal wound healing (Clarke, 1988). 

B. Wound healing disrupted in chronic inflammation. C. Therapeutic intervention to allow rescue of 

wound healing in cases of chronic inflammation. D. Accelerated wound healing with shortened 

inflammatory stage.  
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1.4 The role of lipid mediators (SPMs) in inflam mation  

SPMs have been shown to actively drive resolution of inflammation (Souza and Norling, 2015), 

but each SPM may play subtly different roles in this process. LXA4, being one of the first SPMs 

to be synthesised, appears to be instrumental in initiating the resolution process by inhibiting 

recruitment of neutrophils, whereas RvE1 is able to shorten the entire inflammatory process 

(Bannenberg et al., 2005). There are various phases in the inflammatory process (Figure 1-3) in 

which SPMs may exert their effects. Very soon after an injury or a microbial insult to the 

tissues, the inflammatory response begins with chemotactic signals that recruit more 

neutrophils. These signals can be attenuated by SPMs, for example, RvE1 acts as a partial LTB4 

(a potent chemo-attractant) receptor antagonist (Arita et al., 2007), effectively muting the signal 

for neutrophil recruitment. On mucosal surfaces, a similar chemotactic gradient is observed that 

draws neutrophils via a transepithelial route to mount a defensive response on the mucosal 

surface. There is some evidence that the mass migration of neutrophils via this route disrupts the 

tight junction barriers and precedes the development of ulceration in IBD. In these cases, LXA4 

appears to down regulate transepithelial migration by decreasing TNFŬ and IL8, both strong 

chemo attractants (Gronert et al., 1998). 

 

But traversing tight junctions is not the only way neutrophils can cause detrimental effects. 

Neutrophils kill invading bacteria in several ways: by internalising them and then fusion of the 

phagosome with intracellular granules killing bacteria by both oxidative and non-oxidative 

mechanisms, by discharging these granules directly into the extracellular region (Kang et al., 

2001), or by neutrophil extracellular traps (NETs) (Brinkmann et al., 2004). Because neutrophil 

degranulation and NETs concentrate a high level of toxic substances locally, prolonged activity 

from the persistently high neutrophil numbers in tissues with chronic inflammation 

(Kolaczkowska and Kubes, 2013) could lead to significant tissue damage and compromised 

wound healing. SPMs can downgrade the persistence of neutrophils by enhancing non-

inflammatory attrition of neutrophils at the injury site. These non-inflammatory processes 

include neutrophil apoptosis (El Kebir and Filep, 2010), reverse migration (Hamza et al., 2014; 

Ellett et al., 2015),  or removal into the luminal space (Brazil et al., 2010). 
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Figure 1-2: Simplified pathways of synthesis of SPMs. SPMs (shown in green) or related eicosanoids 

(in grey) are synthesised from essential fatty acids (in red) via different lipoxygenase enzymes (LOX) 

shown in black. (Fredman and Serhan, 2011)  

 

 

 
 

 

Figure 1-3: The inflammatory response in an organ, such as the intestinal tract, that may be 

modulated by SPMs. (1). Inflammation begins with recruitment of neutrophils in response to an injury 

or microbial insult. The recruited neutrophils migrate into tissues, and the resolution of inflammation 

involves removal of neutrophils via reverse migration (2), apoptosis (3), or loss into the intestinal lumen 

(4). Clearance of apoptotic neutrophils requires macrophages (5) which in turn secrete pro-resolution 

cytokines (6). SPM modulation (in blue) result in overall increase or decrease of each phase (red arrows). 
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Evidence for enhanced neutrophil apoptosis appears to be SPM-specific. While RvE1 enhances 

neutrophil apoptosis via down regulation of myeloid cell leukaemia-1 (Mcl-1, a member of the 

pro-survival family of molecules) (El Kebir, Gjorstrup and Filep, 2012), while 15-epi-lipoxin, 

an aspirin triggered lipoxin (ATL), enhances caspase-3 dependent apoptosis (El Kebir et al., 

2009). Apoptotic neutrophils are removed by macrophages, and SPMs have also been shown to 

influence the subsequent influx and behaviour of macrophages. LXA4, ATL and RvD1 increase 

efferocytosis in macrophages in a dose-dependent manner (Godson et al., 2000), and promote 

the release of anti-inflammatory chemokines such as IL10 and TGF-ɓ whilst at the same time 

decreasing pro-inflammatory chemokines like IL1ɓ and IL6 (Titos et al., 2011). Neutrophils that 

do not undergo apoptosis can move away from the site of injury and these neutrophils are said to 

have reverse migrated. Reverse migration of neutrophils in response to LXA4 has thus far only 

been demonstrated in microfluidic cell channel systems (Hamza et al., 2014). Finally, 

neutrophils that have already undergone transepithelial migration to be attached to the mucosal 

surface can be removed by loss into the lumen. Persistence of neutrophils on the surface of 

epithelial cells has been linked to crypt abscesses and chronic inflammation in IBD, and RvE1 

has been shown to stimulate expression of the CD55 receptor (Campbell et al., 2007), an anti-

adhesion molecule expressed on the apical surface of epithelial cells, thus promoting loss into 

luminal space and active inflammation resolution. 

 

But efforts at reducing neutrophil numbers can result in the negative consequence of also 

reducing immunity to potential pathogens (De Bosscher, Vanden Berghe and Haegeman, 2000). 

There are indications that in infection with Streptococcus pneumoniae, supplementation of 

LXA4 too early in the phase of infection worsened survival of rats (Sordi et al., 2013), while in 

other separate studies, supplementing LXA4 promoted proliferation of Mycobacterium 

tuberculosis (Tobin et al., 2010). On the other hand, various studies have suggested that SPMs 

are, in fact, broadly beneficial in infections. RvD1, RvD5 and PD1 all enhanced the potency of 

antibiotics in Escherichia coli and Staphylococcus aureus pouch infections (Chiang et al., 

2012), although this was not due to a direct effect on microorganisms, but an enhancement of 

the host ability to engulf and perform intracellular killing of these bacteria. In other models of 

infection, RvE1 and ATL both reduced the severity of E. coli pneumonia (El Kebir et al., 2009; 

Seki et al., 2011). Microbial defence is particularly important in the heavily colonised intestine, 
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but here again, a simple cause and effect conclusion is not easily reached. In the example of 

HBOT, not only are anti-inflammatory pathways activated, but the increased pressure of oxygen 

perturbs the hypoxic gradient of the intestine and alters the composition of up to 29 species of 

bacteria within the rodent intestine (Albenberg et al., 2014). This has the potential for wide-

ranging consequences on wound healing, since the inflammatory responses are not only primed 

by the intestinal microbiome, but in addition, the functional responses of mature intestinal 

lymphoid cells can be rapidly changed by altered microbial composition (Gury-benari et al., 

2016). A study comparing the inflammatory responses of germ-free (GF) and conventional mice 

to LPS and ischaemic injury showed that GF mice had a significantly increased lipoxin-induced 

production of IL10 and a dampened inflammatory response (Souza et al., 2004). In addition, in 

post-operative ileus, a condition associated with increased inflammation, it was shown over half 

a century ago that improvement occurred with administration of antibiotics (Polacek and Close, 

1963). So could the simple complete eradication of microbiota alone ameliorate ALs?  

 

1.5 Influence of microbial milieu on wound healing 

The field of microbiomics has rapidly expanded in recent years with sequencing techniques that 

allow identification of non-culturable bacteria (Kim et al., 2017). The identification of this vast 

community of microbiota quickly led to demonstration of the consequences of intestinal 

microbiota in diseases once thought to be far removed and distinct from the gut, such as 

hypertension (Bryan, Tribble and Angelov, 2017) and Parkinsonôs Disease (Hill -burns et al., 

2017). But as interactions between distant systems are increasingly uncovered, interest in the 

relevance of gut microbiota closer to home, within the GIT itself, has also had a revival with 

excellent reviews suggesting an important role for microbiota in wound healing in surgery and 

GIT cancers (Krezalek et al., 2016; Bachmann et al., 2017; Kinross et al., 2017; Schardey et al., 

2017). Intestinal antisepsis is not a new concept in GIT surgery, particularly in the lower GIT, 

which harbours the highest concentration of bacteria within the human body under conditions of 

health. Antibiotics were used in colorectal surgery as early as 1938, and since the work of Poth, 

Cohn and Cohen (Poth, 1982; Schardey et al., 2017), it is now widely accepted that intestinal 

microbes play important roles in ALs.  
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We know that although the core milieu of microbiota within the GIT persists stably in an 

individual (Jalanka-Tuovinen et al., 2011), it is still changeable and alters over time with age 

(Claesson et al., 2011), and within hours to dietary and lifestyle changes such as exercise, 

smoking (Allais et al., 2016; Campbell et al., 2016; Singh et al., 2017) and indeed surgery. 

Experiments in rats demonstrated a 500-fold increase in Enterococcus and 200-fold increase in 

Escherichia, in conjunction with a 20-fold decrease in Ruminococcaceae, Clostridia and 

Prevotellaceae (Shogan et al., 2014) following a surgical procedure. A similar change was 

demonstrated in human patients undergoing a colectomy, again with an increase in 

Enterobacteriaceae, Enterococcus, Staphylococcus, and Pseudomonas (an aerobe), and a 

decreased in obligate anaerobes like Bifidobacterium (Ohigashi et al., 2013).  

 

These changes are of particular interest since Enterococcus faecalis is potentially directly 

responsible for ALs by degrading collagen through expression of gelatinase E (Shogan et al., 

2015). Emerging evidence also suggests that prior radiotherapy, as is commonly used for some 

rectal cancers, may cause mutations in bacteria such as Pseudomonas that increase bacterial 

virulence. In a rat model of rectal surgery, pre-treatment with radiotherapy in the presence of 

Pseudomonas significantly increased ALs due to a mutation increasing pyocyanin and 

collagenase activity (Olivas et al., 2012). This was in clear contrast to the complete lack of ALs 

in rats who underwent radiotherapy and an anastomosis but were free of Pseudomonas. These 

appear to be compelling pieces of evidence that eradication of microbiota may hold the key to 

ameliorating ALs; so much so that a recent summary of clinical trials to date (Schardey et al., 

2017) concluded that routine bowel preparation with non-absorbable antibiotics should be 

recommended. But could it be that the resultant significant changes in intestinal microbiota, as 

would be the case even for narrow spectrum antibiotics, may cause more harm than good both in 

the short and long term? It is indisputable that prolonged and repeated courses of antibiotics and 

polypharmacy  influence the long-term diversity of the microbiome (Silverman, Konnikova and 

Gerber, 2017; Ticinesi et al., 2017), but even a single pulse of broad spectrum antibiotics in 

mice appear to cause long term microbiome changes (Ruiz et al., 2017) which ultimately have 

the potential to negatively impact later physical health (such as growth, diabetes and obesity), 

mental health (Bercik, Collins and Verdu, 2012; Livanos et al., 2016; Guida et al., 2017) and 

even mortality (Jackson et al., 2016; Ticinesi et al., 2017). 
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It is, in fact, quite impossible to eradicate intestinal microbiota in its entirety, because it would 

be necessary to ensure that the chosen antibiotic would be able to reach and eradicate both 

autochthonous (resident) microbes and not just allochthonous (luminal transient) microbes 

throughout the length of the GIT. Even then, such an action would be undesirable since the risk 

remains that dormant spores of Clostridium difficile, insensitive to antibiotics, might reactivate 

causing serious disease (Theriot et al., 2014). Furthermore, in all discussions of antimicrobials, 

it is of vital importance to remember that it is not only bacteria that make up the intestinal 

biomes. Fungal, archaeal, and viral entities also co-exist (Ogilvie and Jones, 2015; Carding, 

Davis and Hoyles, 2017), and their roles have yet to be fully explored in the pathogenesis of a 

multitude of conditions. It was only a few years ago that a study demonstrated an increased 

fungal load in the chronically inflamed intestines of Crohnôs patients (Liguori et al., 2016) even 

though fungi have been identified in the GIT for over a century (Anderson, 1917). Over the past 

decade, experiments in rodents have identified a rich mycobiome that exists alongside the 

microbiome, and which similarly influences health and disease. Mice lacking the innate immune 

receptor Dectin-1, which is also a fungal signalling receptor, are highly susceptible to severe 

colitis, paralleling observations in humans (Iliev et al., 2012), suggesting that fungal presence 

may add some benefit to the overall homeostasis of the GIT. 

 

Although yet to be demonstrated specifically in anastomotic wounds, evidence also exists that 

fungal pathogenicity increases with antibacterial therapy, and are implicated in necrotic or non-

healing wounds (Kalan et al., 2016a). Interestingly, within the intact gut of the worm, Candida 

albicans and E. faecalis show a symbiotic relationship, each concurrently reducing the 

pathogenicity of the other. In the absence of E. faecalis, C. albicans showed an increased hyphal 

morphogenesis, a key virulence factor (Garsin and Lorenz, 2013). This type of relationship is 

not limited to the GIT. Even in the skin, co-colonisation of pathogenic S. aureus with the 

commensal, Corynebacterium striatum, caused a down regulation of Staphylococcal haemolysin 

activity and a shift toward commensalism (Ramsey et al., 2016). And in the urinary tract, 

escherichelin production by Enterobacteriaceae cause an inhibition of growth of Pseudomonas 

by competitive inhibition of iron transport (Ohlemacher et al., 2017). These examples should 

serve to promote caution in advocating blanket antimicrobials for the removal of any one 
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species of bacteria shown to be responsible for ALs within the highly regulated environment of 

an animal facility, since the results may not be quite as straightforward in real-world human 

cases. 

 

But quite apart from that, evidence is accumulating that the presence of the microbiome may be 

beneficial, and even necessary, for optimal wound healing, in addition to its other whole-

organism effects. In vitro studies have shown that Akkermansia muciniphila and Bacteroides 

fragilis significantly improved gut epithelial integrity, and furthermore survive normoxic 

conditions despite being anaerobes (Reunanen et al., 2015), an important consideration since 

exposure to environmental oxygen during a surgical resection temporarily increases oxygen 

tension within the lower GIT and diminishes obligate anaerobes. These bacterial effects have 

been replicated in vivo in mice with encouraging results showing accelerated mucosal re-

epithelialisation (Pull et al., 2005; Alam et al., 2016). Conversely, a lag in skin wound healing 

in GF guinea pigs has been noted from experiments in the 1960s (Tipton and Dingman, 1966), 

with similar findings of a lower tensile strength of intestinal anastomoses in GF mice (Okada, 

1994; Okada et al., 1999).  

 

1.6 The possible role of protein modulators in inflammation 

This positive effect of certain bacteria on wound healing could be due to the fact that the 

intestinal microbiota is directly implicated in the proper development of the immune system. 

The presence of intestinal commensals is vital in the development of gut-associated lymphoid 

tissues, secretory IgA, and Th17 cells, a subset of T-helper cells important in inflammation 

(Mazmanian et al., 2005). But, as mentioned previously, the importance of microbiota does not 

end in development. Throughout life, the microbiome continues to exert a tonic effect on the 

inflammatory response, for example, with the gut commensal Faecalibacterium prausnitzii 

orchestrating anti-inflammatory effects by inducing secretion of IL10 and reducing IL12 and 

IFNɔ (Sokol et al., 2008). Even a single factor, Polysaccharide A from Bacteroides fragilis, is 

able to induce production of IL10 and confer protection from experimental colitis in animal 

models (Mazmanian, Round and Kasper, 2008).  
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But more than that, in response to microbes, the intestinal epithelial cells secrete a range of 

antimicrobial peptides (AMPs) such as defensins in the small intestine, and cathelicidins in the 

large intestine (Muniz, Knosp and Yeretssian, 2012). AMPs have been associated with 

improved wound healing across the species, even in invertebrates (Mizoguchi, 2012; Dupont et 

al., 2014; Mangoni, McDermott and Zasloff, 2016). But other secreted peptides within the 

intestine also contribute to microbial homeostasis, for example intestinal alkaline phosphatase 

(iAP) can detoxify LPS (Bates et al., 2006) and preserve a benign environment. iAP is an 

enzyme that has been evolutionarily conserved and is most known for its action on LPS. 

Multiple studies have shown that LPS is cleaved by iAP thus contributing to a reduction in 

inflammation stimulated by LPS (Bates et al., 2007), and that LPS by itself, without the 

presence of bacteria is able to stimulate expression of iAP. iAP is found in the intestine in three 

forms, attached to the apical membrane , cleaved from the membrane and secreted into the 

lumen, and secreted in vesicles from the apical cells (Alpers, Eliakim and DeSchryver-

Kecskemeti, 1990; Nakano et al., 2009; Shifrin et al., 2012). Decreased expression of iAP has 

been noted in children with chronic intestinal inflammation (Tuin et al., 2009a), and the utility 

of this protein has been demonstrated in mice, where chemically-induced colitis is improved by 

administration of iAP (Ramasamy et al., 2011). Perhaps then it is the manipulation of these 

proteins that could be the answer rather than direct microbial manipulation? This is particularly 

so since direct microbiome manipulation is more difficult to achieve than would be imagined, 

and results are often variable. Take for example two diseases associated with microbial 

imbalance, C. difficile colitis, and Ulcerative colitis (UC). In C. difficile infections, where the 

presence of a single offending microorganism prevails, faecal microbiota transplantation (FMT) 

is able to achieve remission in 96% (Rohlke and Stollman, 2012). However, when the same 

FMT is used in UC, which is thought to result from an imbalance of a range of microorganisms 

rather than a single offender, remission rates are between 30-70% (Sunkara et al., 2018). So 

whilst there is evidence that the microbiome is malleable by exogenous therapeutic agents, 

substantial inter-disease and inter-individual variation exists. Evidence is emerging that genetic 

variation may be one of the key factors in controlling both the differing inflammatory responses 

to the same microbial stimulus (Li et al., 2016), as well as the stable personal microbiome 

composition, since even in cattle, host genetics affects gut microbiota composition, which in 

turn affects growth and health (Fan et al., 2019). 
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1.7 The role of differential genetic expression 

The physiological inflammatory response to injury and infection, unperturbed by external 

therapeutic intervention, has to be carefully controlled to avoid disease states. Classical 

eicosanoids, docosanoids, as well as the newer bioactive lipid mediators have a dynamic 

expression that is dependent on many factors such as time, tissue specificity and cell-cell 

interactions (Dennis and Norris, 2015), but also on an individualôs genetic makeup. Over the 

past decade, the role of genetics in lipid pathway expressions in human disease has been 

investigated in some detail (Cha and DuBois, 2007). Although the primary end-point in many of 

these studies was cancer, they remain relevant because of implications for the role of 

inflammation, which has been shown to have both a cell-autonomous and non-cell-autonomous 

function in promotion of carcinogenesis (Clevers, 2004). Epidemiological studies show that up 

to 20% of cancers are the direct result of chronic inflammation (Grivennikov, Greten and Karin, 

2010), and over the past century, tumour initiation, maintenance and progression has been 

proven to have clear molecular (Dvorak, 1986; Arwert, Hoste and Watt, 2012) as well as 

microbial (Francescone, Hou and Grivennikov, 2014) similarities with the non-healing wound. 

Therefore polymorphisms in pathways found to be important in cancer prevention or 

development are also likely to be important in prevention of ALs. 

 

Take for example, the pathways of polyunsaturated fatty acids (PUFAs). Humans are unable to 

convert ɤ-6 PUFAs into ɤ-3 PUFAs and therefore the availability of each in the diet 

corresponds to its abundance within the body thus facilitating epidemiological studies. Cohort 

studies with manipulation of the exogenous supply of each (ɤ-6 in excess being pro-

inflammatory and ɤ-3 anti-inflammatory) have been performed, which were then correlated to 

cancer risk. Results of these early studies have been contradictory and overall failed to 

definitively associate a reduction in sporadic forms of cancer with increased ɤ-3 PUFA 

consumption. These equivocal results can partly be explained by newly discovered single 

nucleotide polymorphisms (SNPs) within the COX genes, such that only those with a pro-

inflammatory COX-1 variant derived benefit from ɤ-3 PUFA supplementation (Poole et al., 

2007). The converse is also true, albeit shown in a distinct Chinese population, with pro-

inflammatory COX-2 polymorphisms conferring elevated risk when combined with increasing 
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ɤ-6 PUFA consumption (Koh et al., 2004). Similarly, clinical studies have shown that 

individuals express different levels of SPMs, and can be categorised into pro-inflammatory or 

pro-resolving human groups (Pillai et al., 2012), with a direct correlation with eventual outcome 

in critical illness. But genetic background is not limited to the effects on the inflammatory 

pathways, and it is now emerging that genetic makeup also plays an important role in personal 

selection of a stable microbial community within the GIT, because while short-term upheavals 

in composition might follow intervention, or long-term reduction in diversity follow the 

administration of antibiotics, the core microbiome remains somewhat similar overall, with 

higher concordance in monozygotic versus dizygotic twins (Goodrich et al., 2014; Davenport, 

2016; Hall, Tolonen and Xavier, 2017). This may be one explanation for the conflicting results 

of the efficacy of probiotic usage through the years (Zmora et al., 2018), and perhaps why 

attempts to modulate microbiome composition with faecal transplantation in IBD have met with 

low success rates (Lopez and Grinspan, 2016).  

 

But is there a hierarchical relationship between inflammation, the microbial milieu and genetic 

background? At present there is insufficient information to make a definitive conclusion of any 

single one taking precedence over the others, but it is probable that manipulation of one aspect, 

without consideration of the others, is unlikely to result in a consistently positive outcome in 

clinical scenarios. Certainly, it has been shown that attempts to personalise medicine based on 

genetic makeup alone has been unsuccessful in the past, with failed efforts at achieving 

optimum platelet control with clopidogrel, a pro-drug requiring enzymatic conversion, by 

controlling for polymorphisms in relevant enzymes (CYP2C19) or transporter molecules 

(ABCB1) (Lampa et al., 2013) alone. It therefore seems probable that in order for successful 

translation to clinical practice in a region as complex as the intestine, a tri-faceted approach to 

intestinal wound healing needs to be adopted (Figure 1-4), involving careful evaluation of each 

aspect in the context of the others. Our understanding of the role of individual expression 

profiles of inflammatory response elements to outcomes of disease and wound healing is still in 

its infancy, and the genetic possibilities are huge, not simply in base pair variations, but also in 

epigenetic and even in protein translation variations, as demonstrated by the huge phenotypic 

spread of the human race despite a very narrow range of actual differences in raw genetic 

material (Batzer and Jorde, 2007). Although direct genetic manipulation, even with CRISPR 
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technology (Lander, 2015), is far from being routine clinical practice, a greater understanding of 

the expression of important modulators may aid the ability to manipulate the microbial milieu 

and inflammatory response.  

 

1.8 Rationale for animal models  

To this end, the possibility of studying the RNA expression profiles of the inflammatory 

response is one of the primary reasons this thesis utilises animal models. The entire genome of 

Danio rerio has been sequenced (Howe et al., 2013), thus allowing identification and 

comparison of expression patterns, but in addition, the small size of the zebrafish larvae allows 

determination of the spatial pattern of expression using newly developed RNA tomography 

techniques. This is particularly valuable since the zebrafish has become an indispensable 

organism in the investigation of inflammatory physiology and pathology, and anti-inflammatory 

drug screening (Wang et al., 2014). Using established fluorescently labelled transgenic lines for 

neutrophils (Renshaw et al., 2006) and macrophages (Ellett et al., 2011) it is also possible to 

follow in real time the ebb and flow of these cells during the inflammatory process. While 

studies of neutrophil directionality and speed done in rats involved artificial chambers and 

channels (Kurihara et al., 2013) which may have unforeseen effects on the neutrophils, 

following these cells in vivo in the live organisms overcomes these deficiencies. The zebrafish 

has the advantage of optical transparency, allowing time-lapse imaging following wounding, 

and has been used successfully in fin injury investigations (de Oliveira, Rosowski and 

Huttenlocher, 2016) as well as infection models (Davis et al., 2002; Bradford et al., 2017). But, 

wound healing differs between mucosal surfaces and skin, with a different profile of cytokines 

and interleukins being produced, a different degree of bacterial challenges, a quicker pace of 

healing in the former (Szpaderska, Zuckerman and Dipietro, 2003), a difference in the shear 

stresses encountered, and, in skin, a consistent occurrence of scarring (Thornton and Barbul, 

1997). Therefore currently, it is insufficient to substitute in vitro replicas or another epithelial or 

mucosal surface for that of the intestine in examining factors that might affect wound healing. 

Inflammation studies specific to the intestinal tract is less well developed in teleosts, and 

certainly, there exist anatomical differences between the species, such as the absence of a 

stomach, crypts, Paneth cells and a submucosa in the zebrafish (Wallace et al., 2005). But 

despite the differences, there is conservation of gut and immune genes across species, and 
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zebrafish models have already been instrumental in discovering novel aspects of intestinal 

immunity, as it was in the zebrafish larvae that the role of intestinal alkaline phosphatase in 

detoxifying LPS was first demonstrated (Bates et al., 2007). But while the zebrafish is able to 

assist in untangling molecular and genetic aspects of many diseases, the differences in the 

digestive tract remain, not least because of the mainly aerobic, rather than anaerobic luminal 

conditions common to mammals. Thus, although it remains a useful model for initial 

investigations, and worthy of further development, validation of potential therapeutic agents 

require a higher mammal, and the mouse anastomotic model, although not used in the UK prior 

to this time, has been shown to be a robust model and is used for this reason. Although rats are 

more commonly used due to their larger size and therefore ease of operating, rats are naturally 

very resilient to intestinal operations and mouse  models of a leaking anastomosis appear to be 

more successful (Pommergaard, 2014). A leaking anastomosis model would simulate an 

environment suitable for bacterial overgrowth and virulence, and provide evidence that rescue 

of this situation is possible, in an analogous manner to rescue of healing of a chronic wound. 

 

1.9 Thesis aims and working hypothesis  

Thus, the aim of this thesis is to perform a wide-based exploration of the impact of different 

protein and lipid anti-inflammatory agents on modulation of the inflammatory response to an 

acute injury or microbial insult, and if  modulating the inflammatory response to an injury, 

whether in a sterile or complex environment such as the intestine, would result in a 

corresponding modulation of wound healing. The specific hypothesis tested are: 

1 That zebrafish would be a sensitive and comparable model to interrogate the modulatory 

actions of SPMs on neutrophils and macrophages 

2 That the zebrafish express the relevant receptors for SPMs and that the zebrafish can be 

used to spatially explore the inflammatory response to injury 

3 That the zebrafish model can be colonised by E. faecalis and the colonisation modulates 

the inflammatory response to SPM and injury 

4 That iAP exerts an anti- inflammatory response independent of LPS 

5 That iAP can enhance healing in a mouse intestinal injury 
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Figure 1-4: The tri -faceted approach to anastomotic healing. A. Surgical resection and 

anastomosis of the bowel where wound healing is influenced by three interdependent factors: host 

genetic susceptibility, inflammatory response, and the existing intestinal microbiome. The interaction of 

these three factors leads either to (B) healing of anastomosis with epithelial restitution, resolved 

inflammatory responses, restored mucous barriers and microbial homeostasis; or to (C) failed healing 

leading to an anastomotic breakdown, leakage of intestinal contents, bacterial translocation and systemic 

sequela. Reproduced under the terms of the Creative Commons Attribution License 

http://creativecommons.org/licenses/by/4.0/ (Lee, Chico and Renshaw, 2018). 

http://creativecommons.org/licenses/by/4.0/
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Chapter 2: Methods & Materials 

2.1 Reagents 

PD146176, MK886 and ML355, Calf intestinal alkaline phosphatase (iAP), adenosine 

deaminase, caffeine, DPCPX and ZM241385, LB tablets (Lennox), tetracycline, erythromycin, 

kanamycin were obtained from Sigma Aldrich (Dorset, UK). MRS1754 was obtained from 

Abcam (Cambridge, UK). LXA4 (Calbiochem, San Diego, US), Mar1, RvD2 and RvE1 were 

obtained from Cayman Chemicals (Ann Arbor, MI). MMP2, MMP9 were purchased from R&D 

Systems (Abingdon, UK). All other chemicals were of laboratory grade or HPLC grade 

depending on use, obtained from Fisher Scientific (Loughborough, UK), Sigma Aldrich (Dorset, 

UK), and enzymes and kits were obtained from New England Biolabs (Herts, UK), Qiagen 

(Germantown, US) or Illumina (Eindhoven, Netherlands). OCT was obtained from VWR 

Chemicals (Leicestershire, UK). 

 

2.2 Recipes for buffers 

Unless stated otherwise, all chemicals were dissolved in ultrapure H2O (18.2 MɋĿcm at 25°C) 

and solutions were either autoclaved for 20 min at 121°C, 103 kilopascal, or filter sterilised 

through a sterile Millex® GV Filter Unit 0.22 µm Durapore PVDF membrane (Merck Millipore, 

Dorset, UK) under aseptic conditions. 

 

2.2.1 iAP buffer  

Tris-HCl pH8.2  10 mM 

KCl    50 mM 

MgCl2    1 mM 

ZnCl2    0.1 mM 

Glycerol   50% (v/v) 

 

2.2.2 Phosphate buffered saline (PBS) 

NaCl    8 g/L 

Na2HPO4   1.4 g/L 
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KCl    0.2 g/L 

KH2PO4   0.2 g/L 

The pH was adjusted to 7.4 with NaOH. 

 

2.2.3 Tris-Glycine SDS Sample Buffer 

Tris HCl   63 mM 

Glycerol   10% (v/v) 

SDS    2% 

Bromophenol Blue  0.0025% 

Each time, 10mL of 2X Tris-Glycine SDS Sample Buffer was prepared by mixing: 

Tris-HCl 0.5 M (pH 6.8) 2.5 mL 

Glycerol    2 mL 

SDS 10%    4 mL 

Bromophenol Blue 0.1%  0.5 mL 

 

2.2.4 Tris-Glycine SDS Running Buffer 

Tris pH8.3   25 mM 

Glycine   192 mM 

SDS    0.1% 

Each time, 10X Tris-Glycine SDS Running Buffer was prepared by dissolving: 

Tris Base    29 g/L 

Glycine    144 g/L 

SDS     10 g/L 

 

2.2.5 Zymogram Renaturing Buffer 

Triton® X-100   2.7% (w/v) in H20 

 

2.2.6 Zymogram Developing Buffer 

Tris base   50 mM 

HCl    40 mM 

NaCl    200 mM 
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CaCl2    5 mM 

Brij 35    0.02% (w/v) 

Each time, 10X Zymogram Developing Buffer was prepared by dissolving: 

Tris Base    60.4 g/L 

6N HCl    66 mL 

NaCl     117 g/L 

CaCl2.2H2O    7.4 g/L 

Brij 35    2.0 g/L 

 

2.2.7 Coomassie Blue stain 

Coomassie Blue G-250  0.1% (w/v) 

Methanol    50% (v/v) 

Acetic acid glacial   10% (v/v) 

 

2.2.8 SDS-PAGE loading buffer (5X) 

Tris-HCl pH6.8   250 mM 

SDS     10% (w/v) 

Bromophenol blue   0.5% (w/v) 

Glycerol   50% (v/v) 

DTT     0.5 M 

 

2.2.9 TBST (20X) 

Tris     48.4 g/L 

NaCl     20 g/L 

Tween-20    2% (v/v) 

The pH was adjusted to 7.6 with 6N HCl solution.  

 

2.2.10 Western Blot Transfer Buffer 

Tris Base    2.4 g/L 

Glycine    11.26 g/L 

Methanol    20% (v/v) 
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2.2.11 Western Blot blocking buffer 

BSA     3% in 1X TBST 

 

2.2.12 TAE (50x) 

Tris    242 g/L 

Glacial acetic acid  5.7% (v/v) 

Na2EDTA pH 8.0  0.05 M 

 

2.2.13 TE buffer  

Tris    10 mM 

EDTA    1 mM 

The pH was adjusted to 8.0. 

 

2.2.14 EBT buffer  

Tris-HCl pH 8.0  10 mM 

Tween 20   0.05% 

 

2.2.15 RNA fragmentation buffer  

Tris-acetate pH8.1  200 mM 

KOAc    500 mM 

MgOAc   150 mM 

 

2.2.16 RNA fragmentation stop buffer 

0.5M EDTA pH8 

 

2.2.17 4%(w/v) paraformaldehyde (PFA) solution 

4 g of paraformaldehyde in 100 mL of PBS. The PFA solution was stored up to 3 months at 4
o
C. 

 

2.2.18 Lysis buffer 

1M Tris-HCl    1.25 mL 
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2M NaCl    2.5 mL  

10% (v/v) IGEPAL   5 mL  

MQ H2O   41.25 mL  

The solution was sterile-filtered and stored at 4ęC and confirmed to be clear before use. 

 

2.3 Recipes for histological stains 

Gramôs iodine, safranin, crystal violet and Wright-Giemsa stains were purchased ready to use 

from Sigma-Aldrich. 

 

2.3.1 Picrosirius red 

Direct Red 80   0.5 g 

Picric Acid (Saturated) 500 mL 

 

2.3.2 Acidified Water  

Glacial acetic acid  5 mL 

Distilled water   995 mL 

 

2.3.3 Alkaline water (Blue-ing solution) 

28% Ammonium hydroxide 1 mL 

MQ H2O   999 mL 

 

2.3.4 Eosin Y stock solution 

Eosin Y   2.0 g 

MQ H2O   40 mL 

95% Ethanol   160 mL 

 

2.3.5 Eosin Y working solution 

Eosin Y stock   200 mL 

80% ethanol   600 mL 

Glacial acetic acid  4 mL 
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2.4 Culture media 

Culture media were made up in ultrapure water and autoclaved at 121°C, 103 kilopascal for 20 

minutes (min) prior to use. 

 

2.4.1 Brain Heart Infusion  (BHI)  

BHI (Oxoid)    37 g/L 

 

2.4.2 BHI Agar  

BHI (Oxoid)    37 g/L 

Bacteriological agar No. 1 1.5% (w/v) 

 

2.4.3 Milk Agar  

BHI (Oxoid)   37 g/L 

Skimmed milk   15% (v/v) 

Bacteriological agar No.1  1.5% (w/v) 

 

2.4.4 Luria Bertani ( LB) broth (Lennox) 

Tryptone    10 g/L 

Yeast Extract    5 g/L 

NaCl    5 g/L 

 

2.4.5 LB Agar  

Tryptone    10 g/L 

Yeast Extract    5 g/L 

NaCl     5 g/L 

Bacteriological Agar   1.5% 

2.4.6 LK  media 

Tryptone (Oxoid)  10 g/L 

Yeast extract (Oxoid)  5 g/L 

KCI    7 g/L 
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2.4.7 LK agar  

Tryptone (Oxoid)  10 g/L 

Yeast extract (Oxoid)  5 g/L 

KCI    7 g/L 

Bacteriological agar   1.5 % (w/v)  

 

2.4.8 Antibiotics 

Antibiotics used are listed in Table 2-1. Stock solutions were filter sterilised (0.22 µm) and 

stored at -20ęC until use. When used for agar plate preparation, agar was cooled to 55ęC just 

prior to addition of antibiotics. 

 

Table 2-1: Antibiotic solutions and concentrations 

Antibiotic  

Stock 

Concentration 

(mg/mL) 

Diluent 

E. coli 

working 

concentration 

(µg/mL) 

E. faecalis 

working 

concentration 

(µg/mL) 

S. aureus 

working 

concentration 

(µg/mL) 

Ampicillin  100 dH2O 100 - - 

Chloramphenicol 10 
100% v/v 

ethanol 
12.5 10 10 

Kanamycin 50 dH2O 50 - 50 

Tetracycline 5 
100% v/v 

ethanol 
- 5 5 

Erythromycin 5 
100% v/v 

ethanol 
- 30 30 

 

2.4.9 Phage buffer 

MgSO4   1 mM 

CaCl2    4 mM 

Tris-HCl pH 7.8  50 mM 
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NaCl    0.6% (w/v) 

Gelatin e   0.1% (w/v) 

 

2.4.10 Sabouraud Dextrose Agar 

Bacteriological agar  1.5% (w/v) 

Dextrose   40 g/L 

Mycological peptone  10 g/L 

 

2.4.11 Carboxymethylcellulose (CMC)   

Bacteriological agar  1.5% (w/v) 

NaNO3    0.2% (w/v) 

K2HPO4   0.1% (w/v) 

MgSO4   0.05% (w/v) 

KCl    0.05% (w/v) 

CMC sodium salt  0.2% (w/v) 

Peptone   0.02% (w/v) 

 

2.4.12 Zebrafish embryo media (E3) 

NaCl    5 mM 

KCl    0.17 mM 

CaCl2    0.33 mM 

MgSO4   0.33 mM 

Methylene blue  0.00005% 

 

2.5 Molecular biology techniques 

2.5.1 RNA extraction from zebrafish larvae 

Zebrafish larvae, either tailfin injured or uninjured, at the designated hpf were anaesthetised and 

then snap frozen in pure ethanol and dry ice at a density of 20 fish/Eppendorf. Five hundred µL 

of TRIzol® (Sigma Aldrich) was added to each Eppendorf. The larvae were homogenised using 

a pipette and incubated for 5 min at room temperature in a QIAshredder (Qiagen), before being 

centrifuged at room temperature at full speed. The contents were then transferred to a new 1.5 



 

57 

mL Eppendorf and 100 µL chloroform added. Each tube was shaken vigorously by hand and 

incubated at room temperature for 3 min. Separation of the liquid layers was aided by further 

full speed centrifuging for 5 min. The aqueous layer was then removed to a new 1.5 mL 

Eppendorf and incubated with 250 µL isopropanol overnight to allow precipitation of RNA. The 

precipitation was completed by a microfuge centrifuge full speed spin at 4°C for 30 min, 

followed by washing with 75% ethanol. RNA was re-suspended in 20 µL DEPC H2O and 

stored at -80°C. 

 

2.5.2 Preparation of cDNA via reverse transcription PCR 

2 ɛg of RNA prepared in Section 2.5.1 was used to prepare cDNA. Reverse transcription was 

performed using SuperScript II (Invitrogen, Massachusetts, USA) following manufacturerôs 

protocol. PCR was then performed using Q5-HF DNA Polymerase (NEB, Hertz, UK) in a 

T100Ê Thermal Cycler (Bio-Rad), using a Tm of 58ęC, 28 cycles, and the following primers:  

fpr1 (Gene ID: ENSDARG00000042984) :  5ô-ATGAGCTACAACGACCCAGT-3ô, 5ô-TTA 

TACCTCTGCATCAGAGAAGG-3ô,  

gpr18 (Gene ID: ENSDARG00000062009):  5ô-ATGGACCATAGCACAACTTTG-3ô, 5ô-TCA 

GATCATGGCA CTGGTCA-3ô,  

cmklr1 (Gene ID: ENSDARG00000090890): 5ôATGGATTTACTAGACTTAACATAT 

GATTAC-3ô, 5ôCAGATATGAGTGGAAGCCC-3ô. 

 

2.5.3 Determining DNA or RNA concentration 

The NanoDropÊ 1000 Spectrophotometer (Thermo Fisher Scientific) was used to obtain 

concentrations. Blank measurements were taken using the relevant solubiliser (EBT, TE or 

ultrapure H2O) and measurements subsequently taken at 260 nm for nucleic acids. Careful 

attention was paid to the 260/280 nm absorbance ratio, ensuring this was approximately 1.8 for 

pure DNA and 2.0 for pure RNA (Wilfinger, Mackey and Chomczynski, 1997). 

 

2.5.4 Gel electrophoresis 

DNA or RNA was run on 1% (w/v) agarose gel with 0.5-1 µg/mL ethidium bromide in 1X TAE 

buffer. Blue 5X DNA loading dye (Bioline, London) was used, with 1Kbp or 100bp DNA 

ladders (Bioline, London) and gels resolved for 30 min at room temperature at 100-120V. A UV 
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transilluminator interfaced to a UVi Tec Digital camera and UVi Doc Gel documentation 

system was used to image the gel. 

 

2.5.5 Gel extraction of DNA 

The selected band of correct size was excised from the gel using a clean scalpel under low 

intensity UV transilluminator to minimize random mutations. DNA was extracted from the gel 

using the QIAGEN QIAquick Gel Extraction kit as per manufacturerôs instructions.  

 

2.5.6 Purification of PCR products 

DNA products were purified using the QIAGEN QIAquick PCR Purification kit as per 

manufacturerôs instructions. 

 

2.5.7 DNA sequencing 

PCR products were sequenced by the Core Genomic Facility at the University of Sheffield. 

 

2.5.8 Receptor cloning 

PCR products were confirmed to be of the correct size and then extracted from the gel using the 

QIAquick Gel Extraction Kit (Qiagen, Manchester, UK). These were then cloned using the 

ZERO blunt TOPO II cloning kit (Invitrogen, Massachusetts, USA) and a heat shock 

transformation protocol performed as per manufacturerôs protocol with TOP10 competent cells 

(Thermo Fisher Scientific, Massachusetts, USA). Outgrowth was performed on LB plates 

containing 50 µg/mL kanamycin at 37ęC overnight. Colonies were then selected, and DNA 

extracted with the QIA Plasmid Mini Kit (Qiagen, Manchester, UK) and sent for sequencing to 

confirm the correct insert and its orientation. Sequencing allowed the correct orientation of the 

insets to be mapped, as shown in , and also for confirmation of fidelity of the inserted sequence. 

Once confirmation was obtained, 500 µL of the original culture of each correct colony was 

further cultured in 100 mL of LB with kanamycin at 37ęC with gentle agitation at 300 rpm for 

16 hours. The cultures were then pelleted by centrifugation at 6000 x g for 15 mins at 4ęC, and 

prepared using the QIA Plasmid Midi Prep for RNA transcript over-expression or probe 

preparation. 
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Figure 2-1: Plasmid maps for zebrafish receptors cloned using the ZERO blunt TOPO II cloning 

kit . A. fpr1, B. gpr18, C. cmklr1.  

A 

B 

C 
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2.5.9 RNA over-expression 

RNA transcripts were then prepared by linearising the previous Midiprep with the appropriate 

restriction enzyme (gpr18 and cmklr1: Not1 (T7), BamH1 (SP6); fpr1: Not1(T7), HindIII(SP6)) 

and digested for 2 hours at 37ęC. The total reaction was purified using the Qiagen PCR 

purification kit (Qiagen, Manchester, UK) according to manufacturerôs protocol. 0.5 µL of the 

purified product was then quantified on a 1% electrophoresis gel and finally 1 µg of total 

linearised product used for transcript production with the mMessage mMachine Transcription 

kit (Thermo Fisher Scientific) according to manufacturerôs protocol. The resultant product was 

injected into zebrafish eggs at the one cell stage as previously described (Rosen, Sweeney and 

Mably, 2009) and embryos raised in the standard manner to 2dpf. 

 

2.5.10 Plasmid purification 

Plasmid purification was performed using a Nucleobond® Midiprep kit (Machery-Nagel, 

Germany) as per the manufacturerôs instructions. 

 

2.5.11 Restriction endonuclease digestion 

Digestion of DNA (or purified plasmid) was performed using selected enzymes, in the 

appropriate buffers as recommended by the manufacturer. The reaction mixtures were incubated 

at the recommended temperatures (usually 25ęC or 37ęC) for between 1 h and 16 h. Products 

were run on a 2% gel to confirm a match to the predicted digestion for successful insert.  

 

2.5.12 T4 DNA ligation 

Insert and vector DNA were prepared for ligation reaction in a 20 µL volume: 

Vector DNA   50 ng 

Insert DNA   37.5 ng 

T4 DNA ligase  1 µL  

T4 DNA ligase buffer (10x) 2 µL 

MQ H2O   up to 20 µL 

The reaction mix was incubated at 16ęC overnight. The ligation products were used to transform 

competent E. coli cells. 
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2.5.13 Electro competent EL250 cells 

Fresh EL250 cells were prepared each time to maximize efficiency of electroporation. A single 

colony of EL250 cells were grown overnight in 2 mL of fresh LB media at 32ęC with agitation 

at 200 rpm. One mL of this culture was then inoculated into 50 mL of fresh LB culture agitated 

at 200 rpm for 4-5 hours at 32ęC. OD600 would be expected to be between 0.4-0.6. Cells were 

pelleted by centrifugation at 4ęC 300 x g for 15 min and washed a further four times with dH2O. 

The final resuspension was in 500 µL ice-cold dH2O. 50 µL of cells were used each time for 

electroporation. 

 

2.5.14 Transformation of EL250 or Top10 cells 

50 µL of cells was defrosted on ice. 4 µL of ligation reaction was added and electroporation was 

performed at 1.75 kVm 25 ÕF and 200 ɋ using a GenePulser Xcell Electroporation system (Bio-

Rad) in a pre-chilled electroporation cuvette (Bio-Rad). Cells were recovered in 400 µL fresh 

LB at 37ęC with agitation at 250 rpm. Cells were spread on LB plates and incubated at 37ęC 

until colonies appeared. 

 

2.5.15 BAC library selection 

BAC clones were picked by selecting those overlapping the start site of Cldn15la which has 

been shown to be expressed within the gut at 72 hours (Alvers et al., 2014). The library clone 

(CHORI-211) was streaked onto LB agar containing chloramphenicol (12.5 µg/mL) and grown 

overnight at 37ęC.  

 

2.5.16 Double digest and examination of Col1a2-eGFP  

SmaI and BstII were used simultaneously to generate sticky ends to enable re-ligation of 

Col1a2-eGFP into the target construct. Integrity of Col1a2-eGFP was checked at multiple 

points by sequential PCR and sequencing using the following: 

Coll F2: 5ô- CCTGCTGGAGTTCGTGACC-3ô 

Coll R2: 5ô-CATCAAACCCATAGGTCCAGG-3ô 

Coll F3: 5ô-CTGGTTTCCCTGGCCCTAGAG-3ô 

Coll R3: 5ô-ACCAGAATCTCCCTTCACTCCAAC-3ô 

Coll F4: 5ô-TGGTGTGAAGGGAGAGCGTC-3ô 
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Coll R4: 5ô-CCAGGCTCTCCCTTGTTTCC-3ô 

Coll F5: 5ô-TGGTCTGGCTGGTGAGAAGG-3ô 

Coll R5: 5ô-AGACCACGGTCACCTCTG-3ô 

Coll F6: 5ô-GCTGGTCCTCCTGGATCTC-3ô 

Coll R6: 5ô-GCCTGGTCAGCTCTGTAC-3ô 

 

2.5.17 Creation of a target construct for Col1a2-eGFP 

A target construct containing tBS-GFP (truncated BlueScript) with kanamycin resistance and 

overlapping arms was constructed to overlap the BAC and designed to contain a Kozak 

sequence (Kozak, 1986; Grzegorski et al., 2014). The 74mer primers were as follows: 

Forward: 5ô- GGACACCTATACAGATTCTTCCCTTGAATTTTGGATTTCTGAG 

GGCAAACATGCTCAGCTTTGTGGATACCCGG-3ô 

Reverse: 3ô- TGGGTCGGCTAGTTTGTGTACTTCATAGGGCAGTGGAGATTACGAC 

ATCTCTATAGACGTCTTAAGCGGGAACT-5ô 

 

2.5.18 Amplification of target construct 

A 300 µL large PCR reaction was prepared as follows: 

Midi prep of tBS-GFP frt-kan-frt  5 µL 

Q5 reaction buffer     60 µL   

dNTPs 10mM     6 µL 

Forward primer 10uM    30 µL 

Reverse primer 10uM    30 µL 

Q5 HF      3 µL 

RNase free H2O    166 µL 

The reaction mixture was run in the thermocycler using the following program: 

98 ęC 1 min 

25 cycles of: 98 ęC 10 s 

55 ęC 10 s 

72 ęC 90 s 

72 ęC  10 min 
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5 µL Dpn1 was added to the PCR product and the mixture incubated at 37ęC for one hour. The 

product was then purified as per Section 2.5.10 and eluted in 10 µL of EBT. 0.5 µL of this 

purified product was run on a 1% gel to quantify using 1, 2 and 5 µL of the 1 kb Hyperladder 

(Bioline). 300 ng of product was used for targeting.  

 

2.5.19  Targeting construct into EL250 cells 

25 ng of the purified and prepared BAC DNA was added to 40 µL EL250 cells. Electroporation 

was performed as per Section 2.5.14 and cells recovered in 1 mL SOC in a sterile culture tube 

and shaken at 32ęC for 2.5 hours at 250 rpm. Successful targeting was confirmed by growth on 

chloramphenicol containing plates at 32ęC overnight. A single colony was then grown in 1mL 

LB broth with chloramphenicol with shaking at 32ęC overnight. 0.4 mL of this culture was then 

grown to OD600 of 0.5 in 20 mL of LB and 10 mL of this used for targeting. This was transferred 

to a 250 mL conical flask warmed to 42ęC with shaking for 15 min, transferred precipitously 

onto ice and then spun down at 4ęC at maximum speed for 30 s to pellet the cells. Cells were 

washed in ice cold water twice and finally resuspended in 50 µL ice cold water. The construct 

was added and electroporation was performed at 1.8kV. Cells were recovered for 90 min with 

shaking at 32ęC and then plated onto antibiotic containing LB plates and grown overnight at 

32ęC. Successful targeting of the construct would cause a gain in kanamycin resistance therefore 

simultaneous plating onto kanamycin, chloramphenicol and ampicillin plates allowed selection 

of a colony demonstrating only ampicillin sensitivity. 

 

2.5.20  Removal of kanamycin marker 

A successful colony from above was grown overnight as described in Section 2.5.19 and after 

growth to exponential phase, the entire culture was incubated with 0.1% L-arabinose (Santa-

Cruz) for 1 hour at 32ęC with shaking. 100 µL of treated culture was recovered in 900 µL LB 

broth again for 1 hour at 32ęC and plated for overnight growth. Successful colonies now 

demonstrate kanamycin and ampicillin sensitivity but chloramphenicol resistance. 

 

2.5.21 iTol2-Kan target construct amplification 

The following primer sequences were used for iTol2 amplification: 
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Reverse: GTAGAAACTGCCGGAAATCGTCGTGGTATTCACTCCAGAGCGATGAAAAC 

ATTATGATCCTCTAGATCAGATCT 

Forward: TGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACC 

CCTGCTCGAGCCGGGCCCAAGTG 

 

The following shorter primers were used to check construct amplification only 

Reverse: CACTCCAGAGCGATGAAAAC 

Forward: TTCCATGAGCAAACTGAAAC 

 

Using the ultramer primers PCR amplification was performed using the following mixture: 

iTol2-Kan plasmid  5 µL 

Forward primer  10 µL 

Reverse primer  10 µL 

Q5 10X reaction buffer 40 µL 

Q5 HF enzyme  2 µL 

10mM dNTP   4 µL 

H2O    129 µL 

And the following thermo cycler program: 

98ęC 2 min 

30 cycles of:   98ęC  20 s  

55ęC  30 s 

72ęC 2 min     

72ęC 10 min  

The product was then separated on a 1% gel and the 1.4kb band extracted and purified. 

 

2.5.22 Targeting of iTol2-Kan into the Chloramphenicol resistant site 

A successful colony from Section 2.5.19 was cultured overnight at 32ęC with shaking. This was 

then further cultured in 40 mL to exponential phase. 300 ng of the iTol2-Kan construct from 

Section 2.5.21 was then targeted into the kanamycin resistant site and successful generation of 

KanR AmpS CmS colonies tested as per Section 2.5.19-2.5.20.  
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2.5.23 Preparation of Tol-2 transposase mRNA for co-injection  

The restriction enzyme Not1 was used to linearise 20 µg of a Midiprep of the iTol2 construct. A 

reaction mixture of 200 µL would be cut to completion by 2 hours at 37ęC. This was PCR 

purified and eluted in 30 µL EBT, and synthesis of capped RNA performed using the mMessage 

mMachine kit as per manufacturerôs instructions. The RNA pellet was extracted using the 

standard phenol:chloroform protocol and the final product eluted in 20 µL nuclease-free water 

and stored at -80ęC until use. For co-injection with the Tol2 plasmid DNA prepared above, a 

concentration of approximately 20 ng/µL was used. 

 

2.6 Tomographic RNA sequencing (TomoSeq) 

2.6.1 TomoSeq sample freezing and sectioning 

Under RNA-free conditions the live, anaesthetised zebrafish were transferred into cryomoulds 

using a glass pipette. Excess fluid was removed and the larvae rapidly covered with OCT. Under 

a dissection microscopy, the zebrafish was positioned with Affi-Gel ® Blue (Sigma) to indicate 

start and end of sectioning. The entire block was then snap frozen on dry ice. Samples were 

stored at -80ęC until ready for use. Sectioning was performed on a Bright OTF5000 cryostat. 

Prior to sectioning, the cryotome was cleaned with 70% ethanol and a clean new blade was used 

each time to avoid RNA cross-contamination of specimens. 96 Lo-Bind Eppendorfs of 1.5mL 

were frozen at -80ęC for an hour prior to sectioning and kept on dry ice throughout sectioning. 9 

µm thickness was used for 70 slices from the tail end, and 25 µm for 26 slices from the cloaca. 

Sections were transferred to individual Eppendorfs, avoiding any thawing of the sections. 

 

2.6.2 TomoSeq RNA extraction 

Prior to RNA extraction, care was taken to ensure surfaces were free of RNase by liberal 

application of RNaseZapÊ (Sigma). Each slice of tissue in OCT of the 96 Eppendorfs was 

dissolved in 0.5 mL of TRIzol reaction with 0. 5 µL GlycoBlue (Sigma Aldrich, Dorset, UK) 

and 2 µL ERCC spike-in (Ambion, Texas, USA) diluted to 1:500000. Extraction was performed 

in groups of 24 tubes to ensure thawing to room temperature did not occur in the absence of 

TRIzol and thus avoid loss of RNA. After addition of the mixture, tubes were closed tightly and 

shaken vigorously for 15 s, and then incubated at room temperature for 5 min. 100 µL 

chloroform was then added to each of the 96 tubes, and again shaken vigorously for 15 s and 
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incubated at room temperature for 5 min. Tubes were centrifuged at 12000 x g for 15 min at 

4°C. The colourless aqueous phase was transferred to 96 new individually labelled LoBind 

Eppendorfs, carefully avoiding the interface layer. 250 µL isopropanol to the aqueous phase and 

tubes shaken vigorously for 15 s. Incubation was done at -20ęC overnight to maximise yield. 

The next day, tubes were centrifuged in batches of 24, at 12000 x g for 10 min at 4°C. A small 

blue pellet visible in each of the 96 tubes indirectly confirmed the presence of RNA. If any tubes 

were missing the blue dot, the sample was discarded and a fresh sample cryosectioned. The 

supernatant was discarded and the RNA pellet washed with 500 µL 75% ethanol, centrifuged at 

7500 x g for 5 min at 4°C, and the air dried at room temperature until completely dry. 

 

2.6.3 TomoSeq reverse transcription and in vitro transcription  of RNA 

This was performed using the Ambion MessageAmpII kit but with modifications to the 

manufacturerôs instructions in order to make this compatible with the 96 sample tomography 

and subsequent library creation. First, each of the 96 tubes was resuspended in 1.2 µL of bar-

coded primer (5 ng/µL) (primer #1 to section #1 etc.) on ice. Getting this step absolutely correct 

was of paramount importance so that tomography could be accurately mapped after sequencing. 

Numbered primers were used as listed in Appendix 1: TomoSeq numbered primer sequences. 

 

First strand synthesis was then performed by adding the following to each of the 96 samples: 

First strand buffer  0.2 µL 

dNTP    0.4 µL 

RNase Inhibitor  0.1 µL 

ArrayScript   0.1 µL 

Samples were incubated in a thermo cycler at 42°C for 2 hours. 

Second strand synthesis was then performed on ice by adding the following to each of the 96 

samples: 

Nuclease free water  6.3 µL 

Second strand buffer  1 µL 

dNTP    0.4 µL 

DNA Polymerase  0.2 µL 

RNaseH   0.1 µL 
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Samples were incubated in a thermo cycler at 16°C for 2 hours. 

 

The cDNA obtained was cleaned using the kit as per manufacturerôs instructions. Eight samples 

were pooled into one and twice the volume of cDNA binding buffer added into a cDNA cleanup 

column. This was spun at 10000 x g for 1 minute at room temperature and the flow through 

discarded. This was repeated until all 96 samples had been run through the same cleanup 

column. Then 500 µL of wash buffer was inserted in the column, spun at 10000g and the flow 

through discarded. The column was dried by spinning for an additional minute and then 

transferred to a clean tube. 10 µL water at 55°C was added to the centre of the column 

membrane and the column incubated for 2 min at room temperature. cDNA was then eluted by 

spinning for 1.5 min at 10000 x g. Elution was repeated a second time for a total volume of 20 

µL which was stored at -20ęC.  

 

In vitro transcription was then performed by using the following mixture:  

cDNA    6.4 µL 

T7 buffer   1.6 µL 

T7 enzyme   1.6 µL 

A    1.6 µL 

G    1.6 µL 

C    1.6 µL 

U    1.6 µL 

The sample was incubated in a thermo cycler at 37°C for 13 h with lid at 70°C. 

The resulting amplified RNA was then fragmented and cleaned as follows: 

aRNA    16 µL 

Fragmentation buffer  4 µL 

This was incubated at 94°C for exactly 2.5 min and then the reaction was put immediately on 

ice and 2 µL of ice cold fragmentation stop buffer added. This step was of utmost importance as 

over fragmented RNA would be unsuitable to prepare a library. The fragmented sample was 

cleaned using the aRNA cleanup columns also from the Ambion kit, as per manufacturerôs 

instructions. Briefly, the following mixture was prepared: 

Nuclease free water   8 µL 
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aRNA binding buffer  105 µL 

100% ethanol   75 µL 

 

This was loaded onto an aRNA column, spun at 10000 x g for 1 min and flow-through 

discarded. The column was washed with 500 µL wash buffer and dried by a further spin at 

10000 x g for one minute before being transferred to a clean collection tube. 15 µL of RNase 

free water at 55°C was added to the centre of the column membrane, incubated for 2 min, and 

then spun at 10000 x g for 1.5 min. This elution was repeated to give a final total of 30 µL. To 

confirm the fragmentation produced a peak at ~500bp, 1 µl was run on a Bioanalyzer RNA pico 

chip.  

 

2.6.4 TomoSeq library preparation  

The Illumina TruSeq small RNA kit was utilised to perform library preparation but with 

modifications as below. 

Firstly, Antarctic Phosphatase treatment was performed using aRNA at 20 ng/µL: 

aRNA     16 µL 

10X phosphatase buffer 2 µL 

Antarctic phosphatase  1 µL 

RNaseOUT®   1 µL 

The mixture was incubated in a thermocycler with the following settings: 

37°C for 30 min 

65°C for 5 min 

4°C indefinite hold 

Next, polynucleotide (PNK) treatment was done to add a phosphate group to the 5ô end of the 

RNA to enhance efficiency of synthesis. This was performed by adding the following mixture: 

Nuclease free water  17 µL 

10X PNK buffer  5 µL 

ATP 10mM   5 µL  

RNaseOUT   1 µL 

PNK    2 µL 

Incubation was performed in thermocycler at 37°C for 60 min. 
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Cleanup of this product was performed with the RNeasy kit (Qiagen) as per manufacturerôs 

instructions. Elution was then performed with 14 µL nuclease free water.  

3ô adapter ligation was then performed using the adapter supplied in the Illumina kit but diluted 

by a factor of 5. The following mixture was prepared using product from the Illumina kit, apart 

from the T4 truncated RNA Ligase 2 which was purchased separately from NEB, and incubated 

at 70°C for 2 min. 

PNK treated aRNA   5 µL 

Diluted 3ô adapter    1 µL  

Then the following mixture was added and incubated at 28°C for 1 h: 

5X HM Ligation Buffer  2 µL 

RNase Inhibitor    1 µL 

T4 RNA Ligase 2, truncated  1 µL 

1µL Stop Solution was then added, a further incubation of 15 min at 28°C was performed before 

3 µL ice-cold nuclease-free water was added. 

 

Reverse transcription was then performed by preparing the following mixture and incubating at 

70°C for 2 min: 

adapter-ligated RNA   6 µL 

RNA RT Primer   1 µL 

Followed by addition of: 

First strand buffer   2 ɛL 

12.5mM dNTP   0.5 µL  

100mM DTT    1 µL 

RNase Inhibitor   1 µL 

SuperScript III RT   1 µL  

The mixture was then incubated at 50°C for 1 h and then PCR amplification done by adding the 

following mixture: 

Nuclease free water   8.5 µL 

PCR mix     25 µL 

RNA PCR Primer    2 µL 

Indexed RNA Primer   2 µL 



 

70 

The mixture was then amplified with the following protocol: 

30 s at 98°C 

12 cycles of:  10 s at 98°C 

30 s at 60°C 

30 s at 72°C 

10min at 72°C 

 

The PCR product was then cleaned using 50 µL Agencourt AMPure XP Beads (Beckman 

Coulter) added to the 50 µL PCR reaction. Room temperature incubation for 15 min was 

performed prior to magnetic separation for 1 min. The supernatant was discarded and beads 

washed with 200 µL of freshly prepared 80% ethanol. Beads were air dried for 15 min before 

the process being repeated with 32.5 µL EBT. 30 µL of supernatant this time was transferred to 

a new tube and 39 µL beads used to repeat the cleanup process. The final libraries were eluted in 

12.5 µL EBT and transferred to a new tube. 1 µL of this was used to assess library quality using 

a DNA HiSensitivity Qubit to confirm the size distribution around 400bp and not lower.  

 

2.6.5 TomoSeq sequencing 

The libraries were pooled using recommended Primers in the Illumina Small RNA indices kit, 

and quantified using a Qubit 4 Fluorometer (Invitrogen, Burlington, ON). The final pooled 

samples and loaded into a HiSeq Sequencer (Illumina, San Diego, CA, USA) at 4 nM with a 5% 

PhiX spike-in and sequenced using a 50bp paired-end standard protocols as recommended by 

the manufacturer, at a density of two samples per lane.  

 

2.6.6 Analysis of TomoSeq 

Data were analysed by utilizing high performance computing with Python programming to map 

libraries to the Genome Reference Consortium Zebrafish Build 10 (GRCz10) sequence. 

Normalisation to RNA spike in, plotting of graphs and heatmaps, significance calculation and 

identification of ranked genes were performed using code written in R software, FunRich 

software (Pathan et al., 2015) or Web-based GO Analysis (Eden et al., 2009).  
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2.7 Histochemical analysis 

2.7.1 Alcian blue staining for goblet cell quantification 

Larvae were fixed overnight in 4% PFA. Staining was performed as previously described (Chen 

et al., 2012). Briefly, whole embryos were then rinsed in PBS, washed in acidified alcohol (3% 

acetic acid and 70% ethanol) and stained for 3.5 h in Alcian Blue dye (Sigma A5268) at room 

temperature. Larvae were then cleared in two washes of 100% methanol, and transferred to 2:1 

benzyl benzoate:benzyl alcohol. Images were obtained using Nikon AZ100 microscope with an 

automated stage (Prior Scientific) interfaced with NIS-Elements Extended Depth of Focus 

software (Nikon). Quantification was performed using Image J. 

 

2.7.2 In Situ Alkaline phosphatase staining for endogenous expression 

Zebrafish larvae were fixed in 4% PFA overnight. Whole embryos were permeabilised with 

100% acetone for 20 min at -20ęC and then stained with BCIP/NBT in groups of 20 fish each. 

Staining was observed in real time and stopped with 5 mM EDTA at the same moment of time 

in each group, as soon as intestinal staining was observed. Fish were then cleared in methanol 

and imaged in 80% glycerol using Nikon AZ100 microscope with an automated stage (Prior 

Scientific) interfaced with NIS-Elements Extended Depth of Focus software (Nikon). Blocking 

of intestinal isoform of alkaline phosphatase was done with 50 µM L-Phenylalanine, and non-

intestinal isoforms with 50 µM Levamisole. Quantification of intensity was performed using 

Image J (FIJI, (Schindelin et al., 2012)). 

 

2.7.3 Acridine orange staining for cell death within the zebrafish larval intestine 

Zebrafish larvae were either gavaged or immersed in treatment compounds or vehicle controls. 

A positive control of 50 mM glafenine immersion was used. 45 min before imaging, zebrafish 

larvae were transferred to clean 3 cm Petri dishes with a standard ten fish per dish, and 

immersion was performed for 30 min in 1 µM acridine orange in clear E3. Following this, three 

washes in clear E3 was done, and the larvae anaesthetised for imaging using the MCherry 

channel on a Nikon Eclipse TE2000-U microscope and 20X objective lens. NIS-Elements AR® 

was used for imaging and analysis. Quantification was performed using intensity over the ROI 

of the bowel. 

 



 

72 

2.8 Bacteriological techniques 

2.8.1 Bacterial strains 

Bacterial strains used are listed in Table 2-2. 

 

2.8.2 Bacterial growth conditions  

To obtain bacteria within the exponential growth phase for experimental work, a single colony 

was picked and cultured in 5 mL of BHI with 50 µg/mL tetracycline overnight at 37ęC with 

vigorous shaking at 250 rpm in a sterile culture tube. After 16 hours, 500 µL of the overnight 

growth was re-cultured in a conical flask without antibiotics, under the same conditions, to give 

an optical density (OD600) of 0.5-0.8. The bacteria were then pelleted by centrifuging at 4ęC (or 

room temperature for E. faecalis), 4500 x g for 20 min. Bacterial cultures were resuspended to 

the desired concentration in sterile PBS before injection.  
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Table 2-2:Bacterial strains. 

Strain Description Reference 

S aureus SH1000 Functional rsbU+ derivative of 8325-4 (Horsburgh et al., 2002) 

S aureus SJF4308 SH1000-pMV158-mCherry (Boldock et al., 2018) 

S aureus SA113 Restriction-deficient mutant derived from strain 

NCTC 8325 

ATCCÈ35556Ê 

S aureus SA113-

mCherry 

SA113-pMV158-mCherry This thesis 

E. faecalis OG1RF Plasmid-free, virulent laboratory strain isolated from 

the oral cavity 

(Dunny, Brown and 

Clewell, 1978) 

E. faecalis OPDV ȹoatA ȹpgdA ȹdltA ȹsigV (Smith et al., 2019) 

E. faecalis 

ȹEpaOX 

OPDV_11715::Tn2.13 (Smith et al., 2019) 

E. faecalis 

OG1RF-mCherry 

OG1RF- pMV158-mCherry (Salamaga et al., 2017) 

E. faecalis ȹEpaX-

mCherry 

OPDV_11714::Tn2.14+ - pMV158-mCherry Kind gift from Bartlomiej 

Salamaga (Mesnage Lab, 

University of Sheffield) 

E. faecalis ȹEpaX-

Comp- mCherry 

OPDV_11714::Tn2.14 + pTet OG1RF_11714 + - 

pMV158-mCherry 

Kind gift from Bartlomiej 

Salamaga (Mesnage Lab, 

University of Sheffield) 

E. faecalis ȹEpaX-

Comp 

OPDV_11714::Tn2.14 + pTet OG1RF_11714 (Smith et al., 2019) 

E. faecalis ȹ2.5 OPDV_11720::Tn2.5 (Smith et al., 2019) 

E. faecalis ȹ2.8 OPDV_11720::Tn2.8 (Smith et al., 2019) 

E. coli EL250 DH10B [ɚcl857 (cro-bioA < > araC-PBADflpe] (Lee et al., 2001) 

E. coli TOP10 F
-
 mcrA ȹ(mrr-hsdRMS-mcrBC) ū80lacZȹM15 

ȹlacX74 recA1 araD139 ȹ(ara-leu) 

7697 galU galK rpsL (Str
R
) endA1 nupGɚ- 

InvitrogenÊ 
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2.8.3 Transduction of S. aureus  SA113 using bacteriophage 

Stock bacteriophage ū11 (Mani, Tobin and Jayaswal, 1993) was used for phage transduction for 

introduction of the fluorescent plasmid into strain SA113 S. aureus. First, the phage lysate was 

prepared by combining 200 µL of overnight S. aureus SH1000-mCherry with 5 mL BHI, 5mL 

phage buffer, and 100 µL of phage lysate stock. The mixture was incubated at 37ęC overnight 

until clear (Figure 2-2), and the filter-sterilised using 0.2 µm syringe filter and stored at 4ęC. 50 

mL of fresh LK was inoculated with a single colony of S. aureus SA113 WT and then grown 

overnight at 37ęC 250 rpm. The culture was centrifuged at room temperature for 10 min at 5000 

x g, and the pellet resuspended in 3mL fresh LK. The following were prepared in fresh culture 

tubes: 

SA113 WT overnight growth   500 µL 

Phage lysate from SH1000-mCherry  500 µL 

LK media     1 mL 

1M CaCl2     10 µL 

Control tubes were included without phage lysate. Tubes were incubated at 37ęC, static for 25 

min then at 250 rpm for 15min. After this, 1 mL ice-cold 0.02 M sodium citrate was added to 

the mixture and tubes incubated on ice for 5 min. Cells were pelleted by centrifugation at 5000 x 

g for 10 min at 4ęC. The pellet was resuspended in 1 mL 0.02 M sodium citrate and incubated 

on ice for a further 60 min. 100 µL, 250 µL and 500 µL of resuspended cells were streaked on 

LK plates containing 0.05% (w/v) sodium citrate and incubated overnight at 37ęC. Colonies 

were re-streaked on BHI plates with tetracycline (50 µg/mL) to confirm plasmid transfer. 

Further confirmation of fluorescence was performed by viewing plates under fluorescence 

stereomicroscopy but often this was visible after spinning down the pellet (Figure 2-3). 

 

2.8.4 Direct cell counts (CFU mL
-1
) and Spectrophotometric measurement (OD600) 

Viable colony numbers were determined directly. 10 µL samples of the bacteria suspended in 

sterile PBS were spotted onto BHI agar plates in triplicate. Colonies were counted averaged to 

obtain CFU/mL of bacterial culture. Measurements at 600 nm (OD600) were taken using 

Beckman DU®520 Spectrophotometer and Semi-micro polystyrene cuvettes (Fisherbrand).  
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Figure 2-2: Successful bacteriophage transduction. This is first visually confirmed by clearing of 

media (left universal) compared with persisting opacity of control (right universal). Subsequent plating 

and overnight culture would confirm successful incorporation of mCherry fluorescent when colony 

fluorescence could be observed under fluorescence microscopy. 

 

 

 

 

 

 

 

Figure 2-3: Pelleted colonies following growth to exponential phase of selected fluorescent colonies. 

Although confirmation of fluorescence colonies was always confirmed by microscopy prior to selection, 

successful transduction could also be seen by mCherry in the pellets after growth to exponential phase. 
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2.9 Zebrafish in vivo techniques 

2.9.1 Zebrafish husbandry 

Zebrafish were raised according to standard protocol (Avdesh et al., 2012). The fish were 

maintained in tanks of 20-60 fish in a closed and continually recycling system. They were fed a 

diet of live Artemia the mornings and Zebrafeed® dry fish pellets (Sparos Ltd, Portugal) in the 

evenings. A 14/10 hour light - dark cycle at 28ęC was the standard condition used in the aquaria, 

as well as the embryo incubators. Fish were bred either by pairing or by inserting a box of 

marbles to stimulate egg production. Eggs were collected and washed and sorted into 10cm Petri 

dishes of 60 embryos each, incubated in either 30ml of sterile autoclaved E3 (Westerfield, 

2007), or non-sterile E3 mixed with 10% tank water. At the end of each experiment, and before 

5.2 days post-fertilisation (dpf), the larvae were culled by immersion in bleach, or fixed with 4% 

PFA. All procedures were carried out in strict accordance with the Home Office and the 

Animals (Scientific Procedures) Act, and for experiments using larvae beyond 5.2dpf, according 

to Project Licence Number P1A4A7A5E. 

 

2.9.2 Transgenic Fish Lines  

Transgenic fish lines used are listed in Table 2-3. 
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Table 2-3: List of transgenic fish lines 

Transgenic or wildtype line Description Reference 

Nacre Lacking melanocytes as mutant for 

mitfa gene  

(Lister et al., 1999) 

Casper Doubly mutant for roy and nacre (White et al., 2008) 

Wild-type TU Tuebingen (Haffter et al., 1996) 

TgBAC(mpx:GAL4-

VP16)sh267;Tg(UAS:Kaede)i222 

Neutrophil-specific photoconvertible 

RFP-GFP 

(Dixon et al., 2012) 

Tg(6xHsa.NFəB:eGFP)sh235 NFəB - eGFP Kind gift from Nikolay 

Ogryzko (University of 

Edinburgh) 

TgBAC(mpx:GFP)i114 Neutrophilïspecific GFP (Renshaw et al., 2006) 

Tg(mpeg1:NLS-Clover)sh436 Macrophage-specific Clover Kind gift from Nikolay 

Ogryzko (University of 

Edinburgh) 

TgBAC(klf2a:GFP) Endothelial specific Klf2a-H2B-GFP (Heckel et al., 2015) 

TgBAC(Cldn15la:eGFP)sh545 eGFP expression driven by Cldn15la 

promoter 

This study 

TgBAC(Cldn15la:Col1a2-

eGFP)sh546 

Collagen1a2-eGFP fusion protein 

driven by Cldn15la intestine specific 

promoter 

This study 
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2.9.3 Tailfin injury neutrophil assay of zebrafish larvae 

Tailfin injury in zebrafish larvae at 2dpf was performed with Tricaine methane sulfonate (MS-

322) at 0.167 mg/mL (Westerfield, 2007), using a sterile scalpel blade #27 (Swann-Morton, 

England). Immediately after injury, or at 5 hours post-injury (hpi), intravascular injection of 

treatment or vehicle control was performed under anaesthesia. The Tg(mpx:GFP)i114 (Renshaw 

et al., 2006) line with green fluorescently labelled neutrophils allowed manual quantification of 

neutrophil numbers within the region of injury (boxed area in Figure 2-4) under a fluorescence 

stereomicroscope (Leica MZ10F) at 6hpi for recruitment assays, 12hpi for resolution assays and 

24hpi for delayed resolution assays. 

 

2.9.4 Intravascular microinjections of zebrafish larvae 

Intravascular microinjections were performed on zebrafish larvae at 2dpf into the duct of Cuvier 

at the point behind the potential cleithrum (Figure 2-5), as previously described (Benard et al., 

2012). Microinjections were performed using a Pneumatic PicoPump PV820 (World Precision 

Instruments) using a hold pressure of 5psi and eject pressure of 30psi, and a Leica MZ12.5 

stereo microscope. Calibration of drop size was done using a Pyser-SGI graticule 

(100X0.1=10mm). Needles were pulled from TW100 borosilicate capillary tubes (World 

Precision Instruments) using a P97 Fleming/Brown micropipette puller (Sutter Instrument Co., 

Novato USA), loaded using sterile Eppendorf MicroLoader tips, and the needle end bevelled 

using a razor blade. Success of intravascular injection could be appraised immediately at time of 

procedure by observing flow of injected substances into the circulation.  
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Figure 2-4: Region of interest at the site of tailfin injury. Neutrophils within the area boxed in red 

were caudal to the circulation end in a zebrafish and were counted as being within the region of injury.  

 

 

 

 

 

                                                                        

Figure 2-5: Intravascular microinjection site in 2dpf zebrafish larvae. Duct of Cuvier (marked in 

red) and circulation valley in 2dpf larvae. Point of injection marked with green arrow, behind the 

potential cleithrum. 
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2.9.5 RNA and DNA microinjection at the 1-cell stage zebrafish embryo 

Zebrafish were pair-mated in individual tanks and dividers removed at the start of the light 

phase at 8am in the morning. After 15 min of undisturbed mating time, eggs were collected and 

rinsed with sterile E3. Under RNase free conditions, the eggs were organised using a sterile 

glass slide and an equal amount of purified an iTol2 BAC construct and iTol2 RNA was 

injected into the cell as previously described (Rosen, Sweeney and Mably, 2009). Yolk 

injections were preferred for RNA microinjections as these could be performed with rapidity, 

whereas cytoplasmic injections were used preferentially for DNA injections to increase 

efficiency. The maximum time from collection of eggs to completion of injections were timed to 

be less than 20 min, to ensure delivery was within the duration of the 1-cell stage of 

development (Pei and Burgess, 2019). Approximately 30 uninjected eggs from the same clutch 

are used as a control to monitor egg quality for each experiment. 

 

2.9.6 Microgavage of zebrafish larvae 

Microgavage was performed as previously described (Cocchiaro and Rawls, 2013). Briefly, this 

involved anaesthesia of 4dpf zebrafish larvae which were then supported on 2% agarose. A 

blunt ended microcapillary needle (Heat 380, Pull 225, Velocity 150, Time 225), attached to a 

Pneumatic PicoPump PV820 (World Precision Instruments) using a hold pressure of 5psi and 

eject pressure of 20psi, was guided under microscopy into the oropharynx, past the oesophageal 

sphincter and into the intestinal bulb of each larvae. Calibration of drop size was done using a 

Pyser-SGI graticule (100X0.1=10 mm). A volume of 4.6 nL was used for each zebrafish as this 

consistently caused minimal spillage occurred from either the anal pore or the oropharynx. 

 

2.9.7 Tailfin regeneration assay 

The zebrafish tailfin is unique in that it can regenerated itself within three days when injured, 

even in the adult fish (Azevedo et al., 2011). Tailfin amputation was performed as described in 

Section 2.5. Intravascular treatment was given immediately following injury and the larvae were 

then imaged after one hour of recovery using a Nikon Eclipse TE2000-U microscope interfaced 

with NIS-Elements AR® software. This hour of recovery was important to ensure that initial 

measurements were obtained after wound contraction had resolved. Each larva was maintained 

in a separate well in a 24-well plate to allow direct comparison of growth in the same larvae. At 
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24hpi, the tailfin was imaged again in the same manner. Tailfin length was defined as the length 

of a line drawn along the longitudinal axis of the larvae from the end of the circulation loop to 

the edge of the wound at this point. Percentage increase in length was then calculated. 

 

2.9.8 Neutrophil r everse migration assay in zebrafish larvae 

The TgBAC(mpx:GAL4-VP16)sh267;Tg(UAS:Kaede)i222 photo-convertible line and protocol 

was performed as previously published (Holmes et al., 2012). Briefly, 2dpf zebrafish underwent 

tailfin amputation, and were treated at 4hpi with either intravascular injection of a vehicle 

control or SPM, and immediately mounted in 0.8% low melting point (LMP) agarose (Sigma) 

with 0.0167% Tricaine. At 5hpi, neutrophils in the area boxed in red (Figure 2-7) was photo 

converted using the Ultraview PhotoKinesis device (Perkin Elmer) 405 nm laser at 40% power 

and 120 cycles. Photo conversion was performed by alternating the groups to avoid introducing 

bias since the process could take up to an hour to complete. The mounted specimens were then 

time-lapsed every 5 min for the next 6 h using an inverted Olympus microscope with Yokagawa 

CXU spinning disk and Volocity®(Perkin Elmer) software for image capture and analysis. 

Neutrophils were said to have reverse migrated if they moved proximally to the area boxed in 

Figure 2-6. 
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Figure 2-6: Reverse migration assay. The TgBAC(mpx:GAL4-VP16)sh267;Tg(UAS:Kaede)i222 photo-

convertible line was used, and 2dpf larvae underwent tailfin injury. A. Merged brightfield, GFP and 

mCherry channels demonstrating outline of tailfin injury. At the set time post-injury, neutrophils in the 

region of injury (ROI, blue box) were photo converted from green to red. Red neutrophils outside the 

region of injury (red box) were said to have reverse migrated from the wound site (examples marked 

with yellow arrows). B. GFP and mCherry fluorescent channels at 20X objective demonstrate reverse 

migrated neutrophils at 6.75hpi. C. Merged GFP and mCherry fluorescent channels at 20X objective 

demonstrating the same fish at 10hpi demonstrate a few new green neutrophils have migrated into ROI 

(blue box) after photo conversion at 5hpi, and more neutrophils have reverse migrated into the area 

boxed in red. 

 

A 

B C 
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2.9.9 TSA/TUNEL  neutrophil apoptosis assay 

The number of neutrophils undergoing apoptosis at a given time point was assessed by staining 

with the ApopTag®Red In Situ Apoptosis Detection Kit (MerkMillipore, Massachusetts, USA) 

and Tyramide Signal Amplification (TSA)Ê Plus Fluorescein System (PerkinElmer, 

Buckinghamshire, UK). Larvae underwent tailfin amputation as described and were fixed at a 

pre-determined time-points (3hpi, 6hpi, 9hpi and 12hpi). Staining was then performed as per 

manufacturerôs instructions. Briefly, the first stain was done for 10 min at 28ęC with 1:50 

TSA:Amplification diluents. Larvae then underwent digestion with 10 µg/mL Proteinase K for 

75 min, and the second staining with ApopTag®Red performed. Imaging was done on an 

inverted Olympus microscope with Yokagawa CXU spinning disk and Volocity® (Perkin 

Elmer) software for image capture. To allow accurate analysis, Z-slices of 2 µm were captured 

throughout the tailfin and a 20X objective lens was used. Apoptotic neutrophils were identified 

by observing co-localisation of green (mpx) and red (DNA strand breaks) fluorescence within a 

single z slice (Figure 2-7).  

 

2.9.10 Whole mount In Situ hybridisation 

Sense (control) and antisense RNA probes were synthesised using the SP6/T7 DIG-RNA 

labelling kit (Sigma Aldrich, Dorset, UK) as per manufacturing protocol. Control and injured 

2dpf larvae were anaesthetised and fixed in 4% PFA at the predetermined time-points post 

injury. The in situ hybridisation protocol used was as previously published (Thisse et al. 1993). 

Briefly, larvae were digested in 10µg/mL of Proteinase K for 35 min and incubated overnight at 

70ęC with the probe (50% formamide, 50 µg/mL heparin, 500 µg/mL tRNA, 0.1% Tween 20, 3 

mM NaCl, 300 µM sodium citrate, citric acid to pH6, and 1:200 RNA probe). Imaging was 

performed with a Nikon SMZ1500 extended focus microscope and images processed with NIS-

Elements BR® version3.1. 
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Figure 2-7: TSA/TUNEL assay. Representative images of an apoptotic neutrophil are shown. A. GFP 

channel showing labelled neutrophils, apoptotic neutrophil marked by blue arrow, note rounded small 

appearance. B. TxRed channel showing apoptotic bodies, blue arrow marking apoptotic neutrophil. C. 

Apoptotic neutrophil confirmed by co-localisation of both red and green within the same XY plane 

shows up as orange round body marked by blue arrow. Neutrophil and apoptotic body counts are all 

performed within area of injury distal to end of circulation marked by red dotted line. Outline of tailfin 

shown by blue line in all pictures. 

 

A 

B 
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2.9.11 Mechanical Model of Bowel injury model in zebrafish larvae 

Bowel injury was performed under brief anaesthesia with MS-322. A microcapillary needle was 

microforged to 50 µm in diameter using a MF-900 Narishige Microforge, the tip bevelled and 

thoroughly rinsed in filtered water prior to use. The puncture injury was performed 

approximately 120 µm from the anal opening. Somite injury was performed at somite level in 

line with the cloacal opening.  

 

2.9.12 Laser Model of Bowel injury model in zebrafish larvae 

Zebrafish larvae at 4dpf were anaesthetised with Tricaine as previously described. Larvae were 

then mounted in groups of six on a number 0 glass slide using 1% LMP agarose with 0.0167% 

Tricaine. These cover slips were then affixed using high vacuum grease (Dow Corning®) to a 

25 mm Petri dish with a predrilled 10 mm opening at its base to accommodate the fish. The Petri 

was filled with E3 to prevent drying out of the agarose and also to dissipate the laser heat. 

Lasering was performed using an Andor Micropoint Laser attached to an inverted Olympus 

microscope with Yokagawa CXU spinning disk and run with IQ software. A 40X oil immersion 

lens was used. The laser power was set at 77% which was the optimal power to cause an 

ablation injury in 100% of the larvae. 

 

2.9.13 Inflammation assay for bowel injury in zebrafish larvae 

The youngest age at which the zebrafish larvae could be used for gut specific analysis was at 

4dpf as this was the time when the gut was reliably colonised with bacteria (Kanther and Rawls, 

2010), and both the oral and anal orifices were fully open to the environment. Therefore this 

assay used 4dpf larvae. The larvae underwent microgavage of 5 nL of vehicle control or 

treatment and then immediately underwent mechanical bowel wounding described in Section 

2.9.11. The larvae were then mounted in 0.8% LMP agarose and a time-lapse performed on an 

inverted Olympus microscope with Yokagawa CXU spinning disk interfaced with Volocity 6.3. 

 

2.9.14 In travenous bacteraemia survival assay in zebrafish larvae 

Staphylococcus aureus or Enterococcus faecalis bacteraemia survival assays in zebrafish were 

performed as previously published (Prajsnar et al., 2008) but modified so that only 2dpf 

zebrafish were used as prior to this neutrophils may not yet be fully developed and interpretation 
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of results would be difficult. Briefly this involved preparation of S. aureus or E. faecalis as 

described above. 2500CFU of the S. aureus (or 1500CFU of E. faecalis) was injected 

intravascularly into zebrafish larvae at 48hpi which had been pre-injected with either vehicle 

control or drug no more than 30 min post-infection. CFU counts were performed before the start 

of injections and immediately after the completion of injections to ensure that concentrations of 

bacteria injected were the intended CFU and constant throughout the experiment. Any 

experiment that was found to have great variation in CFU before and after injection was 

discarded. The zebrafish larvae were then maintained in individual wells in a 96 well plate to 

allow inspection 12 hourly from the time of infection. Groups were blinded prior to any 

injections and blinding kept throughout the survival study. The number found to be dead, 

defined as a cessation of heartbeat, at each inspection point was documented until 5.2dpf when 

the remaining zebrafish were culled.  

 

2.9.15 CFU quantification of E. faecalis in individual zebrafish larvae 

Larvae were euthanised with an overdose of MS-322, then rinsed three times in sterile filtered 

PBS to remove any possible extra-intestinal bacteria adherent to external surfaces of the larvae. 

Each fish was then manually homogenised using a motorised micro-pestle (Bel-Art ProCulture 

Micro-Tube Homogenizer System, SP Scienceware). Serial dilutions were spotted onto a BHI 

agar plate containing tetracycline to ensure selection of only the introduced bacteria containing 

the resistant plasmid, thus avoiding overestimation of colonies from spurious growth. Colonies 

were seen to be uniformly fluorescent using the mCherry filter under a stereo microscope and 

morphology matched those of clean colonies of E. faecalis. 

 

2.9.16 Picrosirius red staining of whole mount or frozen sections 

Wildtype zebrafish from 0dpf to 30dpf were killed according to Schedule 1 and preserved in 4% 

PFA. At least three from each dpf were stained with picrosirius directly or the GIT dissected out 

and stained with picrosirius directly, while a further three samples from each dpf were frozen in 

OCT and stored at -80ęC. Cryosections of 6 µm thickness were collected onto SuperFrost® Plus 

slides. Slides were then incubated in a Coplin jar containing picrosirius red for strictly one hour 

at room temperature. Slides were then rinsed twice in acidified water, dehydrated in incremental 

ethanol solutions, and cleared with xylene. Once dry, slides were cover-slipped with DPX. 
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Staining of whole mount or dissected GIT were performed in Eppendorfs and then mounted on 

slides with DPX in a similar manner. Visualisation was performed under a 

MZ12.5stereomicroscope (Leica) with polarising lenses, interfaced with a SPOT Insight Colour 

camera, and SPOT Advanced digital image capture software (Diagnostic Instruments). 

 

2.10 Imaging of zebrafish larvae 

2.10.1 Time-lapse imaging of live larvae 

Zebrafish larvae were embedded in 0.8% low-melting-point agarose with Tricaine, in 

chambered wells and imaged using a Nikon Eclipse TE2000-U microscope, extended focus 

Nikon SMZ1500 microscopes, the Light sheet Leica TCS SP8 DLS, and the Ziess LSM880 

AiryScan Confocal or an inverted Olympus microscope with Yokagawa CXU spinning disk. 

Analysis was performed using ImageJ, Perkin Elmer Volocity® 6.3, Zeiss Black, Zeiss Blue or 

NIS Elements AR® software. Tracking of individual neutrophils was possible using the 

embedded software capabilities of Volocity 6.3, with settings set to the Shortest Tracking path 

model and to ignore objects that were stationary to avoid a falsely inflated number of detected 

objects. An example tracking snapshot is shown below (Figure 2-8). 
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Figure 2-8: Example snapshot of neutrophil tracking in from intestinal injury  using Volocity 6.3. 

Each line represents the path of a tracked object. The area of intestinal injury is seen centred as the point 

of intersection of the x and y axes, and labelled zero. 
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2.10.2 Transmission Electron Microscopy 

Larvae were fixed in 2.5% gluteraldehyde and secondary fixation done with 2% osmium 

tetroxide for 1 h at room temperature and then dehydrated through a graded series of ethanol. 

Infiltration was performed with propylene oxide and Araldite resin, and then embedded in fresh 

Araldite resin at 60ęC for two days. Semi-thin sections were then cut on a Reichert Ultracut E 

ultramicrotome and confirmation of the correct segment performed with staining with 1% 

toluidine blue in 1% borax. Ultrathin sections of 90 nm were then cut on the same 

ultramicrotome and stained for 30 min with 3% uranyl acetate followed by Reynoldôs lead 

citrate for 5 min. A FEI Tecnai G2 Spirit Transmission Electron Microscope at an accelerating 

voltage of 80 kV was used to visualise each section and images taken using a Gatan digital 

camera. At least 30 sections of the relevant section of intestine from each of three separate 

larvae were examined. 

 

2.10.3 Light Sheet Microscopy 

Anaesthetised zebrafish larvae, or dissected intestinal tract of culled adult fish were mounted 

into glass capillaries in 0.8% LMP agarose in E3 together with 1:7000 dilution 0.5 µm 

fluorescent red latex beads (Sigma). These beads allow localization for 3D reconstruction using 

ImageJ. A Light Sheet Leica TCS SP8 DLS microscope with a 10X or 20X objective lens was 

used, and acquisition performed with Zen Black ® software. 

 

2.11 Mouse in vivo and ex vivo  techniques 

2.11.1 Mouse husbandry 

C57BL6/J male mice were purchased from Charles River Laboratories (Margate, UK) each time 

at 6 weeks of age. They were then housed singly on absorbent paper and allowed to acclimatise 

for seven days before the start of experiments. Mice were fed standard Teklad Global Rodent 

Diet (18% protein, 6% fat, moderate phytoestrogen, irradiated for sterility) with fresh water ad 

libitum and maintained at a standard temperature and humidity controlled facility in accordance 

with strict Home Office regulations. A 12 hour light-dark cycle was also maintained, and any 

work required during the dark cycle was carried out using a darkroom safelight (Paterson 

Photographic Equipment, West Midlands, UK). All procedures were carried out in strict 
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accordance with the Home Office and the Animals (Scientific Procedures) Act, Licence number 

P0E9E8941. 

 

2.11.2 Statistical design and sample size calculations 

This section was performed in collaboration with Amy Spencer and Pete Laud of the Sheffield 

University Biomedical Statistical Services Unit. Calculations were performed with the 

assumptions of a Studentôs t-test that the data would be normally distributed and that the 

variances in the two groups would be equal. The end-point of interest would be the 

improvement of healing as evidenced by an increase in hydroxyproline (HP) content of the 

anastomosis, as well as the time after surgery when this effect can be seen. Therefore 

comparison of data between control and treatment groups on post-operative day 3 and day 7 of 

two types of anastomoses, a simple anastomosis, and a leaky anastomosis would be performed. 

A significance level of 5%, and 80% power was used. A previously published experiment 

(Pantelis et al., 2010) compared HP content at day 5 but in their study, only 5 mice per group 

were used so there were sparse data resulting in fairly approximate estimates of means and SD, 

especially given the different time-points. Nevertheless, these published data were used to 

calculate the sample sizes needed per group in Table 2-4. The middle value of 75 µg HP/g 

bowel was chosen as the end-point for experiments. 

 

Table 2-4: Sample size calculation. Number per treatment group required to have 80% power to detect 

various differences in means at the 5% significance level assuming various SD. Calculations performed 

using online calculator available at http://www.sample-size.net/sample-size-means/ 

Difference in means 

(µgHP/g bowel) 

SD (µgHP/g bowel) 

76 (leaking model) 127 (standard model) 

50 38 102 

75 18 46 

100 11 27 

 

2.11.3 Faecal mass measurements 

Mice were housed individually on absorbent paper rather than wood chips. These were changed 

daily at 7am, and all faecal matter collected into 3 cm sterile Petri dishes labelled specific for 

http://www.sample-size.net/sample-size-means/
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each mouse (Figure 2-9). Faecal matter was air dried in the mouse room (controlled humidity 

and temperature) for 24 hours before weighing. 

 

2.11.4 Activity measurement  

Mice were acclimatised to being videotaped for 15 seconds each day during the daily cleaning 

of their individual cages for the week before the start of the experiment. Three days prior to the 

operative day, videotaping was performed for 15 seconds using a Canon IXUS 185 Digital 

Camera. Parameters of movement of each mouse was quantified using the AnimalTracker 

plugin in ImageJ as previously described (Gulyás et al., 2016). 

 

2.11.5 Operative technique 

50X50 cm fenestrated 6X9 cm drapes were used to maintain sterility. All microsurgical 

instruments were autoclaved separately and a clean set used for each mouse. For the normal 

anastomotic group, mice were anaesthetised with isofluorane, skin antisepsis performed with 

2% chlorhexidine in 70% alcohol and a mini-laparotomy performed. The caecum was positively 

identified and complete division of the intestine performed cleanly using scissors. Complete 

division was confirmed by visualizing a gap between both ends. Anastomosis was performed 

using 8/0 taper point polypropylene (LUXSutures, Luxembourg) interrupted sutures. Eight were 

used for the complete anastomosis producing a leak-free join shown in preliminary studies to be 

water-tight (Figure 2-10), and four were used for the leaking model. Closure was performed in 

two layers using 5/0 polyglycolic acid braided suture on a 3/8 reverse cutting (LUXSutures, 

Luxembourg), with a continuous muscle closure, and interrupted buried subcuticular. 50 µL 1% 

lidocaine was instilled between layers during closure. Mice were recovered in a enclosure 

warmed to 32ęC. 

 

2.11.6 Clinical assessment of mice post-operatively 

Weights were performed 12 hourly using an Ohaus portable scale CR621 (0.1 g precision). A 

Wellness Score (Komen et al., 2009) was used to assess mice twice daily during weighing 

sessions. Scoring points are summarised in Table 2-5. As this scoring system was brief and 

quick to complete, should a mouse score low on the Wellness Score, a more detailed Murine 

Sepsis Score (Shrum et al., 2014) was performed as summarised in Table 2-6. 
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Table 2-5: Wellness score 

Parameter Grading Score 

Activity  Normal / medium / low 2 / 1 / 0 

Fur Smooth / fluffy / erect 2 / 1 / 0 

Eyes Clean and open / clean and closed /dirty and closed 2 / 1 / 0 

Able to stand straight Yes / no 1 / 0 

Posture Normal / modestly curled / fully curled up 2 / 1 / 0 

Position on feet Normal / high 1 / 0 

Solitary Yes / no 0 / 1 

Shivering Yes / no 0 / 1 

 

 

Table 2-6: Murine Sepsis Score 

Parameter Grading Score 

Appearance Smooth / Patches piloerect / All piloerect / ñPuffyò / Emaciated 0/1/2/3/4 

Consciousness Active / Hunched but active / Ambulant but slow / Movements only 

when provoked / Stationery when provoked 

0/1/2/3/4 

Activity  Normal / Not climbing / Occasional movement / Stationary / Tremor 0/1/2/3/4 

Stimulus response Auditory / Touch / Few steps to touch / Head movement to touch / 

unable to right itself if pushed over 

0/1/2/3/4 

Eyes Open / Slightly closed / Up to Half closed / More than half closed / 

Closed 

0/1/2/3/4 

Respiration rate Normal / Decreased not visually quantifiable / Moderately reduced 

by eye / 0.5s between breaths / 1s between breaths  

0/1/2/3/4 

Respiration quality Normal / Periods of laboured / Laboured / Intermittent gasps / 

Gasping 

0/1/2/3/4 
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Figure 2-9: Stool collected over 24 hours. The Petri dish contains a representative 24 hour stool 

collection from a normal C57BL6J male mouse at 6 weeks of age. Standardised air drying of the stool 

was performed for 24 hours prior to weighing. 

 

 

 

 

Figure 2-10: A normal anastomosis. A. Completed normal (non-leaking) anastomosis technique 

demonstrated to be (B) water-tight using by infusing methylene blue intraluminally under pressure. This 

operative procedure was performed on a mouse already culled under Schedule 1, prior to the first live 

operation to confirm technical suitability of operative method. 

  

A B 
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2.11.7 Harvesting of specimens and sample preparation 

On the 3
rd
 or 7

th
 post-operative day, or if the Wellness Score was below 6, mice were 

anaesthetized with isofluorane and cardiac puncture performed to exsanguinate the mice. The 

blood was stored on ice until culling was complete. This was then spun down immediately at 

4ęC 17500 x g and the serum transferred to a clean Eppendorf and stored at -80ęC. Cervical 

dislocation was then performed after exsanguination. The abdominal cavity was then opened 

and the degree of adhesions, contamination, or abscess formation documented. Then 

anastomosis was then excised en-bloc together with any adhered organs for anastomotic 

bursting pressure. The spleen was harvested and its weight measured immediately.  

 

2.11.8 Anastomotic bursting pressure 

The proximal end was secured to a 16Fr metal straight gavage needle connected to saline in an 

Aladdin Programmable Syringe Pump AL1000-220 (World Precision Instruments, Hertz, UK) 

at a steady state of 1 mL/min. The pump was run before securing the distal end of the 

anastomosis to gently flush out any faecal matter within the lumen. When the effluent was clear, 

the pump was paused and the distal end secured to another 16Fr gavage needle connected to a 

FisherbrandÊ Traceable Manometer. The maximal pressure reading (mmHg) achieved before 

bursting was recorded. The anastomotic region was then dissected free and divided into three for 

enzymatic, histological and collagen assays. 

 

2.11.9 Stool culture for bacterial, fungal, cellulase and proteolytic activity  

Triplicates of 5 µL 1:10000 dilutions homogenised stool solutions (1 µg/µL) were spotted onto 

Sabouraud Dextrose, BHI, CMC and BHI-milk plates. Cellulase and proteolytic activity was 

measured semi-quantitatively by measuring diameter of clearing in CMC agar plates or after 

staining with Gramôs iodine, using ImageJ, and categorising the degree of clearing of BHI-milk 

plates. All bacterial plates were cultured at 37ęC overnight and all fungal plates cultured at 28ęC 

for up to seven days. Fungal plates were imaged at 48 hours and again at 7 days. Imaging was 

performed using Epson Perfection V700 Photo Scanner interfaced with Silverfast Epson 

Perfection Software Version 3.1.1. 
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2.11.10 Frozen sectioning for histology 

Sections of skin and anastomosis which had been fixed in 4% PFA were submerged in 15% to 

30% sucrose gradient at 4ęC for 24 hours and then embedded separately in OCT in 5X7 mm 

moulds and snap frozen and stored at -80ęC until sectioning. Sectioning was performed as 

described in section 2.6.1 but at a thickness of 4µm. Sections were arranged onto SuperFrost ® 

Plus slides and stained immediately as below. 

 

2.11.11 Haematoxylin and eosin staining of frozen sections 

Slides were dipped into Coplin jars containing haematoxylin for 3 min. Slides were then rinsed 

in deionised water and then rinsed with blue-ing solution until adequate colour change was 

noted. Slides were rinsed with deionised water and dehydrated using graded alcohol solutions 

up to 95% ethanol. Slides were dipped into eosin for 60 s and then rinsed in absolute alcohol, 

dipped in xylene twice, and allowed to dry before fixing with DPX and cover-slipped. Imaging 

was performed using an Olympus BX51 microscope interfaced with an Olympus DP71 colour 

camera.  

 

2.11.12 Picrosirius staining of frozen sections of intestine and skin 

Picrosirius staining was performed as outlined in section 2.9.16. Imaging was performed using 

polarising lenses an Olympus BX51 microscope interfaced with an Olympus DP71 colour 

camera.  

 

2.11.13 Wright -Giemsa staining of frozen sections 

Slides were flooded with Wright-Giemsa stain for 5 min. This was then diluted 1:2 with PBS 

buffer and mixed by blowing gently on the slide. The diluted stain was left for 1minute. Slides 

were then rinsed twice with distilled water and air-dried. Clearing was done with xylene dipping 

and slides were cover-slipped with DPX mounting media. Imaging was performed using an 

Olympus BX51 microscope interfaced with an Olympus DP71 colour camera. 

 

2.11.14 Hydroxyproline assay 

Assay performed as previously described (Kivirikko and Liesmaa, 1959). Briefly, a third of the 

circumference of the anastomotic region was dissected free with sterile microsurgical 
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instruments. This was weighed and then placed immediately in 6N hydrochloric acid 

(Honeywell). Samples were frozen at -20ęC until collection was complete. Samples were then 

boiled at 110ęC for 18 hours in 2 mL O-ring tubes, and then freeze-dried to remove the 

hydrochloric acid. Samples were reconstituted in 250 µl ultrapure (18.2 MɋĿcm at 25°C) water. 

Dilute sodium hypobromite (Sigma) was prepared fresh each time and 500 µL added to each 

and allowed to oxidise for 5 min at room temperature before 250 µl of 6N HCl was added. 500 

µl of 5% p-Dimethylaminobenzaldehyde in 1-propanolol was then added and the solution 

heated at 70ęC for 15 min before being cooled quickly in ice. A standard curve was obtained 

with each assay using relevant concentrations of hydroxyproline (Sigma). Absorbency of 

samples and standard were measured at 560 nm using a NanoDrop 3300 fluorospectrometer and 

operating software v.2.8.0. Values were then standardised by weight for comparison.  

 

2.12 Protein Analysis 

2.12.1 Bradford protein assay 

A third of the circumference of the anastomotic ring was dissected out with sterile microsurgical 

instruments, weighed, and immediately immersed in ice cold lysis buffer (IGEPAL CA-630, 

NaCl, Tris-HCl pH adjusted 7.5) with an anti-protease cocktail (Aprotinin, leupeptin and 

benzamide). Homogenisation of samples was performed using zirconium ceramic beads 

(Thermo Fisher) at 6000 rpm for 30 s (repeated twice for skin samples) on a Precellys Evolution 

Homogeniser. Samples were then spun down for 3 min at 4ęC and 17200 x g. The supernatant 

was carefully removed to clean tubes. Quantification was performed using Bio-Rad Protein 

assay and Beckman DU®520 Spectrophotometer at 595 nm and Semi-micro PS cuvettes 

(Fisherbrand). Ascending concentrations of bovine serum albumin (BSA) were used to perform 

a standard curve with each run of assay. Each time, 15 min incubation at room temperature of 

completely mixed sample and dye was performed prior to measurement of absorbance. A blank 

sample contained all diluents but with 0 µg of BSA. 

 

2.12.2 SDS-PAGE 

Denaturing SDS-PAGE was performed according to modified Laemmliôs method (He, 2011). A 

resolving gel was prepared as follows: 

SDS-PAGE 10% (w/v) resolving gel: 
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dH2O     4 mL 

1.5 M Tris-HCl pH 8.8  2.5 mL 

10% (w/v) SDS   100 µL 

30% (w/v) acrylamide/bis (37.5:1) 3.5 mL 

10% (w/v) APS   100 µL 

TEMED    20 µL 

The mixture was mixed and immediately loaded into the glass casting plates (1.0 mm Mini-

Protean, Bio-Rad). 100% isopropanol was layered onto the mixture to isolate it from air and 

ensure a flat surface. Isopropanol was then removed and a stacking gel prepared as follows: 

SDS-PAGE 4% (w/v) stacking gel: 

dH2O     3.6 mL 

0.5 M Tris-HCl pH 6.8  0.75 mL 

10% (w/v) SDS   50 µL 

30% (w/v) acrylamide/bis (37.5:1) 0.65 mL 

10% (w/v) APS   50 µL 

TEMED    20 µL 

The mixture was loaded on the top of the resolving gel and a 15 well comb inserted. The gel was 

either stored for less than a week at 4ęC or used immediately in a Bio-Rad tank. Samples were 

mixed with SDS-PAGE loading buffer, incubated at 96ęC for 5 min in a hot block and then 

briefly spun down at 13000 x g at room temperature and loaded into the wells. Separation was 

performed at 110V till the dye front was seen to reach the base of the plate. 

 

2.12.3 Western blotting 

Following SDS-PAGE, the gel was equilibrated in blotting buffer for 10 min to allow for 

expansion of the gel. Electroblotting onto Hybond ECL 0.2 µm pore-size nitrocellulose 

membrane (GE Healthcare) via cooled wet transfer was performed at 170V for 90 min. 

Blocking was performed at room temperature with gentle tilting for an hour. The membrane was 

then rinsed 10 min in TBST three times, again at room temperature. Incubation with 1:40000 

primary mouse antibody to ɓ-actin (Abcam) was performed overnight with gentle tilting at 4ęC. 

The next day, further rinsing in TBST was performed at room temperature before 60 min 

incubation in 1:40000 secondary rabbit anti-mouse HRP-conjugated antibodies (Abcam) with 
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gentle tilting. Three 20 minute rinses with TBST was then performed to remove all residual 

antibodies to ensure a clean background before using the ECL Western Blotting Substrate 

(Thermo Fisher Scientific) as per manufacturerôs instructions. Imaging was performed using the 

Biorad Chemidoc MP Imaging system with ImageLab Software version 5.2.1. Densitometry 

was performed on images using ImageJ.  

 

2.13 Zymogram 

50 ng of skin samples and 100 ng of intestinal samples were loaded into each zymogram well 

and a concurrent Western Blot (Section 2.12.3) performed for normalization allowing a semi-

quantitative zymogram analysis. In both cases calibration of protein size was performed using 

Novex® Sharp Pre-stained Protein Standard (ThermoFisher, Loughborough, UK). Zymograms 

were performed using 1.0 mm Invitrogen gels (10% gelatine) run at 125V, renatured, developed 

overnight at 37ęC for 16 hours with gentle agitation on an orbital shaker at 50 rpm. After rinsing 

with ultrapure water three times, the gels were then stained using Coomassie blue stain. Imaging 

was performed using a Biorad Chemidoc MP Imaging system with ImageLab Software version 

5.2.1, and quantified using image J for densitometry calculation. Gels were then dried using the 

Novex DryEase® Mini -Gel Drying System (Thermofisher, Loughborough, UK) as per 

manufacturerôs protocol, for long term storage. 

 

2.13.1 Protein preparation for mass spectrometry 

Bands were excised from the stained zymogram gel using a sterile technique over a 

transilluminator to avoid exogenous peptide contamination. Gel bands were diced into small 

pieces to maximize surface area and were destained using 50% (MS grade) acetonitrile in 50 

mM ammonium bicarbonate and incubated at room temperature overnight with vigorous 

shaking. Once visual inspection confirmed that gel pieces were completely destained, the 

supernatant was discarded and gel pieces were sequentially dehydrated using increasing 

concentrations of acetonitrile in 10 min incubations. The final dehydration step of 100% 

acetonitrile was repeated and gel pieces were visually inspected to be opaque indicating 

adequate dehydration. Reduction of the cysteine residues of protein within the gel pieces was 

performed by adding 200 µL of 50 mM Tris(2-carboxyethylphosphine) for 20 min at 70ęC. 

Samples were cooled and then alkylation of the reduced cysteine residues was performed by 
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adding 200 µL of freshly prepared 50 mM iodoacetamide and incubating in the dark at room 

temperature for 30 min. The gel pieces were then washed in 500 µL of 100 mM ammonium 

bicarbonate for 10 min at room temperature, and again dehydrated with incremental 

concentrations of acetonitrile. After the final repeat of incubation with 100% acetonitrile, the 

tubes were left open to allow full evaporation of all liquid for 10 min at room temperature. 

Digestion was then performed with 1 ng/µL trypsin (Promega) in 100 mM ammonium 

bicarbonate. The digestion was allowed to proceed for 14 h at 37ęC. The next day, digestion was 

stopped with 100% acetonitrile at 37ęC for 15 min. Peptides were then extracted by incubation 

at room temperature with 0.5% formic acid alternating with 100% acetonitrile. The supernatant 

containing the peptides were then transferred to a clean Eppendorf and stored at -20ęC prior to 

running on the mass spectrometer. 

 

2.13.2 Protein mass spectrometry 

Mass spectrometric measurements were conducted with a MS-MS machine (Thermo Fisher) 

with IonSpray Orbitrap. Mass spectrometric needle voltage was set at 3.5kV, cone voltage at 

75V and temperature at 225ęC. All samples were detected with a mass range of 100 to 1000m/z. 

Analysis was performed using the MaxQuant software (Cox and Mann, 2008). 

 

2.14 Statistical analysis 

All experiments performed were blinded until analysis was complete and included three 

independent repeats unless otherwise stated. Statistical analysis was performed using GraphPad 

Prism 8.3.0®. Graphs were drawn with SD or SEM as indicated. Survival curves were drawn 

using the Kaplan-Meier method and analysed by the log-rank (Mantel-Cox) test. Contingency 

graphs were plotted for comparison between two outcomes and chi-squared tests used. An 

unpaired t-test was used for analysis of two groups, repeated-measures two-way ANOVA or 

one-way ANOVA with Bonferroni or Sidakôs correction for multiple comparison was used for 

analysis of more than two groups. All data was checked for normality using the Dô Agostino-

Pearson Omnibus K2 normality test, and non-parametric comparisons performed with the 

Mann-Whitney test, or Kruskal-Wallis with Dunnôs multiple comparison correction. Linear 

regression was used to analyse differences in slopes or intersections of time-lapse data if no 

obvious curve to the data could be fitted. If time lapse data could be fitted to a curve model such 
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as Logistic growth, or Beta Growth and Decline, then non-linear (Poisson) regression was used 

and Ymax (peak numbers) or K (slope of curve) compared. The same analysis, either linear or 

non-linear, was used for comparison within groups. A p-value of <0.05 was considered 

significant. *p<0.05, **p<0.01, ***p<0.001, **** p<0.0001. 
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Chapter 3: Specialised Pro-resolving Mediators (SPMs) in zebrafish models 

of inflammation 

3.1 Introduction  to SPMs and eicosanoids in zebrafish 

Inflammation resolution is now widely accepted as an active process in which the timely 

production of specialised pro-resolving mediators (SPMs) such as lipoxins, resolvins and 

protectins play an important role (Serhan, 2017). SPMs are the end products of the co-ordinated 

action of cyclooxygenases and 5-, 12-, and 15-lipoxygenases (LOXs), working in sequence on 

three classes of fatty acids: arachidonic acid (AA), docosahexaenoic acid (DHA) and 

eicosapentaenoic acid (EPA). The bioavailability of these precursors is an important limiting 

factor in the production of various lipid mediators. In human studies, changing the availability 

of precursors affects subsequent inflammatory processes, and this represents an area of growing 

importance for the development of new treatments to modulate chronic inflammatory 

conditions, infective responses, and even cancer (Paschoal et al., 2013; Piazzi et al., 2014; 

Newell et al., 2017). Studies in zebrafish have contributed to the investigation of the role of 

SPMs in some of these areas, such as that of Lipoxin A4 (LXA4) in supra-physiologic 

concentrations in tuberculosis (Tobin et al., 2012). In part, the popularity of this model 

organism is because zebrafish possess a rapid reproductive cycle, allow live in vivo observation 

of cells by virtue of its optical transparency, and maintain an ease of genetic manipulation 

particularly at larval stages. But teleosts do differ from terrestrial animals, not least in their 

environment, but also in diet and tissue composition, which is higher in fatty acids such as DHA 

and EPA (Rainuzzo, Reitan and Jorgensen, 1992). Although many studies utilise zebrafish 

larvae prior to the feeding stage, this developmental phase is also characterised by its high lipid 

content, particularly of DHA and AA resulting from absorption of the yolk sac, the fatty acid 

composition of which, in turn, is affected by the diet of the parent female fish (Weigand, 1996). 

As such, due to precursor variability, it remains a possibility that as a result SPMs may have 

differing effects on the innate immune system, specific to this organism. Despite this, the 

working hypothesis was that SPMs would have similar effects to mammalian models, and that 

the zebrafish at this developmental stage would be able to demonstrate subtleties that would be 

missed in more complex models. To investigate this, the effect of inhibition of each LOX 
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enzyme (15-LOX, 5-LOX and 12-LOX) was tested. This was further investigated with 

exogenous treatment with Lipoxin A4 (LXA4), Resolvin E1 (RvE1) and Resolvin D2 (RvD2) as 

representatives of the end product of each precursor fatty acid and LOX enzyme. In vitro and 

rodent studies suggest that the biological roles of the many SPMs appear to have considerable 

overlap in modulating neutrophilic inflammation resolution and infection control (Campbell et 

al., 2007; Dona et al., 2008; Kurihara et al., 2013; Chiang et al., 2015; Herrera et al., 2015), and 

zebrafish models of inflammation were used to investigate these in turn.  

 

3.2 Results 

3.2.1 The standard neutrophil response to tailfin amputation 

To examine the impact of LOX inhibitors and their related SPMs on neutrophil response, the 

fluorescently-labelled neutrophil line, TgBAC(mpx:GFP)i114 (Renshaw et al., 2006) was used, 

and neutrophils quantified in the region of tailfin injury in live larvae. The inflammatory 

response curves of wounds depend heavily on the extent of injury, having a quicker time of 

resolution with less severe wounding models (Harvie and Huttenlocher, 2015). Therefore it was 

of considerable importance to determine the inflammatory response curve for the tailfin 

wounding model shown in Figure 2-4, to obtain the optimal times of capturing peak recruitment 

and adequate resolution for the experiments. 

 

In untreated and injured fish, neutrophil counts peaked at 6hpi and returned to low levels from 

12hpi onwards (Figure 3-1). From this, the optimal timing to detect a difference in the number 

of neutrophils recruited to a wound site was shown to be at 6hpi, and at 12hpi neutrophil 

numbers would be sufficiently low to reliably differentiate a delay in inflammation resolution. 

At 24hpi any substantial delay in inflammation resolution as a result of treatment could be 

adequately demonstrated.  
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Figure 3-1: Time course of neutrophil response to tailfin transection. A 2dpf TgBAC(mpx:GFP)i114 

zebrafish underwent tailfin transection under sterile conditions. Fluorescent neutrophils were quantified 

in the region of injury using a Leica MZ10F epifluorescent stereomicroscope with live, anaesthetised but 

otherwise untreated zebrafish larvae at the corresponding times post-injury. Error bars show SEM, each 

point represents the average of N=17 in three independent repeats. 
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3.2.2 Inhibition of 15-LOX delayed inflammation resolution both early and late in 

the inflammatory cycle 

Although the LOX enzymes have been identified in zebrafish, it is unknown whether the 

pathways are similar to humans. Inhibition of the LOX enzymes would be expected to delay 

inflammation resolution by reducing the production of the SPM end products. Using the 

TgBAC(mpx:GFP)i114 line as above, with tailfin transection followed immediately, or at 5hpi, 

by intravascular (IV) administration of a 15-LOX inhibitor (PD146176), neutrophils were 

quantified at 24hpi to determine the overall effect on inflammation resolution. The treatment 

concentration of PD146176 (167 nM) was chosen based on the IC50 in rabbits of 540 nM 

(Bocan et al., 1998) and also from dose response experiments performed as a preliminary step to 

these studies. As this was an intravascular systemic injection, final dosage estimated at the site 

of injury was calculated by dividing by 60 nL, the total blood volume in a 2dpf zebrafish larvae 

(Craig et al., 2012). The vehicle control was DMSO, the diluent for PD146176. In zebrafish 

larvae, inhibiting 15-LOX after injury resulted in delayed inflammation resolution demonstrated 

by a persistently raised neutrophil count 24hpi. This was significant both when treatment was 

given immediately post-injury (Control mean +/- SEM: 14.24 +/- 0.90, PD146176: 18.21 +/- 

1.07, p=0.061, t-test, Figure 3-2A) but also when given later in the inflammatory process, at 

5hpi (Control mean +/- SEM: 12.67 +/- 0.54, PD146176: 16.22 +/- 0.69, p<0.0001, t-test, 

Figure 3-2B). This distinction is important since SPMs are thought to exert their effect early, 

within a few hours of inflammation initiation, in humans (Chiang and Serhan, 2017).  
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Figure 3-2: Neutrophil counts at the region of tailfin injury , following treatment with the 15-LOX 

inhibitor (PD146176) or vehicle control. A. Treatment was given immediately following injury and 

neutrophil counts in the ROI were performed at 24hpi. N=40/group in three independent repeats, 

comparison with t-test, ** p<0.01, error bars show SD. B. Treatment was given at 5hpi and neutrophil 

counts performed at 24hpi as before. N=90/group in six independent repeats (the number of repeats were 

increased due to the use of a new batch of drug), t-test, **** p<0.0001, error bars show SD.  
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3.2.3 Inhibition of 5-LOX  accelerated inflammation resolution when given late, 

but delayed inflammation resolution when given early  

5-LOX is thought to have a pro-inflammatory effect compared to the other LOX enzymes, in 

that over-expression of this LOX is thought to be harmful rather than helpful to inflammation 

resolution because of its concurrent ability to convert arachidonic acid to leukotrienes (Maier et 

al., 2008; Guimarães et al., 2018). However, in concert with other LOX enzymes, 5-LOX also 

plays a role in the production of SPMs, particularly the D- and E-series resolvins. A specific 5-

LOX inhibitor, MK886, with an IC50 of 2.5 nM in human leukocytes (Datta, Biswal and Kehrer, 

1999) was chosen, and a concentration close to this (16.7 nM), derived from preliminary dose 

response experiments, was used to investigate its effect in zebrafish larvae. The vehicle control 

was DMSO, the diluent for MK886. In zebrafish larvae, the response obtained was very much 

dependent upon the timing of treatment. When 5-LOX was inhibited immediately after injury, 

neutrophil numbers remaining at the wound site at 24hpi were increased (Control mean +/- 

SEM: 15.56 +/- 1.02, MK886: 20.51 +/- 1.20, p=0.0021, t-test, Figure 3-3A). However, the 

opposite was true when the 5-LOX inhibitor treatment was delayed until 5hpi, with neutrophil 

numbers at 24hpi now being significantly reduced (Control mean +/- SEM: 12.75 +/- 0.68, 

MK886: 10.14 +/- 0.66, p=0.0071, t-test, Figure 3-3B).  

 

3.2.4 Inhibition of 12 -LOX  did not affect inflammation resolution when given 

early, but delayed inflammation resolution when given late 

ML355 has been shown to be a specific 12-LOX inhibitor with an IC50 of 340 nM (Luci et al., 

2010). Used within this range at 167 nM, a concentration derived from preliminary dose 

response experiments, ML355 did not alter neutrophil counts at 24hpi when given immediately 

post-injury (Control mean +/- SEM: 12.10 +/- 0.83, ML355: 11.93 +/- 0.68, p=0.8746, t-test, 

Figure 3-4A). The vehicle control was DMSO, the diluent for ML355. However, when 12-LOX 

inhibition was performed at 5hpi, inflammation was prolonged (Control mean +/- SEM: 11.44 

++/- 0.77, ML355: 14.10 +/- 0.82, p=0.0209, t-test, Figure 3-4B).  
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Figure 3-3: Neutrophil counts at the region of tailfin injury, following treatment with the 5-LOX 

inhibitor (MK886 ) or vehicle control. A. Treatment was given immediately post-injury and neutrophil 

counts at ROI performed at 24hpi. N=66/group in six independent repeats (repeats increased due to egg-

laying problems limiting the number of larvae in each experiment), t-test, **p<0.01, error bars show SD. 

B. Treatment given 5hpi and neutrophil counts performed at 24hpi as before. N=68/group in six 

independent repeats (repeats increased for the same reason above), t-test, ** p<0.001, error bars show 

SD.  

 

 

        

Figure 3-4: Neutrophil counts at the region of tailfin injury, following treatment with the 12-LOX 

inhibitor (ML355 ) or vehicle control. A. Treatment was given immediately post-injury and neutrophils 

quantified at 24hpi. N=42/group in three independent repeats, comparison with t-test, n=non-significant, 

error bars show SD. B. Treatment given 5hpi and neutrophil counts performed at 24hpi as before. 

N=42/group in three independent repeats, comparison with t-test, *p<0.05, error bars show SD. 
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3.2.5 LXA4 and RvE1, but not RvD2, accelerated neutrophilic resolution in tailfin 

transection 

The LOX enzymes modulate more than just SPM production, they often work in concert with 

each other, and even have a direct role in apoptosis and ferroptosis (Li et al., 2018). Therefore, 

to increase experimental specificity and simplify interpretation, a single end product of each 

LOX pathway was used. For 15-LOX, Lipoxin A4 (LXA4) was used; for 5-LOX, Resolvin E1 

(RvE1); and for 12-LOX, Resolvin D2 (RvD2). Earlier time points were also used to allow 

separate conclusions to be drawn regarding the effects of each SPM firstly on neutrophil 

recruitment (quantification at 6hpi), and then on inflammation resolution (quantification at 

12hpi). Counts at 24hpi were not used because SPMs are lipids that are easily oxidised, and 

previously shown to be rapidly and actively inactivated in mammals (Arita et al., 2006) so its 

effects could be missed with delayed quantification. Using TgBAC(mpx:GFP)i114 larvae with 

supplementation of 167 nM of LXA4 immediately following tailfin injury, neutrophil numbers 

were significantly reduced both at 6hpi (Control mean +/- SEM: 24.48 +/- 0.69, LXA4: 21.69 

+/- 0.74, p=0.0063, t-test, Figure 3-5A) and also at 12hpi (Control mean +/- SEM: 21.57 +/- 

0.80, LXA4: 18.21 +/- 0.74, p=0.0023, t-test, Figure 3-5B), in accordance with mammalian 

studies (Campbell et al., 2007; Buckley, Gilroy and Serhan, 2014). In contrast, immediate 

treatment with RvD2 at 16nM increased recruited neutrophil numbers at 6hpi (Control mean +/- 

SEM: 25.60 +/- 1.18, RvD2: 30.49 +/- 1.10, p=0.0033, t-test, Figure 3-5C), but by 12hpi this 

difference was lost and overall inflammation resolution was not delayed (Control mean +/- 

SEM: 14.61 +/- 0.81, RvD2: 15.30 +/- 0.77, p=0.5384, Figure 3-5D). Immediate treatment with 

RvE1 (167 nM) did not affect neutrophil numbers at 6hpi (Control mean +/- SEM: 22.33 +/- 

0.91, RvE1: 21.25 +/- 0.90, p=0.4502, t-test, Figure 3-5E), but significantly reduced numbers at 

12hpi (Control mean +/- SEM: 19.11 +/- 1.02, RvE1: 14.79 +/- 0.84, p=0.0015, Figure 3-5F). 

SPMs are thought to be agents of inflammation resolution, and in effort to isolate the effect of 

SPMs solely on the resolution phase, treatment was given at 5.5hpi to minimise the effects, if 

any, on neutrophil recruitment. Surprisingly, none of the three SPMs, LXA4 (Control mean +/- 

SEM: 16.06 +/- .074, LXA4: 15.61 +/- 0.72, p=0.6664, t-test, Figure 3-6A), RvD2 (Control 

mean +/- SEM: 15.32 +/- 0.88, RvD2: 16.93 +/- 1.05, p=0.2425, Figure 3-6B) nor RvE1 

(Control mean +/- SEM: 17.40 +/- 0.99, RvE1: 16.20 +/- 1.15, p=0.4289, Figure 3-6C) 

administered at or after 5.5hpi exerted any significant effect on inflammation resolution.  
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Figure 3-5: Neutrophil counts at the site of tailfin injury, following treatment with SPM (LXA4, 

RvD2, or RvE1) or vehicle control. 2dpf TgBAC(mpx:GFP)i114 underwent tailfin injury and 

immediate treatment, with neutrophils in the ROI quantified at either 6hpi or 12 hpi. A. Neutrophils 

quantified at 6hpi with LXA4 167 nM. N=120/group in six independent repeats. B. Neutrophils 

quantified at 12hpi with LXA4 167 nM. N=120/group in six independent repeats. C. Neutrophils 

quantified at 6hpi with RvD2 16 nM. N=45/group in three independent repeats. D. Neutrophils 

quantified at 12hpi with RvD2 16 nM. N=90/group in four independent repeats. E. Neutrophils 

quantified at 6hpi with RvE1 167 nM. N=45/group in three independent repeats. F. Neutrophils 

quantified at 12hpi with RvE1 167 nM. N=45/group in three independent repeats. In all graphs error bars 

show SD, comparison with t-test, ns=non-significant, ** p<0.01. 
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Figure 3-6: Neutrophil counts at 12hpi the site of tailfin injury, following delayed treatment 

(5.5hpi) with SPM (LXA4, RvD2, or RvE1) or vehicle control. 2dpf TgBAC(mpx:GFP)i114 

underwent tailfin injury and delayed treatment, and neutrophils in the ROI quantified at 12 hpi. A. LXA4 

167 nM. N=120/group in six independent repeats. B. RvD2 16 nM. N=45/group in three independent 

repeats. C. RvE1 167 nM. N=45/group in three independent repeats. In each graph: comparison with t-

test, error bars show SD, ns=non-significant. 
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3.2.6 Only LXA4 , and not RvD2 or RvE1, increased neutrophil apoptosis at 3 

hours post treatment, but not at 6, 9 or 12 hours post treatment  

Neutrophils are removed from sites of inflammation by apoptosis and subsequent efferocytosis 

by macrophages (El Kebir and Filep, 2010) or by reverse migration  away from the site of injury 

(J. Wang et al., 2017). To investigate if neutrophil apoptosis was increased by SPM treatment, 

TUNEL staining was performed at 3, 6, 9 and 12 hours post treatment. These times were chosen 

to optimise the possibility of detecting differences in rates of apoptosis that could contribute to 

the differences in neutrophil numbers. When LXA4 was given immediately post-injury and 

quantification performed at 3 hours post treatment an increase in neutrophil apoptosis was 

demonstrated (Control mean +/- SEM: 0.81% +/- 0.16. LXA4: 1.48% +/- 0.24, p=0.0342, 

Mann-Whitney test, Figure 3-7A), but no significant different in apoptosis was shown at 6 hours 

post treatment (Control mean +/- SEM: 2.18% +/- 0.27, LXA4: 1.91% +/- 0.23, p=0.5109, 

Figure 3-7D), 9 hours post treatment (Control mean +/- SEM: 0.98% +/- 0.25, p=0.9548, Figure 

3-7G), or 12 hours post treatment (Control mean +/- SEM: 1.48% +/- 0.29, LXA4: 1.06% +/- 

0.23, p=0.1732, Figure 3-7J). Similarly, when RvD2 was given immediately after injury, no 

significant differences in neutrophil apoptosis was seen at 3 hours post treatment (Control mean 

+/- SEM: 0.44% +/- 0.12, RvD2: 0.29% +/- 0.15, p=0.0941, Mann-Whitney test, Figure 3-7B), 

6 hours post treatment (Control mean +/- SEM: 0.33% +/- 0.13, RvD2: 0.40% +/- 0.12, 

p=0.4092, Figure 3-7E), 9 hours post treatment (Control mean +/- SEM: 0.52% +/- 0.14, RvD2: 

0.57% +/- 0.15, p=0.9097, Figure 3-7H) or 12 hours post treatment (Control mean +/- SEM: 

0.73% +/- 0.19, RvD2: 0.57% +/- 0.15, p=0.9553, Figure 3-7K). For RvE1, as treatment effect 

was noted to be later at 12hpi, analysis of apoptosis was performed each time at 9hpi and 12hpi, 

with later treatment times in order to keep the intervals between treatment and analysis 

comparable to the other SPMs. Three hours post RvE1 treatment, no differences in neutrophil 

apoptosis was demonstrated (Control mean +/- SEM: 0.65% +/- 0.20, RvE1: 0.52% +/- 0.18, 

p=0.1615, Mann-Whitney test, Figure 3-7C), and this remained the case at 6 hours post 

treatment (Control mean +/- SEM: 0.56% +/- 0.22, RvE1: 0.72% +/- 0.23, p=0.8796, Figure 

3-7F). As with the other SPMs, no differences in percentage apoptosis was demonstrated at 

either 9 hours post treatment with RvE1 (Control mean +/- SEM: 0.60% +/- 0.22, RvE1: 1.15% 

+/- 0.38, p=0.5219, Figure 3-7I) or at 12 hours post treatment (Control mean +/- SEM: 0.88% 

+/- 0.31, RvE1: 0.79% +/- 0.22, p=0.3939, Figure 3-7L). 
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Figure 3-7: TSA/TUNEL staining performed at 3, 6, 9 and 12 hours post treatment with SPM or 

vehicle control. A. Immediate treatment with LXA4 or vehicle control and analysis at 3hpi. B. 

Immediate treatment with RvD2 and analysis at 3hpi. C. Treatment with RvE1 at 5hpi followed by 

analysis 3 hours post-treatment. D. Immediate treatment with LXA4 or vehicle control and analysis at 

6hpi. E. Immediate treatment with RvD2 and analysis at 6hpi. F. Treatment with RvE1 at 5hpi followed 

by analysis 6 hours post-treatment. G. Immediate treatment with LXA4 and analysis at 9hpi. H. 

Immediate treatment with RvD2 and analysis at 9hpi. I . Immediate treatment with RvE1 and analysis at 

9hpi. J. Immediate treatment with LXA4 and analysis at 12hpi. K . Immediate treatment with RvD2 and 

analysis at 12hpi. L . Immediate treatment with RvE1 and analysis at 12hpi. In all graphs % apoptosis 

calculated in each larvae by taking the average ratio of apoptotic neutrophils to the total number of 

neutrophils in the ROI, error bars show SEM, comparison with Mann-Whitney test, ns=non-significant, 

*p<0.05, N=120/group in two independent repeats. 
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3.2.7 Histochemical quantification of neutrophils matched live trends 

The biochemical method of TSA staining, as part of the TUNEL staining, allowed confirmation 

of the reproducibility of the live in vivo neutrophil quantification obtained initially. Using this 

method confirmed that neither LXA4 (Control mean +/- SEM: 26.70 +/- 0.85, LXA4: 27.65 +/- 

0.88, p=0.4342, t-test, Figure 3-8A) nor RvE1 treatment (Control mean +/- SEM: 20.64 +/- 1.02, 

RvE1: 19.56 +/- 0.85, p=0.4178, t-test, Figure 3-8C) showed any differences in neutrophil 

numbers at 3 hours post-treatment, but RvD2 showed a significant increase in neutrophil 

numbers at 3hpi (Control mean +/- SEM: 22.22 +/- 0.66, RvD2: 25.12 +/- 0.66, p=0.0021, t-test, 

Figure 3-8B). At 6 hours post-treatment, both LXA4 (Control mean +/- SEM: 34.92 +/- 0.96, 

LXA4: 31.02 +/- 0.91, p=0.0036, Figure 3-8D) and RvE1 (Control mean +/- SEM: 17.37 +/- 

0.81, RvE1: 15.09 +/- 0.68, p=0.0324, Figure 3-8F) showed significant decreases in neutrophil 

numbers, while RvD2 (Control mean +/- SEM: 22.54 +/- 0.73, RvD2: 24.63 +/- 0.76, p=0.0485, 

Figure 3-8E) showed a continued increase in neutrophil numbers, matching live quantification. 

At 9 hours post treatment, none of the SPMs, LXA4 (Control mean +/- SEM: 23.19 +/- 0.89, 

LXA4: 22.95 +/- 0.72, p=0.8305, Figure 3-8G), RvD2 (Control mean +/- SEM: 24.23 +/- 0.90, 

RvD2: 25.28 +/- 0.82, p=0.3864, Figure 3-8H) or RvE1 (Control mean +/- SEM: 19.19 +/- 0.77, 

RvE1: 17.46 +/- 0.69, p=0.0951, Figure 3-8I), showed any differences in neutrophil numbers. 

And finally, at 12hpi, only RvE1 (Control mean +/- SEM: 13.70 +/- 0.52, RvE1: 10.82 +/- 0.41, 

p<0.0001, Figure 3-8L), but not LX4 (Control mean +/- SEM: 18.73 +/- 0.77, LXA4: 18.88 +/- 

0.91, p=0.8977, Figure 3-8J) or RvD2 (Control mean +/- SEM: 22.70 +/- 0.68, RvD2: 23.80 +/- 

0.75, p=0.2802, Figure 3-8K) reduced neutrophil numbers, again matching live quantification 

trends. 
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Figure 3-8:  Biochemical neutrophil quantification  with  TSA in the region of tailfin injury . 2dpf 

wildtype (nacre) zebrafish larvae were fixed in PFA at each time point of analysis post-injury. A. 

Immediate LXA4 treatment with quantification 3 hpi. B. Immediate RvD2 treatment with quantification 

3 hpi. C. RvE1 treatment was delayed to 5hpi (to keep the treatment interval) with quantification 3 hours 

later. D. Immediate LXA4 treatment with quantification 6hpi. E. Immediate RvD2 treatment with 

quantification 6hpi. F. RvE1 treatment at 5hpi with neutrophil quantification 6 hours later. G. Immediate 

LXA4 treatment with quantification 9hpi. H. Immediate RvD2 treatment with quantification 9hpi. I.  

Immediate RvE1 treatment with quantification 9hpi. J. Immediate LXA4 treatment with quantification 

12hpi. K . Immediate RvD2 treatment with quantification 12hpi. L. Immediate RvE1 treatment with 

quantification 12hpi. For each: comparison with t-test, ns=non-significant, *p<0.05, **p<0.001, 

**** p<0.0001, error bars show SD, N=120/group in two independent repeats. 
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3.2.8 All  three SPMs increased reverse migration of neutrophils in different ways 

To investigate the effect of each SPM on reverse migration profile, tracked photo-converted 

neutrophils in the TgBAC(mpx:GAL4-VP16)sh267;Tg(UAS:Kaede)i222 zebrafish line was used 

as previously described (Dixon et al., 2012). The number of neutrophils reverse migrating at any 

one time point was plotted and the slopes of the curves compared using linear regression to give 

the rate of neutrophil reverse migration over time from 6hpi to 12hpi. The rate was decreased in 

LXA4 (p=0.0074, linear regression, Figure 3-9A), but the overall numbers of reverse migrating 

neutrophils at all times were consistently higher with LXA4 even though this did not reach 

significance (Overall control mean +/- SEM: 7.12 +/- 0.17, LXA4: 8.31 +/- 0.15, p=0.1771, 

multiple-measures two-way ANOVA). This is likely due to initiation of reverse migration 

earlier such that the acceleration phase was not captured during the time of imaging, and this 

would fit with the earlier findings of decreased neutrophils at 6hpi. Treatment with RvD2 

increased the rate of reverse migration significantly (p<0.0001, linear regression, Figure 3-9B) 

and overall numbers reverse migrating were similar (Overall control mean +/- SEM: 6.47 +/- 

0.10, RvD2: 5.40 +/- 0.17, p=0.3026, multiple-measures two-way ANOVA). Given the earlier 

findings of increased neutrophils at 6hpi but no overall delay in inflammation resolution at 

12hpi, this could indicate a delayed initiation of reverse migration. Treatment with RvE1 

unequivocally increased the rate of neutrophils reverse migrating (p=0.0009, linear regression, 

Figure 3-9C). It is likely the timing of imaging ideally captured the height of the effect of RvE1. 

None of the SPMs, LXA 4 (Control mean +/- SEM: 0.039 +/- 0.001, LXA4: 0.040 +/- 0.001, 

p=0.3655, t-test, Figure 3-10A), RvD2 (Control mean +/- SEM: 0.031 +/- 0.001, RvD2: 0.030 

+/- 0.002, p=0.6037, t-test), or RvE1 (Control mean +/- SEM: 0.040 +/- 0.001, RvE1: 0.041 +/- 

0.001, p=0.2442, t-test) influenced the speed of reverse migrating neutrophils. Path length of 

reverse migrating neutrophils was also unchanged by LXA4 (Control mean +/- SEM: 180.7 +/- 

4.12, LXA4: 181.5 +/- 4.53, p=0.8899, t-test, Figure 3-10B) and RvD2 (Control mean +/- SEM: 

128.8 +/- 5.43, RvD2: 122.2 +/- 7.38, p=0.4761, t-test), but was increased with RvE1 (Control 

mean +/- SEM: 171.2 +/- 2.39, RvE1: 179.5 +/- 3.10, p=0.0371, t-test). Directness of neutrophil 

movement was increased by both LXA4 (Control mean +/- SEM: 0.287 +/- 0.004, LXA4: 0.299 

+/- 0.003, p=0.0353, t-test, Figure 3-10C) and RvD2 (Control mean +/- SEM: 0.304 +/- 0.019, 

RvD2: 0.356 +/- 0.015, p=0.0353, t-test), but not RvE1 (Control mean +/- SEM: 0.278 +/- 0.004, 

RvE1: 0.275 +/- 0.004, p=0.6590, t-test).  
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Figure 3-9: Number of reverse migrating neutrophils over time at the region of tailfin injury. 

Neutrophils at the injury site of 2dpf TgBAC(mpx:GAL4-VP16)sh267;Tg(UAS:Kaede)i222 zebrafish 

larvae were photo converted at 5hpi and then tracked for 6 h using Yokagawa CXU spinning disk and 

Volocity®(Perkin Elmer) software. A. Treatment with LXA4 or vehicle control. B. Treatment with 

RvD2 or vehicle control. C. Treatment with RvE1 or vehicle control. For each graph: Linear regression 

to compare slopes of curves, error bars show SEM, ** p<0.01, *** p<0.001, **** p<0.0001, each point 

represents the average of N=18/ group in three independent repeats. 
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Figure 3-10: Movement characteristics of reverse migrated neutrophils in the presence of SPMs. 

Analysis was performed using Perkin Elmer Volocity® 6.3 on data obtained tracking photo converted 

reverse migrating neutrophils of TgBAC(mpx:GAL4-VP16)sh267;Tg(UAS:Kaede)i222 zebrafish larvae. 

Comparison between the treatment vehicle control and the SPMs (LXA4, RvD2, and RvE1) were made 

for the following parameters of movement of reverse migrated neutrophils: A. Speed, B. Path length, and 

C. Meandering index (or directness of travel) where a number closer to 1 indicates a straighter path. In 

each graph, comparison was performed with a t-test, ns=non-significant, *p<0.05, error bars show SD, 

N=18/group in three independent repeats. 
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3.2.9 LXA4 and RvE1, but not RvD2, increased NFəB reporter expression in 

tailfin injury   

NFəB has been previously shown to be central to the co-ordination of inflammatory pathways 

and is increased in certain inflammatory conditions (Baldwin, Hill and Carolina, 1996), with 

inhibition of NFəB accelerating neutrophil apoptosis (Castro-alcaraz et al., 2018). However, its 

expression later in an inflammatory process can also enhance inflammation resolution (Kusano 

and Ferrari, 2015). Using the fluorescently labelled Tg(6xHsa.NFKB:eGFP)sh235 reporter line 

(Kanther et al., 2011) expression of NFəB, as demonstrated by the intensity of GFP, was 

monitored for twelve hours following tailfin injury, with or without SPM treatment. Although 

RvD2 (p=0.3308, linear regression, Figure 3-11B) did not alter NFəB reporter expression in this 

timeframe, both LXA4 (p=0.0013, linear regression, Figure 3-11A) and RvE1 (p<0.0001, linear 

regression, Figure 3-11C) induced an increase in reporter expression with curves diverging after 

approximately 5hpi.  

 

3.2.10 RvE1, but not LXA4 or RvD2, increased the rate of tailfin regeneration  

In addition to its well-documented inflammatory role, NFəB has been shown to play a role in 

regeneration in liver cells in rats (Zhao et al., 2016), and cardiac (Karra et al., 2015) and neural 

tissues in zebrafish (Kyritsis et al., 2012). Increased expression of NFəB, together with the 

accelerated resolution of inflammation, could result in accelerated regeneration of the injured 

tailfin. To test this, 2dpf wildtype zebrafish were injured and percentage increase in length of 

the amputated tailfin calculated after 24 hours. Both LXA4 (Control mean +/- SEM: 25.32% +/- 

2.84, LXA4: 24.26% +/- 2.23, p=0.7686, t-test, Figure 3-12A) and RvD2 treatment (Control 

mean +/- SEM: 43.25% +/- 5.11, RvD2: 33.96% +/- 3.55, p=0.1402, t-test, Figure 3-12B) did 

not enhance tailfin regrowth, but treatment with RvE1 significantly increased tailfin 

regeneration (Control mean +/- SEM: 15.77% +/- 3.54, RvE1: 31.10% +/- 3.30, p=0.0021, t-

test, Figure 3-12C).  
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Figure 3-11: Expression of NFəB in the region of injury in tailfin transection with SPM treatment. 

With each SPM or vehicle control, treatment was given immediately following tailfin injury of 2dpf 

Tg(6xHsa.NFəB:eGFP)sh235 and larvae embedded directly with 0.8%agarose and imaged on a Nikon 

Eclipse TE2000-U microscope without delay. GFP fluorescence was quantified and images analysed 

with NIS Elements AR® software by normalising to the first intensity after background subtraction. A. 

Treatment with LXA4 or vehicle control. B. Treatment with RvD2 or vehicle control. C. Treatment with 

RvE1 or vehicle control. For each graph: slope comparison with linear regression, ns=non-significant, 

*p<0.05, **** p<0.0001, error bars show SEM, N=21/group in three independent repeats. 
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Figure 3-12: Tailfin regeneration with SPM treatment. Tailfin amputation was performed and an 

initial image obtained using a Nikon Eclipse TE2000-U microscope after an hour recovery to minimise 

errors from the normal initial wound shrinkage immediately post-injury. A second image was then 

obtained 24hpi. Measurements were made, blinded to treatment groups, from the end of circulation to the 

cut edge and the % increase in tailfin length calculated. A. Immediate treatment with LXA4. N=36/group 

in three independent repeats B. Immediate treatment with RvD2. N=36/group in three independent 

repeats C. Immediate treatment with RvE1. N=45/group in three independent repeats. In each graph:: 

comparison with t-test, ns=non-significant, ** p<0.01. 
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3.2.11 LXA4 and RvD2 increased macrophage numbers and RvE1 accelerated 

arrival of macrophages in tailfin injury  

Wound healing and regeneration depends on a more complex interplay between other cells of 

the innate response, such as macrophages, whose influx follows neutrophils in classical models 

of inflammation. All SPMs were shown earlier to increase neutrophil reverse migration, and 

this, together with the overall low level of neutrophil apoptosis seen is in concordance with 

published data suggesting that, in zebrafish, majority of neutrophils leave a sterile injury by 

reverse migration (de Oliveira, Rosowski and Huttenlocher, 2016). But neutrophil reverse 

migration has been shown to be dependent on macrophages in zebrafish (Tauzin et al., 2014), 

therefore it was hypothesised that SPMs would increase macrophage numbers attending to an 

injury. To investigate this, the original tailfin transection model was used with a fluorescently-

labelled macrophage line, Tg(mpeg1:NLS-Clover)sh436. Following tailfin injury with treatment 

at 0hpi, macrophage numbers were significantly increased in LXA4 (Control Ymax: 33.94, 

LXA4: 39.05, logistic growth model, p<0.0001, Poisson regression, Figure 3-13A) and RvD2 

(Control Ymax: 20.38, RvD2: 24.14, logistic growth model, p<0.0001, Poisson regression, 

Figure 3-13B). For RvE1, the macrophage numbers were not increased but the curves diverged 

early with an accelerated arrival of macrophages in RvE1compared with controls (Control 

Ymax: 30.04, RvE1: 28.24, logistic growth model; Control curve slope: 0.0468, RvE1: 0.0917, 

p<0.0001, segmental regression slope comparison, Figure 3-13C). Specific characteristics of 

macrophage movement such as speed, path length, or directness of travel could not be assessed 

due to unavailability of tracking software with NIS Elements AR at the time of analysis. 
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Figure 3-13: Macrophage counts at tailfin ROI in 2dpf Tg(mpeg1:NLS-Clover)sh436. Immediate 

treatment with SPM or vehicle control was performed following tailfin injury and larvae imaged over 

12hpi on a Nikon Eclipse TE2000-U microscope interfaced with NIS Elements AR. A. LXA4 treatment 

or vehicle control. B. RvD2 treatment or vehicle control. C. RvE1 treatment or vehicle control. In all 

graphs: logistic growth curves fitted, comparison of curves performed with Poisson regression, 

**** p<0.0001, error bars show SEM, N=18/group in three independent repeats. 
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3.2.12 LXA 4, but not RvD2 or RvE1, improved survival in systemic Staphylococcus 

aureus  infection 

An uncontrolled inflammatory response is an important cause of multi-organ failure and death 

in sepsis (Aziz et al., 2013), and RvD2 has previously been shown to mitigate this response in 

mice (Chiang et al., 2017), but thus far, this SPM effect has not yet been investigated in 

zebrafish. S. aureus is an ubiquitous commensal as well as pathogen in humans and many other 

species (Torraca et al., 2014; Kernbauer et al., 2015), and therefore was chosen as a suitable 

bacterium for initial investigation. An infection model has been described in zebrafish larvae, 

but larvae at 30hpf were used (Prajsnar et al., 2008). At this stage of development, neutrophils 

are not sufficiently matured (Le Guyader et al., 2008a) and therefore this younger age would not 

have been suitable to determine if the neutrophilic effects, seen here in earlier experiments, 

would exert differential results. Therefore, slightly older larvae (2dpf) were used and infected 

intravenously with 5000CFU of SH1000. This induced 50% mortality in untreated, infected 

zebrafish larvae, and showed that SPMs treatment in zebrafish resulted in different effects on 

survival. Treatment with LXA4 increased survival in S. aureus bacteraemia (p=0.0145, Mantel-

Cox, Figure 3-14A), but RvD2 (p=0.9778, Mantel-Cox, Figure 3-14B) and RvE1 (p=0.9677, 

Mantel-Cox, Figure 3-14C) did not affect survival. 

 

3.2.13 RvD2 and RvE1, but not LXA4, increased survival in systemic Enterococcus 

faecalis infection 

Although S. aureus is commonly found on superficial epidermal surfaces, gastrointestinal 

abundance of S. aureus is less common (Lopez and Skaar, 2017), so E. faecalis, another bacteria 

also frequently implicated in systemic infection in humans, was used to test the impact of SPM 

treatment. Again, opposing effects with SPM treatment were found, with LXA4 treatment 

causing decreased survival in E. faecalis systemic infection (p<0.0001, Mantel-Cox, Figure 

3-15A), whereas increased survival was found with treatment with RvD2 (p=0.0034, Mantel-

Cox, Figure 3-15B) and RvE1 (p<0.0001, Mantel-Cox, Figure 3-15C). 
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Figure 3-14: Effect of SPMs on survival in systemic infection with S. aureus. 2dpf wildtype zebrafish 

larvae were injected with 2500CFU SH1000 and treated with either SPM or vehicle control. Larval 

survival was tracked twice daily till 5.2dpf. A. Treatment with LXA4 or vehicle control. N=96/group in 

four independent repeats, extra due to new stock LXA4. B. Treatment with RvD2 or vehicle control. C. 

Treatment with RvE1 or vehicle control. In each graph, comparison with Mantel-Cox test, ns=non-

significant, *p<0.05, N=72/group in three independent repeats. 
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Figure 3-15: Effects of SPM on survival in systemic infection with E. faecalis. 2dpf wildtype 

zebrafish larvae were injected with 1500CFU OG1RF and treated with either SPM or vehicle control. 

Larval survival was tracked twice daily till 5.2dpf. A. Treatment with LXA4 or vehicle control. B. 

Treatment with RvD2 or vehicle control. C. Treatment with RvE1 or vehicle control. In each graph, 

comparison with Mantel-Cox test, *p<0.05, **** p<0.0001, N=72/group in three independent repeats. 
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3.2.14 Development of GIT injury model 

Because of the differential effects of the SPMs with bacterial infections, investigation was 

extended to the GIT, an organ with a naturally heavy load of diverse microbiota. Real time 

investigation of inflammation within the GIT has always been challenging because of its hidden 

location. The zebrafish offers an opportunity to circumvent this difficulty because of its larval 

transparency. Only chemically induced bowel injury models using Dextran Sodium Sulfate 

(DSS) or 2,4,6- trinitrobenzenesulfonic acid (TNBS) (Oehlers et al., 2012) have been described 

in teleosts. Therefore it was imperative to find a reproducible model of mechanical injury to 

study localised inflammation since chemical agents can have unintended effects on the intestinal 

microbiome, as well as possible systemic effects, thus complicating interpretation of results. 

Two different models of injury were investigated, a laser injury and a mechanical injury. For the 

laser injury, techniques used in drosophila (Chang and Keshishian, 1996) were adapted to allow 

tissue ablation in the zebrafish distal GIT. However, unlike drosophila, where an epithelial 

defect is often visible post-injury, the intestinal tract showed no lasting visible damage (Figure 

3-16A), possibly due to its higher fluid content. Laser ablation was therefore visually confirmed 

by positively identifying a bubble of vaporised tissue (Figure 3-16B) which disappeared after 

30-40 seconds. To be certain that definite tissue damage was being inflicted, the Tg(klf2a:GFP) 

(Heckel et al., 2015) fish line was used. For reasons that are yet to be understood, although klf2a 

is a vascular marker (Lee et al., 2006), this line also has a fluorescing anal region (Figure 

3-16C). Post-ablative absence of fluorescence (Figure 3-16D) thus confirmed positive tissue 

destruction, which was consistent with the visible, though transient, bubble. Nonetheless, the 

neutrophil response to these laser injuries lacked vigour, as shown by the small initial difference 

in neutrophil counts in the ROI that was not sustained, returning to baseline by the end of the 

time-lapse (N=5 in a single experiment, Figure 3-17A-B). Given the large biological variation 

inherent in live experiments, this model would not have been a viable technique for larger scale 

studies. The possibility of a mechanical bowel injury was then explored. A puncture wound was 

found to be easily reproducible (Figure 3-17C) with a consistent inflammatory response. This 

model caused a significant and sustained increase in neutrophil numbers (Figure 3-17D), and 

was used henceforth for further investigation of the inflammatory response in the GIT. 
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Figure 3-16: Laser injury to the GIT . A. Representative bright field image of anal pore in an uninjured 

4dpf zebrafish larvae of TgBAC(mpx:GFP)i114, visualised using the 40X objective on the inverted 

Olympus microscope with Yokagawa CXU spinning disk. N=5/group in a single exploratory experiment. 

Normal contour of anal region outlined in red dotted lines of the zebrafish in standard position (head to 

left and tail to right of image). B. Transient bubble indicated by green circle, showing position of 

vaporised tissue, which disappeared after approximately 30 seconds. C. 4dpf Tg(klf2a:GFP), showing 

the fluorescing anal region (red dotted circle) before laser ablation. D. Laser ablation was performed at 

77% power using an Andor Micropoint Laser controlled with IQ software. Loss of fluorescence shown 

post laser-ablation (dotted red circle).  
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Figure 3-17: Neutrophil responses with laser or mechanical intestinal injury . TgBAC(mpx:GFP)i114 

4dpf larvae were injured either with a laser or puncture wound in the GIT and imaged for 12hpi. A. 

Representative image of merged brightfield and GFP channels of the anal pore imaged at 20X on a 

Yokagawa CXU spinning disk, taken immediately post-injury, with the area of laser ablation shown by 

the red circle. Neutrophils are seen as green dots. B. Graph showing the neutrophil counts in a region 

200X200 µm centred on the point of laser injury (ROI). N=5/group in a single experiment, error bars 

omitted for clarity. The controls were uninjured larvae imaged at the same region. No comparative 

statistics were performed as this was a single exploratory experiment. C. Representative image of 

merged brightfield and GFP channels of the anal pore taken at 20X on a Yokagawa CXU spinning disk, 

at 6hpi, with the area of injury surrounded by green neutrophils and circled in a red dotted line. D. Graph 

of neutrophil numbers in the same region as the laser injury, plotted over time. N=7/group in a single 

experiment, error bars show SEM. The controls were uninjured larvae imaged at the same region. No 

comparative statistics were performed as this was a single exploratory experiment. 
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3.2.15 LXA4  reduced, RvD2 did not affect, and RvE1 increased neutrophil 

numbers in a GIT  injury  

The initial neutrophil response to an injury and immediate intraluminal treatment with SPMs 

was investigated using the new model described above. The intraluminal mode of delivery of 

treatment was utilised for this model for two reasons, firstly, because SPMs are thought to be 

produced at the sites of inflammation and exert their effects mainly locally rather than 

systemically (Hasturk et al., 2007; Dalli and Serhan, 2016), and secondly to limit the specificity 

of action to the GIT, rather than as a result of a systemic anti-inflammatory action. The duration 

of the GIT time-lapses also captured the start of neutrophil resolution and therefore the Beta 

Growth and Decline model was used to plot the curves. In the presence of an intestinal wound, 

intraluminal treatment with LXA4 decreased peak neutrophil numbers (Control Ymax: 28.00, 

LXA4: 24.81, p<0.0001, Poisson regression, Figure 3-18A). Treatment with RvD2 did not 

change peak neutrophil numbers compared to controls (Control Ymax: 27.75, RvD2: 27.72, 

p=0.8902, Poisson regression, Figure 3-18B). Treatment with RvE1 however, increased the 

peak number of neutrophils (Control Ymax: 26.18, RvE1: 27.53, p<0.0001, Poisson regression, 

Figure 3-18C). Movement characteristics of neutrophils attending the intestinal wound were 

assessed using Volocity ® 6.3, but none of the SPMs appeared to alter parameters of neutrophil 

movement in the GIT. Neutrophil speed was unaltered with LXA4 (Control mean +/- SEM: 

0.027 +/- 0.002, LXA4: 0.026 +/- 0.001, p=0.5629, t-test, Figure 3-19A), RvD2 (Control mean 

+/- SEM: 0.040 +/- 0.0009, RvD2: 0.041 +/- 0.0008, p=0.2980) and RvE1 (Control mean +/- 

SEM: 0.035 +/- 0.001, RvE1: 0.037 +/- 0.002, p=0.2372). Similarly, neutrophil path length was 

unchanged in LXA4 (Control mean +/- SEM: 144.9 +/- 2.02, LXA4: 146.7 +/- 2.74, p=0.6061, 

t-test, Figure 3-19B), RvD2 (Control mean +/- SEM: 140.4 +/- 3.1, RvD2: 144.3 +/- 2.7, 

p=0.3434, t-test) and RvE1 (Control mean +/- SEM: 124.2 +/- 5.1, RvE1: 132.0 +/- 5.3, 

p=0.2971, t-test). Finally directness of travel, or meandering index, was also unaffected in 

LXA4 (Control mean +/- SEM: 0.31 +/- 0.005, LXA4: 0.31 +/- 0.007, p=0.8453, t-test, Figure 

3-19C), RvD2 (Control mean +/- SEM: 0.29 +/- 0.004, RvD2: 0.30 +/- 0.006, p=0.2458, t-test) 

and RvE1 (Control mean +/- SEM: 0.28 +/- 0.005, RvE1: 0.27 +/- 0.007, p=0.3574, t-test).  
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Figure 3-18: Neutrophil counts at the site of intestinal injury with SPM treatment.  

TgBAC(mpx:GFP)i114 4dpf larvae underwent a mechanical puncture injury to the distal GIT followed 

by microgavage of SPM or vehicle control. Imaging was performed on an inverted Olympus microscope 

with Yokagawa CXU spinning disk and Volocity® 6.3 (Perkin Elmer). A. Treatment with LXA4. 

N=21/group in three independent repeats. B. Treatment with RvD2. N=21/group in three independent 

repeats. C. Treatment with RvE1. N=24/group in three independent repeats. For each graph: Curve 

fitting with Beta Growth Decline model, comparison of Ymax with Poisson regression, ns=non-

significant, **** p<0.0001, error bars show SEM. 
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Figure 3-19: Effect of SPMs on movement characteristics of neutrophils attending to an intestinal 

wound site. Analysis was performed on neutrophils tracked in the time lapse of 4dpf 

TgBAC(mpx:GFP)i114 with GIT injury and intraluminal SPM treatment, using Perkin Elmer Volocity® 

6.3. Comparison between the treatment vehicle control and the SPMs (LXA4, RvD2, and RvE1) were 

made for the following parameters of movement of neutrophils in the intestinal region: A. Speed, B. Path 

length, and C. Meandering index (or directness of travel) where a number closer to 1 indicates a 

straighter path. Comparison with t-test, error bars show SD, ns=non-significant, NÓ21/group in three 

independent repeats. 
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3.2.16 All three SPMs reduced peak macrophage numbers attending to an intestinal 

wound 

Differences in innate immune responses in different organs would not be totally unexpected, 

partly because of the differences in colonising microbiota, but also because the intestinal tract is, 

to a certain extent, an immuno-privileged site, allowing bacterial, fungal and even viral entities 

to remain in close association with the mucosal surface without causing a robust defensive 

response (Murall, Abbate and Touzel, 2017). Therefore the macrophage response to localised 

intestinal injury and SPM treatment was also investigated using the Tg(mpeg1:NLS-

Clover)sh436 line. Peak macrophage numbers were reduced with LXA4 (Control Ymax: 34.75, 

LXA4 Ymax: 31.37, p<0.0001, Poisson regression, Figure 3-20A), RvD2 (Control Ymax: 

37.03, RvD2 Ymax: 35.55, p<0.0001, Poisson regression, Figure 3-20B) and RvE1 (Control 

Ymax: 37.49, RvE1 Ymax: 35.55, p<0.0001, Poisson regression, Figure 3-20C). Movement 

characteristics of macrophages attending the intestinal wound assessed using Volocity ® 6.3 

revealed that macrophage speed was unaffected by LXA4 (Control mean +/- SEM: 0.036 +/- 

0.0007, LXA4: 0.037 +/- 0.0006, p=0.2826, t-test, Figure 3-21A), RvD2 (Control mean +/- 

SEM: 0.032 +/- 0.0007, RvD2: 0.033 +/- 0.0007, p=0.7383, t-test) and RvE1 (Control mean +/- 

SEM: 0.034 +/- 0.0006, RvE1: 0.033 +/- 0.0007, p=0.5539, t-test). Similarly, path length was 

unaffected by LXA4 (Control mean +/- SEM: 132.7 +/- 2.76, LXA4: 139.8 +/- 3.39, p=0.1134, 

t-test, Figure 3-21B), RvD2 (Control mean +/- SEM: 123.8 +/- 2.85, RvD2: 123.2 +/- 3.23, 

p=0.8758, t-test), and RvE1 (Control mean +/- SEM: 127.1 +/- 2.57, RvE1: 127.4 +/- 3.14, 

p=0.9432). Directness of travel was unaffected by LXA4 (Control mean +/- SEM: 0.33 +/- 

0.008, LXA4: 0.33 +/- 0.010, p=0.9147, t-test, Figure 3-21C) and RvD2 (Control mean +/- 

SEM: 0.32 +/- 0.008, RvD2: 0.31 +/- 0.007, p=0.4316, t-test), but was reduced with RvE1 

(Control mean +/- SEM: 0.33 +/- 0.005, RvE1: 0.31 +/- 0.005, p=0.0303, t-test, Figure 3-21C). 
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Figure 3-20: Macrophage counts at the site of intestinal injury. Tg(mpeg1:NLS-Clover)sh436 4dpf 

larvae underwent a mechanical puncture injury to the distal GIT followed by microgavage of SPM or 

vehicle control. Imaging was performed on an inverted Olympus microscope with Yokagawa CXU 

spinning disk and Volocity®(Perkin Elmer). A. LXA4. N=24/group in three independent repeats. B. 

RvD2. N=22/group in three independent repeats. C. RvE1. N=28/group in four independent repeats. In 

each graph: curves fitted with Beta Growth and Decline model, Comparison of Ymax with Poisson 

regression, **** p<0.0001, error bars show SEM. 
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Figure 3-21: Effect of SPMs on movement characteristics of macrophages attending to an 

intestinal wound. Analysis was performed on macrophages tracked in the time lapse of 4dpf 

Tg(mpeg1:NLS-Clover)sh436 larvae, using Perkin Elmer Volocity® 6.3. Comparison between the 

treatment vehicle control and the SPMs (LXA4, RvD2, and RvE1) were made for the following 

parameters of movement of reverse migrated neutrophils: A. Speed, B. Path length, and C. Meandering 

index (or directness of travel) where a number closer to 1 indicates a straighter path. In each graph: 

comparison with t-test, ns=non-significant, *p<0.05, NÓ22/group in three independent repeats, error bars 

show SD.  
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3.3 Discussion and further work 

Zebrafish express many of the eicosanoids found in its mammalian counterparts, and these have 

been detected in zebrafish tissue extracts as well as cell suspensions (Zarini et al., 2014). 

Nevertheless the pathways of synthesis of these eicosanoids are yet to be fully described in 

zebrafish. For example, in the zebrafish, around 20 orthologues of the lipoxygenase genes exist, 

in comparison to the six functional human lipoxygenase genes, and the zebrafish orthologues 

have a low percentage of similarity of amino acid identity to the human enzymes (Kuhn et al., 

2018). Quite apart from the evolutionary differences that may exist in enzyme function, lipid 

pathways have also been shown to be highly malleable by dietary composition (Alvarez-Curto 

and Milligan, 2016; Lands, Bibus and Stark, 2016) and since teleosts have a diet, and resulting 

body composition, that is naturally high in the relevant precursor lipids, it was of importance to 

determine if, in fact, there were differences in the effects of specialised pro-resolving lipid 

mediators (SPMs) in this organism. This is an important fundamental aspect to establish, 

especially since the zebrafish is gaining popularity as a model organism to interrogate the innate 

immune system, due to its facility for in vivo real time imaging and genetic manipulation.  

 

The lipoxygenase pathways for the production of SPMs are intertwined, with more than one 

LOX enzyme involved sequentially in the production of each end product SPM (Serhan, 2007), 

and with inhibition of a single LOX possibly shunting precursors down related pathways (Levy 

et al., 2001). In addition, redundancies and complicated enzyme kinetics abound in these 

pathways (Aharony, 1986; Mestre et al., 2001; Gilbert, 2020). Although inhibition of 15-LOX, 

upstream of LXA4, disrupted inflammation resolution when given at all times in the 

inflammatory process, inhibition of 5-LOX, upstream of RvE1, was anti-inflammatory when 

given late. This anti-inflammatory effect of 5-LOX inhibition seems to concur with human 

studies, and indeed 5-LOX has been quite widely implicated in disease, and inhibitors have been 

utilised with clinical benefit (Martel-Pelletier, 2003; Joshi and Praticò, 2015; Guimarães et al., 

2018). However, the persisting inflammation with early blockade of 5-LOX shown here has not 

been noted before. There is no easy explanation for this because although RvE1 is a product of 

5-LOX, leukotriene B4 (LTB4) production is also thought to be an early event (Haeggström, 

2018). One major caveat of using these inhibitors is that its specificity in inhibiting the zebrafish 

enzyme is unknown, especially given the high degree of amino acid conservation between the 
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various zebrafish isozymes, and the results obtained may simply be a reflection of this. In 

addition, the lipoxygenase enzymes appear to have a spectrum of bioactivity that is independent 

of their function in the synthesis of lipid mediators, such as being able to alter the transcription 

of enzymes via increasing intracellular peroxide, and modifying lipid-protein structures such as 

the cell membrane (Adel et al., 2014; Kuhn, Banthiya and van Leyen, 2015; Kuhn et al., 2018) 

further complicating the interpretation of these results. Therefore given these complexities, 

further investigation was confined to downstream  SPM products of LOXs. 

 

In prior mammalian and in vitro models, all SPMs invariably reduced neutrophil recruitment 

even in the presence of bacteria. In these zebrafish studies, similar results were obtained with 

LXA4 and RvE1. The reduction in neutrophil infiltration with LXA4 was consistent with 

published literature, and to be expected since LXA4 has been isolated previously in rainbow 

trout (Pettitt, Rowley and Secombes, 1989), and therefore likely to be functionally conserved in 

all teleosts. But in addition, the zebrafish tailfin model has shown that the temporal actions of 

these two SPMs (LXA4 and RvE1) vary within the inflammatory cycle, with LXA4 acting 

early, and RvE1 exerting its effects mainly in the later stages. The enhanced reverse migration 

of neutrophils appeared to be the predominant mechanism of action resulting in a reduction of 

neutrophil numbers, most evident with RvE1 treatment. This fits nicely with the role of RvE1 as 

a partial BLT1 receptor antagonist (Arita et al., 2007). RvD2 has previously been shown to 

reduce the directness of travel toward a chemokine (Norling et al., 2012; Chiang et al., 2017) 

but the zebrafish model has shown that, in addition, SPMs also exerted the opposite effect, of 

increasing the directness of travel of neutrophils moving away from an inflammatory site. This 

alone is important as neutrophil migration has been known for some time to be defective in 

Crohn's patients (Segal and Loewi, 1976), and perhaps improving the directionality of 

neutrophils could mitigate some symptoms of this chronic inflammatory disease.  

 

SPMs also decreased neutrophilic inflammation in zebrafish via another mechanism, 

demonstrated by LXA4 which increased apoptosis of neutrophils very early in inflammation, in 

concordance with previous in vitro studies (El Kebir et al., 2009). A limitation of the TUNEL 

experiments was that they were performed at three-hour intervals and it remains a possibility 
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that significant increases in neutrophil apoptosis induced by the other SPMs could have been 

missed if it occurred at other times.  

 

Ongoing inflammation often features heavily, not only in chronic diseases, but also in chronic 

wounds (Willenborg and Eming, 2018), and accelerating inflammation resolution could 

theoretically also accelerate wound healing. LXA4 has previously been shown to improve 

healing in corneal wounds (Gronert, 2005), but treatment with LXA4 did not appear to enhance 

tailfin regeneration in the zebrafish model. This could be because LXA4 has also been shown to 

inhibit the vascular endothelial growth factor (VEGF) (Baker et al., 2009), and whilst 

angiogenesis is not central to the avascular corneal healing, it would be vital for healing or 

regeneration of other, more vascular body parts such as the tailfin. It is possible that a local 

application to the wound might have exerted a greater effect than IV treatment, however, the 

method of application was kept standardised across the experiments to enable comparability and 

to link observations in innate immune inflammatory responses with that of regeneration.  

 

Other publications have shown that RvD2 and RvE1 increase regeneration in planaria (Serhan et 

al., 2009). The tailfin regeneration studies shown here are the first higher vertebrate data, and 

concur in part with published data, as significantly increased tailfin regeneration was seen with 

RvE1 treatment. RvD2 however, did not increase zebrafish tailfin regeneration. There are 

several possible explanations for this. Firstly, the inflammatory modulation, evidenced by a 

reduction in neutrophil counts, was not seen with RvD2 as it was with the other SPMs in this 

zebrafish larval model. Secondly, DHA, the precursor for RvD2, appears to have a privileged 

role in the composition of the yolk and in developing larvae, with preferential maintenance of its 

levels at the expense of other lipids (Weigand, 1996), and previously published mass 

spectrometry studies did not detect the related RvD1 precursor in zebrafish larvae (Zarini et al., 

2014). Thus, it is possible that at this stage of zebrafish development, a fully functioning 

DHA/RvD pathway has yet to be established for phagocytes, although studies have shown 

RvD2 receptors to already be present within zebrafish thrombocytes (Nikhil, 2013). This is not 

to say, however, that the DHA lipid pathways should be discounted completely in this model. 

Quite the contrary, the need to consider innate immunity and coagulation concurrently has long 
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been advocated (Delvaeye and Conway, 2019), and this is certainly an area for further 

investigation in future.  

 

The development of the bowel injury model was of potentially significant benefit, because the 

bowel is inherently different to the rest of the body. For example, we  know that immune cells 

display a significant 'inflammatory anergy' toward bacteria in the GIT (Smythies et al., 2005) 

enabling the mucosa to tolerate the immuno-stimulatory proximity of bacteria without mounting 

a response. Thus, organ specific investigations are of paramount importance. Two methods of 

simulating an intestinal injury were examined, a laser ablation and a mechanical puncture. 

Although some publications have suggested that laser ablation (Matrone et al., 2013) allows a 

more consistent injury in regions such as the heart and the kidney, this was not the case with the 

zebrafish GIT. Differences in the peristaltic movements of the intestine, the contour of the 

zebrafish body at the region, or even the intraluminal liquid content meant that often the laser 

intensity was attenuated in an unpredictable manner. Mechanical injury, however, offered a 

more precise and reproducible neutrophil response. Using this model of intestinal injury, SPMs 

did indeed demonstrate a different response to injury within the GIT compared to the tailfin. In 

the GIT, only LXA4 significantly reduced neutrophil numbers. This correlates with the 

knowledge that not only is LXA4 secreted in the colonic mucosa in humans, in human 

pathologies of increased neutrophil infiltration and damage for example in ulcerative colitis, 

LXA4 is deficient (Mangino et al., 2006). LXA4 and RvE1 reduced macrophage numbers 

attending to the wound, and this was opposite to the response seen in the tailfin injury. This 

demonstrated clearly the importance of organ specific investigation, even in one as inaccessible 

as the GIT, revealing the differential, and possibly directly opposing, effects of SPMs.  

 

The effects of SPMs on systemic infections were then investigated in zebrafish larvae, 

especially since concerns remain that increased risk of infections may be directly attributed to 

the anti-inflammatory actions of SPMs (Fenton et al., 2013). The survival curves for S. aureus 

and E. faecalis revealed further interesting areas for future studies, with LXA4 increasing S. 

aureus survival but decreasing E. faecalis survival, and the RvD2 and RvE1 only increasing E. 

faecalis survival. It is possible that the enhanced survival of S. aureus with LXA4 may be due to 

physical occupation of the fpr receptors by LXA4, thus blocking the efficacy of the bacteria 
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derived FPR-specific virulence factors (Prat et al., 2009), rather than a direct immune system 

effect. But, in addition, further scrutiny of the survival curves reveal a later divergence, at 

approximately 48hpi in S. aureus, compared with 24hpi with E. faecalis. These results are 

important because they showed for the first time that not all SPMs improve survival in different 

infective models, and could in fact decrease survival in infection, highlighting additional 

subtleties that need further attention. 

 

3.4 Summary of important findings 

Zebrafish express many conserved enzymes in the eicosanoid pathways of inflammation. 

However, it was unknown if specialised pro-resolving lipid molecules (SPMs) exerted identical 

effects in teleosts to their mammalian counterparts, as teleosts have a proportionately higher 

tissue level of fatty acids. In humans, dietary modulations can affect lipid availability and 

subsequent stress responses. Using zebrafish models of inflammation, infection and regeneration, 

it was shown that despite theoretical differences in levels of precursor fatty acids, exogenous 

SPMs modulated the inflammatory response in approximately the same manner in teleosts as in 

mammals. LXA4 and RvE1, although not RvD2, recapitulated mammalian models in reducing 

neutrophilic inflammation, partly by apoptosis but mainly by increased reverse migration. 

Furthermore, a temporal difference was demonstrated in the action of LXA4 and RvE1, with the 

latter acting later in the inflammatory response. In addition, in this higher vertebrate model, 

RvE1 increased tailfin regeneration. Differential effects on survival in systemic infection were 

also demonstrated, as although LXA4 increased survival in S. aureus bacteraemia, and RvE1 

and RvD2 similarly in E. faecalis bacteraemia, LXA4 decreased survival in E. faecalis 

bacteraemia. Thus, not only was the zebrafish model at this stage of development able to 

recapitulate many aspects of mammalian SPM biology, but in addition, was sensitive enough to 

demonstrate further subtleties in the individual actions of SPMs that may not have been 

apparent, or even detectable, in other models, and is therefore a relevant and important model 

for the in vivo study of eicosanoid biology.  
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Chapter 4: Investigation of SPM receptors in larvae and development of a 

spatial RNA analysis (TomoSeq) of zebrafish tailfin injury  

4.1 Receptor expression and spatial RNA analysis in zebrafish 

The zebrafish inflammatory responses showed many similarities in SPM modulation as their 

mammalian counterparts, and in addition, demonstrated superiority in further elucidating 

subtleties in differential actions of SPMs. However, given the early developmental stage of the 

larval model, it was important to investigate whether these differences could be attributed to a 

variation in constitutive receptor expression linked to larval age. Theorthologues for the RvD2 

receptor (Chiang et al., 2015), gpr18, and the RvE1 receptor (Arita et al., 2007), cmklr1, are 

present in the zebrafish genome, but the homologue for the LXA4 receptor, FPR2 in humans 

(Maderna et al., 2010), has yet to be determined. But not only do SPMs exert their effects 

through specific receptors (Brink et al., 2003), SPMs are rapidly inactivated through enzymatic 

catabolism in human tissues (Arita et al., 2006). Therefore the possibility of manipulating 

receptor expression to influence the inflammatory response remains an attractive possibility for 

longer-lasting effects. This is additionally so given the genetic tractability of the zebrafish that 

could allow transient receptor RNA over-expression without permanent genomic manipulation 

enabling rapid observation of effects (Finckbeiner et al., 2011), a manoeuvre that is more 

difficult in mammalian models. Given the positive responses obtained from exogenous SPM 

supplementation in earlier studies, it was hypothesised that zebrafish larvae would express the 

relevant SPM receptors even at an early developmental stage, and that over-expression of these 

receptors could result in a functional response similar to exogenous supplementation of SPMs. 

 

Exogenous SPM supplementation and live quantification of the inflammatory response over 

time provides a snapshot of the temporal response to injury and its external malleability, but it is 

now understood that many signalling pathways, including those of eicosanoids, have inbuilt 

redundancies and overlapping functions (Mestre et al., 2001), potentially complicating the 

interpretation of the responses to either exogenous supplementation or genetic manipulation. 

Therefore observation of an unmanipulated inflammatory response to an injury, together with its 

micro-environment, is of increasing importance, and could bring new mechanistic insights or 

discovery of molecules of interest. The value elucidating the spatial transcriptomic micro-
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environment has already been demonstrated in prostate cancers (Berglund et al., 2018) and lung 

tumours (de Bruin et al., 2014), and has recently also been shown in the exploration of chronic 

disease pathology (Carlberg et al., 2019). It was therefore hypothesised that by applying spatial 

transcriptomics to an acute wound in the zebrafish larva using whole body sequential sectioning, 

RNA extraction and Next-Generation Sequencing (NGS), an additional perspective of 

inflammation could be mined for unsuspected insights into the inflammatory and regenerative 

landscapes. This technique, Tomographic Sequencing (TomoSeq), was therefore developed and 

validated in the zebrafish tailfin transection model. 

  

4.2 Results 

4.2.1 gpr18, cmklr1 and fpr1 receptor RNA are expressed in zebrafish embryos 

from 1dpf 

The LXA4 receptor has been characterised in the human but not in the zebrafish. Since LXA4 

itself has been isolated in trout (Pettitt, Rowley and Secombes, 1989), a receptor for LXA4, 

similar to that in humans, was expected to be expressed in teleosts. However, blasting the 

zebrafish genome did not identify any highly similar genes to the human FPR2. A previous 

study of the human FPR2 had identified the 7
th
 transmembrane segment (TM7) to be important 

for the specificity of FPR2 to LXA4 (Arita et al., 2007), as is the case with the majority of G-

protein coupled receptors (GPCRs) (Magalhaes, Dunn and Ferguson, 2012). Therefore this 

region was blasted against the zebrafish proteome, and returned a single hit of fpr1. In attempt to 

expand the possible candidates, the 3
rd
 extracellular (EC3) region, also known for GPCR ligand 

binding (Rana and Baranski, 2010), was blasted agaist the zebrafish genome, but this again 

returned no hits. Therefore the zebrafish fpr1 was used for further investigation as a possible 

receptor for LXA4, together with gpr18, the RvD2 receptor (Chiang et al., 2015), and cmklr1, 

the RvE1 receptor (Arita et al., 2007). First, endogenous expression of each receptor was 

determined on 1-5dpf. Reverse transcription-PCR of RNA extracted from zebrafish larvae at 

ages 1-5dpf, with an additional set at 2dpf 6hpi, was performed with each set of primers. 

Comparable expression of fpr1 (Figure 4-1A), gpr18 (Figure 4-1B), and cmkrl1 (Figure 4-1C) 

was shown on all days of zebrafish development, including the 2dpf injured larvae. 
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Figure 4-1: Reverse-transcript ion PCR for expression of SPM receptors in zebrafish embryos and 

larvae. RNA extracted from zebrafish on 1-5dpf, including an extra extraction at 6hpi in 2dpf larvae 

(labelled as 2dpf inj). A. fpr1 (expected size 1164bp), B. gpr18 (expected size 945bp), and C. cmklr1 

(expected size 1157bp). PCR reactions were repeated on three different RNA extractions, yielding 

similar results each time. 1kb DNA ladder shown on the left in each gel. 
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4.2.2 Over-expression of fpr1, gpr18 and cmklr1 did not reduce neutrophil 

numbers at 6hpi 

Each receptor was cloned and then over-expressed by RNA injection at the one cell stage in 

TgBAC(mpx:GFP)i114 larvae. Since this was a transient over-expression, quantifying success of 

protein expression would only indicate the success of that particular injection set and therefore 

could not be generalised to injections at other times. Normally, this would be overcome by 

tagging the protein of interest with a fluorescent marker, however this was actively avoided here  

to prevent any possible changes to receptor function post-translation. Instead, the receptor RNA 

was co-injected with a small amount of mCherry RNA. Fluorescence was tracked and an 

assumption was made that this indicated equally successful incorporation of both sets of RNA. 

No excess of phenotypic abnormalities in the developing larvae were detected at any point in all 

groups of RNA injected larvae. For the control groups, an equivalent amount of mCherry RNA 

was injected. At 2dpf, fluorescent larvae were selected, tailfin injury performed as previously 

described, and neutrophils quantified at 6hpi. At 6hpi, neutrophil numbers were not significantly 

altered by over-expression of the fpr1 (Control mean +/- SEM: 29.20 +/- 0.95; fpr1: 26.29 +/- 

0.77, p=0.0762, one-way ANOVA, Figure 4-2A), gpr18 (Control +/- SEM: 24.95 +/- 0.80; 

gpr18: 24.91 +/- 0.98, p=0.9263, one-way ANOVA, Figure 4-2B) or cmklr1 (Control mean +/- 

SEM: 27.14 +/- 0.70, cmklr1: 25.81 +/- 0.86, p=0.5936, one-way ANOVA, Figure 4-2C). 

Similarly, when the relevant SPM was supplemented in both groups, no additional benefits were 

seen with over-expression of  fpr1(Control with LXA4 mean +/- SEM: 22.64 +/- 0.71; fpr1 with 

LXA4: 22.06 +/- 0.96, p=0.9616, one-way ANOVA), gpr18 (Control with RvD2 mean +/- 

SEM: 26.78 +/- 0.75; gpr18 with RvD2: 26.04 +/- 0.84, p=0.9185, one-way ANOVA) or 

cmklr1 (Control with RvE1 mean +/- SEM: 23.68 +/- 0.73; cmklr1 with RvE1: 22.79 +/- 0.67, 

p=0.8281, one-way ANOVA). However, consistent with previous results, neutrophil counts at 

6hpi were reduced with LXA4 treatment compared to untreated groups (Control vs Control with 

LXA4: p< 0.0001; and fpr1 vs fpr1 with LXA4: p=0.0031, one-way ANOVA). This was also 

the case with RvE1 treatment reducing neutrophil numbers compared to untreated groups 

(Control vs Control with RvE1: p=0.0060, cmklr1 vs cmklr1 with RvE1: p=0.0230, one way 

ANOVA).  
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Figure 4-2: Neutrophil counts at 6hpi following over-expression of each receptor using RNA 

injection at one cell stage. A. fpr1 over-expression with tailfin injury in 2dpf TgBAC(mpx:GFP)i114 

larvae, with or without LXA4. B. gpr18 over-expression with or without RvD2. C. cmklr1 over-

expression with or without RvE1. In each case, N=60/group, ns= non-significant, *p<0.05, **p<0.01, 

**** p<0.0001, comparison with one-way ANOVA, error bars show SD. 
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4.2.3 Over-expression of gpr18, but not fpr1 or cmklr1, increased neutrophil  

numbers at 12hpi 

Similar experiments to the previous were performed, but this time, neutrophils were quantified 

at 12hpi. At 12hpi, over-expression of fpr1 did not affect the number of neutrophils attending to 

a tailfin injury (Control mean +/- SEM: 20.30 +/- 0.87; fpr1: 19.31 +/- 0.64, p=0.7825, one-way 

ANOVA, Figure 4-3A). Supplementation of LXA4 reduced neutrophil numbers in both the 

control (Control mean +/- SEM: 20.30 +/- 0.87; Control with LXA4: 16.11 +/- 0.59, p=0.0005, 

one-way ANOVA) as well as fpr1 over-expression (fpr1 mean +/- SEM: 19.31 +/- 0.64, fpr1 

with LXA4: 16.06 +/- 0.83, p=0.0116, one-way ANOVA).  

 

gpr18 over-expression alone however did result in an increase in neutrophil numbers at 12hpi 

(Control mean +/- SEM: 15.04 +/- 0.68, gpr18: 18.09 +/- 0.92, p=0.0264, one-way ANOVA, 

Figure 4-3B), but this response was not augmented or abrogated by exogenous RvD2 

supplementation (Control with RvD2 mean +/- SEM: 18.09 +/- 0.66; gpr18 with RvD2: 18.39 

+/- 0.69, p=0.9900).  

 

On its own, cmklr1 over-expression did not accelerate neutrophilic resolution at 12hpi (Control 

mean +/- SEM: 18.83 +/- 0.57, cmklr1: 19.03 +/- 0.68, p=0.9954, one-way ANOVA, Figure 

4-3C). However, additional RvE1 treatment enhanced the resolution effect compared to 

untreated controls (Control mean +/- SEM: 18.83 +/- 0.57, Control with RvE1: 15.55 +/- 0.61, 

p=0.0008, one-way ANOVA) and untreated  cmklr1 over-expression (cmklr1mean +/- SEM: 

19.03 +/- 0.68, cmklr1 with RvE1: 14.56 +/- 0.53, p<0.0001, one-way ANOVA). 
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Figure 4-3: Neutrophil counts at 12hpi following over-expression of each receptor using RNA 

injection at one cell stage. A. fpr1 over-expression with tailfin injury in 2dpf TgBAC(mpx:GFP)i114 

larvae, with or without LXA4 treatment. B. gpr18 over-expression with or without RvD2 treatment. C. 

cmklr1 over-expression with or without RvE1 treatment. In each case, N=60/group, ns=non-significant, 

*p<0.05, **p<0.01, ***p<0.001, **** p<0.0001, one-way ANOVA, error bars show SD. 

 

C
o

n
tr

o
l 

fp
r1

C
o

n
tr

o
l 

+
 L

X
A

4

fp
r1

+
L

X
A

4

0

10

20

30

40

N
e
u

tr
o

p
h

il
 c

o
u

n
t 

a
t 

1
2

h
p

i

***

**

nsns

 
C

o
n

tr
o

l 

g
p

r1
8

C
o

n
tr

o
l 

+
 R

v
D

2

g
p

r1
8
 +

 R
v

D
2

0

10

20

30

40

N
e
u

tr
o

p
h

il
 c

o
u

n
t 

a
t 

1
2

h
p

i

*

*

ns

ns

 

C
o

n
tr

o
l 

  

c
m

k
lr

1

C
o

n
tr

o
l 

+
 R

v
E

1

c
m

k
lr

1
 +

 R
v
E

1
 0

10

20

30

40

N
e
u

tr
o

p
h

il
 c

o
u

n
t 

a
t 

1
2

h
p

i

***

****
ns ns

A 

B 

C 



 

147 

4.2.4 Over-expression of fpr1, gpr18 and cmklr1 did not affect neutrophil numbers 

at 24hpi 

As a precaution to cover the possibility of delayed maturation or a delayed inflammatory 

response due to the protein over-expression, the experiment protocol was extended to include a 

neutrophil count at 24hpi. However, in keeping with the earlier results, none of the over-

expressed receptors, fpr1 (Control mean +/- SEM: 13.69 +/- 0.76, fpr1: 12.17 +/- 0.58, 

p=0.3355, one-way ANOVA, Figure 4-4A), gpr18 (Control mean +/- SEM: 10.52 +/- 0.54, 

gpr18: 11.56 +/- 0.61, p=0.5647, one-way ANOVA, Figure 4-4B), or cmklr1 (Control mean +/- 

SEM: 12.38 +/- 0.57, cmklr1: 11.70 +/- 0.53, p=0.8117, one-way ANOVA, Figure 4-4C) caused 

any changes in neutrophil numbers at 24hpi. This held true even with supplementation of LXA4 

(Control with LXA 4 mean +/- SEM: 10.91 +/- 0.54, fpr1 with LXA4: 11.02 +/- 0.65, p=0.9994, 

one-way ANOVA), RvD2 (Control with RvD2 mean +/- SEM: 13.76 +/- 0.52, gpr18 with 

RvD2: 12.42 +/- 0.52, p=0.2835, one-way ANOVA), and RvE1 (Control with RvE1 mean +/- 

SEM: 10.67 +/- 0.62, cmklr1 with RvE1: 11.03 +/- 0.41, p=0.9632, one-way ANOVA). 
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Figure 4-4: Neutrophil counts at 24hpi following over-expression of each receptor using RNA 

injection at one cell stage. A. fpr1 over-expression with tailfin injury in 2dpf TgBAC(mpx:GFP)i114 

larvae, with or without LXA4 treatment. B. gpr18 over-expression with or without RvD2 treatment. C. 

cmklr1 over-expression with or without RvE1 treatment. In each case, N=60/group, ns=non-significant, 

** p<0.01, *** p<0.001, one-way ANOVA, error bars show SD. 
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4.2.5 Over-expression of gpr18, but not fpr1 or cmklr1, increased tailfin 

regeneration  

Although neutrophil numbers were not influenced by over-expression of receptors alone (apart 

from the increase with gpr18 at 12hpi), further investigation was undertaken to see if wound 

regeneration would be affected. Over-expression of fpr1 did not increase tailfin regeneration 

(Control mean +/- SEM: 30.74% +/- 5.92, fpr1: 55.51% +/- 8.35, p=0.0942, Kruskal-Wallis 

with Dunnôs correction, Figure 4-5A). This still did not reach significance with the exogenous 

addition of LXA4 to both groups (Control with LXA4 mean +/- SEM: 18.91% +/- 5.14; fpr1 

with LXA4: 32.52% +/- 4.50, p=0.0929, Kruskal-Wallis with Dunnôs correction).  

 

Over-expression of gpr18 alone increased regeneration compared to controls (Control mean +/- 

SEM: 8.59% +/- 3.33, gpr18: 18.78% +/- 3.67, p=0.0341, Kruskal-Wallis with Dunnôs 

correction, Figure 4-5B). Addition RvD2 to both groups negated this increase (Control with 

RvD2 mean +/- SEM: 16.38% +/- 5.07, gpr18 with RvD2: 15.79% +/- 4.65, p>0.9999, Kruskal-

Wallis with Dunnôs correction).  

 

Over-expression of cmklr1 alone did not affect tailfin regeneration (Control mean +/- SEM: 

28.62% +/- 6.97, cmklr1: 27.59% +/- 6.97, p>0.9999, Kruskal-Wallis with Dunnôs correction, 

Figure 4-5C). The increase in tailfin regeneration when both groups were supplemented with 

RvE1 also did not reach significance (Control with RvE1 mean +/- SEM: 48.51% +/- 7.42, 

cmklr1 with RvE1: 58.30% +/- 7.73, p>0.9999, Kruskal-Wallis with Dunnôs correction). 

However, addition of RvE1 in the presence of cmklr1 over-expression significantly increased 

regeneration compared to cmklr1 over-expression alone (p=0.0057, Kruskal-Wallis with Dunnôs 

correction). 
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Figure 4-5: Receptor mRNA over-expression and tailfin  regeneration.  A. fpr1 over-expression 

followed by tailfin injury at 2dpf in wildtype larvae, with or without LXA4 supplementation. % increase 

in tailfin length calculated at 24hpi. B. gpr18 over-expression with or without RvD2 supplementation. C. 

cmklr1 over-expression with or without RvE1 supplementation. In each: N=36/group in three 

independent repeats, comparison with Kruskal-Wallis with Dunnôs multiple comparison correction, 

ns=non-significant, *p< 0.05, **p<0.01, error bars show SD.  
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4.2.6 Endogenous cmklr1 expression, but not fpr1 or gpr18, was increased at the 

site of tailfin injury from 6hpi onwards  

Native distribution of expression of these receptors was then investigated using one of the oldest 

techniques in zebrafish research, in situ hybridisation (Jowett, 1994), to discern if differences in 

spatial expression existed following tailfin injury. All three FPR receptors in humans are highly 

expressed in white blood cells (Migeotte, Communi and Parmentier, 2006), but in the zebrafish 

larvae, fpr1 expression appeared to be limited to the renal tract, rather than in a cellular 

distribution. There were also no noticeable differences between control (regions indicated by 

arrows in Figure 4-6A) and injured (Figure 4-6B) groups. This staining however was absent in 

the sense control groups (Figure 4-6C), suggesting a degree of probe specificity. Nonetheless, 

most larvae in both control and injured groups showed similar staining at all time points (Figure 

4-6D).  

 

For cmklr1, expression appeared cellular, and distributed within the circulation, most obvious 

within the blood island overlying the yolk sac seen in both injured and control fish at 2 and 4 

hours (Figure 4-7). From 6hpi there was increased expression shown in the region of tailfin 

amputation, and observed only in the injured group (Figure 4-8). This became more prominent 

at 8, 10 and 12 hours, again demonstrated only in injured fish (Figure 4-9). The absence of 

staining in the sense controls confirms probe specificity for this receptor (Figure 4-9).  

 

gpr18, was seen to be expressed mainly within the caudal haematopoietic tissue (CHT) region, 

and no increase in expression was seen at the tailfin site of injury at 1 or 2 hours post injury 

(Figure 4-10), 4 or 6hpi (Figure 4-11), or 8 and 12hpi while the clarity of the sense control for 

gpr18 showed that the probe expression was specific and therefore the lack of changes at the 

amputated site likely to be specific (Figure 4-12).  
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Figure 4-6: fpr1wholemount in situ hybridisation  (WISH). 2dpf nacre larvae were uninjured (control 

group) or injured, and fixed at 2hour intervals from the time of injury, up till 12hpi. Imaging was 

performed with a Nikon SMZ1500 extended focus microscope interfaced with NIS-Elements BR® 

version 3.1. A. Representative image of uninjured control (red arrows = renal tract). B. Representative 

image of injured larvae at 6hpi (red arrows = renal tract). N=40 at each time point in two independent 

repeats. C. Sense control (red arrows = renal tract). Scale bar = 250 µm. D. Table of the number of larva 

showing the staining patterns in the representative images (A&B)  at each time point.  

A B 

C Fraction stained Control Injured  

2hpi 35/40 36/40 

4hpi 38/40 39/40 

6hpi 36/40 40/40 

8hpi 39/40 40/40 

10hpi 40/40 40/40 

12hpi 40/40 40/40 

Sense controls 6hpi  0/30 0/30 

 

D 

fpr1 sense control 

fpr1 uninjured control fpr1 6hpi 
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Figure 4-7: cmklr1 WISH at 2 and 4hpi. Injured and control (uninjured) 2dpf nacre larvae were fixed 

at similar time periods at 2hpi and 4hpi. Representative images shown taken on Nikon Extended Focus 

SMZ stereomicroscope. Scale bar = 250 µm. The number of larvae that demonstrated the staining pattern 

shown at each time point is noted at the top left of each image. Two independent repeats performed to 

obtain total larval numbers.Area of tailfin injury indicated by red arrows. 
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Figure 4-8: cmklr1 WISH at 6 and 8hpi. Injured and control (uninjured) 2dpf nacre larvae were fixed 

at time points 6hpi and 8hpi. Representative images shown taken on Nikon Extended Focus SMZ 

stereomicroscope. Scale bar = 250 µm. The number of larvae that demonstrated the staining pattern 

shown at each time point is noted at the top left of each image. Two independent repeats performed to 

obtain total larval numbers. .Area of tailfin injury indicated by red arrows. 
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Figure 4-9: cmklr1 WISH at 10 and 12hpi. Injured and control (uninjured) 2dpf nacre larvae were 

fixed at time points 10hpi and 12hpi. Representative images shown taken on Nikon Extended Focus 

SMZ stereomicroscope. Scale bar = 250 µm. The number of larvae that demonstrated the staining pattern 

shown at each time point is noted at the top left of each image. Two independent repeats performed to 

obtain total larval numbers. Area of tailfin injury indicated by red arrows. 
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Figure 4-10: gpr18 WISH at 1 and 2hpi. Injured and control (uninjured) 2dpf nacre larvae were fixed 

at time points 1hpi and 2hpi. Representative images shown taken on Nikon Extended Focus SMZ 

stereomicroscope. The CHT is indicated by the green arrow. Scale bar = 250µm. The number of larvae 

that demonstrated the staining pattern shown at each time point is noted at the top left of each image. 

Two independent repeats were performed to obtain total larval numbers.  
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gpr18 1hpi 
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Figure 4-11: gpr18 WISH at 4 and 6hpi. Injured and control (uninjured) 2dpf nacre larvae were fixed 

at time points 4hpi and 6hpi. Representative images shown taken on Nikon Extended Focus SMZ 

stereomicroscope. The CHT is indicated by the green arrow. Scale bar = 250µm. The number of larvae 

that demonstrated the staining pattern shown at each time point is noted at the top left of each image. 

Two independent repeats were performed to obtain total larval numbers. 
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Figure 4-12: gpr18 WISH at 8 and 12hpi. Injured and control (uninjured) 2dpf nacre larvae were fixed 

at time points 8hpi and 12hpi. Representative images shown taken on Nikon Extended Focus SMZ 

stereomicroscope. The CHT is indicated by the green arrow. Scale bar = 250 µm. The number of larvae 

that demonstrated the staining pattern shown at each time point is noted at the top left of each image. 

Two independent repeats were performed to obtain total larval numbers.  
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4.2.7 Setup of Tomographic RNA sequencing (TomoSeq) 

Because of the inherent uncertainties of RNA over-expression, its limitation to early stages of 

development, and the increasing importance of the transcriptomics landscape, it was of interest 

to determine if endogenous inflammasome expression could be observed tomographically in the 

zebrafish. This method has been used previously in uninjured 1dpf zebrafish embryos (Junker et 

al., 2014). However, given the much larger size of the 2dpf zebrafish, and the intention to 

capture spatial expression of the inflammasome, thinner slices would be required, and 

anatomical comparison would be paramount. In all samples, sequenced slices would begin at the 

start of the pigment line, which also corresponded with the line of tailfin amputation, with 70 

slices each of 9 µm, totalling a distance of 630 µm. The following 25 slices would then start 

from the cloaca and extend cranially with each slice having a thickness of 25µm, giving a total 

distance of 625 µm (Figure 4-13). A minimum of two million 50 bp paired-end reads were 

generated from each larvae. A total of six larvae were sequenced, three controls and three 

injured, pooled across two lanes in two separate runs, with an even balance of controls and 

injured in each run to minimise technical bias. Reads were aligned using Ensembl Genome 

Reference Consortium Zebrafish Build 10 (GRCz10) sequence (Howe et al., 2013). 
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Figure 4-13: Representative images showing a 2dpf zebrafish larvae of TgBAC(mpx:GFP)i114 and 

position of frozen sectioning. A. Merged brightfield and GFP fluorescent channels using a Nikon 

Eclipse TE2000-U microscope, and image stitched using NIS Elements AR®. Sectioning began at the 

break in the pigment line shown by the blue dotted line in the uninjured fish (this is also the region where 

injury is performed), with the 71st slice taken at the cloacal opening marked by the purple arrow. B. This 

enlarged image shows the circulation end more clearly, and is marked by the red arrow (similar to image 

A). The orientation of both images are opposite to that conventionally used to depict zebrafish, and has 

been intentionally flipped to allow easy association with the graphs subsequently plotted in this chapter. 

A 

B 
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4.2.8 Preliminary validation of the TomoSeq results 

In order to compare RNA and GFP expression, images were taken at 6hpi of uninjured and 

injured TgBAC(mpx:GFP)i114 2dpf larvae, immediately prior to the samples being flash frozen 

in OCT as per methods in Section 2.6.1. Three replicates of an uninjured control, as well as an 

injured larva were obtained. In the first uninjured control, although mpx expression was low, it 

appeared to match GFP expression (Figure 4-14). Unfortunately, in the second control, the 

primers failed for slice 20, corresponding to the area of bright fluorescence (Figure 4-15) but 

although mpx expression did not appear to fully match the observed fluorescence seen on 

imaging of the third control (Figure 4-16), total expression remained low. This slight 

discrepancy could be for two reasons, either the neutrophils had moved in the time between 

imaging and freezing (samples were fresh frozen), or it is possible that mpx mRNA expression 

occurred at haematopoietic sites in the quiescent state (Shen et al., 2013) and this expression 

could have been captured in the sectioned slices. Nonetheless, mpx expression in the all the 

injured fish appeared to correlate well with GFP expression (Figure 4-17 to Figure 4-19). Next, 

mmp2 and mmp9 profiles were assessed since inflammatory neutrophils in mice attending to an 

area of ischaemia express high levels of matrix metalloproteinases (MMP) (Daseke et al., 2019). 

In the controls, levels of mmp expression were generally very low and no specific expression 

pattern could be seen. In the injured specimens however, levels of mmp expression were higher 

and high levels of mmp9 correlated strongly with the wound edge, while mmp2 appeared to have 

a similar pattern to mpx. Finally, given the thin slices, it was not always possible to determine 

by eye if tissue sectioning occurred at the very first slice with the injured larvae despite the 

guiding bead. Therefore, col1a1a, highly expressed in skin, was plotted to allow determination 

of the first slice of injured larvae that would contain tissue, and thus allow accurate comparison 

across injured specimens. Expression of col1a1a showed that for the first injured larvae, tissue 

sectioning started at slice 12 (Figure 4-17), for the second injured larvae slice 4 (Figure 4-18), 

and for the third, slice 24 (Figure 4-19). It was not possible to determine if all the uninjured 

larvae were sectioned at a similar point of tissue, partly because of the differing rates of growth 

between larvae even when reared under similar conditions, and partly because no suitable tissue 

markers are currently known. However, it was assumed that in the absence of inflammation, 

small differences in starting point would not influence overall comparison of readings in the 

absence of an inflammasome. 
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Figure 4-14: First uninjured control larva . Merged brightfield and GFP fluorescent channels using a 

Nikon Eclipse TE2000-U microscope Blue scale bar = 100 µm. Gene reads plotted according to 

TomoSeq slice (each of 9µm) and matched to image.  
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Figure 4-15: Second uninjured control larva. Merged brightfield and GFP fluorescent channels using 

a Nikon Eclipse TE2000-U microscope Blue scale bar = 100 µm. Gene reads plotted according to 

TomoSeq slice (each of 9µm) and matched to image. In this sample, primers for slice 20 failed to read 

and therefore was automatically excluded from the reads. 
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Figure 4-16: Third uninjured control larva.  Merged brightfield and GFP fluorescent channels using a 

Nikon Eclipse TE2000-U microscope Blue scale bar = 100 µm. Gene reads plotted according to 

TomoSeq slice (each of 9µm) and matched to image. 

Uninjured 3 

m
p

x 
m

m
p

2 
m

m
p

9 
c
o

l1
a

1
a 



 

165 

 

Figure 4-17: First injured larva.  Merged brightfield and GFP fluorescent channels using a Nikon 

Eclipse TE2000-U microscope Blue scale bar = 100 µm. Gene reads plotted according to TomoSeq slice 

(each of 9µm) and matched to image. 
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Figure 4-18: Second injured larva. Merged brightfield and GFP fluorescent channels using a Nikon 

Eclipse TE2000-U microscope Blue scale bar = 100 µm. Gene reads plotted according to TomoSeq slice 

(each of 9µm) and matched to image. 
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Figure 4-19: Third injured larva.  Merged brightfield and GFP fluorescent channels using a Nikon 

Eclipse TE2000-U microscope Blue scale bar = 100 µm. Gene reads plotted according to TomoSeq slice 

(each of 9µm) and matched to image. 

 

                 

             Injured 3  
m

p
x 

m
m

p
2 

m
m

p
9 

c
o

l1
a

1
a 



 

168 

4.2.9 Expression patterns of genes known to play a role in inflammation or have 

anatomical specificity recapitulated known patterns 

Probing the genes expressed within the injured segments revealed that a gene cyr61l1 is highly 

expressed at the leading edge of the wound. This gene is highly conserved in mammals and 

teleosts, and under quiescent conditions has a low expression (Lau, 2011). This concurs with the 

results of the TomoSeq, in which the controls express only sporadic low level (<1) reads, mainly 

in the proximal body. However, in injured larvae, its synthesis is highly concentrated (>15) at 

the wound edge (Figure 4-20). As such, in future TomoSeq analyses comparing amputated 

tailfins, this gene would form a useful marker to delineate the wound edge, in addition to 

col1a1a, to allow accurate comparison of sections. 

 

Investigation was then extended to the LOX enzymes. Generic constitutive expression of alox12 

was seen, without obvious difference between injured and uninjured fish (Figure 4-21B). This 

concurs with published data on alox12 expression (Haas et al., 2011).  

 

Two final validation steps were performed. The first was with expression of cldn15la. This tight 

junction protein is known specifically to localise to the gills, GIT, kidneys and the gonads and is 

not found elsewhere (Sun et al., 2015). In keeping with this, expression was only seen in slice 

70 onwards (Figure 4-21B), coinciding with the cranially oriented sections from the cloacal 

region involving the intestinal region. Finally, expression of alpi.1, the intestinal-specific 

isoform of alkaline phosphatase was assessed. Surprisingly, constitutive expression of this gene, 

outside the intestine was seen in both injured and uninjured (Figure 4-21C). Although the 

zebrafish possesses other non-intestinal isoforms of alkaline phosphatase, these were not 

detected in this assay. This extra-intestinal expression of alpi.1 has previously been seen in 

unpublished in situ hybridisation work (Thisse and Thisse, 2004) submitted directly to ZFIN, 

showing expression from the 1-4 somite stage onwards in the segmental plate, developing fin 

fold, and otic vesicles. The exact role played by this enzyme, and the importance of its 

expression in extra-intestinal regions during this time of development, has not yet been 

determined. 
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Figure 4-20: Expression of cyr61l1, an acute phase protein, along the zebrafish tailfin. Low level 

(<1) reads are seen in all three control fish. Expression is increased and coincides sharply with the 

demarcation of injury in the injured fish, section 13 in Injured 1, section 5 in Injured 2, and section 24 in 

Injured 3. 
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Figure 4-21: Expression patterns across all the zebrafish for alox12, cldn15la, and alpi.1. Plots were 

done on a single axis to allow comparison across all six specimens. A. alox12 is expressed in both 

injured (lines with red hues) and uninjured (lines with blue hues). B. cldn15la is expressed exclusively in 

the GIT and gonads and expression is seen only after slice 70, where the GIT starts. C. alpi.1 is 

expressed extra-intestinally, in a pattern not dissimilar to alox12.  
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4.2.10 Top genes expressed in uninjured controls compared with injured larvae 

Using the starting points determined earlier for the injured larvae, data from each zebrafish were 

analysed individually to allow normalisation to spike-in RNA. Comparison was made of the 

region 100µm at the injured end compared to a segment of tailfin approximately 500µm cranial 

to this. The three datasets were then cross-analysed to select those genes listed in the top 100 

which were expressed across all three samples. The top ten genes for the control and injured 

groups are shown in Table 4-1. Of the genes expressed in the uninjured group, all of them were 

involved in development. For example and1, and2 and and3 are vital in development of the fin-

fold (König et al., 2017). Indeed, and1 has been shown to be required for tailfin development 

and fluorescent reporter lines (Lalonde et al., 2016; Phan et al., 2019, p. 1) show expression 

only starting at 2dpf. lama5 and frem2a are also essential components of all basement 

membranes and vital for homeostasis and development (Sztal et al., 2011), while angptl7 is 

angiogenesis regulator (Niki, Katsu and Yokouchi, 2009), and c1qtnf5 a neurogenesis regulator. 

Of the top genes shared by all three injured larvae, almost all are exclusively expressed only in 

the injured fish, and are involved in collagen metabolism (mmp9, mmp13b), and responses to 

biotic stimuli (lect2l, cyr61l1, serpine1). 

 

Table 4-1: Top ten expressed genes in all three larvae in the injured and uninjured groups. 

Top ten shared 

genes in uninjured 

larvae 

Top ten shared 

genes in injured 

larvae 

Top ten 

exclusively 

injured genes 

lama5 tgm2l tgm2l 

angptl7 serpine1 serpine1 

c1qtnf5 FO704661.1 FO704661.1 

and2 mmp9 lect2l 

col1a1a lect2l csf2rb 

and1 csf2rb mmp13b 

and3 mmp13b pprc1 

frem2a pprc1 sall1b 

fgf24 sall1b cyr61l1 

qdpra cyr61l1 junba 
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4.2.11 Differential genes were up- and down- regulated in Go enrichment analysis 

Analysis was performed using GOrilla (http://cbl-gorilla.cs.technion.ac.il) (Eden et al., 2009) to 

allow ranking of genes common to the control uninjured group, or to the injured group, against 

reference genes for ontological comparison. The control group of genes had significant 

enhancement in genes involved in appendage or fin differentiation and development (Figure 

4-22, Table 4-2), while the injured group had an overall narrower selection of biological 

processes as seen in Figure 4-23 (Table 4-3), which was specific to the inflammatory response, 

as would be expected. 

 

 

http://cbl-gorilla.cs.technion.ac.il/
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Figure 4-22: Biological processes linked to enriched analysis in GOrilla in uninjured larvae. The number of biological processes cover a large 

range, from metabolic processes to regulation of cell differentiation, but the highest expression were related to appendage, specifically fin, 

development, as would be expected for the region under investigation. 
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Figure 4-23: Biological processes linked to enriched analysis in GOrilla in injured larvae. The 

number of biological processes were streamlined to three main processes, the inflammatory response to 

wounding, response to bacterium ingress, and collagen catabolism. 
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Table 4-2: Go enrichment of conserved control genes 

GO term Description P-value 
FDR q-

value 

Enrichment 

(N, B, n,b) 
Genes 

GO:0033333 fin development 2.04E-10 1.60E-06 

29.45 

(10768, 45, 65, 

8) 

plod1a 

frem2a 

and2 

col1a1a 

bhlha9 

fgf24 

and1 

lama5 

GO:0048736 appendage development 4.19E-10 1.64E-06 

27.05 

(10768, 49, 65, 

8) 

plod1a 

frem2a 

and2 

col1a1a 

bhlha9 

fgf24 

and1 

lama5 

GO:0033334 fin morphogenesis 1.96E-07 5.11E-04 

23.12 

(10768, 43, 65, 

6) 

plod1a 

frem2a 

col1a1a 

fgf24 

lama5 

GO:0035107 appendage morphogenesis 2.96E-07 5.81E-04 

21.61 

(10768, 46, 65, 

6) 

plod1a 

frem2a 

col1a1a 

fgf24 

lama5 

GO:0007417 
central nervous system 

development 
5.33E-05 8.35E-02 

12.18 

(10768, 68, 65, 

5) 

emx3 

ecrg4a 

zic2b 

zic2a 

vcana 

GO:0042659 
regulation of cell fate 

specification 
1.61E-04 2.10E-01 

27.61 

(10768, 18, 65, 

3) 

eve1 

dusp6 

fgf24 

 

GO:0045995 
regulation of embryonic 

development 
4.02E-04 3.94E-01 

11.42 

(10768, 58, 65, 

4) 

eve1 

dusp6 

fgf24 

lama5 

GO:0010470 regulation of gastrulation 5.54E-04 4.34E-01 

18.41 

(10768, 27, 65, 

3) 

eve1 

dusp6 

fgf24 

 

GO:0006558 
L-phenylalanine metabolic 

process 
7.39E-04 4.83E-01 

47.33 

 (10768, 7, 65, 

2) 

qdpra 

pah 

GO:0006044 
N-acetylglucosamine metabolic 

process 
9.81E-04 4.81E-01 

41.42 

(10768, 8, 65, 

2) 

renbp 

chst3a 
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Table 4-3: Go enrichment of conserved injured genes 

GO term Description P-value FDR q-value 
Enrichment (N, 

B, n,b) 
Genes 

GO:0043207 
response to external 

biotic stimulus 
4.79E-06 3.84E-02 

10.29 

(11533, 133, 59, 

7) 

irg11 

mmp9 

irg1 

lect2l 

junba 

zgc:158446 

ncf1 

GO:0009607 
response to biotic 

stimulus 
5.29E-06 2.12E-02 

10.14 

(115333, 135, 

59, 7) 

irg11 

mmp9 

irg1 

lect2l 

junba 

zgc:158446 

ncf1 

GO:0051707 
response to other 

organism 
1.96E-05 5.23E-02 

10.66 

(11533, 110, 59, 

6) 

irg11 

mmp9 

irg1 

lect2l 

zgc:158446 

ncf1 

GO:0030574 
collagen catabolic 

process 
2.04E-05 4.08E-02 

53.31 

(115333, 11, 59, 

3) 

mmp9 

mmp13b 

mmp13a 

GO:0009617 response to bacterium 2.08E-05 3.32E-02 

14.81 

(11533, 66, 59, 

5) 

irg11 

mmp9 

irg1 

lect2l 

zgc:158446 

 

GO:0051704 multi-organism process 3.37E-05 4.49E-02 

9.69 

(11533, 121, 59, 

6) 

irg11 

mmp9 

irg1 

lect2l 

zgc:158446 

ncf1 

GO:0009605 
response to external 

stimulus 
3.51E-05 4.01E-02 

6.31 

(115333, 248, 

59, 8) 

irg11 

mmp9 

irg1 

lect2l 

junba 

zgc:158446 

ncf1 

lepb 

GO:0032963 
collagen metabolic 

process 
5.54E-05 5.54E-02 

39.09 

(11533, 15, 59, 

3) 

mmp9 

mmp13a 

mmp13b 

GO:0090594 
inflammatory response 

to wounding 
5.31E-04 4.72E-01 

55.85 

(11533, 7, 59, 2) 

irg11 

mmp9 
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4.2.12 Growth and differentiation  genes were up-regulated in controls and stimulus 

response genes in injured 

Although the examined RNA expression was spread across an area of injury, heatmaps of 

differentially expressed genes could also be generated from ranked genes in a similar manner to 

single cell RNA sequencing or microarrays. Overall, genes that were up regulated in control 

larvae were down-regulated in injured larvae (Figure 4-24). Many of these were identified 

earlier, such as and1 and col1a1. There were a few that were not identified earlier, such as 

twist3, a gene lost in mammals through synfunctionalisation (Gitelman, 2007). Again this gene 

is involved in development and cell differentiation (Yeo et al., 2009). One other highlighted 

gene is im:7150988, which encodes the Golgi-associated plant pathogenesis-related protein 1 

(GAPR-1). This gene was previously found to be down-regulated in zebrafish mutants that have 

deformed tailfins due to disrupted Hippo pathway transcriptional co-activators (Kimelman et al., 

2017), and is thought to function as a serine protease (Serrano et al., 2004).  

 

Similarly, genes up regulated in injured samples were not highly expressed in uninjured controls 

(Figure 4-25), such as the lipoxygenases (LOX, non-specified) involved in the inflammatory 

response. However, it was observed that there was noticeable overlap between expression such 

as in Control3 and Injured3. Indeed, all the samples showed considerable overlap in the mapped 

genes when assessed overall (Figure 4-26A&B). An overlap would be expected since, this being 

a spatial tissue analysis, gene expression of normal tissue is seen. Nonetheless, there appeared to 

be more overlap between Control3 and the Injured group as a whole (Figure 4-26B). An 

appreciation of this was maintained during data interpretation, and there could be several 

reasons for this. One important confounding aspect is that the time-point chosen for analysis 

was at 6hpi. This represented the overall peak of neutrophil inflammation, but given the 

biological variability in the neutrophil counts, it was possible that in some fish, this time-point 

would coincide with an established inflammatory resolution phase, resulting in more similarity 

with the controls. One way to reduce this overlap in future would be to choose an earlier time-

point for analysis. Another explanation for the Control3 overlap was the possibility that 

inadvertent sub-clinical injury, not physically observable, may have occurred to the control larva 

during its free-swimming growth phase to 2dpf since fish were kept in standardised conditions 

of 60 fish per Petri. It would only be possible to minimise this by performing more repetitions.  

im:7150988
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Figure 4-24: Heatmap of up-regulated control genes. Up-regulated (green) genes in the controls were 

generally down-regulated (red) in injured samples. Number of genes limited to those with ranking of 

fold-change >1.6. Heatmap produced using heatmap.2 in R, data scaled to rows. 
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Figure 4-25: Heatmap of up-regulated injured genes. As before, up-regulated (green) genes were 

generally down-regulated (red) in uninjured control larvae. Number of genes limited to those with 

ranking of foldchange >1.6. Heatmap produced using heatmap.2 in R, data scaled to rows. 
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Figure 4-26: Gene overlap between samples plotted with FunRich. Analysis was performed using the 

open-source application FunRich (Pathan et al., 2015). A. Venn diagram showing the total number of 

genes in each sample mapped to the Grcz10 zebrafish genome in each circle. Majority of the genes show 

overlap in each group. B. Venn diagram of all the samples compared against each other showing the true 

number of shared genes as well as the percentage that represents of all the genes mapped for that sample. 

Control3 shows a marginally higher than average degree of overlap with the injured group. 

A 
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4.2.13 Functional enrichment analysis showed differential expression of cellular 

component genes  

Given the variations and caveats above, each fish was then analysed separately to see if a more 

informative functional analysis could be obtained given. Analysis of differences in cellular 

component was performed using FunRich (Pathan et al., 2015). Five components were chosen 

for interrogation: SNARE complex (involved in organelle and vesicle membrane fusion, (Blair 

and Flaumenhaft, 2009)), mediator complex (a universal regulator of transcription by interaction 

with RNA polymerase II (Casamassimi and Napoli, 2007)), ubiquitin ligase complex (involved 

in cell proliferation and differentiation (Krek, 1998)), receptor complex (proteins that undergo 

combination with a messenger to effect a change in cell function), and stress fibre (actin 

filaments involved in wound healing (Gabbiani et al., 1972)). Fold-change increase in 

expression of the receptor complex was significant for each of the three injured fish, but not in 

two out of the three control fish. Control3, which was more similar to the injured group as seen 

in the Venn diagram previously, did show a significant increase in receptor complex as well. 

The increase in receptor complex in injury would fit with previous work showing its up-

regulation in association with up-regulated immune cell infiltration in cancer tissues (Xu, Jin 

and Qin, 2020).  
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Figure 4-27: Cellular component analysis of functional enrichment analysis using FunRich. In each 

graph, bars show percentage of genes involved in each component, yellow lines show the statistical 

significance of Fold-increase, and red lines show the cut-off of p=0.05. Receptor complex highlighted 

with green circle, controls shown in the left column and injured samples in the right column. 

CONTROL 1 

CONTROL 2 

CONTROL 3 

INJURED 1 

INJURED 3 

INJURED 2 
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4.3 Discussion and further work 

Each of the three SPMs (LXA4, RvD2, RvE1) was selected to be representative of the parent 

precursor fatty acid (AA, DHA, EPA), and also because each acts via distinctive receptors. 

RvD1 was therefore not selected as it acts via the ALX/FPR2 receptor (Recchiuti et al., 2014), 

similar to LXA4. A homologous FPR2 receptor could not be found in the zebrafish by genome 

blasting so the closest match, fpr1, was investigated. All receptors were expressed from 1dpf 

onwards in the zebrafish. Although the in situ hybridisation of fpr1 appeared to demonstrate 

expression in the kidney region which was absent in the sense controls, in humans this receptor 

is not highly expressed in the renal system, but is expressed even in the quiescent neutrophil 

with up-regulated expression in inflammatory states (Dorward et al., 2015). It is possible that 

the in situ expression could be related to the kidney as it is an early site of haematopoiesis in 

zebrafish (Willett et al., 1999), but in the absence of discrete staining it would be difficult to 

draw any definitive conclusions regarding expression of fpr1 in 2dpf zebrafish larvae based on 

these results alone. Conversely, the expression of gpr18 in zebrafish larvae appeared to be 

discrete and located mainly within the region of the CHT in 2dpf larvae. This staining did not 

increase at the wounding sites at any time. Other studies have shown these receptors to be 

within zebrafish thrombocytes (Nikhil, 2013), unlike their location in phagocytes in the human 

(Chiang et al., 2015). The in situ staining would fit this known zebrafish expression. Finally, 

cmklr1, the RvE1 receptor, demonstrated localised increased expression at the site of tailfin 

injury from 6hpi onwards. This finding concurs with earlier neutrophil quantification results, 

showing that RvE1 does indeed affect its action later in the inflammatory cycle. 

 

The work with transient receptor over-expression alone did not show significant effects on 

inflammatory responses, and this could be because of either a limited endogenous production of 

ligands, or exceptionally robust receptor recycling maintaining a low steady state of receptors 

available for ligand attachment. Evidence exists to support both these suppositions (Koenig and 

Michael, 1997; Arita et al., 2006), especially since an over-abundance of endogenous SPMs 

could result in a poor initial inflammatory response to an insult, which in turn could be just as 

damaging in terms of host defence as an overly robust inflammatory response resulting in a 

cytokine storm (Darby and Melgar, 2014). Efficient receptor cycling is the other possibility in 

this model given the similar responses to exogenous application of SPMs compared with the 
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earlier experiments using unmanipulated larvae. Although transient receptor over-expression 

allowed rapid analysis, one drawback was that without a fusion fluorescent reporter, true protein 

expression could not be known with certainty. The CRISPR-Cas9 system has eased genetic 

manipulation considerably, and although the final phenotype still could be expected to reflect 

influences beyond that of the intended genetic changed, such as variable site integration, copy 

number, transgenic mosaicism, as well as epigenetic effects, (Anderson et al., 2015; Zhang et 

al., 2015), this method could be considered for future investigation. 

 

Transcriptomics involving spatial examination of RNA expression is still in its infancy, but even 

now shows some promise in defining new areas of investigation. The model was developed here 

to allow examination of the inflammatory landscape to an injury, but revealed challenges in 

aligning a continuous dataset, as the subsequent analysis could be significantly changed even if 

sections were offset by a single slice. Therefore extensive validation was performed to ensure 

that results matched known end points, for example, the expression of cldn15la was confirmed 

to be confined to the intestinal region, and the expression of mpx matched against visual data 

obtained from imaging fluorescent larvae just prior to freezing. Very minor discrepancies were 

seen in the matching of fluorescence and mpx expression, but technical limitations such as the 

time between imaging and freezing and the dynamic state of live samples meant that further 

optimisation of technique would be difficult. Nonetheless, interesting patterns of gene 

expression was still demonstrated. One example was the expression of cyr61l1, an acute phase 

protein, which was specific to injured samples especially at the wound edge and could be used 

in addition to col1a1a in determining the injured edge for future analyses. Another example was 

the expression of alpi.1, which was increased in the tailfin, an unexpected finding given its 

extra-intestinal location despite the presence of other alkaline phosphatase isozymes in the 

zebrafish. Although this finding was unanticipated, this extra-intestinal location of alpi.1 has 

been previously seen on in situ staining (Thisse and Thisse, 2004). The role of alpi.1 in this 

setting remains an area for further investigation.  

 

The RNA libraries were then interrogated ontologically using known tools for microarray and 

single cell expression analysis. Ontological assessment further confirmed the biological 

processes up-regulated in the control and injured groups were those expected to be involved in 
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growth and organ (tailfin) differentiation. This was matched by up-regulation of systems 

involved in response to stimuli in the injured group. The up-regulated genes in injury involved 

those involved in immune responses and catabolism, such as the mmp family. Further heatmap 

analysis revealed more genes of interest, such as the twist3 and GAPR-1 family genes. 

However, close scrutiny showed considerable overlap between some of the samples. This 

overlap was highlighted on individual sample functional enrichment analysis of cell 

components. Significant up-regulation of receptor complex components was found in all injured 

samples but not in control samples, apart from one. This was the Control sample seen on the 

Venn diagram to a higher overlap with the injured group compared to the other controls. Two 

reasons were identified, but only one of which would be amenable to positive action. If control 

fish had inadvertently been injured, either during imaging (although in this case fish were 

minimally handled during pre-freezing imaging to avoid introducing artefact), or simply during 

the free-swimming period of maintenance, this is not easily detected even under microscopy. It 

is possible however that the inflammatory process was not significantly differentiated from the 

controls because resolution may have begun in some samples by 6hpi. This difference could be 

maximised by using an earlier time point for analysis in future. 

 

There remain many challenges in the interpretation of TomoSeq gene expression data generated 

by Next-Generation Sequencing (NGS) to map out an óinflammatory landscapeô to injury. Due 

to the biological variation inherent in in vivo and whole organism studies (as compared to cell 

culture) some responses are likely to idiosyncratic and possibly diverse across cell types. 

Challenges lie in detecting true physiological responses from possible silent mutations causing a 

range of compensatory mechanisms. Certainly, the generic minimum recommended number of 

samples per group for RNA sequencing is three (Conesa et al., 2016) but prohibitive costs 

remain for generation of data, and the ability to generate spatial as well as temporal patterns of 

expression to capture a 3D inflammatory landscape, requires substantial capital. Nevertheless, 

even spatial examination alone at a single time-point could reveal new areas of investigation, 

and there is no doubt that the possibility of examining inflammation in many dimensions could 

add to our understanding enabling fine-tuned modulation of this process in future. 
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4.4 Summary of important findings 

In concordance with the biological responses to exogenous SPM supplementation found 

previously, the homologous SPM receptors were demonstrated by RT-PCR to be expressed 

from 1 to 5dpf in zebrafish larvae. Only expression of the RvE1 receptor, cmklr1, was up-

regulated at tailfin wound sites from 6hpi onwards, whereas gpr18 appeared to be expressed 

predominantly within the CHT at this stage of zebrafish development. Transient over-expression 

of the receptors, apart from gpr18 in 2dpf larvae did not significantly alter either regeneration or 

the inflammatory phases in tailfin injury, compared to SPM supplementation alone in the 

previous chapter. Tomographic RNA sequencing (TomoSeq) was shown to be feasible with 

zebrafish larvae, allowing comparison and correlation with stages of injury, as demonstrated by 

the matching of mpx expression with visible fluorescence, and validated against known patterns 

of gene expressions such as cldn15la. Comparisons between single larvae as well as across all 

three samples in each group was possible and revealed lists of highly expressed genes within the 

group, some of which are known to be strongly involved in wound regeneration, and others 

whose functions are yet to be determined. This tool holds promise for future development. 

  



 

187 

Chapter 5: Enterococcus faecalis intestinal colonisation in the zebrafish and 

its effect on inflammation 

5.1 The importance of organ specificity, colonisation and E. faecalis in 

inflammation 

The investigation of host immune responses to early intestinal colonisation or an acute intestinal 

injury has its challenges, particularly in this internal, and therefore óhiddenô, organ, as real-time 

visualisation often requires a degree of non-physiological manipulation. Often, the skin or 

another more superficial mucosal surface is used as a substitute in examining epithelial 

responses to insults or treatment, but it cannot be denied that the intestinal tract is unique, not 

only in its physiological environment, but also in its microbial milieu. Indeed, eliminating the 

variety of intestinal microbiota at the early stages of life has important consequences for the 

subsequent immune responses in an organism (Gorjifard and Goldszmid, 2016), such as a 

reduction in the thickness of the colonic mucous layer and associated intestinal anti-microbial 

proteins (Karlsson et al., 2008; Petersson et al., 2011), as well as in collagen content in healing 

intestinal wounds of rats (Mastboom, Hendriks and de Boer, 1989). Zebrafish models of 

intestinal colonisation have revealed a number of insights (Rawls et al., 2006; Rendueles et al., 

2012; Toh et al., 2013; Russo et al., 2015; Stones et al., 2017), although they remain fewer in 

number compared with rodent models. There are substantial similarities in the gastrointestinal 

system of zebrafish and higher mammals in terms of anatomy (Cheng et al., 2016), microbiome 

(Rawls et al., 2006) and mucosal immunity (Zhang et al., 2010), making this an ideal model 

system. Importantly, larval transparency allows live imaging of the host immune cell responses 

to the intestinal presence of bacteria, injury or drug treatments without need for intestinal 

exteriorisation. Similar to rodents, germ-free (GF) zebrafish also display phenotypic differences 

such as epithelial abnormalities, and these GF zebrafish do not survive to adulthood (Rawls, 

Samuel and Gordon, 2004). Therefore, to avert these difficulties and avoid any possible 

perturbation of the development of the immune system that may arise from even transient GF 

conditions, the possibility of a zebrafish model of colonisation with Enterococcus faecalis under 

conventional (non-GF) conditions was explored. E. faecalis is an important bacteria in humans, 

because although it comprises only up to 1% of the species found within the intestinal tract 

(Sghir et al., 2000), it is one of the most common pathogens isolated from surgical wounds 
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(Giacometti et al., 2000), and can cause serious nosocomial infections such as endocarditis and 

urinary tract infections, that are increasingly challenging to treat due to its multiple intrinsic 

antibiotic resistances (Guzman Prieto et al., 2016). Interestingly, there is an increased 

predominance of Enterococcus within the intestinal microbiome of the elderly (Matsumoto et 

al., 2011), and this is of clinical relevance in an ageing population. Furthermore, it has been 

shown that not only can E. faecalis slow healing of wounds (Kian et al., 2017), in the intestine it 

can disrupt the process altogether leading to ALs (Shogan et al., 2015). Wound healing also 

requires timely resolution of inflammation, SPMs have been shown to drive inflammation 

resolution without impacting the efficacy of bacterial clearance in a variety of models (Buckley, 

Gilroy and Serhan, 2014), but no studies have investigated the effect of exogenous 

supplementation of these SPMs in a localised intestinal injury in the presence of E. faecalis 

colonisation. It was hypothesised that it would be possible to obtain reliable intestinal 

colonisation by E. faecalis in conventional (non-GF) zebrafish, and that the presence of E. 

faecalis would differentially modulate the host innate immune response to SPMs in the setting 

of an acute intestinal injury. 

 

5.2 Results 

5.2.1 Following microgavage, E. faecalis persisted in an anatomically distinct 

region of the zebrafish GIT 

Microbial characterisation of adult zebrafish done previously have shown that the principal 

phyla dominating the teleost intestine are similar to humans, namely Proteobacteria and 

Firmicutes, but in zebrafish, the only representative from the phylum Firmicutes was the Bacilli 

class (Lan and Love, 2012). Not only is E. faecalis not normally present in the teleost intestine, 

but all other colonisation studies have previously been performed in germ free (GF) or specific-

pathogen-free experimental subjects. Therefore it was unknown if E. faecalis could persist 

within the intestinal tract of larvae raised under conventional (non-GF) conditions. Under these 

conditions, the developing zebrafish intestine rapidly accumulates a microbiome from the 

immersion media when the larval mouth achieves patency at 72 hours post fertilisation (hpf) 

(Stephens et al., 2015). This process was therefore allowed to proceed conventionally for a 

further 24 hours following oral patency, and only larvae that had an inflated air sac as an 

indicator of sufficient oral intake to optimise natural colonisation, were selected. Fluorescently 
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labelled E. faecalis (OG1RF-mCherry) was then introduced via microgavage directly into the 

intestinal bulb, or via immersion in swimming media, after larval anal patency at 96 hpf. Anal 

patency was vital to ensure that bacterial persistence was not simply due to a lack of avenues for 

bacterial exit. With these methods, the youngest age at which colonisation studies could be 

performed was 4dpf, and at this age, there appeared to be a threshold of exposure for OG1RF, 

below which, colonisation, as defined by visible midgut fluorescence and growth of colonies on 

culture plates, did not reliably occur. This was a single dose of 10
5
 CFU for microgavage and 

10
6
 CFU/ml for overnight immersion (Figure 5-1A). On average, persisting bacteria were 

approximately 10
4 
CFU/larvae, although there was some biological variation, possibly due to the 

presence of other colonisers (Figure 5-1B). The density of 10
4 
CFU is within the density range 

of normal gut microbiota in 6dpf larvae in published data (Rawls et al., 2007). To standardise 

the amount of bacteria that passed through the intestinal tract of each zebrafish larvae, avoid any 

extra-intestinal effects that might occur from prolonged bacterial immersion and allow 

investigation of host response from the early stages of intestinal exposure to bacteria, 

subsequent characterisation experiments were performed with microgavage of 10
5
 CFU of 

bacteria. Twelve hours after microgavage, the fluorescent E. faecalis invariably persisted only 

within the midgut (region labelled M in Figure 5-2).  

 

5.2.2 The E. faecalis OG1RF-ȹepaX mutant had impaired colonisation of the 

zebrafish intestinal tract 

To confirm that this persistence of E. faecalis was indeed colonisation, an OG1RF derivative 

with a mutation in epaX was tested. The epaX gene is located downstream of the epaA-epaR 

locus encoding the core enterococcal polysaccharide antigen (Epa) (Figure 5-3), that has been 

proposed to contribute to the decoration of the Epa backbone, and is required for intestinal 

colonisation in mice (Rigottier-Gois et al., 2015) In contrast to wild-type E. faecalis, the epaX-

mCherry mutant could not be detected as fluorescence within the midgut twelve hours after 

microgavage (Figure 5-4A). Complementation of EpaX rescued the mutant and restored 

intestinal colonisation (Figure 5-4B-C), demonstrated as the return of visible midgut 

fluorescence. This suggested that EpaX was essential for successful zebrafish colonisation, 

similar to mice. Absence of visible fluorescence however did not exclude low level persistence 

of E. faecalis, as demonstrated by recovered colonies after culture (Figure 5-4D). 
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Figure 5-1: Intestinal colonisation by E. faecalis in 4dpf zebrafish larvae. A. Percentage of larvae 

with persisting E. faecalis defined as visible fluorescence under stereomicroscopy within the midgut of 

the zebrafish larval intestine (N=45/group in three independent repeats), comparison with one way 

ANOVA with Sidakôs multiple comparison correction. The dotted line represents 90% colonisation rate, 

taken as the minimum to allow consistent interpretation of results in further experiments. B. Serial 

dilution (1:1000 final concentration) of macerated larva plated on BHI plate and grown at 37ęC 

overnight. Each segment represents a single zebrafish larva with three separate spots of 10µL, of which 

the average readings were quantified. The image has been contrast enhanced +20% to allow visualisation 

of other bacterial colonies that are non-fluorescent (white) but still growing on the non-selective BHI 

plate as a demonstration of the presence of other members of the microbiome apart from the 

microgavaged bacteria of interest. Representative BHI plate, N=6 in three independent repeats. 
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Figure 5-2: E. faecalis colonisation of zebrafish intestinal tract. Images obtained with a Nikon Eclipse 

TE2000-U at 4X objective of wildtype zebrafish larva at approximately 3dpf. Composite image stitched 

with NIS Elements AR® with midgut (M) boxed in red and gastrointestinal tract (G) outlined in blue. 

All subsequent images in this chapter are of region M, oriented in a similar fashion. A. Conventionally 

raised 4dpf zebrafish larvae were microgavaged with 10  CFU E. faecalis and imaged at 20X after 12 

hours of free swimming. B. Control larvae showing absence of fluorescence in the identical region under 

identical conditions.  

 

 

 

 

 

 

 
Figure 5-3: Location of epaX mutations. Mutation points of region upstream of epaR in OG1RF, 

modified from (Smith et al., 2019). Mutants 2.5, 2.8, 2.14 (epaX) and 2.13 (epaOX) were a generous gift 

from the Mesnage Laboratory, University of Sheffield, and tested for intestinal colonisation potential. 
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Figure 5-4: EpaX is required for E. faecalis colonisation of the zebrafish intestine. A. The ȹEpaX-

mCherry mutant was microgavaged into 4dpf wildtype larvae and imaged 24 hours later at 2X 

magnification using a Nikon Eclipse TE2000-U. Gain of the mCherry channel doubled to enable pickup 

of fainter fluorescence. B. The ȹEpaX-mCherry-complemented strain was microgavaged into 4dpf 

wildtype larvae and imaged 24 hours later  at 2X magnification using a Nikon Eclipse TE2000-U under 

similar conditions, but without doubling of the mCherry channel gain. Representative images are shown 

of merged brightfield and fluorescent channels. N=45/group in three independent repeats. C. Graph 

shows CFU/larva for the ȹEpaX mutant and rescued complemented strains. Each symbol in the graph 

represents the average of three CFU readings for a single larva. N=33/group in three independent repeats, 

comparison with t-test, error bars show SD. D. Representative BHI-tetracycline plate showing the 

difference in CFU/larva between the ȹEpaX mutant and rescued (ȹEpaX-complemented) strains. Each 

quadrant represents a single larva with three 10µl 1:1000 dilutions per larva. 
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5.2.3 The parental background strain of the ȹEpaX mutant did not affect 

colonisation potential 

The EpaX mutants were made in the E. faecalis OPDV strain, a strain containing four mutations 

(ȹoatA, ȹpgdA, ȹdltA, and ȹsigV). Although these four mutations do not affect the 

polysaccharide of interest, growth studies were undertaken to determine if there was any 

significant growth defect resulting from these mutations, which might be impacting upon the 

colonisation differences seen. Quantifying OD600 hourly for 9 hours of growth under optimal 

conditions, confirmed a slight growth defect seen in the ȹEpaX mutant but this was also seen in 

the complemented strain (Figure 5-5). Since zebrafish intestinal colonisation was restored in the 

complemented strain, this growth defect was unlikely to be the cause of the colonisation defect. 

Interestingly, the OPDV strain alone demonstrated enhanced growth compared to wildtype 

(WT) OG1RF. The OPDV strain is from a parental JH2-2 background which has been 

paradoxically shown to be non-virulent in the zebrafish in its pure parental strain compared to 

OG1RF (Prajsnar et al., 2013), but equally virulent to OG1RF when the OPDV mutation and 

Epa mutations are present (Smith et al., 2019). Both these papers however infected zebrafish 

larvae at 1dpf, at a time when neutrophils are not yet seen (Le Guyader et al., 2008b), and 

therefore it is difficult to draw definitive conclusions regarding the true effects on survival with 

a fully functioning innate system. 

 

In addition to the ȹEpaX mutant (mutant 2.14), three other mutants in the region of this locus 

were tested, numbered mutants 2.5, 2.8 and 2.13 (Figure 5-3) to reduce the chances of the 

previous findings being a spurious epistatic result. All of these mutants visibly colonised the 

mid-intestine of larvae after 12 hours, and confirmed that only the ȹEpaX mutant was 

associated with a defect in colonisation (Figure 5-6A) as demonstrated by a significant decrease 

in CFU recovered from each larvae (Figure 5-6B). This reinforces the hypothesis that EpaX 

plays a specific role in colonisation, similar to rodent studies (Rigottier-Gois et al., 2015), and 

further confirms that the OPDV background itself was not implicated in the colonisation 

potential of E. faecalis, but rather only the specific EpaX defect alone. 
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Figure 5-5: Growth curves over 9 hours for OG1RF WT and OPDV ȹEpaX mutants. Each E. 

faecalis strain was grown at 37ęC with agitation, in a conical flask in 50 mL of BHI with or without 

antibiotics to select for the relevant plasmid. At each hour, 1 mL from each flask was withdrawn under 

aseptic conditions and absorbance OD600 measured. Error bars show SD, N=3 in three independent 

repeats. 
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Figure 5-6: The effect of E. faecalis mutations on intestinal colonisation. A. Graph of E. faecalis 

CFU recovered from each larvae for the OG1RF wildtype and mutant strains. N=30/group in three 

independent repeats, comparison with one-way ANOVA, error bars show SD, ****p<0.0001. B. 

Representative BHI-tetracycline plate of 1:1000 dilution triplicate CFU plating of mutant strains when 

grown overnight on selective BHI plates at 37ęC. Each quadrant representing a single larva, average of 

three spots taken as a single CFU count to be plotted). 
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5.2.4 Persisting E. faecalis did not induce an increase in physiological 

inflammatory markers 

Further characterisation of the colonisation model was performed by analysing the zebrafish 

equivalent of several human markers of intestinal inflammation, for example, a thickened 

intestinal wall, increased frequency of stools, increased mucous secretion, or rectal bleeding. 

First, thickness of the zebrafish intestinal wall was measured at the mid-region of the intestinal 

tract, the area of colonisation. A significant increase in intestinal thickness was seen (Control 

mean +/- SEM: 27.87µm +/- 0.52, OG1RF: 29.86µm +/- 0.68, p=0.021, t-test, Figure 5-7A). 

Nonetheless, at this stage of zebrafish development, accelerated maturation could be an alternate 

explanation rather than an inflammatory response, especially since the increase appeared 

uniform throughout the GIT, rather than a localised swelling. Next, changes in intestinal 

motility were investigated. Bacterial sensors are expressed in the intestine, and when highly-

stimulated can cause intestinal hypermotility (Caputi et al., 2017). Peristaltic contractions over 

six minutes were quantified as previously described (Rawls, Samuel and Gordon, 2004), and no 

significant increase in intestinal motility in response to E. faecalis colonisation was 

demonstrated (Control mean +/- SEM: 7.50 +/- 0.45. OG1RF: 8.27 +/- 0.34, t-test, p=0.1861, 

Figure 5-7B) . An increase in mucin production and goblet cell number is also often a feature of 

human intestinal inflammation, and this was assessed next. A positive control was used by using 

dextran sulphate sodium salts (DSS) 0.5% (w/v) as previously described (Oehlers et al., 2012). 

This resulted in intraluminal mucin seen only in the DSS group (Figure 5-7C), and often 

obscured the individual dots of Alcian blue and therefore accurate quantification could not be 

performed in this group. Quantification of numbers of mucin-containing cells between controls 

and OG1RF groups revealed no significant differences (Control mean +/- SEM: 98.53 +/- 5.20, 

OG1RF: 88.62 +/- 4.15, p=0.1394, t-test, Figure 5-7D). Finally, rectal bleeding does not feature 

strongly in teleosts, but other studies have shown that microbes in close association with, or 

invading, an epithelial surface can induce host cell death (Ashida et al., 2011). This was 

investigated using acridine orange staining (Figure 5-8A) and the positive control with 50 µM 

Glafenine as described (Goldsmith et al., 2013). Persisting E. faecalis induced no detectable 

increase in cell death (Control mean +/- SEM: 0.029% +/- 0.029, OG1RF: 0.030% +/- 0.030, 

Glafenine: 0.95 +/- 0.032, p>0.9999, Kruskal-Wallis with Dunnôs correction, Figure 5-8B).  
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Figure 5-7: Physiological inflammatory markers were not increased in E. faecalis colonisation. A. 

Thickness of intestinal wall measured at mid-point of segment III (region of colonisation) of the larval 

GIT. Control groups were microgavaged with PBS, and treatment groups with 10
5
 CFU of OG1RF- 

mCherry. Three separate measurements were obtained for each fish, and the mean used for analysis. 

N=48/group in four independent repeats, error bars show SD, comparison with t-test, *p<0.05. B. 

Number of organised peristaltic contractions in the GIT. Live zebrafish larvae microgavaged with PBS 

or 10
5
 CFU OG1RF-mCherry, lightly anaesthetised with Tricaine for live bright field time-lapse imaging 

for 6 min using a Nikon Eclipse TE2000-U microscope. Quantification was performed blinded using 

these time-lapse images at a later time. N=15/group in three independent repeats, comparison with t-test, 

ns=non-significant, error bars show SD. C. Alcian blue staining on larvae microgavaged with PBS, 

OG1RF, or DSS 0.5% (w/v) as a positive control. Representative images (background subtracted) of the 

mid and distal intestinal tract of larvae are shown. D. Graph comparing number of mucin cells quantified 

in segment III of larvae. N=18/group, in three independent repeats. Comparison with t-test, ns=non-

significant, error bars show SD. 
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Figure 5-8: Acridine orange staining for cell death as a marker of intestinal inflammation. Larvae 

were immersed in 1 µg/mL of acridine orange for 30 min, and then rinsed three times in E3 without 

methylene blue to remove excess dye, prior to immobilisation for imaging. Positive controls were 

obtained by immersion in glafenine (50 µm) for 6 h prior to acridine orange staining. A. Representative 

images of acridine orange of live larvae immobilised in 0.8% agarose and imaged with a 20X objective, 

are shown. B. Graph showing fraction of larvae demonstrating intestinal fluorescence when visualised 

with acridine orange filters compared to the positive control of 50 µM glafenine. N=33/group in three 

independent repeats, comparison with Kruskal-Wallis with Dunnôs multiple comparison correction, 

ns=non-significant, **** p<0.0001, error bars show SD. 
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