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A B S T R A C T   

Due to substantial homology between the human and zebrafish genome and a high level of 
conservation of the innate immune system across species, zebrafish larvae have become an 
invaluable research tool for studying inflammation and modelling inflammatory disease. How-
ever, further microscopy techniques need to be developed for better profiling of inflammation and 
in particular, integrated cytokine responses to different stimuli - approaches are currently largely 
limited to assessment of changes in cytokine gene transcription and in vivo visualisation using 
transgenics, which is limited in terms of the number of cytokines that may be assessed at once. In 
this study, after confirming substantial homology of human vs zebrafish cytokine amino acid 
sequences, immunofluorescence staining using antibodies directed at human cytokines was per-
formed. Inflammatory cytokine signalling responses to experimental tailfin transection was 
assessed over 24 h (1 hpi (hours post injury), 2 hpi, 4 hpi, 24 hpi) in zebrafish larvae, with 
experimental end point at 120 h post fertilization (hpf). When immunofluorescence results were 
compared to responses observed in rodent and human literature, it is clear that the cytokines 
follow a similar response, albeit with a condensed total time course. Notably, tumor necrosis 
factor-α and monocyte chemoattractant protein-1 increased and remained elevated over the 24-h 
period. In contrast, interleukin-1β and interleukin-6 peaked at 4 hpi and 2 hpi respectively but 
had both returned to baseline levels by 24 hpi. Macrophage migration inhibitory factor was 
lowest at 1 hpi, potentially encouraging macrophage movement into the site of injury, followed 
by a sharp increase. This protocol provides valuable insight into inflammation over a time course 
and more so, provides an affordable and accessible method to comprehensively assess inflam-
mation in zebrafish disease models.   

1. Introduction 

Zebrafish, both adult and larval forms, have become an invaluable translational research tool and an ideal one for the modelling of 
human diseases specifically - especially since 2013, when their whole genome mapping was completed [1]. This demonstrated that 
zebrafish share 70–80 % homology with the human genome, while also having system functions similar to that of humans [2]. The 
innate immune system is similar in humans and zebrafish, with zebrafish macrophages present as early as 15 hours post fertilization 
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(hpf) - phagocytosing, producing reactive oxygen species and killing pathogens by 26 hpf [3–5]. 
Given the many other advantages of the zebrafish model – most notably high fecundity and transparency of early larval stages – 

zebrafish seem the ideal model for modelling inflammation and/or inflammatory conditions. Given the central role of inflammation in 
disease, there is extensive literature on the use of zebrafish for the investigation of inflammation and disease modelling, highlighting 
the importance of zebrafish as a research tool in this context. A popular model of experimental damage - tail wounding through fin 
transection [5–7] - is often employed to trigger the inflammatory response for various different research purposes. However, despite 
the robustness of the inflammatory response and the subsequent repair and regeneration phases, application of models such as the 
tailfin transection model is currently limited in terms of techniques for comprehensive quantification of cytokine, chemokine and 
growth factor signalling. 

Mapping of the zebrafish genome has resulted in pivotal research opportunities. For example, evaluation of changes in cytokine 
gene expression levels (which reflect gene transcription in terms of mRNA levels) of cytokines is used to quantify inflammatory sig-
nalling. The latter method has the added benefit of allowing for simultaneous assessment of multiple cytokine responses. However, 
given our knowledge of post-transcriptional silencing [8], gene expression may not accurately reflect events at protein level and may 
overestimate responses or yield false positive results. 

Similarly, the creation of transgenic zebrafish whereby specific proteins fluoresce, allows for real-time in vivo visualisation and 
tracking of protein of interest – as well as cells or structures associated with them - throughout a time course or following an insult/ 
change [9]. Although this is a powerful research tool, in the context of inflammatory signalling in particular, there are limitations to 
using transgenic models. Firstly, the number of proteins that can be expressed concurrently in a single transgenic line is limited and 
multiple individual and hybrid transgenic lines need to be developed to analyse all the required proteins/factors involved in the in-
flammatory pathway. Secondly, in order to create true multiple signal transgenics, the transgenic zebrafish line is required to go to the 
F2 generation before the larvae are considered homozygous transgenic zebrafish [10]. This process takes time, resources and specific 
expertise that may not be accessible in smaller laboratories. Perhaps due to these constraints, hybrid lines are often limited to two or 
three fluorescent proteins at most. 

Furthermore, in less developed countries, and especially geographically isolated countries such as those in Southern Africa, the 
high cost of importation and time delays caused by customs processes regulating experimental animals, limit the feasibility of bringing 
existing transgenic zebrafish into the laboratories as live adults, and make it impossible to import larvae. The only remaining option is 
in vitro fertilisation of previously frozen sperm and eggs, however this efficacy is only around 50–60 % in experienced labs [11], which 
again limits the practical feasibility of this approach. 

Clearly, the exploration of alternative microscopy techniques to assess cytokine responses is of extreme importance. Furthermore, 
the generally high homology between humans and zebrafish makes zebrafish an ideal disease modelling organism. However, the 
validation of such models is dependent on the capacity to confirm more comprehensively to what extent the cytokine response in 
zebrafish is comparable to that of humans. Therefore, using the tailfin transection model of inflammation in larval zebrafish, this study 
aimed to evaluate whether the transfer of immunofluorescence techniques using cytokines directed against human antigens, is a viable 
approach for the profiling of inflammation in zebrafish larvae. 

2. Methods 

2.1. Determination of human vs zebrafish cytokine homology 

Sequence retrieval, alignment and homology assessment: The amino acid sequences for human and zebrafish tumor necrosis factor 
alpha (TNFα), tumor necrosis factor beta (TNFβ), interleukin 1 beta (IL-1β), interleukin 6 (IL-6), interleukin 10 (IL-10), macrophage 
migration inhibitory factor (MIF) and monocyte chemoattractant protein 1/C–C motif chemokine ligand 2 (MCP-1/CCL2) were 
retrieved from the UniProt and National Center for Biotechnology Information (NCBI) databases in FASTA format [12]. The obtained 
amino acid sequences (Supplementary Table 1) were subjected to pairwise sequence alignment using the Basic Local Alignment Search 
Tool (BLAST) provided by NCBI [13]. For each cytokine, the human sequence was used as the query, and the zebrafish sequence as the 
subject. The default parameters were used for the BLAST analysis. 

Data processing and visualisation: The raw BLAST output was used to extract the percentage identities (the percentage of amino acids 
that match exactly between human and zebrafish cytokine amino acid sequences), percentage positives (the percentage of positions 
with either identical amino acids or amino acids with similar biochemical properties), and percentage gaps (the percentage of positions 
in the alignment with a gap in either zebrafish or human cytokine amino acid sequence). Data was compiled into a table using Python 
(version 3.8.10). The Python libraries pandas (version 1.2.4) and numpy (version 1.20.1) were used for data manipulation. To visualize 
the data, a heatmap was generated using the seaborn library (version 0.11.1) in Python. Darker colors in the heatmap represent higher 
percentages of identities, positives, or gaps. 

2.2. Zebrafish experimental protocol 

Animal husbandry & ethical considerations: All experimental protocols were approved by the Stellenbosch University Research Ethics 
Committee for Animal Care and Use (Ref# ACU-2021-21995). All animal experiments were carried out according to the ARRIVE 
guidelines and in compliance with the South African National Standard for the care and use of animals for scientific purposes. Wild- 
type zebrafish (Danio rerio) embryos were obtained from the Zebrafish Research Unit (Department Medicine, Stellenbosch University). 
Zebrafish embryos and larvae were maintained in embryo medium (E3; 5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2⋅2H2O, 0.33 mM 
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MgSO4•7 H2O, 1.3 × 10− 5 % w/v methylene blue in RO water) at 28.5 ◦C, with a 14:10 light:dark cycle. 
PTU treatment: Zebrafish larvae were treated with 75 μM N-phenylthiourea (PTU; P7629, Sigma) in fresh embryo media daily from 

4 h post fertilization (hpf) until the end of the protocol, to enhance visualisation. 
Tailfin transection: Zebrafish larvae were moved to a 100 mm plastic dish and anaesthetized with 0.168 mg/ml tricaine in E3. 

Tailfins were transected using microscissors removing only the distal tip of the notochord. Fig. 1b and d depicts where the tailfin was 
cut in comparison to uncut (Fig. 1a and c). Zebrafish were placed in fresh PTU embryo media until euthanasia time points. Fish were 
euthanised at 1, 2, 4 and 24 hpi (hours post injury) with an overdose of tricaine (0.4 mg/ml). Tailfin transections were staggered to 
ensure all larval endpoints were at the same age. 

Cytokine quantification: Given the high homology in amino acid sequences of inflammatory cytokines we observed, antibodies 
directed against human cytokines were employed to visualize the zebrafish inflammatory response to tailfin transection. Zebrafish 
larvae were washed in 1x phosphate buffer saline (PBS) and fixed in 4 % paraformaldehyde at 4 ◦C overnight. Larvae were then washed 
in 1x PBS +0.1 % tween-20 (PBS-T). Thereafter, larvae were placed in blocking buffer consisting of 1x PBS with 20 % foetal bovine 
serum (FBS), 5 % donkey serum, and 0.1 % triton-X for 3 h at room temperature. After blocking buffer was removed, primary anti-
bodies made up in 5x diluted blocking buffer were added overnight at 4 ◦C. Primary antibodies included anti-TNF-α (1:100, NB600- 
587, Novus Biologicals), anti-IL-1β (1:200, NB600-633, Novus Biologicals), anti-IL-10 (1:200, ab34843, Abcam), anti-IL-6 (1:200, 
NB600-1131, Novus Biologicals), anti-MCP-1 (1:200, NBP1-07035, Novus Biologicals), and anti- MIF (1:200, ab65869, Abcam). Larvae 
were then washed in PBS-T prior to the addition of secondary antibody made up in 5x diluted blocking buffer at 4 ◦C overnight 
(Alexafluor 594; 1:250, A21207, Life Technologies). Larvae were washed with 1x PBS-T and finally 1x PBS before imaging. Fluo-
rescence microscopy was performed using a Nikon ECLIPSE Ti2 inverted microscope with NIS-Elements D v5.30.02 software. Images 
were taken using a 10x objective, focusing on the tail region of each larva. Staining controls were utilised to optimise imaging 
exposure, namely an unstained control and a secondary control for AlexaFluor 594 (Supplementary Fig. 1). Primary controls were also 
used but showed no signal for all antibodies. While a small amount of autofluorescence is expected in zebrafish [14], the auto-
fluorescence observed with the staining controls was minimal and localised towards to the head region of the fish, and is unlikely to be 
a confounder in analysis of the tail. The immunofluorescent intensities were quantified within a specified area on each tailfin using 
colour threshold intensities on ImageJ 1.49v software (Wayne Rasband). The region of analysis was chosen to focus on the wound area 
and the blastema specifically, and excluded the rest of the tail region and zebrafish body – cytokines are constitutively in these areas as 
part of development [15–17]. A minimum of 5 samples were imaged and analysed per group. 

Fig. 1. Images depicting the tailfin transection method. a-b) demonstrate tailfin transection with fluorescence; c-d) depict tailfin transection with 
brightfield microscopy to be see the areas transected. 
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2.3. Statistical analysis 

Statistical analysis of data were performed using GraphPad Prism v8.0.2 (http://www.graphpad.com, San Diego, CA). Integrated 
densities of each cytokine was analysed using one-way ANOVA and Tukey’s multiple comparisons test. A p-value of <0.05 was 
considered statistically significant. 

3. Results 

A summary of the similarity of cytokine amino acid sequences in humans vs zebrafish is presented in Fig. 2. In general, cytokine 
amino acid sequences exhibited high homology across the two species. The percentage of amino acids that were exactly matched across 
species ranged from 22 to 69 %, but when amino acids with similar biochemical properties were also accepted, the homology increased 
to a range of 39–79 %, depending on the specific cytokine. Most significantly, the percentage of amino acids for which there was a gap 
in alignment between the species, was very low, at 0–17 %. 

Cytokine labelling using fluorescently labelled anti-human cytokine antibodies, achieved good quality fluorescence signal and 
differential expression patterns for all cytokines, allowing comprehensive profiling of the inflammatory cytokine response to tailfin 
transection. When considering individual cytokine responses over time, TNF-α fluorescence was on average approximately 100 % 
higher at all time points after injury when compared to control. However, this increase did not reach statistical significance, likely due 
to a somewhat divergent response at both 4 and 24 hpi (Fig. 3a–f). 

The IL-1β response (Fig. 4a–f) seemed to have run its course over 24 hpi (ANOVA main effect of time; p < 0.01). Fluorescence 
gradually increased over the acute time points assessed but had returned to control values at 24 hpi. 

IL-6 fluorescence followed a similar trajectory to that of IL-1β, but with an even faster return to control levels (ANOVA main effect 
of time, P < 0.0001; Fig. 5a–f). IL-6 fluorescence peaked already at 2 hpi and at 4 hpi had returned to levels similar to that of uninjured 
controls. 

Of all cytokines assessed, the results for MCP-1 were arguably the most variable (Fig. 6a–f). Nevertheless, there was an overall trend 
for a sustained increase in MCP-1 fluorescence following injury (ANOVA main effect of time, P < 0.05). 

IL-10 (Fig. 7a–f) did not exhibit a significant response following tailfin transection, with fluorescence intensity remaining similar to 
that of uninjured controls at all time points assessed. However, at all acute time points post-injury, a small percentage of larvae 
exhibited large increases in IL-10 fluorescence. 

In contrast to the other cytokines assessed, which all showed increased levels at early time points post-injury, MIF demonstrated 
and almost inverse response (ANOVA main effect of time, P < 0.05; Fig. 8a–f), with lowest expression at 1 hpi. At all other time points 

Fig. 2. Amino acid sequence alignment of human vs zebrafish cytokines. Values are expressed as percentage of total amino acids assessed.  
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assessed, MIF levels were similar to that of uninjured controls. 

4. Discussion 

While the time frame required for inflammation and wound healing should be expected to differ between species, the cytokine 
response trajectories should show similar patterns, given the high level of conservation of the inflammatory immune system across 
species. We therefore constructed comparative cytokine response graphs (Fig. 9a–b) for zebrafish (using current data) and mammals 
(using published data from mammalian - human and rodent - models) to facilitate the discussion and contextualisation of current data. 

Early TNF-α-expressing macrophages are vital in the development of the blastema [7,18]. Qualitatively, in the current study, 
following tailfin transection, the regenerative process began with the development of blastema over time. This was predominantly seen 

Fig. 3. Representative immunofluorescence images depicting the Tumor necrosis factor-α (TNF-α) response to tailfin transection in zebrafish larvae 
in a) controls, b) 1hr, c) 2hr, d) 4hr, and e) 24hr post injury. Quantified data and statistical results are presented in frame f (colour correlates to 
protein depiction in Fig. 9). Graph represents integrated density fluorescent intensity measurements of the defined area of the tailfin. Data are 
presented as mean ± SEM. Scale bar represents 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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at 2 and 4 hpi. Studies researching TNF-α in zebrafish largely use transgenics to investigate TNF-α alongside a macrophage marker to 
identify pro-inflammatory macrophages and their movement upon insult. In these studies, it was noted that macrophages arrive at the 
damaged site at 1 hpi, position at 6 hpi and depart around 18 hpi. These are largely TNF-α+ macrophages [19,20]. With the use of an 
antibody directed at human TNF-α in the current study, the high species homology - which is in line with previous reports [21] - was 
also evident from the fact that we demonstrated a similar trend as seen in the transgenic studies discussed above. When comparing 
cytokine expression to that found in human studies after traumatic injury, a similar trend is noticed up to 24 hpi and then follows with a 
decrease over 3- and 5-days post injury (dpi) [22]. Following a traumatic brain injury in rodents, a similar trend is again demonstrated 
over a different time course, with TNF-α peaking around 3 hpi, remaining elevated until 8 hpi, and subsequently decreasing over the 
rest of the time course [23]. 

Fig. 4. Representative immunofluorescence images depicting the interleukin-1β (IL-1β) response to tailfin transection in zebrafish larvae in a) 
controls, b) 1hr, c) 2hr, d) 4hr, and e) 24hr post injury. Quantified data and statistical results are presented in frame f (colour correlates to protein 
depiction in Fig. 9). Graph represents integrated density fluorescent intensity measurements of the defined area of the tailfin. Data are presented as 
mean ± SEM. *p < 0.05; **p < 0.01. Scale bar represents 100 μm. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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IL-1β, another pro-inflammatory cytokine involved in the inflammatory process, is regularly assessed in tailfin transection studies. 
Following tailfin transection, mRNA analysis demonstrated heightened expression at 6 hpi which was reduced again at 24 hpi, more 
evident in panther ZF larvae [6]. In the current study, IL-1β fluorescence increased progressively at 2 and 4 hpi but returned to control 
levels at 24 hpi. This is in-line with another zebrafish study which also demonstrated increased levels initially followed by a sharp 
decrease around 12 hpi. Here they determined that IL-1β promotes regenerative factor upregulation; however, its prolonged expression 
resulted in apoptosis and impaired regeneration [24]. It is proposed that IL-1β acts in the early phases of regeneration followed by 
macrophage-derived TNF-α decreasing IL-1β to prevent early damage [6]. As discussed, a similar trend was observed with zebrafish 

Fig. 5. Representative immunofluorescence images depicting the interleukin-6 (IL-6) response to tailfin transection in zebrafish larvae in a) con-
trols, b) 1hr, c) 2hr, d) 4hr, and e) 24hr post injury. Quantified data and statistical results are presented in frame f (colour correlates to protein 
depiction in Fig. 9). Graph represents integrated density fluorescent intensity measurements of the defined area of the tailfin. Data are presented as 
mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Scale bar represents 100 μm. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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mRNA or in situ hybridization analysis and the current protein-based fluorescence, demonstrating a positive outcome using human 
antibodies for detection in zebrafish. This may be due to genetic similarities with zebrafish IL-1β sharing a β-sheet-rich trefoil structure 
with the human IL-1β [25]. When compared to a rodent model of nerve regeneration, IL-1β followed the same trend but over a longer 
period of time, with the peak values demonstrated at 3 dpi [26]. This differs based on severity of the injury but continues to 
demonstrate a similar curve over time [27] as illustrated in zebrafish (Fig. 9a–b). In another rodent brain injury study, IL-1 peaks 
around 8 hpi and subsequently decreases [23], also demonstrating this similar trend. This insult-dependence of time course further 
highlights the need for the approach we suggest here, as this would allow more comprehensive assessments over time in various 
models. 

While IL-6 expression over time has not been discussed in terms of tailfin transection, it has been demonstrated to have protective 

Fig. 6. Representative immunofluorescence images depicting the monocyte chemoattractant protein-1 (MCP-1) response to tailfin transection in 
zebrafish larvae in a) controls, b) 1hr, c) 2hr, d) 4hr, and e) 24hr post injury. Quantified data and statistical results are presented in frame f (colour 
correlates to protein depiction in Fig. 9). Graph represents integrated density fluorescent intensity measurements of the defined area of the tailfin. 
Data are presented as mean ± SEM. Scale bar represents 100 μm. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

T. Ollewagen et al.                                                                                                                                                                                                     



Heliyon 10 (2024) e23635

9

effects upon larval exposure to Staphylococcus epidermidis. Under infection conditions, it’s increase is slightly delayed compared to 
that of TNF-α and IL-1β [28], which is somewhat different to that found following tailfin transection in the current study. Here, IL-6 
peaked at 2 hpi. It did, however, follow a similar trend as IL-1β fluorescence with the return to control levels at 24 hpi. This decrease 
was similar to that observed 24 h after exposure to LPS [17]. This may demonstrate a similar protective role as IL-1β in tissue 
regeneration. Importantly, in addition to the high homology in amino acid sequence reported in the current study, zebrafish IL-6 
presents a high structural similarity to human IL-6 [17] supporting the feasibility of using an anti-human IL-6 antibody in zebra-
fish. Furthermore, when comparing time course and trends to rodent or human studies (Fig. 9b), IL-6 followed the same trend over a 
longer period of time as the zebrafish IL-6 (Fig. 9a) following traumatic brain injury in rodents, with IL-6 peaking at 8 hpi and 
decreasing to control levels at 72 hpi [23]. The same peak and time course was observed with a closed head injury in rats [29]. 

The CCL2 (MCP-1)/CCR2 axis is known to contribute to inflammation following both exposure to infection and to tailfin 

Fig. 7. Representative immunofluorescence images depicting the interleukin-10 (IL-10) response to tailfin transection in zebrafish larvae in a) 
controls, b) 1hr, c) 2hr, d) 4hr, and e) 24hr post injury. Quantified data and statistical results are presented in frame f (colour correlates to protein 
depiction in Fig. 9). Graph represents integrated density fluorescent intensity measurements of the defined area of the tailfin. Data are presented as 
mean ± SEM. Scale bar represents 100 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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transection; however, this response has not been quantified over time – this is another novel aspect of the current study. Furthermore, 
injection of human CCL2 into the hindbrain of zebrafish embryos efficiently recruited macrophages to the area when compared to a 
PBS control [30], again showing the potential homology in human vs zebrafish cytokines. Despite the importance of MCP-1 in 
macrophage recruitment and therefore in wound healing, further research in this regard is limited in zebrafish. In the current study, 
MCP-1 showed a trend for elevation following injury, but high variability in individual responses was observed. This variability may be 
due to actual inter-individual variability in cytokine response, but this is unlikely, given the relatively more uniform responses seen for 
other cytokines. A more likely explanation could be that slight differences in the extent of transection-induced damage resulted in this 
variation. The somewhat divergent profile seen for TNF-α - suggesting earlier return to normal in larvae with relatively less damage, 
while more damage resulted in a sustained elevation of cytokine levels - supports this notion. When comparing trends to rodent and 

Fig. 8. Representative immunofluorescence images depicting the macrophage migration inhibitory factor (MIF) response to tailfin transection in 
zebrafish larvae in a) controls, b) 1hr, c) 2hr, d) 4hr, and e) 24hr post injury. Quantified data and statistical results are presented in frame f (colour 
correlates to protein depiction in Fig. 9). Graph represents integrated density fluorescent intensity measurements of the defined area of the tailfin. 
Data are presented as mean ± SEM. *p < 0.05; **p < 0.01. Scale bar represents 100 μm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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human studies (Fig. 9b), cryogenic lesion in a rodent brain resulted in MCP-1 peaking at 6 h post injury. This was maintained at 24 h 
and started to decline at 48 h post injury [31]. In human traumatic brain injury, MCP-1 remained elevated until after day 2 showing 
similar increases as observed in the current study. However, in the same study using mice traumatic brain injury, MCP-1 peaked at 4 h 
post injury and was maintained until a slight decrease at 24 h [32]. 

LPS induces an inflammatory response with the increase in both pro- and anti-inflammatory cytokines, including IL-10 [33]. RNA 
analysis in zebrafish demonstrates a similar trend to IL-1β with a sharp increase at 2 hpi and a return to control levels at 24 hpi [34]. 
However, in the current study, IL-10 did not differ significantly at any time point when compared to the uninjured control. However, if 
we consider the variability seen between 1 and 4 hpi and the return to similarity at 24 hpi, we can see that there is a level of 
responsiveness in the different zebrafish. While IL-10-deficient zebrafish introduced to an inflammatory insult do not demonstrate 
altered inflammatory response in the early stages, it does significantly increase the pro-inflammatory status in the later stages (ie after 
8 h) [35,36], highlighting its important immunomodulatory role. When compared to rodents, following sciatic nerve crush injury, 
IL-10 mRNA was only increased after 7 days [37]. It is possible that the time points measured in the zebrafish are not sufficient to show 
this spike. However, in the zebrafish model, there were certain samples that were considerably higher than the rest at the time point. 
This may indicate severity of damage that increases the IL-10 at an early stage to manage the inflammatory response. It is also possible 
that there are sustained levels of IL-10 in the zebrafish contributing to repair and regeneration as seen with spinal cord injuries [38]. 

MIF contributes to the inhibition of random macrophage migration. Furthermore, in zebrafish, MIF is vital for normal embryonic 
development [39]. In this study, the lowest fluorescence expression of MIF was observed at 1 hpi, lower than that of the control larvae, 
followed by a significant increase at 2, 4 and 24 hpi. This indicates a reduction in the inhibition of macrophages to the site of injury, 
thereafter increasing the inhibition to facilitate regeneration. Further contributing to its protective role, in a rodent model, IL-1β 
increases the expression of MIF [40], reducing macrophage infiltration, thereby reducing IL-1β and preventing early damage induced 
by excessive IL-1β [6]. Based on the trends of the cytokines observed, this protective effect may happen within the 24-h period. 
Genetically, the zebrafish coding sequence predicts a 115 amino acid protein - the same as the mammalian MIF - with a predicted 69 % 
similarity [41] further validating current data. Furthermore, MIF expression in rat skin after excision demonstrated a biphasic response 
(Fig. 9), with a peak expression demonstrated at 3 and again at 24 hpi, with a transient decrease at 6 hpi [42]. In contrast, after spinal 
cord injury, which is arguably a more severe insult, MIF was reported to peak at 4 dpi [43]. However, since the first assessment was 
only performed at 1 dpi, a biphasic curve may have been missed. Alternatively, nerve involvement may have added complexity to the 

Fig. 9. Representative graphs comparing the (a) zebrafish immunofluorescent staining results with (b) general and predicted trends observed for 
cytokine responses to acute injury in human and rodent models as described in the text below. 
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response. The current study may also have missed this biphasic curve with the 1-h timepoint clearly demonstrating a sharp decrease. 
Given the relatively short time-trajectories for cytokine responses in zebrafish, it is likely that a first peak may have been missed with 
the current sampling time protocol. Inclusion of more time points will shed more light on this. 

In summary, contextualisation of current data on inflammatory cytokine time courses consistently corresponds with those reported 
in literature. This suggests that current data indeed provide evidence of the feasibility of mapping the inflammatory response in 
zebrafish using anti-human antibodies. The current approach allows for expansion on current literature by providing a more integrated 
signalling profile incorporating multiple cytokines over time. In terms of potential limitations, the anti-human antibodies used for 
immunofluorescence were not validated using zebrafish-specific reagents, as these were not available to us. Laboratories with more 
resources could potentially contribute to confirmation of these techniques that are more feasible to lower resource settings. For 
example, a Western blot validation method was previously demonstrated, where CRISPR/Cas9 knockdown of the zebrafish tnf-α gene 
was confirmed with the use of an anti-zebrafish TNF-α antibody to illustrate the resulting reduced protein levels [44]. However, 
consideration needs to be made as zebrafish often express multiple paralogues of similar sequence and size, reducing the feasibility of 
size-based identification [45]. Similarly, the use of cytokine knockdown fish is also limited by the paralogue’s phenomenon – iden-
tification of and knocking down all associated paralogues would be near impossible. Alternatively, parallel assessment of cytokine 
responses using antibodies directed against anti-human cytokines vs transgenic zebrafish with fluorescent gene reporters may confirm 
similarity of data generated. We do acknowledge that further investigation into the validation of anti-human antibody use in zebrafish 
is required. Thus, until such time when these methods have been proven to yield reproducible results across research laboratories and 
in line with data achieved by best-practise methodology, interpretation of data should err on the side of caution. In particular, re-
searchers in low resource settings opting for the use of immunofluorescent labelling, are reminded to consider the possibility of 
nonspecific binding of antibodies. We recommend that they take care to research the predicted binding sites of antibodies and whether 
it corresponds with literature using transgenic reporters or staining in other models. Nevertheless, the current data on amino acid 
sequence homology and the similarity in the zebrafish cytokine responses over time when compared to those reported in mammals, 
validates our approach – it is highly unlikely that non-specific binding will result in responses almost exactly mimicking those in 
mammals for every cytokine assessed. 

In conclusion, the immunofluorescence approach for quantitation presented here, potentially provides an accessible and affordable 
technique requiring only standard wildtype zebrafish, which enables cytokine profiling which is applicable to both zebrafish and 
human research applications in the inflammation and regeneration niche. 
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