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Fever is a physiological defense mechanism against infection associated with a rise 

in host’s temperature. Febrile responses are evolutionarily conserved through millions of 

years, taking place in both warm-blooded and cold-blooded vertebrates that share common 

biochemical pathways for fever induction. Ectotherms, unlike endotherms, rely entirely on 

behaviour to raise their body temperatures by translocating to warmer environments. Despite 

fever’s long-standing role in host survival, as displayed in several animal experiments and 

clinical trials, the underlying mechanisms remain poorly understood. Historically, a shift 

away from a pathogen’s preferred temperature and global activation of the immune system 

were proposed. However, the reported capability of microbes to thrive at fever-range 

temperatures and detrimental inflammation-associated tissue damage in case of overall 

augmentation of immune responses undermine these assumptions. Therefore, a debate on the 

net value of fever to health continues to permeate the literature, which was further 

compounded by limitations in available experimental models effectively replicating natural 

physiological processes driving and maintaining fever. The commonly utilized endothermic 

models employing fever-range hyperthermia provided valuable insights into the thermal 

regulation of innate and adaptive immunity. However, physiological stress coupled with 

mechanical hyperthermia or off-target effects accompanying antipyretics use in these models 

intervened with intrinsic pathways, altering immune and homeostatic regulatory effects 

prompted by febrile responses.  

In this study, I took advantage of a cold-blooded teleost fish model with the 

advantage of natural kinetics for fever induction and regulation as well as wide-ranging 
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tolerated temperatures to investigate the ability of a febrile response to enhance restoration 

of tissue integrity and homeostasis. A custom swim chamber, combined with high-resolution 

quantitative positional tracking, demonstrated consistency in the preference of infected fish 

for higher temperatures. A self-resolving Aeromonas veronii cutaneous infection allowed for 

examination of the impact of fever on inflammatory and subsequent proliferative phase of 

tissue repair that necessitates proper resolution of inflammation. This was achieved through 

in vivo and in vitro assays, including histopathological, gene expression, immune functional 

and proliferation analyses.  

Results reveal a novel intrinsic fever capacity to promote restoration of tissue 

homeostasis upon infection. Fish exerting behavioural fever demonstrated enhanced kinetics 

of leukocyte recruitment to the infection site and significantly improved bacterial clearance, 

despite A. veronii growing better at higher temperatures. We further characterized selectivity 

in the induction of protective immune mechanisms during febrile response that correlated 

less inflammation-associated collateral injury. Marked differences in the expression of 

inflammatory mediators were observed under fever and non-fever conditions. Additional 

robustness of inflammation control and upregulation of pro-resolution cytokines promoted 

the shift toward proliferation stage. Fever fish showed enhancements of wound closure, re-

epithelialization and collagen deposition. These attributes were coupled with remarkable 

upregulation of growth factors and efficient epidermal and dermal healing. Fever-range 

hyperthermia, commonly used to study fever, and mechanical replication of behavioural 

fever’s thermal pattern recapitulated some but not all benefits achieved during natural host-

driven dynamic thermoregulation.  
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Together, my findings show that fever is not a by-product of inflammation but an 

integrative host response that regulates inflammatory and proliferative phases of tissue 

healing, contributing significantly to restoring tissue homeostasis subsequent to infection. 

They further underscore the significant role of febrile responses in host defense and provide 

a better understanding of fever biology and the underlying mechanisms of its survival 

capacity.     
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1.1. Introduction  

Fever is a physiological immune mechanism against infection characterized by a rise 

in body temperature [1]. Febrile response is evolutionarily conserved through millions of 

years, which supports its value to host survival. Fever was described as early as 400 BC by 

Hippocrates to possess a superior healing capacity in treating diseases [2]. Additionally, the 

expanding literature since the mid-1970s has consistently recounted the significant role of 

fever in reducing morbidity and mortality rates, as exhibited in animal experiments and 

clinical trials [3,4]. These observations suggested a capacity of fever to enhance immune 

responses and achieve effective return to homeostasis. Yet, these assumptions and their 

underlying mechanisms are not fully determined, leading to an ongoing debate as to whether 

fever is net positive or negative to health. This is further complicated by the current gaps in 

our understanding of fever’s biology compounded by limitations in available experimental 

models that can effectively recapitulate the natural physiological processes driving and 

sustaining fever. For instance, although the commonly utilized endothermic mammalian 

models (e.g., mice, rats and rabbits) have provided valuable insights into the thermal 

regulation of immune responses [3], these models are associated with physiological stress 

resulting from mechanically-induced hyperthermia in addition to off-target effects of 

antipyretics used to suppress fever [3,5,6], which ultimately interfered with the host’s 

intrinsic febrile responses. This, in turn, could skew any immune or homeostatic regulatory 

effects prompted by fever. 

Fever is classically initiated in endotherms through a humoral pathway that involves 

binding of damage-associated molecular patterns (DAMPs) and/or pathogen-associated 
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molecular patterns (PAMPs) to pattern recognition receptors (PRRs) on tissue-resident 

myeloid cells to trigger pro-inflammatory and antimicrobial responses [7]. Endogenous 

pyrogenic cytokines such as interleukin 1 (Il1), Il6 and tumor necrosis factor alpha (Tnfa) 

are released into the bloodstream to reach the pre-optic nucleus of the hypothalamus [8]. 

Pyrogens induce an increase in prostaglandin (PG)E2 levels via upregulating PGE synthase 

1 (PGES1) [9]. PGE2 plays a dominant role in fever induction by blocking inhibitory 

neuronal pathways and initiating excitatory outputs on sympathetic neurons instigating 

vasocontraction of peripheral blood vessels, muscle shivering and thermogenesis [10]. Since 

its discovery, fever has been described to exist only in warm-blooded animals. Yet, in 1974, 

Vaughn et al., followed by other researchers, reported fever in cold-blooded animals (e.g., 

amphibians, reptiles and fish) [11–17], where they behaviourally translocate to warmer 

environments to increase their body temperatures, i.e., behavioural fever. Interestingly, 

mechanisms driving fever, including the engagement of the central nervous systems (CNS) 

and PGE2, are shared and well-conserved between endotherms and ectotherms [18]. 

Thereby, behavioural fever models represented a unique opportunity to examine the potential 

impact of fever on immune responses and restoration of tissue homeostasis via controlling 

the environmental temperatures surrounding the ectothermic model. These models avoid 

physiological stresses associated with manipulating hypothalamic temperature set-point. 

Additionally, they circumvents the pharmacological off-target effects accompanying the use 

of antipyretics in endotherms [3]. 

Restoration of tissue homeostasis following an injury induced by physical damage 

and/or infection is achieved via tissue repair [19], a complex biological process that involves 
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interactions between immune and connective tissue cells. Together, these cells and several 

humoral factors accomplish sequential phases, comprising inflammation and proliferation, to 

restore damaged tissue. Following an injury, tissue is infiltrated with leukocytes recruited by 

pro-inflammatory cytokines (e.g., Il1b and Tnfa) and chemokines such as Chemokine C-X-C 

motif Ligand 8 (Cxcl8), also known as Il8 [20]. Immune cells combat pathogens via defense 

mechanisms, such as phagocytosis and antimicrobial responses, e.g., nitric oxide (NO) and 

reactive oxygen species (ROS) [21]. Following eradication of infection, tissue-resident cells 

secrete anti-inflammatory cytokines (e.g., transforming growth factor beta (Tgfb) and Il10 to 

induce a resolution of inflammation and a shift toward the proliferative phase of tissue repair 

[20]. Macrophages, among other cells, produce a variety of growth factors, including 

vascular endothelial growth factor (Vegf), insulin like growth factor 1 (Igf1), fibroblast 

growth factor (Fgf) and epidermal growth factor (Egf) to initiate rebuilding of damaged 

tissue [21,22]. These growth factors activate several tissue repair pathways to accomplish re-

epithelialization [23–25], granulation tissue formation [22,26], and development of new 

blood vessels (angiogenesis) [27].  

In this study, I utilized a behavioural fever teleost fish model to examine 

contributions of fever to tissue repair and their underlying mechanisms under host-driven 

dynamic thermoregulation. This enabled me to closely resemble natural conditions for 

heating and cooling; and to overcome caveats associated with the use of exogenous drugs, 

mechanical hyperthermia, or disruption of natural thermoregulatory response in endothermic 

models. Moreover, using a self-resolving Aeromonas veronii cutaneous infection as a tissue 

repair model allowed me to examine the effects of fever on the inflammatory phase as well 
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as the proliferation phase that requires proper resolution of inflammation. I hypothesized that 

fever, along with enhancing immune responses toward infection, would likewise promote 

restoration of homeostasis and healing of damaged tissue via activation of tissue repair 

machinery as a part of its advantageous host survival ability.  

Results showed that fever modulated both inflammatory and proliferative phases of 

the repair process. Febrile responses were associated with early recruitment of leukocytes 

dominated by neutrophils to the infection site, followed by rapid resolution of inflammation. 

Moreover, recruited cells revealed marked changes in their antimicrobial profile 

characterized by a significant reduction in oxidative burst. During proliferation phase, I 

observed activation of various tissue repair pathways that are critical for the development of 

both epidermis and dermis layers of the skin in fever fish. I further identified a robust 

intrinsic capacity of fever to enhance re-epithelialization and collagen deposition. Although a 

manual increase in fish housing temperature to a febrile range or mechanically replicating 

fever’s thermal pattern showed some of its modulatory effects, it did not recapitulate fever’s 

full tissue repair capacity.  

 

1.2. Thesis objectives  

The main objective of my thesis was to characterize potential contributions of fever 

to restoration of homeostasis subsequent to infection by assessing fever’s impact on 

inflammatory and proliferative phases of tissue repair. This was complemented by dissecting 

underlying mechanisms by which fever can modulate immune and reparative pathways to 
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influence bacterial clearance, wound closure, development of epidermis and dermis layers of 

the skin using a behavioural fever model. My research focused explicitly on assessing 

contributions of dynamic behavioural fever to several tissue repair events compared with a 

basal static housing temperature and fixed static high (fever-range) temperature in goldfish 

challenged with Aeromonas veronii cutaneous infection. These events, for example, involved 

expression level of inflammatory cytokines, leukocyte recruitment, inflammation resolution, 

pathogen clearance, re-epithelialization, mature collagen (type I) deposition and growth 

factors profile. Specific aims of my thesis were: (1) to characterize kinetics of wound healing 

and behavioural fever pattern in A. veronii infected goldfish; (2) to determine the impact of 

fever on the inflammatory phase of tissue repair; (3) to determine the effects of fever on the 

proliferative phase of tissue repair; (4) to determine the feasibility of replicating fever’s 

reparative benefits through mechanical means.  

 

1.3. Thesis outline  

My thesis comprises six chapters. The first chapter is an introduction and literature 

review where I discuss what we know so far about fever and the current gaps in the literature 

about its biology. Additionally, I briefly highlight the main mechanisms and stages of tissue 

repair as well as the significant contribution of acute inflammatory response to healing 

outcomes. The second chapter describes the materials and methods utilized in my thesis. The 

third chapter focuses on describing wound healing kinetics in goldfish as well as 

characteristics of behavioural fever response in fish infected with Aeromonas veronii. This 
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chapter provides a foundation for the following chapters, where I discuss fever’s 

modulations of the healing process. The fourth chapter encompasses the core part of my 

research, where I highlight the impact of fever on inflammatory and proliferative phases of 

tissue repair. The fifth chapter largely emphases the effects of mechanical replication of 

fever on tissue repair. The sixth chapter summarizes the main findings and discusses 

relevance and future directions.  

 

1.4. Literature review: Fever and tissue repair  

1.4.1. Introduction 

The conservation of fever through millions of years of evolution was supported by 

the discovery of behavioural fever since most ectothermic vertebrates, representing the 

majority of animal species, do not have the capacity to increase their body temperature 

metabolically as in the case of endotherms. The revealed intrinsic ability of ectotherms to 

migrate to higher temperature environments provided an alternative to achieve a fever state 

by which ectotherms can enhance their survivability when infected. The evolutionarily 

conserved deployment of fever in both endotherms and ectotherms in response to infection 

indicated fever as an essential physiological defense mechanism. This was further supported 

by several observations showing a fever-associated increase in survival rates in a variety of 

animals challenged with diverse pathogens [28], in addition to clinical studies correlating the 

rise in mortality rates with suppression of fever in critically ill patients [4].  
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Fever-range temperatures were reported to influence inflammatory responses by 

modulating various components of innate and adaptive immunity [3,4]. These studies 

utilized endothermic models where mechanical hyperthermia and antipyretics were 

employed. The utilization of a behavioural fever model in the Barreda lab provided an 

opportunity to study fever as a widely evolutionarily conserved febrile response and allowed 

for characterization of significant immunomodulatory effects of fever deprived of 

dysregulation of normal febrile responses. Still, the host has to ensure an effective return to 

homeostasis [3]. Therefore, I hypothesized fever to achieve effective restoration of tissue 

integrity by tightly regulating immune responses avoiding extensive collateral tissue damage 

and effective tissue healing as a mechanism of its survival capacity.  

Tissue repair is a biological process by which a host mediates healing of injured 

tissue induced by physical damage and/or infection [19]. The process entails an overlapping 

sequence of cellular and molecular events following a tissue lesion to restore damaged tissue 

and its function [21]. Wound healing represents a good model of tissue repair since it 

encompasses the majority of healing events occurring in other parts of the body and the 

comparatively easy assessment of wound closure and signs of healing. Therefore, I used an 

A. veronii cutaneous infection model to investigate tissue repair under fever and non-fever 

conditions. The inflammatory and proliferative phases of wound healing are sequential 

events regulated by a complex network of cytokines and growth factors [29]. Major events 

involve leukocyte recruitment, inflammation control, fibroblast proliferation, collagen 

deposition, angiogenesis and re-epithelialization [30].  
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1.4.2. Fever 

Fever, also known as pyrexia, is a state of increased host core temperature beyond its 

normal range to function as a physiological defensive mechanism against infection [3]. Fever 

differs from hyperthermia despite both being associated with an elevated body temperature 

above the host’s thermopreferendum. During fever, the temperature rise is regulated 

centrally by the hypothalamus through thermoregulatory mechanisms in response to 

infection with a strong association of sickness behaviours. In hyperthermia, the process is 

induced by excessive heat production, disruption of heat dissipation means or exogenous 

gain of heat increasing host’s temperature that is not regulated by CNS [31,32]. For example, 

hyperthermia can be triggered due to pharmacological or pathological impairments of 

thermoregulation pathways mediating heat loss [33]. Another form of hyperthermia, 

commonly utilized in endothermic models investigating fever, is fever-range hyperthermia, 

where these animals are exposed to external heat sources [3]. Fever is markedly distinctive 

from these forms of hyperthermia being induced by pyrogenic cytokines and inhibited by 

antipyretics. In contrast, hyperthermia lacks these characteristics, indicating that only fever is 

generated due to an upward displacement of the hypothalamic set point [31,34].  

Since antiquity, fever has been considered a hallmark and a cardinal symptom of 

several inflammatory and infectious diseases. The relationship between infection and host’s 

temperature was even detected in plants, where the temperature of bean plant’s leaves was 

found to increase by approximately 2°C during fungal infection [35]. Great scholars such as 

Parmenides described fever as early as 500 BC: “Give me the power to produce fever and I'll 

cure all disease” [2]. Hippocrates also highlighted the fever’s beneficial therapeutic effects 
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on epilepsy; likewise, Galen reported the capacity of fever to cure Melancholia [36]. In 

1927, Austrian psychiatrist Julius Wagner-Jauregg won a Nobel prize in medicine and 

physiology for utilizing fever generated by malaria infection to treat syphilis-induced general 

paralysis of the insane (GPI). Following that, fever started gaining prevalent interest and 

attracted the scientific community to investigate its biology and possible contributions to 

biological processes such as immune responses. 

The long-standing conservation of fever despite the associated energy loss [37] and 

high risk of predation [38], caused by increased metabolism and lethargy/sickness 

behaviours, suggested its significant role in defense against infection. Yet, fever was viewed 

for many years as an undesirable sign of inflammation. This is owing to gaps in our 

understanding of its biology and the lack of valid experimental models to fill those gaps. As 

a result, fever is commonly suppressed by anti-inflammatory and antipyretic medications by 

the public as well as in clinical settings [39,40] to avoid distress and discomfort. It is worth 

mentioning that there are severe pathological forms of fever where body temperature is 

above the normal febrile range and persists for prolonged durations. Managing these cases 

via external cooling or antipyretics is essential to avoid neurological complications and other 

organ failures [41,42].  My focus in this research is on the most common milder forms of 

febrile responses.  
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1.4.2.1. Fever in endotherms  

Fever is classically induced in endothermic vertebrates metabolically through a 

humoral pathway along with behavioural changes such as lethargic sickness behaviour and 

seeking warmth. This comes at a high metabolic cost since a rise in body temperature by 1°C 

is associated with about a 10% increase in metabolic rate [43]. The initiation and 

maintenance of fever in response to infection are achieved through complex coordination 

between the innate immune system and CNS, particularly the hypothalamus [8], in addition 

to the peripheral nervous system [44].  

 

1.4.2.1.1. Humoral and neuronal regulation of fever  

1.4.2.1.1.1. Humoral pathway 

Subsequent to infection, recognition of exogenous pyrogens such as PAMPs and 

DAMPs by PRRs, including toll-like receptors (TLRs) on tissue-resident leukocytes, triggers 

pro-inflammatory and antimicrobial responses [7,8,45]. These leukocytes involve 

neutrophils, macrophages and dendritic cells [46]. Upon their activation, these immune cells 

secrete endogenous pyrogens such as Tnfa, Il1b, Il6 and interferon gamma (Ifng) to be 

released into the bloodstream [9,47,48]. Il6 levels are enhanced by both Il1b and Tnfa [49], 

and it was reported to be the primary mediator inducing fever [50]. This was clearly shown 

in mice challenged with lipopolysaccharide (LPS) that were unable to generate fever, 

regardless of high levels of Tnfa and Il1b, when Il6 was neutralized either by knockout or 

antibodies [51,52]. 
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Endogenous pyrogens travel through the bloodstream to CNS, particularly the 

preoptic-anterior hypothalamic area, via active transendothelial transport or through 

organum vasculosum laminae terminalis (OVLT) that is deficient of a blood-brain barrier 

[53,54]. Through activation of nuclear factor-kappa B (NF- B) [55] and signal transducer 

and activator of transcription-3 (STAT3) [56] in endothelial cells of anterior hypothalamus, 

pyrogens induce upregulation of cyclooxygenase 2 (COX2) [55] and PGES1 [57] enzymes. 

These enzymes promote the synthesis of PGE2. Other researchers suggested that PAMPs can 

directly bind to TLRs on brain endothelial cells, thus increasing PGE2 levels [58,59].  

PGE2 retains a key role in inducing and sustaining fever [60]. Injection of PGE2 

directly into the ventricles of rabbits and cats led to a rise in their body temperature [61]. 

Other experiments established the significance of PGE2 in fever induction by utilizing PGE2 

inhibitors [62,63]. The biosynthesis of PGE2 involves three successive steps: (1) arachidonic 

acid is produced by phospholipase A2 enzyme; (2) COX enzyme converts arachidonic acid 

into PGG2 and then into PGH2; (3) PGES1 enzyme metabolizes PGH2 into PGE2 [64]. 

While there are two forms of COX enzymes (COX1 and COX2), COX2 is commonly 

expressed in response to inflammation [65]. PGE2 can also be produced peripherally by 

tissue-resident macrophages, in addition to being locally generated in the brain, to travel 

through the bloodstream to reach CNS [62]. Several studies detected peaked levels of PGE2 

in fish plasma during behavioural fever [66,67].  

PGE2 binds to its receptors located on neurons of the preoptic nucleus. Among 

several types of PGE2 receptors [68], EP3 is the most crucial [69]. EP3 receptors activate 

GABAergic neurons that provoke inhibitory functions on the dorsomedial nucleus of the 
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hypothalamus [10,70]. Blocking downstream neurons of the dorsomedial nucleus generates 

excitatory outputs towards sympathetic neurons, enhancing the release of norepinephrine 

(NE) [10]. NE induces peripheral vasoconstriction and intrinsic thermogenesis of brown 

adipose tissue resulting in heat production and conservation. Furthermore, somatomotor 

neuron activation promotes acetylcholine release to induce skeletal muscle shivering [71]. 

Collectively, thermogenesis, vasoconstriction and shivering cause a rise in body core 

temperature [71]. 

 

1.4.2.1.1.2. Neural pathway 

A neural pathway was alternatively proposed for fever induction in endotherms, yet 

to be characterized in ectotherms. PGE2 stimulates peripheral sensory neurons, including 

Trigeminal [72] and Vagus [73] nerves. These neurons synapse with the nucleus of the 

solitary tract (NTS), where stimulatory signals reach the ventral noradrenergic part of the 

preoptic nucleus of anterior hypothalamus to release NE, thus energizing the synthesis of 

PGE2 [44]. Notably, the neural pathway is suggested to be accountable for the short-term 

onset of fever [8].  

 

1.4.2.1.2. Thermoregulatory behaviours in endotherms  

Despite the classical metabolic induction of fever in endotherms/humans, various 

accompanying behavioural responses have been documented to be deployed, thus assisting 

in heat conservation or cooling. These behaviours are likely triggered by the hypothalamus 
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via temperature sensing [74,75] to achieve comfort based on the hypothalamic set-point of 

temperature. Searching for warmer environments entails sunbathing, crouching (in animals) 

and wearing more clothes (in humans), whereas seeking shade, wallowing, panting and bird 

bathing are utilized to avoid hyperthermia [76]. 

 

1.4.2.1.3. Limitations of endothermic fever models  

The majority of studies investigating the impact of fever on immune responses 

largely utilized in vivo and in vitro mammalian endothermic models. Researchers in these 

experiments examined thermo-immunomodulation via employing a fever-range whole-body 

mechanical hyperthermia, i.e., manually increasing the host’s temperature to a febrile range 

using exogenous heat [77,78]. These techniques managed to highlight the significant impact 

of fever-range hyperthermia on both innate and adaptive immune arms [3]; nevertheless, it 

does not take into consideration the contributions of cytokines and lipid mediators generated 

during fever.  Another caveat of this approach is the physiological stress induced by external 

heat and manipulating hypothalamic temperature set-point, which could bias the results [79]. 

For example, glucocorticoids generated during thermal stress via the hypothalamic-pituitary-

adrenal axis have immunosuppressive effects, which can influence leukocyte migration, 

inflammatory cytokines profile and cell-mediated adaptive immune responses [80,81].  

On the other hand, stress-generated sympathetic activation could have additional, 

premature, or excessive triggering of pro-inflammatory pathways [82]. Moreover, protective 

cooling mechanisms activated following external heat application ultimately interfere with 
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various regulatory pathways. Suppression of fever in endothermic models is primarily 

achieved via pharmacological inhibition using antipyretics. These drugs were shown to have 

side and off-target effects that could disrupt inflammatory programs, representing another 

challenge in establishing the adaptive value of fever [83–85]. Likewise, although applying 

external heat to in vitro cell lines can demonstrate the outcome of thermal applications in 

individual cell types, it neglects other extracellular factors and interplays/crosstalk with other 

cells. Collectively, stress- or antipyretics-associated alterations of immune responses during 

hyperthermia in mammalian models led to an unestablished determination of potential 

immunomodulatory effects of fever.  

 

1.4.2.2. Fever in ectotherms  

Cold-blooded animals possess the ability to translocate to environments of higher 

temperatures, above their final thermal preference, in response to infection [18]. Fever in 

ectotherms was discovered for the first time by Vaughn et al., who described a relocation of 

Dipsosaurus dorsalis (desert iguana) to warmer zones when infected with killed Gram-

negative Aeromonas hydrophila [11]. Following that, researchers characterized behavioural 

fever in a variety of other ectothermic vertebrates based on their migration to higher 

temperature environments using various behavioural assessment systems. The list includes 

but is not limited to (1) amphibians: toads [86,87] and frogs [88]; (2) reptiles: lizards 

[11,89–91] and snakes [13]; (3) fish: goldfish [12,16,17,92], zebrafish [66,93] and rainbow 

trout [94]. Additionally, invertebrates such as bees [95,96] showed a fever response. 
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Surprisingly, some newborn mammals, such as rabbits, were shown to generate fever 

behaviourally when they lacked the metabolic toolkit [97].  

Conflicting data were reported demonstrating that behavioural fever was lacking in 

some ectotherms challenged with killed bacteria, parasites or pyrogens. This was shown in 

fish [98], lizards [99], turtles [100] and snakes [101]. A number of factors could have 

influenced these observations, including the temperature gradient system used in the 

experiment and doses of the stimulants [43,102]. For instance, alligators (Alligator 

mississippiensis) that were injected intraperitoneally with A. hydrophila led to a behavioural 

increase in their body temperature; though, the administration of the same dose of a Gram-

positive bacterium, Staphylococcus aureus did not provoke fever [14], which suggested that 

a higher dose of S. aureus might have been required to prompt a febrile response.  

 

1.4.2.2.1. Endogenous and exogenous pyrogens in ectotherms  

A number of exogenous pyrogens were used in behavioural fever experiments, and 

they were shown to induce a febrile response. These include several species of both Gram-

positive and Gram-negative bacteria [12,89,103–107], fungi [88,108], viruses [66,67,109] 

and LPS [16,90,94,110]. Conversely, endogenous pyrogens are not well-characterized in 

ectotherms. Few studies demonstrated that pyrogenic inducers of fever in cold-blooded 

animals are produced by leukocytes and found in the bloodstream. This was shown when 

active supernatant of peritoneal leukocytes, not denatured, isolated from lizards Dipsosaurus 

dorsalis infected with A. hydrophila resulted in a fever response when injected into the same 
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lizard species [111]. Comparably, plasma of frogs (Rana esculenta) pre-infected with M. 

ranae bacterium was administered to frogs of the same species, that as a result, developed 

behavioural fever  [112]. These findings indicate a potential role of peripheral prostaglandins 

and cytokines in fever induction in ectotherms. Yet, these pyrogens are still to be identified.  

 

1.4.2.2.2. Regulatory pathways shared between endotherms and ectotherms 

Despite the differences in fever’s shape between warm- and cold-blooded animals 

(predominantly metabolic versus behavioural, respectively), they intriguingly share common 

pathways inducing febrile responses. This was supported by the attenuation of warm-seeking 

behaviour of some ectotherms by antipyretics [12,113], indicating joint biochemical 

processes driving fever in endothermic and ectothermic animals. Similar to endotherms, the 

preoptic area of anterior hypothalamus is considered the heat regulatory centre in the case of 

ectotherms, where it contains thermo-sensitive neurons [114–116]. This was established 

when a group of researchers induced electrolytic lesions in the preoptic nucleus, thereby 

suppressing behavioural fever in toads [117]. In contrast, lesions away from the area did not 

impact the febrile responses.  

PGE2 was also found to play an important role in ectothermic fever. Injection of 

PGE2 into the brain of salamanders or frogs resulted in behavioural fever in those animals 

[112,118]. Others utilized antipyretics such as salicylic acid, indomethacin and 

acetaminophen to inhibit the synthesis and/or release of PGE2, which, when administered, 

suppressed fever in lizards, toads and fish [87,107,119]. Additionally, plasma levels of PGE2 
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were remarkably increased in fish during febrile responses [66,67,109]. Taken together, 

these results established a shared involvement of PGE2 and hypothalamus in fever induction 

between ectotherms and endotherms. Still, little is known about endogenous pyrogens in 

ectothermic animals, in addition to stimulatory neurons activated by PGE2 to trigger 

behavioural changes.  

 

1.4.2.2.3. Behavioural fever in fish  

In 1977, fever was reported to exist in fish (goldfish; Carassius auratus) for the first 

time [92]. Succeeding that, other fish species were shown to deploy behavioural fever in 

response to various stimuli (refer to 1.4.2.2 Fever in ectotherms for more information). In 

parallel to other ectotherms, the body temperature of fish is principally affected by the 

surrounding environment. Water has a higher conductance, leading to uncontrolled 

exchanges of thermal energy between fish and the adjacent water through skin and gills 

[120]. Therefore, it is challenging for fish to maintain a core body temperature above the 

environmental temperatures. Also, most fish are devoid of brown adipose tissue and 

metabolic regulatory pathways generating heat during endothermic fever. Thereby, the vast 

majority of fish species continue to be ectothermic, thus retaining the ability to adapt and 

survive environmental stresses [121,122]. Still, different fish species have a distinct 

preferred range of temperatures that they can withstand without experiencing stress. These 

optimal temperatures further differ within the same species depending on age, season, 

environmental interactions, and whether they are infected [123]. In spite of their inability to 

generate heat metabolically in response to infection, fish can increase their body 
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temperatures behaviourally. This was shown to promote their survival (refer to 1.4.2.3. 

Fever, survival and impact of antipyretics). 

 

1.4.2.2.4. Occasional endothermy in ectotherms  

In addition to behavioural thermoregulation, some ectotherms, identified as regional 

or facultative endotherms, have evolved adaptive mechanisms by which they can generate 

heat to maintain higher temperatures compared to those of surrounding environments. 

Animals, including tegu lizard [124], pythons [125], and a few fish species such as sharks, 

tunas, billfish, swordfish, mackerel and lamnid, are able to increase the temperature of 

specific tissues and/or organs via thermogenesis [121,126,127]. Fish can generate heat using 

particular muscles located deep and insulated by overlaying fatty tissues during locomotion 

and further conserve this generated heat via an intricate vascular heat exchange system 

[128,129]. The system comprises adjacent venules and arterioles to allow heat transfer from 

the warm venous blood exported from heat-producing muscles and tissues to cold blood in 

arterioles diverting from gills [130,131]. The heat exchange system preserves heat and foils 

energy loss. Other fish species, such as marlins, spearfishes and billfishes, were found to 

possess heat-generating tissues in the cranium along with brown adipose tissue [132,133].  

Notably, regional endotherms can only generate and maintain heat for short periods, 

likely to empower particular vital biological functions such as food digestion, absorption, 

vision and intellectual functions, especially at depth [134,135]. Nonetheless, these animals 

lose this capacity over time and are required to exercise behavioural thermoregulation [136]. 
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Interestingly, opah, a mesopelagic fish also known as moonfish, showed the capacity to 

produce thermal energy using aerobic pectoral muscles to be distributed throughout the 

entire body [137], representing a rare model of whole-body endothermy in ectotherms. 

Opahs are additionally characterized by a stacked counter-current exchange system located 

in fat-insulated gill arches that greatly diminish heat loss between gills and surrounding 

water [137]. 

 

1.4.2.3. Fever, its survival advantage and the impact of antipyretics  

1.4.2.3.1. Fever promotes host survival in both endotherms and ectotherms  

There is growing evidence supporting the significant role of fever in enhancing host 

survival subsequent to infection. This is clearly shown at the level of animal experiments, 

including the warm- and cold-blooded, as well as clinical trials. These experiments either 

compared a host under fever and non-fever conditions or the impact of inhibiting fever using 

antipyretics on overall survival. Among these lines of evidence, researchers reported the 

ability of some pathogens to inhibit fever as a part of their resistance programs. For instance, 

herpesvirus infection induces soluble decoy Tnf receptors expression to delay the induction 

of behavioural fever, thus promoting viral replication [138], which indicates a prominent 

role of febrile responses in disease resistance.  
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1.4.2.3.1.1. Survival in mammals   

An increase in the mortality rate of rabbits infected with the rinderpest virus by about 

55% was reported when researchers suppressed fever in those animals using a common 

antipyretic (acetylsalicylic acid) compared with rabbits who were left to undergo febrile 

responses [139]. Similarly, New Zealand white rabbits infected with Pasteurella multocida 

showed an improved survival rate when they developed fever with an increase in body 

temperature to less than 2.25°C. Though, there was an increase in the death rate of animals 

that developed a high-grade fever (more than 2.25°C) [140]. Administration of antipyretics 

directly into the anterior hypothalamus of rabbits infected with P. multocida suppressed 

fever, and similarly, these rabbits had a considerable increase in the mortality rate compared 

to the control group [141]. Others studied the impact of inhibiting fever using flurbiprofen, a 

nonsteroidal anti-inflammatory drug (NSAID), in goats infected with Trypanosoma vivax. 

Interestingly, most goats with fever survived (n=16); however, all the goats that were given 

antipyretics died (n=5) [142].  

 

1.4.2.3.1.2. Survival in humans and medical relevance of fever suppression 

With regard to clinical trials, fever was shown to be allied with improved prognoses 

during several bacterial infections. For example, a retrospective study of 218 patients 

infected with Gram-negative bacteria showed a fever-linked reduction in the death rate 

[143].  Likewise, in spontaneous bacterial peritonitis, patients with body temperature > 38°C 

were associated with an increased survival rate [144]. A similar trend was observed in 

clinical studies involving patients with sepsis and severe infection, where in more than 2000 
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patients admitted to the ICU, fever was strongly related to shorter hospital stays and lower 

mortality [145,146]. Recently, better survival rates have been reported in patients with 

COVID-19-induced acute respiratory distress syndrome when having a fever ( 39°C) [147]. 

The use of antipyretics to suppress fever correlated with an increased mortality rate 

of human populations infected with the influenza virus in the United States [148] and in 

critically ill patients admitted to Intensive Care Units [149,150]. Suppression of fever using 

paracetamol was linked to prolonged disease and late recovery in patients having chickenpox 

and malaria [151,152]. Likewise, the administration of NSAIDs in children and adults with 

respiratory infections (e.g., pneumonia) has been associated with extended hospitalization 

and empyema [153]. Patients experiencing hypothermia (a body temperature of 35 to 36°C) 

had a remarkably higher mortality rate than other groups with fever who were associated 

with better survival regardless of the magnitude of the fever [145,154]. The study included 

patients with different pulmonary, urinary, cutaneous and intra-abdominal infections. Other 

research groups reported a similar correlation between hypothermia and mortality in 

hospital-admitted patients [155,156].  

On the contrary, researchers reported that controlling fever via exterior cooling in 

patients admitted with septic shock has decreased early mortality rates [157].  A systematic 

review and meta-analysis of five clinical trials reported limited evidence supporting a 

correlation between fever inhibition and high mortality in critically ill patients without acute 

neurological injury [158]. Though, authors of the review highlighted that those studies were 

underpowered to prove any clinically significant differences. The discrepancies in the 

literature are probably due to difficulties associated with human trials, in addition to several 
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other factors influencing the findings. For example, patients were not infected with the same 

or equal doses of pathogens. Moreover, infected patients did not have the same magnitude 

and duration of fever. Another aspect could be the origin of fever and whether it is induced 

by infectious or non-infectious disease.  Young et al. showed that lowering temperature in 

patients with infectious diseases is likely to have a negative outcome since fever in these 

patients was associated with a lower risk of death [155]. Meanwhile, it was suggested that 

antipyretics could enhance survivability in patients with fever of non-infectious origin.  

 

1.4.2.3.1.3. Survival in ectotherms 

Cold-blooded vertebrates (amphibians, reptiles and fish) provided a unique 

opportunity to study the direct effect of fever on host survival and to answer some of the 

questions concerning fever’s adaptive value. These animals can behaviourally raise their 

body temperatures in response to infection by translocating to warmer environments [18]. 

An early research attempt to examine behavioural fever's impact on survival was conducted 

in 1975 by Kluger's group through infecting desert iguana (Dipsosaurus dorsalis) with A. 

hydrophila. Researches reported that the survival rate was substantially decreased if lizards 

were prevented either physically [159] or via antipyretics [119] from behaviourally 

migrating to warmer environments. Likewise, similar observations were detected in fish.  

For instance, Covert et al. reported that behavioural fever significantly promoted the survival 

of Carassius auratus injected with A. hydrophila [92]. Moreover, in zebrafish (Danio rerio) 

with spring viremia of carp infection, fish that were allowed to deploy fever were associated 
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with a rapid viral clearance along with fewer clinical signs, contrary to fish maintained at a 

fixed temperature condition [66]. 

 

1.4.2.3.2. Currently proposed mechanisms of survival during fever 

The expanding literature supporting fever’s ability to promote host survival 

subsequent to infection opened the door toward characterizing the putative underlying 

mechanisms driving these observations. The suggested hypotheses were as follows (1) an 

increase in body temperature during fever is directly lethal or inhibitory to infectious 

microbes; (2) fever accomplishes a global activation of the immune system, including its 

innate and adaptive arms; (3) fever enhances a rapid and efficient return to homeostasis [3]. 

Although the first two parts of the hypothesis were explored widely through literature, there 

is limited research investigating the third part. Also, most studies examining fever focused 

mainly on the impact of fever-range hyperthermia on various components of innate or 

adaptive immunity and pathogen clearance. 

 

1.4.2.3.2.1. Thermal restriction of pathogens  

Bacteria, fungi, viruses and parasites are directly inhibited by thermal restriction, 

where these pathogens are exposed to a temperature that reaches or exceeds their maximum 

tolerated temperatures [160–163]. For instance, high temperatures (40-41°C) result in a 

substantial reduction in poliovirus replication rate [161] and promote the serum-induced 

lysis of Gram-negative bacteria [164]. Thereby, fever was suggested to unequivocally 
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provide a thermal inhibitory environment against microbes. Nevertheless, newly emerging 

infectious pathogens were shown to have the ability to tolerate a broad thermal range that is 

likely acquired from encountering previous similar hosts [165]. For instance, mice infected 

with Klebsiella pneumoniae displayed an improved bacterial clearance at a febrile-range 

temperature of 37°C. Yet, the bacteria were growing at an ideal rate in culture media at the 

same temperature [166]. This indicated an alternative route by which fever can reduce 

microbial activity, irrespective of thermal restriction, that potentially involves enhancement 

of immune responses.  

 

1.4.2.3.2.2. Fever-range temperatures influence innate and adaptive immune responses 

Fever is postulated to promote immune-protective mechanisms by influencing 

different immune system components. In response to infection, activation of acute 

inflammatory program that incorporates upregulation of pro-inflammatory cytokines and 

recruitment of innate immune cells to infection site is critical to combat pathogens via 

phagocytic or antimicrobial activities [167]. Despite the complexity of immune defense 

mechanisms, fever-range temperatures influenced almost every part of the process. For 

example, febrile temperature augmented neutrophil recruitment to infection sites in mice 

[168]. Mechanistically, granulocyte colony stimulating factor (Gcsf) was one of the main 

factors contributing to heat-induced neutrophil migration in addition to increasing neutrophil 

progenitor cells in bone marrow [169,170], which had a protective effect in irradiation-

generated neutropenia in murine models. Neutrophil recruitment also depends dramatically 

on the levels of Cxcl8, which happens to be affected by fever-range temperature via 
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controlling the expression of heat-inducible transcription factor: heat shock factor protein 1 

(Hsf1) [171].  

The thermal component of fever enhances neutrophil extravasation through 

diminishing endothelial barrier integrity regulated by extracellular signal-regulated kinase 

(ERK) and mitogen-activated protein kinases (MAPKs) [172]. In addition to augmenting 

neutrophil accumulation at the infection site, fever-range hyperthermia empowers their 

respiratory burst and bactericidal activities Likewise, exposing human neutrophils to fever-

scale hyperthermia for a short period increased their released neutrophil extracellular traps 

(i.e., NETosis) and ROS activity in response to P. aeruginosa challenge [173]. RAW 264.7 

cells were found to be more protected against vesicular stomatitis virus (VSV)-induced 

cytotoxicity in vitro when exposed to a fever-range temperature of 39.5°C compared with 

cell lines that were kept at 37°C [174]. Researchers also detected a heat-induced 

upregulation of cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING) 

pathway, resulting in an increased production of interferon beta (Ifnb). Similar results were 

found in vivo, when mice held at 39.5°C were injected with the virus along with an antiviral 

agent (DMXAA); they showed higher levels of Ifnb and better survival [174].  

Added to promoting the innate immune arm, fever-range temperatures can influence 

the bridging to and the development of adaptive immune responses.  For example, higher 

temperatures markedly enhanced the phagocytic ability of dendritic cells and their Ifng 

production [175,176]. These data are in accordance with the heat-induced increase in major 

histocompatibility complex (MHC) class I and II that help activate T helper cells [177–179]. 

Elevated temperatures further promote the translocation of dendritic cells to lymph nodes via 
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enhancing the sensitivity of CC-chemokine receptor 7 (Ccr7) to CC-chemokine ligand 21 

(Ccl21) [180,181], suggesting a potential role of febrile-range temperatures in positioning 

dendritic cells in lymphoid organs for antigen presentation. This was clearly shown in the 

capacity of dendritic cells isolated from heat-exposed mice to stimulate T cells [177].  

 

1.4.2.3.2.3. Currently projected immunomodulation of behavioural fever   

Behavioural fever model presented a powerful approach to examine the mechanistic 

contribution of fever to survival via assessing its impact on immune responses under host-

driven thermoregulation. This allowed for a closer resembling of natural heating and cooling 

conditions and overcoming caveats associated with endothermic models (refer to 1.4.2.1.3. 

Limitations of endothermic fever models). Among early studies, Kluger et al. reported that 

behavioural fever in lizards enhanced defense mechanisms and lowered mortality rates 

[159]. Several research groups then utilized various behavioural fever models, including 

fish, to study febrile responses [28]. Multiple reports in 1970s revealed enhanced 

survivability of fish infected with different pathogens, including viruses, when allowed to 

deploy behavioural fever [92,182,183]. More recently, behavioural fever in Oncorhynchus 

mykiss (rainbow trout) was shown to promote inflammatory responses via upregulating il1b 

in response to LPS injection compared to fish held at a constant temperature [94]. Likewise, 

Atlantic salmon (Salmo salar) challenged with infectious pancreatic necrosis virus (IPNV) 

revealed a considerable upregulation of pro-inflammatory cytokines, including tnfa, il6 and 

il1b during behavioural fever [109].  
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Other researchers reported that behavioural fever in zebrafish (Danio rerio) 

challenged with synthetic dsRNA (poly I:C) was associated with significant and 

temperature-dependent alterations in brain transcriptome. Significant differences in the 

expression levels of neuroregulatory elements, including acetylcholinesterase and 7 

nicotinic acetylcholine receptor, were detected amongst fever and non-fever fish [66]. 

Investigators concluded that behavioural fever inhibited anti-inflammatory reflex, thereby 

decreasing inhibitory output and promoting antiviral activity via acting at the gene-

environment level. On the other hand, fish not permitted to choose their preferred 

temperatures demonstrated a reduced survival rate [66]. Temperature shifts during fever 

significantly affect the inflammatory reflex in CNS by substantially increasing cholinergic 

neurotransmitters and promoting cholinergic receptors' activity, signifying neuro-immune 

crosstalk that contributes to regulating antimicrobial responses under fever condition [67].  

Similarly, zebrafish larvae infected with dsRNA and added to a continuous thermal 

gradient preferred higher temperatures as compared to uninfected larvae. Behavioural fever 

was associated with a remarkable increase in antiviral transcripts such as virus inhibitory 

protein endoplasmic reticulum-associated interferon-inducible (viperin) and interferon 

regulatory factor 7 (irf7), suggesting a fever-coupled improvement of the immune response 

[93]. The impact of behavioural fever was extended to induce epigenetic modulation of 

immune responses by influencing gene expression regulation [184]. Despite the above-

mentioned findings that strongly suggest immunomodulation induced by fever, there are still 

gaps in the literature concerning inflammation control and successive restoration of 

homeostasis.  
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1.4.3. Tissue repair  

Throughout millions of years of evolution, multicellular organisms adapted complex 

systems for recognizing and repairing injured tissues. The process involves interactions 

between a variety of immune and connective tissue cells. Together, these cells and several 

humoral factors accomplish sequential phases, comprising inflammation and proliferation to 

restore damaged tissues [19] (Figure 1.1). Subsequent to an injury, there is a constriction of 

injured blood vessels followed by thrombocyte activation and clot formation to stop 

bleeding. Fibrin threads in the clot act as a scaffold for infiltrating leukocytes. The cellular 

migration is largely triggered via activation of an acute inflammatory program that involves 

upregulation of several cytokines and chemokines [185]. Following eradication of infection 

and tissue debris, anti-inflammatory mediators and growth factors are released to suppress 

inflammation and initiate the proliferative phase [186]. At this stage, the repair process aims 

to fulfill extracellular matrix (ECM) deposition, facilitated by fibroblasts, to fill the wound 

gap, along with re-epithelialization to cover the wound surface [187]. Cellular proliferation 

and re-epithelialization rely on developing new blood vessels at the injury site via 

angiogenesis to supply the newly formed tissue with oxygen and essential nutrients [188].  

The regulation of proliferation phase of tissue repair is orchestrated by various 

cytokines and growth factors released by inflammatory and tissue-resident cells [22]. It is 

further dependent on efficient clearance of pathogens and proper resolution of inflammation 

[189]. This is evidently observed in disrupted tissue repair associated with impaired immune 
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responses and prolonged inflammation instigated by, for example, diabetes, aging and 

malnutrition [190,191].  

Notably, tissue repair is significantly affected by nutrition. For instance, diet changes 

were demonstrated to intensely influence wound healing in humans [192] and fish [193]. 

Mechanistically, diet alters pathways important for regulating glycolysis, complement 

system activity, collagen formation and heat shock protein expression in Atlantic Salmon 

(Salmo salar) [194]. To avoid a potential impact of diet on wound healing in this study, I 

applied the same standard regular feed typically used in the aquatic facility to all 

experimental groups.    

 

1.4.3.1. Inflammatory phase  

Induction of acute inflammation is critical for efficient healing. This is principally 

attributed to the early initiation of these inflammatory cascades within a few hours following 

an injury, in addition to their role in clearing pathogens and regulating subsequent reparative 

events. However, tight regulation of acute inflammation is required to avoid its excessive 

perturbations, which ultimately results in defective and delayed healing. Following an injury, 

DAMPs [195], generated by necrotic cells, as well as PAMPs [46], including conserved 

motifs of invading pathogens, are recognized by innate receptors (e.g., TLRs) on tissue-

resident cells to subsequently trigger an acute inflammatory reaction (Figure 1.2) [196]. As 

a result, various inflammatory mediators are released to promote cellular recruitment and 

regulate immune responses at the injury site [197]. Subsequent to elimination of infection, 
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several pathways regulate inflammation resolution (Figure 1.2). The following sections 

summarize the mechanisms of induction and resolution of the inflammatory phase of tissue 

repair.  

 

1.4.3.1.1. Immune system perception of injury: the role of DAMPs and PAMPs  

DAMPs are either passively or actively released by injured host cells. They include 

patterns that are usually isolated inside cells with limited extracellular exposure. For 

example, DNA (genomic or mitochondrial), ATP, heat shock proteins (Hsp) and other 

proteins are released into the extracellular space following cell death or lysis [198]. These 

patterns provide self-injury detection strategies for the host to activate inflammatory 

responses in the case of sterile injuries or wounds with restricted PAMPs. Mechanistically, 

DAMPs function by directly binding to PRRs on resident cells or indirectly by modifying 

ECM molecules to possess pro-inflammatory stimulating properties [199]. In addition to 

DAMPs, hydrogen peroxide (H2O2) [200] and lipid mediators (e.g., Thromboxane A2, 

Leukotriene B4 and Hydroxyeicosatetraenoic acid) [201] are released by damaged cells to 

deliver signals promoting innate immune functions such as leukocyte recruitment. For 

example, H2O2 was found to provoke neutrophil migration toward the injury site for rapid 

pathogen clearance [200]. On the other hand, PAMPs, also known as microbe-associated 

molecular patterns (MAMPs), are parts of different invading microbes (e.g., viruses, 

bacteria, parasites and fungi) that embrace LPS, microbial lipoproteins, -glucan and double-

stranded RNA [202]. Similar to DAMPs, PAMPs have the ability to act as ligands for 

several PRRs to launch an acute inflammatory program. 
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1.4.3.1.2. Activation of PRRs and downstream inflammatory pathways 

The injury-recognition system markedly relies on innate PRRs located on tissue-

resident cells. PRRs include several types, such as TLRs, nucleotide-binding oligomerization 

domain-like receptors (NLRs), retinoic acid-inducible gene I like receptors (RLRs) and C-

type lectin receptors (CLRs) [203]. TLRs were found to play a crucial role in initiating the 

inflammatory phase of tissue repair [204] via specifically binding to a variety of ligands. 

Activated TLRs trigger NF- B and MAPK pathways via adaptor proteins such as Toll/Il1R 

domain-containing adaptor-inducing Ifnb (TRIF), TRIF-related adapter molecule (TRAM) 

and myeloid differentiation primary response 88 (MyD88), upregulating the expression of 

pro-inflammatory cytokines (e.g., il1b and tnfa) in addition chemokines and adhesion 

molecules [205]. Other transcription-independent pathways are activated early at the injury 

site via Ca2+ influx, purigenic molecules and ROS to compensate for the delay in induction 

of transcription machinery [22]. For instance, intracellular Ca2+ levels were found to 

substantially increase within a few minutes at the wound edges and later at the center after an 

injury [206].  

 

1.4.3.1.3. Inflammatory cytokines  

Cytokines are small proteins (~ 10-kDa) characterized by having the amino acid 

cysteine in their structure. The two most important cytokines involved in tissue repair are (1) 

CC cytokines which have two adjacent cysteines and (2) CXC cytokines which contain two 

cysteines separated by another amino acid. Cytokine production is a complex biological 
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process regulated by several activators and inhibitors depending on the stage of 

inflammation and other environmental factors, including cellular crosstalk and lipid 

mediators [207]. Cytokines are essential for induction, propagation and resolution of the 

inflammatory phase of tissue repair [208]. Moreover, they promote cellular recruitment and 

regulate their development, proliferation and functions during the healing process, as shown 

in (Table 1.1) [209].  Notably, the majority of tissue-resident cells, including parenchymal 

cells, fibroblasts, endothelial cells as well as immune cells, can produce various cytokines in 

response to DAMPs and PAMPs. Furthermore, recruited leukocytes accentuate the release of 

these cytokines under a pro-inflammatory condition [210]. For instance, despite the critical 

role of Il6 in induction of acute inflammation and leukocyte chemotaxis [211,212], it is also 

vital for wound healing by regulating collagen deposition and angiogenesis.[213].  

 

1.4.3.1.4. Mechanisms of cellular recruitment to injury site  

Many CC and CXC cytokines act as chemoattractant proteins, identified as 

chemokines, regulating the migration of several immune and non-immune cells that are 

critical for the repair process [214]. CXC chemokines containing glutamate–leucine–arginine 

(ELR) motifs such as Cxcl8, also known as Il8, are more specialized in polymorphonuclear 

leukocyte (PMN) recruitment [215]. Meanwhile, other CC cytokines, including chemokine 

C-C motif ligand 1 (Ccl1), act as monocyte [216] and lymphocyte [217] attractants. 

Expression of these chemokines must be strictly regulated during tissue repair to avoid 

dysregulation of inflammatory responses. For example, persistent uncontrolled up- or down-

regulation of particular chemokines results in the development of a variety of pathological 
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conditions such as chronic obstruction pulmonary disease and neurological diseases (e.g., 

multiple sclerosis) [218–220].  

Upon their release, chemokines bind to glycosaminoglycans on endothelial cells of 

blood vessels to be presented to circulating immune cells [221]. Leukocytes bind to these 

chemokines via their corresponding G-protein coupled receptors (Gpcrs), resulting in 

extravasation of these cells and their migration towards the injury site [222]. For instance, 

chemokine (C-X-C motif) Ligand receptor 1 (Cxcr1) and Cxcr2 on PMN bind to Cxcl8, 

activating downstream signaling pathways and promoting neutrophil recruitment [223].  

Intriguingly, several chemokines were shown, as reviewed by Ridiandries et al. [224], to 

contribute not only to inflammatory cell recruitment but also to proliferation and remodeling 

phases of tissue repair. For example, Cxcl1 and Cxcl7 were involved in angiogenesis [225], 

while Cxcl12 promotes the differentiation of stem cells into fibroblasts and endothelial cells, 

enhancing granulation tissue formation [226]. 

Leukocyte extravasation is achieved through several steps involving adhesion 

molecules (e.g., selectins and integrins), chemokines and interactions with endothelial cells. 

Selectins ( such as E-, P- and L-selectins), type I transmembrane proteins, are primarily 

accountable for the initial tethering and adhesive interactions between endothelial cells and 

circulating leukocytes [227]. Selectins bind to carbohydrate-based ligands such as P-selectin 

glycoprotein ligand-1 (PSGL-1), which is generally expressed on leukocyte microvilli to 

secure these cells to endothelial cells of blood vessels at the injury site [228]. After capturing 

immune cells, leukocytes roll along the surface of endothelium to sense glycosaminoglycan-

bound chemokines. Activation of chemokine receptors on leukocytes results in 
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conformational changes and leukocyte adhesion cascade (diapedesis) [229], where 

inflammatory cells crawl through endothelial junctions or weak regions of the basement 

membrane [230].  

 

1.4.3.1.5. Role of inflammatory cells during tissue repair  

1.4.3.1.5.1. Neutrophils  

Among immune cells involved in the repair process, neutrophils are considered the 

“first responders” being swiftly recruited to the injury site [231]. In addition to the potent 

Cxcl8, other cytokines, such as Cxcl4 and Ccl3/4 promote PMN migration [232]. 

Neutrophils are not commonly detected in healthy skin; instead, they remain in the bone 

marrow, where they are produced, and in the bloodstream [233], ready to be drafted, as 

discussed in the previous section. Interestingly, recruited neutrophils can further augment 

additional PMN infiltration by releasing several chemoattractant factors [231,234].  

The primary function of neutrophils at the injury site is to combat invading pathogens 

via various antimicrobial responses, including phagocytosis, releasing toxic granules, 

oxidative burst and neutrophil extracellular traps (chromatin filaments that are released 

extracellularly to immobilize and eliminate microbes known as NETs) [235]. Still, a critical 

balance must be maintained between these phagocytes' protective functions and their 

possible contributions to prolonged and exacerbated inflammation [236]. This equilibrium 

ensures eradication of infection while minimizing collateral tissue damage. Several studies 

suggested that the prolonged existence of neutrophils at the injury site was detrimental to 

proper tissue repair [237,238]. This was attributed to PMNs-derived proteases degrading 
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ECM as well as being allied with deleterious levels of ROS [239,240]. Recently, neutrophils 

were also found to induce genomic instability via ROS-independent pathways involving the 

release of microparticles/extracellular vesicles containing pro-inflammatory microRNAs 

(miR-23a and miR-155) in patients with inflammatory bowel disease (IBD) [241]. These 

miRNAs promoted the accumulation of double-strand breaks (DSBs) by inhibiting 

homologous recombination (HR), resulting in impeding resolution of inflammation and 

overall intestinal healing [241].   

Neutrophils are characterized by having distinct granules containing bactericidal 

agents. These granules either fuse with phagosomes to destroy pathogens intracellularly 

[242] or undergo exocytosis to combat microbes extracellularly [233]. Antimicrobial agents 

of these granules include myeloperoxidase, lysozyme, matrix metalloproteases (Mmps), 

lactoferrin and proteases (e.g., elastase and cathepsin G) [237]. The utilization of proteases 

by neutrophils is not limited to their antibacterial activity. Proteases are also crucial for 

neutrophil extravasation via breaking down ECM and basement membrane of endothelial 

cells directly or indirectly by activating Mmps [243]. Despite their importance for PMN 

migration and bactericidal actions, an unrestrained increase in proteases induces extensive 

tissue damage, ensuing impaired healing and chronic wounds. This is attributed to 

proteolytic enzymes-induced obliteration of growth factors, newly formed blood vessels and 

granulation tissue [244]. 

Recent experimental evidence suggested parallel immunomodulatory functions of 

neutrophils during tissue healing in addition to their bactericidal actions. This was observed 

in mice with myocardial infarction (a sterile injury model), where researchers have 
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characterized N2 neutrophils to potentially restore injured tissue irrespective of their 

antimicrobial functions [245]. Mechanistically, neutrophils were found to modulate 

macrophage phenotype from a pro-inflammatory to an anti-inflammatory/reparative state 

following engulfing of apoptotic PMN by these macrophages (efferocytosis) [246]. 

Modulated macrophages release pro-resolution cytokines (e.g., Il10) and growth factors to 

promote inflammation control and rebuild damaged tissue [246].  

A genetically modified reduction in PMN recruitment (cxcr2-/-) in injured mice 

resulted in delayed re-epithelialization at wound sites [247]. Conflicting data showed an 

accelerated re-epithelialization during neutrophil depletion compared with control mice 

[248]. Notably, even though differences were observed at the epidermis development level, 

no significant changes were evidenced regarding collagen deposition [248]. Aging-induced 

delayed wound healing was postulated to be instigated by downregulation of neutrophil 

numbers or functions in mice [249] and humans [250]. This was attributed to neutrophil-

tempted incompetent pathogen clearance, causing a late inflammation resolution. Still, more 

research is encouraged to fully characterize the immunomodulatory functions of PMN 

during tissue repair.  

 

1.4.3.1.5.2. Macrophages  

Macrophages play a key role in tissue repair stemming from influencing both the 

inflammatory and proliferative phases. Contributions of macrophages to immunomodulation, 

resolution of inflammation and tissue healing have been well-studied [251]. Macrophage 

numbers increase gradually and peak 48-72 hours after an injury [252]. Influenced by 
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chemokines such as Ccl1 and Cxcl12 [253], monocytes migrate from bone marrow and 

adjacent blood vessels to the injury site and differentiate into macrophages. Additionally, 

recruited macrophages can amplify the relocation of additional monocytes via releasing 

monocyte chemoattractant protein (Mcp1) [254].  

Several macrophage phenotypes with distinctive functions were characterized during 

tissue repair [255]. It is worth mentioning that these phenotypes are not distinctively 

represented by particular macrophage subsets or a subject of on/off switch but rather a 

dynamic continuation of macrophage polarization based on environmental stimuli and 

interplay with other cells [256,257]. During the early phases of tissue repair, a classically 

activated macrophage phenotype, also known as M1, was shown to induce pro-inflammatory 

and bactericidal activities via expressing il1b and tnfa in addition to mediating phagocytosis 

[258]. Later during the repair process, macrophages transition to becoming alternatively 

activated (M2) macrophages in order to suppress inflammation and promote the healing of 

damaged tissues [259]. Interestingly, recent reports indicated that M2 activation has 

expanded, triggered by various stimuli, to involve other phenotypes such as M2a, M2b, M2c 

and M2d [255]. For example, M2a is activated by Il4 and Il13; while exposure to Il10 and 

glucocorticoids stimulates M2c phenotype [255]. These M2 phenotypes largely possess anti-

inflammatory, pro-resolution and healing activities [260].  

Moreover, the expanding literature supports the crucial role of macrophages in tissue 

repair. For instance, depletion of macrophages in wounds of murine models was associated 

with delayed healing induced by impaired angiogenesis, collagen synthesis and growth 

factors expression [261,262]. These observations supported the significant engagement of 
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macrophages in various tissue repair events. Table 1.2 summarizes macrophage phenotypes' 

potential functions and contributions during the repair process. Notably, macrophage 

phenotypes are not limited to the previously mentioned categories. There are likely several 

other phenotypes that are continuously activated depending on the differentiation stage, type 

and duration of stimulus as well as the overall biochemical milieu [257,263].  

 

1.4.3.1.6. Antimicrobial defense mechanisms 

1.4.3.1.6.1. Reactive oxygen species (ROS) 

In addition to its crucial role in intracellular signaling, ROS is considered one of the 

evolutionarily conserved microbicidal agents utilized by immune cells during inflammatory 

responses [264]. The process involves generating various by-products of molecular oxygen 

during aerobic metabolism either inside or outside the mitochondria; thereby, ROS 

generation is also known as oxidative or respiratory burst. These molecules can induce 

permanent oxidative damage to cellular structures, e.g., lipids, DNA and proteins, ultimately 

resulting in cell death [265]. The most common forms of ROS include non-radical H2O2, 

hydroxyl radicals (HO•) and superoxide anion (O2
−), and they are produced by NADPH 

oxidase (NOX) enzymes [266].  

NOX is activated in neutrophils following their exposure to microbes to generate 

non-mitochondrial ROS, while it remains inactive in resting PMN [267]. Mechanistically, 

NOX is composed of a membrane-bound cytochrome b558 in addition to cytosolic factors 

(p40phox, p47phox and p67phox), which during enzyme activation, translocate to the 

membrane component. Through transferring an electron to molecular oxygen, O2
− and other 
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types of ROS are generated [265]. Dual oxidase (DUOX) enzyme was identified as one of 

the NOX homologues. DUOX, in addition to the other six members, are known as the 

NOX/DUOX family [268]. It was reported that DUOX possesses potential roles in cell 

signaling, immune functions and H2O2 production [269].  

 

1.4.3.1.6.2. Nitric oxide (NO) 

NO is generated by nitric oxide synthase (NOS) enzyme through metabolizing L-

arginine [270]. There are three types of NOS: inducible (i), neuronal (n) and endothelial 

(e)NOS. Both nNOS and eNOS are constitutively producing NO to maintain tissue 

homeostasis, while iNOS was found to generate immunologic NO in response to pro-

inflammatory stimuli in mammals [270] and fish [271]. NO can induce damage to cellular 

components (e.g., DNA and proteins) either directly or via developing reactive nitrogen 

species (RNS) molecules such as peroxynitrite and superoxide anions [272]. Moreover, NO 

is capable of inducing deamination of nucleotides and total fragmentation of DNA [273].  

NO functions are not limited to combating pathogens but further, extend to regulate 

resolution of inflammation and tissue repair events. For instance, although NO and its RNS 

molecules possess microbicidal properties [274], NO mediates antioxidant and anti-

inflammatory activities [275] that involve reducing ROS levels. NO regulates the activity of 

NOX and minimizes the reactivity of O2
– and H2O2 [273]. Moreover, NO restricts ROS 

distribution to specific locations to help eliminate pathogens while minimizing ROS-

associated cellular damage [273]. NO can further impede PMN adhesion [276], in addition 
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to downregulating il8 [277] and il1b [278], thus contributing to inflammation control. A 

positive contribution of NO to several healing mechanisms, such as cellular proliferation, 

collagen deposition and wound closure, was likewise demonstrated [279].  

 

1.4.3.1.7. Suppression of inflammation  

Following eradication of infection and exclusion of cellular debris, a transition 

towards an anti-inflammatory program is essential for activating reparative pathways that 

restore the structure and function of damaged tissue. The process is achieved through various 

suppressive signals prompting a reduction in pro-inflammatory mediators and infiltrating 

leukocytes in addition to upregulation of pro-resolution molecules, including Il10 and Tgfb 

[280]. Several pathways were reported to regulate resolution of inflammation that relies 

largely on effective elimination of pathogens [281]. Defects in pathogen clearance 

necessitate a continuation of a pro-inflammatory reaction that ultimately results in delayed 

healing. The process further involves crosstalk and interplay between immune and non-

immune cells at the injury site.  

Pathways regulating control of inflammation can be categorized into cell- and 

cytokine-mediated mechanisms. The launch of resolution of acute inflammatory responses is 

generally timely mapped with the disappearance of PMN from the injury site [22]. 

Downregulation of PMN can be achieved through two main mechanisms: (1) apoptosis 

followed by efferocytosis and (2) reverse migration. The Barreda lab has previously 

highlighted the role of neutrophils in resolving inflammation via their efferocytosis by 
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macrophages [282]. The process is accomplished by binding cellular communication 

network factor 1 (CCN1), present on phosphatidylserine of apoptotic PMN, to integrins of 

macrophages [283]. Engulfing apoptotic neutrophils is critical to avoid their secondary 

necrosis, which ultimately leads to a substantial release of detrimental pro-inflammatory 

cytokines and ROS [282], and to transform macrophages into anti-inflammatory phenotypes 

[311]. On the other hand, recent data indicates a retrograde migration of neutrophils back 

into circulation as a pathway of PMN resolution [231,284]. This was shown in various 

models of mice, zebrafish, and in vitro human neutrophils [231,284]. Notably, prolonged 

inflammatory conditions have been commonly associated with extensive and prolonged 

neutrophil infiltration, resulting in chronic wounds [285].  

Additionally, M2 macrophages contribute to controlling inflammation by secreting 

various anti-inflammatory mediators such as Il10 and Tgfb. Other cell types at the injury 

site, including T cells and fibroblasts were reported to express pro-resolution cytokines e.g., 

Il4, Il13 and  Il35 [286]. These cytokines suppress inflammation by inhibiting the synthesis 

of pro-inflammatory cytokines and chemokines [281]. Furthermore, they reduce cellular 

infiltration by repressing the expression of adhesion molecules on endothelial cells and 

diminishing chemokine-mediated leukocyte recruitment [281,287]. 

 

1.4.3.1.8. Dysregulation of inflammatory phase and its outcome on tissue repair 

Tight regulation of acute inflammation is critical for normal tissue repair. 

Dysregulation of inflammatory responses eventually disrupts the repair process due to failing 

to transition to the proliferative phase (Figure 1.3). This is primarily attributed to the 
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impairment of pathways involved in resolution of inflammation, instigating prolongation and 

exaggeration of immune mechanisms such as leukocyte recruitment and production of pro-

inflammatory mediators (Figure 1.3). I previously highlighted the significance of cellular 

and cytokine effectors in the induction of acute inflammation. Though a balance has to be 

maintained, and resolution must be achieved in a timely manner to avoid collateral tissue 

damage associated with sustained inflammatory processes or exaggerated responses such as 

cytokine storms .  

Non-healing injuries are commonly accompanied by persistent inflammation. 

Mechanistically, extensive and persistent neutrophil infiltration at the injury site, along with 

their compromised resolution, is escorted by detrimental levels of ROS and proteases, 

causing damage to cell membranes, ECM and crucial tissue repair mediators such as Tgfb 

and platelet-derived growth factor (Pdgf) [288,289]. Likewise, macrophages in chronic 

wounds are associated with reduced levels of tissue inhibitors of Mmps (Timps); thus, 

augmenting ECM degradation and delaying healing [290]. Indeed, there are many types of 

Mmps contributing significantly to various tissue repair mechanisms such as re-

epithelialization and angiogenesis as reviewed by Kandhwal et al [291]. Mmps are engaged 

in all phases of wound healing [291]. For instance, during acute inflammation, specific 

Mmps (e.g., Mmp2 and Mmp9) are accountable for removing damaged proteins and 

transepithelial migration of leukocytes [291]. Whereas, during the proliferation phase, 

Mmp1, Mmp8 and Mmp13 mediate detachment of keratinocytes from the basement 

membrane during re-epithelialization and enhance fibroblast migration [291]. In fish, there 

are twenty-six protease genes that have been identified where they show homologous 
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functions compared with their mammalian counterparts [292]. In this study, I examined the 

gene expression of two conserved Mmps (Mmp1 and Mmp9) that are well-recognized to 

play important roles in inflammatory and proliferative phases of wound healing in fish [292]. 

Dysregulated proteolytic activities associated with overproduction of Mmps in uncontrolled 

inflammatory reactions can devastate the protective repair mechanisms, including cleaving 

growth factors [293]. Therefore, during chronic inflammation, the activity and expression of 

Mmps (e.g., Mmp1 and Mmp3) were shown to be substantially upregulated in humans 

[294]; while levels of Mmp9 and Mmp13 were increased in fish [292].  

Macrophages also tend to present a profile of deregulated expression of anti-

inflammatory mediators and growth factors in non-healing injuries [186]. This is further 

complicated by an imbalance in M1/M2 phenotype transition, where alternatively activated 

(M2) macrophages are significantly diminished [295]. Conversely, keratinocytes show 

impaired migration and proliferation abilities in chronic injuries [296,297]. Likewise, 

fibroblasts suffer the loss of their proliferative potentials due to being less responsive to 

growth factors [298]. Based on the previously mentioned observations, it is generally agreed 

that a pro-inflammatory cycle must be broken for non-healing injuries to heal properly.  

 

1.4.3.2. Proliferative phase 

1.4.3.2.1. Re-epithelialization 

 Keratinocytes differentiate and migrate through the provisional matrix [299], 

composed of plasma fibronectin, fibrin and thrombocytes, to form a basal layer of cells 

migrating from wound edges toward the centre to cover the wound surface. Keratinocyte 
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cell-cell connections and adhesion to the basement membrane are weakened to allow for 

their translocating across the temporary fibrin scaffold [300]. Cellular migration continues 

until keratinocytes from opposing edges come in contact, completing the basal layer that 

develops new adhesions with the underlying matrix [301]. Keratinocytes then rebuild the 

basement membrane [301]. Notably, Mmps, specifically Mmp1 and Mmp9, are reported to 

be critical for keratinocyte migration by cleaving various ECM and/or diminishing 

integrin:matrix adhesion [302]. Meanwhile, suprabasal keratinocytes proliferate to provide 

multiple overlying layers of keratinocytes filling the gap between wound edges [303]. Re-

epithelialization is regulated via several cytokines and growth factors as well as crosstalk 

between keratinocytes and inflammatory cells, fibroblasts and endothelial cells [304]. For 

instance, keratinocytes were found to activate fibroblasts to release growth factors, thus 

promoting keratinocyte proliferation [305]. 

Various mediators activate re-epithelialization, such as macrophage-released NO 

[279], Egf, hepatocyte growth factor (Hgf), Fgf, Tgfb, Igf1, nerve growth factor (Ngf), and 

epidermal granulocyte macrophage colony stimulating factor (Gmcsf) [208,306]. Several 

cell types secrete all these pleiotropic growth factors in a spatio-temporal manner to play a 

crucial role in regulating epidermal development at different stages with overlapping 

contributions (refer to 1.4.3.2.4 Growth factors in tissue repair). 
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1.4.3.2.2. Granulation tissue formation 

During the proliferation phase, new connective tissue is formed simultaneously with 

other healing events, such as re-epithelialization and neovascularization. Fibroblast is the 

key cell accountable for constructing this granulation tissue to fill in the wound gap. In 

response to various signaling molecules that are released from tissue-resident macrophages, 

thrombocytes, keratinocytes and endothelial cells following an injury (e.g., Tgfb, Egf, Fgf 

and Pdgf) [305,307,308], fibroblasts proliferate, migrate and become pro-fibrotic, depositing 

ECM proteins [309] (refer to 1.4.3.2.4 Growth factors in tissue repair). Prior to laying 

ECM proteins by fibroblasts, they obliterate the provisional matrix by secreting Mmps, to be 

substituted by soft granulation tissue rich in immature collagen (collagen type III), 

fibronectin, glycoproteins and proteoglycans [310]. While the newly formed ECM works as 

a scaffold helping the migration of various cells through the injury site, it ultimately gets 

replaced by mature ECM with abundant collagen type I, synthesized by fibroblasts, 

providing strength and support to the dermis layer [311].  

It is worth mentioning that fibroblasts in wound repair demonstrate functional 

diversity, stemming from their contribution to many other healing events [312]. For 

example, fibroblasts were further found to assist in re-epithelialization [313]. Additionally, 

they exhibit heterogeneity depending on their activation status and throughout different 

developmental stages [314], resulting in significant phenotypic/subpopulation functional 

differences as previously reviewed [315]. These phenotypes mediate varying functions in 

wound repair, including secretion of growth factors, immunomodulation, ECM synthesis and 

organization [316]. 
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1.4.3.2.3. Angiogenesis  

The newly formed granulation tissue and epidermis require an adequate supply of 

nutrients and oxygen to maintain homeostasis and promote further healing. This is achieved 

by developing new blood vessels at the wound area to compensate for those lost during the 

injury. The process is known as neovascularization or angiogenesis, accomplished via 

activating local endothelial cells (ECs) lining the inner surface of neighboring blood vessels 

[317]. In response to hypoxia-responsive growth factors (e.g., Vegf), ECs migrate, 

proliferate, and form new cell-to-cell junctions to develop new capillaries branching out 

from the existing blood vessels. Migrating ECs degrade ECM while traversing across 

granulation tissue through secreting Mmps, such as Mmp2 and Mmp9  [310,318].  

Angiogenesis is regulated by angiogenic molecules other than Vegf, such as Pdgf, 

Fgf, angiopoietins and Tgfb [319]. Interestingly, ECs showed heterogeneity in response to 

these molecules by functioning as either lead tip or trailing stalk cells. Lead tip cells migrate 

towards angiogenic factors in response to positive and negative regulators. On the other 

hand, stalk cells preserve the structure of existing blood vessels [320]. The role of Vegf in 

angiogenesis is conserved in numerous species, including fish [321–323]. Vegf initiates 

neovascularization by promoting the migration of lead tip cells and proliferation of stalk 

cells [321].  
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1.4.3.2.4. Growth factors in tissue repair 

1.4.3.2.4.1. Tgfb 

Transforming growth factor beta (Tgfb) is an immune-regulatory cytokine and 

growth factor conserved throughout vertebrates and invertebrates [324,325]. There are three 

functional isoforms (Tgfb1, 2 and 3) that were reported to have similar effects in vitro [324]. 

However, other researchers revealed opposing functions, where Tgfb3, unlike Tgfb1, 

possesses an anti-fibrotic effect in cutaneous healing [326]. This can be explained by the 

distinctive temporal and spatial expression pattern of these isoforms during tissue repair 

[327,328]. Amongst the three variants, Tgfb1 has been found to be the most influential thru 

the repair process [329]. Subsequent to an injury, Tgfb is secreted by a variety of cells, such 

as fibroblasts and macrophages [330]. The growth factor is typically synthesized in a 

proprotein form that is cleaved later into a bioactive molecule to be released extracellularly 

[331].  

Bioactive Tgfb binds to Type 1 and 2 Tgfb receptors to induce immunomodulatory 

and tissue repair functions [332]. Mice with Tgfb1 deficiency developed prolonged and 

persistent inflammation [332], indicating its remarkable anti-inflammatory effects. In 

mammals, Tgfb participates in resolution of inflammation via activation of myriad 

regulatory processes, including T cell differentiation to Th2 or Treg, antagonizing PMN 

chemoattractants (e.g., Il8) and suppressing recruitment of inflammatory cells [332,333]. 

Likewise in fish, Tgfb1 controls the acute inflammatory response via inhibiting pro-

inflammatory cytokine expression [325,334] and their bioavailability [335]. Moreover, Tgfb 

contributes significantly to cellular recruitment, angiogenesis and re-epithelialization 
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[336,337]. Tgfb was also found to enhance ECM development via promoting fibroblast 

proliferation and collagen deposition [338].   

 

1.4.3.2.4.2. Fgf 

Fibroblast growth factor (Fgf) is a potent mitogen critical for tissue repair [339], 

released by keratinocytes, fibroblasts and mast cells/eosinophilic granule cells [337]. It has 

an established role in epithelial and mesenchymal proliferation and angiogenesis [340]. 

Among several isoforms of Fgf, Fgf2, also known as basic (b)Fgf, has been shown to 

substantially enhance wound healing when applied exogenously to burn wounds and ulcers 

in clinical trials [341,342]. Fgf2 interacts with four cell surface receptors (Fgfr1-4) [343]. 

Effects of Fgf2 are largely attributed to the activation of intrinsic tyrosine kinase [344] or 

dephosphorylation heparan sulfate-carrying proteoglycans (Hspg) syndecan-4 protein [345]. 

Fgf2 enhances granulation tissue formation and re-epithelialization via synthesis and 

deposition of several components of ECM (e.g., collagen), promoting migration and 

proliferation of fibroblasts in addition to boosting keratinocyte motility [346,347]. fgf2 levels 

were shown to be substantially decreased in human chronic wounds [340].  

 

1.4.3.2.4.3. Egf 

Epidermal growth factor (Egf) is produced and secreted by macrophages and 

fibroblasts to be localized mainly in the epidermis layer [348]. It is well known for its ability 

to facilitate re-epithelialization through enhancing keratinocyte migration and proliferation 
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[348]. Therefore, Egf has been utilized to accelerate wound closure in partial-thickness burns 

[349]. Likewise, it increases the re-epithelialization rate and incidence of diabetic ulcers 

[350,351]. Through binding Egf receptor (Egfr), a tyrosine kinase transmembrane protein, 

Egf induces an autophosphorylation or tyrosine phosphorylation of downstream proteins 

[352]. Similar to many other growth factors, chronic wounds display reduced egf levels 

[353] caused by highly upregulated Mmps at the site of chronic inflammation that degrade 

ECM proteins and essential growth factors [290,340]. Furthermore, extensive expression and 

activation of other proteases, such as stromelysins, elastases and a disintegrin and 

metalloproteinase (ADAMs) were demonstrated in chronic cutaneous wounds associated 

with delayed healing [354]. 

 

1.4.3.2.4.4. Igf1 

Insulin like growth factor 1 (Igf1), previously known as somatomedin C, structurally 

resembles proinsulin and possesses similar metabolic effects of insulin [355]. Although Igf1 

is mainly released by hepatocytes, several studies reported other tissues synthesizing Igf1, 

including the skin [337,356], where it mediates its effects via binding to type I IGF receptor 

(Igf1r) [357]. In response to an injury, igf1 is remarkably expressed to contribute to 

epidermal healing [358], displaying mitogenic effects on keratinocytes [359,360]. Dermal 

cells producing Igf1 include keratinocytes [361], macrophages [362], and cultured 

fibroblasts [363]. Igf1r has been shown to present throughout the epidermis, predominantly 

in the basal layer, while its expression was remarkably downregulated in diabetic wounds 

[337]. In addition to binding Igf1r, Igf1 concurrently with Egf can activate Egfr to stimulate 
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mitogen-activated protein kinase (MAPK) and posphatidylinositol-3-kinase (PI3K) 

pathways, inducing a synergistic effect on keratinocyte migration and proliferation [24].   

 

1.4.3.2.4.5. Pdgf 

Platelet derived growth factor (Pdgf) is a potent mitogen secreted by platelets, 

endothelial cells, macrophages, keratinocytes and fibroblasts [330]. Pdgf regulates cell 

growth and proliferation, thereby significantly contributing to several tissue repair events 

[208]. This is supported by low Pdgf levels detected in chronic wounds [340], induced by its 

high susceptibility to proteolytic enzymes [290]. Following an injury, Pdgf is released to 

trigger PMN, fibroblast and macrophage recruitment [364]. Pdgf activates macrophages to 

generate other growth factors (e.g., Tgfb), thus enhancing granulation tissue formation [365]. 

Additionally, it directly activates fibroblasts to produce collagen [366]. Pdgf further 

promotes the expression of vegf, an important mediator of angiogenesis [367]. It was also 

shown to upregulate igf1, thereby positively contributing to the re-epithelialization process 

[208]. Numerous clinical trials have demonstrated the effectiveness of topical administration 

of Pdgf in treating chronic wounds [368–370]. As a result, Pdgf was the first recombinant 

growth factor approved for managing diabetic ulcers in the United States [353].  

 

1.4.3.2.4.6. Ngf 

Although nerve growth factor (Ngf) is primarily involved in neural development, 

growing evidence indicates its role in regulating tissue repair [371]. For instance, Ngf was 
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found to enhance keratinocyte proliferation, fibroblast activation, production of ECM and 

angiogenesis [371–374]. The growth factor mediates its functions via binding to nerve 

growth factor receptor (Ngfr) and tropomyosin-related kinase receptor 1 (NTRK1), which 

are expressed on the surface of various cell types in the skin [375]. Ngf is constitutively 

expressed by tissue-resident cells, such as keratinocytes and fibroblasts, to maintain tissue 

homeostasis [376,377]. However, upon injury, ngf expression is remarkably upregulated at 

the injury site [371,378]. Topical administration of Ngf improved the healing of diabetic 

wounds [379]. Mechanistically, Ngf aids re-epithelialization via enhancing keratinocyte 

migration [371] as well as neovascularization by activating of Vegf-Akt-NO pathway [380]. 

Recently, the FDA has authorized Ngf eye drops to manage neurotrophic keratitis [381]. 

 

1.4.3.2.4.7. Vegf 

Vascular endothelial growth factor is a homodimer glycoprotein that almost 

resembles the structure of Pdgf [382]. It is synthesized and secreted by various cells involved 

in tissue repair, including macrophages [383], endothelial cells [384], thrombocytes [385] 

and fibroblasts [386]. Vegf binds to Vegfr1 and Vegfr2, which are high-affinity receptors 

belonging to type 3 tyrosine kinase family [387], and are found mainly on the surface of 

mature and developing blood vessels [388]. The primary function of Vegf in the repair 

process is activating and promoting angiogenesis. The formation of new blood vessels at the 

injury site is accomplished through several steps that include vasodilation, basement 

membrane degradation, migration and proliferation of endothelial cells. Interestingly, Vegf 

contributes significantly to all these steps [27]. Moreover, it has been shown to enhance the 
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recruitment of additional macrophages and the development of new lymphatic vessels [389]. 

In fish, Vegf has been characterized to play a critical role in angiogenesis [390,391], with a 

high level of amino acid homology between mammalian and fish Vegf [392].  

 

1.4.4. Anatomy of fish skin  

Fish skin is a dense coherent layer protecting underlying tissue from external 

environments. It is composed mainly of 3 parts: (1) Outer epithelial layer (epidermis), 

entailing multilayers of keratinocytes together with mucus-secreting cells resting on a 

basement membrane; (2) Intermediate layer of connective tissue containing collagen, 

glycoproteins, proteoglycans and fibronectin; (3) Inner hypodermis or subcutaneous layer 

encompassing nerves, adipose tissue as well as blood and lymphatic vessels [393]. Fish skin 

retains unique structures and features that have evolved to adapt to the surrounding watery 

environment. Among them, the mucus layer covering epidermis provides immunological and 

mechanical protection against microbes. Likewise, dermal scales, alarm substance glands, 

venom glands and pigment-containing cells deliver distinctive functions, such as deterring 

predation [394].  

Initial experiments confirmed basal anatomical structures of the goldfish skin. 

Histological analysis of cutaneous sections showed that goldfish skin typically consists of 

three layers, as shown in (Figure 1.4). The epidermis comprises layers of keratinocytes 

(cuboidal cells with rounded nuclei) resting on basal layer of columnar cells (Figure 1.4). 

Mucus-secreting cells (M) are frequently found between keratinocytes (Figure 1.4). A well-
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defined basement membrane separates the epidermis and dermis layers (arrowheads; Figure 

1.4). The dermis is composed of two layers: loose and dense connective tissue (LCT and 

DCT, respectively) (Figure 1.4). In addition to offering structural strength, these layers 

provide a matrix for nerves as well as blood and lymphatic vessels [395]. LCT, also known 

as “stratum spongiosum” contains loose sparse collagen fibers, sensory papillae, 

chromatophores and other ECM components [489,490]. The deeper layer of dermis (DCT) 

or stratum compactum consists of relatively acellular dense, parallel and well-organized 

collagen fibers with fibroblasts lying between collagen bundles. The innermost layer of the 

skin is the hypodermis or subcutaneous layer (Figure 1.4). It is situated underneath the 

dermis and immediately above the muscles. It is formed of loose connective tissue 

containing blood and lymphatic vessels, adipocytes, fibroblasts, as well as neural tissues 

[393]. 

 

1.4.5. Wound healing in fish  

In response to skin injury in fish, an acute inflammatory response is critical for 

microbe clearance and regulation of subsequent reparative responses [396]. This is achieved 

via activation of innate immune programs to enhance inflammatory cell recruitment [396]. 

Cellular migration rate varies considerably based on the wound type (sterile or infected), fish 

species and the surrounding temperature [395,397]. Inflammatory mediators driving 

leukocyte relocation to wound area are still not fully characterized in goldfish. Additionally, 

little is known about antimicrobial responses excreted by these leukocytes in addition to the 

molecular and cellular mechanisms prompting the resolution of cutaneous inflammation.    
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1.4.5.1. Re-epithelialization  

In superficial cutaneous wounds, re-epithelialization starts immediately by migrating 

keratinocytes as a collective sheet to cover the exposed wound surface [398]. Notably, re-

epithelialization kinetics and characteristics show differences in other tissues, such as gut 

and gills owing to histological structural and functional distinctions [399–401]. Extensive 

recruitment of keratinocytes from wound edges ensures their rapid rearrangements [402]. 

Though, in deep wounds, keratinocyte migration and mucus cell development are relatively 

delayed due to extending of the injury to reach the inter-scale pockets, indicated to be the 

main reservoir of epidermal cells [402]. Notably, the initiation of re-epithelialization was 

found to be independent of other inflammatory or proliferative events [396,403]. This makes 

sense considering the importance of rapid re-establishment of epidermal layers protecting 

against potential osmotic shock and pathogens [404]. Cellular movement stops when 

keratinocytes from wound edges meet at the centre, followed by keratinocyte proliferation 

and differentiation to increase the thickness of epidermis [405]. Yet, others suggested that 

mucus cell differentiation occurs simultaneously with keratinocyte migration [406]. 

Reconstruction of epidermis continues throughout the wound healing process to restore a 

fully mature and functioning epidermis [406].  
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1.4.5.2. Granulation tissue formation 

Similar to mammals, generation of granulation tissue in fish is accomplished by 

fibroblasts, the key cells producing ECM components and collagen. Notably, kinetics of the 

process varies significantly depending on fish species and wound depth. For instance, 

zebrafish showed a relatively rapid granulation tissue formation at 4 days post wounding 

(dpw) [396], while it was achieved later at 14 dpw in Atlantic salmon [406]. The critical role 

of acute inflammation in wound healing is conserved between mammals and fish [406]. This 

was clearly shown in compromised granulation tissue formation in zebrafish treated with 

hydrocortisone [396,407], where researchers indicated the importance of fibroblast-

stimulating signals released by immune cells. Similarly, transgenic suppression of Fgf signal 

in zebrafish supports its conserved role in re-establishing the dermis layer in fish [408]. 

Collectively, these data shed light on evolutionary conserved molecular mechanisms 

regulating the proliferative phase of tissue repair in fish. However, wound healing in fish 

still differs from mammalian healing in terms of the ability of fish to heal with minimal 

scarring, where, unlike mammals, the entire granulation tissue resolves, and the skin 

regenerates [396].  

 

1.4.6. Aeromonas veronii bacterium 

Aeromonas spp. is ubiquitous Gram-negative bacilli causing disease in several hosts, 

including humans and fish [409]. It is also one of the well-recognized fish pathogens 

characterized more than 100 years ago [410]. The bacterium is known for its detrimental 

effects on the aquaculture industry by inducing cutaneous and systemic infections in a 
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variety of fish species [411–413]. Originally, two major groups of Aeromonas were 

identified: the non-motile psychrophilic group, typically infecting fish at an optimal growth 

temperature of 22-25°C, and the motile mesophilic group causing infections in 

mammals/humans [410]. Currently, eighteen genetically different species of Aeromonas 

have been identified using molecular methodologies, including DNA hybridization, PCR and 

sequencing [410]. The Barreda lab has previously isolated a wild strain of Aeromonas 

veronii from natural lesions found on goldfish held at the aquatic facility, Department of 

Biological Sciences, University of Alberta [414]. Analysis of A. veronii genomes 

demonstrated this species to possess several virulence factors [415,416], including toxins, 

adhesion molecules, lytic enzymes and quorum sensing. 

 

1.4.6.1. Furunculosis and its impact on fish industry 

Furunculosis, cutaneous ulcers, is among the most common forms of infection 

induced by Aeromonas spp., representing a worldwide disease affecting the aquaculture 

industry and causing enormous economic losses [417–419]. Beside cutaneous lesions, other 

common signs of Aeromonas infection include exophthalmia, ascites, and hemorrhages of 

internal organs [420]. Interestingly, particular fish species, such as trout, may not show any 

signs of infection and act as healthy carriers transmitting the disease [421]. Though, 

outbreaks are common in these animals during spawning season or stressful conditions 

[422,423]. In goldfish, Aeromonas spp. induces cutaneous furunculosis called “goldfish 

ulcer disease”. Bacteria bind to dead/injured skin cells and invade tissues while proliferating, 
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resulting in the development of necrotic purulent exudate and hemorrhages [424]. Sloughing 

of necrotic tissue is associated with the exposure of underlying degenerated muscle layers.  

 

1.4.6.2. Public health relevance  

  In humans, Aeromonas spp. was reported to be associated with a number of diseases 

affecting the skin, gastrointestinal tract and blood [409]. The severity of infection varies 

greatly from a mild form of disease to extremely severe and life-threatening conditions. For 

instance, while Aeromonas spp. can cause slight cutaneous lesions and acute gastroenteritis, 

it is presented in some cases with fatal necrotizing fasciitis and septicemia [425]. Aeromonas 

spp. is also linked to several eye, joint, urogenital and respiratory tract infections [409,425]. 

The incidence of Aeromonas infections was reported to increase significantly with warmer 

temperatures in summer and spring [426,427]. Immunocompromised people are at a higher 

risk of acquiring the infection when compared to healthy individuals who showed less 

morbidity and mortality rates [409,428]. 
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Cytokine Receptor Source Functions 

Tnfa 

Tnfr1 
(p55) & 
Tnfr2 
(p75) 

PMN, 
macrophages 
& mast cells 

 Increases synthesis of adhesion molecules to 
augment PMN recruitment [429] 
 Promotes angiogenesis [430] 
 Enhances keratinocyte proliferation and 

expression of adhesion molecules [76 
 Mast cell-released Tnfa activates DCs migration 

and maturation [431] 
 

Il1 

Il1r1, 
Il1r2 & 
Il1rAcP 
(Il1r3) 

keratinocytes, 
PMN & 
macrophages 

 Augments producing pro-inflammatory cytokines 
(e.g., Tnfa and Il6) [432] 
 Increases fibroblast-secreted Kgf and Fgf7 to 

promote keratinocyte migration and proliferation 
[208,433,434] 
 Triggers skin stem cell proliferation and activates 

gamma delta ( ) T cells [435] 
 

Cxcl8 Cxcr1 

Platelets, 
PMN & 
macrophages  

 A potent chemoattractant of neutrophils [436,437] 
 Upregulates integrins and PMN-endothelium 

interactions to facilitate diapedesis [438] 
 Enhances anti-microbial mechanisms of PMN 

(ROS production and release of neutrophilic 
granules) [439] 
 

Il6 
gp130 & 
Il6r 

Myeloid 
cells, 
lymphocytes 
& fibroblasts  

 Induces Th2 and Th17 differentiation in CD4+ T-
cells [440] 
 Il6-stimulated Th2 cells release Il4 and Il13 to 

activate M2 polarization [441] 
 Promotes Tgfb expression and re-epithelialization 

[442] 
 Enhances fibroblast proliferation, activation and 

migration [443] 
 Augments wound closure and granulation tissue 

formation in glucocorticoid-induced 
immunosuppressed mice [444] 
 Activates fibroblasts, macrophages and 

keratinocytes to secrete Vegf, promoting 
angiogenesis [445] 
 

Ifng 
Ifngr1 & 
Ifngr2 

Natural killer 
(NK) cells, 

 Antiviral activities [429] 



 

 

 

64 

 

plasmacytoid 
DCs & T 
cells 

 Activates macrophage to produce pro-
inflammatory cytokines and enhances phagocytosis 
[446] 
 Regulates differentiation of CD4+ T cells into Th1 

effectors [446] 
 

Il10 Il10r 

Macrophages, 
DCs, PMN, 
mast cells & 
T cells 

 Inhibits expression of pro-inflammatory cytokines, 
chemokines, adhesion molecules in macrophages 
and neutrophils [447] 
 Suppresses NO and ROS production [447] 

 

Tgfb 
type II 
Tgfb 
receptor 

Macrophages, 
keratinocytes 
fibroblasts & 
platelets 

 Antagonizes PMN chemoattractants (e.g., Il8) and 
suppresses migration of inflammatory cells to the 
injury site [332,333] 
 Enhances the expression of ECM components 

(collagen and fibronectin) by fibroblasts [208] and 
inhibits Mmps [448] 
 Promotes angiogenic activities of endothelial 

progenitor cells [449] 
 Augments keratinocyte migration and overall re-

epithelialization [450] 
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Phenotype Receptors Functions 

M1 (classically 
activated or pro-
inflammatory) 

CD68 
CD86 
CD80 

 Induces microbicidal activities (NO, ROS and 
phagocytosis) [258]. 
 Releases pro-inflammatory cytokines (Tnfa, Il1b and 

Il6)  [251,451] 
 Enhances neutrophil recruitment by expressing 

chemokines [451,452] and synthesizing Mmps to 
degrade ECM [453] 
 Clears apoptotic and necrotic PMN [454] 

 

M2a 
(alternatively 
activated or 
wound healing) 

CD163 
CD206 
CD209 
Ym1 

 Activated by Il4/Il13 [455] 
 Produces chemokines: Ccl17, Ccl18, Ccl22 and 

growth factors: Igf1, fibronectin, Tgfb and Pdgf 
[456,457] 
 Promotes ECM formation and angiogenesis [458] 

 

M2b (regulatory 
or type 2) 

CD86 

 Activated in vitro by phagocytosing apoptotic 
neutrophils [459] 
 Inhibits inflammation by releasing Il10 [459] 
 Expresses Il6, Ccl1 and high levels of iNOS 

[456,460]  
 

M2c (pro-
resolving or 
deactivated) 

CD86 
CD163 
CD206 

 Stimulated by Il10 via STAT3 pathway  
 Releases Il10 and Tgfb to exhibit anti-inflammatory 

responses [186,461] 
 increases Mer receptor tyrosine kinase (MerTK) 

essential for efferocytosis [462] 
 

M2d (tumor-
associated 
macrophages) 

- 

 Activated by Il6 or both TLR ligands and A2 
adenosine receptor agonists [463,464] 
 Secretes Vegf, Il10, Tgfb and downregulates Tnfa, 

Il12 and Il1b [465,466] 
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2.1. Ethics statement  

All animals were utilized according to the Canadian Council of Animal Care 

guidelines and the University of Alberta Animal Care and Use Committee (ACUC-

Biosciences protocols 706 and 355303). Goldfish were anesthetized using tricaine methane 

sulfonate (TMS; 02168510; Syndel, WA, USA) solution at a concentration of 40-50 mg/L 

and pH of 7.4 to 7.6, then euthanized by cervical dislocation. All efforts were made to 

minimize animal stress and to ensure that termination procedures were efficiently performed. 

 

2.2. Animals  

Common goldfish (Carassius auratus auratus), 10-15 cm in length, were purchased 

from Mt. Parnell Fisheries (Mercersburg, PA) and imported to Canada via Aquatic Imports 

(Calgary, Canada). Fish were kept at 16°C continuous flow tanks at the Aquatic Facility of 

the Department of Biological Sciences, University of Alberta, on a simulated natural 

photoperiod of 12 hours of light alternating with 12 hours of dark. The water quality 

parameters throughout the experiment were maintained: pH at 7.2–8.0 and dissolved oxygen 

at 5.5–6.5 PPM. Fish were fed daily with 1.5 mm floating pellets containing crude protein, 

fat, fibers, vitamins and minerals (0060832; Mazuri Exotic Animal Nutrition, St. Louis, MO, 

USA). Fish were acclimated for at least fourteen days preceding their use in the experiments.  
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2.3. Bacteria: Aeromonas veronii 

Aeromonas veronii was isolated and identified by previous lab members (Dr. Jeff 

Havixbeck and Dr. Aja Rieger) from natural cutaneous infections detected in goldfish held 

in the Aquatics facility [467]. The isolated bacterium was identified through sequencing as 

Aeromonas veronii biovar sobria (NCBI Taxonomy ID: 114517). A stock of bacteria was 

made and stored in glycerol solution at -80°C for future use. To generate a bacterial culture 

broth, frozen bacteria were inoculated into a sterile trypticase soy media (BD Biosciences, 

Franklin Lakes, NJ) (formula per 1 L of milli-Q water: 17 g pancreatic digest of casein; 3 g 

papaic digest of soybean; 2.5 g dextrose; 5 g sodium chloride, 2.5 g dipotassium phosphate) 

and added to a tube shaker to grow fresh overnight before each experiment. Quantifying the 

bacteria was attained using spectrophotometry (A. veronii growth curve is shown in Figure 

2.1). 

 

2.4. Cutaneous A. veronii infection: a tissue repair model 

Fish were anesthetized using TMS and placed on a bench coat. Approximately 1x1 

cm of scales were removed from the centre of the mid-line on the left side of the fish. A 5x5 

mm scratch wound was inflicted via a sterile fine sanding screen (120 Grit). The wound was 

inoculated with A. veronii log-phase culture broth (concentration of 4.1 x 108 CFU/mL) via a 

sterile swab and then allowed to absorb the bacteria for 5 sec before reviving the fish in 

regular 16°C water with air bubblers. Wounds in control fish were inoculated with 

phosphate-buffered saline (PBS). Fish were randomly assigned to different temperature 
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categories (refer to 1.6. Experimental groups and study design) and randomly picked at 

indicated time points for further downstream experiments. Fish were monitored throughout 

the experiments, and at indicated time points, fish were euthanized. Aeromonas load was 

assessed by swabbing the wound surface with a sterile cotton tip to streak trypticase soy agar 

plate, prepared by adding 15 g agar (BD Biosciences, Franklin Lakes, NJ) to 1 L of 

trypticase soy media then autoclaved. Plates were incubated overnight at room temperature 

and colony-forming units (CFUs) were assessed. Wound or hypothalamus tissues, depending 

on the experiment, were isolated for further downstream analysis.  

 

2.5. Behavioural analysis  

2.5.1. Annular thermal preference tank (ATPT) 

ATPT was initially designed by Myrick et al. as an advanced tool for characterizing 

behavioural thermoregulation in fish  [468]. As shown in (Figure 2.2A, B), ATPT is 

composed of three rings: (1) an outer inflow ring consisting of eight segments (2) a middle 

barrierless continuous swim chamber, where fish is placed, and (3) an innermost circle 

controlling water outflow as well as depth. Water flows smoothly from the outermost ring to 

the swimming chamber and lastly to the drain through pores, generating eight temperature 

zones sustained by fluid dynamics (one zone of 16°C, two zones of 19°C, 21°C, 23°C and 

one zone of 26°C) (Figure 2.2B), providing an environment for infected fish to deploy 

behavioural fever responses by translocating to higher temperature zones. The temperature 

of each zone was found to be maintained throughout the fourteen days of the experiments 
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with minimal mixing (Figure 2.2C) via thermal monitoring of these zones every minute 

using a HOBOware U30 data-logger (Onset Computer Corporation, MA, USA). 

 

2.5.2. Tracking fish behaviour  

Through advanced camera systems equipped with infrared lighting, fish movements 

in the ATPT were tracked with continuous high-resolution video recording during day and 

night cycles (Figure 2.2D) over 14 days. A tracking analysis software, Ethovision XT, 

Version 11 (Noldus Information Technology, Wageningen, the Netherlands), helped 

transform fish movement videos into numerical data. The software quantified fish 

behaviours based on placement and migration with an outstanding temporal resolution. Data 

analyses provided an accurate determination of preferred temperature zone, velocity and 

zone transitions displayed by individual fish on a per-second basis. These raw data were 

exported and compiled to calculate mean hourly temperature preference, total hourly zone 

transitions and velocity, thereby characterizing behavioural fever responses in A. veronii-

infected goldfish.  

 

2.6. Experimental groups and study design  

Subsequent to infecting the fish with A. veronii, they were allocated to different 

temperature categories depending on the experiment. In the first part of the study, I aimed to 

evaluate the impact of behavioural fever on tissue repair. Therefore, I used these three 

temperature categories: 1) Fixed 16°C (T16) group, representing control (the basal 
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temperature that fish are acclimatized to in the aquatic facility), where fish are held at a 

mezzanine tank of 16°C; 2) Fixed 26°C (T26) group, representing fever-range hyperthermia 

where we manually increased fish housing temperature to 26°C (the highest temperature that 

fish move to if they are allowed to exert behavioural fever). 3) Dynamic Fever (TD) group, 

representing the naturally occurring dynamic fever by allowing fish to freely swim to higher 

temperature zones of ATPT, deploying behavioural fever.  

In the second part of the study, my objectives were to assess whether a 

manual/mechanical replication of fever would have a similar impact of the dynamic fever 

response on tissue repair. I used the following temperature categories: 1) Fixed 16°C (T16) 

group (representing control); 2) Mechanical Fever (MF) group in which fish were added to a 

mezzanine tank, where housing temperature was changed manually according to the pattern 

of thermal preference observed during behavioural fever (Figure 2.3); 3) Short Truncated 

(ST) group, where the temperature pattern of fever was truncated at 4 dpi to return to basal 

condition (16°C) (Figure 2.3); 4) Long Truncated (LT) group at which fever’s thermal 

pattern was truncated at 9 dpi to return to basal condition (16°C) (Figure 2.3).  

 

2.7. Histopathological analysis  

Wound tissues were collected and fixed in 10% neutral-buffered formalin (SF98-4; 

Thermo Fisher Scientific, Waltham, MA, USA). Following processing tissues overnight in a 

series of ethanol, toluene, and wax washes using a Leica TP1020 benchtop tissue processor 

(Leica Biosystems, ON, Canada), they were paraffin-embedded and sectioned (7 µm in 
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thickness) on slides using a Leica RM2125 RTS microtome (Leica Biosystems, ON, 

Canada). In this study, I used hematoxylin & eosin (H&E) stain to characterize cellular 

infiltration during the early part of tissue repair as well as Masson’s Trichrome (MT) stain to 

evaluate collagen content in the dermis layer (collagen fibers are stained in blue).  

 

2.7.1. Haematoxylin and Eosin (H&E) stain 

Tissue sections on slides were deparaffinized and washed using two rounds of 

toluene (T324-1; Thermo Fisher Scientific, Waltham, MA, USA) (5 min each) followed by 

rounds of 100%, 90%, 70%, and 50% ethanol (2 min each) at room temperature. Slides were 

placed in Surgipath Hematoxylin Gill III (3801542; Leica Biosystems, ON, Canada) for 2 

min and washed with running cold tap water for 15 min followed by 70% ethanol for 2 min, 

then in Surgipath Eosin solution (3801602; Leica Biosystems, ON, Canada) for 30 sec at 

room temperature. Slides were washed, dehydrated in a series of alcohol, cleared in toluene 

and mounted with DPX Mountant (50-980-370; Thermo Fisher Scientific, Waltham, MA, 

USA) at room temperature. Stained slides were viewed, and images were obtained using 

AxioScope A1 microscope (Zeiss, Oberkochen, Germany). 

 

2.7.2. Masson’s Trichrome (MT) stain 

Slides bearing tissue sections were deparaffinized and washed using two rounds of 

toluene (T324-1; Thermo Fisher Scientific, Waltham, MA, USA) (5 min each) followed by 

rounds of 100%, 90%, 70%, and 50% ethanol (2 min each) at room temperature. Slides were 
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placed in Surgipath Hematoxylin Gill III (3801542; Leica Biosystems, ON, Canada) for 1 

min and washed with running cold tap water for 15 min. Slides were stained with ponceau-

fuchsin (AC400211000; Thermo Fisher Scientific, Waltham, MA, USA) for 2 min, rinsed in 

distilled water, differentiated in mordant in 1% phosphomolybdic acid (19400; Electron 

Microscope Sciences, Hatfield, PA, USA) for 5 min at room temperature. Slides were 

stained with Aniline Blue solution (A967-25; Thermo Fisher Scientific, Waltham, MA, 

USA) for 3 min and incubated in 1% phosphomolybdic acid then acetic acid solution 

(A38C-212; Thermo Fisher Scientific, Waltham, MA, USA) for 5 min and 3 min, 

respectively at room temperature. Slides were dehydrated in 95% ethanol and 100% ethanol 

for 2 min, cleared in toluene, mounted with DPX (50-980-370; Thermo Fisher Scientific, 

Waltham, MA, USA) at room temperature. Stained slides were viewed, and images were 

obtained using AxioScope A1 microscope (Zeiss, Oberkochen, Germany). 

 

2.8. Isolation of skin leukocytes  

Several protocols for leukocyte isolation from fish skin were previously reported 

[469–471]. Herein, I used a modified protocol that utilizes enzymatic digestion and gradient 

centrifugation to extract immune cells from fish skin [472]. In this protocol, I used modified 

goldfish Leibovitz's L-15 (MGFL-15) medium developed explicitly for in vitro cultivation of 

carp and goldfish primary cells (Table 2.1), in addition to collagenase D (11088858001; 

Sigma Aldrich, St. Louis, MO, USA) for tissue digestion to maintain cell viability and 
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maximize yield. Approximately 90% of isolated leukocytes were viable (Figure 2.4) (refer 

to 2.8.1. Assessment of cell viability). The protocol is as follows:  

Wound area was dissected, and skin tissue was added into a petri dish containing 

cold sterile 1x PBS-/- (no calcium/no magnesium). Using sterile scissors, skin was cut into 

small pieces (~ 2mm2) and washed with cold 1x PBS-/- to avoid blood contamination. Skin 

pieces were moved into a 50 mL tube containing 10 mL of complete MGFL-15 media that 

was added to a shaker for 30 min at room temperature. Content of the tube was strained 

through a sterile 70 µm cell strainer (BAH136800070; Sigma Aldrich, St. Louis, MO, USA). 

Skin pieces were collected and added into a new 50 mL tube with 10 mL of complete 

MGFL-15 media containing collagenase D (0.18 mg/mL). The tube was added to a shaker 

for 120 min at room temperature. Content of the tube was strained through a sterile 70 µm 

cell strainer, and flow-through containing cells was collected and washed with incomplete 

MGFL-15 media. Collected cell suspension was layered into a 51/34% discontinuous Percoll 

density gradient (GE Healthcare Chicago, IL, USA) and centrifuged at 400 x g for 25 min at 

4°C. Using electronic pipette, the upper layer was discarded, and the interface was collected 

carefully into a new 15 mL tube. Cells were washed twice with incomplete MGFL-15 media, 

ready for downstream analysis. 

 

2.8.1. Assessment of cell viability  

Leukocytes isolated from skin were added to a 5 mL round bottom tube at a density 

of 5x105 cells per 2 mL of incomplete MGFL-15 media and centrifuged at 350 x g for 8 min 
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at 4°C. Cells were washed twice with 1x Annexin V Binding Buffer (556454; BD 

Biosciences, Franklin Lakes, NJ, USA), resuspended in 200 L 1x Annexin V binding 

buffer, and incubated for 30 min in the dark with 5 L FITC Annexin V (560931; BD 

Biosciences, Franklin Lakes, NJ, USA) and 4 L propidium iodide (PI; P4864; Sigma 

Aldrich, St. Louis, MO, USA) diluted 1:10 in 1x Annexin V binding buffer. Annexin V 

FITC binds phosphatidyl serine that is translocated from the inner to the outer surface of the 

cell membrane during apoptosis. PI, on the other hand, binds to DNA of necrotic cells by 

intercalating between base pairs. Finally, leukocytes were washed with 500 L of 1x 

Annexin V Binding Buffer and fixed with 1% formaldehyde (47608; Sigma Aldrich, St. 

Louis, MO, USA). Prior to analysis, leukocytes were washed twice with 1x PBS-/-, 

centrifuged at 350 x g for 5 min at 4°C, and the supernatant was decanted. Data was acquired 

using ImageStream Mk II Imaging Flow Cytometer (Amnis, Seattle, WA, USA) and 

analyzed using IDEAS Image Data Exploration and Analysis Software (Amnis, Seattle, WA, 

USA). A minimum of 1x104 events was acquired. Cells were gated based on the normalized 

frequency of a fluorescent minus one sample (Figure 2.4). 

 

2.8.2. Quantification of leukocytes 

Leukocyte count per mL extracted from skin tissues was tallied using a 

hemocytometer (Thermo Fisher Scientific, Waltham, MA, USA) and a light microscope 

(Nikon Eclipse TS100, Tokyo, Japan). Total leukocyte count was calculated based on the 

total volume of each extraction. Cell subpopulations were identified using cytochemical 

staining.  
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2.8.3. Quantification of leukocyte subsets  

A 100 L volume of cell suspension was centrifuged onto a glass slide at 40 x g for 6 

min using a Shandon Cytospin 4 cytocentrifuge (Thermo Fisher Scientific, Waltham, MA, 

USA). After staining the slides with Sudan Black and Hema3 stains, they were visualized at 

1000x magnification (with oil immersion) on a Leica DM1000 confocal microscope (Leica 

Biosystems, ON, Canada). Cellular subpopulations were counted based on the cellular 

morphology and Sudan Black staining (Figure 2.5) [473]. At least 200 cells were counted 

per sample. Total number of neutrophil, lymphocyte and macrophage/monocyte 

subpopulations was calculated by multiplying the percentage of these subsets by the total 

isolated leukocyte number per each sample.  

 

2.8.3.1. Hema3 stain 

Cells were stained according to the manufacturer’s specifications (23-122929; Fisher 

HealthCare -Hema3 Fixative and Solutions, Thermo Fisher Scientific, Waltham, MA, USA). 

Briefly, cells on slides were fixed in 70% methanol and stained with H&E. Slides were 

rinsed with cold running tap water and left to dry prior to microscopic visualization. 

 

2.8.3.2. Sudan black stain  

Cells were stained according to the manufacturer’s protocol (199664; Sudan black B, 

Sigma Aldrich, St. Louis, MO, USA). Briefly, cells were fixed in a cold glutaraldehyde 
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fixative solution for 60 sec. Slides were rinsed with distilled water and incubated with Sudan 

black B staining solution for 5 min with intermittent agitation. Slides were rinsed, counter-

stained in Hematoxylin solution Gill No. 3 for 5 min, then rinsed with cold running tap 

water. Slides were left to airdry before visualization and cell counting.  

 

2.9. Immune functional leukocyte bioassays 

2.9.1. Assessing cellular reactive oxygen species (ROS) and nitric oxide 

(NO) activity  

Cells were added to a 5 mL round bottom tube at a density of 5x105 cells per 2 mL of 

incomplete MGFL-15 media and centrifuged at 350 x g for 8 min at 4°C, then resuspended 

carefully into 500 L incomplete MGFL-15 media. Cells were incubated in the dark for 30 

min with 0.5 L of CellROX Deep Red Reagent (C10491; Thermo Fisher Scientific, 

Waltham, MA, USA), 1 M 4-Amino-5-Methylamino-2’,7’-Difluorofluorescein Diacetate 

(DAF-FM DA) (D23844; Invitrogen, Waltham, MA, USA), and 4 L of PI (P4864; Sigma 

Aldrich, St. Louis, MO, USA) diluted 1:10 in incomplete MGFL-15 media. CellROX and 

DAF-FM interact with ROS and NO molecules, respectively, and become fluorescent. Cells 

were washed two times with 1x PBS-/- and fixed with 1% formaldehyde (47608; Sigma 

Aldrich, St. Louis, MO, USA) for 10 min at 4°C. Cells were centrifuged at 311 x g for 5 min 

at 4°C and supernatant was removed. Data was acquired using ImageStream Mk II Imaging 

Flow Cytometer (Amnis, Seattle, WA, USA) and analyzed using IDEAS Image Data 

Exploration and Analysis Software (Amnis, Seattle, WA, USA). A minimum of 1x104 
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events was acquired. Cells were gated based on the normalized frequency of a fluorescent 

minus one sample (Figure 2.6). 

 

2.10. Cell culture 

2.10.1. Cell lines: Fin fibroblast cell line (CCL71) 

Goldfish fin fibroblast cell line (CAR-ATCC, CCL71) was maintained in complete 

MGFL-15 at room temperature without CO2. This cell line is adherent. Cells were passaged 

when reaching 80-90% confluency, generally every 3-4 days, at a 1:10 dilution in fresh 

complete MGFL-15 media. To passage cells, culture media was decanted, and cells were 

washed carefully with 1x PBS-/- to remove any serum residues. Cells were incubated for 3 

min at 37°C with 1 mL of trypsin-EDTA (25200056; Thermo Fisher Scientific, Waltham, 

MA, USA), followed by detaching cells by gentle tapping. Complete MGFL-15 media was 

added to cells to inactivate trypsin. Cell suspension was collected and centrifuged at 311 x g 

for 8 min. Supernatant was discarded and pelleted cells were resuspended in 10 mL of fresh 

complete MGFL-15 media. One milliliter of resuspended cells was added to a culture flask 

containing fresh complete MGFL-15 media. Cell line was stored in liquid phase of liquid 

nitrogen in MGFL-15 media with sterile 5% (vol/vol) Dimethyl sulfoxide (DMSO) 

(J66650.AK; Thermo Fisher Scientific, Waltham, MA, USA). 
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2.10.2. Cell culture media  

Modified goldfish Lebovitz-15 (MGFL-15) media is commonly used to culture 

primary isolated fish cells [474]. Components of the medium can be found in (Table 2.1). 

Briefly, Dulbecco's Modified Eagle Medium (DMEM) (12100046; Thermo Fisher Scientific, 

Waltham, MA, USA) and Lebovitz-15 medium (L-15) (41300039; Thermo Fisher Scientific, 

Waltham, MA, USA) (one packet each) are dissolved in 2 L of milli-Q water. The solution 

was supplemented by vitamins, MEM amino acid, non-essential amino acid (11120052, 

11130051, 11140050, Thermo Fisher Scientific, Waltham, MA, USA), bovine insulin (I-

035; Sigma Aldrich, St. Louis, MO, USA), sodium pyruvate (11360070; Thermo Fisher 

Scientific, Waltham, MA, USA) as well as nucleic acid precursor (Table 2.2) and 10x 

Hank’s balanced salt (Table 2.3) solutions. Hank’s balanced salt solution was primarily 

added to MGFL-15 to retain high viability of primary isolated fish cells and provide a great 

value in flow cytometric analysis due to its lack of fluorescent phenol red. pH of the media 

was adjusted to a value of 7.3-7.4. Prepared media were filter sterilized and kept at 4°C. To 

prepare complete MGFL-15 media, 10% (vol/vol) heat-inactivated newborn calf serum, 100 

U/mL penicillin and 100 g/mL streptomycin were added. 

 

2.10.3. Fibroblast proliferation assay  

Wound tissue was dissected and homogenized in 3 mL of incomplete MGFL-15 

media. The supernatant containing growth factors was collected following centrifugation at 

350 x g for 8 min at 4°C. Goldfish fin fibroblast cell line (CAR-ATCC, CCL71) was 
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cultured, at a starting population of one million cells, for 48 h at room temperature with 

complete MGFL-15 media containing 25% (vol/vol) collected growth factors solution. For 

controls, the growth factors solution was replaced by incomplete MGFL15 media. 2'-Deoxy-

5-ethynyluridine (5-EdU) (NE08701; Biosynth Carbosynth, Staad, Switzerland), thymidine 

analog used to assay DNA synthesis, was added to cells at a final concentration of 20 µM 

followed by a 2 hour-incubation. Cells were washed with 1x PBS-/-, then fixed with 1% 

formaldehyde (47608; Sigma Aldrich, St. Louis, MO, USA). Cells were washed again and 

permeabilized in 0.1% Triton X-100 (93443; Sigma Aldrich, St. Louis, MO, USA). Cells 

were incubated with 1 mL of label mix [one hundred microliters of freshly prepared 

Ascorbic acid (200 mg/mL) (12050; Lumiprobe, Hunt Valley, MD, USA), 2 L of Sulfo-

Cyanine5 azide (final concentration of 2 M) (13030; Lumiprobe, Hunt Valley, MD, USA), 

5 L of Copper (II)-TBTA complex (21050; Lumiprobe, Hunt Valley, MD, USA), and 

893 L of PBS-/-] for 30 min in the dark. Cells were washed and incubated with 5 L 

NucBlue Live ReadyProbe Reagent-Hoechst 33342 (R37605; Thermo Fisher Scientific, 

Waltham, MA, USA) for 20 min at 4°C. Data was acquired using ImageStream Mk II 

Imaging Flow Cytometer (Amnis, Seattle, WA, USA) and analyzed using IDEAS Image 

Data Exploration and Analysis Software (Amnis, Seattle, WA, USA). A minimum of 1x104 

events was acquired. Cells were gated based on the normalized frequency of a fluorescent 

minus one sample. 
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2.11. Gene expression analysis 

2.11.1. RNA extraction (skin and hypothalamus) 

Goldfish skin and hypothalamus tissues were collected following euthanizing the 

fish. Tissues were homogenized in 1 mL of Trizol Reagent (15596026; Thermo Fisher 

Scientific, Waltham, MA, USA) using a PRO Scientific Bio-Gen PRO200 double insulated 

blade disruption homogenizer (Pro Scientific; Oxford, CT, USA). Homogenized tissue was 

transferred to respective microfuge tubes along with 100 L of 1-bromo-3-chloropropane 

(B62404; Sigma Aldrich, St. Louis, MO, USA). Samples were vortexed and centrifuged at 

12,000 x g for 15 min at 4°C. The aqueous layer was collected in a new tube. One hundred 

microliters of isopropanol were added to each tube and mixed by inversion before being 

stored at -80°C overnight. Tubes were centrifuged at 12,000 x g at 4°C for 10 min, 

supernatant was removed, and RNA pellet was washed twice with 75% ethanol. After 

centrifugation at 7,500 x g for 5 min at 4°C, the supernatant was discarded. The pellet was 

left to dry and resuspended in nuclease-free water (W4502; Sigma Aldrich, St. Louis, MO, 

USA). RNA quantity and quality were evaluated using Nanodrop ND-1000 microvolume 

spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) (the range of A260/280 

and A260/230 was from 1.8 - 2.2 with average values of 2.0 and 1.9, respectively); and 

Bioanalyzer-2100 equipped with an RNA 6000 Nano Kit (5067-1511; Agilent Technologies, 

Santa Clara, CA, USA) (the range of RNA integrity number (RIN) was from 7 to 9 with an 

average value of 7.9). RNA samples were stored at -80°C for either cDNA synthesis or 

Nanostring analysis.  
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2.11.2. Quantitative PCR analysis 

2.11.2.1. cDNA synthesis  

cDNA was synthesized from RNA samples using iScript cDNA synthesis kit 

(1708891; BioRad, Mississauga, Canada) according to manufacturer’s protocol. Total RNA 

was standardized by molecular weight (1 g for both skin and hypothalamus samples) 

through diluting RNA in nuclease-free water (W4502; Sigma Aldrich, St. Louis, MO, USA) 

and mixed with 1 L with iScript reverse transcriptase enzyme and 4 L of 5x reaction mix. 

Samples were then incubated in a thermal cycler for priming (5 min at 25°C), reverse 

transcription (20 min at 46°C) and finally, reverse transcription inactivation (1 min at 95°C). 

cDNA samples were stored at -20°C or used immediately for qPCR analysis. 

 

2.11.2.2. Quantitative (q)PCR conditions 

qPCR of cDNA was performed using QuantStudio 6 Flex Real-Time PCR System 

(Applied Biosystems, Waltham, MA, USA). In a 10 µL reaction mix, 5 µL SYBR green 

reagent mix (prepared by Molecular Biology Services Unit staff at the University of 

Alberta), 0.5 µL of both forward and reverse primers (final concentration is 0.5 µM) and 2.5 

µL of cDNA (representing 12.5 ng of input total RNA) were added. Reaction mix was 

loaded into a 384-well plate with 3 technical replicates for each sample. Plates were heated 

to 95°C for 10 min and cycled 40 times between 60°C for 60 sec and 95°C for 15 sec. Raw 

qPCR data were analyzed through QuantStudio 6 Flex Real-Time software (Applied 

Biosystems, Waltham, MA, USA) to generate cycle threshold (Ct) values. Ct represents the 

number of cycles necessary for the fluorescent signal to exceed the background level. 
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Relative quantification (RQ) analysis was performed [475] using actb as an endogenous 

control. actb was chosen based on its superior gene expression stability under different 

experimental conditions compared to other housekeeping genes. RQ values were normalized 

against gene expression on day 0.  

 

2.11.2.3. Primers  

Primers used in qPCR analysis are listed in Table 2.4. Primers were previously 

validated in goldfish models [414,476,477] and further tested through melt curve results in 

addition to controls where no-reverse transcriptase and no-templet were added to qPCR 

reaction mix.   

 

2.11.3. Nanostring analysis 

Nanostring technology delivers direct profiling of individual mRNAs in a highly 

multiplexed single reaction devoid of the need for amplification. RNA from wound tissue 

was hybridized on nCounter multiplex analysis system (Nanostring Technologies; Seattle, 

WA, USA) to quantify the expression of 33 genes, including two housekeeping genes in 

purified RNA of these experimental groups: T16, TD, T26, MF. The expression of 

housekeeping genes was stable at different time points under all experimental conditions and 

passed the quality control checks conducted by Nanostring Technologies. Reporter probe 

raw counts (the number of times the color-coded barcode for a target gene is detected) were 

normalized to the geometric mean of housekeeping genes; beta actin (actb) and elongation 
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factor 1 alpha (ef1a) according to manufacturer’s protocol, then log2-transformed using 

nSolver software package v4.0.72 and nSolver Advanced Analysis module v2.0.134 

(Nanostring technologies; Seattle, WA, USA). The library and CodeSet used in the analysis 

involving target genes and accession numbers can be found through this link: 

https://figshare.com/s/68d0a5f2c88074656fed 

 

2.11.3.1. Sample preparation  

The recommended RNA input (60 ng) was prepared by standardizing the molecular 

weight of RNA samples by diluting RNA in nuclease-free water (W4502; Sigma Aldrich, St. 

Louis, MO, USA). For analysis, samples were shipped on dry ice to Nanostring in Seattle, 

USA. Nanostring technologies rechecked the quality and quantity of RNA samples before 

commencing the analysis with no reported quality control flags.  

 

2.11.3.2. Quality controls 

The performance of nCounter assay is determined based on assessing data quality at 

every step of the analysis to detect any QC flags (Figure 2.7). The process starts with 

evaluating imaging and binding density QC metrics to spot any issues with imaging 

performance or whether data collection was compromised due to image saturation with too 

many overlapping codes. Additionally, six positive controls (synthetic DNA targets) are 

included in each assay to measure the efficacy of the hybridization reaction. Finally, overall 
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visual inspections of data are conducted to weigh the severity of QC flags, if applicable. All 

nCounter gene expression assays in this study reported no QC flags throughout the analysis.  

 

2.11.3.3. Pro-inflammatory pathway score  

Pro-inflammatory pathway score was generated using the Pathway Scoring Module 

in nSolver Advanced Analysis software (Nanostring Technologies; Seattle, WA, USA). The 

score was calculated as the first principal component of the pathway genes’ normalized 

expression. The pathways score engaged pro-inflammatory mediators, as well as 

neutrophil/macrophage phenotypes genes (csf1r, cxcl8, il6, ccl1, csf1, tnfa, ifng, gcsfr, grn 

and il1b).  

 

2.12. Statistics  

Data were statistically analyzed and graphed using GraphPad v9.3.1 (GraphPad 

Software, San Diego, CA, USA) For statistics involving more than two comparisons (where 

the variable factor is time) in the same experimental group, non-parametric Kruskal–Wallis 

followed by Dunn’s test for multiple comparisons were used. One-way ANOVA was used to 

compare the variance in the means of three or more categorical independent groups, 

considering a single independent factor or variable in the analysis. Data had a normally 

distributed population, and each sample was drawn independently of the other samples. 

Additionally, the dependent variable was continuous. Two-way ANOVA was utilized to 

compare the effect of two independent categorical factors on a dependent variable, such as 
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fold change. The dependent variable was continuous, and each sample was drawn 

independently of the other samples. All statistical results correspond to a significance level 

of p<0.05. Mean values and correlations for behavioural data were calculated in Excel 

(Microsoft, Redmond, WA, USA). R (version 3.3, The R Foundation for Statistical 

Computing, Vienna, Austria) was used to calculate multivariate statistics, including principal 

component analysis (standard R package) and permutational multivariate analysis of 

variance using distance matrices (‘vegan’ community ecology package).  



 

 

 

87 

 

 



 

 

 

88 

 

 



 

 

 

89 

 

 



 

 

 

90 

 

 



 

 

 

91 

 

 

 

 



 

 

 

92 

 

 

 

 

 



 

 

 

93 

 

 

 



 

 

 

94 

 

Component  Quantity 

KH2PO4  0.69 g 

K2HPO4  0.57 g 

NaOH  0.75 g 

NaHCO3  0.34 g 

HEPES  7 g 

L-glutamine  0.584 g 

Bovine Insulin  0.01 g 

GFL-15 § 1L 

10x Hank's Balanced Salt Solution  80 mL 

Nucleic acid precursor solution  20 mL 

MEM amino acid solution  25 mL 

MEM non-essential amino acid solution  25 mL 

Sodium pyruvate solution  25 mL 

MEM vitamin solution  20 mL 

-mercapto-ethanol  7 L 

Milli-Q water  fill to 2L 

§ GFL contains DMEM and L-15 (one pack each) dissolved in 2 L of milli-Q water. 

To prepare complete MGFL-15 media, 10% (vol/vol) heat-inactivated newborn calf 
serum, 100 U/mL penicillin and 100 g/mL streptomycin were added.
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Component  Quantity 

Cytidine  0.061 g 

Adenosine 0.067 g 

Thymidine 0.061 g 

Hypoxanthine  0.034 g 

Uridine 0.061 g 

Milli-Q water  100 mL 
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Component  Quantity 

NaHPO4•7H2O 2 g  

KCl 2 g 

Phenol red 0.05 g 

KH2PO4 0.3 g 

NaCl 40 g 

D-glucose 0.05 g 

Milli-Q water  500 mL 
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Primer  Sequence (5’-3’) 
GenBank 

Accession                    

numbers 

Expected 

amplicon 

size (bp) 

actb FW GACCAACCCAAACCTCTCAA 
AB039726 75 

actb RV AGTCAATGCGCCAAACAGA 
il10 FW CAAGGAGCTCCG TTCTGCAT 

HQ259106 73 
il10 RV TCGAGTAATGGTGCCAAGTCATCA 
tnfa FW TCATTCCTTACGACGGCATTT 

EU069817 126 
tnfa RV CAGTCACGTCAGCCTTGCAG 
il1b FW GATGCGCTGCTCAGCTTCT 

AJ249137 76 
il1b RV AGTGGGTGCTACATTAACCATACG 
tgfb FW GTACACTACGGCGGAGGATTG 

EU086521 74 
tgfb RV CGCTTCGATTCGCTTTCTCT 
nos2 FW TTGGTACATGGGCACTGAGATT 

AY904362 74 
nos2 RV CCAACCCGCTCAAGAACATT 
vegf FW ATGAGAACCACACAGGACGGGATG

TA XM026228403 79 
vegf RV CGAGAGCTGCTGGTAGACATCATT 
cxcl8 FW CTG AGA GTC GAC GCA TTG GAA 

HM355573 73 
cxcl8 RV TGGTGTCTTTACAGTGTGAGTTTGG 
hsp27 FW GATTCCACCAGACATCGCCA 

DQ872651 185 
hsp27 RV ATTCCCAACTCCACCATGTG 
hsp70 FW GCTGGCTGACAAAGAGGAGT 

AB092839 93 
hsp70 RV TGGCATCCCTCCCTGATACA 
igf1 FW ATGTACTGTGCGCCCGTAAA 

AF001005 198 
igf1 RV CCATTCGCCCTACTGTCCTC 
col1a2 FW AAGAACCCTGCCCGTACTTG 

AB275455 155 
col1a2 RV AGAGAGCATCCCACGCAAAA 
il6 FW CAGATAGCGGACGGAGGGGC 

XM019073058 190 
il6 RV GCGGGTCTCTTCGTGTCTT 

FW: forward; RV: reverse 
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3.1. Introduction  

Initial characterization of wound healing kinetics in goldfish with a focus on the 

particulars of the inflammatory and proliferative phases under a static 16°C condition is 

discussed in this chapter. This was necessary to provide a foundation for identifying possible 

differences at various levels of the healing process under fever and static 26°C conditions. 

Skin lesions are common in fish, and they are induced either mechanically or through 

infection. Wound healing studies in fish utilizing zebrafish, Atlantic salmon, African catfish 

and rainbow trout show conservation of classical wound repair events (e.g., inflammation, 

granulation tissue formation and re-epithelialization) [396]. The Barreda lab has previously 

highlighted the capacity of A. veronii to induce cutaneous lesions in goldfish characterized 

by ulcers associated with extensive necrosis of subcutaneous tissues [467]. Fish were 

wounded and inoculated with either A. veronii or PBS (as a control), as previously described 

in (refer to Section 2.3), to be subsequently added to a mezzanine tank of 16°C temperature 

for 21 days. Kinetics of wound healing in A. veronii infected goldfish were identified in the 

first part of this chapter. Various methodologies, including histopathology, gene expression 

analysis and immune functional assays of isolated skin leukocytes, assisted in characterizing 

cutaneous immune responses against Aeromonas and kinetics of reparative events.  

Additionally, confirming a behavioural fever response in goldfish infected with A. 

veronii was essential to link fever to tissue repair developments. This was achieved by 

analyzing fish behaviours, including their thermal preference, velocity and zone transitions, 

using a custom ATPT and high-resolution monitoring of fish movement. The second part of 
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this chapter identifies these behavioural thermoregulations and confirms engagement of CNS 

and systemic pyrogens during febrile responses.    

 

3.2. Results  

3.2.1. Wound healing in goldfish  

Examining wound pathology across different time points provided insights into 

timelines for inflammation induction, resolution and wound closure. At 1 and 2 dpw, there 

was a gradual increase in the size of wounds with surrounding pale whitish areas (arrows; 

Figure 3.1) in fish inoculated with PBS or A. veronii. These white spots are called 

“macerations” and are mainly induced by edematous swelling of tissues around the injury 

site. Although there were no significant differences in the wound pathology between the two 

groups on the first 2 days after wounding, I detected signs of inflammation and purulent 

exudate only in Aeromonas-inoculated fish at 4 dpw (circle; Figure 3.1). This was followed 

by formation of sores that erupted, showing underlying necrotic subcutaneous tissue in the 

center at 7 dpw (Figure 3.1).  

Pus formation is a sign of an acute inflammatory response that involves neutrophil 

recruitment and cellular apoptosis. The absence of purulent exudate and ulcer formation in 

PBS group indicated these observations to be A. veronii-induced. The detrimental tissue 

necrosis and sore formation significantly delayed wound closure in infected fish to be nearly 

completed at 21 dpw, while it was seen earlier at 14 dpw in PBS group (Figure 3.1).  
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3.2.1.1. Inflammation phase of wound healing  

As previously mentioned, induction of the inflammatory phase of tissue repair is 

achieved by upregulation of pro-inflammatory mediators along with recruitment of immune 

cells to combat pathogens. Herein, I examined cytokines gene expression, kinetics of cellular 

migration and their antimicrobial responses during an acute inflammatory program in 

goldfish infected with A. veronii while kept at 16°C.  

 

3.2.1.1.1. A. veronii cutaneous infection triggers an acute inflammatory response 

characterized by upregulation of pro-inflammatory mediators and neutrophil-

dominant leukocyte recruitment  

Histopathological analysis showed that leukocytes were gradually recruited to the 

infection site to reach a peak at 48 hours post-infection (hpi) (Figure 3.2). Cellular 

recruitment correlated with upregulation of classical pro-inflammatory cytokines and 

chemokines. For example, tnfa and il1b were markedly upregulated between 24 and 48 hpi 

(Figure 3.3).  To gain added resolution into the infiltration kinetics of different leukocyte 

subpopulations, I isolated leukocytes from wound tissue. Consistent with the 

histopathological analyses above, the total number of isolated leukocytes gradually increased 

to reach maximum levels between 36 to 48 hpi (Figure 3.4). Among recruited cells, 

neutrophils accounted for the majority of infiltrating leukocytes (> 56%) compared to 

monocytes/macrophages (~ 29 %) during the first 48 hpi (Figure 3.4). Limited number of 

neutrophils existed at the injury site at 0 hpi; though, they increased significantly to ~ 29 x 

104 at 24 hpi and then to ~ 45 x 104 at 36 and 48 hpi, making neutrophils the main cells to 
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respond and to be recruited. Characterization of gene expression profiles at the wound site 

showed an upregulation of neutrophil chemoattractant cxcl8 at 36-48 hpi (Figure 3.3), 

correlating well with PMN recruitment.   

Other leukocytes, such as monocyte/macrophage increased at the wound site at a 

relatively slower rate than neutrophils. For instance, I observed an increase in the number of 

monocytes/macrophages by ~ 17 x 104, while there was a marked rise in neutrophil number 

by ~ 44 x 104 at 36 hpi compared with the basal levels (Figure 3.4). Notably, macrophages 

also dominated the leukocyte population residing in the skin (~75 %) at 0 hpi (Figure 3.4).  

Lastly, lymphocytes infiltrated the wound site gradually to reach a significant number at 48 

and 72 hpi (Figure 3.4).  

 

3.2.1.1.2. Activation of anti-inflammatory program was associated with a neutrophil-

dominated decline in recruited leukocytes and resolution of inflammation  

Resolution of inflammation is critical to prevent chronic inflammatory conditions 

and to initiate reparative responses. Inflammation control is principally accomplished by 

downregulation of pro-inflammatory cytokines and leukocyte recruitment. Histopathological 

analyses and cell counts showed a reduction in leukocyte number in the wound area at 72 hpi 

(Figures 3.2 and 3.4), which was driven by a sharp decline in neutrophils (Figure 3.4). I 

further observed a substantial decrease in the gene expression of pro-inflammatory cytokines 

(tnfa and il1b) and chemokines (cxcl8) at 72 and 96 hpi (Figure 3.3). This was associated 

with a remarkable upregulation of crucial anti-inflammatory cytokines, such as tgfb and il10 

(Figure 3.3). Tgfb and Il10 mediate robust pro-resolution functions by suppressing pro-
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inflammatory cytokines and chemokines expression [325,334,478]. Macrophages/monocytes 

and lymphocytes were the dominant populations of leukocytes residing in the wound tissue 

at 72 hpi (~ 40% and ~ 35%, respectively).  

      

3.2.1.1.3. Recruited leukocytes exert differential antimicrobial responses during 

induction and resolution of inflammation characterized by dramatic changes 

in ROS levels    

I was also interested in examining antimicrobial defenses exerted by recruited 

leukocytes at the wound site in response to A. veronii infection. Both ROS and NO represent 

evolutionarily conserved defense mechanisms deployed by leukocytes against invading 

pathogens [479]. While there was no increase in ROS levels at 12 hpi, a significantly higher 

percentage of leukocytes showed evidence of ROS activity at 24 and 48 hpi (Figure 3.5). 

This was followed by a sudden drop in ROS at 72 hpi (Figure 3.5). The upsurge in ROS 

production was correlated with upregulation of pro-inflammatory cytokines (tnfa and il1b) 

(Figure 3.3) along with the increase in neutrophil-centric leukocytic infiltration (Figure 3.4) 

between 24 and 48 hpi. Additionally, a neutrophil-mediated decline in leukocyte numbers 

(Figure 3.4), as well as upregulation of il10 and tgfb (Figure 3.3), were associated with a 

substantial drop in ROS at 72 hpi, suggesting a shift from pro-inflammatory to anti-

inflammatory program.  

On the other hand, levels of another antimicrobial mechanism, NO, were relatively 

lower than ROS at 24 and 48 hpi (Figure 3.5). NO is a signaling molecule that mediates 

antimicrobial activities [480–484], and regulates cellular and biological functions such as 
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angiogenesis and chemotaxis [26,279,485]. The percentage of leukocytes with NO activity 

increased gradually to peak at 24 hpi (Figure 3.5). NO is synthesized by three different nitric 

oxide synthases (NOS): endothelial NOS (eNOS), neuronal NOS (nNOS) and inducible 

NOS (iNOS). Both eNOS and nNOS are constitutively expressed in endothelial cells and 

neurons, respectively. Meanwhile, iNOS expression is regulated in various cells, e.g., 

macrophages, monocytes, and mast cells, in response to inflammatory mediators  [26,486]. 

My data showed that nos2 (coding for iNOS enzyme) expression was significantly 

upregulated at 24 hpi (Figure 3.3).  

 

3.2.1.2. Proliferation phase of wound healing  

Following eradication of infection and resolution of inflammation, several reparative 

pathways are activated to restore damaged tissues [22]. These pathways are orchestrated by a 

variety of growth factors and crosstalk between immune and connective tissue cells to 

mediate re-epithelialization, angiogenesis and granulation tissue formation. 

 

3.2.1.2.1. Re-epithelialization 

Histopathological analysis revealed evidence of epidermis development at 4 days 

post-infection (dpi) (Figure 3.6). Epidermal layer was classically composed of basal layer 

(arrows; Figure 3.6) and overlaying thick low-density layer of keratinocytes. Full maturation 

of epidermis was reached at 21 dpi, indicated by the presence of mucus-secreting cells 

(circles; Figure 3.6). Skin mucus, particularly in fish, is an essential component of innate 
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immune mechanisms against invading pathogens; therefore, mucus-secreting cells are a 

critical part of a fully mature and functional epidermis [487]. The re-epithelialization process 

is regulated by a number of growth mediators, where Igf1 plays a key role in migration and 

proliferation of keratinocytes [306]. My data shows increased expression levels of igf1 at 72-

96 hpi (Figure 3.7).  

 

3.2.1.2.2. Granulation tissue formation and angiogenesis  

With regard to dermis healing, I focused on assessing collagen deposition and 

formation of new blood vessels in the wound area. Granulation tissue formation is a critical 

step in wound healing, aiming to fill the gap with ECM elements e.g., fibronectin, elastin, 

proteoglycans, glycoproteins and collagen type III fibers that get replaced later with collagen 

type I to provide tensile strength [29].  Through utilizing Masson’s Trichrome stain, stains 

collagen with blue, small traces of collagen fibers were detected in the dermis layer at 4 and 

7 dpi with a substantial amount of loose connective tissue (Figure 3.6); though, relatively 

abundant collagen was observed in the dermal layer at 14 dpi. By the end of the 21 days, 

dense, parallel and well-organized collagen fibres were detected. Expression of collagen 

gene (col1a2: collagen type 1 alpha 2) increased gradually to reach a peak at 336 hpi (14 

dpi) (Figure 3.7).  

Neovascularization was evidenced to occur in the dermis at 4 dpi (Figure 3.6). The 

angiogenesis process is regulated mainly by Vegf [27], which exhibited a significant 

upregulation between 48 and 96 hpi (Figure 3.7). Vegf is among several growth mediators 
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released by macrophages and other tissue-resident cells. Likewise, these cells also express 

Hsps to protect tissue against stress-induced misfolded proteins during the repair process 

[488]. I observed a significant upregulation of hsp27 and hsp70 at 24-48 hpi (Figure 3.7). 

 

3.2.2. Behavioural fever in goldfish 

Conventional models for studying behavioural fever in fish, such as shuttle box are 

well known to produce significant variability between individual animals. This is attributed 

to differential preference of fish for cover, swim depth and activity level. Other contributing 

factors include schooling, dominance and territorial grouping [489]. Herein, we utilized 

customized ATPT to reduce this variability and achieve robust analytical depth to 

behavioural outputs [468]. ATPT takes advantage of fluid dynamics rather than physical 

barriers to establish distinctive temperature zones (refer to 1.5.1. Annular thermal 

preference tank). Under this setup, fish were free to choose their preferred environmental 

temperatures while avoiding heterogeneity induced by the previously mentioned factors. 

Distinct temperature set points (16, 19, 21, 23, 26oC) were chosen and used to create a 

barrier-free environmental housing temperature gradient that spanned a 10oC range. 

Directional flow rates across the swim chamber were adjusted to create smaller temperature 

gradients between each of the primary thermal zones. This ensured less abrupt changes in 

water temperature between zones that may impact fish choice to move among adjacent 

thermal zones.  
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Next, updated ATPT was coupled to an automated monitoring system with a per-

second temporal resolution for effectively tracking fish through day and night cycles. We 

then challenged individual goldfish with an Aeromonas cutaneous infection in vivo. As 

eurythermal ectotherms, goldfish offered an opportunity to examine absolute changes to 

thermo-preference in response to an immune challenge while minimizing the potential for 

thermal stress. This is because the natural range of tolerated environmental temperatures for 

these fish (1.3oC to 34.5oC) was broader than those temperatures expected in a febrile 

response. Individual goldfish were wounded and inoculated with either A. veronii or PBS 

(control) to be subsequently added to ATPT over a timeframe of 14 days to determine their 

thermal preference, swimming velocity and rate of transitions between temperature zones. 

The ability of goldfish body temperature to equalize with surrounding water temperature 

within 2.5 min was established (data not shown). This supported the correlation between 

behavioural thermoregulation and its effect on tissue repair. Data presented in the following 

subsections 3.2.2.1 and 3.2.2.2 are generated and analyzed in collaborative work with Farah 

Haddad and Dr. Shawna Semple. 

 

3.2.2.1. A. veronii cutaneous infection induces febrile responses associated with two 

lethargy behaviours  

Behavioural examination identified four distinct phases of the fever response among 

groups of fish challenged in vivo with Aeromonas veronii (Figure 3.8A) [490]. Thermal 

selection patterns across challenged fish were remarkably reproducible, even when fish were 

placed individually in the annular swim chamber (Figure 3.8B) [490]. A distinct period from 



 

 

 

108 

 

1 to 8 days dpi emerged, where Aeromonas challenged fish displayed a ~2.8°C increase in 

thermal preference (purple line in Figure 3.8B) compared to mock-infected (saline) controls 

(green line in Figure 3.8B) (25.57 ±SEM 0.1°C vs. 22.79 ±SEM 0.27°C, respectively). 

Variance analysis confirmed the consistency in environmental temperature selected by 

individual animals within this 1-8 dpi time window (Figure 3.8B). Outside of this window, 

no significant difference was found in thermal selection between challenged and control 

individuals, with both Aeromonas and saline-treated groups also shifting to large fluctuations 

both temporally and among individual fish (Figure 3.8B) [490].  

Two new measurable lethargy-associated outcomes were further observed in teleost 

fish, which add to the similarities between ectotherm and endotherm fever. The first was 

defined by a decrease in swimming velocity (V) among Aeromonas-challenged fish (1-8 dpi; 

Figure 3.8C) [490].. In contrast, velocity among control fish remained high and variable 

across individuals during the same timeframe (Figure 3.8C). The second lethargy parameter 

was based on changes to temperature-seeking behaviour, defined by the rate of transitions a 

fish made between distinct ATPT thermal zones. Whereas control fish continued to show 

one hundred or more zone transitions (ZT) per hour, Aeromonas-treated fish displayed a 

dramatic decrease in the number of ZT during the same 1-8 dpi window (Figure 3.8D) 

[490]. As with temperature preference and velocity measurements, ZT values within this 

behavioural fever window were remarkably consistent across individual Aeromonas-

challenged fish, increasing in variance after 8 dpi (Figure 3.8D). In sharp contrast, control 

fish displayed significant heterogeneity throughout the entire observation period. These two 

lethargy-associated metrics are consistent with established sickness behaviours of metabolic 
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fever in humans and other endotherms (immobility, fatigue, and malaise) and help to further 

define the behavioural fever response of teleost fish.  

 Hourly values for Aeromonas-challenged and saline control groups were evaluated 

simultaneously during the established fever window (1-8 dpi) and across the broader 14-day 

observation period. Between 1-8 dpi, marked segregation was identified in the responses 

elicited by fish in these two groups (Figure 3.8E) [490]. For Aeromonas-challenged fish, V 

and ZT values remained exclusively low during the febrile period (Figure 3.8E). In contrast, 

saline control fish exhibited a wider range of movement profiles, dominated by high V and 

ZT values (Figure 3.8E).  

 

3.2.2.2. Behavioural fever in goldfish is associated with classical hypothalamic and 

PGE2 engagement  

To confirm classic fever engagement of the central nervous system and assess 

potential differences with mechanical fever-range hyperthermia, hypothalamic tissue was 

isolated from Aeromonas-challenged fish and examined for local expression of pyrogenic 

cytokines. The selected genes, il1b, tnfa and il6, showed more robust local induction of gene 

expression under dynamic fever conditions (TD group), where fish had been allowed to swim 

freely through the established 10oC temperature gradient within the ATPT (Figure 3.9) 

[490]. Two cytoprotective elements (hsp70 and hsp90) further displayed the highest levels of 

expression in the hypothalamus under these dynamic thermal conditions (Figure 3.9). 

Additional evaluation of PGE2 concentrations in circulation showed an early peak at 24 hpi 

for TD fish [490], consistent with its role as a significant pyrogenic mediator of fever. These 
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responses were distinct from those fish placed under 26oC (T26; mechanical fever-range 

hyperthermia) or 16oC static thermal conditions (T16; basal acclimated temperature) following 

infection. Mechanical hyperthermia promoted upregulation of cytokine and cytoprotective 

genes in our panel, but to lower levels than those fish allowed to exert dynamic fever. 

Circulating PGE2 concentrations remained near basal levels for both T26 and T16 groups 

[490]. 

Administration of an antipyretic offered added support for the shared biochemical 

pathways directing fever in ectotherms and endotherms. Ketorolac was chosen as a 

nonsteroidal anti-inflammatory drug (NSAID) with the capacity to inhibit COX1 and COX2 

[491]. This drug has been successfully used in a range of animal species [492] and can be 

injected [491,493], thereby ensuring consistent dosing. In humans, a dose of 0.5 mg/kg is 

effective, and results in a 15-20 min onset with a 6-8 h duration of action [491]. Similarly, 

injection of ketorolac to Aeromonas-infected fish inhibited fever at a dose of 0.5 mg/kg 

[490]. This was based on a comparison of thermal preference between fish infected with 

Aeromonas, and those where ketorolac was administered to Aeromonas-infected fish.  

 

3.3. Discussion 

Aeromonas veronii is a freshwater pathogen that is well-known for its ability to 

induce severe cutaneous tissue damage, recognized as furunculosis (necrotic skin ulcers) 

[494–497]. Wound pathology of A. veronii infected fish showed skin lesions erupting white 

necrotic tissue (purulent exudate) that progresses to a complete loss of the tissue at the centre 
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of the lesion and exposing the underlying musculature. These observations were not detected 

in wounded fish inoculated with PBS. Additionally, infected fish experienced a behavioural 

fever response that was not seen in control fish. This implied that Aeromonas cutaneous 

infection, not solely a scratch wound, is required to trigger a febrile response in goldfish. My 

data highlights cutaneous immune reactions to an ubiquitous microbe that is reported to 

infect humans in addition to other mammals and fish [498] by exploring the regulatory 

procedures inducing and resolving acute inflammation during wound healing. Furthermore, 

kinetics and possible molecular pathways driving re-epithelialization, granulation tissue 

formation and angiogenesis were characterized.  

The inflammatory response following skin injury is crucial for eradicating infection 

and normal wound healing [451]. Induction of acute inflammatory response involves 

upregulation of pro-inflammatory cytokines and leukocyte migration to the infection site 

[20]. Crucial to pathogen clearance and subsequent tissue repair is the recruitment of 

leukocytes from nearby blood vessels to wound area [479,499–501]. My data revealed a 

significant increase in leukocytes infiltrating the infection site at 36-48 hpi. Among 

infiltrating cells, neutrophils accounted for a considerable portion compared to 

monocyte/macrophage. Neutrophils are usually the first line of defense since they infiltrate 

the infection site rapidly to become the dominant leukocyte in earlier stages of acute 

inflammation [451]. In mammals and fish, neutrophils exist in the bloodstream and within 

hematopoietic tissue, ready to relocate toward a microbial challenge [414,502–504]. 

Previously, the Barreda lab has shown a rapid mobilization of neutrophils from 

hematopoietic tissue to the circulation in response to A. veronii cutaneous infection [467]. 
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Though, kinetics of neutrophil recruitment to wound area were not established. Herein, I 

observed neutrophil-centric leukocyte recruitment to the infection site, which is consistent 

with the period of neutrophilia detected during the first 48 hpi [467].  

Neutrophil recruitment was associated with a remarkable upregulation of pro-

inflammatory cytokines (tnfa and il1b) and a potent neutrophil chemoattractant (cxcl8). Pro-

inflammatory cytokines enhance the migration of immune cells, including neutrophils, to the 

infection site and further increase the level of chemoattractants to augment their recruitment 

[451]. Downregulation of pro-inflammatory mediators and upregulation of anti-

inflammatory cytokines were coupled with an abrupt decline in neutrophil numbers at 72 

hpi. Reduction in neutrophils at the infection site is possibly induced by their retrograde 

migration to the circulation [505] and cellular apoptosis [414]. These apoptotic neutrophils 

further contribute to resolution of inflammation via being internalized by macrophages to 

initiate anti-inflammatory/pro-resolution programs [414]. 

Macrophages/monocytes were the primary cells occupying the skin tissue at 0 hpi, 

suggesting their role in immune surveillance, pathogen detection, induction of acute 

inflammatory responses and recruitment of other leukocytes. I observed a relatively less 

increase in macrophage/monocyte numbers at 24-48 hpi when compared with neutrophils. 

This could be explained by the necessity of early neutrophil recruitment, thereby 

contributing to the majority of leukocytes infiltrating the wound area during early phases of 

acute inflammation, which was largely at the expense of monocytes/macrophages. A. veronii 

cutaneous infection is associated with low levels of blood monocytes [467], in addition to 

their capacity to induce high levels of apoptosis in macrophage populations [497,506], which 
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may explain the relatively low numbers of monocytes/macrophages at the infection site. The 

substantially low monocyte number in the peripheral circulation was attributed to an A. 

veronii-mediated selective recruitment of neutrophils [467], suggesting that the vascular 

route may not be the only path for monocyte recruitment to wound area.  Recent studies 

indicated that monocyte migration to infection site could be achieved through visceral 

organs [507]. Moreover, a local proliferation of macrophages could contribute to an 

increased macrophage population [508,509].  

Concomitantly with the significant drop in neutrophil numbers at 72 hpi, 

monocytes/macrophages remained the dominant population of leukocytes at the wound area. 

Macrophages contribute significantly to resolution of inflammation and subsequent tissue 

repair via upregulating anti-inflammatory cytokines, Hsps and growth factors [186]. 

Activation of tissue repair machinery is critical for restoring tissue integrity and homeostasis 

following an injury. The process involves crosstalk between several pathways and growth 

factors [510]. Among these factors, the pleiotropic Vegf is considered crucial for several 

wound healing processes, such as angiogenesis, re-epithelialization and collagen deposition, 

in addition to enhancing vascular permeability to promote cellular chemotaxis [27,511]. 

qPCR analysis showed a significant increase in vegf gene expression at 72 and 96 hpi, 

suggesting a shift from an inflammatory to a proliferative phase. Lymphocytes, on the other 

hand, infiltrated wound area at 48-72 hpi to mediate antigen-specific responses that activate 

adaptive immune responses. Previous studies reported lymphocyte infiltration during the late 

inflammatory phase of wound healing to play a role in resolution of inflammation and tissue 

remodeling [512,513]. 
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Resolution of cutaneous inflammation commenced at 72 hpi, indicated by a 

neutrophil-driven reduction in leukocytes, downregulation of pro-inflammatory mediators 

and decreased ROS. These pro-resolution events were potentially driven by anti-

inflammatory cytokines (tgfb and il10) that were upregulated at 72 and 96 hpi. Il10  was 

found to downregulate NADPH oxidase essential for ROS generation [478]. Meanwhile, 

Tgfb reduces levels of pro-inflammatory cytokines that potentiate leukocyte recruitment and 

ROS production [325,334]. Even though it is crucial for pathogen killing and intracellular 

signaling, ROS induce cellular damage if released extracellularly in large quantities, 

resulting in chronic inflammation and impaired wound healing [514]. Therefore, a balance 

between pro-inflammatory and anti-inflammatory mediators is crucial for effective pathogen 

clearance along with minimal collateral tissue injury [515]. Resolution of inflammation is 

further suggested to be mediated by several mechanisms. For instance, macrophages 

internalize apoptotic neutrophils, followed by downregulation of their pro-inflammatory 

profile [516–518]. Additionally, activated neutrophils ex vivo also showed the capacity to 

engulf apoptotic cells, leading to inflammation control and a substantial reduction in ROS 

[518,519].  

Redox molecules, including NO and ROS, as well as their products, e.g., hydrogen 

peroxide (H2O2), superoxide anion (O2
-), and reactive nitrogenous species (RNS) are 

essential for regulating inflammatory responses and eradication of infection [273]. ROS is 

critical for intracellular signaling pathways and antimicrobial activities [264]. In response to 

inflammatory mediators and phagocytosis, ROS is generated by NADPH oxidase (NOX) 

enzyme complex [520]. At the inner wall of the phagosome, NOX produces O2
- and H2O2 to 
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destroy pathogens through damaging proteins, lipids and/or DNA [264,521]. High ROS 

levels were coupled to a significant increase in neutrophil-dominated leukocytes as well as 

an upsurge in the gene expression of pro-inflammatory cytokines. Likewise, a reduction in 

neutrophil numbers correlated with a marked decline in ROS at 72 hpi. NO level, in contrast, 

was relatively lower than ROS. NO possesses antimicrobial properties, including 

suppression of bacterial DNA repair and enzymes [480–484].  Furthermore, NO enhances 

respiratory burst-induced cytotoxicity in bacterial cells [522] and protects against oxidative 

stress-associated cellular injury [523] via controlling ROS production and minimizing the 

reactivity of O2
– and H2O2 [273].  

Taken together, my data suggests that subsequent to A. veronii cutaneous infection, 

an acute inflammatory response peaked at 36-48 hpi, identified by a neutrophil-dominated 

migration of leukocytes to infection site, where they deployed antimicrobial defenses to 

combat pathogens (Figure 3.10A). The acute inflammatory response and leukocyte 

recruitment are likely triggered and regulated via pro-inflammatory cytokines as well as 

chemokines [20,524] (Figure 3.10A). A shift from pro-inflammatory to pro-resolution state 

was noted at 72 hpi, evident by a substantial drop in neutrophils, which was possibly induced 

by a retrograde migration of PMN back into the circulation [505] and neutrophil apoptosis 

[414] (Figure 3.10A). PMN undergo apoptosis and produce chemotactic factors to attract 

macrophages [505,525], which in turn engulf apoptotic bodies and secrete pro-

resolution/anti-inflammatory cytokines, as well as growth factors [526]. Anti-inflammatory 

cytokines provoke a reduction in pro-inflammatory mediators and ROS production to control 
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inflammation [334] (Figure 3.10A). Meanwhile, growth factors are critical for activating 

tissue repair machinery to restore integrity and homeostasis.   

In order to examine the proliferation phase of wound healing, I focused on assessing 

re-epithelization, granulation tissue formation and angiogenesis. Regulation of these repair 

events is achieved through pleiotropic growth factors and cytokines along with crosstalk 

between various cellular effectors; thereby, it is challenging to determine exclusive 

contributors to a single process. Nonetheless, I investigated gene expression of the most 

prominent growth factors involved in each healing event. My results revealed an 

upregulation tgfb necessary for fibroblast activation and biosynthesis of granulation tissue 

components [527]. The granulation tissue is firstly composed of a loose connective tissue 

substance entailing tissue-resident cells, delicate small blood vessels and fibrin threads in 

ECM. The loose granulation tissue gets replaced largely with collagen synthesized by 

fibroblasts [19]. Hence, I examined collagen content in wound area at different time points. 

Collagen deposition increased gradually to replace granulation tissue at 21 dpi. Notably, 

expression levels of col1a2 were substantially increased at 14 dpi. Likewise, progressive 

development and maturation of the epidermis layer were detected. Re-epithelialization is a 

crucial event that occurs early during the healing process to shield damaged and newly 

formed tissue against threats from the surrounding environments, especially in aquatic 

organisms. The gradual increase in igf1, among other factors, likely enhanced keratinocytes 

migration from wound edges and proliferation to cover the wound surface [306]. 

Collectively, histopathological and gene expression analyses suggest that the 

inflammatory phase of tissue repair starts principally at 24 hpi to reach a peak at 48 hpi, 
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demonstrated by significant cellular infiltration (Figure 3.10B). Resolution of inflammation 

begins at 72 hpi, followed by initiation of granulation tissue formation and collagen 

deposition observed at 4 dpi. Replacement of newly developed loose connective tissue by 

collagen fibres progressively continues to fill the wound gap at 21 dpi (Figure 3.10B).  

Given the significance of re-epithelialization, the process starts early with migrating 

keratinocytes from wound edges to cover the wound surface. Keratinocytes continue 

proliferation and differentiation to reach full maturation at 21 dpi, indicated by the presence 

of mucus-secreting cells (Figure 3.10B). Despite several studies examining wound healing 

in fish, significant differences regarding the outline of repair events and wound closure were 

reported  [396,406,528]. These differences depend primarily on fish species, developmental 

stages, skin microbiota [528], superficial or deep wounds [393,402] and housing 

temperatures [193]. However, these models of tissue repair share conserved healing 

mechanisms [396,402]. For example, wound healing in Atlantic salmon (Salmo salar L.) 

demonstrated the same healing steps reported here; however, timelines were extended, where 

full maturation of the dermis layer was detected at 36 dpw [406].  

My results demonstrate that A. veronii cutaneous infection stimulated behavioural 

fever in goldfish, represented by an increase in their thermal preference. Additionally, the 

febrile response was in conjunction with lethargy behaviours resembling sickness behaviours 

in mammals. The ATPT system allowed for high-resolution tracking of fish individually at 

in addition to avoiding possible interventions of territorial behaviours and schooling. The 

analyses revealed a fever window of 7 days, after which animals started to move to lower 

temperature zones and gain increased movement. Moreover, the increase of tnfa, il6 and il1b 
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expression within the hypothalamus and ketorolac-induced fever suppression concur with 

growing evidence of conserved pathways of fever induction between endothermic and 

ectothermic vertebrates [18] and thereby advocating the use of behavioural fever as a 

comparative model to study fever [60,69]. 

  



 

 

 

119 

 

 



 

 

 

120 

 

 



 

 

 

121 

 

 

 

 

 



 

 

 

122 

 



 

 

 

123 

 

 



 

 

 

124 

 
 



 

 

 

125 

 



 

 

 

126 

 

 



 

 

 

127 

 



 

 

 

128 

 



 

 

 

129 

 

 



 

 

 

130 

 



 

 

 

131 

 

 

 

 

 

 

 

 

 

 



 

 

 

132 

 

 

 

 

 

 

 

        IV

 

 

 

 

 

__________________________________ 

† Parts of this chapter have been published in  

 Haddad, F.*, Soliman, A. M.*, Wong, M. E., Albers, E. H., Semple, S. L., Torrealba, D., 
Heimroth, R. D., Nashiry, A., Tierney, K. B., & Barreda, D. R. (2023). Fever integrates 
antimicrobial defences, inflammation control, and tissue repair in a cold-blooded 
vertebrate. eLife, 12; e83644.   
* Authors contributed equally to this work, and parts of this paper will be published in 

Haddad, F. thesis.  



 

 

 

133 

 

4.1. Introduction  

The consistently reported survival advantage of fever across endothermic and 

ectothermic vertebrates [28,92,140] proposed positive contributions to immune responses 

and restoration of tissue homeostasis [3]. Though, the mechanisms behind these 

contributions remain poorly understood. Early assessments into the benefits of fever suffered 

from temporal deviations where, for example, fever was artificially induced before infection 

[529]. In other cases, thermal ranges outside those usually provoked by fever were used, or 

peak temperatures were sustained for extended periods [159]. In vitro and in vivo 

mammalian models of fever-range hyperthermia continue to provide valuable insights and 

confirmed improvements in host survival induced by the increased core body temperatures 

[3]. Unfortunately, exogenous and mechanical manipulation of temperature is well 

established to cause physiological stress and fails to replicate the host’s intrinsic 

thermoregulatory machinery tempted during natural febrile responses [119]. Additionally, 

pharmacological use of antipyretics in these models inhibits inflammatory pathways at 

multiple points along with off-target effects [148].  

In this study, I used a cold-blooded teleost model to gain additional insights into 

fever biology. I examined febrile response under host-driven dynamic thermoregulation to 

investigate its impact on tissue repair as a mechanism of restoring tissue homeostasis. This 

helped me to avoid common caveats encountered with exogenous drugs, temporal deviations 

of innate thermoregulatory programs, or forcing animals beyond thermal ranges typically 

elicited through fever. An in vivo Aeromonas cutaneous infection model was tailored to 

focus on the most common moderate self-resolving form of this natural biological process 
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rather than severe pathological fever. Under these experimental conditions, fever was 

transient and self-limiting, enabling interrogation of its potential contributions during 

induction and resolution of the inflammatory phase of wound healing and the succeeding 

activated tissue repair events. Our results demonstrate that fever is an essential regulator of 

induction and control of acute inflammation. The functional attributes of fever are caused by 

earlier and selective rather than stronger induction of innate antimicrobial programs that was 

historically proposed. These are further integrated with efficient control of inflammation and 

promotion of various reparative responses to restore homeostasis.  

 

4.2. Results  

Goldfish challenged with A. veronii cutaneous infection were added to fixed 16°C 

(T16), fixed 26°C (T26) and ATPT to exert behavioural fever (dynamic fever: TD) for 14 days 

(Figure 4.1). While T16 represented the basal acclimation temperature, T26 group was added 

to investigate the effects of fever-range hyperthermia on tissue repair. Examining wound 

pathology showed fever's capacity to influence both inflammatory and proliferative phases 

of wound healing. For instance, similar levels of inflammation were evident in wounds of all 

groups one day after cutaneous infection (Figure 4.2); however, TD and T26 fish showed 

accelerated kinetics of purulent exudate formation by 2 dpi that was later detected at 4 dpi in 

T16 (Figure 4.2; red boxes). Development of purulent exudate indicates cellular recruitment, 

neutrophil activation and pathogen killing [530]. Fish exerting dynamic fever subsequently 

progressed most rapidly, displaying early signs of tissue repair and scale regeneration by 7 
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dpi and advanced stages of wound healing by 14 dpi (Figure 4.2; green boxes). 

Comparatively, T16 and T26 furuncles did not reach equivalent stages of wound closure. Thus, 

fish allowed to exert fever resolved Aeromonas infection and repaired the associated skin 

barrier damage faster than those maintained under mechanical fever-range hyperthermia or 

static 16°C temperature conditions. Even though T26 showed indications of rapid resolution 

of inflammation, wound closure was at a slower rate when compared to TD.  

Together, I hypothesized fever to have a robust wound healing capacity via 

promoting early immune responses, bacterial killing, effective resolution of inflammation, 

granulation tissue formation and re-epithelialization. To test this hypothesis, I examined 

kinetics of cellular recruitment and their antimicrobial responses. Additionally, 

histopathological analysis of wound tissues was conducted to evaluate healing of both 

epidermis and dermis layers of the skin, as well as gene expression analysis to identify the 

possible underlying molecular pathways. The following sections discuss how febrile 

response influences different components of inflammatory and proliferative phases of wound 

healing while comparing these outcomes to basal thermal condition and fever-range 

hyperthermia.  

   

4.2.1. Fever prompts an early and selective innate immune program  

Early signs of inflammation detected in fish employing behavioural fever suggested 

marked changes concerning the inflammatory profile and associated cutaneous immune 
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responses. Herein, I assessed the effects of febrile response on leukocyte recruitment and 

their antimicrobial responses.  

 

4.2.1.1. Early inflammatory response is associated with rapid leukocyte recruitment 

and efficient pathogen clearance 

A histopathological examination and ImageJ analysis of wound sections revealed 

earlier and markedly faster leukocyte recruitment in both TD and T26 compared to T16. 

Leukocyte infiltration was observed at 8 hours post-infection (hpi) and increased gradually 

to reach a peak at 24 hpi in both TD and T26 (Figure 4.3, 4.4A). In sharp contrast, minimal 

leukocyte infiltration was observed in T16 during the first 24 hpi and peaked at 48 hpi 

(Figure 4.3, 4.4A). A detailed examination of recruited cells was necessary to understand in-

depth immunomodulatory effects of fever. Therefore, I used a modified protocol to isolate 

skin leukocytes to be categorized based on cytochemical staining. This allowed me to 

characterize kinetics of differential leukocyte recruitment and identify subsets contributing to 

early cellular infiltration during fever. My results showed that PMNs were the primary cells 

causing the fever-induced rapid shift in infiltrating cells by dominating recruited cells. 

Neutrophil counts at 24 hpi were significantly higher in TD and T26 than T16 (Figure 4.4B), 

while there were no significant differences in macrophage/monocyte and lymphocyte 

populations during the first 36 hpi among all groups (Figure 4.4C, D). On the other hand, 

neutrophils were recruited at a relatively slower rate in T16 to peak at 36-48 hpi (Figure 

4.4B). At 48-72 hpi, I detected considerably larger numbers of monocytes/macrophages in 

T16 compared to TD and T26 (Figure 4.4C). This could be explained by high PMN numbers at 
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48 hpi in T16, where macrophages are essential for efferocytosis of apoptotic cells and 

mediating other antimicrobial functions [531]. Although levels of lymphocytes were not 

significantly different in all groups across the first 36 hpi, I observed a significant rise in 

their number at 48 hpi in fever fish only (Figure 4.4D), suggesting an early engagement of 

adaptive immune responses.  

 Overall enhancements in cellular recruitment induced by fever could have offered an 

advantage of rapid eradication of infection. Therefore, we assessed the presence of A. veronii 

on the wound surface as a measure of pathogen load and shedding potential. During the 

course of infection, furuncles caused by Aeromonas species can shed up to 107 bacteria per 

hour in fish [467]. Infected fish held at 16oC static thermal conditions displayed heavy 

bacterial loads through the first 2 days after infection, with a gradual reduction in CFU to 

reach undetectable levels by 14 dpi (Figure 4.5A). Fish in the dynamic fever group also 

showed heavy initial bacterial burden, but these decreased markedly faster than T16 fish to 

reach below detectable levels by 7 dpi (Figure 4.5A). Meanwhile, mechanical hyperthermia 

(T26) yielded an intermediate response, achieving Aeromonas clearance after 10 days. Thus, 

fish allowed to exert dynamic fever cleared A. veronii in half the time than fish maintained in 

static 16oC conditions. Notably, this enhancement in clearance could not be explained by the 

current thermal restriction model since A. veronii showed faster growth as incubation 

temperatures increased from 16 to 26°C [490]. Early bacterial clearance suggested 

enhancement of antimicrobial responses and subsequent swift resolution of inflammation 

and initiation of cellular proliferation. 
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4.2.1.2. Behavioural fever alters antimicrobial mechanisms of recruited leukocytes   

 To determine if fever’s enhancement of cellular recruitment and efficient pathogen 

killing were paired with activation of antimicrobial pathogen-killing mechanisms, we 

examined cellular production of ROS, as a prominent, effective, and evolutionarily 

conserved innate defense mechanism [265]. As previously shown, leukocytes derived from 

fish housed under basal thermal static conditions display a strong capacity for generation of 

ROS [414,532]. Over 75% of isolated skin leukocytes were positive for ROS production in 

T16, and similarly in T26 (Figure 4.5B). Surprisingly, the proportion of ROS-producing 

leukocytes was significantly reduced under febrile conditions (TD; Figure 4.5B) despite the 

enhanced kinetics in leukocyte recruitment outlined above (Figure 4.3 and 4.4A).  

Given the long-established contributions of fever to host survival and enhancement 

of pathogen clearance, I hypothesized that fever promoted innate antimicrobial responses 

that do not include a strong ROS production component. Thus, we also evaluated leukocyte 

NO production as an alternative evolutionarily conserved innate response to pathogen attack 

[532,533]. Contrary to results for ROS, we identified greater overall levels as well as 

accelerated kinetics of NO production under fever conditions (Figure 4.5C). Leukocytes 

infiltrating the furuncle of TD fish showed significant upregulation, with peak NO production 

observed at 24-36 hpi (Figure 4.5C). This was further supported by a marked, earlier 

upregulation of nos2 expression, which is necessary to produce immune NO (Figure 4.5D) 

[533]. In sharp contrast, both T16 and T26 displayed lower levels of nos2 expression and lower 

overall capacity to produce NO (Figure 4.5D). Hence, fever differentially regulated ROS 

and NO leukocyte antimicrobial mechanisms in Aeromonas-challenged fish.  
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4.2.1.3. Fever promotes early upregulation of pro-inflammatory cytokines and 

chemokines    

The alterations in cellular recruitment kinetics suggested a change in inflammatory 

cytokines and chemokines levels between treatment groups. Previously, febrile-range 

temperatures were found to promote the production and release of Tnfa [177] and enhance 

Cxcl8-mediated neutrophil relocation to infection sites [171,172]. Though, little is known 

about inflammatory mediators driving cutaneous immune responses during fever. A qPCR 

analysis of wound tissues revealed an early upregulation of a classical pro-inflammatory 

cytokine (tnfa) in TD and T26 at 16 hpi with no significant changes in the levels of il1b during 

the first 24 hpi (Figure 4.6). Meanwhile, in basal thermal condition, il1b and tnfa were 

substantially upregulated later at 36 and 48 hpi, respectively (Figure 4.6), correlating with 

delayed cellular recruitment reported earlier. These results further implied the selective 

nature of fever in activating antimicrobial mechanisms contrary to the historically proposed 

global activation of immune responses. Moreover, levels of cxcl8 (a critical chemokine for 

neutrophil recruitment) were remarkably upregulated in TD and T26 at 16 hpi and later at 36-

48 hpi in T16 (Figure 4.6), which follows the pattern of PMNs migration to the wound area 

in all groups (Figure 4.5), and thereby likely driving early neutrophil recruitment in fever. 

Notably, the fever-induced changes in cellular recruitment and expression levels of 

inflammatory mediators were similar to that of the static 26°C condition.  
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4.2.2. Fever induces an early resolution of inflammation and rapid shift 

toward proliferation 

 Studies looking at the basis for host survival due to fever have primarily focused on 

the activation of immune defense mechanisms with less emphasis on the resolution of 

inflammation. The self-resolving nature of our teleost model allowed me to characterize 

immunological changes during the transition between induction and resolution phases of 

acute inflammation. Given that prolonged inflammation results in impaired healing [534], 

immune responses must be tightly regulated to prevent extensive tissue damage. And while 

considering the better wound healing shown during the febrile response, I hypothesized fever 

to enhance effective control of inflammation, preventing collateral inflammation-associated 

damage. 

Comparison of cellular responses following Aeromonas infection showed differences 

in the control of leukocyte recruitment to wound site. For instance, fever fish reached the 

peak of infiltration at 24 hpi, subsequently decreasing and nearing basal levels by 48 hpi 

(Figure 4.4A). This was consistent with faster kinetics of induction and control of local tnfa, 

il1b, and cxcl8 gene expression observed in TD (Figure 4.5). In contrast, slower kinetics of 

leukocyte recruitment in T16 did not reach this peak until 48 hpi and were sustained beyond 

72 hpi (Figure 4.4A), consistent with delayed upregulation of pro-inflammatory cytokines 

gene expression (Figure 4.6) and pathogen clearance (Figure 4.5A). The rapid resolution of 

inflammation during fever suggested alterations in the levels of pro-resolution cytokines. A 

qPCR analysis showed that tgfb was considerably upregulated in TD and T26 at 24-36 hpi 

compared with T16 (Figure 4.6). Nevertheless, levels of another critical anti-inflammatory 
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cytokine (il10) were similar among all groups (Figure 4.6), which again supports the 

capacity of fever to selectively upregulate cytokines to modulate immune responses.  

A broader gene expression study of other regulators of acute inflammation was 

conducted using Nanostring technology. This technology delivers direct profiling of 

individual mRNAs in a highly multiplexed single reaction, devoid of the need for 

amplification. Overall, the analysis supported the observations above, where a drop in pro-

inflammatory genes pathway score was observed at 2 dpi in TD and T26 and later at 4 dpi in 

T16 (Figure 4.7A). This was induced by persistent higher expression levels of pro-

inflammatory cytokines (tnfa, il1b and il6) (Figure 4.7B), in addition to neutrophil 

chemoattractant (cxcl8) and granulocyte colony stimulating factor receptor (gcsfr) (Figure 

4.7C) in basal thermal condition compared with fever and mechanical hyperthermia. These 

observations mirrored late pathogen clearance noted in T16. Notably, the inflammatory stage 

of wound healing would persist until all excessive pathogens are cleared [534]. Still, 

extended inflammation can result in immense collateral tissue damage and delayed wound 

healing [534]. Collectively, my data indicates that behavioural fever promotes a rapid 

resolution of inflammation, thereby allowing early engagement of growth factors, such as 

vegf in the repair process (Figure 4.6), resulting in a better healing outcome.   

Despite being upregulated in all groups, I observed significantly higher expression 

levels of progranulin (grn) in T16 at 1 dpi (Figure 4.7D). Progranulin is released as precursor 

glycoproteins to be cleaved by proteolytic enzymes into smaller peptides called granulin, 

which possess immunomodulatory effects [535,536]. A balance must be maintained between 

progranulin and the generated granulin to avoid exacerbation of inflammation [535]. On the 
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other hand, levels of colony stimulating factor 1 (csf1) and its receptor (csf1r) were 

upregulated in fever fish at 4 dpi (Figure 4.7E).  Csf1 is one of the primary growth factors 

regulating macrophage and monocyte differentiation, survival and functions [537]. 

Administration of Csf1 was found to promote clearance of necrotic cells and tissue repair 

[537]. Similarly, ccl1, a potent chemoattract of both monocytes [216] and lymphocytes 

[217], was substantially upregulated in TD at 2 and 4 dpi (Figure 4.7F). In addition to being 

reported to enhance monocyte and lymphocyte recruitment, Ccl1 further supports resolution 

of inflammation by activating immunosuppressive functions of Treg [538]. 

Consistent with previous indications of early inflammation resolution, another pro-

resolution mediator, indolamine 2,3 dioxygenase (ido), was considerably upregulated in 

fever fish only (Figure 4.7G). Ido mediates immunomodulatory functions by impairing 

inflammatory cell proliferation and activation [29,30], promoting Treg differentiation and 

activating immunosuppressing activity of mature Treg [539,540]. The higher expression level 

of ido along with tgfb (Figure 4.6) at 24-48 hpi could be driving early control of 

inflammation and downregulation of pro-inflammatory mediators (e.g., il1b, tnfa and cxcl8). 

Fever fish, likewise, demonstrated superior ifng expression (Figure 4.7H). Ifng is a 

pleiotropic molecule that is well-known for its capacity to induce cellular apoptosis [541], 

macrophage activation [542] and resolution of inflammation in vivo [543]. Additionally, Ifng 

is projected to promote wound healing [544,545] via enhancing wound closure, neutrophil 

resolution and collagen deposition [543].   
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4.2.3. Fever activates tissue repair pathways to enhance healing of 

epidermal and dermal layers 

Fever’s impact on tissue repair was not limited to modulating inflammatory phase. 

Yet, it was further extended to influence the proliferation phase that involves crosstalk 

between several healing pathways regulated by pleiotropic growth factors. The process 

incorporates re-epithelialization, angiogenesis and granulation tissue formation, which occur 

concurrently [187]. Preliminary macroscopic examination of wound pathology revealed 

dramatic differences between fever and non-fever conditions in terms of tissue healing and 

wound closure rate (Figure 4.2). Although both TD and T26 conditions exhibited clear 

indications of early resolution of inflammation, wound was almost closed in TD and, to a 

lesser extent, in T26 by the end of the 14 days (Figure 4.2). At the same time point, limited 

progress in wound healing was detected in T16, where the wound was still relatively open 

(Figure 4.2). Using ImageJ, wound area at 14 dpi was measured to be 2.24 ±SEM 0.23 mm2 

in TD, 11.34 ±SEM 0.95 mm2 in T26, and 22.38 ±SEM 1.57 mm2 in T16. This indicated 

changes at the level of granulation tissue formation and re-epithelialization. 

 

4.2.3.1. Febrile response promotes collagen deposition  

Fibroblasts play a pivotal role in wound healing, being accountable for new 

granulation tissue formation and deposition. Following tissue injury, fibroblasts migrate to 

wound area and proliferate to produce and lay down different components of ECM 

[546,547]. Among them, collagen is considered the key element constituting the major part 

and providing strength. Therefore, to identify contributions of fever to granulation tissue 
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formation, I assessed collagen content at wound site via histopathological examination. Early 

and relatively abundant collagen (blue color) deposition was detected at 4 and 7 dpi day in 

TD compared to T26 and T16 (Figure 4.8). Additionally, collagen fibers were arranged in a 

parallel well-organized manner under fever condition (Figure 4.8).  

The marked increase in collagen deposition observed in TD indicated fever to promote 

fibroblast proliferation. Hence, I examined the proliferative rate of fibroblasts under fever 

and non-fever conditions. Surprisingly, I observed limited changes in fibroblast proliferation 

rate in TD (Figure 4.9). Data showed a gradual increase in fibroblast proliferation to peak at 

2-4 dpi in all groups, followed by a steady decline (Figure 4.9). Consequently, I 

hypothesized that the dramatic differences in collagen deposition were attributed to a fever-

associated robust fibroblast activation that involved a substantial upregulation of ECM 

elements, including collagen. Intriguingly, collagen type III (col3a1) and type I (col1a2) 

were dramatically upregulated in fever fish when compared to other groups (Figure 4.10A, 

B, respectively). Fibroblasts are mainly activated by Fgf and Tgfb, while their proliferation 

is primarily stimulated by Pdgf [187]. These growth mediators trigger intracellular signaling 

pathways to promote the expression of various components of ECM [22]. Fever remarkably 

upregulated fgf2 and tgfb compared with T16 and T26 (Figure 4.10C). Though, there were no 

significant differences in the expression level of pdgf (Figure 4.10C), which is in 

accordance with a comparable fibroblast proliferation rate in all groups. The development of 

new blood vessels required for oxygens and nutrient supply is necessary for granulation 

tissue formation. Dynamic fever exhibited a greater expression level of an essential mediator 

of angiogenesis, vegf (Figure 4.10E). 
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4.2.3.2. Fever improves re-epithelialization  

Re-epithelialization is crucial to protect damaged or newly formed tissue against 

potential threats from surrounding environments, particularly in aquatic organisms. 

Interestingly, at 3 dpi, I detected an early development of the basal layer of epidermis 

(arrows) along with overlying layers of keratinocytes in TD and T26 (Figure 4.8). Meanwhile, 

evidence of epidermis development was observed 24 hours later in T16 (Figure 4.8). The 

fever-induced dramatic shift in kinetics of re-epithelialization was expanded to achieve a 

rapid maturation of epidermis by 14 dpi. This was demonstrated by high-density layers of 

keratinocytes and mucus-secreting cells (arrowheads) observed in TD (Figure 4.8). Mucus is 

an essential component of cutaneous innate immune mechanisms in fish; thus, mucus-

secreting cells are an important part of a mature and functional epidermis [487]. In contrast, 

T16 showed a thick low cell-density epidermis with limited mucus cells (Figure 4.8). 

Although T26 demonstrated an early development of epidermis layer, it did not show the 

same maturation level observed in fever condition at 14 dpi, as evidenced by the sparsity of 

mucus-secreting cells (Figure 4.8). Regeneration of mucus-secreting cells is important for 

re-establishment of skin barrier functionality. Thus, fever promoted superior levels of wound 

repair and regained original structural features required for restoration of skin barrier 

functionality after cutaneous infection. Conversely, the absence of fever caused delayed 

resolution of the inflammatory response, re-epithelialization, and the appearance of ECM 

components. 
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The rapid epidermis development in fever fish indicated effective cellular migration 

and proliferation. Keratinocytes translocate from wound edges, facilitated by Mmp1 [22], 

and proliferate to cover wound surface under the influence of several growth factors, e.g., 

Ngf, Igf1 and Egf [306]. Gene expression analysis showed a significant and early 

upregulation of igf1 at 1 dpi in TD and T26 compared to T16 (Figure 4.10D). Though, on day 2 

and 4, high levels of igf1 were maintained exclusively in fever condition (Figure 4.10D). 

Likewise, egf and ngf were remarkably upregulated in TD, which could have contributed to 

the fever-associated rapid and efficient re-epithelialization complemented by highly 

expressed mmp1 detected in wound tissue (Figure 4.10F).  

Although Mmps are critical for keratinocyte migration via degrading various ECM and 

weakening integrin:matrix adhesion [302], their unrestrained upregulation provokes 

extensive tissue damage and obliterates growth factors, thereby causing impaired wound 

healing [244]. Despite similar expression levels of mmp9 at 1 dpi in all groups (Figure 

4.10F), I detected a maintained upregulation of mmp9 across the 14 days in T16 (Figure 

4.10F). Additionally, I observed limited differences in the gene expression levels of Hsps 

(hsp27 and hsp70) between fever and non-fever conditions (Figure 4.11), despite their 

positive contributions to molecular chaperoning and repairing misfolded proteins.  

 

4.3. Discussion  

Fever is a hallmark of acute inflammation that has been evolutionarily conserved 

through millions of years. Despite its long-standing role in host survival, there are still gaps 
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in our understanding of fever biology leading to uncertainty about whether febrile responses 

are net positive or negative to health. This has resulted in limitations of existing guidelines 

for fever management in addition to the unregulated use of antipyretics [40]. Indeed, fever 

has been consistently reported to lower morbidity and mortality rates following infections 

[119,140,150,548–551], suggesting its potential role in restoring tissue homeostasis [3]. 

Though, underlying mechanisms remain unestablished. Herein, we demonstrate a novel 

intrinsic capacity of fever to restore tissue integrity and homeostasis subsequent to a 

challenge. In addition to presenting a fever-range hyperthermia model, we utilized a 

behavioural fever model to examine fever under host-driven dynamic thermoregulation. 

Both models allowed characterization of differences between dynamic fever and mechanical 

hyperthermia that has commonly been employed to study fever [173,552,553]. My results 

show that fever induced an early acute inflammatory program driven by selective 

upregulation of classical pro-inflammatory mediators followed by rapid control of 

inflammation. Although a static increase in temperature demonstrated parallel effects, it did 

not recapitulate all of the immunomodulatory impacts of dynamic fever. The influence of 

fever on tissue repair was more apparent during proliferation, where it was associated with 

marked enhancements of re-epithelialization and granulation tissue formation. Notably, as 

shown in epidermis and dermis healing, T26 did not reach the full healing potential of a 

natural febrile response. 

An acute inflammatory response associated with PMNs and macrophage migration to 

the wound area is essential for pathogen and debris clearance. However, a critical balance 

must be maintained between phagocytes protective functions and their possible contributions 
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to prolonged and exacerbated inflammation [236]. This balance ensures eradication of 

infection while minimizing collateral tissue damage. My data demonstrated a fever-induced 

early neutrophil-centric leukocyte recruitment followed by their rapid resolution. This rapid 

shift in the acute inflammatory program achieved a remarkably faster bacterial clearance 

coupled with a reduction in the time PMNs existed at the wound site, thus less inflammation-

linked collateral tissue injury. Several studies suggested that prolonged existence of 

neutrophils in wound area was detrimental to proper tissue repair [237,238]. This was 

attributed to PMNs-derived proteases degrading ECM and being allied with deleterious 

levels of ROS [239,240]. Fever by inducing an early innate immune program followed by 

rapid inflammation control aided in reducing collateral tissue damage and thus indirectly 

promoting the repair process.  

Fever modulated antimicrobial responses exerted by cutaneous leukocytes, where we 

observed, unlike fixed thermal conditions, a marked reduction in ROS levels accompanied 

by high levels of NO. Both ROS and NO are evolutionarily conserved antimicrobial 

defenses employed by phagocytes to combat pathogens. Though, recent research has 

identified differences in their functions and implications. For instance, although NO and its 

reactive nitrogen species (RNS) possess microbicidal properties [274,554], NO was also 

reported to possess anti-oxidant and anti-inflammatory assets [275], including influencing 

ROS levels and activity. For instance, production of ROS is arbitrated by several 

mechanisms (e.g., activation of NADPH oxidase), where NO regulates many of them in 

addition to minimizing the reactivity of O2
– and H2O2 [273]. NO limits the distribution of 

ROS to specific sites to help eliminate pathogens while minimizing ROS-associated cellular 
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injury [273]. Likewise, NO was reported to contribute to better inflammation control via 

impeding PMN adhesion to vascular endothelium [276,555], in addition to downregulating 

il8 [277] and il1b [278]. Additionally, a positive contribution of NO to several tissue repair 

events, such as collagen deposition, cell proliferation and wound closure, was shown [279], 

and supported by the tissue-protective effects observed as a result of NO administration 

[556,557]. Although a reduction in ROS activity seems contradictory to fever-associated 

efficient bacterial clearance, an enhanced NO activity was found to promote bacterial killing 

while suppressing ROS and concomitantly reducing tissue injury coupled with respiratory 

burst [558]. Our results suggest that fever promotes NO levels to control ROS activity to the 

level where pathogen clearance and modifications of intracellular signaling pathways 

essential for host defense are maintained, along with minimizing collateral tissue damage. 

A proper transition from inflammatory to proliferative phase is vital for the healing 

process, which ultimately hinges on efficient resolution of inflammation. Early and robust 

inflammation control in fever condition was associated with engagement of tissue repair 

pathways, evidenced by significant upregulation of a variety of growth factors. This was in 

contrast with persistent expression of pro-inflammatory cytokines until 4 dpi and remarkably 

lower expression levels of growth mediators in T16. Notably, while fish at a fixed 26°C 

demonstrated a relatively similar inflammatory profile to that of dynamic fever, there were 

significant differences concerning activation of tissue healing pathways. This was 

highlighted by the superior capacity of fever to upregulate growth factors and promote 

healing of epidermis and dermis layers. Notably, mechanical hyperthermia revealed a better 

healing outcome when compared to basal thermal condition, evidenced by early 
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downregulation of pro-inflammatory cytokines and relatively higher expression of a number 

of growth factors.  

Among various wound healing events, I focused on assessing re-epithelialization, 

angiogenesis and granulation tissue formation. Remarkably, fever contributed positively to 

all of them. The complex regulation of these events is accomplished via pleiotropic growth 

factors, cytokines, and crosstalk between various pathways. Herein, I examined the gene 

expression of growth factors involved in each reparative event to characterize possible 

molecular pathways driving the superior healing capacity of fever. For instance, I observed a 

considerable upregulation of fgf2 and tgfb necessary for fibroblast activation and 

biosynthesis of ECM components [527], which was mirrored by enhanced collagen 

deposition. Likewise, high mRNA levels of igf1, egf and ngf supported enhanced re-

epithelialization under fever condition. My data showed a limited impact of fever on 

fibroblast proliferation, though fibroblast proliferation assay had some limitations being in 

vitro and utilizing cell lines, not primary cells, which could have provided a higher baseline 

of cellular proliferation that should be taken into consideration.   

Since control/non-infected fish preferred a mean temperature of 23°C during 

behavioural analysis, despite the marked heterogeneity (Figure 3.8B), it was necessary to 

examine the effects of housing A. veronii-infected fish at 23°C on wound healing. Overall, 

fish at 23°C displayed similar wound healing kinetics to those held at T16. Wound pathology 

exhibited delayed signs of purulent exudate and didn’t reach equivalent stages of wound 

closure achieved by fever (Figure 4.12A). Moreover, histopathological examination 

revealed late leukocyte recruitment (Figure 4.12B) and a slower progression of re-
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epithelialization and collagen deposition (Figure 4.12C). The data indicates the necessity of 

reaching a particular degree of temperature (i.e., ~25.5°C) to accomplish fever’s significant 

modulation of tissue repair. The results are in accordance with previous data from our lab 

(not published) showing enhanced leukocyte recruitment in fish injected intraperitoneally 

with zymosan (fungal mimic) at 26°C with limited changes reported in their kinetics at lower 

temperatures (16, 21, 23°C).  

A fixed increase in temperature to febrile levels is commonly associated with 

improved wound healing. For instance, the rate of wound healing in teleost fish was 

proportional to temperature levels, while temperature-associated stress had diminutive 

effects on healing [559]. Likewise, Atlantic salmon maintained at 12°C demonstrated faster 

wound healing than those at 4°C [193]. Other researchers reported high temperatures to 

enhance the positive healing effects of topical medical-grade honey in carp [560]. With 

regard to clinical trials, emerging data indicate that local warming of surgical wounds 

enhances wound healing  [561–563]. For example, postoperative application of local water-

filtered infrared-A resulted in a wound temperature increase associated with superior oxygen 

perfusion and overall wound healing [564]. Additional preliminary indications of thermal 

regulation of tissue repair were shown via increasing wound temperature utilizing a topical 

radiant heat or sodium nitrite [565,566], where wounds of higher temperatures had a better 

blood flow and healing outcome. Collectively, these findings support my results, though 

herein, I characterized some of the mechanistic modulations of febrile-range temperatures to 

inflammatory and proliferative phases of the repair process, contributing to enhanced wound 

healing. Furthermore, I revealed for the first time a greater intrinsic healing capacity of 
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natural dynamic fever compared to mechanical hyperthermia, thus, providing a better 

understating of fever biology and its essential contribution to host survival.  

 



 

 

 

153 

 



 

 

 

154 

 

 



 

 

 

155 

 

 



 

 

 

156 

 



 

 

 

157 

 

 



 

 

 

158 

 



 

 

 

159 

 

 

 

 



 

 

 

160 

 

 



 

 

 

161 

 



 

 

 

162 

 



 

 

 

163 

 



 

 

 

164 

 



 

 

 

165 

 



 

 

 

166 

 

 



 

 

 

167 

 

 



 

 

 

168 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

169 

 

 

 

 

 

 

 

         V

 

 

 

 

 

 

 

 

 



 

 

 

170 

 

5.1. Introduction 

Given the previously highlighted beneficial impact of fever on tissue repair, I was 

interested in assessing whether mechanical replication of fever (MF), by manually changing 

fish housing temperature (as shown in Figure 5.1A) to replicate behavioural fever thermal 

pattern (Figure 3.8), would reveal the same benefits. MF allowed simulating of thermal 

components of febrile responses compared with fixed high-temperature group (T26), 

previously examined in chapter IV. Several research groups investigated the impact of fixed 

hyperthermia on immune responses, particularly in endothermic models (refer to 1.4.2.3.2.2. 

Fever-range temperatures influence innate and adaptive immune responses). Unlike 

these mechanical hyperthermia studies, our strategy captured distinct thermal levels naturally 

selected by fish at different points of the febrile response. Importantly, these considered 

thermal periods tied to the induction and resolution of acute inflammation. The latter was 

particularly interesting to me and links this work to tissue repair processes. Goldfish were 

infected with A. veronii (refer to 2.4. Cutaneous A. veronii infection: a tissue repair 

model) and assigned into three different experimental categories: (1) behavioural fever (TD); 

(2) mechanical fever (MF); and (3) fixed basal acclimated temperature condition (T16). 

Wound healing parameters were compared between groups with a focus on wound 

pathology, bacterial clearance and gene expression analysis of inflammatory and growth 

mediators. In the first part of this chapter, I discuss the impact of mechanical replication of 

fever on the inflammatory and proliferative phases of wound healing in comparison to 

natural dynamic fever.  
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Additionally, I was interested if distinct periods of the fever response are relevant to 

tissue repair process. Therefore, in the second part of the chapter, I focus on determining if 

deploying the whole mechanical fever pattern (14 days) is required for fish infected with A. 

veronii to display the reparative effects or whether employing part of it would suffice. Fish 

were infected and assigned to two temperature categories: (1) short truanted (ST) group, 

where the temperature pattern of fever was truncated at 4 dpi to return to basal temperature 

(16°C), and (2) long truncated (LT) group at which the pattern was truncated at 9 dpi to 

return to 16°C. Given the importance of thermal component of febrile responses in 

regulating parts of their functional attributes, I hypothesized that mechanical fever would 

significantly enhance pathogen clearance and promote tissue repair. Additionally, truncating 

fever’s thermal pattern would inhibit some of these benefits.  

   

5.2. Results 

5.2.1. Mechanical fever enhances bacterial clearance and overall wound 

healing 

Analyzing bacterial load from the wound surface displayed a significant difference in 

CFU/mL between MF and T16, where mechanical fever fish demonstrated a superior capacity 

to clear pathogens (Figure 5.1B). Although both groups showed too numerous to count 

CFUs at 1 and 2 dpi, bacterial load was remarkably reduced in MF at 4 dpi compared with 

T16, which showed substantially higher loads of bacteria at the wound surface till 10 dpi 

(Figure 5.1B). Though, MF failed to achieve a similar pathogen-killing ability observed in 
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dynamic fever (Figure 5.1B). The rapid bacterial clearance induced by mechanical fever 

suggested enhanced kinetics of inflammatory responses. This was supported by early signs 

of purulent exudate noted in MF at 2 dpi (similar to T26 fish); however, these signs were 

exhibited 48 hours later by fish at basal temperature condition (red boxes; Figure 5.1C). By 

the end of the fourteen days, the wound was almost closed in MF and T26, yet it was still 

relatively open in T16 (green boxes; Figure 5.1C), indicating that mechanical fever 

significantly improved healing associated with faster wound closure. Histopathological and 

Nanostring analyses were conducted for a more in-depth analysis of mechanisms underlying 

these differences in repair outcomes.   

 

5.2.2. Mechanical fever induced an early acute inflammatory program 

reminiscent of dynamic fever 

Signs of acute inflammation and purulent exudate demonstrated concurrently at 2 dpi 

in both MF and TD indicated a comparable induction pattern of acute inflammatory 

responses. To analyze these observations, we examined the gene expression of pro-

inflammatory mediators using Nanostring technologies. Overall, the pro-inflammatory 

pathway score peaked at 1 dpi, dropping at 2 dpi (Figure 5.2), indicating a similar timeline 

of induction of acute inflammation in dynamic and mechanical fever that was, in contrast, 

delayed in T16, as previously shown (refer to Section 4.2.1.) The score was calculated as the 

first principal component of genes’ normalized expression involving pro-inflammatory 

cytokines as well as neutrophil/macrophage phenotypes genes (csf1r, cxcl8, il6, ccl1, csf1, 

tnfa, ifng, gcsfr, grn and il1b). Most of the mediators involved in activation of acute 
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inflammation, such as il1b, tnfa, il6 and cxcl8 showed no significant differences in their 

expression levels between MF and TD at 1 and 2 dpi (data not shown). Notably, expression 

kinetics of molecular inducers of acute inflammation in MF were the same under fixed 26°C 

(Figure 4.7A).   

 

5.2.3. Mechanical fever failed to promote collagen deposition and 

efficient resolution of inflammation attained by febrile responses  

The differences in wound closure rate observed by the end of the fourteen days in 

both TD and MF (Figure 5.1C) indicated possible distinctions in epidermal and dermal 

healing. Therefore, I did histopathological and gene expression analyses to characterize these 

differences. At 7 dpi, wound sections revealed abundant, parallel and well-organized 

collagen fibers in dynamic fever compared to mechanical fever (blue color; Figure 5.3A). 

Collagen is the main component of ECM, synthesized by fibroblasts, forming the dermis 

layer and providing strength [311].  

Earlier collagen deposition indicated rapid engagement of tissue repair pathways that 

necessitate effective inflammation resolution [236], achieved via several regulatory 

mechanisms (refer to 1.4.3.1.7. Suppression of inflammation) aiming at downregulating 

cellular recruitment and pro-inflammatory mediators. Although mechanical fever was 

associated with a similar expression pattern of pro-inflammatory cytokines presented in 

behavioural fever during the first 48 hours after infection, I observed significant differences 

regarding their downregulation at later time points. For instance, at 7 dpi, mRNA levels of 
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cxcl8 were upregulated in mechanical fever fish compared to those allowed to deploy 

behavioural fever (Figure 5.3B). Furthermore, the substantially higher progranulin (grn) 

expression observed in MF (Figure 5.3B) could have augmented acute inflammation and 

delayed its control. Progranulin is released as precursor glycoproteins containing granulin-

like domains by epithelial and infiltrating hematopoietic cells [535]. It is then cleaved by 

proteolytic enzymes such as Mmp9 into smaller peptides called granulin [536]. Although 

progranulin possesses an essential modulatory role in tissue repair, a balance has to be 

maintained between progranulin and its protease-generated granulins to avoid aggravation of 

inflammation [535]. Granulin A and B were reported to stimulate epithelial cells to secrete 

Cxcl8, thus enhancing neutrophil recruitment [567]. Notably, mice with secretory leukocyte 

peptidase inhibitor (slpi-/-) knockout displayed prolonged inflammation and impaired wound 

healing triggered by superfluous granulins generated by the high level of protease activity 

[568]. We later report a remarkably upregulated mmp9 in MF at the same time point 

(Section 5.2.4), which correlates augmented levels of granulins and cxcl8. 

We detected a considerable upregulation of ido, a pro-resolution mediator, in 

mechanical fever fish (Figure 5.3B). Ido is a rate-limiting enzyme converting tryptophan to 

kynurenine [569]. Ido mediates immunomodulatory functions during tissue repair by 

impairing inflammatory cell proliferation and activation [21,22], promoting Treg 

differentiation and activating their immunosuppressing activity [539,540]. The high 

expression level of ido is suggested to be a compensatory mechanism to suppress augmented 

inflammation potentially induced by upregulated pro-inflammatory mediators as well as 

Mmp9-generated granulins at 7 dpi. Additionally, a significant upregulation of arginase 2 
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(arg2) enzyme was detected in MF (Figure 5.3B). Arginase is a metalloenzyme that 

primarily converts L-arginine, the primary source for NO production, to L-ornithine and urea 

[570]. Although, L-ornithine is important for proline and subsequent collagen formation, 

excessive consumption of arginine by increased levels of arg2 results in uncoupling of NOS 

that is further associated with a significant reduction in NO [571] and a rise in superoxide 

[570].  

On the other hand, csf1 and csf1r were remarkably upregulated in dynamic fever 

compared to MF (Figure 5.3C). Csf1, also known as macrophage colony stimulating factor 

(Mcsf), is an essential regulator of macrophage proliferation, differentiation, survival and 

biological functions [572], which is critical for the healing process (refer to 1.4.3.1.5.2. 

Macrophages). This indicated a significant contribution of Csf1 to better wound healing by 

functioning during the early inflammatory and later proliferative phase. The increased 

expression of csf1 was revealed to be beneficial to wound healing [573–575]. 

Mechanistically, Csf1 promotes macrophage activation [575] and increases Tgfb levels 

[576]. Moreover, Csf1 contributes to dedifferentiating hematopoietic cells into stem cells 

[573].  

Slower downregulation of pro-inflammatory mediators in mechanical fever fish was 

associated with interrupted tissue repair machinery and collagen deficiency in the dermis 

layer. Collagen synthesis and release are regulated by a variety of growth factors regulating 

fibroblast proliferation, migration and activation [310,311] (refer to 1.4.3.2.4. Growth 

factors in tissue repair). Among them, we examined the expression of tgfb, where we 

detected a significant upregulation at 7 dpi in dynamic fever (Figure 5.3D). A concomitant 
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higher mRNA levels of collagen (col1a2) in TD (Figure 5.3D) was in accordance with 

histopathological findings and increased tgfb.    

 

5.2.4. Mechanical fever enhances re-epithelialization  

Assessing re-epithelialization via histological analysis revealed little differences 

between mechanical and dynamic fever. Both groups showed evidence of epidermis 

development at 7 dpi that progress toward a mature epidermal layer characterized by high-

density keratinocytes and mucus-secreting cells at 14 dpi (Figure 5.4A), though relatively 

more mucus-secreting cells were observed in TD. Critical for the development of epidermis 

following an injury is the migration, proliferation and differentiation of keratinocytes [301], 

activated by various mediators, including Egf, Igf1 and Ngf [208,304,306,337,577] (refer to 

1.4.3.2.1. Re-epithelialization). Nanostring analysis uncovered a similar expression level of 

these growth factors in TD and MF (Figure 5.4B). ngf and egf are upregulated during early 

time points, while mRNA levels of igf1 remain high throughout the 10 days after infection, 

proposing these pleiotropic growth factors to be produced in a spatio-temporal manner with 

overlapping contributions regulating epidermal development at different stages. For 

example, Ngf and Egf seem more related to the initiation of epithelial cell migration and 

proliferation to rapidly cover the wound surface, whereas Igf1 regulates subsequent cellular 

proliferation and differentiation crucial for epidermal maturation.  

Quantification of mucus-secreting cells showed that dynamic fever fish had a higher 

number of these cells in the epidermis (Figure 5.4C). Skin mucus is an essential component 
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of cutaneous innate immune mechanisms of fish against invading pathogens; therefore, 

mucus cells are vital for a functional epidermis [487]. Examining differential gene 

expression of other pleiotropic growth factors (fgf2 and pdgfa) revealed differences between 

mechanical and dynamic fever (Figure 5.4D). These growth mediators are involved in 

various tissue repair pathways regulating re-epithelialization, fibroblast activation and 

collagen synthesis (refer to 1.4.3.2.4. Growth factors in tissue repair). Significant 

upregulation of these factors in TD could have contributed to enhanced collagen deposition 

and epidermis maturation. Notably, fgf2 was substantially upregulated at 4 dpi in MF 

(Figure 5.4D). Likewise, mechanical fever managed to enhance the expression of most 

growth factors (compared to a basal expression at 0 dpi) at most of the time points. 

However, it failed to replicate a similar pattern at 7 dpi. Also, there was no significant 

difference in the expression level of vegf, a potent mediator of neovascularization, between 

mechanical and dynamic fever (Figure 5.4E), which further supports MF's capacity to 

replicate some of the tissue repair benefits of dynamic fever. 

Mmps are critical for several tissue repair events, such as re-epithelization [302], 

angiogenesis and granulation tissue formation [310]. They function by cleaving ECM and 

integrin:matrix adhesion, thus facilitating cellular migration [302]. Tight regulation of these 

proteinases is essential to avoid collateral tissue injury in addition to the annihilation of 

growth factors and newly formed granulation tissue [365–367]. Examining mRNA level of 

mmp9 revealed similar kinetics of expression during the first 4 days in both groups, though 

there was a persistent upregulation of mmp9 at 7 dpi in MF compared with TD (Figure 5.4E). 
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High levels of mmp9 could have contributed to more tissue damage in mechanical fever 

associated with delayed collagen deposition and augmented granulin levels. 

 

5.2.5. Truncation of mechanical fever pattern displayed similar 

inflammatory program with restrictions on wound repair   

To determine if applying mechanical fever thoroughly (14 days) is necessary to 

induce tissue repair benefits, we examined the impact of truncating mechanical fever pattern 

after 4 days (ST) and 9 days (LT), as shown in (Figure 5.5A). Interestingly, both short and 

long truncation showed a remarkably rapid bacterial clearance compared to T16 (Figure 

5.5B). Similar to MF, early signs of inflammation and purulent exudate were detected at ST 

and LT at 2 dpi, while they were observed at 4 dpi in T16 (Figure 5.5C). This indicates that 

applying a mechanical fever pattern until day 4 was sufficient to activate an early acute 

inflammatory response associated with rapid bacterial killing. However, wound pathology at 

14 dpi showed differences in wound closure rate between groups (Figure 5.5C). LT group 

showed a relatively faster wound closure than ST; however, it was slower than MF (Figure 

5.5C). Yet, ST and LT demonstrated improved overall wound healing compared to fish held 

at static 16°C (Figure 5.5C). While truncating mechanical fever pattern has shown similar 

effects of MF during the inflammation phase of tissue repair, it did not recapitulate the same 

impact on the proliferative phase.  

A qPCR analysis of genes involved in both inflammatory and proliferative parts of 

the repair process was conducted. Pro-inflammatory cytokines (tnfa and il1b) showed the 
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same expression pattern in MF, ST and LT. Still, tnfa was early and significantly upregulated 

in these groups compared to T16 (Figure 5.6A), with no differences in il1b expression levels 

between the four groups, indicating a potential contribution of tnfa rather than il1b to the 

early induction of inflammation. Truncation of mechanical fever also did not impact nos2 

expression levels that remained remarkably high at 2 dpi in MF, ST and LT groups compared 

with basal static condition (Figure 5.6A). Although all four groups showed almost levels of 

cd4, a substantial increase in cd8 expression was identified only in MF and LT at 10 dpi 

(Figure 5.6B). Gene expression levels of molecular chaperones (hsp27, hsp70) were similar 

in all groups (Figure 5.6C). Though growth factors such as igf1 and vegf were significantly 

upregulated in MF, ST and LT at 1 and 4 dpi, respectively (Figure 5.6C). Similarly, 

expression of tgfb was remarkably higher in MF, ST and LT when compared to 0 dpi, which 

was not observed in basal acclimated temperature (Figure 5.6C). col1a2 was another 

example where short truncation impacted its expression at 7 dpi (Figure 5.6C).  

Collectively, my data propose the importance of deploying the whole fever window by fish 

to achieve the full potential of mechanical fever, especially reparative and adaptive immune 

responses. Yet, applying a part of the fever window still enhanced innate immune responses 

and, to a lesser extent, improved healing.     

      

5.3. Discussion  

In chapter IV, I highlighted dynamic fever's significant and beneficial contributions 

to reparative responses. However, a question remained on the feasibility of mechanically 
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replicating the thermal pattern of febrile responses to achieve similar effects of dynamic 

thermoregulation. It was also essential to characterize the impact of fever’s thermal 

component on tissue repair and to rule out other factors associated with dynamic fever that 

would induce a superior healing capacity compared to mechanical fever. Our data show that 

mechanical replication of fever’s thermal pattern accomplished remarkable advantageous 

healing effects compared to control (fish held at 16°C). Yet, it did not recapitulate all repair 

benefits observed during dynamic fever. Two main factors can explain these findings: (1) 

fish during behavioural fever response are allowed to freely choose their preferred 

temperature, providing them with the flexibility to utilize higher temperatures to their benefit 

when needed; (2) additional possible positively contributing neuronal and metabolic factors 

that are only activated during natural febrile responses.  

Wound pathological examination revealed early signs of purulent exudate, indicating 

enhanced kinetics of acute inflammatory response in both MF and TD. However, there were 

differences in wound closure rate between the two groups induced by dynamic fever's 

robustness in promoting reparative responses such as collagen deposition. Collectively, the 

data suggest some similarities in inflammatory and proliferative profiles but not a complete 

reiteration. Fish in MF condition were able to clear pathogens at a remarkably faster rate 

which was still slower compared to these experiencing behavioural fever. All these 

observations proposed parallels in some aspects of the underlying molecular mechanisms, 

especially the early expression of pro-inflammatory cytokines.  

The delayed downregulation of some pro-inflammatory mediators at 7 dpi explained 

previously and summarized in (Figure 5.7) in mechanical fever fish indicated a late 
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resolution of inflammation. A proper transition from inflammatory to proliferative phase is 

vital for the healing process, which ultimately depends on efficient resolve of inflammation 

[236]. Early and robust inflammation control in dynamic fever, aided by rapid bacterial 

clearance and downregulation of pro-inflammatory cytokines, was associated with early 

engagement of tissue repair pathways as shown by upregulation of various growth factors at 

7 dpi (Figure 5.7); thus, better healing outcomes.  

The results match findings illustrated in chapter IV, where fish held at 26°C (the 

highest temperature fish migrate to during behavioural fever) failed to recapitulate all the 

effects offered by dynamic fever. However, mechanical fever displayed additional 

robustness compared to T26, especially regarding wound closure and maturation of epidermis 

layer. The development of mucus-secreting cells was detected in MF group at 14 dpi, but it 

was not observed in the case of 26°C condition. This signals the importance of distinctive 

behavioural thermoregulation of infected fish, which are time and temperature specific, and 

that a fixed increase in housing temperature negates these conditions, abolishing some of the 

healing benefits. Additionally, infected fish tend to stay at a preferred higher temperature for 

particular durations, depending on the challenge, sufficient to help fish overcome the 

infection and restore homeostasis. Hence, truncation of fever’s thermal pattern likely 

disrupted some immunomodulatory and tissue repair benefits orchestrated by these 

behavioural thermoregulations.     
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6.1. Overview of findings 

The conservation of fever across 550 million years of metazoan evolution [43] 

indicates a survival advantage, which happens to outweigh metabolic costs [578], increased 

risk for predation [38] and reduction in reproductive success [579]. This was supported by 

the expanding literature recounting survival advantages of febrile responses (refer to 1.4.2.3. 

Fever, survival and impact of antipyretics); however, mechanisms underlying these 

contributions remain inadequately understood. The gaps in our understanding of fever 

biology are attributed to deficient experimental models adequately reiterating natural 

physiological processes driving and maintaining fever. In this study, I used a cold-blooded 

teleost fish behavioural fever model to examine febrile responses under host-driven dynamic 

thermoregulation, thus averting common limitations associated with mechanical 

hyperthermia and antipyretics use that can interrupt native thermoregulatory pathways. 

Challenging fish with A. veronii cutaneous infection induced a behavioural fever response 

associated with a preference for high temperature and lethargy behaviours (Chapter III). 

Confirmation of a behavioural fever response in our model was fundamental to link our 

observations to febrile responses.  

The main focus of my thesis was to investigate the potential role of fever in restoring 

homeostasis upon infection via assessing its impact on tissue repair. Fever was found to 

improve overall wound healing when assessing wound pathology compared to basal 

acclimated temperature. A self-resolving A. veronii skin infection model allowed me to 

examine fever-induced changes during both inflammatory and proliferative phases of the 

repair process. Our findings show that fever is an important regulator of acute inflammation 
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induction and control. The earlier and more selective rather than stronger activation of innate 

antimicrobial programs against infection led to markedly quicker pathogen clearance 

(Chapter IV). These functional characteristics of fever were further integrated with effective 

resolution of inflammation and triggering of various tissue repair mechanisms that 

accelerated healing of damaged tissues and achieved efficient return to homeostasis 

(Chapter IV). In comparison to prevalent theories that assume global induction of immunity 

or rely on a shift away from those temperatures preferred by invading pathogens, this 

integrative approach is novel and represents a notable upgrade in refinement. Mechanically 

replicating the thermal preference of fish exerting behavioural fever showed some benefits 

but failed to recapitulate natural febrile response (Chapter V). 

 

6.2. Behavioural fever in goldfish  

Subsequent to using goldfish as a comparative ectothermic model to study fever, it 

was essential to characterize behavioural fever response in these animals. Goldfish were 

infected with A. veronii then added to ATPT to track their movements. A custom animal 

enclosure delivered a stable multi-day thermal gradient without using physical barriers that 

are known to affect behaviour [138,489]. This animal model, enclosure layout and 

automated continuous per-second tracking of animal locomotory patterns during the 

behavioural thermoregulation greatly improved analytical robustness and temporal 

resolution. The behavioural analysis revealed a distinct timeframe from 1 to 8 dpi with an 

overall trend of ~2.9°C increase in temperature preference of A. veronii infected fish when 
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compared to controls [490]. This was consistently observed in infected fish, while control 

fish displayed a high degree of variability within the same timeframe. Two lethargy 

behaviours, overlapping the window of high-temperature preference, were identified by a 

remarkably lower mean velocity and zone transitions in infected fish [490]. Outside the fever 

window, there were no significant differences in temperature preference, velocity and zone 

transitions between infected and control fish, with both groups demonstrating large 

variations temporally and across individual fish [490]. Collectively, behavioural analysis of 

A. veronii infected outbred population fish showed consistency in their preference for high 

temperature during a window of seven days. The period of increased thermal preference was 

further associated with two lethargy behaviours mimicking sickness behaviours of 

endotherms/humans.  

Additional experiments revealing upregulation of pro-inflammatory cytokines and 

Hsps in the hypothalamic tissue and high levels of serum PGE2 in infected fish further 

confirmed the behavioural fever response [490]. Moreover, when infected fish were injected 

with ketorolac, a common antipyretic, they exhibited a temporary disruption of their 

behavioural thermoregulation [490]. These findings are in accordance with the previously 

reported common pathways of fever induction that involve COX2/PGE2 between cold- and 

warm-blooded vertebrates [18].     
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6.3. Fever promotes tissue repair  

6.3.1. Contributions of fever to inflammatory phase of tissue healing  

Increases in core body temperature are well-established to promote neutrophil 

accumulation, NADPH oxidase activity, and production rates of toxic superoxide anions 

[3,580]. Models of fever-range hyperthermia have associated these effects with higher serum 

concentrations of Il1, Tnfa, and Il6 [166,581], Gcsf-driven release of neutrophils from the 

hematopoietic bone marrow,[582] expansion of the circulating neutrophil pool [170,582] and 

increased endothelial barrier permeability of blood vessels [583], in addition to upregulation 

of gmcsf, il8 and other CXC chemokines at the infection site [78,169]. However, these 

thermal increases have also been shown to promote collateral tissue injury [168,584]. This 

continues to be largely viewed as an inevitable cost of fever, where induction of immune 

defenses will undoubtedly drive accompanying inflammation-associated tissue injury 

[168,169]. Our results offer an alternative explanation, where fever-range hyperthermia 

partially recapitulates the regulatory capacity of fever on acute inflammation. Both fever and 

mechanical fever range-hyperthermia displayed accelerated kinetics of leukocyte recruitment 

and earlier control of pro-inflammatory cytokine expression. Though differences were 

observed in the induction of pro-resolution genes, and fever ultimately demonstrated a 

superior capacity to restore tissue integrity and homeostasis.  

We also documented a clear shift from a ROS-dominant microbicidal response under 

euthermic and fever-range hyperthermia conditions to one dominated by NO production 

under fever. Yet, this inhibition in ROS production seemed contradictory to a well-

established role of fever in pathogen resistance. Notably, reduced ROS activity does not 
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essentially have to result in compromised host defenses. Additionally, NO and downstream 

reactive nitrogen species (RNS) exert microbicidal or microbiostatic activities against a 

broad range of bacteria, viruses, yeasts, helminths, and protozoa [273]. In a murine 

Pseudomonas aeruginosa infection, NO enhanced bacterial clearance via an Atg7-mediated 

mechanism that further inhibited ROS production and limited oxidative stress, resulting in 

reduced lung injury and lower infection-associated mortality [558]. Other examples of 

antagonistic NO modulation of ROS responses during infection have also been described, 

some of which can be traced as far back as plants [273,275,555,585,586]. My results are 

consistent with these observations and offer a natural scenario where fever drives a shift in 

the NO-ROS balance, maintaining capabilities of microbial clearance to subvert infection 

while contributing to inflammation control and the re-establishment of a functional mucosal 

barrier.  

Recent years have seen renewed interest in the links between thermoregulation and 

host defense, which extends to cooler temperatures [587,588]. This has led to a perceived 

functional dichotomy between fever and hypothermia. Although both reflect an animal’s 

capacity to take advantage of thermoregulation to maintain fitness upon infection, fever 

drives elimination of invading microorganisms through microbicidal disease resistance, 

while hypothermia promotes tolerance to foster energy conservation and management of 

collateral inflammation-associated tissue damage [587,588]. Our results blur the line in this 

perceived dichotomy. We identified clear fever-embedded mechanisms that contributed to 

the maintenance of tissue integrity and would allow for energy conservation. These 
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contributions were prominent features through initial induction and subsequent resolution of 

acute inflammation and the following tissue repair mechanisms.   

Fever promoted disease resistance via enhanced kinetics of leukocyte recruitment 

rather than augmenting the magnitude or duration of immune activation. Selective rather 

than global upregulation of immunity further decreased the potential for collateral damage 

often attributed to fever. Remarkably, microbicidal efficacy was still superior under fever, 

with A. veronii clearance achieved markedly faster than under thermally restricted basal 

conditions. Fever then showed greater efficiency in inflammation control. This was paired 

with novel contributions that actively promoted tissue repair instead of resilience to 

inflammatory damage. There was no induction of a hypothermic state at any point during our 

observation periods; instead, high-resolution positional tracking only showed a discrete, self-

resolving fever response. Thus, fever actively engaged mechanisms that enhance protection, 

while also limiting pathology, controlling inflammation, and promoting tissue repair. 

Importantly, our findings do not dispute the previously described competition mechanisms 

between immunity and other maintenance programs that direct a transition towards tolerance 

under high pathogen loads [589]. Instead, they simply highlight the persistent and long-

standing considerations placed on energy allocation and tissue integrity by an animal host at 

all stages of infection. 
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6.3.2. Contributions of fever to proliferative phase of tissue healing  

 To date, studies looking at the basis for host survival promoted by fever have focused 

on the activation of immune defense mechanisms [3]. The self-resolving nature of our teleost 

model allowed for characterization of immunological changes during the transition between 

inflammatory and proliferative phases of tissue repair, which necessitates resolution of 

inflammation. Indeed, evaluation of cellular responses subsequent to A. veronii infection 

showed marked differences in the control of leukocyte recruitment toward infection site. 

Early cellular recruitment and their rapid resolution during fever were consistent with 

accelerated kinetics of induction and control of pro-inflammatory cytokines. In contrast, 

slower kinetics of leukocyte recruitment was detected among T16 fish, which was associated 

with delayed upregulation of pro-inflammatory mediators. Thus, fever promoted an earlier 

pro-inflammatory period, which was further paired with more efficient resolution of 

inflammation based on inhibition of leukocyte recruitment, control of pro-inflammatory 

cytokine expression and induction of pro-resolution genes. 

Wound pathology demonstrated a robust ability of TD fish to heal wounds. By 2 dpi, 

TD and T26 fish displayed accelerated kinetics of purulent exudate formation, which was 

similar to enhanced kinetics of leukocyte recruitment. The fastest progress was made by fish 

that were exerting dynamic fever, which showed early indications of advanced stages of 

wound healing. T16 and T26 wounds did not reach the same degrees of closure, in 

comparison. Thus, fish that were allowed to exert fever were able to clear infection and heal 

the damage to cutaneous barrier more quickly than fish that were kept in static 16°C or under 

fever-range mechanical hyperthermia. 
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Histopathological examination of wound sections further demonstrated earlier re-

establishment of the basal epidermal layer and overlying layers of keratinocytes among TD 

and T26 experimental groups. Among T16 fish, wound re-epithelialization occurred but was 

delayed. Regeneration of mucus-secreting cells, consistent with re-establishment of skin 

barrier functionality, was only observed in the TD experimental group. Thus, fever promoted 

greater levels of wound repair and regained original structural features required for 

restoration of skin barrier functionality after cutaneous infection. The enhanced kinetics of 

re-epithelialization during fever was associated with significant upregulation of growth 

mediators involved in epidermis development and maturation.  

Tissue repair advanced faster in wounds derived from TD fish, with collagen 

deposition becoming evident as early as 4 dpi. For fish exerting fever, this further developed 

into more extensive, organized collagen deposition by 7 dpi. In comparison, slower 

progression was observed among T26 and T16 wounds based on the abundance and relative 

organization of collagen arrangements at wound area. Conversely, the absence of fever 

caused delayed resolution of inflammatory response, re-epithelialization and appearance of 

extracellular matrix components. In investigating the possible mechanisms underlying these 

observations, we examined fibroblast proliferation rate and gene expression of growth 

factors regulating collagen synthesis. Although there was a limited impact of febrile 

response on fibroblast proliferation, a remarkable upregulation of mediators engaged in 

fibroblast activation and collagen deposition was observed. Together, fever offers a natural 

strategy to harness the body's intrinsic repair mechanisms to enhance restoration of tissue 

integrity and homeostasis. 



 

 

 

200 

 

 

6.4. Mechanical replication of fever and tissue repair   

Significant and beneficial contributions of fever to tissue repair postulated a question 

on the possibility of mechanically replicating febrile responses to attain similar effects of 

dynamic thermoregulation. My findings demonstrated advantageous healing properties 

induced by mechanical fever when compared to fish held at 16°C, yet it did not recapitulate 

all the repair benefits observed during dynamic fever. Although wound pathology revealed 

early signs of acute inflammation in both MF and TD, there were differences in wound 

closure rate, which was largely induced by the sturdiness of dynamic fever in promoting 

reparative responses. Similarly, MF cleared pathogens at a surprisingly faster rate. These 

observations can be explained by parallels in the underlying molecular pathways regulating 

the early expression of pro-inflammatory mediators between dynamic and mechanical fever, 

as shown in the Nanostring analysis. Nevertheless, there was a delay in the downregulation 

of pro-inflammatory cytokines and substantial upregulation of grn and mmp9 in mechanical 

fever. At the same time, I detected a remarkable decrease in mRNA levels of genes 

implicated in collagen synthesis that was, in contrast, significantly upregulated in dynamic 

fever. As a result, wound area demonstrated low collagen content in MF group, indicating 

delayed engagement of tissue repair pathways.  

The results are partially similar to the findings of T26 group, where fish held at fixed 

high temperature failed to recap all the benefits demonstrated by fever. However, it appears 

that mechanical fever outperformed T26 in terms of re-epithelialization as demonstrated by 
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the emergence of mucus-secreting cells. This emphasizes the significance of distinct 

behavioural thermoregulations of infected fish, which are time and temperature specific. It 

also shows that a constant increase in housing temperature nullifies these conditions, 

eliminating some of the healing benefits. We revealed that natural dynamic fever has a 

greater intrinsic healing capacity than a mechanical replication of the thermal pattern of 

febrile responses. These observations can be explained by the ability of fever fish to freely 

choose their preferred temperature, which provided them with the flexibility to utilize higher 

temperatures to their benefit, thereby rapidly overcoming infection and returning to 

homeostasis. Moreover, additional positively contributing neuronal and metabolic factors 

activated only in dynamic fever could have contributed to these healing benefits. 

 

6.5. Relevance 

Herein, we revealed for the first time a superior intrinsic healing capacity of natural 

dynamic fever. Our findings present fever as an essential modulator of induction and 

resolution of acute inflammation. Moreover, it promotes restoration of tissue homeostasis via 

reducing inflammation-associated tissue damage and activating a variety of tissue repair 

pathways. Together, these observations offered an alternative approach for understating 

fever biology and its contribution to host survival. This integrative mechanism proposes a 

selective rather augmented activation of antimicrobial responses complemented by 

significant attributes to tissue healing. Collectively, my data underscores the crucial role of 

fever in host defense, which establishes it as a beneficial physiological and 
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immunomodulatory response. This, in turn, encourages further animal experiments and 

clinical trials looking into a possible review of the current unregulated use of antipyretics in 

suppressing mild fever. Additionally, these observations may open the door toward 

therapeutic applications that take advantage of the immune modulation induced by fever. 

Beyond human medicine, my research has meaningful implications for animal health. 

Among others, it has direct applicability in the aquaculture sector, where disease and a shift 

away from antibiotic use continue to risk its sustainability and that of wild fish stocks.  

Furthermore, our results introduce fever as an integrative response modulating both 

inflammation and proliferation phases of tissue repair, thus achieving efficient return to 

homeostasis. This was evidenced by fever-induced enhancements in restoration of barrier 

integrity; thereby reducing time required for healing of damaged tissue and possible 

secondary infections. Additionally, improved pathogen clearance is likely associated with 

low risk of disease transmission, instituting novel applications for infectious diseases 

management. More studies are still required to test these potentials. Nevertheless, my thesis 

provides insights helping us better understand the long-standing role of fever in the 

modulation of acute inflammation and the repercussions of inhibiting moderate fever in 

veterinary and human medicine. 

 

6.6. Future directions 

My findings revealed an essential role of temperature rise in inducing some of fever’s 

immunomodulatory and tissue repair effects, whereas other metabolic and neuronal factors 
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are also postulated to be involved. This was apparent in both mechanical fever and static 

26°C groups that demonstrated some parallels yet failed to fully recapitulate fever’s benefits. 

Additionally, truncation of fever’s thermal pattern inhibited some of these advantages. Still, 

mechanisms of temperature sensing and thermal regulation of various biological processes 

during fever remain poorly understood. Regulatory machinery during febrile responses is 

activated at the molecular level, which likely necessitates the detection of temperature 

changes. Notably, recognition of thermal alterations in ectotherms is critical to protect the 

host against damages generated by detrimental environmental temperatures [590]. This was 

further evident by the fine control of thermoregulatory responses in infected fish, where 

thermal preference is provoked following thermal perception [66,93].  

Recent reports suggested significant contributions of transient receptor potential 

(TRP) family to thermoregulations. These receptors are recognized as thermal receptors that 

can sense a wide range of hot and cold temperatures where they are directly activated to 

stimulate a variety of downstream signalling pathways [591,592]. An increased expression 

of vanilloids type of TRP (TRPV1) was linked to upregulation of pro-inflammatory 

cytokines and PGE2 in POA [109]. TRPV was also found to regulate behavioural fever via 

enhancing PGE2-activated EP3 receptors [109]. Additional studies are needed to 

characterize the possible role of TRP receptors as a part of functional mechanisms that 

ectothermic and endothermic vertebrates utilize to regulate fever-associated modulatory 

impact upon immune responses and tissue healing. Likewise, characterizing potential 

metabolic and neuronal factors activated during febrile responses would provide a better 
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understanding of fever’s biology. This can be attained by examining the effects of applying 

metabolic inhibitors such as beta blockers during febrile responses.  

In this study, I highlighted some of the upregulated growth mediators during febrile 

response controlling re-epithelialization and granulation tissue formation. Tissue repair is a 

complex biological process that integrates an intricate network of cytokines and crosstalk 

between immune and connective tissue cells. Therefore, further experiments are required to 

identify detailed pathways involved in regulating various tissue repair events contributing to 

faster wound healing during fever. The improved bacterial clearance shown in fish exerting 

behavioural fever indicated enhancements of innate immune mechanisms. Despite the 

marked alterations in the kinetics of inflammatory responses exemplified in this thesis, 

additional investigations on other possible aspects of immunomodulation with regard to, for 

example, adaptive immune responses induced by fever are encouraged. 
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