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Abstract 

Unlike mammals, zebrafish can undergo complete functional recovery after spinal cord 

injury. One likely mechanism contributing to this regeneration is the proliferation and 

differentiation of ependymo-radial glial cells into new neurons. It is possible that some 

immune pathways are involved in re-initiating neurogenesis, as immune cells immediately 

infiltrate the site of spinal cord injury. Previously, global pharmacological manipulations of 

inflammation has shown that reducing inflammation results in lower levels of neurogenesis 

after central nervous system injury. However, the exact cell types and signals involved 

were still unknown. This project aimed to characterise the populations of immune cells 

and progenitor cells in the lesioned zebrafish and to identify potential pro-neurogenic 

signalling signals between the cell types.  

To identify any immune-derived signals at the lesion site, I performed single cell 

sequencing experiment on mpeg1+ progeny from both naïve and lesioned fish (24 hours 

post injury). Using marker genes, I identified the main subtypes of innate immune cells  

present at the lesion site including macrophages, microglia and neutrophils. Comparisons 

of the populations isolated from the naïve and lesioned fish revealed injury induced 

changes in these populations. I observed a notable expansion of the microglia cells in the 

lesioned fish compared to the unlesioned fish. Furthermore, I use changes in gene 

expression in the macrophages and microglia to deduce the injury induced changes 

undergone by these cells. Macrophages adopt an activated and secretory programme in 

the lesioned spinal cord. 

Similarly, single cell sequencing was performed on FAC sorted her4.3+ ependymo-radial 

glial cells and their progeny in the same injury conditions. Following unsupervised 

clustering, identities of the derived neuronal and glial clusters were assigned based on 

marker gene expression.  Comparisons of these cell types before and after injury showed 

an expansion of a rare neuronal population with a putative neurosecretory function in the 

lesioned fish.  Injury induced gene expression changes in our dataset were also compared 

to gene expression changes following injury in mice, to identify conserved and unique 

pathways across species. The transcription factor irf9 was upregulated in all mice 

progenitor populations after injury as well as our zebrafish dataset, indicating a conserved 

role in the injured spinal cord. 

Finally, the datasets were considered together in order to identify pathways of innate 

immune cell signalling to neuronal progenitor cells which may initiate promote 

neurogenesis.  Receptor-ligand pairs were identified in which the ligands are up-regulated 

in the immune cells after injury and the corresponding receptors are present in the 
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ependymo-radial glial cells. This identified some candidates for immune derived 

neurogenic pathways including Tnf signalling. Manipulating genes in the Tnf signalling 

cascade using CRISPR/Cas9 confirmed a pro-neurogenic function for immune-derived 

Tnf via its receptor on ependymo-radial glial cells. 

Overall, this research characterises the main immune and progenitor cell types involved in 

regenerative neurogenesis after spinal cord injury in zebrafish larvae. Comparing the cell 

populations before and after injury provides insight into the role of the immune system in 

promoting neurogenesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

Lay summary 

Spinal cord injuries in humans and most other mammals often result in permanent and 

severe disabilities including paralysis. Some animals, including fish and amphibians, have 

the ability to regenerate their spinal cord after injury, and can recover normal movement. 

To understand how fish can achieve spinal cord regeneration we use the zebrafish as a 

model organism. This project aimed to understand more about how fish undergo spinal 

cord regeneration, with the hope that one day these findings may help human spinal cord 

injury patients. 

Following a spinal cord injury, one process which occurs in fish is the creation of new 

neurons from their parent cells, called neuronal progenitor cells. In this project, I analysed   

the neuronal progenitor cells in healthy zebrafish larvae and compared them to the 

neuronal progenitor cells in injured zebrafish larvae of the same age, to see what changes 

these cells undergo when the nearby spinal cord has been damaged. One thing I found  

was that a different subtype of cells exist in the injured zebrafish which are not found in 

very large numbers in the uninjured zebrafish larvae. This cell type expresses a unique 

set of genes and have not been fully characterised before. These cells may play an 

essential role in the successful regeneration of zebrafish larvae. 

We know that inflammation is important in some of the processes of spinal cord 

regeneration in zebrafish. I also wanted to find out if immune cells involved in the 

inflammation can communicate to the neuronal progenitor cells and encourage them to 

generate new neurons. To do this, I compared the immune cells from a healthy zebrafish 

spinal cord to that of a zebrafish larvae spinal cord which had been injured. One 

interesting thing which was different in the injured fish was that one of the types of 

immune cells known as macrophages expressed a different combination of molecules. 

This combination of molecules suggests that macrophages become more secretory after 

injury. 

Therefore, I looked at specific signals released from immune cells which were likely to be 

involved in communicating to the neuronal progenitor cells. For this to be possible, the 

corresponding receptor for the signal must be present on the neuronal progenitor cells. 

One of the most interesting pairs of molecules I found was Tnf released from the immune 

cells, and the Tnf receptor on the neuronal progenitor cells. Tnf is an immune molecule 

which is also present in humans and other animals. It is best known for its role in 

promoting inflammation. I investigated how important these signals were for spinal cord 

regeneration by using genetic tools to reduce the levels of the Tnf receptor. These 
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experiments found that inflammation of the injured spinal cord leads to new neurons being 

made. 

Overall, this research has helped to further our understanding about what is happening in 

the injured zebrafish spinal cord, and in particular about how inflammation is involved in 

encouraging the generation of new neurons. This research may lead the way to future 

therapeutic tools involving the human immune system to support regeneration of the 

human spinal cord. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 

 

Acknowledgements  

I would like to thank my supervisors, Professors Thomas and Catherina Becker for their 

guidance and support over the past four years, and the opportunity to be part of their lab. 

Additionally, I would like to thank EastBio for the funding to pursue this PhD. 

Past and present members of the Becker lab have been invaluable throughout my PhD. 

Special mention goes to Leo Cavone whose work led to this project’s conception, and 

whose help and relentless expertise in the first year of my PhD allowed the single cell 

sequencing experiments to go ahead. To Tahimina and Leslie who made my first year so 

enjoyable, I forgive you not extending your stay in the lab. Thanks to the other Becker lab 

PhDs: Lizi, Tom, Claire and Rachel, thanks for keeping me sane, grounded and 

caffeinated, and for being a sounding board for science chats and troubleshooting. To 

Zoë, I am thankful for our extended coffee breaks, for reminding me of life outside of the 

lab, and never failing to make me laugh!  Finally, thank you to the post-docs who have 

endless patience and helped to keep the lab ticking over during my time in the Becker lab 

– Themis, Leo, Helena, Nicola, Ana-Maria and François. 

The zebrafish are at the core of this research, and so I’d like to thank the staff at the QMRI 

for their expert fish care and help. In particular, thank you to Nicola for always going 

above and beyond for us and the fish!  

Thanks to everyone in Chancellor’s building who have kept me safe, trained and informed 

over the past four years, and to my colleagues in other labs who are always willing to 

share resources and knowledge. In particular I am grateful to Marcus Keatinge for sharing 

some of your CRISPR/Cas9 expertise with me.  

Last but not least, thank you to my family and friends for being supportive and 

understanding especially during these last months of my PhD, to Gracie for always lifting 

my spirits, and especially to Rob for encouraging me along with your optimistic outlook 

and unrelenting support. 

 

 

 

 

 

 



vii 

 

Table of Contents 
Statement of original contribution ..................................................................................... i 

Abstract ................................................................................................................................ ii 

Lay summary....................................................................................................................... iv 

Acknowledgements ............................................................................................................ vi 

Table of Contents .............................................................................................................. vii 

Chapter 1: General Introduction ........................................................................................ 1 

1.1 The nervous system................................................................................................ 1 

1.2 Regeneration in the CNS ........................................................................................ 1 

1.3 Types of CNS injury ................................................................................................ 2 

1.3.1 Spinal cord injury in humans ........................................................................... 2 

1.4 Zebrafish as a model organism for spinal cord regeneration................................. 3 

1.5 Spinal cord development in zebrafish .................................................................... 4 

1.6 Spinal cord injury model ......................................................................................... 6 

1.6.1 Axonal regeneration ........................................................................................ 7 

1.6.2 Neurogenesis................................................................................................... 8 

1.7 Spinal cord regeneration in other regeneration-competent animals .................... 11 

1.8 Zebrafish innate immune system.......................................................................... 12 

1.8.1 Neutrophils ..................................................................................................... 13 

1.8.2 Macrophages ................................................................................................. 16 

1.8.3 Microglia......................................................................................................... 17 

1.8.4 Other innate immune cells............................................................................. 19 

1.9 The innate immune system in other regenerating species .................................. 20 

1.9.1 Ambystoma .................................................................................................... 20 

1.9.2 Xenopus ......................................................................................................... 21 

1.9.3 Acomys .......................................................................................................... 21 

1.9.4 Mus (Neo-nates) ............................................................................................ 22 

1.10 The immune system in non-regenerating mammals ............................................ 22 

1.11 Neural progenitor cells .......................................................................................... 24 

1.11.1 Neural progenitor cells in zebrafish and other regenerating organisms ....... 24 

1.11.2 Equivalent cell types in other organisms....................................................... 25 

1.12 Conclusions and statement of aims...................................................................... 27 

Chapter 2: Materials and Methods................................................................................... 28 

2.1 Methods................................................................................................................. 28 

2.1.1 Zebrafish Husbandry ..................................................................................... 28 

2.1.2 Ethical considerations.................................................................................... 29 

2.1.3 Larval lesions ................................................................................................. 29 



viii 

 

2.1.4 Single cell sequencing experiments preparation and processing ................ 30 

2.1.5 CRISPR/Cas9 mutagenesis .......................................................................... 33 

2.1.6 Histology ........................................................................................................ 37 

2.1.7 Statistical analysis and bias mitigation .......................................................... 40 

2.2 Materials and Reagents ........................................................................................ 41 

2.2.1 Antibodies and kits ........................................................................................ 41 

2.2.2 Reagents and products ................................................................................. 41 

2.2.3 Solutions ........................................................................................................ 42 

2.2.4 Software and Packages................................................................................. 43 

2.2.5 Data and code availability ............................................................................. 43 

Chapter 3: Single cell sequencing of the innate immune cells in naïve and lesioned 

zebrafish spinal cord......................................................................................................... 44 

3.1 Introduction ........................................................................................................... 44 

3.1.1 Mpeg1 as a marker for macrophages ........................................................... 45 

3.1.2 Single cell sequencing as a technology for understanding immune cell 

populations ................................................................................................................... 45 

3.2 Results .................................................................................................................. 48 

3.2.1 Experimental Design ..................................................................................... 48 

3.2.2 Quality control ................................................................................................ 49 

3.2.3 Pre-processing and clustering for mpeg1 dataset ........................................ 51 

3.2.4 Changes in proportion of cell types in spinal cord after injury ...................... 64 

3.2.5 Gene expression changes in macrophages and microglia following injury.. 66 

3.2.6 Data Availability ............................................................................................. 75 

3.3 Discussion ............................................................................................................. 75 

3.3.1 Microglia cell cluster assignment .................................................................. 76 

3.3.2 Dendritic cells ................................................................................................ 76 

3.3.3 Neutrophils ..................................................................................................... 77 

3.3.4 Contamination................................................................................................ 78 

3.3.5 Cell type expansion after injury ..................................................................... 78 

3.3.6 Shared macrophage and microglial response to injury ................................ 79 

3.3.7 Individual macrophage and microglial responses to injury ........................... 80 

Chapter 4: Single cell sequencing of the ependymo-radial glial cells in naïve and 

lesioned zebrafish spinal cord ......................................................................................... 81 

4.1 Introduction ........................................................................................................... 81 

4.1.1 Her4.3:GFP as a reporter line for ERG cells................................................. 81 

4.1.2 Overview ........................................................................................................ 82 

4.2 Results .................................................................................................................. 82 



ix 

 

4.2.1 Experimental Design ..................................................................................... 82 

4.2.2 Quality control ................................................................................................ 83 

4.2.3 Pre-processing and clustering for her4.3 dataset ......................................... 84 

4.2.4 Injury induced changes in her4.3+ cells and their progeny ........................ 101 

4.2.5 Cross-species comparisons of the response of spinal cord progenitors to 

injury 110 

4.2.6 Data Availability ........................................................................................... 120 

4.3 Discussion ........................................................................................................... 121 

4.3.1 Neurosecretory cells .................................................................................... 122 

4.3.2 Trajectory analysis ....................................................................................... 123 

4.3.3 Comparisons with mice ependymal cells .................................................... 124 

Chapter 5: Tnfa mediated signalling promotes neurogenesis from ERG cells ....... 126 

5.1 Introduction ......................................................................................................... 126 

5.1.1 Cell-cell communication after zebrafish CNS injury .................................... 126 

5.1.2 TNF signalling in neurogenesis ................................................................... 128 

5.1.3 Tnf signalling pathway ................................................................................. 128 

5.2 Results ................................................................................................................ 130 

5.2.1 Receptor-ligand pairs upregulated in macrophages and ERG cells .......... 130 

5.2.2 Receptor-ligand pairs upregulated in microglia and ERG cells .................. 134 

5.2.3 Receptor-ligand pairs upregulated in neutrophils and ERGs ..................... 135 

5.2.4 Downstream signalling in ERG cells ........................................................... 136 

5.2.5 Candidates for immune cell to ERG cell signalling ..................................... 139 

5.2.6 Macrophages are found in close proximity to the lesioned spinal cord ...... 139 

5.2.7 Knockdown of tnfrsf1a reduces injury induced neurogenesis but not 

developmental neurogenesis ..................................................................................... 140 

5.2.8 Overview ...................................................................................................... 145 

5.3 Discussion ........................................................................................................... 146 

5.3.1 Overview ...................................................................................................... 146 

5.3.2 Receptor-ligand pairs .................................................................................. 146 

5.3.3 Tnf-Tnfrsf1a signalling ................................................................................. 148 

Chapter 6: General Discussion ...................................................................................... 150 

6.1 Quality control ..................................................................................................... 150 

6.2 Developmental stage of experimental model ..................................................... 151 

6.3 Timepoint post injury ........................................................................................... 152 

6.4 Differential expression testing ............................................................................ 153 

6.5 Innate immune cells ............................................................................................ 154 

6.6 Ependymo-radial glial cells ................................................................................. 156 



x 

 

6.7 Immune cell to ERG signalling ........................................................................... 157 

6.8 Tnf signalling in regenerative and non-regenerative species ............................ 158 

6.9 AP-1 signalling .................................................................................................... 159 

6.10 Tnf signalling – future outlook ............................................................................. 159 

6.11 Contribution of ERG cells and ependymal cells to the spinal cord after injury in 

zebrafish and mammals................................................................................................. 160 

6.12 Future directions ................................................................................................. 161 

6.13 Therapeutic relevance ........................................................................................ 163 

List of Abbreviations ....................................................................................................... 164 

References ....................................................................................................................... 166 

Publication ....................................................................................................................... 204 

 

 



1 

 

Chapter 1: General Introduction 

1.1 The nervous system 

The nervous system is a complex network of neuronal and glial cells which sense, 

integrate, and respond to signals from an organism’s external environment. The neurons 

provide a substrate for electrical signals to travel through an organism’s body. These 

electrical signals form the basis for all movement, behaviour, learning, and interactions of 

an organism. Whilst the complexity and cellular composition varies between species, the 

basic nature of the nervous system is preserved throughout vertebrate phylogeny. Thus, a 

complete understanding of the composition and biology of the nervous system is 

fundamental for our understanding of complex life itself. 

Most organisms have both a central nervous system (CNS), comprising of the brain and 

spinal cord, and a peripheral nervous system (PNS) which consists of the nerves and 

neurons originating from the spinal cord which innervate the organs and muscles. 

Interestingly, the PNS has the ability to regenerate itself in response even to severe injury. 

This proceeds in the stereotypical fashion of Wallerian degeneration, involving axonal 

breakdown, increased production of neurotrophic factors and regrowth of severed axons.   

1.2 Regeneration in the CNS 

In contrast to the universal regenerative ability of the PNS, the regenerative capacity of 

the CNS varies between species, developmental states, and cell type. Most adult 

mammals lack significant regenerative ability, demonstrated by the permanence of 

traumatic brain and spinal cord injuries and irreversibility of degenerative diseases such 

as Alzheimer’s and Parkinson’s disease in humans. However, the CNS of some non-

mammalian adult vertebrates including fish and salamanders undergo fast and functional 

regeneration in a timeframe of only weeks (Becker et al, 1997b; Bernstein, 1964; Butler & 

Ward, 1967). Further animals, including amphibians, some marsupials (opossum) and 

birds (chickens) demonstrate successful CNS regeneration only at early developmental 

stages (Beattie et al, 1990; Hasan et al, 1991; Terman et al, 1996). It has recently been 

reported that neo-natal mice can also demonstrate growth of long projecting axons 

through the injury site (Li et al, 2020).  Remarkably, limited regeneration of the spinal cord 

has been demonstrated in an adult mammal, the spiny mouse (Nogueira-Rodrigues et al, 

2021). Furthering our understanding of the molecular and cellular pathways behind 

successful regeneration in regeneration-capable species may allow us to encourage CNS 

regeneration in other non-regenerating species.  
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1.3 Types of CNS injury 

Like the rest of the body, the CNS is susceptible to different forms of injury or illness 

resulting in loss of function. In some cases, these injuries may be caused solely by 

extrinsic contributors. These include traumatic brain injuries (TBI) or spinal cord injuries 

(SCI). SCIs can be further subcategorised by the type of damage undergone, for example 

partial transections, complete transection, crush, or dislocation (Cheriyan et al, 2014).  

Similarly, TBIs can be classified as either closed head injury or penetrating brain injury, 

and further as mild or severe (Petersen et al, 2021). Such injuries can be induced 

experimentally in the lab using physical apparatus. 

Other forms of CNS injury are not caused solely by physical events and instead can occur 

without external forces. One example of this is an ischaemic attack which leads to cell 

death in a particular location of the brain due to the absence of oxygen supply. 

Furthermore, neurodegenerative diseases result in the selective death of particular 

neuronal subtypes. For example, Parkinson’s disease and Spinal Muscular Atrophy (SMA) 

in humans lead to degeneration of dopaminergic neurons or motor neurons respectively. 

These diseases result in progressive and irreversible damage to neurons. Understanding 

the underlying molecular mechanisms of neurodegenerative diseases relies on the use of 

animal models of the specific disease of interest. CNS damage as a result of ischaemic 

attack and neurodegenerative diseases are outside the scope of this thesis, but 

comprehensively reviewed in (Amantea et al, 2009; Dugger & Dickson, 2017) 

1.3.1 Spinal cord injury in humans 

Spinal cord injuries are a life-limiting injury affecting an estimated 250,000 - 500,000 

people annually (WHO, 2013). Patients suffering from these injuries experience high rates 

of premature death (Lidal et al, 2007), unemployment (E. Young & Murphy, 2009) and 

lower levels of life satisfaction (Post & van Leeuwen, 2012).  

The severity of spinal cord injuries can vary based on the severity of the original injury - 

whether the injury is a partial crush or full transection. Additionally, the vertebral level 

primarily effected by the injury will determine the physical extent of functional impairment 

(McDonald & Sadowsky, 2002).  

The clinical consequences of spinal cord injury are threefold. Firstly, the patient will 

experience loss of sensory function corresponding to the level of neurological injury. 

Secondly, motor function below the level of injury is also lost. Finally, in many cases the 

sympathetic innervation to the patient’s organs is disrupted. This leads to a variety of 

systemic manifestations of the SCI including bradycardia, hypotension and even 

immunodeficiency (Guha & Tator, 1988; Schwab et al, 2014). Loss of bladder control and 
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sexual function are also implicated and can contribute to a poorer quality of life (Hagen et 

al, 2011; Reitz et al, 2004). Together, these contribute to the reduced mortality 

experienced by SCI patients.  

Currently, spinal cord injury is incurable in humans and treatment is based on maximising 

residual function and minimising secondary injury (Ramer et al, 2014). Regeneration of 

the spinal cord in humans (and most mammals) is prevented by lack of intrinsic neuronal 

growth ability along with the presence of extrinsic growth inhibitors. Furthermore, there is 

a lack of injury-induced neurogenesis and endogenous stem cell populations in the spinal 

cord overwhelmingly generate new astrocytes and oligodendrocytes instead of new 

neurons which may contribute to functional recovery. Whilst there have been some 

promising breakthroughs in promoting spinal cord regeneration in humans in recent years, 

as yet these approaches are irreproducible or not clinically useful (reviewed in (Sofroniew, 

2018) and (Fawcett, 2020)).  

1.4 Zebrafish as a model organism for spinal cord regeneration 

In comparison to this irreversible loss of function in mammals after spinal cord injury, 

anamniotes such as urodele amphibians and fishes demonstrate complete regeneration of 

their spinal cord in a timeframe of only weeks after injury. Consequently, studying the 

regeneration of these successful organisms may lead to insight and therapeutic 

approaches towards promoting regeneration after spinal cord injuries in humans.  

Zebrafish have many advantages for use in spinal cord research over the other 

regenerating species. Firstly, they are a cost-effective animal for research due to their 

high fecundity and tolerance to a large range of conditions. As they have been used in the 

wider scientific community for a few decades now, many genetic tools are available which 

allow observation and manipulation of the zebrafish’s underlying biology. For example, it 

is possible to produce reporter lines which express fluorescent proteins under the control 

of cell or tissue-specific promoters. In terms of spinal cord regeneration, reporter lines 

allowing visualisation of neurons, glial cells and immune cells are commonly used. 

Furthermore, the accessibility of a zebrafish’s genome and the abundance of genetic tools 

allows fast gene knockout. Traditionally this has been done with morpholinos or TALENs, 

but within the last decade CRISPR/Cas9 technology has allowed more efficient gene 

knockouts (Varshney et al, 2015). More advanced CRISPR/Cas9 based tools also offer 

the chance for tissue specific or induced knockouts of genes, controllable by drug 

application or even light (Liu et al, 2019; Reade et al, 2017; Sun et al, 2019). 

There are also disadvantages of using zebrafish for studying CNS regeneration. In some 

cases, it may be preferable to use model organisms which are as similar to humans as 
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possible. Inevitably, mammals share more anatomical and physiological features with 

humans and consequently model organisms such as Mus musculus and Rattus 

norvegicus are popular in many fields of biological research including CNS regeneration. 

(Cheriyan et al, 2014). The use of nonhuman primates is also used in some studies for an 

even better approximate of human SCI than rodents (Iwanami et al, 2005). In addition, 

other regenerating species offer a different and sometimes preferable set of 

characteristics making them well suited for specific research questions. For example, 

anuran amphibians transition from a regeneration-competent state before metamorphosis 

to a regeneration-incompetent state following metamorphosis (Phipps et al, 2020). Hence, 

anuran amphibians provide a unique opportunity to assess the mechanisms which result 

in regenerative success and failure within the same species (Lee-Liu et al, 2014).  

Recently, the larval zebrafish, rather than adult zebrafish, has been established as a 

model for spinal cord regeneration research. It has been shown that 3-day-old larvae only 

need 48 hours to functionally regenerate their spinal cord (Wehner et al, 2017b). In 

comparison, adult zebrafish require 4-6 weeks for functional regeneration (Becker et al, 

1997a; van Raamsdonk et al, 1998). Consequently, larval zebrafish can be a time-efficient 

model for answering experimental questions. The transparency of the larvae is a powerful 

characteristic, as the use of transgenic reporter lines allows observation of cell types of 

interest in a live animal. 

The replacement of adult zebrafish with larval zebrafish is also favourable when 

considering the 3Rs of humane animal research (reduction, replacement and refinement) 

(Tannenbaum & Bennett, 2015). However, the disadvantages of the larval model must 

also be discussed. Importantly, the use of an organism which is still undergoing major 

developmental changes can complicate any experimental findings. In the case of 

regeneration, it can be difficult to disentangle the changes associated with development 

from those specific to regeneration. Interestingly, drug screening results for the same drug 

can differ between adults and larvae, likely due to the difference in developmental stage 

and therefore physiology (Cho et al, 2020). Furthermore, the smaller size of zebrafish 

larvae makes experimental manipulations technically challenging and the larvae can be 

more susceptible to minor environmental changes than adult zebrafish. Hence, adult 

zebrafish remain a popular choice for many situations. 

1.5 Spinal cord development in zebrafish 

Due to some of the advantages discussed earlier of zebrafish larvae, including their ex 

vivo development and optical accessibility, the early development of the spinal cord in 

zebrafish has been extensively studied. The timeline of spinal cord development from 
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neural induction to fully functional spinal cord as it is currently understood is outlined 

below. 

Zebrafish embryos progress from the blastula to gastrula stage at approximately 6 hpf 

(Kimmel et al, 1995), which consists of three germinal layers of cells: ectoderm, 

mesoderm, and endoderm. Neural identity is induced in the ectodermal epithelium on the 

dorsal side of the embryo, henceforth referred to as the neural plate. Cell organisers, 

including the Spemann organiser, are primarily responsible for this neural induction by 

secreting bone morphogenetic protein (BMP) antagonists such as Noggin and Chordin 

(Appel, 2000). Since BMPs block neural induction in favour of an epidermal fate, the 

antagonism of BMP signalling results in neural induction. In addition, other secreted 

molecules such as fibroblast growth factors (FGFs) are necessary to induce neural fate 

(Schmidt et al, 2013). This repertoire of secreted signals works in concordance with 

intrinsic transcription factor programs including members of the SoxB1 family (Schmidt et 

al, 2013).   

Signalling molecules are also utilised to induce anterior-posterior patterning. The anterior 

CNS region, the forebrain, is the default fate in the embryonic neural plate. Signals are 

required to posteriorize the neural plate and specify more posterior CNS regions, including 

the spinal cord. These signals include FGF and Wnt proteins, which first suppress anterior 

gene expression in the posterior neural plate, and then later, in an retinoic acid (RA) 

dependent manner, activate the posterior patterning genes (Schier & Talbot, 2005).  This 

anterior-posterior patterning may begin even before gastrulation (Kudoh et al, 2002). 

Patterning also occurs along the dorso-ventral axis, controlled by hedgehog (Hh), Wnt and 

BMP signal gradients (Le Dréau & Martí, 2012). Based on the exposure of the cells to the 

combination of these signals, specific domains of progenitor cells have specific 

transcriptional programs active and hence give rise to distinct population of neural cells 

(Xiong et al, 2013). 

Between 10-18 hours post fertilisation (hpf) (and concomitantly with dorsal-ventral and 

anterior-posterior patterning), morphogenesis shapes the neural plate into a neural keel, 

which in turn becomes a neural rod (Araya et al, 2016). By 18 hpf, the neural rod becomes 

a hollow neural tube with a lumen. This lumen is the precursor to the ventricles and 

central canal in the brain and spinal cord respectively (Schmitz et al, 1993).  

Occurring alongside neural tube closure is the specification of proneural clusters and 

subsequent neurogenesis. The first proneural clusters in the neural plate can be identified 

by approximately 11 hpf by expression of neuronal genes such as neurog1 and ascl1a 

(Allende & Weinberg, 1994; Blader et al, 1997). This first wave of neurogenesis generates 



6 

 

neurons only (in contrast to secondary neurogenesis which can also generate 

oligodendrocytes), the first of which can be traced as early as 18 hpf (Wilson et al, 1990). 

This primary neurogenesis is vital for the establishment of a functional neuronal network 

allowing stereotyped movements such as escape responses as early as 2 days post 

fertilisation) (O'Malley et al, 1996) 

Neurogenesis taking place at late embryonic and larval stages is referred to as secondary 

neurogenesis and is responsible for increasing the number of neurons generated, along 

with the generation of glial cells. This period establishes the neural networks responsible 

for generating higher order circuits including sensory and motor systems (Budick & 

O'Malley, 2000). Another essential distinction between primary and secondary 

neurogenesis is the cell type which is responsible for the generation of neurons/glia. 

During primary neurogenesis, neuroepithelial cells are converted to neurons. Some of 

these neuroepithelial cells later adopt a new phenotype which is characterised by radial 

processes and expression of astroglial markers e.g GFAP (Bernardos & Raymond, 2006). 

It is these ependymo-radial glial cells which are responsible for neurons and glial cells 

generated during secondary neurogenesis. 

As discussed above, temporal exposure to specific concentrations of morphogens is 

responsible for determining the domains of neuronal progenitor cells, and their 

subsequent neurons. Subpopulations of these progenitor cells are fate-restricted by 3 dpf. 

In the case of the pMN domain, a specific domain can sequentially generate different cell 

types. These progenitors produce the majority of spinal cord motor neurons by 25 hpf 

(Myers et al, 1986) and most spinal cord oligodendrocyte precursor cells between 

approximately 28 and 42 hpf (Ravanelli & Appel, 2015). These quickly mature into 

oligodendrocytes, which begin myelinating axon tracts by 2.5 (Kirby et al, 2006; Park et al, 

2002). Overall, the identity and position of differentiated neuronal subtypes is largely 

established by 3 dpf (Andrzejczuk et al, 2018; Reimer et al, 2013) and by 4 dpf these 

neurons are assembled into functional circuits required for mature swimming patterns and 

foraging behavior (Borla et al, 2002; Kroll et al, 2021). 

1.6  Spinal cord injury model 

This project investigates the mechanisms of regeneration after complete spinal cord 

transection injuries in the successfully regenerating zebrafish larvae. There are two main 

processes undergone by neuronal cells following injury: axon regeneration and 

neurogenesis. Many cellular, molecular and physical factors contribute to both axon 

regeneration and neurogenesis, including remodelling of the extracellular environment, 

angiogenesis, and infiltration of immune cells (Becker & Becker, 2020; Cigliola et al, 2020; 
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Vasudevan et al, 2021). Below, the current understanding of axon regeneration and 

neurogenesis in zebrafish after spinal cord injury is outlined. 

1.6.1 Axonal regeneration 

Axonal regeneration refers to the ability of transected axons to regrow across the injury 

site and re-innervate appropriate targets. The necessity of axonal regeneration has been 

demonstrated both experimentally and observationally using species which have capacity 

for successful CNS regeneration and recovery of function. For example,in zebrafish 

larvae, individuals which failed to regrow axonal bridges demonstrated impaired functional 

recovery as measured by touch-evoked swim distance (Wehner et al, 2017a). Similarly, 

Interfering with axonal regrowth experimentally using a physical block in the injury site in 

zebrafish spinal cord abolished any functional recovery observed (Becker et al, 2004).  

 

 

Figure 1.1: Spinal cord of lesioned XIaTubb:DsRed transgenic zebrafish larvae, in which 

axons are fluorescing red. A, A’: This larvae is imaged directly after injury (at 3 days post 

fertilisation). The injury site is shown close-up in a’. B, B’: This larvae is imaged 24 hours post injury, 

and shows axon regeneration across the lesion site (boxed). A close-up of the bridging axons is 

shown in b’. Scale bar in a is 300 µm and applies to a and b. Scale bar in a’ is 100 µm and applies 

to a’ and b’. In all images, rostal is on the left and dorsal is up. Figure adapted from (Drake et al, 

2023) 

The molecular and cellular mechanisms leading to successful axonal regeneration have 

been extensively studied in zebrafish. Many extrinsic factors and non-neuronal cell types 

have been shown to be necessary for repair. Immediately following injury, macrophages 

infiltrate the injury site and temporally control the release of signalling cytokines Tnf and 

Il1b. This tight control of inflammation promotes axonal regrowth (Tsarouchas et al, 2018). 

Macrophages provide further support by phagocytosing cell debris (Becker & Becker, 

2001; Hui et al, 2010; Tsarouchas et al, 2018). Pdgfrb expressing fibroblasts are also 

involved in the axon regrowth by deposition of Collagen XII. Collagen XII immuno-positive 

fibrils have been shown to act as a scaffold for the regenerating axons and this is required 
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for regeneration (Wehner et al, 2017a). Supporting glial cells are also likely to provide 

structural support for axons traversing the injury site (Goldshmit et al, 2012; Mokalled et 

al, 2016), although this does not appear to be necessary for regeneration (Briona et al, 

2015; Dervan & Roberts, 2003; Wehner et al, 2017a). 

The axons themselves also undergo intrinsic changes priming them for successful axonal 

regeneration. There is evidence for major changes to transcriptional programs in 

regenerating CNS axons. A study using regenerating retinal ganglia cells in the adult 

zebrafish revealed sequential activation of pathways regulated by a temporally controlled 

set of transcription factors (Dhara et al, 2019). While there is so far no similar 

comprehensive study in regenerating spinal cord axons, individual transcriptional 

regulators have been shown to be involved. High mobility group box 1 (HMGB1) is an 

architectural chromatin protein which could alter transcriptionally accessibility of other 

genes (Bustin, 1999; Fang et al, 2014), and its expression is tightly regulated following 

spinal cord injury in zebrafish. Four hours following injury there is a two-fold increase in 

hmgb1 mRNA expression followed by a significant decrease at 12 hours post injury. 

Inhibiting HMGB1 levels using antisense morpholinos lead to a 34% reduction in axonal 

regrowth (Fang et al, 2014). The involvement of other transcription factors in spinal cord 

injury also supports the idea that axons undergo widespread changes to the expression of 

entire programs of genes. For example, both activating transcription factor 3 (ATF3) and 

activating transcription 6 (ATF6) have also been shown to promote axonal regeneration in 

adult zebrafish (Ji et al, 2021; Wang et al, 2017a). 

As well as these broad transcriptional changes which neurons with regrowing axons 

undergo, the involvement of some individual specific genes in neurons with regrowing 

axons has been reported. The upregulation of recognition molecules on the cell surface 

helps the regrowing axons to navigate the lesion environment and eventually re-innervate 

targets. An early example of such a molecule is L1.1, which is upregulated in regenerating 

axons. Morpholino based knockdown of L1.1 resulted in poorer regeneration (Becker et al, 

2004), whereas pharmacologically increasing expression of L1.1 resulted in faster 

regeneration (Li et al, 2018). Similarly, other recognition molecules including Syntenin-a 

(Yu & Schachner, 2013) and Sema4d (Peng et al, 2017) have been implicated in 

successful axon regrowth.  

1.6.2 Neurogenesis 

Spinal cord injuries inevitably result in neuronal cell death. Some of these neurons die due 

to the original impact of the injury, whilst others are lost due to the secondary effects of 

the injury. Damage to vasculature, exposure to inflammatory and cytotoxic signals are all 
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examples of secondary effects after spinal cord injury which may lead to apoptotic cell 

death. The peak of apoptotic cell death after spinal cord injury occurs at 24 hpi in adult 

zebrafish (Hui et al, 2010), suggesting that these secondary effects are responsible for the 

majority of cell loss. It is logical that these lost neurons need to be replaced in the 

regenerating system. In the zebrafish spinal cord, the major source of these new neurons 

are ependymo-radial glial cells (ERGs) (Reimer et al, 2008).  

ERGs are named as such because they have much in common with mammalian radial 

glial cells whilst also having clear ependymal features. Their radial morphology and 

expression of astrocyte markers such as glial fibrillary acidic protein (GFAP) suggest a 

radial glial identity, but they also contribute to the ependyma and possess motile cilia (Hui 

et al, 2015; Kishimoto et al, 2011). Their contribution to the ependyma along with their 

contact with the pial surface means that these ERG cells span the entire width of the brain  

or spinal cord (Reimer et al, 2008). As well as in the zebrafish CNS, these cells have also 

been identified in salamander (Fei et al, 2014; Holder et al, 1990) and Xenopus (Muñoz et 

al, 2015; Tao et al, 2015). 

A defining feature of ERGs is their ability to generate multiple glial and neuronal cell types. 

It has been demonstrated that after neuronal loss, these cells generate motor neurons 

and multiple subtypes of interneurons (Caldwell et al, 2019; Hui et al, 2010; Kuscha et al, 

2012b). This is true both for cells lost by injury, and by ablation (Ohnmacht et al, 2016). In 

response to this neuronal loss, ERGs increase their proliferation rate and a subset of their 

progeny begin to express differentiation markers (Briona et al, 2015; Reimer et al, 2008). 

Interestingly, the eventual identity of these progeny is determined by the domain of the 

original ERG cell and the combination of transcription factors they express (Figure 1.2). 

ERG cells residing in the most ventral domain give rise to serotonergic neurons. Adjacent 

to these is the pMN domain (identified by its expression of olig2), followed by most 

ventrally the V2 neurons (expressing vsx1) (Kuscha et al, 2012a; Kuscha et al, 2012b; 

Reimer et al, 2008) This organisation is depicted in Figure 1.2. 

The motor neuron progenitor domain is particularly interesting, as cells of this domain 

have been reported to switch transcriptional programmes following spinal cord injury.  

Cells of this domain, which co-express olig2, pax6 and nkx6.1, generate motor neurons 

primarily during early development (0-48 hpf) and produce oligodendrocytes in later 

development (48+ hpf) (Ohnmacht et al, 2016; Ravanelli & Appel, 2015). Following an 

injury, these cells revert to motor neuron generation. In larval fish, this motor neuron 

generation even comes at the expense of the developmentally appropriate ongoing 
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oligodendrogliogenesis which would otherwise be ongoing in larval animals (Ohnmacht et 

al, 2016). 

 

Figure 1.2:  ERG domains in a cross section of the zebrafish spinal cord. A: olig2 

expressing ERG cells in adult spinal cord are depicted by arrows. B: The domains are 

schematically depicted with their transcription factor identity. Figure from (Becker & 

Becker, 2015) 

In the last decade, much progress has been made into understanding what signals 

stimulate ERGs to proliferate and differentiate in order to generate new neurons in the 

zebrafish spinal cord after injury. It is clear that there is a large scale reactivation of 

developmental signalling systems in the successfully regenerating spinal cord. Wnt, BMP, 

Hh, Notch, RA and FGF pathways as well as some neurotransmitters have been shown to 

regulate developmental neurogenesis and also regenerative neurogenesis (reviewed in 

(Becker & Becker, 2015).  

Delta-Notch signalling is one example of a pathway which is utilised both in normal 

development of the zebrafish spinal cord and is redeployed during regeneration. Notch 

signalling is important in juxtracrine cell-cell communication and via lateral inhibition can 

regulate neural progenitor cell fate during unperturbed development. Expressing a 

dominant negative form of Delta in zebrafish embryos causes an increase in the number 

of early specified motor neurons in zebrafish which later results in a depletion of 

progenitors in the motor neuron progenitor domain (Appel & Eisen, 1998; Appel et al, 

2001). Likewise, delta-notch lateral inhibition is involved in regeneration, as the transgenic 

conditional over-activation of Notch signalling in ERG cells after injury reduces 

proliferation of ERGs and the number of new motor neurons generated. Conversely, the 

same study showed that pharmacological inhibition of Notch increased the generation of 

motor neurons following injury (Dias et al, 2012). 

Along with their renowned role in transmitting neuronal information, neurotransmitters also 

have a function in development and regeneration of the CNS.  Descending dopaminergic 
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projections from the brain influence the proportions of different types of neuron generation 

in the developing zebrafish spinal cord (Reimer et al, 2013). The same role for dopamine 

appears to be involved in regeneration, as ablating dopaminergic axons with 6-OHDA 

reduced the number of newly generated motor neurons rostral to the lesion site. In both 

development and regeneration, dopamine acts by the activation of the hedgehog pathway 

via the D4a receptor in ERG cells (Reimer et al, 2013). 

Alongside the recapitulation of developmental neurogenic signals, there is some recently 

emerging evidence suggesting that the immune system may be a source of regeneration 

specific neurogenic factors in zebrafish. Whilst the presence of an immune response to 

CNS injury in zebrafish is well known (Becker & Becker, 2001), until the last decade the 

possibility of signals from the immune system acting on progenitor cells to stimulate the 

generation of new neurons was not investigated. The earliest direct evidence of the role of 

inflammation in zebrafish neurogenesis was provided by Kyritsis et al., who showed that 

inflammation is required and sufficient for neurogenesis from radial glial cells in the 

zebrafish telencephalon after injury (Kyritsis et al, 2012). This role was specifically linked 

to leukotriene C4 signalling, as injecting leukotriene C4 into unlesioned zebrafish brains 

showed elevated levels of radial glial proliferation. Following this, the role of the immune 

system in zebrafish spinal cord regeneration has been demonstrated broadly in two 

studies which showed that neurogenesis is drastically reduced when the fish are treated 

with the immunosuppressant dexamethasone in both larval (Ohnmacht et al, 2016) and 

adult (Caldwell et al, 2019) zebrafish.  

The above studies use either global suppression or activation of the immune system and 

therefore do not reveal specific mechanistic details about the immune signalling pathways 

involved. In the larval system, it can be assumed that the immune signals are derived from 

the innate immune system, since the adaptive immune system is not fully functional until 

4-6 weeks post fertilisation in zebrafish (Danilova & Steiner, 2002; Lam et al, 2004; Willett 

et al, 1999). Since the phenomenon has been observed in both larval and adult zebrafish, 

it is possible that the signals even in adult zebrafish are derived from innate immune 

system. The unique advantages of the zebrafish larvae, discussed above, provide a 

powerful model to study the neurogenic signals derived from the innate immune system 

independently to the adaptive immune system. 

1.7 Spinal cord regeneration in other regeneration-competent animals 

The dual processes of axon regeneration and neurogenesis are also present in other 

regeneration-competent vertebrates. For example, axon guidance associated genes such 

as semaphorins sema4b and sema3f are highly expressed after SCI in regeneration-
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competent stages of Xenopus laevis development but not after SCI inflicted during the 

latter regeneration-incompetent stages (Lee-Liu et al, 2014). Similarly, there is also 

evidence for the role of neurogenesis after injury as pro-neural genes including neurod4 

and ascl1 are shown to be upregulated after injury in regeneration-competent Xenopus 

laevis larvae but not the regeneration-incompetent post-metamorphosis juveniles or adults 

(Lee-Liu et al, 2014). Whether these changes in gene expression are due to the differing 

developmental stages or directly implicated in regenerative success requires further 

experimental investigation. More direct evidence for the involvement of a specific 

transcription factor in Xenopus regeneration was reported by (Pelzer et al, 2021), in which 

foxm1 is shown to affect neural progenitor fate after division in injured Xenopus tropicalis. 

Furthermore, the necessity of the proliferation of these neural stem/progenitor cells was 

implied by the lack of functional recovery seen in Xenopus laevis in which these neural 

stem/progenitor cells were ablated (Edwards-Faret et al, 2021). 

Other regeneration-competent animals, including spiny mice, neo-natal mice, embryonic 

chick and opossum also demonstrate successful and scar-free axon regeneration after 

spinal cord injury (Fry et al, 2003; Hasan et al, 1991; Li et al, 2020; Nogueira-Rodrigues et 

al, 2021). In both neo-natal mice and spiny mice, a role for a permissive extracellular 

matrix (ECM) has been identified as crucial for axon regeneration (Li et al, 2020; 

Nogueira-Rodrigues et al, 2021). The role of neurogenesis in these systems has yet to be 

experimentally investigated. However, there is some evidence for the upregulation of 

signalling pathways and molecules associated with neurogenesis in spiny mice after SCI 

(Streeter et al, 2020). In neo-natal and embryonic models, developmental neurogenesis is 

ongoing so may contribute to the functional recovery and decoupling these processes 

may prove challenging. 

1.8 Zebrafish innate immune system 

It is hypothesised that the innate immune response may be the source of pro-regenerative 

signals following SCI in regenerating species, including zebrafish. The zebrafish innate 

immune response during development is described henceforth. 

The innate immune system is the first stage of defence to infiltrating pathogens. It is 

characterised by a fast and non-specific response to infections. The timeline of 

development, main cell types, and functions are all largely conserved across veterbrates 

(Renshaw & Trede, 2012). 

The main cell types and systems in the zebrafish innate immune system are shared with 

the innate immune system of other vertebrates. At early developmental timepoints (<5 

dpf), the zebrafish innate immune system consists mainly of macrophages, microglia and 
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neutrophils. Additionally, mast cells and hematopoietic stem cells (HSCs) are reported to 

be present at this time (Butko et al, 2015; Dobson et al, 2008). The presence of some 

other innate immune cells, specifically natural killer cells, dendritic cells and eosinophils, 

have been reported in adult zebrafish (Balla et al, 2010; Lugo-Villarino et al, 2010; Muire 

et al, 2016) but so far their presence in larval zebrafish has not been comprehensively 

investigated. 

The immune cells in zebrafish arise from three separate waves of hematopoiesis. Each 

wave gives rise to a specific subset of immune cells and occurs during limited 

developmental windows, in restricted tissues. These waves of hematopoiesis are highly 

conserved in all vertebrates, although the timeframes differ between species (Galloway & 

Zon, 2003). These waves of hematopoeisis in zebrafish larvae are displayed in Figure 

1.3a, and the location of each hematopoietic organ is highlighted in Figure 1.3b. Notably, 

whilst macrophages, microglia and neutrophils occur during the first primitive wave of 

hematopoiesis, cells of the adaptive immune system (T lymphocytes and B lymphocytes) 

do not arise until halfway through the definitive wave of hematopoiesis (and are not 

functionally mature until 4-6 wpf). Innate immune cells arise independently during each 

wave of hematopoiesis, and share a progenitor cell type during each wave. Whilst the 

primitive and intermediate waves of hematopoiesis do give rise to functional innate 

immune cells, cells which arise from the definitive wave are the longest lasting. Indeed, 

cells can be continuously generated from HSCs when necessary, in response to 

immunological threat or physical wounding (Galloway & Zon, 2003). 

Each cell has distinct characteristics, roles, and response to pathophysiological 

conditions.  Below is a discussion of each immune cell type in the zebrafish larvae (up to 5 

dpf), with a focus on their response to SCI. 

1.8.1 Neutrophils 

Neutrophils are reliably observed in zebrafish trunk and tail from 48 hpf onwards  

(Lieschke et al, 2001; Willett et al, 1999). Early in development (2-14 dpf), neutrophils 

have multiple sites of origin, but from 4 dpf the main site of hematopoeisis is the kidney 

(Bennett et al, 2001; Brownlie & Zon, 1999). While some neutrophils are found in 

circulation, the majority are located within tissues and migrate through the interstitial fluid 

(Deng et al, 2011). 

Neutrophils are easily identified by their unique morphology, which is generally conserved 

between mammalian and teleost neutrophils. They are recognised by their pale cytoplasm 

with a multilobulated segmented nucleus (Lieschke et al, 2001). They also express high 
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levels of the enzyme myeloperoxidase, which can be used as a marker for neutrophils in 

both mammalian and zebrafish neutrophils. 

The primary role of neutrophils is understood to be in host defence against infiltrating 

pathogens. Neutrophils are consistently the first cell type to be recruited to different injury 

sites in many varied models of injury in zebrafish larvae, including spinal cord 

(Tsarouchas et al, 2018), heart (Lai et al, 2017) and tail fin (Li et al, 2012a). In order to 

perform this protective role, neutrophils respond to injury and infiltrating pathogens in a 

plethora of ways. They undergo degranulation, in which they release toxic intracellular 

granules and reactive oxygen species to sterilise the wound (Isles et al, 2021). They also 

produce extracellular traps (NETs) made of extracellular DNA which can trap bacteria 

(Palić et al, 2007). Neutrophils also play an important role in the recruitment of other 

phagocytic innate immune cells, particularly macrophages. Neutrophils are themselves 

involved in phagocytosis of infiltrating bacteria and debris, however it has been 

demonstrated that the role of phagocytosis by neutrophils in larval zebrafish is limited (Le 

Guyader et al, 2008). 

As well as their involvement in infection control, neutrophils have also been shown to be 

involved in wound repair and regeneration after injury. Their contribution towards 

regeneration is complex and varies based upon the site of injury and/or the organism of 

interest. For example, in mice, neutrophils appear to have a detrimental effect in wound 

closure (Dovi et al, 2003) but a neuroprotective role after spinal cord injury (Stirling et al, 

2009). In zebrafish there is currently a lack of tools allowing neutrophil-specific 

knockdown, so the contribution of neutrophils (separately from other leukocytes) has not 

yet been determined. However, due to the fast recruitment of neutrophils to the site of 

injury, and the fact that this recruitment occurs even after sterile laser injury (Kaveh et al, 

2020) points to their involvement in regeneration. Due to the known crosstalk between 

neutrophils and monocytes (Loynes et al, 2018; Tauzin et al, 2014), as well as the earlier 

recruitment of neutrophils to the injury site, it is likely that neutrophils at least have a role 

in regeneration by triggering the recruitment and potentially the clearance of 

macrophages, which have an established pro-regenerative role in zebrafish (Sanz-

Morejón et al, 2019; Tsarouchas et al, 2018). Since neutrophils have secretory roles, it is 

possible that they have a more direct contribution to regeneration by way of secreted 

molecules which may be recognised by regenerating cell types. 
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Figure 1.3:    Immune cell development in zebrafish larvae. A: Zebrafish immune cells arise in three waves of development: primitive, intermediate and 

definitive. Adapted from (Masud et al, 2017) B: An illustration of the main sites of immune cell origin. Pink arrows signify the migration of primitive macrophages 

into the yolk ball. Adapted from (Stachura & Traver, 2011)
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Resolution of inflammation is implicated in the successful regeneration of both 

zebrafish and mice. Despite the longstanding school of thought which suggests 

neutrophil are cleared by apoptosis (as occurs in mice (Dockrell & Whyte, 2006)), 

there is evidence that clearance by retrograde chemotaxis is the primary method of 

neutrophil resolution in zebrafish (Mathias et al, 2006).  

1.8.2 Macrophages 

Macrophages arise in a series of successive waves of haematopoiesis during 

zebrafish embryogenesis. The earliest macrophages, primitive macrophages, 

appear as early as 12-16 hpf from the rostral blood island (Herbomel et al, 1999; 

Herbomel et al, 2001) (Figure 1.3). By 72 hpf, macrophages are found in major 

peripheral tissues such as the brain and heart, and others reside in the caudal 

hematopoietic tissue (Bohaud et al, 2021; Herbomel et al, 2001). 

In zebrafish, macrophages are large cells with the ability to change their morphology 

depending on pathology. Within developmental settings they are amoeboid, but they 

shift to an elongated morphology during migration through tissue. They also extend 

long pseudopods which function in migration, and undertake cell signalling roles 

(Mathias et al, 2009). 

Macrophages are most notable for their highly phagocytic activity. Zebrafish blood 

circulation begins around 25 hpf, and as early as 30 hpf macrophages can 

phagocytose circulating bacteria (Herbomel et al, 1999). By 2 dpf there are enough 

functional circulating macrophages that injected carbon particles are wholly cleared 

within an hour (Lieschke et al, 2001). Whilst they are slower to be recruited to a site 

of injury than neutrophils, they are retained longer (Mathias et al, 2009). 

Along with their phagocytic activity, macrophages have a variety of other roles in 

zebrafish host defence. They are a key component of the granuloma, a structure to 

contain infiltrating bacteria (Davis et al, 2002). Macrophages also produce and 

secrete cytokines in response to infection (Nguyen-Chi et al, 2015; Rougeot et al, 

2019), which act in a temporal manner to control the infection by recruiting further 

immune cells (Bernut et al, 2016; Nguyen-Chi et al, 2014) and later promoting 

resolution of infection (Nguyen-Chi et al, 2015). 

In addition to their role in infection control, macrophages have been demonstrated to 

have roles in tissue regeneration after injury in zebrafish larvae. Some of their pro-

regenerative roles have been elucidated in heart (Kaveh et al, 2020), fin (Kawakami 
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et al, 2004; Nguyen-Chi et al, 2017), hair cell (Carrillo et al, 2016; Hirose et al, 2017; 

Zhang et al, 2020b) and spinal cord regeneration (Tsarouchas et al, 2018). In the 

spinal cord, they are recruited to an injury site within hours of initial impact, and their 

absence leads to reduced regenerative success (Tsarouchas et al, 2018). One way 

in which macrophages contribute to successful regeneration after spinal cord injury 

is via secretion of cytokines Tnf and Il1b; the precise temporal dynamics of these 

promotes axonal regeneration across the injury site (Tsarouchas et al, 2018). It has 

been speculated that macrophages can also act promote spinal cord regeneration in 

zebrafish by promoting neurogenesis from endogenous stem cells, however this had 

not been investigated before this project. 

1.8.3 Microglia 

Microglia are the CNS resident macrophages. Early in development, they are 

derived from primitive macrophages which colonise the CNS from 48 hpf, and then 

rapidly differentiate into early microglia over the following 24 hours (Herbomel et al, 

2001). 

They differ from macrophages both due to their location, and their molecular identity. 

Microglia show stronger expression of apoE and p2ry12 than macrophages (Haynes 

et al, 2006; Herbomel et al, 2001; Mazzolini et al, 2020; Sieger et al, 2012). The 

morphology of microglia transforms from ramified in their resting state to amoeboid 

in their activated state (Herbomel et al, 2001; Kettenmann et al, 2011; Mojzesz et al, 

2021; Wu et al, 2020). 

Microglial activation in zebrafish is most commonly studied in the context of 

developmental and regeneration processes. However, they have been shown to 

also be activated by viral and bacterial infections in the brain and appear to play a 

role in containing these assaults. Similarly to macrophages, they can phagocytose 

bacteria (Peri & Nüsslein-Volhard, 2008; Wu et al, 2020), form granuloma-like 

structures (Chen et al, 2018; van Leeuwen et al, 2014), and secrete pro- and anti-

inflammatory cytokines (Chen et al, 2018; Wu et al, 2020). 

Microglia also play an essential role in zebrafish brain development and 

homeostasis. They can clear apoptotic neurons by phagocytosis after programmed 

cell death in the developing fish (Herbomel et al, 2001; Mazaheri et al, 2014; Peri & 

Nüsslein-Volhard, 2008), and physically interact with highly active neurons to 

decrease spontaneous firing (Li et al, 2012b). A subset of microglia with a distinct 
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transcriptome are enriched in synaptic regions and engulf neuronal synaptic proteins 

in the midbrain and hindbrain (Silva et al, 2021). Microglia also prune excess myelin 

sheaths during zebrafish development (Hughes & Appel, 2020). Despite these 

myriad functions of microglia, there is an absence of overt neuropathology in csf1r 

mutant zebrafish, which have severely reduced microglia numbers (Oosterhof et al, 

2018). It has yet to be ascertained whether this is due to the remaining microglia 

performing these functions sufficiently, or compensation of other cell types to help 

perform these functions in the absence of microglia. 

Microglia are involved in the response to disease and injury in the zebrafish brain. 

Laser ablations in the living brain leads to polarization of microglial cellular 

branching followed by migration towards the lesion (Sieger et al, 2012). They have 

also been reported to locally increase their numbers by self-renewal in the 

neurodegenerative zebrafish brain (Oosterhof et al, 2017). Unusual microglial 

behaviour and activation have been associated with zebrafish models of Alzheimer’s 

disease (Bhattarai et al, 2017) and Parkinson’s disease (Sanderson et al, 2021). In 

our lab, we recently discovered that mechanical forces applied by microglia to ERG 

cells are essential for wound closure after CNS injury (El-Daher, Drake et al., 

manuscript submitted). Intriguingly, a recent pre-print reports that microglia are 

essential for telencephalic regeneration and that their ablation inhibited injury-

induced neurogenesis and regeneration (Kanagaraj et al, 2022). 

There are a few studies which provide insight into the role of microglial cells after 

spinal cord injuries in the zebrafish. In the spinal cord lesion site of larval zebrafish, 

Ohnmacht et al. observed a 369% increase in microglial cells compared to 

unlesioned spinal cord (Ohnmacht et al, 2016). The number of both macrophages 

and microglia cells at the lesion site is highest at 48 hpi, but the migration of 

microglial cells is less immediate than macrophages (Tsarouchas et al, 2018). A 

similar increase in microglia numbers was observed following chemico-genetic 

neuron ablation, demonstrating that it is neuronal loss, not physical damage to the 

tissue, that leads to this increase in microglia number (Ohnmacht et al, 2016). This 

confirms previous work which showed that microglia migrate to the site of neuronal 

ablation and phagocytose the debris and degrading neurons (Caldwell et al, 2019; 

Morsch et al, 2015). Dampening the immune response with dexamethasone lead to 

a reduction in both axon regrowth and  number of newly generated new neurons 

(Caldwell et al, 2019; Ohnmacht et al, 2016). Finer manipulations to demonstrate 
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whether this reduction in number of newly generated neurons is due to macrophage 

or microglial loss have not yet been performed. Intriguingly, while there is direct 

evidence for the role of microglia in neurogenesis in the zebrafish telencephalon 

(Kanagaraj et al, 2022), so far no direct role for microglia in axon regrowth has been 

reported. Indeed, when csf1ra/b knockouts (which lack microglia) were analysed 

there was no effect on axon regrowth (Tsarouchas et al, 2018).  

 

Figure 1.4: Time-course of immune cell infiltration to lesion site in larval zebrafish. 

Spinal cord injury was performed on zebrafish at the protruding mouth stage (72 

hours post fertilisation) and number of immune cells were measured at intervals from 

this timepoint to 5 days post lesion. From (Tsarouchas et al, 2018) 

1.8.4 Other innate immune cells 

Other immune cells present in zebrafish larvae are mast cells and hematopoietic 

stem cells. Mast cells are proposed to arise from a common granulocyte/monocyte 

progenitor and primarily reside in the gastrointestinal submucosa and gills of 

zebrafish (Dobson et al, 2008). They act as early effector cells in response to 

noxious or infectious environmental stimuli and undergo degranulation in response 

to immunological threats. In zebrafish, this response is partly mediated by high 

affinity immunoglobulin E-like receptor (FcɛRI) and likely also involves activation of 

toll-like receptors (Da’as et al, 2011). 

The role of mast cells in zebrafish outside of pathogen response has not been well 

studied. In mammalian systems, they are known to release a plethora of cytokines 
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including TGF, TNF and IL8 (Grimbaldeston et al, 2006). Furthermore, other major 

constituents of mast cells include heparin and ECM-degrading enzymes tryptase 

and matrix metalloproteinases (Norrby, 2002). Hence, it is possible that these 

molecules signal to regenerating systems and influence the regenerative outcome, 

perhaps by direct signalling to regenerating axons or neuronal progenitor cells, or 

alternatively by remodelling the extracellular environment to provide a permissive 

substrate. For similar reasons, it is speculated that mast cells contribute to 

angiogenesis in mammals, specifically in the context of tumorigenesis (Norrby, 

2002). Whether matrix play a secretory and/or matrix remodelling role in CNS 

regeneration is currently unclear. 

 HSCs are also present in the larval zebrafish (Butko et al, 2015). Their role is as a 

progenitor of blood cells, including immune cells, during the definitive wave of 

hematopoiesis (see Figure 1.3a). In mammals, HSCs have been shown to respond 

to external inflammatory factors and thus contribute to specific immune subtypes in 

order to facilitate the immune response (Zheng et al, 2011). However, more direct 

roles of HSCs such as secretion or phagocytosis are not reported, hence it is 

unlikely these cell types directly contribute to CNS regeneration.  

1.9 The innate immune system in other regenerating species 

Zebrafish are not the only species in which the immune system is implicated in 

successful regeneration of the CNS and other tissues. Indeed, in many other 

successfully regenerating species, immune cells have either been observed to 

correlate with the timing of injury or to directly contribute to CNS or tissue 

regeneration. The conservation of an innate immune response to injury across an 

array of regenerating species may suggest that the innate immune system is a vital 

contributor to successful regeneration. 

1.9.1 Ambystoma 

In axolotl (Ambystoma mexicanum), recruitment of macrophages to the lesion site 

occurs within 24 hours and persists until 2 weeks post spinal cord injury (Zammit et 

al, 1993). More recently, a microarray analysis of axolotl spinal cord regeneration 

revealed that Il-1β cytokine is up-regulated at 24 hours post injury (Sabin et al, 

2015). More direct involvement of the immune system in tissue regeneration 

(although not CNS regeneration) in axolotl was shown by Godwin et al., in which 

peritoneal injection of clodronate (a macrophage inhibitor) impaired limb 
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regeneration and replenishing macrophages later restored regenerative ability 

(Godwin et al, 2013). 

1.9.2 Xenopus 

After tail injury in Xenopus laevis, a high density of macrophages has been reported, 

and these have been observed in the role of granulocyte clearance (Paredes et al, 

2015). Additionally, the cytokine interleukin-11 has been shown to act upstream of 

stem cell proliferation after tail injury in Xenopus tropicalis (Tsujioka et al, 2017), 

which is evidence for a role in direct immune signalling during tissue regeneration. In 

ths CNS,immunohistological staining with monoclonal antibody 4F4 has shown that 

there is a rapid and extensive microglial/macrophage response to crush of the optic 

nerve. Macrophages are seen in the nerve at the site of the lesion within 1 h. 

Interestingly, the response peaks between 3-5 days, which is just before axonal 

regeneration gets under way (Wilson et al, 1992). 

While the above studies suggest a pro-regenerative role for the immune system in 

Xenopus CNS and peripheral tissue regeneration, this understanding is complicated 

by Fukazawa et al., who show that there is no immune response during successful 

tail regeneration in tadpoles. In contrast, there is a prolonged immune response to 

tail injury during the refractory period of frog development, during which no 

regeneration occurs. Notably, suppression of this immune response using genetic or  

pharmacological tools restored regenerative ability during this refractory period 

(Fukazawa et al, 2009). This study suggests that the role of the immune system in 

Xenopus regeneration may depend on the temporal dynamics of the immune 

system in conjunction with the specific developmental stage.  

1.9.3 Acomys 

The African spiny mouse is unique amongst mammals for its regenerative ability 

which persists even during adulthood. Interestingly, the successful regeneration of 

the spinal cord after SCI is accompanied by reduced inflammation when compared 

to SCI in Mus musculus (Streeter et al, 2020). However, there is evidence for the 

role of immune cells in regeneration of other tissues in African spiny mice. After 

injury to the ear, there is a stronger and more prolonged period of reactive oxygen 

species (ROS) production in Acomys cahirinus compared to Mus Musculus. After 

experimental ablation of macrophages, this epimorphic regeneration does not occur 

(Simkin et al, 2017). Whether such a role for macrophages and other immune cells 
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is evident in the CNS during successful regeneration in African spiny mice is yet to 

be determined. 

1.9.4 Mus (Neo-nates) 

Neonatal mice, in contrast to adult mice, demonstrate successful regeneration of 

both the cardiac tissue and spinal cord. Gene expression profiling of cardiac 

macrophages indicated that regenerative macrophages have a unique phenotype 

and secrete soluble factors which may facilitate the formation of new myocardium 

and possibly contribute to angiogenesis. Furthermore, depleting macrophages in 

neonates resulted in a lack of myocardium regeneration (Aurora et al, 2014). 

Similarly, there is direct evidence for the role of microglia in neonatal mice spinal 

cord injury. The depletion of microglia disrupts axon regrowth after SCI. Single cell 

sequencing was used to investigate the activation and role of these microglia (Li et 

al, 2020). These microglia promote successful regeneration in neonates by 

transiently secreting fibronectin which modulates the ECM. Furthermore, neonatal 

microglia express peptidase inhibitors and other molecules involved in inflammatory 

resolution. Applying neonatal microglia to adult spinal cord lesion significantly 

improved axon regeneration in adult mice (Li et al, 2020). Hence, the innate immune 

system plays a vital role in both neonatal spinal cord and heart regeneration. 

1.10 The immune system in non-regenerating mammals 

As discussed above, the immune system is pivotal to successful regeneration in 

some species. On the other hand, it has also been associated with the inability of 

many mammalian species to achieve successful CNS regeneration. 

Following the initial trauma of the CNS injury (primary injury), secondary injury 

occurs. This is a cascade of inflammatory processes resulting in the death of 

neurons, oligodendrocytes and astrocytes (Alizadeh et al, 2019). The death of these 

cell types inhibits regeneration both directly (e.g dead neurons cannot be involved in 

motor or sensory pathways) and indirectly (by releasing growth inhibiting molecules) 

(McKerracher et al, 1994). 

One source of these inflammatory signals is macrophages and microglia which are 

present at the injury site. This includes the activation of resident CNS microglia as 

well as the infiltration of monocyte-derived macrophages. The presence of these 

cells begins at three days post injury in mammals and can persist for longer than six 
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months after injury (Beck et al, 2010). While many of the functions of the 

macrophages and monocytes are beneficial (e.g prevention of infection, 

phagocytosis of cellular debris, recruitment of further immune cells), it is possible 

that this prolonged presence of macrophages and monocytes at the injury site is 

detrimental to achieving functional regeneration. Indeed, ablation of 

macrophages/microglia by clodronate loaded liposomes improved functional 

recovery in the hindlimb (Popovich et al, 1999) and improved myelinated tissue 

retention (Iannotti et al, 2011) in mice. 

Further complexity concerning the role of macrophages and microglia after 

mammalian SCI is introduced by the presence of different phenotypes of 

macrophages. Traditionally referred to as M1 and M2, these phenotypes represent 

two extremes of a spectrum which are also referred to as pro-inflammatory (M1) and 

anti-inflammatory (M2). Kigerl et al. showed that the SCI site of mice is composed of 

primarily M1 macrophages with only a small and transient increase of M2 

macrophages (Kigerl et al, 2009). Since M1 macrophages can kill nearby cells and 

prevent cellular proliferation, and M2 macrophages can promote cellular 

regeneration, it is hypothesised that promoting M2 polarisation at the expense of M1 

polarisation of macrophages could aid in spinal cord regeneration. Indeed, in the 

typical wound healing process elsewhere in an organism, the macrophages are 

predominantly M2 polarised (Krzyszczyk et al, 2018). Kigerl et al. also demonstrated 

that in ex vivo adult sensory mice neurons, M2 macrophages are growth promoting 

and M1 macrophages are neurotoxic (Kigerl et al, 2009).  

 

Along with the role of macrophages and microglia in modulating the extracellular 

environment in a SCI lesion, there is some evidence that they also signal directly to 

neural progenitors. Activation of microglia by LPS is detrimental for the survival of 

newly formed hippocampal neurons (Ekdahl et al, 2003; Monje et al, 2003a). 

Furthermore, immune cells release IL-1β, IL-6 and TNF-α, which all have a negative 

effect on neural stem/progenitor cells (NSPCs). In contrast, IL-15 is also produced 

by activated microglia and has been reported to promote proliferation and self-

renewal of NSPCs (Gómez-Nicola et al, 2011). This evidence suggests that the role 

of the immune system in unsuccessful CNS regeneration is complex and may 

depend on precise temporal dynamics as well as cell-type specific responses. 
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1.11 Neural progenitor cells 

1.11.1 Neural progenitor cells in zebrafish and other regenerating organisms 

Ependymo-radial glial cells are a specialised form of glial cell found in the CNS of 

anamniotes. In the spinal cord, these cells contribute to the ependyma, but also 

possess characteristics of radial glial cells. They have radial processes which span 

from the ventricular lumen to the pial surface (Reimer et al, 2008). They also 

express genes typical of radial glial cells, including glial fibrillary acidic 

protein (GFAP), glutamine synthase and aquaporin 4. Furthermore, they possess 

motile cilia (Hui et al, 2015; Kishimoto et al, 2011), another hallmark of ependymal 

cells. These cells are referred to elsewhere in the literature as ‘radial glia’ (Fei et al, 

2014), and ‘ependymoglia’ (Kirkham et al, 2014). 

Ependymo-radial glial cells share many similarities with the early developmental cell 

type present in the neural tube, neuroepithelial cells. Hence, they are hypothesised 

to be the adult form of these cells (Becker & Becker, 2015). Both cell types display 

location specific identities. Depending on their dorso-lateral positioning within the 

spinal cord, they express specific combinations of transcription factors, and give rise 

to specific types of neurons. For example, one of the dorsal domains expresses 

nkx6.1, pax6 and vsx1 and specifically gives rise to V2 interneurons (Francius et al, 

2016; Kuscha et al, 2012b), and an adjacent domain which expresses nkx6.1, pax6 

and olig2 instead generates motor neurons (Reimer et al, 2009). 

It has previously been shown that a mechanical lesion in adult reinitiates the 

program for neurogenesis resulting in generation of new serotonergic interneurons, 

V2 interneurons, pax2+ interneurons and motor neurons (Kuscha et al, 2012a; 

Kuscha et al, 2012b; Reimer et al, 2008). Lineage tracing experiments in the 

zebrafish brain and spinal cord has determined that the source of these newly 

generated neurons is ERG cells, which react to injury by proliferating and then 

differentiating into their neuronal progeny. In zebrafish larvae, olig2 positive ERG 

cells have the ability to switch between neurogenesis and oligodendrogenesis. Early 

on in development, the olig2+ ERG cells generate neurons (Mori et al, 2005). 

However, by 48 hours post fertilisation, they switch mainly to an oligodendrocyte 

generating phenotype. In a healthy post-embryonic CNS these cells continue to 

generate new oligodendrocytes into adulthood (Park et al, 2007), eventually 

achieving relative quiescence (Reimer et al, 2008). In response to injury, however, 

they rapidly return to a neuron-generating phenotype at the expense of 
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oligodendrogenesis (Ohnmacht et al, 2016). This switch occurs in larval zebrafish 

even after a lesion at 3 dpf, despite the oligodendrocyte programme being recently 

induced in these cells. 

1.11.2 Equivalent cell types in other organisms 

ERG cells in regenerating species share many similarities with ependymal cells in 

the mammalian spinal cord. Ependymal cells in mammals are highly polarised and 

maintain long filament-rich processes extending to the pial surface. Some of these 

cells also have radial processes, similar to ERG cells, however with endfeet 

connecting to blood vessels rather than the pial surface (as with ERG cells). Their 

cell bodies are large and those found in the spinal cord have between two and four 

motile cilia. Importantly, ependymal cells are the main source of proliferative cells in 

the ependymal zone in the spinal cord during growth (Alfaro-Cervello et al, 2012) 

and following spinal cord injury (Bruni & Anderson, 1987). Whilst only astrocytes and 

oligodendrocyte generation has been observed in vivo (Meletis et al, 2008), cell fate 

regulators including Shh, Bmp4 and Notch1 show higher expression levels after 

injury (Chen et al, 2005; Yamamoto et al, 2001), suggesting at least partial 

recapitulation of developmental neurogenesis. Transplantation experiments have 

demonstrated that progenitors of the adult spinal cord generate mostly glial cells 

when grafted into the spinal cord, but the same cells can generate neurons when 

transplanted into a neurogenic environment, the hippocampus (Shihabuddin et al, 

2000). Recently, Llorens-Bobadilla et al., demonstrated that ependymal cells can be 

manipulated to increase oligodendrocyte generation by artificially overexpressing 

the transcription factor OLIG2, and that this results in improved axon conduction in 

these mice (Llorens-Bobadilla et al, 2020). Taken together, these findings suggest 

that ependymal cells in mammals may have the capacity to generate new neurons 

after spinal cord injury, as occurs with ERG cells in anamniotes. This makes the 

elucidation of gene regulation in ERGs of zebrafish highly relevant for future 

experiments aiming to promote neurogenesis in mammals. 

Radial glial cells are another cell type which are present in mammals and share 

some morphological and molecular similarities with the ependymo-radial glial cells 

found in anamniotes (discussed above, and in (Becker & Becker, 2015)). As in 

zebrafish, radial glial cells originate from neuroepithelial cells after early 

development (Aaku-Saraste et al, 1996). An important distinction between ERG 

cells in anamniotes and radial glial cells in mammals is that radial glial cells in 
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mammals are a transient population occurring in the brain. Radial glial cells during 

development are able to generate neurons, oligodendrocytes and astrocytes. Some 

radial glial cells are consumed during neurogenic division, and later the remaining 

radial glial cells terminally differentiate to become astrocytes (Malatesta et al, 2000; 

Voigt, 1989). An exception to this is in the dentate gyrus of mammals where radial 

glial-like stem cells represent the quiescent stem cell population  (Alvarez-Buylla et 

al, 2001) and can undergo asymmetric divisions to generate neurons and astrocytes 

in response to a stimuli (Bonaguidi et al, 2011). However, the majority of radial glial 

cells in mammals do not persist outside of development and thus their potential for 

neurogenesis after injury is limited. 

As discussed, some radial glial cells give rise to astrocytes in mammals. Astrocytes 

differ from radial glial cells in that they are not tethered to the ventricle and possess 

a star-shaped morphology. Suprisingly, in many species there are no marker genes 

differentiating between radial glial cells and astrocytes; instead, they are recognised 

by morphology alone (Malatesta et al, 2008). Until recently, astrocytes were not 

thought to be present in zebrafish, but in 2020, cells with astrocyte morphology and 

functionality were reported in zebrafish (Chen et al, 2020). However, their relevant 

abundance is as yet unclear, and in contrast to mammals, appear to exist alongside 

radial glial cells, instead of replacing them. Following injury in mammals, astrocytes 

can shift to a reactive astrocyte phenotype and become highly proliferative. These 

reactive astrocytes primarily give rise to further astrocytes in a process known as 

astrogliosis. In some brain regions, they also have neurogenic potential. This is 

demonstrated in the subventricular zone where astrocytes give rise to new neurons 

in the olfactory bulb (Doetsch et al, 1999). Whilst such a phenomenon does not 

appear to occur unaided in the mammalian spinal cord, in vivo reprogramming of 

astrocytes towards neurogenesis has been achieved using two different methods in 

mice (Puls et al, 2020; Su et al, 2014).  

The lack of neurogenesis from ependymal cells and radial glial cells, in parallel with 

the generation of reactive astrocytes, are undoubtedly contributors to the lack of 

regeneration observed after mammalian spinal cord injury. This is in contrast to the 

generation of new neurons from ERG cells in regenerating organisms such as 

zebrafish and Xenopus and the concurrent lack of reactive astrogliosis in these 

same organisms. 
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1.12 Conclusions and statement of aims  

Based on the reported influx of innate immune cells to the lesioned zebrafish spinal 

cord, as well as the reduction in neurogenesis after immune system inhibition, this 

thesis investigates the role of innate immune cells in promoting neurogenesis in 

zebrafish larvae. 

The overarching hypothesis of this project is that macrophages are important for 

regeneration of the spinal cord in the zebrafish larvae. The specific hypothesis 

addressed in this thesis is that macrophages secrete cytokines which promote 

neurogenesis from ERG cells after spinal cord injury. 

In this thesis I investigated the pro-neurogenic signalling between the innate 

immune cells and the ERG cells in the zebrafish spinal cord following injury. To 

investigate this, I addressed the following aims: 

Chapter 3: 

• To characterise the gene expression changes undergone by mpeg1+ cells in 

the zebrafish spinal cord after spinal cord lesion. 

 

Chapter 4: 

• To characterise the gene expression changes undergone by the her4.3+ 

cells in the zebrafish spinal cord after spinal cord lesion. 

 

Chapter 5: 

• To identify any ligand-receptor pairs in which the ligand was upregulated in 

the mpeg1+ cells and the receptor was upregulated in the her4.3+ cells. 

• To investigate the role of tnfa-tnfrsf1a signalling in regenerative 

neurogenesis. 
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Table 2.1: Fish lines used in this study, along with their commonly used names and 

references. 

2.1.2 Ethical considerations 

All experiments in this thesis were performed on larval zebrafish of < 5dpf. These 

are not protected organisms under A(SP)A 1986, which regulates the use of animals 

in research. This thesis therefore follows the principles of 3Rs (reduction, 

replacement and refinement) (Tannenbaum & Bennett, 2015). 

2.1.3 Larval lesions 

Larvae were anaesthetised to a final concentration of 0.01% MS-222. After 2 

minutes in 0.01% MS-222, larvae were unresponsive to touch stimuli and removed 

from anaesthetic to be placed on an agar plate (4%) in a lateral position. Excess 

water was removed and the sharp point of a 30 ½ gauge needle was used to 

perform the lesion, at the point of the 15th myotome (or at the end of the yolk 

extension). Lesions were performed looking through a stereo microscope for 

improved accuracy.  Lesioned larvae were then kept at 28.5 ̊C at a density of 30 fish 

per 50 ml petri dish.  

 

Figure 2.1: A zebrafish larvae at 3 dpf with lesion in dorsal trunk. A: Larvae imaged on 

agarose surface under stereo microscope. Scale bar 500 µm. A’: Close-up of lesion area 

boxed in A. Scale bar 200 µm. Figure adapted from (Drake et al, 2023) 

For the large quantity of larval lesions required for the single cell sequencing 

experiment, a team of four of us (myself, Leonardo Cavone, Themistoklis 

Tsarouchas and Tahimina Munir) worked together to lesion the larvae. For the 

single cell sequencing experiment on cells from mpeg1:GFP fish, this took place 

over a time period of four hours. For the single cell sequencing experiment on cells 

from her4.3:GFP fish, this took place over a period of 1.5 hours (the number of GFP 

positive cells was higher per fish so fewer fish were required to achieve a high yield 

of GFP positive cells). It was decided to perform the lesions in a team, to perform all 

the lesions over as short a period of time as possible. This ensured that the larvae 
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were at a similar stage of regeneration when the tissue was collected the following 

morning. 

2.1.4 Single cell sequencing experiments preparation and processing 

2.1.4.1 Tissue collection and dissociation. 

At 4 dpf, the larvae were culled using MS-222. This was 24 hours post injury, 

although an equivalent number of unlesioned larvae were also used. Larvae were 

placed on agar plate and micro-scissors were used to remove the head and majority 

of the yolk of each larva. For the mpeg1:GFP larvae, the entire trunk (excluding 

removed head and yolk) was retained in order to maximise the GFP+ cells captured. 

For the her4.3:GFP larvae, micro-scissors were also used to remove the trunk 

caudal to the lesion site. Hence, only the immediate area surrounding the lesion site 

was retained (approximately 1 mm). The equivalent site was collected from 

unlesioned larvae. Trunk sections were immediately transferred to PBS on ice.  For 

each experiment, the process of removing the head and tail was performed by a 

team of three (myself, Leonardo Cavone and Themistoklis Tsarouchas) and took 1 

hour for the mpeg1:GFP larvae and 3 hours for the her4.3:GFP larvae. 

2.1.4.2 FAC sorting  

To isolate the cells and prepare for FAC sorting, initially larvae were incubated in 1 

mL of 1x Trypsin-EDTA at 37 ̊C for 5 minutes. Tissue was dis-aggregated by 

pipetting and digestion was stopped by adding fetal bovine serum (FBS) to a final 

concentration of 5%. The samples were then centrifuged at 200g for seven minutes. 

The supernatant was discarded and the pellet resuspended in 500 µl of PBS. This 

suspension was added to a 40 µM cell strainer and re-centrifuged at 200g for 

another seven minutes. Finally, the pellet was resuspended in the PBS-FBS buffer 

(PBS with 5% FBS).  

FACS was performed by the SuRF facility at Edinburgh Bioquarter. Wild-type fish 

with no fluorescence were used as a control to identify true GFP positive cells. After 

FAC sorting for GFP positive cells, re-running of the fluorescent fraction indicated > 

90% purity. 

2.1.4.3 10X Chromium sample preparation and processing 

Single cell preparation was performed in collaboration with Dr Ross Dobie and Dr 

Beth Henderson of the Henderson group in QMRI, Edinburgh. Samples from the 

same cell type were processed in tandem on the same 10 X chromium chip, and 
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different cell types (mpeg1:GFP and her4.3:GFP) were processed separately due to 

time constraints. 

The sequency library was generated following the comprehensive protocol provided 

by the manufacturer (10X Genomics, Pleasanton, USA). Briefly, this consists of 

preparing an adequately concentrated input sample, generating barcoded GEMs 

(Gel Bead-In-Emulsions), generation of barcoded, full length cDNA within the GEMs 

via reverse transcription, pooling of these cDNA molecules and library construction. 

Library construction generates a Single Cell 3’ library which consists of Illumina 

paired-end constructs. The final library structure includes the details of the original 

sequence of interest as well the 10x barcode and unique molecular identifier (UMI).    

2.1.4.4 Sequencing and data mapping 

The sequencing of the libraries and mapping to reference sequence was performed 

by Edinburgh Genomics (Edinburgh, UK) as a service. The libraries were 

sequenced on a Novaseq 6000 using a S2 flowcell, and data was processed using 

the 10x Cell Ranger pipeline to align reads to the zebrafish genome GRCz10 and to 

generate gene-cell matrices.  

2.1.4.5 Seurat 

The gene-cell matrices were read into Seurat v3.1.5 for quality control, 

normalisation, scaling and clustering. This was performed separately for her4.3:GFP 

and mpeg1:GFP samples. The basic protocol described by Seurat was followed 

(Stuart et al, 2019).  First, the gene-cell matrices were loaded in from the output 

provided by Edinburgh Genomics, with filters applied. These filters excluded genes 

which were expressed in fewer than 3 cells, or cells with fewer than 200 features 

expressed. Following this, the two separate conditions (lesioned and unlesioned) 

were merged, and then quality control metrics were plotted for the samples. These 

distributions allowed further cut-offs to be set for exclusion of poor-quality cells or 

doublets. Specific cut-offs are outlined in chapters 3 (mpeg1:GFP sample) and 4 

(her4.3:GFP sample).  

Following the application of quality control cutoffs, the datasets were normalised 

using the Seurat function LogNormalize and the default scale factor of 10000 and 

the top 2000 variable features were identified. The dataset was then integrated 

using these 2000 variable features as the anchors. Seurat’s inbuilt integration 

function was used for this purpose. Seurat’s integration was chosen for continuity 
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with the other steps of the analysis and as it has been shown to consistently rank 

well in an analysis of integration methods (Tran et al, 2020).  An integrated analysis 

was then performed on all cells. Principle component analysis dimensionality 

reduction was performed using 30 principle components. Cells were clustered at a 

resolution of 0.5 for the her4.3:GFP sample and 0.3 for mpeg1:GFP sample. tSNE 

plots were generated using the first 20 dimensions. 

The R script containing this code for both datasetsis published online publicly at 

https://github.com/s1836302/Mpeg1-and-Her4-zebrafish-larval-SCI 

2.1.4.6 Differential expression testing and subsequent analysis 

Differential expression testing on the single cell dataset was performed using the 

Wilcoxon Rank Sum test. Genes were considered differentially regulated if the 

adjusted p-value (Bonferroni correction for comparisons) was < 0.05. To identify 

differentially regulated gene programmes amongst highly upregulated genes (e.g 

Gene Ontology pathways, Kyoto Encyclopedia of Genes and Genomes pathways), 

Metascape webtool was used (Zhou et al, 2019) with the generated lists of 

significantly differentially expressed genes.  

To identify transcription factors within our dataset, gene lists of interest (e.g 

significantly upregulated in specific clusters after injury) were cross-referenced with 

the Danio rerio transcription factor database AnimalTFDB v3.0 (Hu et al, 2019). The 

AllianceMine webtool (2022) was used to convert gene names to recent versions 

and find overlaps between generated gene lists and published zebrafish 

transcription factors.  

In order to find orthologs between zebrafish genes from the GRCz10 assembly and 

mouse or human genes for analyses in chapters 4 and 5 respectively, Ensembl’s 

BioMart webtool (Kinsella et al, 2011) was used. 

2.1.4.7 Monocle 

Monocle v3 for Rstudio was used for trajectory inference from the single cell 

sequencing datasets. The quality control cutoffs were first applied using the Seurat 

workflow as described above, and then the Seurat object was imported into the 

Monocle package. Monocle performed pre-processing, dimensionality reduction and 

cell clustering as described in the standard workflow (Cao et al, 2019). Following the 

learn_graph function, the root node was assigned manually. 
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2.1.5 CRISPR/Cas9 mutagenesis 

2.1.5.1 Designing gRNAs 

In order to identify highly active guide RNAs (gRNAs), initially four guides were 

designed for each gene. Guide RNAs are also referred to as synthetic RNA Oligo 

CRISPR guide RNAs (sCrRNAs) in the literature, and therefore highly active gRNAs 

are also referred to as haCRs (highly active sCrRNAs) (Keatinge et al, 2021). 

The sequence for exons of the gene of interest (with 25-50 base pair (bp) flanking 

intronic material) was loaded into SnapGene Viewer software. Potential gRNA sites 

were identified based on the presence of the protospacer adjacent motif (PAM) 

5’NGG where the preceding 20 bp (known as the ‘spacer region’) fell exclusively or 

mostly within the exon sequence. Targeting the exon sequence increases the 

probability that any changes in sequence induced will effect the protein function. An 

additional criteria for selecting gRNA sequences was that the region 3 bp 5’ of the 

PAM site coincided with the recognition site of a restriction enzyme. SnapGene 

Viewer automatically detects and labels restriction enzyme recognition sites. Where 

more than four potential options were identified for a gene, preference was given to 

those in early exons and spanning functional domains. Once gRNAs were designed, 

primers spanning the gRNA target site were designed using primer3 web tool 

(Untergasser et al, 2012).  

The design of one gRNA sequence and accompanying primers in SnapGene Viewer 

is illustrated in  

Figure 2.2. All gRNAs, primers and corresponding restriction enzymes utilised in this 

project are listed in Table 2.2. Once designed, gRNAs were synthesised by Merck 

(2nmol, purified by high-performance liquid chromatography). 
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tnfrsf1a 

exon 7 

gRNA 

MwoI 

5'- GGGGAATGCTGGTTTTGCAT -3’ 

Forward primer 5’- TCACTACTGGACATGGTGAACA -3’ 

Reverse primer 3’- CACCTGTGATAGACCCAAATG -5’ 

control gRNA N/A 5’-TTACCTCAGTTACAATTTAT-3' 

Table 2.2: Sequences and restriction enzymes for gRNA designs used in this project.  

2.1.5.2 Microinjection of gRNA 

Between 1 – 4 gRNAs were injected into one-cell-stage embryos. The injection mix 

consisted of 1 µl of each 20 µM gRNA (up to total of 4 µl), 1 µl 20 µM tracrRNA, 1 µl 

Cas9 protein 20 µM, 1 µl 1 % Fast Green FCF dye. The injection mix was made 

fresh for every injection session and kept on ice until embryos were laid. A control 

injection mix was also made, where the gRNA was based on standard morpholino 

control (Table 2.2). 

Injection needles were made from glass capillaries (with filament), which were made 

into injecting needles using a needle puller and then cut to the correct diameter 

(droplets of 10-15 micron diameter) using forceps. Droplets of injection mix was 

injected into the yolk of individual embryos underneath a stereomicroscope. 

Embryos were randomly assigned to control injected, target injected, and uninjected 

groups. Embryos were lined up on petri dish against a glass slide to allow easy 

injection of multiple embryos in quick succession. Following injection, embryos were 

kept at 28.5 ̊C at a density of 30 fish per 50 ml petri dish.  

Within 6 hours of initial injection, embryos were checked under stereo microscope 

for successful incorporation into the dividing cell mass. Embryos were removed if 

there was unsuccessful incorporation of injection mix into cell mass (Figure 2.3), or if 

they were unhealthy. Medium exchange and removal of dead, dying or unhealthy 

embryos was performed daily. 
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Figure 2.3: Examples of injected embryos. The embryo labelled with the arrowhead is 

successfully injected, as the green injection mix is incorporated into the cell mass. The embryo 

marked with the arrow has not had significant injection mix uptake into the cell mass and 

therefore should be discarded. Scale bar = 250 µm. Figure adapted from (Drake et al, 2023) 

2.1.5.3 Checking efficiency of CRISPR/Cas9 mutagenesis 

The efficiency of the gRNA injections was tested for each injection session on eight 

randomly chosen embryos using restriction fragment length polymorphism (RFLP). 

In the first instance, RFLP was performed to identify the most efficient guides out of 

the four designed per gene. RFLPs were also performed on eight embryos in all 

subsequent injection sessions to confirm continuing efficiency of gRNA injections.  

Typically, eight control embryos and eight gRNA-injected embryos were included in 

the RFLP analysis. DNA was extracted from the 16 individual embryos (not pooled) 

at 1-2 dpf. Individual embryos were added to 100 µl 50 mM sodium hydroxide and 

heated to 95 ̊C for 10 minutes. Following a brief vortex, each sample was 

neutralised with 10 µl 1M-TrisHCL.  

Using these DNA samples, the region surrounding the potential gRNA target was 

amplified using PCR. For each DNA sample, a PCR mix of 5 µl BioMix Red, 2 µl 

Nuclease free water, 1 µl forwards primer, 1 µl reverse primer, was added to 1 µl 

DNA sample and gently mixed. The primers used were those designed specifically 

for each gRNA target site. These samples were then amplified using a thermocycler 

set to the programme outlined in Table 2.3. 

Following amplification, 1 µl of the appropriate restriction enzyme (Table 2.2) was 

added to 12 of the samples and gently mixed. The remaining four control samples 

did not have restriction enzymes added.  This was followed by incubation of all 

samples for the recommended temperatures for 120 minutes (Table 2.4). 
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after lesion. For experiments which did not include lesioning, larvae were transferred 

directly to water with EdU at 3 dpf. In both cases, water and EdU was exchanged 

after 24 hours until culling at 5 dpf. Larvae were kept at 28.5 ̊C throughout. 

2.1.6.2 EdU detection 

EdU detection occurs via the Click-It reaction, described below. All stages were 

performed with the larvae in 2 ml microtubes, with a maximum of 12 larvae per tube. 

Volumes used were 1 ml and steps were carried out at room temperature unless 

stated otherwise. 

Larvae were fixed in 4% paraformaldehyde (PFA) at 4 ̊C overnight or for three hours 

at room temperature with gentle agitation. PFA was removed and larvae were 

washed in 5% PBS-Triton X (PBSTx) three times for five minutes each. PBSTx was 

replaced by methanol for another five minutes, before being replaced again with 

fresh methanol. This was kept at - 20 ̊C for a minimum of two hours (longer storage 

of up to a week was also used with good results). 

Larvae were rehydrated through a series of methanol dilutions for five minutes each:  

• 75% methanol in PBSTx 

• 50% methanol in PBSTx 

• 25% methanol in PBSTx 

Larvae were then washed three times for five minutes each in PBSTx before their 

heads and majority of their yolk sac were removed under stereo microscope using 

micro-scissors. We found that larvae with head and yolks removed displayed greater 

reagent penetration. Following removal of heads, larvae were washed in PBSTx for 

another five minutes before incubation in 10 µg/ml Proteinase K in PBSTx for 45 

minutes. After removal of as much Proteinase K as possible, embryos were refixed 

for 15 minutes with 4% para. 

Next, larvae were washed in PBSTx three times for 5 minutes each and then 

incubated in 1% DMSO/0.5% Triton in PBS for 20 minutes. Following another three 

PBSTx washes for five minutes each, the reaction cocktail was added (Table 2.5) 

and incubated for 2 hours protected from light, with gradual agitation. 
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was sealed with clear nail polish and stored flat, in the dark at 4 ̊C, before imaging 

within the following 3 days. 

2.1.6.4 Image acquisition and cell counting 

For acquisition of fluorescent images, LSM 710 confocal microsocope or Zeiss 

Axioimager Z1 microscope with apotome attachment was used. Both microsocopes 

use the Zeiss Zen 2011 software. 

Confocal image stacks were taken through the complete thickness of the spinal 

cord, with the lesion site or equivalent location in unlesioned larvae in the centre of 

the image. The interval of this z-stack was 1 µm and approximately 30 stacks were 

needed to cover the entirety of the spinal cord. 

After image acquisition, Image J was used to crop the image to a rectangle of 300 

µm width and 100 µm height, centred on the lesion site, so that 150 µm rostral and 

caudal of the lesion site was captured (or equivalent area in unlesioned larvae). 

Cells were counted in each slice individually, using keyboard shortcuts to switch 

between fluorescent channels to best identify co-localised cells. Cells were 

considered as co-localised when the area and shape of staining in the two channels 

of interest was largely overlapping, with the EdU signal expected to be the smaller of 

the two. Image J plugin ‘Cell counter’ was used to mark cells across multiple z-

stacks and to keep track of number of cells counted. For all experiments, the 

observer was blinded to experimental conditions when performing cell counts. This 

randomisation and blinding was performed manually by a colleague. 

2.1.7 Statistical analysis and bias mitigation 

Statistical analysis was performed with Graphpad Prism v8. The Shapiro-Wilk 

normality test was used to test for Gaussian distribution, and the result of this 

determined whether parametric (T-test and ANOVA) or non-parametric tests (Mann-

Whitney) were used. Exact p-values are indicated in the figure legends, and p-value 

ranges are indicated on the graphs themselves (*P < 0.05, **P < 0.01, ***P < 0.001, 

n.s. = no significance). Error bars indicate the standard deviation (SD). 

Graphpad Prism v7 and v8 were also used to generate graphs of experimental data, 

and Rstudio was used to generate feature plots, violin plots and t-distributed 

stochastic neighbour embedding (tSNE) plots of single cell sequencing data using 

the ggplot2 package. 
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Chapter 3: Single cell sequencing of the innate immune cells 

in naïve and lesioned zebrafish spinal cord 

 

 

Some of the data in this chapter was published as:  

Cavone, L.*, McCann, T.*, Drake, L.*, Aguzzi, E., Oprişoreanu, A., & Pedersen, E. 

et al. (2021). A unique macrophage subpopulation signals directly to progenitor cells 

to promote regenerative neurogenesis in the zebrafish spinal cord. Developmental 

Cell, 56(11), 1617-1630.e6. 

*: Joint first authors 

https://doi.org/10.1016/j.devcel.2021.04.031 

3.1 Introduction  

In order to determine the contribution of the innate immune cells to neurogenesis in 

the zebrafish spinal cord after lesion injury, I performed a single cell sequencing 

experiment to characterise this cell type. This chapter characterises the isolated 

mpeg1+ cells and their progeny from the spinal cord of both uninjured and injured 

zebrafish larvae at 4 dpf (24 hours after injury). Mpeg1 is a marker for macrophages 

and microglia cells which contribute to the innate immune system. It is known that 

macrophages can contribute to axonal regeneration in zebrafish spinal cord, and 

neurogenesis elsewhere in the CNS. The inclusion of both uninjured and lesioned 

larvae allows us to describe the injury induced changes in the mpeg1+ population 

and to investigate the role of these cells during spinal cord neurogenesis. This 

dataset and corresponding analysis has already been published with me as a joint 

first author (Cavone et al, 2021). Some details such as cell cluster annotations have 

been refined since publication due to further exploration of the data. 

In this chapter, I first describe the single cell sequencing experiment performed to 

capture the mpeg1+ cells. Following quality control of the sequencing data, I 

characterise the cell types captured in this dataset. Finally, I compare the 

populations before and after injury, both in terms of relative composition of cell types 

and gene expression changes within these cell types following injury. 
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3.1.1 Mpeg1 as a marker for macrophages  

Mpeg1 is a protein coding gene first identified in humans and mice (Spilsbury et al, 

1995), but also present in zebrafish (Zakrzewska et al, 2010), sea sponges (Wiens 

et al, 2005), and pacific oysters (Renault et al, 2011). It is upregulated after bacterial 

(McCormack et al, 2013; McCormack et al, 2015), viral (Renault et al, 2011) and 

prion infections (Kopacek et al, 2000) and its subsequent protein, perforin-2, is 

hypothesised to aid in host defence by pore formation in invading pathogens 

(McCormack et al, 2015). 

In zebrafish, there are three mpeg1 isoforms: mpeg1.1, mpeg1.2 and mpeg1.3. The 

similarity between the amino acid sequences are 80-90%, and their similarity with 

murine and human MPEG1 is 70-80%. In general and for the rest of this thesis, 

mpeg1.1 is referred to as mpeg1 (Benard et al, 2015). 

Due to mpeg1’s role in monocytes, it is frequently used as a marker to identify 

circulating and tissue-specific macrophages (Ellett et al, 2011). In zebrafish, a 

mpeg1 reporter line exists in which GFP is expressed in mpeg1 expressing cells. 

While the line was originally believed to identify monocytes specifically, it has since 

been understood that some neutrophils also express mpeg1 (Kaveh et al, 2020), as 

do B cells and NK-like cells in adult zebrafish (Ferrero et al, 2020; Moyse & 

Richardson, 2020). 

Despite the growing appreciation of mpeg1 expression in a limited selection of non-

macrophages, mpeg1 is still regarded as an acceptable macrophage marker, 

particularly in larval zebrafish prior to the development of the adaptive immune 

system (Rougeot et al, 2019). Since the aim of this chapter is to investigate changes 

in macrophages and microglia (CNS-specific macrophages), the mpeg1:GFP 

reporter line is used to identify this population in this thesis. 

3.1.2 Single cell sequencing as a technology for understanding immune cell 

populations 

One way to investigate the neurogenic promoting role of innate immune cells is to 

characterise the gene expression of these cells in the spinal cord of uninjured and 

injured zebrafish larvae. Differences in the gene expression profiles of these cells 

could highlight pro-neurogenic signals secreted by infiltrating immune cells. 

Furthermore, identification of changes in the numbers or gene programmes of 

specific cell subtypes could point towards potential roles of these cells in 
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regeneration. Modern techniques allowing large scale and comprehensive analysis 

of gene expression profiles include bulk sequencing and single cell sequencing.  

Since the inception of high-throughput sequencing in 2005, the technology has 

become increasingly accessible and affordable. Now, bulk sequencing is used 

routinely to look at the transcriptome of groups of cells. In bulk sequencing, cells 

from a particular tissue or organ are pooled and the RNA transcriptome is described 

for the sample as a whole. This technique is used extensively, particularly when 

comparing the global gene expression of two conditions or disease states. 

Bulk sequencing has the disadvantage that its homogenous approach may mask 

subtler, subtype-specific changes or processes. Single cell sequencing can address 

this disadvantage. The transcription of specific mRNA molecules can be traced back 

to the cell of origin. Hence, single cell sequencing can detect smaller or more 

transient cell types which are likely to be lost in bulk sequencing approaches (Figure 

3.1). Due to the heterogenous nature of immune cells, single cell sequencing is 

therefore often the preferred choice from understanding immune cell characteristics 

and behaviour. 

 

Figure 3.1: A diagram comparing bulk and single cell transcriptomics. Bulk 

expression profiling masks the heterogeneity within samples. Figure from 10x 

Genomics, LIT000027 Getting Started with Single Cell Gene Expression. 

One example of the power of single cell sequencing to investigate immune cell 

populations is a study conducted by See et al. in 2017 (See et al, 2017). Previously, 

the source of two subtypes of plasmacytoid dendritic cells in humans was unknown. 

Single cell sequencing found that these subtypes shared a developmental origin, 

and identified the group of pre-dendritic cells which were the source of both of these 
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subtypes. This population contained unique markers and displayed unique abilities 

including production of IL-2, which were confirmed by mass spectrometry 

techniques and cell functional studies. This study has lead to revisions of some 

previous conclusions about plasmacytoid dendritic cells (Cao et al, 2020). 

3.1.2.1 Technologies for single cell isolation and library construction 

For both bulk and single cell sequencing experiments, cells need to be dissociated 

from their surrounding tissues. This process involves either physical or chemical 

dissociation but varies significantly between organism and tissue type. In single cell 

sequencing experiments, the cells in these samples then need to be captured 

individually before library construction occurs. Library construction is the processing 

of reverse transcribing the captured mRNA molecules into cDNA which are stable 

enough to sequence. Presently, there are two main technologies in widespread use 

for single cell capture and the subsequent library construction: plate-based 

technologies, and droplet-based technologies. Plate-based techniques use manual 

or microfluidic techniques to separate the cells into individual wells on a plate. 

Droplet-based technologies instead capture individual cells within an oil nanodrop. 

Both techniques have advantages and disadvantages making them more suited for 

specific experimental aims.  

The most popular plate-based single cell experimental platform is SMART-seq (and 

subsequent versions SMART-seq2 and SMART-seq3). These technologies 

generally come at a lower cost but are able to capture only a few hundred cells per 

sample (Baran-Gale et al, 2017). During library construction, SMART-seq systems 

capture the full length  mRNA and therefore is well placed to detect gene fusions or 

isoforms (Picelli et al, 2014).  

In contrast, the 10x Genomics single-cell controller is a popular platform for droplet-

based capture of single cells. This system can assess larger numbers of cells and 

therefore can detect rare cell types successfully (Wang et al, 2021b). However, the 

use of 3’ tags to convert mRNA to cDNA have the disadvantage that they are not 

cannot capture all the instances of gene fusion and gene isoforms. 

For this experiment, due to the desire for large numbers of cells to be captured, and 

the possibility of rare cell types involved, I utilised the 10x Genomics system at the 

expense of capturing the complexity of gene isoforms and gene fusion events. 
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3.1.2.2 Tools for the analysis of single cell sequencing datasets 

One difficulty accompanying the use of single cell sequencing is the complicated 

analysis. With the rise in popularity of single cell sequencing experiments in recent 

years, the options for analysis of such datasets has grown in parallel. While there 

are some commonalities with the bulk sequencing analysis tools, the vast quantities 

of data generated in single cell sequencing experiments, along with its high degree 

of dimensionality, means that it is often better suited to specific tools. 

A recent cataloguing of  tools for analysing and processing raw single cell 

sequencing datasets found there are more than 1000 tools (Zappia & Theis, 2021). 

These vary from tools which are specific to one form of analysis, or those which 

offer a more generalised toolbox. Furthermore, there are a variety of software 

platforms for such tools. R and Python are the most popular choices, perhaps 

because of their dominance in the field of data science as a whole, but Matlab, C++ 

and workflow managers such as Nextflow are also used (Zappia & Theis, 2021). 

For the analysis of this dataset, the R package Seurat (version 3) was used (Stuart 

et al, 2019). Seurat offers an end-end package, including quality control of data, 

exploration and analysis. It also allows integration and comparison of different 

conditions, which is a vital component of our research question. An emphasis is 

made on clear and interpretable visualisations and the package is comprehensively 

documented. 

 

3.2 Results 

3.2.1  Experimental Design 

To investigate the transcriptome of the infiltrating innate immune cells at the lesion 

site, I raised mpeg1:GFP larvae until 3 dpf. At 3 dpf, the larvae were randomly 

assigned to two groups of 1800 larvae each. The larvae in one group underwent 

spinal cord transection injury. The remaining larvae were kept uninjured as the 

unlesioned control group. Twenty-four hours later, the head and yolk sac were 

removed from all fish. The trunk was retained for cell dissociation, followed by FACS 

preparation for the 10x Genomics system. The subsequent 10x library of tagged 

cDNA molecules was sent to Edinburgh Genomics for sequencing. A schematic of 

the experimental design is shown in Figure 3.2. 
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Figure 3.2: A schematic diagram demonstrating the preparation and timeline of samples 

for single cell sequencing. At 3 dpf, spinal cord lesion was inflicted on approximately 1800 

larvae. Another 1800 were uninjured. The trunks of all larvae were collected 22-24 hours later 

and following cell dissociation, GFP+ cells were captured using FACS. These GFP+ cells were 

processed by 10x for single cell suspension and library construction and the resulting library 

was sent for sequencing by Edinburgh genomics.  

 

3.2.2  Quality control 

The single cell dissociation and isolation protocols inevitably introduce some 

technical noise to the dataset. For example, the processing of dissociating cells from 

the tissue causes cellular stress, which is likely to lead to some cell death. 

Furthermore, it is possible for multiplets to be generated, in which two or more cells 

are captured together. Before downstream analysis of the sequencing dataset, it is 

necessary to filter cells based on quality control parameters in order to be as 

confident as possible that the remaining data is a true reflection of the underlying 

biology of the sample. 

The two datasets originating from the two conditions are treated equally here, since 

the samples were prepared concurrently and represent comparable underlying cell 

populations.  

Due to the heterogeneous nature of such experiments and the variety of protocols 

used, there are no strict rules to follow when performing quality control. Instead, cut-

offs are decided on an experiment-by-experiment basis, in the context of the dataset 

as a whole. Hence, before deciding on quality control parameters, I first visualised 

the distribution of the three main attributes looked at when performing quality 

control: feature depth, count depth, and mitochondrial fraction (Figure 3.3).  
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In the first instance, barcodes with fewer than 200 features were removed. These 

are likely empty droplets and account for 9.7% of all cells in the dataset. Cells with 

more than 6000 features were also removed from further analyses as these are 

likely to be multiplets. Multiplets are a type of technical error in which two or more 

cells are captured in the same droplet, and can skew the downstream analysis. 

Finally, cells with more than 20% of their reads corresponding to mitochondrial 

transcripts were removed as cells with a high proportion of mitochondrial reads can 

indicate dead or dying cells. 

When taken together, these quality control parameters resulted in 8346 cells being 

retained for downstream analysis, 81.5% of the original captured barcodes. 

3.2.3 Pre-processing and clustering for mpeg1 dataset 

Data normalisation, scaling and dimensionality reduction was performed as 

recommended in the Standard pre-processing workflow (Stuart et al, 2019) (see 

Chapter 2 for more details). Unsupervised clustering generated sixteen clusters 

which are displayed in a t-distributed stochastic neighbour embedding (tSNE) plot 

(Figure 3.4a). In these plots, each point represents an individual cell, and the cells 

are the location of each cell is based on its gene expression. tSNE plots are a way 

of visualising high-dimensional datasets in a two dimensional space. 

To investigate the distribution of potentially low-quality cells, I plotted the quality 

control data for each of the sixteen clusters generated (Figure 3.4 c-e). In these 

violin plots, each cell is represented by a point. The purpose of these plots was to 

identify any clusters with an unusual distribution of features, for example excessively 

high feature depth or a high proportion of mitochondrial reads. These violin plots 

highlight that cells in clusters 1 and 8 have a high feature depth, however as these 

are normally distributed and peak below the threshold it is likely this is a biological 

characteristic of this cluster type rather than an indication of multiplet detection. 
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Figure 3.4: Clustering and quality control data following pre-processing of combined 

dataset. A: Unsupervised clustering created 16 clusters, displayed on a tSNE plot. B: The 

number of cells in each cluster ranges from 1658 cells (cluster 0) to 52 cells (cluster 15). C-E: 

Quality control data is plotted for each cluster. 
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Figure 3.5: A heatmap displaying the top 10 most highly enriched genes for the top 13 

clusters. 

To assign identities to cell clusters, the Seurat function FindMarkers was used to 

identify genes which are highly enriched in a specific cluster compared to the rest of 

the dataset as a whole. The Wilcoxon test was used to calculate adjusted p-values 

for the enrichment of these genes. The top 10 significant genes for the main clusters 

are plotted in Figure 3.5. This heatmap allows us to recognise immediate similarities 
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between specific clusters, based on which genes are strongly expressed (and thus 

appear yellow) in more than one cluster. For example, the genes most enriched in 

cluster 0 are also highly expressed in cluster 5, and hence their corresponding cell 

types may be similar. 

In the following sections, we consider the identity of the main clusters generated 

based on these top ten highly enriched genes, as well as the expression of known 

cell-type associated genes. 

3.2.3.1  Clusters 0 and 5: Macrophages and microglia cells 

Based on our FAC sorting for mpeg1:GFP+ cells, we primarily expected our dataset 

to capture macrophages and microglia cells. In accordance with this, two 

interconnecting clusters (clusters 0 and 5) both show strong and specific expression 

of mpeg1, mfap4 and marco, which are all genes known to be essential in 

macrophage and microglia development and/or function (Benard et al, 2014; Ellett et 

al, 2011; Rougeot et al, 2019; Svahn et al, 2013) (Figure 3.6 b-e). 

In addition to the shared expression of these marker genes, there are differences 

between cluster 0 and cluster 5. apoeb, known to be a marker specific to microglia 

cells (Herbomel et al, 2001; Mazzolini et al, 2020), is significantly enriched in cluster 

5 but not cluster 0 (Figure 3.6e). It is expressed in  71.2% of cluster 5 cells 

compared to only 20.9% of cluster 0. While other microglial markers such as p2ry12 

(Sieger et al, 2012) and slc7a7 (Rossi et al, 2015) are enriched in both clusters 0 

and 5 when compared to the dataset as whole, their enrichment is stronger in 

cluster 5 than cluster 0 (Figure 3.6 f, g). Based on these patterns of expression it 

can be deduced that cluster 5 is comprised of microglial cells and cluster 0 of 

macrophages. 
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Figure 3.6: Expression patterns of marker genes for clusters 0 and 5. A: tSNE plot 

highlighting clusters 0 and 5. B-D: Expression patterns and levels for genes mpeg1, mfap5 

and marco show enrichment in clusters 0 and 5. E-G: Expression patterns and levels for 

microglia genes apoeb, p2ry12 and slc7a7 show stronger enrichment in cluster 5 than in 

cluster 0. 

3.2.3.2 Clusters 2 and 7: Neutrophils 

Clusters 2 and 7 are interconnected to each other and express many of the same 

genes. Their expression of transcripts including mpx, mmp9, lyz and npsn 
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distinguish them from the rest of the dataset. Since these are all known to be 

involved in neutrophil development and function (Bennett et al, 2001; Bradley et al, 

2012; Di et al, 2017; Lieschke et al, 2001; Meijer et al, 2008; Song et al, 2004; Yang 

et al, 2012), we have assigned these clusters the neutrophil identity.  Despite these 

shared markers, there are some differences between the populations which has led 

them to be clustered separately. The smaller of the two clusters, cluster 7, 

expresses cell cycle and proliferation related transcripts including mki67 and cdk1 

which are not present in cluster 2. Conversely, cluster 2 expresses a number of 

secreted and activation factors which are not enriched in cluster 7, including m17 

(previously known as lif), tnfb and fth1a. Another secreted factor, il4, is enriched in 

both clusters but much more strongly in cluster 2 than 7. Importantly, fth1a (ferritin) 

is associated with inflammation (Recalcati et al, 2008; Torti & Torti, 2002), and m17 

directly induces neutrophil degranulation (exocytosis of secretory granules including 

inflammatory mediators) (Conti et al, 1990; Schainberg et al, 1988). Taken together, 

this may suggest that cluster 7 is comprised of more immature neutrophils which are 

still proliferating and have yet to take on an inflammatory phenotype, whilst cluster 2 

have ceased proliferation and are playing a more active role in the inflammatory 

response. 
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Figure 3.7: Expression patterns of marker genes for clusters 2 and 7. A: tSNE plot 

highlighting clusters 2 and 7. B-E: Canonical neutrophil genes mpx, mmp9, lyz and npsn show 

strong enrichment in both clusters 2 and 7. F-G: Proliferation and cell-cycle related transcripts 

mki67 and cdk1 are enriched in cluster 7 but not cluster 2. H-K: Secreted and activation factors 

m17, tnfb, il4 and fth1a are all more strongly enriched in cluster 2 than cluster 7. 
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3.2.3.2 Clusters 6 and 11: Dendritic Cells 

Dendritic cells are a subtype of antigen-presenting innate immune cells known to 

express mpeg1 in mammals (McCormack et al, 2015).  

 

Figure 3.8: Expression patterns of marker genes for clusters 6 and 11. A: tSNE plot 

highlighting clusters 6 and 11. B-E: cd74a, cd74b and mhc2dab are all enriched in both 

clusters 6 and 11. lamp3 is enriched in cluster 6 but not cluster 11. 

To see if any had been captured within our dataset, I looked for expression of genes 

associated with the major histocompatibility complex. Indeed, enrichment of cd74a, 

cd74b (previously known as iclp1/2) and mhc2dab is evident in both clusters 6 and 

11 (Figure 3.8 b-d). These genes are associated with antigen presenting cells in 

zebrafish (Lugo-Villarino et al, 2010; Wittamer et al, 2011). Since B cells do not start 

to develop in zebrafish until 3wpf (Lam et al, 2004; Lewis et al, 2014), we can 

assume that these cells are dendritic cells, which were originally identified in 

zebrafish in 2010 (Lugo-Villarino et al, 2010). Additionally, lamp3 (cd208) is enriched 

in cluster 6 (Figure 3.8e) and is also considered a dendritic cell marker in humans 

and trout (Johansson et al, 2012). 
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3.2.3.3   Clusters 1,3 and 8: Hematopoietic stem cells 

Clusters 1, 3 and 8 are similar in that they all lack markers of differentiated immune 

cells, including mpeg1 (Figure 3.6b), lyz (Figure 3.7d) and mhc2dab (Figure 3.8d). 

Despite this, their expression of ptprc (cd45) (Figure 3.9b) implies that these are of 

hematopoietic cell lineage (Thomas, 1989; Wittamer et al, 2011). 

The enrichment of some genes in these clusters points towards the identity of these 

cells being hematopoietic stem cells. For example, nucleophosmin (npm1a) is 

enriched 2.77 fold (pvalue < 0.0001) when comparing clusters 1,3 and 8 to the 

remainder of the dataset (Figure 3.9c) and is known to play a critical role in 

hematopoietic stem cells (HSCs) (Ito et al, 2010; Mahony et al, 2021). Similarly, 

there is specific expression of stathmin (stmn1a) (Figure 3.9d) which is a 

microtubule destabiliser known to be expressed in hematopoietic stem cells and 

involved in hematopoiesis (Iancu-Rubin et al, 2009; Machado-Neto et al, 2014). The 

expression of these markers combined with the sparse but fairly specific labelling by 

transcription factor c-myb in these clusters (Figure 3.9e) has cemented the 

identification of these clusters as HSCs (Soza-Ried et al, 2010). Interestingly, cluster 

1 expresses cell cycle markers (e.g mki67, cdk1) (Figure 3.9 f-g) along with the HSC 

specific genes, hence these can be considered a proliferating HSC population.  
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Figure 3.9: Expression patterns of marker genes for clusters 1, 3 and 8. A: tSNE plot 

highlighting clusters 1,3 and 8. B: The expression of ptprc in these clusters confirms these 

cells are likely of a hematopoietic lineage. C-E: Hematopoietic stem cell markers npm1a, 

stmn1a and myb are all enriched in clusters 1, 3 and 8. F-G: Cell cycle and proliferation 

markers mki67 and cdk1  are enriched in cluster 1. 
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3.2.3.4  Clusters 4, 9, 10, 12: Other clusters 

The remaining clusters show little to no expression of ptprc (Figure 3.9b) and 

therefore do not appear to be of hematopoietic lineage (Iancu-Rubin et al, 2009; 

Wittamer et al, 2011). Furthermore, they show markers which confirm their identity 

as non-hematopoietic.  

Clusters 4 and 12 show strong expression of pmp22a (Figure 3.10b). This, 

combined with their expression of collagen genes (col1a2 and col6a1) and pdgfra 

suggests a fibroblast identity (Figure 3.10c-e) (Lee et al, 2014; Li et al, 2000).  

 

Figure 3.10: Expression patterns of marker genes for clusters 4 and 12. A: tSNE plot 

highlighting clusters 4 and 12. B-E: Clusters 4 and 12 both show strong and enrichment of 

fibroblast markers pmp22a, col1a, col6a1 and pdgfra. 
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Cells in cluster 9 have highly specific expression of keratin genes including krt4 and 

krt91 (Figure 3.11 b-c) and hence are likely keratinocytes. Finally, cluster 10 

appears to consist of neural progenitor cells based on their expression of fabp7a, 

gfap, elavl4 and her4.1 (Figure 3.12 b-e) (Anderson et al, 1984; Johnson et al, 2016; 

Kurtz et al, 1994; Wang et al, 2015). 

 

Figure 3.11: Expression pattern of marker genes for cluster 9. A: tSNE plot highlighting 

cluster 9. B-C: krt4 and krt91 are both significantly enriched in cluster 9. 
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Figure 3.12: Expression pattern of marker genes for cluster 10. A: tSNE plot highlighting 

cluster 10. B-E: fabp7a, gfap, elavl4 and her4.1 are all significantly enriched in cluster 10. 

3.2.3.5 Cluster assignments for mpeg1+ dataset 

Based on the expression patterns of marker genes discussed above, cell type 

identities were assigned to each cluster. These are summarised in Figure 3.13. 

Exceptions are the smallest clusters (13, 14 and 15) which were not assigned 

identities due to the small numbers of cells included. 
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Figure 3.13: The tSNE plot for the mpeg1+ dataset with major cell types identified and 

labelled. 

3.2.4 Changes in proportion of cell types in spinal cord after injury 

Comparing the proportion of a specific cell type in the unlesioned spinal cord to the 

proportion of the same type of the uninjured spinal can reveal basic information 

about the cell type’s response to injury. For example, the microglia cells only make 

up a small percentage of the total captured cells from the unlesioned fish (2.6%, 99 

out of 3767). However, they make up a much larger proportion of the total captured 

cells from the lesioned larvae (12.4%, 568 out of 4579) (Figure 3.14). Hence, we 

can deduce that there is either a large influx of microglia cells to the trunk, an 

increase in the number of microglia being generated, or a combination of the two.  

Similarly, the proportion of proliferating HSCs increases after lesion, perhaps at the 

expense of the non-proliferating HSCs, as the two non-proliferating HSC clusters 

contribute proportionally less to the lesioned sample than the naïve sample.  

The proportion of neutrophils and dendritic cells in the spinal cord is slightly lower in 

the injured fish than the unlesioned fish.  
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Figure 3.14: A comparison of the cell numbers in each cluster of the naïve and lesioned 

samples. A: Two tSNE plots of the dataset, displaying the cells originating from the naïve 

dataset separately from those originating from the lesioned dataset. An expansion of the 

microglia cluster and the proliferating HSCs is evident. B: A table displaying the percentage 

each cell type contributes to the entire captured dataset for each condition. The third column 

displays the difference for each cell proportion between lesioned and naïve. Rows highlighted 

in green are cell types which contribute proportionally more to the lesioned sample than the 

naïve. Rows highlighted in red contribute proportionally more to the unlesioned sample than 

to the lesioned sample. 
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3.2.5 Gene expression changes in macrophages and microglia following injury 

3.2.5.1  Similarities between gene expression changes in microglia and 

macrophages following injury 

Another facet of the response to injury is the differential regulation of genes 

following injury. This can be investigated by comparing the expression of genes in a 

particular cluster from the unlesioned larvae with the expression of genes in the 

same cluster from the lesioned larvae. 

The gene expression changes undergone by the macrophage and microglia clusters 

after injury share many similarities with each other. Of the 369 significantly 

upregulated genes in microglia after injury, 343 are also significantly upregulated 

after injury in the macrophage population (Figure 3.15). Notably, of all the genes 

which are significantly upregulated in one of the populations, none of them are 

significantly downregulated in the other population; instead they are not significantly 

differentially regulated in the other group. 

A further indication of the degree of conservation in the gene expression response 

to injury between both cell types is the similarity between the top 20 upregulated 

genes after injury (Table 3.2). Of the 20 genes with the strongest upregulation in the 

macrophage cluster, 12 of these are also found in the top 20 upregulated genes in 

the microglia cluster. Of the other eight, five are also significantly upregulated after 

injury in the microglia cluster (although not within the 20 most strongly upregulated) 

and three are not significantly different in the microglia cluster. 

 
Figure 3.15: Venn diagram displaying the number of genes upregulated in macrophages 

and microglia. In total, 369 genes are upregulated in microglia and 1828 are upregulated in 

macrophages. 343 of these genes are upregulated in both macrophages and microglia. 

 





68 

 

to the lack of information about these three genes, it is difficult to make any 

assumptions about their role in macrophages and microglia after injury. 

Of the remaining nine genes, fth1a, fabp11a, txn, anxa1a, anxa2a, cd9b and 

s100a10b have established roles associated with immune activation and modulation 

of cytokine secretion (Bertini et al, 1999; Kim et al, 2008; Makowski et al, 2005; 

Moraes et al, 2017; Suzuki et al, 2009; Torti & Torti, 2002). Additionally, cd9b, 

anxa1a, anxa2a and s100a10b have roles in migration and recruitment to the injury 

site (Brownstein et al, 2004; Falcone et al, 2001; McArthur et al, 2015; Powner et al, 

2011), whilst glycoproteins anxa1a and anxa2a are also associated with 

phagocytosis (Dalli et al, 2012; Fan et al, 2004).  

Two genes which are within the top 20 most upregulated in both microglia and 

macrophages are less well studied, and currently their role in macrophages and 

microglia are not understood. stoml3b encodes a cholesterol binding protein which, 

in sensory neurons, controls membrane mechanics and facilitates force transfer (Qi 

et al, 2015). Cldni encodes a claudin protein orthologous to human claudins 6,9, and 

17. Claudins are associated with tight junctions, but as yet no role in macrophages 

or microglia has been reported.  

To further understand the main functions and pathways of the 343 upregulated 

genes after injury, I used Metascape (Zhou et al, 2019) to perform gene ontology 

(GO) analysis to find any overarching patterns in the functions of these genes 

Performing gene ontology (GO) analysis on these shared genes primarily revealed 

an enrichment of metabolic processes (e.g Oxidative phosphorylation, ATP 

metabolic process, proton transmembrane transport) (Figure 3.16). Other enriched 

processes indicate the immune response of these cells. The enrichment of genes 

relating to GO term ‘regulation of cellular extravasation’ indicates the migration of 

macrophages and microglia into the injury site. The enrichment of genes relating to 

GO term ‘Lysosome’ indicates both cell types participate in phagocytosis.  



69 

 

 

Figure 3.16: Gene ontology enrichment analysis of the 343 genes upregulated in both 

the macrophages and microglia after injury  

Taken together, these upregulated genes demonstrate many commonalities 

between the response of macrophages and microglia to spinal cord lesion at this 

time point, including immune cell activation, migration and phagocytosis.  

3.2.5.2  Macrophage specific upregulated genes 

Interestingly, three of the genes in Table 3.2 are strongly upregulated in 

macrophages but not significantly different in microglia. These are apoc1, apoeb, 

and fthl28. Apolipoproteins encoded by apoc1 and apoeb are both known to be 

specific to microglia in the zebrafish CNS (Mazzolini et al, 2020; Thiel et al, 2022). 

This could be indicative of transdifferentiation of macrophages into microglia 

following infiltration of the lesion site. 

Further investigation of genes specifically upregulated in macrophages reveals a 

large number of secreted factors. The top 20 genes which are the most strongly 

upregulated in macrophages after injury but not significantly differentially regulated 

in microglia are displayed in Table 3.3. These genes include three secreted 

cathepsins (ctsl.1, ctsz, ctsba) (Vidak et al, 2019), and an array of signalling 

molecules (hbegfb, hmgb2a, ccl38, cxcl19, il1r2). Other upregulated genes include 

those with a role in macrophage migration (tubulin genes tuba8l4 and tubb2b) 

(Hanania et al, 2012) and antioxidants atox1 and prdx1. Along with fthl28, this 

combination of genes suggests macrophages become activated and highly 

secretory following injury, perhaps with different mechanisms or combinations of 

secreted factors than microglia cells. 
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Figure 3.17: Gene ontology enrichment analysis of the 1485 genes specifically 

upregulated in the macrophages after injury 

3.2.5.3 Microglia specific upregulated genes 

To identify any possible pathways activated specifically in microglia after injury, I 

analysed the genes which were strongly upregulated in microglia but not 

upregulated in the macrophage population after injury. There were no genes which 

are upregulated in microglia and downregulated in macrophages, however 26 were 

significantly upregulated in microglia but not differentially regulated in macrophages 

(Figure 3.15). The top 20 of these are displayed in Table 3.4. 

In contrast to the macrophage specific upregulated genes discussed above, there is 

not an abundance of secreted factors upregulated specifically in microglia. 

Interestingly, many of the top 20 microglia specific upregulated genes have 

functions related to the extracellular matrix (ECM). Two obvious examples of these 

are the ECM protein fn1a (fibronectin 1a) and intermediate filament krt8 (keratin 8). 

Interestingly, they also both are involved in integrin signalling, as is fermt3b (Malinin 

et al, 2010; Wu et al, 1995). Integrins interact with the actin cytoskeleton, and two 

actin-related genes are also found overexpressed - coro1ca (coronin 1c) (Chan et 

al, 2012) and fmnl1a (formin-like protein 1a, previously known as frl1) (Harris et al, 

2006). Furthermore, ahnak, the most strongly upregulated gene in Table 3.4, 

interacts with the annexin 2/S100A10 complex to regulate actin cytoskeleton 

organisation (Benaud et al, 2003). Actin cytoskeleton remodelling is also involved in 

microglia motility and migration (Franco-Bocanegra et al, 2019). 
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3.2.5.4 Trajectory analysis of lesioned mpeg1:GFP cells 

The strong upregulation of microglia-associated genes apoeb and apoc1 in 

macrophages after injury indicates that some macrophages may differentiate into 

microglia following migration to the lesion site. To investigate this computationally, I 

performed trajectory inference on the lesioned mpeg1:GFP sample. 

One benefit of the capture and sequencing of individual cells is the ability to study 

complex cellular dynamic processes such as differentiation. It is possible to 

computationally order cells along trajectories in an unbiased manner. Here, I used 

monocle3 R package (Cao et al, 2019) to plot the cells from the lesioned 

mpeg1:GFP sample on a Uniform manifold approximation and projection (UMAP) 

plot. I then identified where each cell type is plotted on the UMAP plot (Figure 

3.18a), using known marker genes associated with the Seurat-generated clusters as 

described in previous sections. Following this, I used monocle3 to construct a 

trajectory for the lesioned dataset, and to calculate where each cell sits along the 

reconstructed pseudotime (Figure 3.18b). The pseudotime trajectory (overlaid in 

grey in Figure 3.18b) was constructed after manually specifying the root node 

(chosen to be the cdk1 positive HSC), as is standard in monocle3. 

The trajectory inferred by this method suggests that HSCs give rise to two main 

branches – one which consists of the dendritic cells, and the other which consists of 

the macrophage and microglia clusters. The positioning of microglia cells after the 

macrophages in the trajectory suggests microglia are generated by 

transdifferentiation of macrophages after injury (Figure 3.18b). This is supported by 

the strong upregulation of microglia-associated genes apoc1 and apoeb in the 

macrophage cluster after injury (Table 3.2). 

Interestingly, whilst the HSCs, dendritic cells, macrophages and microglia are 

placed along the same trajectory as eachother, the neutrophils and other cell types 

are separate – they are not found to be connected by a differentiation pathway to 

these main cell types (macrophages, microglia, HSCs and dendritic cells). This may 

suggest the captured neutrophils do not originate from the same cell types as the 

macrophages/microglia/dendritic cells. 

This trajectory inference indicates that macrophages may transdifferentiate into 

microglia at the lesion site. It also provides insight into the ontogeny of the dendritic 

cell populations and neutrophil populations in our datasets. It suggest that whilst the  
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dendritic cells are derived from the same progenitor cells as the macrophage and 

microglia cells, the neutrophils may originate from an alternative progenitor state not 

captured in our dataset.  

 
Figure 3.18: Trajectory analysis of the lesioned mpeg1:GFP dataset. A: The UMAP 

plots display the expression of specific genes, in order to identify where the major cell types 

are positioned in the plot. %Max refers to the levels of expression of each gene relative to 

the highest level of expression of the specific gene in our dataset. B: The UMAP is coloured 
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according the pseudotime, and labelled according to inferred cell types, based on marker 

gene expression. The trajectory graph is overlaid on the UMAP in light grey. Clusters of cells 

shaded in dark grey are those not connected to the root node, the HSCs. 

3.2.6 Data Availability 

Both unlesioned and lesioned datasets are available on ArrayExpress, accession 

code E-MTAB-10379. 

Additionally, I have created and published an application allowing easy exploration 

of the dataset. Users can input a gene symbol of interest to visualise expression of 

the gene within the dataset. Basic expression data of the gene input across the 

naïve and lesioned dataset is also provided. An example output is provided in Figure 

3.19. This is publicly available at  https://louisakdrake.shinyapps.io/beckerlab-mpeg/ 

 

Figure 3.19: An example output of the web application allowing exploration of this 

dataset.  

3.3 Discussion 

In summary, I have performed single cell sequencing on mpeg1+ cells isolated from 

the spinal cord of uninjured and injured zebrafish larvae. Following quality control 

and clustering of the cells, putative cell type identities were assigned to the clusters. 

Finally, comparisons of gene expression profiles of these cell types helped to 

elucidate injury-induced changes in these cell types. In this dataset, microglia 

specifically upregulate genes involved in the ECM, integrin signalling and the actin 

cytoskeleton after injury. Macrophages upregulate genes which indicate they shift to 

an activated and secretory phenotype in response to lesion. 
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3.3.1 Microglia cell cluster assignment 

The assignment of cell types to specific clusters is based on the presence of specific 

marker genes or combinations of marker genes. In some cases however, marker 

genes from the literature are not found in our dataset, or not distributed as would be 

expected based on the proposed cell type. For example, an analysis of the 

transcriptome of zebrafish larval microglia cells at various developmental timepoints 

confirmed the enrichment of marker genes sall1a and mafb (alongside other 

microglia marker genes) (Mazzolini et al, 2020). However, neither of these genes 

are found widely expressed in our microglia cluster, nor in our dataset as a whole 

(data not shown). Other marker genes identified are either expressed specifically in 

our microglia cluster (apoeb, p2ry12) or more broadly (hexb, csfr1b). 

One explanation for this discrepancy could be the differences in tissue of origin; 

whilst sall1a and mafb were co-expressed with other microglia genes in the brain, 

they were not found in high numbers in our sample isolated from the spinal cord. 

While differences in the gene expression profiles of brain resident and spinal cord 

resident microglia have not been investigated so far in zebrafish, a comparison of 

brain derived and spinal cord microglia in mice did highlight some transcriptional 

differences between populations (Gosselin et al, 2017). 

 To confirm whether there is differential expression of sall1a and mafb between 

spinal cord and brain microglia at this timepoint it would be useful to perform qRT-

PCR on mpeg1+ cells isolated from the spinal cord and brain individually to check 

for expression of sall1a and mafb at 4 dpf. Alternatively, in situ hibridisation could be 

used to confirm the localisation of these transcripts. To further characterise 

molecular differences between brain and spinal cord derived microglia, isolating the 

populations using the same marker gene (e.g apoeb) and then comparing 

sequencing results directly would help to elucidate region-specific microglia 

populations.  

3.3.2 Dendritic cells 

Clusters 6 and 11 were putatively assigned the dendritic cell identity based on 

expression of marker genes mhc2dab and cd74a/b. It is only within the last 15 years 

that dendritic cells have been identified in zebrafish (Lugo-Villarino et al, 2010). 

Interestingly, their presence in larval zebrafish has not yet been reported. Since their 

role is to bridge the innate and adaptive immune system by presenting antigens to 



77 

 

T-cells, their potential presence in our dataset (before development of the adaptive 

immune system) is surprising. It is possible their development is not linked to that of 

the adaptive immune system, and they may have as-yet unreported roles in the 

innate immune system. 

Another possibility is that this cluster represents an antigen presenting macrophage 

cluster instead of a dendritic cluster. Antigen presenting macrophages also express 

genes relating to the major histocompatibility complex (e.g mhc2dab, cd74a/b) 

(Wittamer et al, 2011) as well as mpeg1 (which is also expressed in our putative 

dendritic cell clusters – see Figure 3.6b). Since clusters 6 and 11 do not express any 

other common marker genes of macrophages, and cluster separately from the 

‘traditional’ macrophage cluster, I putatively assigned these cells as dendritic cells. 

To investigate the presence of dendritic cells in larval zebrafish, the 

mhc2dab:GFP;cd45:DsRed transgenic reporter lines could be utilised (Wittamer et 

al, 2011). Live in vivo imaging would confirm whether they display the stereotypical 

branched morphology of dendritic cells. Co-expressing putative dendritic cells could 

be isolated using FACS based on their fluorescence, and May-Grünwald-Giemsa 

staining would then allow visualisation of the intracellular cellular structure. A high 

nuclear/cytoplasmic ratio is typical for dendritic cells (Lugo-Villarino et al, 2010; 

Wittamer et al, 2011) 

3.3.3  Neutrophils 

The presence of neutrophils in such high numbers in the mpeg1:GFP dataset was 

unexpected, as mpeg1 is not widely considered to be associated with neutrophils 

(Ellett et al, 2011). One explanation is that a large number of cells bypassed the 

FAC sorting gating for GFP+ cells, including many neutrophils. Alternatively, it is 

possible that these neutrophils were included correctly, and they were GFP positive. 

Since the input of FACS was mpeg1:GFP fish, this suggests that the neutrophil 

cluster also express mpeg1. At the time of sequencing, the neutrophil clusters do 

not broadly express the mpeg1 transcript (Figure 3.6b), however due to the relative 

stability of the GFP protein it can act as a short term lineage tracer. This means that 

GFP positive cells do not have to be actively expressing the transcript of the GFP 

promoter. In this case, it would suggest that the captured neutrophils recently 

expressed the mpeg1 transcript, or that their expression of mpeg1 is below 

detection level. 



78 

 

In support of this, human neutrophils have been found to constitutively express 

mpeg1 (McCormack et al, 2015). Furthermore, a population of co-positive 

mpx:GFP+ mpeg1:mCherry+ neutrophils were recently observed in zebrafish larvae 

after tail transection injury and cardiac injury (Kaveh et al, 2020). Together, this 

suggests that the population of neutrophils in our cluster are derived from mpeg1 

expressing cells. Whether this is true of all neutrophils in zebrafish is unknown, 

however lineage tracing with neutrophil and macrophage reporter lines (e.g 

mpeg:GFP and mpx:mCherry) during development and injury models may help to 

address this. 

3.3.4 Contamination 

The putative identification of two fibroblast clusters, neural progenitor cells, 

keratinocytes and HSCs indicates some contamination of the sorted cells. For some 

forms of downstream analysis (e.g bulk comparisons between unlesioned and 

lesioned samples) it may be worthwhile to exclude clusters consisting of 

contaminated cells. Future experiments may use more stringent gating strategies to 

ensure only the inclusion of true GFP positive cells. 

3.3.5 Cell type expansion after injury 

One of the most notable changes in our cell populations following injury is the 

observed expansion of the microglia cluster. The source of these new microglia is 

unclear. During development, it is known that primitive macrophages colonize the 

CNS before differentiating into mature microglia (Prinz et al, 2017). Outside of 

developmental systems, local expansion of microglia is believed to be a result of 

self-renewal of resident CNS cells instead of replenishment from the periphery 

(Ajami et al, 2007). In our dataset, the most significant upregulation of genes in 

macrophages following injury are apolipoproteins apoeb and apoc1 which are 

associated with a microglia lipid processing. This may suggest some macrophages 

are transdifferentiating to microglia following injury. This is supported by the 

trajectory inference in Figure 3.18 which indicates that microglia may be derived 

from the macrophage population. 

Alternatively, it is possible that microglia numbers in the spinal cord increase due to 

migration of microglia from elsewhere in the CNS, and that the upregulation of 

apoeb and apoc1 in macrophages is not indicative of their transdifferentiation to 

microglia. Indeed, macrophages are also known to upregulate apoeb synthesis in 

response to inflammatory stimuli (Werb et al, 1986). Apolipoprotein E (apoeb) has 
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multiple roles in macrophages including lipid clearance and immune regulation, 

although its precise function in regeneration is so far unclear. Indeed, migration-

related genes are upregulated in both macrophages and microglia after injury, which 

is congruent with the migration of microglia to the injury site (Table 3.2). 

Further clarification of the method of microglia population expansion at the lesion 

site could be gained by utilising csfr1a/b mutant zebrafish which lack microglia. In 

these mutants, macrophages are unable to transdifferentiate into microglia. If 

macrophages in these larvae fail to show increased expression of apoeb and apoc1, 

this would suggest that the increase in microglia observed after SCI in normal larvae 

is due to transdifferentiation of macrophages into microglia. 

3.3.6 Shared macrophage and microglial response to injury 

Macrophages and microglia are derived originally from the same progenitor cells, 

however later occupy different tissues, display different morphology and express 

specific combinations of genes. This dataset shows that their response to injury in 

terms of gene expression changes is broadly similar. Notably, no genes were 

regulated in opposite directions in macrophages and microglia after injury.  

According to GO analysis, the primary function of the set of genes upregulated in 

both macrophages and microglia are involved in metabolic processes. This is 

unsurprising as many shared functions of these cells including motility, ROS 

production and membrane turnover are highly energy intensive. Indeed, pro-

inflammatory and anti-inflammatory phenotypes of both macrophages and microglia 

are accompanied by increased metabolic activity. Interestingly, different metabolic 

pathways are involved in the generation of energy for pro- and anti- inflammatory 

phenotypes. Aerobic glycolysis can provide immediate energy utilisation and is 

therefore the main pathway used by pro-inflammatory macrophages and microglia. 

Since anti-inflammatory systems require sustained energy production for functions 

such as transcription and fatty acid breakdown, oxidative phospohorylation is 

favoured (reviewed in (Devanney et al, 2020)). The GO analysis based on shared 

macrophage and microglia upregulated genes show an enrichment of mitochondrial 

respiratory processes, although glycolysis terms are also present. This suggests 

that the macrophages and microglia captured are displaying an anti-inflammatory 

phenotype. This is in agreement with previous work showing that at 24 hours post 

injury, the peak of pro-inflammatory cytokines il-1β and tnf-α expression in 

macrophages has passed, and anti-inflammatory cytokines tgf-β1a and tgf-β3 are 
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increasing (Tsarouchas et al, 2018). However, it is noteworthy that in this single cell 

dataset, there is no significant increase in either tgf-β1a or tgf-β3 in the macrophage 

cluster, possibly due to the retention of the entire trunks in this dataset compared to 

only the smaller lesion site in (Tsarouchas et al, 2018). This field of 

immunometabolism is a rapidly developing one and understanding the 

reprogramming undergone by macrophages and microglia will be invaluable in 

understanding the complexities of macrophage and microglia activation.  

3.3.7 Individual macrophage and microglial responses to injury 

While there is vast overlap between macrophage and microglial gene responses to 

injury, genes were identified which are significantly upregulated in one population 

but not the other. In macrophages, many of these genes encoded for secreted 

factors, although genes relating to macrophage activation and migration were also 

found. In contrast, genes specifically upregulated in microglia primarily involved 

those coding for ECM-interacting genes. This is of interest because previous work 

by our group (unpublished data; Anna Underhill, MSc thesis) has shown that specific 

knockdown of microglia results in lower levels of neurogenesis after injury. It is 

possible therefore that the ECM remodelling undergone specifically by microglia is 

necessary for neurogenesis. 

This dataset shows that macrophages upregulate many secreted factors. The role of 

some secreted factors from macrophages in spinal cord regeneration is already 

known. For example, il-1β and tnf-α promote axonal regrowth (Tsarouchas et al, 

2018). Furthermore, it is known that secreted factors from macrophages can 

promote the recruitment and eventual clearance of other immune cells (Keatinge et 

al, 2021; Prame Kumar et al, 2018). It is proposed that some secreted factors from 

macrophages can directly promote neurogenesis from ERG cells in spinal cord 

(Becker & Becker, 2022). The possible candidates for this signalling are investigated 

in Chapter 5 and the role of one secreted factor is tested experimentally. 
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Chapter 4: Single cell sequencing of the ependymo-radial glial 

cells in naïve and lesioned zebrafish spinal cord 

 

 

Some of the data in this chapter was published as:  

Cavone, L.*, McCann, T.*, Drake, L.*, Aguzzi, E., Oprişoreanu, A., & Pedersen, E. et 

al. (2021). A unique macrophage subpopulation signals directly to progenitor cells to 

promote regenerative neurogenesis in the zebrafish spinal cord. Developmental 

Cell, 56(11), 1617-1630.e6. 

*: Joint first authors 

https://doi.org/10.1016/j.devcel.2021.04.031 

 

4.1 Introduction 

In order to determine the transcriptional changes undergone in these progenitor 

populations in response to injury, I performed a single cell sequencing experiment to 

capture this cell type. This chapter characterises the isolated her4.3+ cells and their 

progeny from the spinal cord of both uninjured and injured zebrafish larvae. Her4.3 

is a marker for ependymo-radial glial (ERG) cells, the resident progenitor cells in the 

zebrafish spinal cord. Following zebrafish spinal cord injury, these cells can produce 

new neurons. This dataset and some accompanying analysis have already been 

published with me as a joint first author (Cavone et al, 2021). Some details such as 

cell cluster annotations have been refined since publication due to further 

exploration of the data. 

4.1.1 Her4.3:GFP as a reporter line for ERG cells 

The main signalling pathway responsible for the maintenance of the ERG population 

is the Notch pathway. By means of lateral inhibition, activation of Notch receptors in 

ERG cells by Jagged and Delta ligands from their neuronal progeny prevent the 

differentiation of cells towards a neuronal identity (Pierfelice et al, 2011). Hence, 

target genes of Notch can be used to identify ERG cells. One particular target gene 

of Notch, her4.3, is specifically expressed in ERG cells in the brain and spinal cord 

in zebrafish and anamniotes (Kroehne et al, 2011; Yeo et al, 2007). Therefore, fish 

which express fluorescent proteins under the control of the her4.3 promoter have 

been generated, and can be used to study ERG cells (Yeo et al, 2007). The 
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transgenic fish her4.3:GFP is interchangeably referred to as her4.1:GFP and 

her4.3:GFP, although her4.3:GFP is the current preferred designation on zfin.org 

and is what will be used in this thesis. Her4.3 is one of nine orthologs of the Hes5 

gene in humans. 

The her4.3:GFP reporter line has previously been used to identify radial glial cells in 

the zebrafish brain (Kroehne et al, 2011) as well as ERG cells in the spinal cord 

(Chang et al, 2021). Her4.3 has the advantage of being a general reporter of 

ventricular ERG cells; other studies have instead utilised reporter lines which identify 

specific ERG subtypes. For example, dbx1a expressing ERG cells in the zebrafish 

spinal cord specifically regenerate interneurons after injury (Briona & Dorsky, 2014), 

whilst motor neurons progenitors express olig2 (Kuscha et al, 2012b). 

4.1.2 Overview 

In this chapter, I first describe the single cell sequencing experiment performed to 

capture the her4.3+ cells. Following quality control of the sequencing data, I 

characterise the cell types captured in this dataset, and identify the major gene 

expression changes undergone by the captured cells. Finally, I compare the 

response of ERG cells in zebrafish after spinal cord injury to that of similar cell types 

after spinal cord injury in mice. 

 

4.2 Results 

4.2.1 Experimental Design 

In order to compare the transcriptome of ERG cells in both the healthy and lesioned 

spinal cord, a transection injury was performed on the spinal cord of 600 3 dpf 

her4.3:GFP zebrafish larvae. Another 600 were left unlesioned. Twenty-four hours 

later, the spinal cord lesion site was collected from the lesioned fish, and the 

equivalent area of the trunk was collected in unlesioned fish. Following cell 

dissociation, FAC sorting was performed to capture GFP positive cells. These GFP 

positive cells are subject to the 10x library preparation protocol which consists of 

reverse transcription of mRNA, amplification of resultant cDNA, and tagging with 

unique molecular identifiers (UMIs). These libraries were multiplexed and pooled for 

sequencing by Edinburgh Genomics. 
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Figure 4.1: A schematic diagram describing the capture and processing of her4.3+ cells 

for single cell sequencing.   

4.2.2 Quality control 

The sequencing data received from Edinburgh Genomics includes the sequenced 

transcripts linked to barcodes. During the 10x library construction protocol, individual 

cells are captured in droplets, and the droplets are tagged with barcodes. In theory, 

every barcode therefore represents an individual cell, and hence each sequenced 

transcript can be linked to the cell it originated from. However, due to inevitable 

variation during the library construction process, sometimes two or more cells are 

captured within one droplet and are consequently tagged with the same barcode. In 

addition, some captured cells are of poor quality (e.g dead or dying) due to the 

stresses of the cell dissociation and FACS protocol. Hence, quality control 

parameters are applied to ensure that only barcodes which correspond to individual 

cells are included in downstream analysis, and that these captured cells included 

are of sufficient quality. 

The same quality control parameters will apply for both datasets (naïve and 

lesioned) since the samples were prepared concurrently and represent comparable 

underlying cell populations.  

In order to select appropriate quality control parameters, I first visualised the 

distribution of three indicators of cell quality: feature depth, count depth and 

mitochondrial fraction (Figure 4.2). This allows understanding of the context of this 

specific dataset and the spread of cell attributes before deciding on which barcodes 

represent poor quality cells or multiplets. 
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Figure 4.2: Distribution of all captured barcodes based on three quality control metrics. 

Each dot represents a single captured barcode (expected to correspond to a cell). A: The 

majority of barcodes have fewer than 4000 features. B: The majority of barcodes have a count 

depth of less than 25,000. C: The majority of barcodes captured have between 0 – 10 % of 

their transcriptome corresponding to mitochondrial genes. 

Before quality control, 5588 barcodes were present in the dataset. In the first 

instance, barcodes with fewer than 200 features were removed. These are the result 

of droplets created without capturing any cells, and account for 368 barcodes (6.6% 

of the original dataset). Following this, cells with more than 4500 features were also 

removed from further analysis as these likely represent mulitplets, based on the 

distribution of barcodes in Figure 4.2. Finally, cells whose transcriptome was 

comprised of more than 5% of their reads corresponding to mitochondrial transcripts 

were removed as cells with a high proportion of mitochondrial reads can indicate 

dead or dying cells. 

When all above parameters were applied, 3680 cells were retained for downstream 

analysis, 65.8% of the original captured barcodes. This proportion of cells retained 

for downstream analysis is comparable to other single cell sequencing experiments 

of the same cell type (Lange et al, 2020). 

4.2.3 Pre-processing and clustering for her4.3 dataset 

Data normalisation, scaling and dimensionality reduction was performed as 

recommended in the standard pre-processing workflow (Stuart et al, 2019) (see 

Chapter 2 for more details). Sixteen clusters were generated by unsupervised 
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clustering and these are displayed in a tSNE plot (Figure 4.3a). These clusters 

range in size from 22 cells to 1059 cells (Figure 4.3b).  

The quality control data for each cluster was then plotted individually for each cluster 

(Figure 4.3 c-e). This is to confirm if any cluster has an unusual distribution of cells 

with particularly high values for a specific quality control metric. This is useful as low 

quality cells are likely to cluster together and any cluster with particularly high values 

for the quality control metrics can therefore be excluded. In this dataset, no clusters 

of concern were identified. 

To assign identities to cell clusters, the Seurat function FindMarkers was used to 

identify genes which are highly enriched in a specific cluster compared to the rest of 

the dataset. The Wilcoxon test was used to calculate adjusted p-values for the 

enrichment of each gene in each cluster. Genes with an adjusted p-value of < 0.05 

are considered significant. The top ten genes which are most highly upregulated in 

each of the main clusters are plotted in Figure 4.4. Due to space constraints, only 13 

of the 16 clusters are included in this figure. As well as displaying the top ten genes 

and their expression patterns for each cluster, this heatmap allows us to recognise 

immediate similarities between specific clusters. This information, combined with 

prior knowledge of marker genes, is used to assign cell types to the clusters.  
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Figure 4.3: Clustering and quality control data following pre-processing of dataset. A: 

Unsupervised clustering created 16 clusters, displayed on a tSNE plot. B: The number of cells 

in each cluster ranges from 1059 (cluster 0) to 22 (cluster 15). C-E: Quality control data is 

plotted for each cluster. 





88 

 

4.2.3.1 Clusters 1 and 12: ERG Cells 

In the first instance, I wanted to identify which of the clusters represented the ERG 

cell population. Since her4.3 was the marker we used to identify these progenitor 

cells, I looked at the expression of this transcript. Figure 4.5b shows the expression 

is specific to clusters 1 and 12.  

 

Figure 4.5: Expression patterns of marker genes for cluster 1. A: tSNE plot highlighting 

cluster 1 and 12. B-D: Genes her4.3, id1 and fabp7a are all enriched in both clusters 1 and 

12. E-G: gfap, foxj1a and s100b are all enriched in cluster 1 but not cluster 12. 

To further confirm the identity of cluster 1, I looked at the top enriched genes in this 

cluster (Figure 4.4). Confirmation of the ERG cell identity of these is obvious in 

some of the top genes. GFAP, fabp7a (also known as BLBP) and id1 are all 
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canonical radial glial markers in other systems (Anderson et al, 1984; Feng et al, 

1994; Johnson et al, 2016; Kurtz et al, 1994; Lange et al, 2020; Malatesta et al, 

2000; Zhang et al, 2020a). Other known ERG cell markers, foxj1a and s100b, are 

also highly enriched in this cluster (Figure 4.5). 

Probing the identity of cluster 1 was inextricably linked to that of cluster 12, a much 

smaller but interconnecting cluster. Some of the canonical progenitor cell markers 

expressed in cluster 1 (her4.3, fabp7a, id1) also showed high levels of expression in 

cluster 12 (Figure 4.5 b-d). However, one unique feature of this cluster is the 

expression of proliferation markers and cell cycle genes. Transcripts pcna, mki67 

and kiaa0101 (also known as pcna clamp associated factor; pclaf) are all associated 

with proliferation (Emanuele Michael et al, 2011; Gerdes et al, 1991; Gerdes et al, 

1983; Wullimann & Puelles, 1999). Whilst mki67 expression appears to be highly 

specific to cluster 12, pcna and kiaa0101 expression is also expressed sporadically 

in other clusters. This perhaps reflects the long-lasting property of pcna and the 

more transient nature of mki67. Other cell cycle associated genes including ccna2, 

cdk1 and top2a (Jin et al, 2021) are also highly specific to cluster 12 (Figure 4.6 d-f). 

These genes, combined with the strong expression of ERG markers, suggest that 

this cluster represents a proliferating progenitor cell subtype. 
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Figure 4.6: Expression patterns for marker genes of cluster 12. A-F: Proliferation and cell 

cycle associated genes are highly specific to cluster 12.  

4.2.3.2 Clusters 0 and 9: Motor Neurons 

Cluster 0 is the largest of the clusters. Based on the most highly enriched genes in 

this cluster, isl1 and isl2a initially suggest a motor neuron identity [54-57] (Figure 

4.4, Figure 4.7 b,c). I therefore looked to see if this cluster expressed the canonoical 

motor neuron marker, mnx1, and found that it is enriched in cluster 0 compared to 

the rest of the dataset (Figure 4.7d). Similarly, lhx4 is enriched in cluster 0 (Figure 

4.7 e) and is known to be a marker of motor neuron identity in zebrafish and mice 

(Sharma et al, 1998; Thor et al, 1999).  

It is notable that the motor neuron markers enriched in cluster 0 also show strong 

expression in the smaller but connected cluster 9 (Figure 4.7 b-e). This is confirmed 

by the top enriched genes in cluster 9, which includes lhx4 (Figure 4.4), mnx1 and 

isl1. These genes suggest cells in cluster 9 are also of a motor neuron identity, 

however since they have clustered separately and do express differing genes it is 

possible they are either a specific subtype of motor neurons or of a different 

developmental stage. 
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Figure 4.7: Expression patterns for motor neuron marker genes. A: tSNE plot highlighting 

clusters 0 and 9. B-E: Expression of motor neuron marker genes isl1, isl2a, mnx1 and lhx4 

are enriched in clusters 0 and 9.  

4.2.3.3 Clusters 3,4,6,11: Interneurons 

Since the same population of her4.3+ progenitors are known to generate many types 

of neurons, it is not a surprise that we found clusters of cells with interneuron 

markers within our dataset. Indeed, the enrichment of lhx1a and lhx5 across clusters 

3, 4, 6 and 11 (Figure 4.8) suggest these all represent interneuron cells (Pillai et al, 

2007).  

Based on the combination of specific markers in specific clusters, it is possible to 

assign putative interneuron subtypes to specific clusters. For example, cluster 11 

can be assumed to consist of V2b interneurons based on the highly specific 

expression of gata3 and tal2, along with gad1b and glyt2 (Achim et al, 2013; 

Callahan et al, 2019; Karunaratne et al, 2002) (Figure 4.9).  
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Figure 4.8: Expression of interneuron marker genes. A: tSNE plot highlighting clusters 

3,4,6 and 11. B-C: Clusters 3,4,6 and 11 all express lhx1a and lhx5   

Other clusters are not so straightfoward. The co-expression of vsx2 and sox14 in 

some cells in cluster 4 suggests that these cells may be v2a interneurons (Clovis et 

al, 2016; Hargrave et al, 2000; Kimura et al, 2006). However, only a subset (~20%) 

of this cluster expresses these markers (Figure 4.10 b,c), which may suggest other 

cell types contribute to this cluster too. Indeed, genes which play key roles in 

neuronal differentiation neurod1 and nrn1a are both also among the top ten 

enriched genes in this cluster (Figure 4.4) and are expressed in a larger proportion 

of cells within cluster 4 than V2a markers vsx2 and sox14 (Figure 4.10 d,e) One 

possibility is that the cells expressing neurod1 and/or nrn1a without vsx2 and sox14 

are immature V2 neurons which are yet to express V2a markers vsx2 and sox14. 

Alternatively, these cells may indeed express vsx2 and sox14 but not at high 

enough levels to be detected in this dataset. 

Similarly, cluster 6 is unlikely to consist of a single subtype of interneuron. The 

expression of evx2 in some of this cluster suggests that at least some of these cells 

are v0 interneurons (Moran-Rivard et al, 2001) (Figure 4.11b). However, the evx2 

labelling is sparse (14.6% of cluster 6) and consequently it can be assumed other 

interneuron subtypes contribute towards this cluster. The expression of barhl2 in 

21.1% of cluster 6 suggests the contribution of dI1 interneurons to this cluster (Ding 

et al, 2012) (Figure 4.11c).  Similarly, tfap2a is known to be expressed in GABAergic 

neurons (Zainolabidin et al, 2017), and is expressed in 36.6% of the cells in cluster 6 

(Figure 4.11d).  
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Cluster 3 is notable for its expression of pax2a and pax8 (Figure 4.12 b-c). These 

genes have been shown to be expressed in both GABAergic and glycinergic 

interneurons in zebrafish (Batista & Lewis, 2008). Since both gad1b and gad2 are 

expressed in > 50% of the cells in this cluster (Figure 4.12 d-e), it is likely these cells 

represent GABAergic cells.  

Due to the varied combination of subtype specific markers in clusters 3, 4 and 6 

which prevent any definitive cell type identity assigning, these cells will be referred 

to as Interneurons 1, 2 and 3 respectively. 

 

Figure 4.9: Expression patterns for V2b interneuron marker genes. A: tSNE plot 

highlighting cluster 11. B-C: Expression of gata3 and tal2 are highly specific to cluster 11. D-

E: glyt2 and gad1b are also enriched in cluster 11. 
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Figure 4.10: Expression pattern for cluster 4 marker genes. A: tSNE plot highlighting 

cluster 4. B-C: V2a interneuron markers vsx2 and sox14 are enriched in cluster 4, although 

they are expressed by <25% of cells in this cluster. D-E: neurod1 and nrn1a are both also 

enriched in cluster 4. 
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Figure 4.11: Expression patterns of genes enriched in cluster 6. A: a tSNE plot 

highlighting cluster 6. B-D: evx2, barhl2, and tfap2a are all enriched in cluster 6 compared to 

the dataset as a whole, however all are expressed in less than 40% of cluster 6 cells, with little 

overlap. This suggests that this cluster consists of multiple subtypes of interneurons.  

 
Figure 4.12: Expression patterns of genes highly expressed in cluster 3. A: tSNE plot 

highlighting cluster 3. B-C: Markers of glycinergic and GABAergic neurons, pax2a and pax8,  

are highly expressed in cluster 3. D-E: GABAergic markers gad1b and gad2 are both enriched 

in cluster 3. 
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4.2.3.4 Clusters 5, 7 and 10: Oligodendrocytes and Schwann cells 

Another cell type generated from her4.3+ cells is oligodendrocytes; therefore we 

would expect to see a population of these in the dataset. Indeed, multiple markers of 

myelinating cells including sox10 (Stolt et al, 2002), mbpa (Early et al, 2018; Jung et 

al, 2010) and nkx2.2a (Kucenas et al, 2008a) are expressed in clusters 5,7 and 10 

(Figure 4.13 b-d).  

In addition to these markers of myelinating cells, cluster 7 is also enriched for the 

Schwann cell specific marker pmp22a (Wulf et al, 1999) (Figure 4.13e). In contrast, 

clusters 5 and 10 show much lower expression of this gene. Consequently, the 

identity of oligodendrocytes is putatively assigned to interconnecting clusters 5 and 

10, and cluster 7 is a population of Schwann cells. 

 
Figure 4.13: Expression patterns of genes expressed in clusters 5, 7 and 10. A: tSNE 

plot highlighting clusters 5, 7 and 10. B: Myelination marker sox10 is enriched in clusters 5,7 

and 10. C: mbpa is enriched in clusters 5 and 7. D-E: nkx2.2a and pmp22a are both enriched 

in clusters 7 and 10.  
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4.2.3.5  Cluster 2: Neurosecretory cells 

The identity of cluster 2 has proven elusive. While these cells do widely express 

pan-neuronal markers, e.g snap25a and elavl3 ( 

Figure 4.14 b-c), there is no widespread of either interneuron markers (Figure 4.12) 

or motor neuron markers (Figure 4.7). Instead, secreted molecules including leptin-a 

(lepa), peptide YYb (pyyb) and secretogranin II (scg2b) are expressed in a highly 

specific manner in this cluster ( 

Figure 4.14 d-f). In addition, there is strong enrichment for regeneration associated 

genes including gap43 ( 

Figure 4.14g).  

Taking these features into account, these cells are putatively labelled as 

neurosecretory cells.  
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Figure 4.14: Expression pattern of genes highly expressed in cluster 2. A: tSNE plot 

highlighting cluster 2. B-C: Pan-neuronal markers snap25a and elavl3 are expressed in cluster 

2. D-F: Genes for secreted molecules lepa, pyyb and scg2b show specific expression in cluster 

2. G: Regeneration associated gene gap43 is enriched in cluster 2.  

4.2.3.6 Clusters 8, 13, 14, 15: Other cell types 

The remaining clusters 8, 13, 14 and 15 do not appear to display any of the marker 

genes associated with any cell types of expected her4.3+ progeny. Analysing the top 

enriched genes in each cluster is helpful at elucidating their identity (Figure 4.4, 

Appendix). A number of collagen related genes (e.g col1a1a, col5a1) are enriched in 

cluster 8 (Figure 4.15 b-c). This raises the possibility that these cells may be 
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fibroblasts, as fibroblasts are known to deposit collagen to contribute to the ECM. 

Indeed, there is some localised expression of known fibroblast-associated genes 

pdgfra (Li et al, 2000) and prrx1b (de Bakker et al, 2021) in this cluster (Figure 4.15 

c-d). 

The likely identity of cluster 13 is clear from the expression of known floorplate 

markers foxa1, foxa2 and shha/b (Odenthal & Nüsslein-Volhard, 1998; Odenthal et 

al, 2000), which all show strong and specific expression in this cluster (Figure 4.16). 

Similarly, the highly specific and strong enrichment of multiple keratin genes (e.g 

krt5, krt91) in cluster 14 makes the identification of this cluster fairly straightforward 

(Figure 4.17 b-c). In addition, keratinocyte specific markers  including epcam and 

tp63 (previously known as delta-np63) (Slanchev et al, 2009) are also enriched in 

this cluster (Figure 4.17 c-d). 

Finally, the smallest cluster is cluster 15, which comprises of only 22 cells. Their 

expression of tph2 (Lillesaar et al, 2007) and fev (Maurer et al, 2004) demarcate 

these as potential serotonergic neurons (Figure 4.18). 

 
Figure 4.15: Expression pattern of fibroblast related genes. A: tSNE plot highlighting 

cluster 8. B-E: Collagen genes and fibroblast markers are enriched in cluster 8. 



100 

 

 
Figure 4.16: Expression of floorplate marker genes. A: tSNE plot highlighting cluster 13. 

B-E: Floorplate markers foxa1, foxa2, shha and shhb are enriched in cluster 13. 
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Figure 4.17: Expression of keratinocyte marker genes. A: tSNE plot highlighting cluster 

14. B-E: Keratinocyte marker genes krt5, krt91, epcam and tp63 are enriched in cluster 14. 

 

Figure 4.18: Expression of serotonergic marker genes. A: tSNE plot highlighting cluster 

15. B-C: Serotonergic neuron marker genes tph2 and fev are strongly enriched in cluster 15 

compared to the dataset as a whole. 

4.2.3.7 Cluster assignments for her4.3+ dataset 

Based on the expression patterns of marker genes discussed above, cell type 

identities were assigned to each cluster. These are summarised in Figure 4.19.  

 

Figure 4.19: The tSNE plot for the her4.3+ dataset with assigned cell types labelled. 
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4.2.4 Injury induced changes in her4.3+ cells and their progeny  

4.2.4.1 Changes in proportion of cell types in spinal cord after injury 

One important piece of information about the reaction of a cell type to injury is the 

relative proportions of the cells present before and injury. The most striking change 

between the cell type proportions before and after injury is the large increase in the 

number of putative neurosecretory cells after injury (Figure 4.20). This cell type 

contributes only negligibly to the captured naïve dataset (2.79% of the captured 

naïve cells are neurosecretory cells), however in the lesioned sample, 20.57% of the 

captured cells are neurosecretory cells. 

Oligodendrocytes, motor neurons and interneurons all display decreases in their 

proportion to the total captured cells in the spinal cord after injury when compared to 

the naïve sample. To some extent this can be explained by the expansion of 

neurosecretory cells (meaning even if the number of cells is unchanged, the relative 

proportion of the entire sample is smaller due to the additional neurosecretory cells 

in the lesioned sample). The lack of increase in cells which express motor neuron 

markers in the lesioned larvae compared to the unlesioned larvae is surprising, as it 

has been previously reported that new motor neurons are preferentially generated 

after injury at the expense of oligodendrocytes from specific ERG cell subtypes by 

48 hpf (Ohnmacht et al, 2016). One explanation may be that the increase in motor 

neurons in the lesioned fish may not occur until after 24 hpi.  
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Figure 4.20: A comparison of the cell numbers in each cluster of the naïve and lesioned 

samples. A: Two tSNE plots of the dataset, displaying the cells originating from the naïve 

dataset separately from those originating from the lesioned dataset. An expansion of the 

neurosecretory cells is evident. B: This table displays the percentage each cell type 

contributes to the entire captured dataset for each condition. Cell types which are present in a 

higher proportion in the lesioned condition than the naïve condition are highlighted in green, 

and those which are present in a lower proportion in the lesioned condition than the naïve 

condition are highlighted in red. 

One potential explanation for the increase in number of neurosecretory cells but lack 

of increase in motor neurons is that the neurosecretory cell identity could be a 

transitionary stage between the progenitor cells and the motor neurons, and at this 

timepoint the majority of cells on the pathway are at the neurosecretory stage. To 
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investigate whether this is indeed the trajectory of progenitor cells to motor neuron 

generation, I performed trajectory analysis on the dataset. 

4.2.4.2 Trajectory analysis of lesioned sample 

To gain insight into the differentiation pathway of cell populations from the 

her4.3:GFP dataset, trajectory inference was performed on the lesioned dataset. 

Initially cell types were identified using known marker genes associated with the 

Seurat-generated clusters as described in previous sections (Figure 4.21a). 

Following this, I used monocle3 to construct a trajectory for the lesioned dataset, 

and to calculate where each cell sits along the reconstructed pseudotime (Figure 

4.21b). The pseudotime trajectory was constructed after manually specifying the 

root node, as is standard in monocle3. 

This trajectory analysis suggests that ERG cells may initially become proliferative, 

before transitioning either to a myelinating cell identity or a neuronal identity. Cells 

which are transitioning towards a neuronal identity initially express both motor neuron 

markers (isl1) and interneuron markers (pax2a) before committing to a particular fate. 

This trajectory then places the neurosecretory as a further state after cells proceed 

through an interneuron cluster. Therefore, neurosecretory cells could be a 

differentiated cell type and and not an immature transitory state. 
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Figure 4.21: Trajectory analysis of the lesioned dataset. A: The UMAP plots display the 

expression of specific genes, in order to identify where the major cell types are positioned in 

the plot. %Max refers to the levels of expression of each gene relative to the highest level of 

expression of the specific gene in our dataset. B: The UMAP is coloured according the 

pseudotime, and labelled according to inferred cell types, based on marker gene expression. 

The trajectory graph is overlaid on the UMAP. 

4.2.4.3 Gene expression changes undergone by ERG cells following injury 

The relative contribution of ERG cells to the entire sample is not drastically different 

before and after injury in terms of the number of cells present (Figure 4.20b). This is 

in line with previous findings that these cells are a self-renewing population 

(Rothenaigner et al, 2011). Since these cells react to injury by switching from an 

oligodendrocyte generating programme to a neuron generating programme, it is 
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and differentiation of cells, and fosl2 specifically has been shown to be involved in 

the transcriptional control of neuroprotective genes (Butler & Pennypacker, 2005). 

Finally, the neurotrophic factor HB-EGF (mammalian ortholog of hbegfa) has been 

shown to play a neuroprotective role against ischemic injury in vitro (Zhou & Besner, 

2010). 

Another recurring function played by some of these top genes is differentiation. 

Along with roles in neuroprotection, fosl2 and txn have both been shown to promote 

or augment neuronal differentiation in PC12 cells in vitro. Similarly, it has been 

suggested that TIMP-2 (mammalian ortholog of timp2b) promotes neuronal 

differentiation and neurite outgrowth in vitro (Pérez-Martínez & Jaworski, 2005). This 

is supported by the observation that TIMP-2 mRNA is expressed in the nervous 

system at the onset of neuronal differentiation in rats (Fager & Jaworski, 2000). 

Annexin A2 (anxa2a), the most strongly upregulated gene, has also been shown to 

have similar roles in neuronal differentiation and neurite outgrowth on PC12 cells in 

vitro (Jacovina et al, 2001). 

The gene ppp1r1c is also amongst the ten top upregulated in ERG cells after injury. 

This gene codes for a subunit of the enzyme protein phosphatase 1. This role of this 

subunit is not well understood, however, in cell models of glioblastoma PPP1R1C 

potentiates proliferation (Liu et al, 2017). HB-EGF, which in zebrafish is transcribed 

from the hbegfa gene, has a much better understood role in proliferation. In rats, 

HB-EGF stimulates the proliferation of CNS astrocytes and progenitors during 

development (Kornblum et al, 1999; Nakagawa et al, 1998). Furthermore, HB-EGF 

has well characterised roles in neurogenesis in the adult mice and rat brains when 

applied intracerebroventricularly (Jin et al, 2002; Jin et al, 2003). Interestingly, 

hbegfa is strongly upregulated in muller glia after zebrafish retina injury and HB-EGF 

promotes regeneration by stimulating the dedifferentiation of muller glia into their 

neurogenic progenitors (Wan et al, 2012).   

Two of the genes which are highly upregulated in the ERG cluster following injury 

don’t have well characterised roles in the CNS. One of these, krt18b, is normally 

associated with epithelial cells, but has been identified in radial glial cells in axlotl 

(Holder et al, 1990). It’s role following injury is unknown. Similarly, since cxcl18b is 

an inflammatory chemokine, it is normally associated with immune cells. 

Interestingly, it has previously been isolated from non-phagocytic uninfected cells in 
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the stroma of granuloma (Torraca et al, 2017). Cxcl18b is found in zebrafish and 

amphibians and doesn’t have a close mammalian ortholog. It is known to be a 

chemoattractant for neutrophils, and any further roles specific to neuronal 

progenitors are not yet known. 

One of the genes in Table 4.1 is unannotated; si:dkey-153m14.1. It is a long 

intervening non-coding RNA with unknown function. 

To further understand the main functions and pathways of the 207 upregulated 

genes after injury, I used Metascape (Zhou et al, 2019) to perform gene ontology 

(GO) analysis to find any overarching patterns in the functions of these genes 

(Figure 4.22). GO analysis returned an enrichment of GO terms associated with 

expected functions such as ‘regeneration’, ‘neuron projection regeneration’ and 

‘regulation of cell population proliferation’. Additionally, many terms associated with 

the immune response were enriched, including ‘Innate Immune System’, ‘response 

to wounding’ and ‘Cytokine-cytokine receptor interaction’. This suggests a role for 

cell-cell communication between the immune cells and ERG cells after injury which 

will be further explored in chapter 5. 

 

Figure 4.22: Gene ontology enrichment analysis of the 207 upregulated genes in the 

lesioned ERG cells compared to the unlesioned ERG cells. 

4.2.4.4 Transcription factors differentially regulated in ERG cells after injury 

Within the upregulated genes in ERG cells following injury, those which code for 

transcription factors have potentially the largest opportunity to effect large scale 

changes in the ERG population. To investigate which transcription factors are up- or 

downregulated in the ERG cells after injury, I cross referenced the differentially 
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ERG cell population as well as to help reprogramme the cells from an 

oligodendrocyte generating  programme to a neurogenic programme (Chen & Guan, 

2022). Similarly, the downregulation of nfia may also contribute to this 

reprogramming, as during mouse spinal cord development nfia controls the onset of 

gliogenesis (Deneen et al, 2006).  

Two hes family transcription factors, hes6 and heyl, are downregulated in the 

lesioned ERG population compared to the lesioned ERG population. Hes6 promotes 

neuronal differentiation in Xenopus embryos (Koyano-Nakagawa et al, 2000) and in 

primary cultures of neural progenitor cells isolated from mouse embryos (Gratton et 

al, 2003). Similarly, heyl promotes neuronal differentiation of neural progenitor cells 

both in vitro and in the embryonic mouse brain. The difference in apparent roles of 

these genes in this dataset compared to the above examples is likely a result of the 

complexity of Notch signalling, as Hes genes are effectors of Notch signalling. It is 

already known that tight control of Notch signalling is important for the balance 

between the self-renewal and differentiation of neuronal progenitors (Chapouton et 

al, 2010).  

The remaining downregulated transcription factors include both hox genes, hoxb8a 

and hoxb9a, whose spinal cord expression is well reported due to their role in 

conferring the axes identity to neurons (Charité et al, 1995; Graham et al, 1991). 

Their downregulation after injury may suggest an involvement in establishing spatial 

identity of newly generated neurons. 

4.2.5 Cross-species comparisons of the response of spinal cord progenitors to 

injury 

The regenerative ability of zebrafish is not shared by all organisms. Mammals do not 

have the same potential for regeneration and do not generate new neurons after 

injury, nor achieve functional recovery (with the recently reported exception of the 

spiny mouse (Nogueira-Rodrigues et al, 2021)). The creation and analysis of this 

dataset in the regenerating zebrafish, along with similar datasets in non-

regenerative species such as Mus musculus, allows comparative analyses to be 

performed. Comparisons of similar cell types and their response to injury in different 

species could provide insight into the underlying gene programmes responsible for 

the success or failure of regeneration. With this in mind, I have compared the gene 

changes undergone in zebrafish ERG cells after injury to the gene changes 

undergone in comparable cell types in mice at varying time points post injury. 
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4.2.5.1    Mouse ependymal cells at three days post injury 

Recently, Stenudd et al. performed single cell sequencing on spinal cord cells 

isolated from adult mice from two conditions: three days after a dorsal funiculus 

incision and uninjured age-matched mice (Stenudd et al, 2022). They used Tnfrsf19 

as a marker for spinal ependymal cells and captured around 2300 cells. Analysis of 

their dataset showed that the five biggest clusters have widespread expression of 

Foxj1. These clusters consist of 1226 cells from the lesioned condition and 716 from 

the uninjured condition. Using a Wilcoxon Rank Sum test, I compared these two 

sets of cells and found 3684 genes were significantly upregulated in the lesioned 

condition, while 1203 were significantly downregulated.  

I also performed the same Wilcoxon Rank Sum test on the foxj1a+ positive clusters 

from our dataset (ERG cluster and proliferating ERG cluster). These clusters consist 

of 148 lesioned cells and 328 naïve cells and the differential expression test found 

207 genes upregulated in the lesioned cells and 104 genes downregulated in the 

lesioned cells compared to the naïve cells.  

To investigate how similar the response to injury is between the mouse ependymal 

cells and zebrafish ERG cells, I looked for genes which were significantly 

differentially regulated in one species after injury, whose ortholog was also 

significantly differentially regulated in the other species. This returned 129 sets of 

orthologs which were significantly different in both samples after injury. Of these, the 

biggest group of genes were those which were upregulated in both samples 

following injury. This group consisted of 60 genes (Figure 4.23 a, b). Gene ontology 

enrichment analysis was applied to these 60 genes to gain an overview of the 

shared pathways that both samples upregulated after injury. This analysis returned 

expected results such as ‘regeneration’ and ‘regulation of response to external 

stimulus’. It also gave some indication of the indication of other pathways involved in 

both species, including ‘Innate Immune System’ and ‘Interleukin-6 family signaling’ 

(Figure 4.23c). Interestingly, only two genes are significantly downregulated in both 

samples after injury: defender against apoptotic cell death 1 (dad1) and mdh1 

(mdh1aa in zebrafish; malate dehydrogenase 1). These genes are known to be 

involved in the control of cell survival via regulation of apoptosis (Brewster et al, 

2000) and autophagy (New et al, 2019) . 
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While it is interesting to look at the conserved response to injury, it is perhaps more 

revealing to investigate the genes which are regulated in different directions 

following injury in a regenerating species compared to a non-regenerating species. 

In our two datasets, there were 39 genes found which were significantly upregulated 

in mice after injury but whose ortholog was significantly downregulated in zebrafish 

(Figure 4.23 a, b). It is therefore possible that these genes contribute to pathways 

which are detrimental to regeneration. Gene ontology enrichment reveals an 

overrepresentation of terms include those involved in membrane protein targeting, 

autophagy and glycoprotein metabolic processes (Figure 4.23d). 

Conversely, 28 genes were found to be significantly downregulated in mice but 

upregulated in zebrafish (Figure 4.23 a-b). These genes may contribute to pathways 

which are beneficial to successful spinal cord regeneration. The enrichment of 

genes relating to ‘cell motility’ is indicative of the self-renewal of ciliated ERG cells in 

zebrafish and may suggest similar renewal of the ependymal cells in mice does not 

occur (Figure 4.23e).  

Genes which code for transcription factors are likely to be those whose differential 

regulation after injury has the greatest overall effect on biological processes due to 

their ability to affect transcription of multiple other genes. I cross-referenced the list 

of 129 differentially regulated genes in both species against the database of 

transcription factors, AnimalTFDB 3.0 (Hu et al, 2019). This returned a list of 11 

genes out of the 129 differentially regulated genes in both species which are 

transcription factors (Table 4.3).  
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Figure 4.23 A comparative analysis of the injury response of zebrafish ERG cells 1dpi 

and mouse ependymal cells 3 dpi. A: A Venn diagram displaying the number of up- and 

down- regulated genes following injury in both datasets. The overlaps display genes whose 

orthologs are differentially regulated in both species. B: A quadrant scatter plot displaying all 

genes which are differentially regulated in both species following injury. Each point represents 

a gene and the axis and Log2(fold enrichment) for the mouse dataset and zebrafish dataset 

are displayed on the x and y axes respectively.  C-E:   Gene ontology analysis was performed 

on the sets of genes which were differentially regulated in both species. No ontology analysis 

was performed on the two genes which were downregulated in both datasets as the number 

of genes is too small. 
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compared these two sets of cells and found 871 genes which are significantly (p < 

0.05) differentially regulated in the 2 wpi dataset compared to the uninjured dataset. 

As above, I compared the differentially regulated genes in the mouse dataset to the 

311 differentially regulated genes in our ERG and proliferating ERG clusters in order 

to identify which gene responses are conserved between species and which differ 

between the regenerating zebrafish and non-regenerating mice. 

 

Figure 4.24: A comparative analysis of the injury response of zebrafish ERG cells 1 dpi 

and mouse ependymal cells 2 wpi. A: A Venn diagram displaying the number of up-
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regulated and down-regulated genes following injury in both datasets. The overlaps in the 

Venn diagram display genes whose orthologs are differentially regulated in both species. B: 

A quadrant scatter plot displaying all genes which are differentially regulated in both species 

following injury. Each point represents a gene-ortholog pair and the Log2(fold enrichment) for 

the mouse and zebrafish genes  are displayed on the x and y axes respectively. C: A table of 

all gene-ortholog pairs in which both genes are differentially regulated. Fold changes are 

coloured based on upregulation (green) or downregulation (red). Genes highlighted in bold 

with grey backgrounds are transcription factors.  

 

Interestingly, only 26 genes are differentially regulated in both species following 

injury (Figure 4.24 a, b). Of these, 14 genes are upregulated in both species, one is 

upregulated in zebrafish but downregulated in mice, and the remaining 11 are 

upregulated in mice but downregulated in zebrafish. No genes are downregulated in 

both datasets. 

Due to the small number of genes found differentially regulated in both species, 

gene ontology enrichment analysis was not possible. Instead, all differentially 

regulated genes are listed in Figure 4.24c. Two of these genes encode for 

transcription factors: Junb(b), which is upregulated in both zebrafish and mice, and 

Creb3(l3l) which is upregulated in mice two wpi but downregulated in zebrafish one 

dpi. Junb is a member of the AP-1 pathway involved in gene regulation in response 

to a range of cell processes, and has previously been linked to neurogenesis in 

developing Xenopus (Yoon et al, 2013). Interestingly, Creb3 (also known as Luman) 

has a role in promoting axon outgrowth in cultured rat sensory neurons following 

injury, however the genetic mechanism for this has not been determined (Ying et al, 

2014). It is also proposed to have an inhibitory role in astrocyte to neuron 

differentiation in cultured mice neural progenitor cells (Saito et al, 2012). Whether 

this applies to ERG cell to neuron conversions in zebrafish is unclear, but this would 

be supported by the downregulation of creb3l3l in the zebrafish dataset.      

Within the same study, Llorens-Bobadilla et al. also sequenced Foxj1+ cells from 

mice four weeks post injury (Llorens-Bobadilla et al, 2020). After quality control, 992 

cells remained in the lesioned condition, and their transcriptomes were compared to 

the 362 cells in the uninjured condition, using a Wilcoxon Rank Sum test. Overall, 

3422 genes were significantly upregulated in the lesioned cells compared to the 

unlesioned sample, and 711 were significantly downregulated. Of these 4,133 
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differentially regulated genes in mice, 79 have orthologs which were also 

differentially regulated in zebrafish (Figure 4.25 a, b). 

It is notable that the number of differentially regulated genes between the uninjured 

mice ependymal cells and the 4 wpi dataset is nearly five times the number of 

differentially regulated genes between the uninjured mice ependymal cells and the 2 

wpi ependymal cells (871 differentially regulated genes 2 wpi, 4133 differentially 

regulated genes 4 wpi). Given that all experimental and statistical conditions are 

otherwise equal between the mice datasets, this suggests that the transcriptome 

differences undergone by ependymal cells in mice become greater with time. Due to 

the larger number of differentially regulated genes at 4 wpi, there is also a bigger 

overlap between these genes and those differentially regulated in zebrafish ERG 

cells after injury than there was at 2 wpi. 

Looking at these overlapping gene orthologs and which pathways they participate in 

can reveal some commonalities between the two species at the different time points. 

Gene ontology enrichment analysis of the 42 genes upregulated in both datasets 

suggests that some of the pathways involved in both cell types are those 

responsible for apoptosis and regulation of neuronal death. Indeed, neuronal death 

is an important part of the early response to spinal cord injury to remove damaged 

cells. However, prolonged and extensive death of neurons in mice after injury is one 

of the factors leading to expansion of the lesion site during secondary degeneration 

(Crowe et al, 1997). Apoptotic cell death has previously been shown to peak at 24 

hpi in adult zebrafish (Hui et al, 2014), but whether this timeframe is similar for larval 

zebrafish is currently unclear. Interestingly, some of the genes involved in 

autophagy are upregulated in the mice dataset but downregulated in the zebrafish 

dataset at this timepoint. Autophagy is also linked to regulation of cell death as it can 

prevent the apoptosis of unhealthy cells by instead digesting the damaged 

organelles. How the downregulation of autophagy related genes in ERG cells after 

zebrafish injury may contribute to their successful regeneration is not known. 

Interestingly, in 2021 Beckers et al. showed that inhibition of autophagy pathways in 

the injured zebrafish optic nerve results in accelerated retinal ganglion cell target 

innervation via a proposed role in axonal outgrowth (Beckers et al, 2021). This 

suggests that limiting autophagy after injury is beneficial to successful regeneration 

in zebrafish via its role in axonal regeneration. However, it is notable that the roles 

for cell death in neuronal cells is not necessarily directly related to the roles for cell 
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death in the ERG cell populations investigated here. The function and frequency of 

ERG cell death in healthy and injury conditions has not yet been investigated. 

 

Figure 4.25: A comparative analysis of the injury response of zebrafish ERG cells 1 dpi 

and mouse ependymal cells 4 wpi. A: A Venn diagram displaying the number of upregulated 

and downregulated genes following injury in both datasets. The overlaps in the Venn diagram 

display genes whose orthologs are differentially regulated in both species. B: A quadrant 

scatter plot displaying all genes which are differentially regulated in both species following 

injury.  Each point represents a gene-ortholog pair and the Log2(fold enrichment) for the 

mouse and zebrafish genes are displayed on the x and y axes respectively. C: Gene ontology 

enrichment analysis was performed on the 42 genes which are upregulated in both datasets 

after injury. D: Gene ontology enrichment analysis was performed on the 29 genes which are 

upregulated in the mouse dataset after injury but whose ortholog was downregulated in the 

zebrafish dataset. E: The remaining genes which are differentially regulated in both datasets 
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are listed. Those highlighted in red are downregulated in the injured dataset compared to the 

uninjured dataset. Those highlighted in green are upregulated in the injured dataset compared 

to the uninjured dataset. 

Other pathways found to be upregulated in mice but downregulated in zebrafish 

include retrograde transport from the Golgi to the endoplasmic reticulum (ER) and 

glycoprotein metabolism (Figure 4.25d). To some extent, these functions are likely 

interlinked as glycoproteins are synthesised in the ER and Golgi apparatus. It is not 

clear the specific role of retrograde transport after spinal cord injury in mice and 

zebrafish, however induction of the ER stress response after SCI has previously 

been reported in rats (Penas et al, 2007), and attenuation of this response in mice 

has been shown to improve functional recovery after SCI (Ohri et al, 2011).  

The remaining genes which are differentially regulated in both datasets are listed in 

Figure 4.25e. Six of these are downregulated in mice but upregulated in zebrafish. 

No gene ontology enrichment analysis is performed on such a small number of 

genes. One gene which may point to a functional difference between the species is 

the downregulation of Pierce1 in mice, and the upregulation of its ortholog in 

zebrafish. Pierce1 has recently been identified for its role in motile ciliogenesis 

(Anujan et al, 2018), and this is consistent with the upregulation of foxj1a, which is 

also involved in cilia function (Hellman et al, 2010). It is interesting that genes 

involved in cell motility were also found to be enriched amongst the dataset of genes 

downregulated in mice at 3 dpi and upregulated in zebrafish (Figure 4.23e). 

Finally, Table 4.4 lists all transcription factors which are differentially regulated in 

mouse ependymal cells 4 wpi and zebrafish ERG cells 1 dpi. It is notable than 

Junb(b) is strongly upregulated in all mice datasets looked at as well as in zebrafish 

ERG cells. In terms of transcription factors which are consistently regulated in 

opposite directions between species, Creb3(l3l) is upregulated in mice at both 2 wpi 

and 4 wpi but downregulated in zebrafish ERG cells at 1 dpi. Hoxb9(a) is also 

upregulated in mice, at both 3 dpi and 4 wpi, but shows strong downregulation in 

zebrafish ERG cells.  These transcription factors which are consistently upregulated 

in the unsuccessfully regenerating mice cells but downregulated in the zebrafish 

ERG cells may provide some insight into the gene programmes which prevent 

successful regeneration in non-regenerating species. 
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Figure 4.26 Screenshots of the app which allow exploration of the her4.3+ dataset. A: 

The default view provides expression data of the input gene in the tSNE plot of the combined 

lesioned and naïve datasets. B: The user can also access expression data for the gene input 

on the tSNE plots for the naïve and lesioned datasets separately. Global expression change 

of the input gene between naïve and lesioned samples is provided, along with the adjusted p-

value calculated by Wilcoxon Rank Sum Test. 

4.3 Discussion 

In summary, I have performed single cell sequencing on her4.3+ cells isolated from 

the spinal cord of uninjured and injured zebrafish larvae. Following quality control 

and clustering of the cells, putative cell type identities were assigned to the clusters. 

Notably, a neurosecretory cell cluster was identified which comprises many more 

cells in the lesioned sample than the unlesioned sample. Comparisons of gene 

expression profiles of ERG cells from the unlesioned and lesioned samples helped 

to elucidate injury-induced changes in ERG cells. As well as an upregulation of 

regeneration associated genes in this population of injury, there is also evidence of 

immune system signalling. Finally, the gene expression changes undergone in 

zebrafish ERG cells at 1 dpi were compared to published mouse datasets of similar 

cell types. This revealed that the transcription factor Junbb was consistently 

upregulated in injured zebrafish and mouse datasets compared to their uninjured 

counterparts. Gene ontology enrichment analysis also revealed that genes involved 

in regulation of autophagy were consistently upregulated in mice but downregulated 

in zebrafish after injury. Conversely, genes upregulated in zebrafish but consistently 

downregulated in mice after injury were involved in cell motility.  
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4.3.1 Neurosecretory cells 

One surprising finding from this dataset is the presence of the neuronal 

subpopulation putatively assigned as neurosecretory cells. These cells have an 

interesting combination of characteristics. Whilst they express pan-neuronal 

markers, no markers of specific neuronal subtypes (e.g motor neurons or 

interneurons) are strongly enriched. Instead, regeneration associated genes are 

highly enriched in this cluster, and the size of the cluster is much expanded in the 

lesioned condition compared to the naïve condition. Looking at the combination of 

genes enriched in this cell type, in particular the secreted molecules leptin (lepa), 

peptide yyb (pyyb) and secretogranin II (scg2b) may imply that these cells are  

neurosecretory cells. Neurosecretory cells have been identified in the spinal cord of 

zebrafish previously (Parmentier et al, 2006) as well as skates (Bennett & Fox, 

1962) and eels (Morita et al, 1961), but not in mammals. Their function and 

physiology is not widely understood, nor their response to CNS injury reported.  

While their identity as neurosecretory cells is one possibility, it is not a definitive 

assignment. One of the characteristics of neurosecretory cells in zebrafish is 

expression of peptides urotensin I and II, which are largely absent from our dataset. 

Furthermore, one of the most strongly enriched genes in this cluster, lymphocyte 

specific protein 1 (lsp1), does not easily fit into the narrative of neurosecretory cells. 

Another potential identity of these cells is neuroblasts. This is largely due to their 

expansion after injury, and the strong enrichment of regeneration associated genes 

including gfap and atf3. A neuroblast identity may also explain their expression of 

pcna but lack of mki67 or other cell cycle markers; one explanation for this could be 

that these cells are postmitotic but have recently proliferated. However, the 

presence of neuronal markers e.g snap25a as well as the strong enrichment of 

secreted factors is not aligned with the neuroblast identity, and hence these cells are 

putatively assigned as neurosecretory cells. 

Outside of characterising the gene expression of these cells, considerable in vivo 

work is in progress by other members of the Becker lab to confirm the presence of 

these cells in the regenerating zebrafish. Generation of transgenic reporter lines for 

these cells, e.g pyyb:GFP is underway which will confirm the presence of these cells 

before and after injury and help to determine if this is a transient or permanent cell 

type. So far, an injury induced population of sall1b positive cells has been identified 

using RNAscope near the lesion site but not in unlesioned fish (Claire Richmond, 
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unpublished data). In this dataset, the expression of transcription factor sall1b is 

specific to the neurosecretory cells. Further in vivo work includes manipulating some 

of the key genes using CRISPR/Cas9 and measuring the effect on regenerative 

neurogenesis. It would also be valuable to examine these cells morphologically as 

the previously reported neurosecretory cells have reported differences to regular 

neurons. They have a single, sometimes branching axon and a limited number of 

shorter dendrites from the soma. Notably, they have large electron-dense vesicles 

which act as storage for the peptides and hormones (Brown et al, 2013). 

Confirmation of whether the cells identified in this dataset display these same 

morphological features may help to cement their neurosecretory cell identity. 

4.3.2 Trajectory analysis  

Trajectory analysis was performed on the lesioned dataset to understand the 

progression of cells from ERG cells to differentiated neurons. This analysis also 

supports the putative identity of cluster 2 as neurosecretory cells rather than 

neuroblasts, as the cluster is positioned at the end of the trajectory, instead of 

between ERG cells and neurons as would be expected for neuroblasts. 

Interestingly, the neurosecretory cells are positioned after the interneuron clusters 

on the trajectory, suggesting the neurosecretory cells may be differentiated from 

interneuron cells. 

While trajectory analysis is a useful tool, in the case of our dataset it should be 

considered only as a starting point for further experimental investigation. Trajectory 

predictions rely on the capture of intermediate cell states which can then be used to 

infer the progression of one cell type to another. Since our dataset captured minimal 

intermediate states, in particular between interneurons and neurosecretory clusters, 

the trajectory inference relies on more assumptions and the conclusions drawn are 

therefore less robust. For future trajectory inference, it would be optimal to have 

larger datasets including multiple timepoints in order to maximise chances of 

capturing transitionary cell states. 

 Lineage tracing in vivo could be used to confirm whether the differentiation 

trajectory presented in this chapter is a true representation of the biological 

differentiation pathway. This may involve live imaging of reporter lines which 

express different fluorophores under promoters for interneuron markers e.g lhx5 and 

neurosecretory cell markers e.g pyyb. Reporter lines for interneurons e.g lhx5:GFP 



125 

 

and pax2a:GFP are already available (Gao et al, 2012; Picker et al, 2002; Turner et 

al, 2016), and the generation of reporter lines for neurosecretory cells is currently 

underway by other members of the Becker group. Time-lapse or live imaging would 

allow observation of these cells in normal conditions and after injury, and the 

sequential activation of different fluorophores in the same cell would clarify the 

differentiation trajectory.  

4.3.3 Comparisons with mice ependymal cells 

One of the benefits of the growing popularity of sequencing as well as the culture of 

open access of the subsequent datasets is the ability to compare gene responses in 

different conditions and even different species. Comparing gene responses between 

species can be valuable in identifying conserved and diverging pathways 

responsible for species-specific effects including successful functional regeneration. 

Notably, this approach has previously identified similarities in the responses of 

ctgfa+ gfap+ glial cells in adult zebrafish to those of mouse astrocytes in a separate 

study in spinal cord injury (Klatt Shaw et al, 2021).  

Whilst this comparative approach is valuable, there are also limitations to this 

approach as applied in this chapter. Ideally the compared datasets would consist of 

like-to-like samples. In practise this is rare, except when the comparative analysis is 

the aim of the original experiment and hence the experimental design facilitates this. 

In most cases, including this study, researchers instead make use of previously 

published datasets. In the case of the comparative analyses reported here, one 

result of this is the cell type captured may not be exactly equivalent in the datasets. 

While the zebrafish dataset uses the her4.3 reporter to capture the ERG cells, the 

mice studies use Tnfrsf19 and Foxj1. The discrepancies induced by these 

differences is minimised by the downsampling applied by selection of Foxj1(a) 

positive clusters for the comparison in both datasets. Nevertheless, the potential for 

differences based on the initial marker gene selection still exists. In particular, the 

comparison with the Tnfrsf19 3 dpi sample is less robust, since the authors report 

that Tnfrsf19 is a marker for a specific subtype of ependymal cells. Whether this 

subtype is important in zebrafish is unclear, although the expression of this gene in 

the her4.3+ dataset is sparse and not specific to particular clusters (data not 

shown). 

Another factor to consider when comparing responses to injury is which timepoints 

to include. This comparison used the datasets available at the time of analysis, 
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which consisted of the 1 dpi zebrafish dataset and mice datasets at 3 dpi, 2 wpi and 

4 wpi. Ideally, further zebrafish datasets would be included so the time course of 

gene responses in zebrafish could be compared to the time course of gene 

responses in mice. One of the observations in the mouse dataset is that there are 

more differentially regulated genes at 4 wpi than there were at 2 wpi. Considering 

injuries in mice are non-regenerative and involve long periods of chronic injury this is 

unsurprising. Capturing further timepoints from regenerating zebrafish would allow 

us to investigate if the ERG cells in zebrafish revert back to the gene programme of 

uninjured fish soon after injury, or if this population is altered long-term as it appears 

to be in mice. Additionally, including further species in the comparisons would be 

interesting. For example, finding gene pathways which are shared between 

regenerating species such as zebrafish and Xenopus but divergent in non-

regenerating species such as mice or rats would further implicate such pathways in 

successful regeneration. Indeed, a suitable dataset in regenerating Xenopus 

tadpoles is available (Pelzer et al, 2021) and could be utilised for this purpose, 

assuming the relevant differences in species and injury model are taken into 

consideration. The cells in the dataset from Pelzer et al are from the spinal cord, 

extracted during epimorphic regeneration of the amputated tail, in Xenopus laevis at 

3 days post injury.  

Overall, this comparative approach did reveal some interesting differences between 

mice and zebrafish which may play a role in their differing levels of neurogenesis 

after injury. For example, the upregulation of genes involved in motile ciliogenesis in 

zebrafish after injury but downregulation of similar genes in the mice samples may 

be notable. Since ependymal cells and ependymo-radial glial cells have motile cilia, 

this might suggest that while zebrafish ERG cells are successfully replenishing their 

ERG cells following injury, mice ependymal cells are consumed. For further value to 

be gained from similar comparative approaches, ideally samples would be taken at 

a variety of timepoints post injury in both species, and the initial cell selection should 

be as consistent as possible (for example, both samples should be isolated using 

the same marker gene). 
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Chapter 5: Tnf mediated signalling promotes neurogenesis 

from ERG cells 

 

 

Some of the data in this chapter was published as:  

Cavone, L.*, McCann, T.*, Drake, L.*, Aguzzi, E., Oprişoreanu, A., & Pedersen, E. et 

al. (2021). A unique macrophage subpopulation signals directly to progenitor cells to 

promote regenerative neurogenesis in the zebrafish spinal cord. Developmental 

Cell, 56(11), 1617-1630.e6. 

*: Joint first authors 

https://doi.org/10.1016/j.devcel.2021.04.031 

 

 

5.1 Introduction 

This chapter first uses the datasets characterised in chapters 3 and 4 to identify 

signalling candidates involved in injury induced neurogenesis. Receptor-ligand pairs 

are identified in which ligands are upregulated in response to injury in innate 

immune cells at the injury site and their corresponding receptors are upregulated in 

response to injury in ERG cells. One of these receptor-ligand pairs, tnfa and 

tnfrsf1a, is investigated experimentally to determine its role in injury induced 

neurogenesis. The in vivo work in this chapter has already been published with me 

as joint first author (Cavone et al, 2021). Some experiments included in this chapter 

were performed by my co-authors; where this is the case, it is explicitly indicated in 

the text. 

5.1.1 Cell-cell communication after zebrafish CNS injury 

The regeneration of neurons following injury depends both on intrinsic qualities of 

the neurons themselves and extrinsic factors from the environment surrounding the 

injury site. Intrinsic qualities include neuronal expression of regeneration-promoting 

genes and their subsequent proteins. For example, Gata3 is a transcription factor 

expressed in radial glial cells after injury and is required for their proliferation and 

subsequent neurogenesis in the zebrafish brain (Kizil et al, 2012b). Similarly, Foxm1 

is expressed in Xenopus neuronal progenitors and is essential for regulating their 
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fate after tail amputation by promoting neuronal differentiation (Pelzer et al, 2021). 

Extrinsic factors include not only structural components of the injury site, but also 

molecular signals which may be detected by cells of the injury site and consequently 

promote successful regeneration. The most parsimonious source of these extrinsic 

signals is cells and tissues in close proximity to the injury site, either through normal 

tissue organisation or due to injury-induced cell influx. 

External signalling from a variety of surrounding cell types has already been 

reported to promote injury induced neurogenesis. This includes both neuronal cells 

and non-neuronal cells. Pro-neurogenic signals from neuronal cells include 

serotonin and dopamine from descending axons in the spinal cord (Barreiro-Iglesias 

et al, 2015; Reimer et al, 2013). Additional neuron- and glia-derived neurogenesis 

promoting molecules include Fgf3 (Goldshmit et al, 2012; Goldshmit et al, 2018), 

Shh  (Reimer et al, 2009) and Ctgf (Mokalled et al, 2016). Furthermore, Bmp1 

signalling from neurons in the zebrafish telencephalon promotes neurogenesis from 

radial glial cells (Zhang et al, 2021). 

The contribution of non-neuronal cells towards regenerative neurogenesis is also 

significant. Indeed, activation and proliferation of immune cells is among the first 

responses detected after a severe CNS injury in zebrafish (Martin & Feng, 2009). 

Kyritsis et al., showed that inflammation is required and sufficient for enhancing 

neurogenesis in the zebrafish brain even in the absence of CNS injury, and that 

these inflammation-induced neurogenic programs are distinct from constitutive 

neurogenesis in the adult brain (Kyritsis et al, 2012). Similarly, after retina injury, 

microglia are necessary for retina regeneration, likely due to the signalling from 

microglia to Müller glia (Conedera et al, 2019). In the larval spinal cord after injury, 

immune cells contribute to neurogenesis as fewer new neurons are generated after 

pharmacological suppression of the immune system in the injured zebrafish 

(Ohnmacht et al, 2016). 

Since one of the major roles performed by immune cells is release of cytokines, it is 

plausible that cytokines may be responsible for neurogenesis. Indeed, there is 

evidence for the involvement of specific cytokines and chemokines in regenerative 

neurogenesis. For example, chemokine receptors cxcr4 and cxcr5 are both 

expressed on radial glial cells in the zebrafish brain, and cxcr5 was shown to 

regulate injury induced neuronal differentiation from activated radial glial cells (Diotel 

et al, 2010; Kizil et al, 2012a). In a zebrafish model of neurodegeneration, 



129 

 

Interleukin-4 is activated in neurons and microglia/macrophages and increases 

neurogenesis in the endogenous neural stem/progenitor cells via the Il4 receptor 

and STAT6 phosphorylation (Bhattarai et al, 2016). Intriguingly, Il4-STAT6 mediated 

neurogenesis appears to be specific to neurodegeneration and is not induced in 

lesioned brains, suggesting context dependent signalling axes between immune 

cells and neuronal progenitors. 

5.1.2 Tnf signalling in neurogenesis 

One cytokine signalling pathway implicated in regenerative neurogenesis is Tnf 

signalling. Tnf is already known to be involved in facilitating acute inflammation via 

its role as a pro-inflammatory cytokine. Indeed, it is involved in the recruitment of 

further immune cells (including additional macrophages) to the injury site (Vassalli, 

1992). In mammals, the contribution of TNF to neurogenesis is highly context-

dependent. In neonatal subventricular zone cell cultures from mice, TNF induces 

survival, proliferation and neuronal differentiation (Bernardino et al, 2008). On the 

other hand, in vivo exposure to TNF in postnatal mice resulted in impairment of 

hippocampal precursor proliferation and a depletion of neural precursor cells (Wang 

et al, 2018). Similarly, TNF increased astroglia number and reduced neurogenesis in 

two human neural stem/progenitor lines (Johansson et al, 2008). These differing 

results suggest the contribution of TNF towards neurogenesis is highly variable and 

may depend on species, cell type and developmental stage. 

In zebrafish, there is some evidence to suggest that Tnf signalling leads to 

increased neurogenesis after injury. A role for Tnf signalling in neurogenesis has 

been revealed after retina injury in adult zebrafish. Dying retinal neurons produce 

Tnf which signal to Müller glia to re-enter the cell cycle via increased expression of 

ascl1a and stat3 (Nelson et al, 2013). In zebrafish larval injured spinal cord, tnfa 

expression is strongly increased within 4 hours post injury, and remains increased 

above unlesioned levels for 72 hours or longer (Tsarouchas et al, 2018). Despite 

this, the role of Tnf signalling in regenerative neurogenesis after SCI has not yet 

been elucidated. 

5.1.3 Tnf signalling pathway 

Along with the specific roles in neurogenesis and axonal growth as described above, 

TNF signalling is responsible for a large array of cellular events, including immune 

response, apoptosis, cell senescence, cell growth and cell proliferation. This 

diversity of cellular events is possible due to the cascade of intracellular molecular 
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events which occur after binding of TNF to its receptors (TNFR1 and TNFR2) (see 

Figure 5.1 for schematic overview of TNF signalling). Following binding of TNF to its 

receptors, the receptors form trimers. In the case of TNFR1, this conformational 

change allows the adaptor protein TNFR1-associated via death domain (TRADD) to 

bind intracellularly. Subsequently, a variety of cellular cascades can be initiated. To 

initiate apoptosis, TRADD binds to another protein, Fas receptor-associated death 

domain (FADD), which begins a sequence of caspase signalling resulting in 

apoptosis. Alternatively, TRADD recruits TNF receptor-associated factor 2 (TRAF2) 

and the pathways leading to transcription factor activation are initiated. TRAF2 can 

also be activated directly by TNFR2 signalling without the recruitment of TRADD 

due to differences in the intracellular domains between the two receptors. 

Regardless, the pathways downstream of TRAF2 activation after binding of TNF to 

either receptor is shared.  

 

Figure 5.1: A schematic diagram displaying downstream signalling after TNF binding to 

its receptors TNFR1 and TNFR2. Figure adapted from (Aggarwal, 2003) 

To activate the transcription factor NF-κB, TRAF2 recruits receptor-interacting 

kinase (RIP), which activates IκB kinase (IKK). IKK phosphorylates the inhibitory 

protein IκB which normally is found bound to NF-κB, and this leads to its 

ubiquitination and degradation (Wajant & Scheurich, 2011). Following the 
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degradation of IκB, NF-κB can translocate to the nucleus and promote the 

transcription of a large variety of genes, notably those involved in inflammatory and 

immune responses, cell survival, proliferation and differentiation. 

The activation of transcription factor activator protein 1 (AP-1) is also initiated by 

TRAF2. TRAF2 sequentially recruits and activates MAP/ERK kinase kinase 1 

(MEKK1) and MAPK kinase 7 (MKK7). This leads to Jun N2-terminal kinase (JNK) 

activation by phosphorylation. Phosphorylated JNK translocates to the nucleus and 

activates transcription factor c-Jun. The dimerization of Jun family proteins with Fos 

and ATF family proteins results in the transcription factor AP-1. The intricacies of 

AP-1 activation by TNF are discussed in detail in (Kyriakis, 1999). Following 

activation, AP-1 binds and trans-activates a large number of genes, hence it can 

mediate large scale gene expression changes. 

In this chapter, receptor-ligand pairs which are upregulated after injury in the her4.3 

and mpeg1 datasets respectively are identified. One of these pairs, tnfa-tnfrsf1a is 

then investigated experimentally and the knockdown of the receptor tnfrsf1a is 

demonstrated to reduce injury-induced neurogenesis. 

 

5.2 Results 

5.2.1 Receptor-ligand pairs upregulated in macrophages and ERG cells 

It is hypothesised that in lesioned zebrafish, infiltrating macrophages promote 

neurogenesis by directly signalling to ERG cells. To investigate this, I used the lists 

of transcripts upregulated after injury in lesioned macrophages and ERG cells to 

identify receptor-ligand pairs which may be involved in this process. 

While there is no published list of receptor-ligand interactions in zebrafish, a 

resource has been created compiling the known and putative receptor-ligand 

interactions in humans (Ramilowski et al, 2015). This resource consists of 2557 

pairs compiled from five sources (Ben-Shlomo et al, 2003; Franceschini et al, 2013; 

Graeber & Eisenberg, 2001; Keshava Prasad et al, 2009; Sharman et al, 2013). 

Based on this, I created an equivalent list for zebrafish, where each human receptor-

ligand interaction in the original resource was mapped to its zebrafish orthologs. 

Since there are often multiple orthologs for each human gene, the zebrafish 

receptor-ligand list consists of 5394 pairs. 
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the gene expression of cd44a (Figure 5.2b) shows that even though it is significantly 

upregulated after injury, the number of cells expressing cd44a even in the lesioned 

conditions is very small (11 cells in lesioned ERG cluster express cd44a). Similarly, 

expression of its paralog cd44b is limited (4 cells in lesioned ERG cluster express 

cd44b) (Figure 5.2c). Based on this sequencing dataset and the low level of 

expression of cd44a and cd44b, cd44a/b are not considered top candidates for further 

manipulation. However, since single cell sequencing has high levels of dropout  

(Kharchenko et al, 2014), and because receptors may be able to amplify signals 

effectively without being themselves highly expressed, the function of Cd44 and 

corresponding ligands should not be entirely eliminated as possible mediators of 

immune cell to ERG cell signalling. 

 

Figure 5.2: Expression of cd44a and cd44b in the lesioned her4.3+ dataset. A: tSNE plot 

highlighting the ERG cluster. B-C: Feature plot displaying the expression of cd44a and cd44b 

amongst the lesioned her4.3+ dataset. 

Two of the receptor-ligand pairs, m17-lifrb and il11b-il6st, consist of members of the 

Il6 family. Both bind to receptor complexes including Il6st (also known as Gp130). 

The cytokine M17 (also known as Lif) binds to a receptor complex comprising of 

Lifrb and Il6st. Similarly, the cytokine Il11-b binds to a complex consisting of Il6st 
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and Il11r (Rose-John, 2018). While the gene il6st is strongly expressed and 

upregulated in the ERG cells after injury, il11ra is only expressed at low levels (only 

19 cells in the lesioned ERG cluster express il11ra) (Figure 5.3f). Since the 

presence of Il11r is essential for Il11 signalling, the axis of Il11-Il6st signalling from 

macrophages to ERG cells is considered here to have less chance of making a 

strong contribution to injury induced neurogenesis. On the other hand, m17 and its 

receptor components lifrb and il6st are both relatively strongly expressed and 

upregulated after injury (Figure 5.3b-d, Table 5.1) and hence it is a promising 

candidate for injury induced signalling from macrophages to ERG cells.  

 

 

Figure 5.3: Expression of Il6 family genes in the lesioned datasets. A: A tSNE plot 

highlighting the macrophage cluster. B: Expression of il6st is widespread in the lesioned 

her4.3+ dataset, including in the ERG cluster. C: Expression of m17 is strong in the 
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macrophage cluster, as well as in the neutrophils and microglia. D: The gene lifrb, which is the 

receptor for m17, is expressed amongst the lesioned ERG cluster. E: Expression of il11b is 

present amongst the lesioned macrophage cluster. F: Expression of il11ra is limited in our 

dataset. 

Another strong candidate for signalling pathways between macrophages and ERG 

cells after injury is tnfa-tnfrsf1a. Its interaction is confirmed elsewhere in vivo 

(Bossen et al, 2006) and previous roles for Tnf signalling to Tnfr1 (tnfrsf1a) to 

promote zebrafish larvae fin regeneration has been reported (Nguyen-Chi et al, 

2017). While Tnf can also bind to Tnfr2 (tnfrsf1b) (Bossen et al, 2006), no 

expression of tnfrsf1b was found in our lesioned ERG cluster. It is also notable that 

transcripts for the Tnf were not detectable within the her4.3+ dataset, suggesting 

absence of auto- or paracrine signalling within this population. As well as significant 

upregulation of tnfa and tnfrsf1a in the relevant populations after injury (1.13 fold 

and 1.44 fold respectively, Table 5.1), it is also important the gene of interest is 

widely expressed in the cell type. Figure 5.4 shows that macrophages have 

widespread expression of tnfa after injury, and similarly the lesioned ERG cluster 

has strong and specific expression of tnfrsf1a.  

 

Figure 5.4: Expression of tnf family genes. A: tnfa is strongly expressed in lesioned 

macrophage cluster. B: One of the receptors for Tnfa, tnfrsf1a, is strongly expressed in the 

lesioned ERG cluster.  

5.2.2 Receptor-ligand pairs upregulated in microglia and ERG cells 

Since other immune cells were captured at the injury site, it is possible that these 

cells are also involved in signalling to ERG cells after lesion. In particular, large 

populations of microglia and neutrophils are present at the injury site. 

To identify any receptor-ligand pairs involved in microglia to ERG signalling, I 

utilised the same receptor-ligand resource as described above to see if any of the 
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gnai2a 1.31 s1pr5a 1.20 

m17 1.67 lifrb 1.49 

hsp90aa1.2 1.51 cftr 1.86 

Table 5.3: Ligand-receptor pairs in which the ligand is upregulated in the neutrophil 

clusters after injury and the receptor is upregulated in the ERG cluster after injury. 

5.2.4 Downstream signalling in ERG cells 

Following injury, ERG cells undergo massive transcriptional changes in order to 

generate new neurons. These downstream signalling processes can reveal 

information about the signalling pathway responsible for the activation of the cells. 

For example, tnfaip2b and tnfaip6 are both significantly upregulated in the ERG cells 

after injury (1.99 and 1.59 fold respectively), suggesting a role for Tnf signalling 

(Figure 5.5). 

 

Figure 5.5: Expression of tnf induced genes tnfaip2b (a) and tnfaip6 (b) is increased in 

lesioned ERG cells compared to unlesioned ERG cells. 

It is also notable that two components of AP-1 signalling, fosl2 and junbb, are 

amongst the most highly upregulated genes in the ERG population after injury. 
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Fosl2 is upregulated 3.01 fold in the lesioned ERG cells compared to the unlesioned 

ERG cells (rank 8), whilst fosl2 is upregulated 2.08 fold (rank 28) (Figure 5.6). These 

encode the Jun-B protein from the JUN family and Fra-2 from the Fos family of 

proteins, which together can dimerise to form the AP-1 transcription factor. Whilst 

Tnf is well known for activating gene transcription changes via AP-1 signalling 

(Kyriakis, 1999), AP-1 activation can occur downstream of a plethora of cytokine 

and growth factor signals (Shaulian & Karin, 2001). 

 

Figure 5.6: Expression of AP-1 protein components, junbb and fosl2, is present in ERG 

cells (a,c) and is increased after lesion (b,d). 

To find out if other signalling pathways could be responsible for the upregulation of 

AP-1 components junbb and fosl2 in the ERG cluster, the expression and 

upregulation of other receptors proposed to mediate AP-1 signalling (Gaiddon et al, 

1996; Lau et al, 2016; Monje et al, 2003b; Persson et al, 2005; Shaulian & Karin, 

2001; Sundqvist et al, 2020; Zeng et al, 2002) was investigated (Table 5.4). In total, 

26 receptors were identified as expressed in the ERG cells, and six of these are 

expressed in a substantial proportion (30% or more) of the lesioned ERG cells. Of 

these six highly expressed genes, only two were also significantly upregulated in the 
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(highlighted in green in column 2) and three are significantly upregulated in lesioned ERG cells 

compared to unlesioned ERG cells (highlighted green in column 3). 

5.2.5 Candidates for immune cell to ERG cell signalling 

Based on all the pairs identified in Tables 5.1-5.3, two sets of signalling pairs are 

likely candidates to participate in immune cell to ERG signalling after spinal cord 

injury. m17-lifrb is a promising candidate as m17 is upregulated in all immune cell 

types investigated (macrophages, microglia and neutrophils) and the transcripts for 

both of the proteins in the receptor complex are upregulated in lesioned ERG cells 

(lifrb and il6st). Notably, although members of the il6 signalling pathway have also 

been reported to activate AP-1 signalling in specific cell types (Leu et al, 2001), this 

is reported to be via the IL6-IL6ST receptor complex. Currently, M17/LIF signalling 

via LIFR/IL6ST complexes has not been reported to stimulate AP-1 signalling.  

The other pair of interest is tnfa-tnfrsf1a. Since tnfa is upregulated in the 

macrophage cells but not widely expressed in microglia or neutrophils (Figure 5.4a), 

it is suggested to be specifically involved in signalling from the macrophages to the 

ERG cells. The activation of AP-1 signalling in the ERG cells also supports a role for 

Tnfa-Tnfrsf1a signalling, although it is likely other signalling molecules contribute to 

this signalling too. The contribution of Tnfa to neurogenesis after SCI is investigated 

experimentally in the upcoming sections. 

5.2.6 Macrophages are found in close proximity to the lesioned spinal cord 

In order for macrophage to ERG cell signalling to occur, it is necessary for 

macrophages to come into close proximity with ERG cells. To quantify the influx of 

macrophages and microglia, the number of mpeg1+ cells close to the lesion site 

was counted in injured larvae at 24 hpl. The corresponding area was counted in 

uninjured larvae of the same age. Frequently more than 20 mpeg1+ cells were 

found in the injured larvae, compared to only 1 or 2 in the equivalent uninjured 

spinal cord (Figure 5.7). This is complemented by direct immunolabeling of Tnf in 

close proximity to macrophages and motor neuron progenitors at the lesion site at 1 

dpl (Cavone et al, 2021). The presence of macrophages in close proximity to the 

lesioned spinal cord but not the uninjured spinal cord supports the hypothesis that 

macrophages signal to lesioned progenitors in the spinal cord to promote injury-

induced neurogenesis. 
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Figure 5.7: Macrophages and microglia cells accumulate at the injured spinal cord, but 

not the uninjured spinal cord. A, B: mpeg1+ cells were counted within the area of interest 

(indicated with the white rectangles) and displayed separately to the right (marked with ‘ and 

‘’). Lateral view of spinal cord is shown; rostral is left, dorsal is up. Scale bar is 50 µm. C:  

Quantification of mpeg1+ cells in the selected regions, 140x40x40 µm, showed an increase d 

presence of mpeg1+ cells in the vicinity of the olig2+ cells of lesioned fish than unlesioned 

fish. Data shown as mean±SD, as a bar and scatter plot. N numbers shown on graph, each 

dot is a fish (Mann-Whitney U-test: P = 0.0012). Post-hoc power analysis: 0.99. Figure adapted 

from (Cavone et al, 2021).  

5.2.7 Knockdown of tnfrsf1a reduces injury induced neurogenesis but not 

developmental neurogenesis 

The injury induced upregulation of tnfa in the macrophage cluster, along with the 

upregulation of Tnf pathway genes in the ERG and the close proximity of mpeg1+ 

cells and Tnf immunolabelling to ERG cells after spinal cord injury indicates a role 

for Tnf signalling after spinal cord injury. Work by colleagues has shown that both 

after acute somatic mutation and stable knock out of Tnf, neurogenesis is impaired 

(Cavone et al, 2021).  

In order for Tnf signalling to be directly responsible for new neuron generation from 

ERG cells, the ERG cells must be able to detect Tnf. Based on the single cell 

sequencing dataset, it is proposed that ERG cells express the Tnf receptor Tnfr1 
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(encoded by tnfrsf1a) which allows the detection of Tnf and subsequent increase in 

neurogenesis. 

To test the role of tnfrsf1a in regenerative neurogenesis, tnfrsf1a was mutated using 

Crispr/Cas9 mutagenesis. Four guide RNAs (gRNAs) targeting four separate exons 

of tnfrsf1a were designed initially, with the aim of identifying one or two efficient 

gRNAs. Since the guides were designed to target restriction enzyme recognition 

sites, the efficiency of the guides was tested by the success or failure of restriction 

enzyme digest, observed by gel electrophoresis of the DNA from eight injected 

embryos. Based on the resulting gels (Figure 5.8), the guides targeting exons 4, 5 

and 7 all show reasonable efficiency. In order to reduce the chance of inducing off-

target effects, it is recommended to co-inject a maximum of two guides (Keatinge et 

al, 2021). Since there is no clear difference in the efficiency of the gRNAs for exons 

4, 5 and 7, the guides for exons 4 and 5 were chosen as their gels show clearer 

resolution, and early exons are generally considered more likely to disrupt resultant 

gene product function. 

To investigate the effects of the knockdown of this receptor on injury induced 

neurogenesis, the two most efficient guides (targeting exons 4 and 5 of tnfrsf1a) 

were co-injected into 1 cell stage mnx1:GFP embryos. An equivalent number were 

injected with a control (nonsense) gRNA. A spinal cord lesion was inflicted at 3 dpf. 

Following lesion, larvae were treated with EdU, which incorporates into newly 

proliferating cells. Larvae were left to recover for 48 hours, at which point the larvae 

were fixed and stained for EdU detection and GFP fluorescence. Larvae were 

whole-mounted and then the area near to the lesion site was imaged. Cells which 

showed co-localisation of the proliferation marker, EdU, and motor neuron marker, 

mnx1, are new motor neurons, generated after the application of EdU (and therefore 

generated after lesion). Larvae injected with tnfrsf1a gRNA displayed significantly 

fewer new motor neurons after injury than those injected with a control gRNA 

(Figure 5.9), suggesting Tnfr1 is involved in injury induced neurogenesis. This 

experiment was performed together with Elisa Pedersen, an undergraduate student 

who I was supervising in the lab. 
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Figure 5.8: RFLP analysis to test the efficiency of four gRNAs targeting tnfrsf1a. The 

first eight lanes include DNA from uninjected larvae. Half of these samples are digested with 

the appropriate restriction enzyme. The latter eight lanes include DNA from injected larvae 

(four gRNAs co-injected), all of which have undergone restriction enzyme digest. The ratio of 

undigested to digested band in the latter eight lanes indicates the efficiency of the guide.  
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Figure 5.9: CRISPR knockdown of tnfrsf1a reduces injury induced neurogenesis. A: The 

experimental timeline is shown. B-D: Representative images showing EdU and mnx1 positive 

cells. Lateral view of spinal cord is shown; rostral is left, dorsal is up. Site of lesion indicated 

with * and arrows indicate examples of cells which colocalise. Inset (‘) is higher magnification 

of area marked with white square. Scale bar: 50 µm. E:  Number of colocalised cells within 

300 µm of the lesion site in each larvae is displayed. Larvae injected with gRNAs targeting 

tnfrsf1a have fewer new motor neurons compared to control injected fish and uninjected fish. 

Data is shown as mean±SD, as a bar and scatter plot. N numbers shown on graph, each dot 

is a fish; 3 independent experiments. ANOVA and Tukey post-test, **P = 0.0085, *P = 0.026. 

Post-hoc power analysis: 0.94. Experiments and analysis performed with Elisa Pedersen 

under my supervision and figure adapted from . 
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To confirm whether the reduction in neurogenesis seen in tnfrsf1a knockdown larvae 

is due to the role of tnfrsf1a in injury induced neurogenesis as opposed to 

developmental neurogenesis, the number of new motor neurons in uninjured larvae 

over the same developmental timepoint was compared between tnfrsf1a knockdown 

larvae and control injected larvae. This showed no significant difference between the 

number of new motor neurons over this time period, as measured by number of cells 

with co-expression of mnx1 and EdU (Figure 5.10). Hence, it is concluded that Tnfr1 

is not involved in constitutive neurogenesis.  

 

Figure 5.10: CRISPR knockdown of tnfrsf1a does not affect developmental 

neurogenesis. A: The experimental timeline is shown. B,C: Representative images showing 

EdU positive cells and expression of GFP. Lateral view of spinal cord is shown; rostral is left, 
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dorsal is up. Arrows indicate examples of cells which have expression of both mnx1 and 

EdU. Scale bar: 50 µm.  D:  Number of co-localised cells is not significantly different in larvae 

injected with gRNAs targeting tnfrsf1a compared to those injected with control gRNA. Data is 

shown as mean±SD, as a bar and scatter plot. N numbers shown on graph, each dot is a 

fish; 3 independent experiments. Unpaired t-test, P=0.8001. Post-hoc power analysis: 0.89. 

Figure is adapted from (Cavone et al, 2021).  

5.2.8 Overview 

These experiments were my contribution to a larger study to show direct signalling 

from macrophages to ERGs via Tnf signalling (Cavone et al, 2021). Figure 5.11 

summarises the overall study.  After lesion, macrophages in the injury site produce 

Tnf. Genetic and pharmacological inhibition of Tnf resulted in decreased 

neurogenesis after spinal cord injury, and application of Tnf on ex vivo ERG cells 

resulted in an increase in readouts for neurogenesis in these cells. Tnf signalling is 

detected by ERG cells via Tnfr1, which increase their production of new neurons via 

AP-1 activation and regulation of histone deacetylase 1 (hdac1). Experiments using 

dominant negative hdac1 and pharmacological manipulations of hdac1 

demonstrated the necessity of hdac1 for regenerative neurogenesis downstream of 

immune system activity. 

 

Figure 5.11: A graphical representation of the findings in this chapter and (Cavone et 

al, 2021) . Adapted from .(Cavone et al, 2021). 
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5.3 Discussion 

5.3.1 Overview 

In this chapter, receptor-ligand pairs are identified which are upregulated after injury 

in the lesioned spinal cord. This highlighted the Tnf-Tnfr1 signalling pathway as a 

potential signalling axis between macrophages and ERG cells to promote 

regenerative neurogenesis. Experimental manipulations of Tnfr1 demonstrated the 

involvement of this pathway in regenerative but not constitutive neurogenesis.  

 

The overall findings of this chapter have contributed to elucidating a signalling 

pathway for regenerative neurogenesis as summarised above (Figure 5.11).   

5.3.2 Receptor-ligand pairs 

Early in this chapter, receptor-ligand pairs were identified by the criteria of the ligand 

being upregulated in specific mpeg1+ clusters after injury with the corresponding 

receptor upregulated in the ERG cluster after injury. These included tnf-tnfrsf1a 

signalling which was consequently demonstrated to be involved in regenerative 

neurogenesis. Other receptor-ligand pairs are also highlighted as potential signalling 

pathways by which immune cells signal to ERG cells after lesion. These have not 

yet been tested experimentally. Of note, m17-lifrb is a promising pair for future 

investigation into its role in neurogenesis. Indeed, Il6 family signalling was returned 

as a significantly enriched GO term amongst the upregulated genes after lesion in 

ERG cells in chapter 4 (Figure 4.22). In contrast to Tnf (whose expression is specific 

to the macrophage cluster), M17 expression is expressed widely in all immune 

clusters investigated (macrophages, microglia, and neutrophils), as well as being 

significantly upregulated in those populations. lifrb, along with its co-receptor il6st, 

are both strongly upregulated in ERG cells after lesion. Consequently, this pair is 

another promising candidate for receptor-ligand signalling from the immune system 

and may contribute to neurogenesis. In support of this, il6st knockdown by CRISPR 

results in fewer new motor neurons generated after injury (Themistoklis Tsarouchas, 

unpublished data), however since Il6st is a co-receptor for many Il6 family cytokines 

this does not directly implicate M17 involvement in neurogenesis. Futhermore, the 

mammalian ortholog of m17, leukemia inhibitory factor (lif) is necessary for injury-

induced neurogenesis in the adult mouse olfactory epithelium due to its role as a 

stimulus for proliferation of neuronal progenitor cells after injury (Bauer et al, 2003). 

Interestingly, m17 was induced in zebrafish retinal ganglion cells as early as 6 hpi 
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and activated the signal transducer and activator of transcription 3 (STAT3), 

although its role in axonal outgrowth not neurogenesis was investigated (Elsaeidi et 

al, 2014; Ogai et al, 2014). Additionally, functional recovery was significantly 

decreased in adult zebrafish after spinal cord injury with CRISPR/Cas9 mediated 

m17 knockdown (Klatt Shaw & Mokalled, 2021). Hence, further investigation of M17 

signalling from immune cells to ERG cells after SCI would be worthwhile. Initially, 

CRISPR/Cas9 knockdown of m17, as utilised previously (Klatt Shaw & Mokalled, 

2021), could be used to measure the impact of m17 signalling on the number of new 

neurons after SCI. 

As well as tnfa-tnfrsf1a and m17-lifrb signalling, a variety of other receptor-ligand 

pairs were highlighted as being upregulated after injury in in their respective 

populations of interest. Besides from those dismissed due to biological properties 

(e.g proteins present exclusively intracellularly), some were dismissed due to their 

scarcity: whilst their expression was significantly upregulated, the number of cells 

expressing the transcript was small. This is true for cd44a, as several of its ligands 

are upregulated and highly expressed by immune cells after injury, but cd44a’s 

transcript was found expressed in only 11 cells. However, it must be considered that 

the only timepoint examined was 24 hpi. It is possible that expression of cd44a is 

induced immediately after injury and hence mRNA production has decreased by 24 

hpi, although the protein itself may be present in large numbers and involved in cell-

cell signalling over this time period. Furthermore, single cell sequencing technology 

is not especially sensitive for lowly expressed transcripts and therefore it is possible 

that further cells express cd44a.  Although resolving this question for cd44a would 

be fairly straightforward, for example by quantitative PCR from 0 hpi onwards, or 

through protein measurement such as western blot, this would not remove the 

possibility of other signalling receptors being excluded due to the 24 hpi timepoint. 

Designing and performing a single sequencing experiment looking at ERG cells 

covering an array of timepoints between 0-48 hours post injury is likely to reveal 

further signalling pathways involved in neurogenesis which are not identified in this 

chapter.  

It is interesting that our dataset only highlighted a relatively small number of 

signalling pairs of interest, even when other immune cells were considered 

(microglia and neutrophils). It is possible that this reflects the true biology of the 

system: that few immune signals are detected by the ERG cells following injury. 
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However, another possibility is that signalling pairs were excluded by the criteria 

applied when compiling the lists of candidates for immune – ERG signalling. Genes 

were included based on their upregulation, rather than their expression. One 

disadvantage of this is discussed above: the inclusion of lowly expressed transcripts 

such as cd44a, which may not be expressed in enough cells to be of consequence. 

Additionally, this criterion excludes transcripts which may be highly expressed but 

not significantly upregulated after injury. This is particularly relevant for receptors, 

which may be stably present in high numbers without need for constant gene 

transcription as would be necessary for secreted molecules from immune cells. 

Hence, if one wishes to extract further possible signalling candidates it may be 

worthwhile to compile lists in which the ligand is upregulated after injury, where the 

corresponding receptor is highly expressed (by more than 50% of cells, for example) 

in ERG cells. This would detect further ligand-receptor pairs with potential signalling 

roles. 

5.3.3 Tnf-Tnfrsf1a signalling 

Tnf signalling is known to enact a plethora of responses, particularly related to 

inflammation. For example, inhibiting tnfa expression using tnfa gRNA increases 

neutrophil numbers at 24 hpi, and il1b mRNA is also increased more in tnfa gRNA 

injected fish at 2 dpi than control fish (Tsarouchas et al, 2018). Hence, it is difficult to 

be certain whether Tnf enacts its effects directly by signalling from macrophages to 

ERG cells, or via another more indirect mechanism. The decreased neurogenesis 

displayed after Tnfr1 knockdown implies at least some direct signalling is involved, 

however since the tnfrsf1a knockdown is not cell-specific the possibility of indirect 

signalling cannot be excluded. Some experiments performed by other group 

members and published in the same paper address this issue (Cavone et al, 2021). 

Purified ex vivo ERG cells respond to Tnf with upregulation of hdac1 and mnx1 

mRNA, which are both critical for neurogenesis. Additionally, manipulations of the 

immune system and Tnf levels in vivo also correlate with hdac1 expression in ERGs. 

Together, these experiments suggest that some of the effects of Tnf on 

neurogenesis are mediated by direct signalling. Additionally, since more than 90% of 

the Tnf+ cells at the lesion site are also Mfap4+ (Tsarouchas et al, 2018), it can be 

assumed that the source for the majority of the Tnf detected by ERG cells is 

released from blood derived macrophages. 
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In order for neurogenesis to occur, large scale gene expression changes must be 

induced in ERG cells. This is likely to occur by induction of transcription factor 

signalling by Tnf induced pathways. In this chapter we propose AP-1 is the likely 

transcription factor responsible for the induction of a neurogenic programme based 

on the upregulation of AP-1 components junbb and fosl2 (Figure 5.6). Further 

experiments to support the role of AP-1 expression in Tnf induced neurogenesis 

was performed by my colleagues and reported in (Cavone et al, 2021). The 

application of AP-1 inhibitor SR 11302 completely abolished Tnf mediated 

upegulation of hdac1 (used as a readout for neurogenesis) in ex vivo ERG cells.  

Despite this, it is possible that other genes are also involved in the activation of AP-

1. In this dataset, six receptors were identified to be widely expressed in the ERG 

cluster (Table 5.4). One of these receptors, Il6st, is also significantly upregulated in 

lesioned ERGs after injury.  Members of the il6 signalling pathway have also been 

reported to activate AP-1 signalling, although so far this has only been reported in 

liver cells (Leu et al, 2001). Interestingly, no specific link to AP-1 has so far been 

reported specifically for LIF-LIFRB signalling, which would be notable as LIF and 

LIFRB are strong candidates for additional immune to ERG signalling. However, il6 

ligand and secreted il6 receptor are both expressed in lesioned mpeg datasets (data 

not shown), and although they are not significantly upregulated in response to injury, 

could nevertheless be involved in injury-induced neurogenesis. Interestingly, genes 

related to Il6 signalling were also upregulated in mice ependymal cells at 3 dpi 

(Figure 4.23), which may suggest a conserved response to Il6 between zebrafish 

and mice.  
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Chapter 6: General Discussion 

The overall aim of this thesis was to identify signals from the innate immune system 

which promote neurogenesis from ERG cells after spinal cord lesion in larval 

zebrafish. To do this, the transcriptomes of mpeg1+ cells and her4.3+ cells from 

naïve and lesioned larvae were analysed in chapters 3 and 4 respectively. In 

chapter 5, ligand-receptor pairs were identified as potential signalling pathways 

between the mpeg1+ cells and the her4.3+ cells from lesioned larvae. One of the 

candidates, tnfa-tnfrsf1a, was investigated experimentally, and the CRISPR/Cas9 

mediated knockdown of tnfrsf1a resulted in decreased neurogenesis after spinal 

cord injury. These results supported the hypothesis that macrophages signal to ERG 

cells to promote neurogenesis after spinal cord injury. 

6.1 Quality control 

Quality control of sequencing data, and particularly single cell sequencing data, is 

highly context dependent. The quality control metrics applied to the mpeg1 dataset 

may be considered overly permissive. In particular, the criteria of <20% of the genes 

being derived from mitochondria in the mpeg1 dataset is higher than standard 

recommendations of <5%.  

The reason for choosing a higher threshold of mitochondrial fraction in the mpeg1 

cells is due to the biology of our cells of interest. Cells with high energy demands 

have elevated mitochondrial gene expression (AlJanahi et al, 2018). Immune cells 

generally have high energy requirements, and many of the functions of immune cells 

specifically involve mitochondrial processes, including phagocytosis (Park et al, 

2011), efferocytosis (Wang et al, 2017b) and reactive oxygen species (ROS) 

production (Hall et al, 2013). While no studies have looked at the proportion of 

mitochondrial fraction in zebrafish, a systematic analysis recently found that human 

macrophages have an average of more than 10% of their transcripts derived from 

mitochondria (Osorio & Cai, 2020). This, combined with the distribution of our cells 

in Figure 3.3c, informed the decision to apply a permissive quality control boundary 

of 20%.  

It is advised to reconsider quality control metrics after further processing of the data 

(Luecken & Theis, 2019). When looking at the mitochondrial fraction across all 

clusters of the mpeg1 dataset (Figure 3.4c) it is reassuring that none of the clusters 

comprise cells with high mitochondrial fraction. This is one piece of evidence 
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suggesting that none of our clusters contain primarily dead or dying cells which 

could bias downstream analysis. 

The mitochondrial cutoffs for the her4.3 dataset applied here are less permissive. 

Here, the standard recommendations of <5% of transcripts being of mitochondrial 

origin was applied. The distribution of the mitochondrial proportion of each cell 

before quality control (Figure 4.2c) shows the majority of cells have a low proportion 

of mitochondrial reads. Additionally, after the 5% cutoff was applied, the distribution 

of cells and their mitochondrial fraction (Figure 4.3e) does not suggest a higher 

cutoff would be necessary. In accordance with guidelines, the basic analyses was 

re-performed using more permissive quality control but no major differences to 

clustering or downstream analyses were observed (data not shown). It is notable 

that published comparable single cell datasets use varied mitochondrial cutoffs, from 

around 5% (Klatt Shaw et al, 2021) (Cosacak et al, 2019) up to 20% (Lange et al, 

2020). This highlights the need to decide quality control metrics on a case-by-case 

basis while maintaining transparency about the decision. 

6.2 Developmental stage of experimental model 

A major factor to consider regarding the findings in this thesis is the developmental 

stage at which the experiments were performed at. Since these experiments were 

performed at 3 dpf, there are some unique considerations regarding the physiology 

of the zebrafish at this point. One of these is the state of the immune system in 

zebrafish larvae, which is comprised of a functioning innate immune system but no 

adaptive immune system at 3 – 5 dpf. 

The main advantage of larval zebrafish in this project is the presence of the innate 

immune system in isolation from an adaptive immune system. However the use of 

larval zebrafish does raise some unique difficulties. While the innate immune system 

is thought to be fully developed in zebrafish from 2 dpf, whether all cells can perform 

the full range of their potential functions so early is unclear. Additionally, due to the 

relative newness of zebrafish and zebrafish larvae as model organisms, the innate 

immune system has not yet been fully characterised. For example, the presence of 

natural killer cells in zebrafish is unclear. This dataset, which is openly accessible, 

will contribute to further understanding of populations and molecular signatures of 

immune cells in both the healthy and regenerating larvae. Indeed, it would be 

interesting to compare and contrast the cell types recognised in this dataset to the 
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capture immune cells in 5-6 dpf larvae captured by Rougeot et al. (Rougeot et al, 

2019). 

It is also important to consider the levels of constitutive neurogenesis occurring in 

larvae of 3 – 5 dpf. The larval zebrafish model is gaining popularity in terms of its 

use in investigating injury induced neurogenesis, as it is widely considered to have 

reached most fundamental milestones of spinal cord development by 3 dpf (Alper & 

Dorsky, 2022), although functional locomotor circuits are not established until 4 dpf 

(Buss & Drapeau, 2001). Indeed, the constitutive generation of neurons has been 

measured in zebrafish larvae at 3 dpf and was found to be at low levels both in dbx1 

expressing progenitors (Briona & Dorsky, 2014) and motor neuron progenitors 

(Ohnmacht et al, 2016). However, in this project, the number of proliferative motor 

neurons in unlesioned larvae (5 dpf) was substantial (Figure 5.11). This may 

suggest that developmental neurogenesis is still occurring at this timepoint and 

hence the single sequencing experiments described in this thesis may capture a 

mixture of injury-induced and developmental neurogenesis. This finding, if replicated 

elsewhere, would have implications for the use of 3 – 5 dpf larvae in studies 

investigating neurogenesis after SCI. In some cases this can be addressed by 

utilising controls to separate developmental and regenerative neurogenesis (as in 

this project). However, this is perhaps an unnecessary complication of using the 

larval model and it must be considered whether the benefits of the larval model (in 

particular the short experimental timeline) outweigh the disadvantage of the 

potentially parallel modes of developmental and regenerative neurogenesis in these 

juvenile fish. 

6.3 Timepoint post injury 

It is also relevant to consider the post injury timepoint sequenced. In this dataset, 

cells were isolated and sequenced 24 hours after injury. Based on previous work 

(Tsarouchas et al, 2018), we know that this is past the peak of neutrophil 

recruitment (2 hpi) and before the peak of microglia and macrophage recruitment 

(48 hpi) to the lesion site. Since large numbers of new neurons are detected by 48 

hpi and larvae achieve functional recovery by this timepoint (Ohnmacht et al, 2016), 

it is assumed that much of the underlying cellular and molecular changes allowing 

this have occurred by this timepoint. Hence, 24 hpi was chosen as a timepoint 

where innate immune cells are present in high numbers (and likely actively 
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contributing to regeneration), and ERG cells are undergoing the changes necessary 

for neurogenesis. 

However, this highlights an important limitation of this study, in that only a snapshot 

of the regeneration process is captured. Ideally, samples would be taken at a variety 

of timepoints, ranging from immediately following injury, to 48 hpi. This would allow 

further resolution of the pro and anti-inflammatory stages of immune response, as 

well as a more complete understanding of the changes undergone by ERG cells as 

they respond to the injury. Of particular interest would be the initial 6 hours following 

injury. Here, the macrophages undergo a rapid increase in numbers and likely gene 

expression changes, and ERG cells may begin their initial injury response.  

6.4 Differential expression testing 

One of the considerations of using single cell sequencing data to compare samples 

from different conditions is the choice of differential expression tests. Testing for 

differentially expressed genes, even in conventional bulk RNA-sequencing datasets, 

is a well- documented problem (Luecken & Theis, 2019; Scholtens & von 

Heydebreck, 2005). Single cell sequencing expression datasets have further 

technical challenges, such as dropout and high cell-to-cell variability (Hicks et al, 

2018; Vallejos et al, 2017). A plethora of different tools are available to measure 

differential gene expression which all have different trade-offs between sensitivity, 

precision and computing power.  

For all the comparisons in this project, the Wilcoxon Rank Sum test was used. This 

test is well regarded for giving robust results without requiring long processing times 

(Soneson & Robinson, 2018). Perhaps for these reasons, it is the most widely used 

differential expression test for single cell sequencing data (Squair et al, 2021). 

Despite this, it does have some flaws. In particular, one study has found it has a 

high false discovery rate – it incorrectly detects some genes as significantly 

differentially regulated (Squair et al, 2021). Hence, while the lists of differentially 

regulated genes are a good starting point for uncovering pathways involved in our 

dataset, it is important to consider that individual genes may be reported falsely as 

being up or downregulated between condition. By focusing instead on pathways 

where multiple genes are reported as differentially regulated, this risk is minimised. 

Additionally, differential expression testing is ideally used a starting point  to identify 

genes which may be biologically important and worth validating by experimental 
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manipulation in vivo. In chapter 5, some of the genes identified as differentially 

regulated are investigated experimentally. 

6.5 Innate immune cells 

In chapter 3, the mpeg1+ cells isolated from naïve and lesioned zebrafish were 

characterised by single cell RNA sequencing. Whilst there is growing appreciation 

for the role of immune cells in regeneration, to my knowledge this was the first study 

to capture the transcriptome of immune cells in injured and uninjured zebrafish 

larvae to characterise their injury response. 

Zebrafish larvae are becoming established as a useful system for investigating the 

innate immune system, due to work characterising the contributing cell populations 

(Mazzolini et al, 2020; Rougeot et al, 2019). The temporal separation of the innate 

and adaptive immune system in larval zebrafish means they are a powerful model 

for understanding innate immune responses in isolation from the more complex 

adaptive immune system. However, there is still much to be understood about the 

innate zebrafish immune system. The presence of eosinophils, dendritic cells and 

natural killer cells has been reported in adult zebrafish, but their developmental 

timeline in zebrafish is unknown, and their existence has not yet been reported in 

larval zebrafish. In chapter 3, a putative dendritic cell population is identified, based 

on the expression of mhc2dab, cd74a/b and lamp3. Further confirmation in vivo by 

morphological experiments may clarify their presence and potential role in the larval 

zebrafish before the maturation of the adaptive immune system. Interestingly, no 

eosinophil, natural killer cells or mast cells were identified within this dataset. Natural 

killer cells are derived from lymphocyte progenitors, hence even if these are present 

in larval zebrafish it would not be expected to capture these in the mpeg1:GFP 

dataset. Since our dataset extracted only GFP positive cells from mpeg1:GFP 

transgenic fish, it is still possible that eosinophils and natural killer cells are present 

in larval zebrafish, but if so, this dataset suggests that they are not derived from 

mpeg1+ progenitors. Similarly, mast cells have previously been reported to be 

present in larval zebrafish, but were not detected in this dataset, perhaps due to lack 

of mpeg1 expression. This is unsurprising considering that mpeg1 is considered to 

be specific to the macrophage lineage.  

Intriguingly, neutrophils were captured in our dataset. The accepted dogma is that 

neutrophils do not express mpeg1. Indeed, in our dataset, there is no substantial 

expression of mpeg1 in the neutrophil cluster. However, their presence in the 
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dataset indicates that they are GFP positive, and therefore it could be assumed that 

they recently expressed mpeg1, e.g they are derived from mpeg1 expressing cells. 

Another possibility is that they are a contaminant cell population which bypassed 

FAC sorting and are therefore included in the dataset despite a lack of mpeg1 

expression. This would be consistent with the trajectory inference (Figure 3.18) in 

which no differentiation pathway existed between the captured HSCs and 

neutrophils. However, since a large population of neutrophils were captured, and 

because the presence of mpeg1+ neutrophils has previously been noted in 

zebrafish during cardiac and tail fin regeneration (Kaveh et al, 2020), the possibility 

cannot be discounted that these neutrophils are indeed derived from an mpeg1+ 

population. If this is the case, it would be interesting to investigate whether the 

entirety of the neutrophils in the lesion site are derived from mpeg1+ cells, or just a 

subset (as is found in (Kaveh et al, 2020)). This, combined with the capture of 

dendritic cells from mpeg1:GFP cells may suggest that the mpeg1 transgene is 

expressed in progenitors to these cells, e.g common myeloid progenitors. To clarify 

this, lineage trajectory tools such as GESTALT or CellTag could be used to faithfully 

reconstruct the trajectories of these cell types (Biddy et al, 2018; Raj et al, 2018). 

 

Figure 6.1: Ontogeny of the major cells in the immune system. Dendritic cells are 

displayed connected by a dashed line in lieu of the intermediary cell types. Figure adapted 

from original image by M. Häggström & A. Rad  
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The response of macrophages and microglia to injury were broadly similar. 

However, it was still possible to identify some differences. Macrophages showed 

increased expression of activation and secreted molecules. Microglia, on the other 

hand, upregulated genes relating to structural proteins including both cytoskeletal 

proteins and ECM proteins, as well as integrin signalling. This is congruent with our 

recent unpublished work in the lab which showed that microglia physically interact 

with astrocyte-like glial cells in the zebrafish larval brain to encourage wound 

healing, which is dependent upon microglia cytoskeletal dynamics (El-Daher et al, in 

preparation). Indeed, integrin signalling is reported to be specifically important for 

microglia dynamics (but not macrophage dynamics) after laser injury in larval brains, 

due to their roles in elongation of microglial processes towards the injury site and 

formation of phagosomes (Meller et al, 2017). Previous work in our group has 

shown that larvae which lack microglia have comparable axon regrowth across the 

lesion site to wildtype larvae (Tsarouchas et al, 2018), but do have reduced 

neurogenesis (unpublished data; Anna Underhill, MSc thesis). Whether this effect of 

microglia on neurogenesis can be fully explained by changes in microglia dynamics 

and ECM changes is unclear. Alternative ways in which microglia could induce 

neurogenesis include cytokine signalling (as reported by (Kanagaraj et al, 2022) in 

the zebrafish telencephalon) and/or phagocytosis of inhibitory debris. 

6.6 Ependymo-radial glial cells 

In chapter 4, the transcriptome of ERG cells from the naïve and lesioned spinal cord 

were characterised. Cell populations corresponding to ERG cells, oligodendrocytes, 

motor neurons and interneurons were identified based on enrichment of specific 

genes.  

One particularly intriguing finding from this dataset was the existence of putative 

neurosecretory cells, which exist in much larger numbers in the lesioned dataset 

than the unlesioned dataset. They were assigned neurosecretory cells identity due 

to their expression of some unspecialised neuronal markers, along with strong 

enrichment of some secreted molecules. Indeed, neurosecretory cells have been 

previously noted in the spinal cord of adult zebrafish (Parmentier et al, 2006). More 

work is required to confirm whether the cell population recognised after injury in 

larval zebrafish is the same population assigned as neurosecretory cells in adult 

uninjured zebrafish, although due to the lack of urotensin II expression and 

substantial absence of this cell type in our uninjured larval zebrafish it is likely these 
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are two separate cell types. Interestingly, a leptin expressing population of neuronal 

cells has been identified by three separate groups after tail amputation in Xenopus 

(Aztekin et al, 2019; Kakebeen et al, 2020; Pelzer et al, 2021). In all cases, this 

leptin expressing population is virtually absent in the uninjured Xenopus tail and 

immediately after injury but is abundant at 24 hours post amputation and later. It is 

significant that this leptin expressing neuronal population is present even in 

regeneration-incompetent Xenopus, therefore its presence in Xenopus after tail 

amputation is not sufficient for regeneration. More research to understand this cell 

population in the regenerating zebrafish is currently being undertaken by other 

members of the Becker group. 

6.7 Immune cell to ERG signalling 

Whilst it had been previously established that immune system activation promoted 

neurogenesis, it was not clear whether this was due to direct immune cell signalling 

to the ERG cells, or through activation of known developmental signalling pathways. 

In chapter five, receptor-ligand pairs were identified in which the ligand was 

upregulated in the immune cells after lesion and the receptor was upregulated in the 

ERG cells after lesion. It was hypothesised that these were signalling pathways by 

which immune cells could stimulate neurogenesis after spinal cord injury. One pair 

identified, tnfa-tnfrsf1a, was tested experimentally, and the knockdown of tnfrsf1a 

using CRISPR/Cas9 suggests that this pathway is involved in injury-induced 

neurogenesis. Indeed, other experiments by colleagues targeting other stages of the 

tnfa-tnfrsf1a pathway showed direct signalling between Tnf-producing macrophages 

and ERG cells to stimulate neurogenesis.  

Other possible signalling candidates were also identified in this chapter. In 

particular, m17 was upregulated in macrophages, microglia and neutrophils after 

injury and its corresponding receptors, lifrb and il6st, are both upregulated in the 

ERG cells after injury. CRISPR/Cas9 mediated knockdown of m17 in adult zebrafish 

has already shown defects in functional recovery after SCI in these fish (Klatt Shaw 

& Mokalled, 2021). It would be interesting to further investigate the role of m17 

specifically in neurogenesis by measuring the number of newly generated neurons 

in these m17 mutant zebrafish after SCI. Furthermore, direct application of m17 on 

ex vivo ERG cells as performed with Tnf (Cavone et al, 2021) would help to 

determine if m17 promotes neurogenesis by direct signalling to ERG cells or through 

an indirect mechanism. 
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6.8 Tnf signalling in regenerative and non-regenerative species 

In this thesis and accompanying publication, Tnf from macrophages was found to 

signal to ERG cells to directly stimulate neurogenesis in zebrafish larvae. However 

Tnf appears to have contrasting roles in regenerating and non-regenerating species. 

The distinct roles that Tnf plays in non-regenerating and regenerating species after 

SCI can be highlighted by comparing the inhibition of Tnf in these species. As 

shown in the Becker lab and discussed elsewhere in this thesis, Tnf inhibition in 

zebrafish reduces spinal cord bridging and neurogenesis after SCI (Cavone et al, 

2021; Tsarouchas et al, 2018). Furthermore, knocking down Tnf using morpholino  

strategies reduces fin regeneration in zebrafish larvae (Nguyen-Chi et al, 2017) and 

muller glial proliferation after retinal injury (Conner et al, 2014; Nelson et al, 2013).  

In contrast, pharmacological and genetic TNF inhibition in mice significantly reduced 

spinal cord inflammation and tissue injury, neutrophil infiltration and apoptosis after 

spinal cord compression injury in mice (Genovese et al, 2008)  Similarly, TNF 

receptor antagonist and TNF antiserum application immediately after SCI in rat is 

neuroprotective and reduces apoptosis in neurons and oligodendrocytes (Chen et 

al, 2011; Sharma et al, 2003).  

However, there is evidence for an additional degree of complexity for TNF signalling 

in mammals. Indeed, one study showed that TNF deficient mice had no reported 

differences after SCI in mice compared to wild type mice (Farooque et al, 2001). 

Additionally, application of recombinant TNF to adult sensory neurons and rabbit 

optic nerve in vitro demonstrated growth promoting properties during neurite 

outgrowth (Saleh et al, 2011; Schwartz et al, 1991).  

It is possible that the timing of TNF induction and resolution is key to its pro and anti-

regenerative effects. To support this, Tnf mRNA levels quickly return to near 

baseline levels in wildtype zebrafish larvae after SCI (Tsarouchas et al, 2018), 

where Lund et al recently found that TNF is significantly increased in both acute and 

delayed phases of SCI (Lund et al, 2022) and it is known that the general  

proinflammatory response is sustained for weeks after injury (Kigerl et al, 2009). 

It is possible that the temporal resolution of Tnf signalling is therefore responsible for 

the neurogenesis promoting role of Tnf after zebrafish SCI. Stimulation of the 

immune system by incubation with bacterial lipopolysaccharides in the 24 hours 

following SCI in zebrafish larvae leads to increased neurogenesis (Ohnmacht et al, 
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2016), however it would be interesting to investigate whether prolonged LPS 

stimulation also promotes regenerative neurogenesis in the larval zebrafish after 

SCI or instead leads to poor outcomes as in mammalian systems. 

6.9 AP-1 signalling 

In this thesis it is proposed that the Tnf induced neurogenesis in zebrafish larvae 

after SCI is mediated by the AP-1 complex, which comprises of dimers of JunB and 

c-Fos. In axlotl, the role of the AP-1 complex has also been investigated after SCI. 

Axlotl ependymoglial cells upregulate c-Fos after injury, and inhibition of this c-Fos 

upregulation leads to defects in spinal cord regeneration (Sabin et al, 2015). 

Recently, the mechanism by which non-canonical AP-1 (JunB/cFos) is favoured and 

promotes regeneration in axlotl was discovered to be via upregulation of microRNA 

miR-200a. This microRNA suppresses c-Jun in the ependymoglial cells and hence 

the non-canonical AP-1 is (JunB/cFos) present to a larger extent than canonical AP-

1 (c-Jun/c-Fos). It is hypothesised that this difference is responsible for the lack of 

reactive gliosis in axlotl after injury. Interestingly c-Jun and c-Fos proteins are 

reported to be upregulated after mammalian spinal cord injury, and dimerise in the 

canonical AP-1 complex (Gadea et al, 2008; Gao et al, 2013). In mammals, this 

complex contributes to the formation of the glial scar after SCI (Di Giovanni et al, 

2003). Interestingly however, JunB is consistently upregulated in mice ependymal 

cells (including up to 4 wpi) in the datasets analysed in this thesis. Whether the 

JunB protein is incorporated into the AP-1 complex or c-Jun is still preferentially 

relied upon is unclear. It is possible that the different reliance on either canonical or 

non-canonical AP-1 can explain some of the difference in neurogenesis and 

regenerative success between mammals and anamniotes 

6.10 Tnf signalling – future outlook 

Despite these experiments and those presented in (Cavone et al, 2021), there is still 

more to be understood about the pathway initiated in ERG cells by Tnf signalling, 

and how this results in regenerative neurogenesis. Experimental manipulations 

including expression of dominant negative hdac1 show that expression of hdac1 is 

essential for neurogenesis to occur. It is hypothesised that the AP-1 signal 

transducer complex may be responsible for the upregulation of hdac1 following Tnf 

signalling, as pharmacological inhibition of AP-1 in ex vivo ERG cells stimulated by 

Tnf inhibited the upregulation of hdac1. Whether this is a direct result of AP-1 

upregulating hdac1 or a more indirect mechanism involving other transcription 
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factors and signalling transducers is not clear. This could be further investigated by 

comparing the transcriptomes of ERG cells stimulated by Tnf in the presence and 

absence of AP-1 inhibitor SR 11302 (Ye et al, 2014). Additionally, exactly how 

hdac1 leads to neurogenesis in ERG cells has not been established. It is known that 

hdac1 is an epigenetic modifier, and thus can regulate the transcriptional 

accessibility of many genes simultaneously. Techniques such as assay for 

transposase-accessible chromatin using sequencing (ATAC-seq) combined with the 

established dominant negative hdac1 fish could be used to determine which gene 

regulatory networks are altered by hdac1 and consequently are associated with 

neurogenesis. Improving our fundamental understanding of lesion-induced 

neurogenesis after SCI in zebrafish provides potential areas of intervention in non-

regenerating species such as humans.  

6.11 Contribution of ERG cells and ependymal cells to the spinal cord 

after injury in zebrafish and mammals 

One perspective on the value of the findings is this thesis is that this communication 

between innate immune cells and ERG cells may be applicable to the mammalian 

system, either by manipulating signalling pathways already present or by exogenous 

application of agonist/antagonists of specific pathways. In order for the findings of 

this thesis to be directly applicable to the mammalian system, it is necessary for 

there to exist a cell type in the mammalian spinal cord that has the potential to mirror 

the neurogenesis undergone by ERG cells in the zebrafish spinal cord. 

In chapter 4 the expression changes after SCI undergone by zebrafish larval ERG 

cells are compared to the expression changes undergone by mammalian 

ependymal cells. Indeed, ependymal cells have much in common with ERG cells, 

and along with the transient radial glial cells in mammalian brain, are likely the 

closest equivalent cells across the two different species. Along with some shared 

morphological and molecular characteristics (Moreno-Manzano et al, 2009), one 

salient similarity is the shared potential of ependymal cells and ERG cells to 

generate both new neurons and glial cells (Becker et al, 2018; Weiss et al, 1996). 

Interestingly, some of the signals stimulating this transition and the subsequent 

subtypes of cells generated are shared between zebrafish and mammalian systems 

(Moreno-Manzano et al, 2009). 

While it is true that some ependymal cells have demonstrated in vitro neurogenic 

ability, in vivo these cells contribute very few of the newly formed astrocytes and no 
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cells of any other identity (Ren et al, 2017). It has been posited that only a small 

subpopulation of ependymal cells, termed EpA cells, display multipotentiality in vivo, 

and that these cells contribute less than 0.1% of the spinal cord residing cells in 

mice (Stenudd et al, 2022). This is in contrast with zebrafish where the contribution 

of ERG cells to the regenerating spinal cord is substantial (Briona et al, 2015; 

Ohnmacht et al, 2016). Already, genetic manipulations have allowed ependymal 

cells to contribute myelinating oligodendrocytes to the spinal cord after injury in mice 

(Llorens-Bobadilla et al, 2020). Whether signals derived from the immune system 

could also promote neurogenesis from mammalian ependymal cells via AP-1 or 

other transcription factors is a potential future area of study. 

6.12 Future directions 

These scRNA-seq experiments have allowed the characterisation of two major cell 

populations involved in regenerative neurogenesis, and the gene expression 

changes involved in these cell types after injury. Despite the large number of larvae 

involved in the preparation for this experiment, the number of cells retained after the 

single cell sequencing preparation and 10x processing was modest. For future 

experiments, it would be worthwhile to optimise the 10x pre-processing steps to 

allow for maximum retention of cells. This may involve utilising alternative buffers or 

shorter centrifuge times. By optimising these factors, it is likely a larger sample of 

cells would be captured, and this would allow for further insight into the cell 

populations. In particular, it would be interesting to capture transition states of cells 

as this would allow us to more confidently infer cell lineage trajectories. For 

example, understanding how ERG cells transition into the putative neurosecretory 

cluster would answer questions about this population’s origin and function. 

Furthermore, this may highlight essential transcription factors or pathways involved 

in this regeneration-specific trajectory and hence the presence of these cells could 

be experimentally manipulated.  

RNA-sequencing technology could be further utilised to answer outstanding 

questions about regenerative neurogenesis after SCI. It would be beneficial to 

capture a larger array of timepoints post injury, as this would further aid in the 

determination of the trajectories of specific populations. Particularly interesting 

would be to sequence ERG populations from larvae immediately after injury, to 

capture the immediate gene expression changes undergone in these populations. 

Capturing immune cells at earlier timepoints could help to understand the specific 
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roles of neutrophils in injured larvae, as neutrophils are the first responders at the 

injury site and their numbers peak at 6 hpi (Tsarouchas et al, 2018). Performing 

single-cell sequencing on mutant larvae would also provide insight into the roles of 

specific cell types in regenerating larvae. For example, performing single-cell 

sequencing on ERG cells in csf1ra/b larvae which lack microglia would help to clarify 

the role of microglia in regenerative neurogenesis.  

Other single cell sequencing technologies have recently become accessible for 

academic research and could be utilised to further our understanding of 

regenerative neurogenesis. Fixed RNA profiling could be utilised to help in large 

scale experiments where multiple timepoints are involved. Applying a fixative to the 

samples would allow the samples to be processed in tandem after completion of the 

final timepoint rather than individually after each timepoint. However, fixed RNA 

profiling has currently only been optimised for human and mouse samples, and it is 

likely that adjustments to the protocol would need to be applied to samples from 

zebrafish larvae. Another exciting development in RNA sequencing is the 

development of transposase-accessible chromatin sequencing assay (ATAC-seq). 

This assay identifies open chromatin regions and transcription factor binding sites, 

and hence can be used to identify transcriptionally active genes and important 

genetic pathways in the cell type of interest. ATAC-seq has previously been 

performed on regenerating zebrafish fins and found changes in chromatin 

accessibility in cells contributing to the blastema (Lee et al, 2020). Applying this 

technology to the regenerating zebrafish spinal cord will allow the epigenetic 

changes in ERG cells to be further elucidated. Similarly, spatial trancriptomics is an 

emerging technology which combines single cell sequencing with spatial 

information. Due to its recent increase in accessibility and profiling resolution, it is 

growing in popularity and could be a powerful tool for addressing questions 

regarding spinal cord regeneration. In a recent preprint, spatial transcriptomics was 

used to reveal a specific subtype of radial glial cells activated in early regenerative 

stages in the axolotl telencephalon (Wei et al, 2021). If applied to the zebrafish 

spinal cord, this technique could reveal insights into rare cell types such as the 

putative neurosecretory cells and also help to reveal possible physical interactions 

of interacting immune cells at the injury site. 
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6.13 Therapeutic relevance 

Using the successful regenerating zebrafish larvae to understand regenerative 

neurogenesis has a number of advantages. Their quick regeneration time allows us 

to efficiently study the mechanisms involved, and their lack of an adaptive immune 

system at this stage means the input of the innate immune system can be studied in 

isolation. Additionally, the availability of transgenic reporter lines allows visualisation 

and selection of cell types of interest for appropriate experiments. It must be 

considered, however, that many of these qualities of zebrafish larvae can also be 

detrimental when considering the therapeutic relevance of any findings in zebrafish 

to human medicine. Indeed, we know that SCI activates B and T cells in mammals 

and adult zebrafish, and that these cells contribute to the inflammatory response 

and downstream processes after SCI (Ankeny & Popovich, 2009; Hui et al, 2017). 

Furthermore, the differences in regenerative outcomes are so stark that it could be 

argued that any findings from zebrafish larvae are not applicable to the non-

regenerating mammalian system. For example, the neuronal progenitors in 

mammalian spinal cords do not generate neurons to replace those lost in injury 

without significant experimental manipulation. 

Despite the differences in complexity and regenerative outcomes between zebrafish 

and mammalian systems, zebrafish are a valuable model for uncovering therapeutic 

interventions and disease insights which are relevant to humans (reviewed in 

(Patton & Tobin, 2019)). In terms of regenerative neurogenesis, whilst it is true that 

new neurons are not generated in the mammalian spinal cord after injury, the 

endogenous progenitors in mammals do have stem cell potential (Shihabuddin et al, 

2000), and proliferate in response to injury (Meletis et al, 2008). Furthermore, in 

mice, these can be programmed to increase production of oligodendrocytes in vivo 

(Llorens-Bobadilla et al, 2020). Understanding the signals and cell populations 

which prompt neurogenesis in zebrafish could help to uncover therapeutic 

interventions to promote neurogenesis in more complicated systems. 
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List of Abbreviations 

AP-1 Activator Protein 1 

bp base pair 

BMP Bone morphogenetic protein 

cDNA Complementary DNA 

CNS Central nervous system 

CRISPR Clustered regularly interspaced short palindromic repeats 

DNA Deoxyribonucleic acid 

dpf Days post fertilisation 

dpi Days post injury 

ECM Extracellular matrix 

EdU 5-Ethylnyl-2’-deoxyuridine  

ER Endoplasmic reticulum 

FACS Fluorescence-activated cell sorting 

FADD Fas receptor-associated death domain 

FBS Fetal bovine serum 

FGF Fibroblast growth factor 

GEM Gel Bead-in-Emulsion 

GFAP Glial fibrillary acidic protein 

GFP Green fluorescence protein 

GO Gene ontology 

gRNA guide RNA 

hdac1 Histone deacetylase 1 

Hh Hedgehog 

hpf hours post fertilisation 

hpi hours post injury 

HSCs Hematopoietic stem cells 

IKK IkB kinase 

Il1b Interleukin 1β protein 

Il-2 Interleukin 2 protein 

JNK Jun N2-terminal kinase 

KEGG Kyoto Encyclopedia of Genes and Genomes 

MEKK1 MAP/ERK kinase kinase 1 

MKK7 MAPK kinase 7 
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mRNA Messenger ribonucleic acid 

NETs Neutrophil extracellular traps 

OPC Oligodendrocyte progenitor cells 

PCR Polymerase chain reaction 

PNS Peripheral nervous system 

RA Retinoic acid 

rcf relative centrifugal force 

RIP Receptor-interacting kinase 

RNA Ribonucleic acid 

ROS Reactive oxygen species 

SCI Spinal cord injury 

SMA Spinal muscular atrophy 

STAT3 signal transducer and activator of transcription 3 

TBI Traumatic brain injury 

Tnf Tumour necrosis factor protein 

Tnfr1 Tnf Receptor 1 

Tnfr2 Tnf Receptor 2 

TRADD Tnfr1-associated via death domain 

TRAF2 TNF receptor-associated factor 2 

tSNE t-distributed stochastic neighbour embedding  

UMAP Uniform manifold approximation and projection 

UMI Unique molecular identifier 

wpf Weeks post fertilisation 

wpi Weeks post injury 
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effects could be indirect by inducing the re-expression of devel-

opmental signals from the environment. Indeed, developmental

signals, such as Wnt, Fgf, Shh, and dopamine are re-expressed

after spinal injury in zebrafish and promote regenerative neuro-

genesis from ependymo-radial glia (ERG) progenitor cells

(Briona et al., 2015; Goldshmit et al., 2018; Reimer et al., 2009,

2013). Macrophages initially drive inflammation and may have

a more reparative phenotype later on, but the identity of pro-

regenerative macrophages after spinal injury is unknown. Sub-

types ofmacrophageswith different, so-calledM1 andM2 polar-

ization states may be present that produce different signals

(Wentzel et al., 2020). Here, we test the hypothesis that specific

pro-regenerative macrophages signal directly to progenitor

cells, leading to re-initiation of neurogenesis by non-develop-

mental pathways.

The cytokine tumor necrosis factor (Tnf; also known as Tnf-a)

is a candidate for a regeneration-specific signal that could

directly regulate gene activity in spinal ERGs, as tnfa, the major

ortholog of the TNF gene in zebrafish, is mainly expressed by

macrophages in the spinal injury site in larval zebrafish (Tsarou-

chas et al., 2018). We have previously shown that Tnf signaling in

zebrafish promotes regrowth of axons from pre-existing injured

neurons, but a potential role in regenerative neurogenesis from

spinal ERG progenitors is unknown (Tsarouchas et al., 2018).

The role of TNF signaling may be highly context dependent, as

positive (Bernardino et al., 2008; Chen et al., 2017; Nelson

et al., 2013; Zhang et al., 2012) and negative (Johansson et al.,

2008; Lan et al., 2012; Wang et al., 2018) functions for neurogen-

esis have been reported. After spinal injury, Tnf signaling may

exacerbate overall outcome in mammals (Esposito and Cuzzoc-

rea, 2011; Ferguson et al., 2008; Kroner et al., 2014), but specific

actions on spinal progenitor cells are not known.

After spinal injury in larval and adult zebrafish, spinal ERG pro-

genitor cells switch from their late developmental role in gener-

ating oligodendrocytes to generating neurons, akin to their

earlier developmental state (Mokalled et al., 2016; Ohnmacht

et al., 2016; Reimer et al., 2008). For example, low levels of motor

neuron generation are increased by 400% close to a spinal injury

site (Ohnmacht et al., 2016). For such a switch, concerted

changes in the expression of several genes are needed, which

are likely to involve epigenetic changes, such as histone deace-

tylation (Goldman and Poss, 2020). Indeed, activity of histone

deacetylase 1 (Hdac1) regulates neural differentiation (Janssens

et al., 2017; Montgomery et al., 2009; Olivera-Martinez et al.,

2014; Tang et al., 2019; Yamaguchi et al., 2005) and is a decisive

factor in developmental motor neuron generation in zebrafish

(Cunliffe, 2004).

Here, we demonstrate that Tnf, derived from a pro-regenera-

tive subset of macrophages, acts directly on spinal ERG progen-

itor cells in zebrafish via AP-1 activity to increase expression of

hdac1, which in turn promotes neurogenesis after spinal cord

injury.

RESULTS

Single-cell expression profiling indicates Tnf pathway
activity in ventricular progenitor cells after injury
To analyze lesion-induced gene regulation in progenitor cells at

single-cell resolution, we performed single-cell RNA-seq
1618 Developmental Cell 56, 1617–1630, June 7, 2021
(scRNA-seq) on FACS-isolated her4.3:GFP ERG progenitors at

24 h after spinal injury (hours post-lesion; hpl) at 3 days post-

fertilization (dpf), compared with age-matched uninjured ani-

mals. At this post-injury time point, spinal progenitor cells

show increased lesion-induced proliferation (Ohnmacht et al.,

2016). Increased numbers of new neurons, of which the majority

are newmotor neurons, are observed at 48 hpl (Ohnmacht et al.,

2016). We pooled cells from 600 larvae per condition for injured

and uninjured samples, yielding 2,477 cell profiles for the unle-

sioned and 1,203 cell profiles for the lesioned samples after qual-

ity control (Figure S1A; STAR methods).

Unsupervised clustering revealed 16 distinct clusters mostly

including subpopulations of neural cells, such as ERG progenitor

cells, identified by specific marker genes (Figure 1A; Table S1;

Data S1). Cell clusters were similar for unlesioned and lesioned

samples, with a visible over-representation of neuroblasts after

injury (Figure 1B). ERG progenitors, including proliferating ERG

progenitors, were identified by high levels of endogenous

her4.3 expression, which overlaps with expression of sox2 and

foxj1a, markers for spinal ventricular progenitor cells across ver-

tebrates (Becker et al., 2018). Only these populations of cells

contained proliferating cells, indicated by high levels of mki67

and ccnd1 (Lange et al., 2020) expression. This underscores

their likely progenitor cell identity (Figure 1C). Undifferentiated

and differentiated neurons and oligodendrocytes that did not de-

tectably express her4.3 were also included in the FACS-isolated

her4.3:GFP population of cells. That is likely caused by the rela-

tive stability of theGFP protein, which remained in the progeny of

GFP-expressing her4.3+ ERG progenitor cells, effectively acting

as a short-term cell lineage tracer (Lange et al., 2020). This al-

lowed us to compare representation of cell types in our samples.

We found a 480% relative increase in neuroblast (69 neuroblasts

relative to 328 progenitor cells in the uninjured profile and 281

neuroblasts relative to 148 progenitor cells in the lesioned sam-

ple) and a 23% reduction in oligodendrocyte production (348 ol-

igodendrocytes relative to 328 progenitor cells in the uninjured

profile and 122 oligodendrocytes relative to 148 progenitor cells

in the lesioned profile) after injury (Table S2). Similarly, global

comparisons indicated increases in expression of neuroblast-

related genes, such as gap43 (6.9-fold, p < 0.001), sox11b

(2.1-fold, p < 0.001), and atf3 (4.4-fold, p < 0.001), and downre-

gulation of oligodendrocyte-related genes, such as plp1b (3.2-

fold, p < 0.001), mbpa (3.0-fold, p < 0.001), and mag (1.9-fold,

p = 0.02; Table S3). This confirmed a switch from oligodendro-

genesis to neurogenesis after injury, as previously reported

(Ohnmacht et al., 2016).

In progenitor cells (ERG progenitors plus proliferating ERG

progenitors in Figure 1A), genes related to Tnf signaling were

strongly upregulated after injury. This comprised fosl2 (Jahangiri

et al., 2016) (2.8-fold, p < 0.001, rank 8) and junbb (Mechta-Gri-

goriou et al., 2001) (2.2-fold, p value < 0.001, rank 17), compo-

nents of the AP-1 transcriptional regulator complex that is acti-

vated by Tnf (Kyriakis, 1999). nfkb1, another major signal

transducer of Tnf, was not detectably expressed (Hayden and

Ghosh, 2014). Expression of tnfaip2b, a Tnf-regulated gene

(Wolf et al., 1994), was increased after injury (1.8-fold, p <

0.001, rank 37; Table S4). The principal Tnf receptor, tnfrsf1a,

was also upregulated 1.4-fold (p < 0.001; Data S2). The propor-

tion of tnfrsf1a-expressing progenitor cells increased from 18%



Figure 1. scRNA seq indicates importance of TNF signaling in progenitor cells
(A) Unsupervised clustering of her4.3:GFP+ cells identifies progenitor and other neural clusters.

(B) Cells from lesioned and unlesioned samples contribute to cell clusters with a disproportionally high contribution of the lesioned sample to ‘‘neuroblasts.’’

(C) Marker gene distribution identifies proliferating ERG progenitor cell clusters.

(D) TNF receptor (tnfrsf1a), downstream gene (tnfaip2b), and components of AP 1 signal transducing complex (fosl2, junbb) are enriched in ERG progenitor cells

(tSNE plots), and expression is increased after injury (violin plots). For clarity, only cells with expression of > 2 are indicated in the feature plot of junbb. Color codes

indicate expression levels from low (gray) to high (red) (see also Figure S1; Table S1).
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(59/328 progenitor cells) in the unlesioned sample to 45%

(66/148) after injury. Transcripts for the tnfa/b ligands were not

noticeably expressed in our profiles, suggesting absence of

auto- or paracrine signaling from progenitors or their progeny.

Notably, all of the above transcripts were enriched in progenitor

cells, compared with most other cell clusters (Figure 1D). Other

receptors that could activate the AP-1 complex were also en-

riched in progenitor cells (egfra, il4r.1, met, tgfbr1a; Figure S1B).

Of these,met showed amoderate upregulation after injury (1.18-

fold, p < 0.0001; Table S5). Overall, this profile suggests tnfrsf1a-
mediated sensitivity to exogenous Tnf and activation of the Tnf

downstream signaling complex AP-1 in spinal progenitor cells

after injury.

tnfa-expressing macrophages have a unique
activation state
Reactivemacrophages in the injury site are the principal source of

Tnf (Tsarouchas et al., 2018). To characterize the subtype of Tnf-

producing macrophage, we used scRNA-seq of FACS sorted

mpeg1:GFP+ cells from the injury site of lesioned larvae and
Developmental Cell 56, 1617–1630, June 7, 2021 1619
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from corresponding control tissue of age-matched unlesioned

controls at the same time point as for the spinal progenitor cells

(24 hpl). The transgene is widely used to label macrophages in ze-

brafish. However, mpeg1 (also known as perforin2) is also ex-

pressed in other immune and non-immune cells (Ferrero et al.,

2020; McCormack et al., 2015). We obtained 3,767 cells from

1,800 unlesioned and 4,579 cells from 1,800 lesioned animals af-

ter quality control (Figure S1C). Unsupervised clustering revealed

16 clusters, with tnfamainly expressed in a cluster of non-prolifer-

ating cells that expressed high levels of macrophage markers

mpeg1 and mfap4. Interestingly, an adjacent cluster shared

expression of mpeg1, mfap4, but showed much higher expres-

sion of microglia markers, such as apoeb and p2ry12 (Mazzolini

et al., 2020) and only low levels of tnfa expression, suggesting a

microglia identity (Figures 2A–2C; Table S6; Data S3). Tnfa was

slightly upregulated in themacrophagecluster (1.12-fold;p value=

0.01) after injury, underscoring potentially different roles of micro-

glia and blood-derived macrophages after spinal injury. After

injury, cells in the macrophage cluster exhibited a 1.7-fold in-

crease in expression of slc7a7, which is essential for macrophage

phagocytosis (Demy et al., 2020) (Figure 2C). Hence, tnfa was

mainly expressed in blood-derived macrophages that engaged

in phagocytosis, consistent with their role in debris removal (Tsar-

ouchas et al., 2018).

To determine lesion-induced subtypes of tnfa+ macrophages,

we performed unsupervised clustering of only these cells for un-

lesioned and lesioned samples and found two clusters for each

sample. Overlaying expression of the activation marker fth1a

(Torti and Torti, 2002) identified one of the two subpopulations

in each sample. This subpopulation was much larger after injury

(control: 19%, 40 of 215 cells; injured: 55%, 223 of 408 cells).

This is consistent with few macrophages in unlesioned animals

that may be activated by naturally occurring cell death and

many more macrophages that are activated by extensive cell

death after an injury (Tsarouchas et al., 2018) (Figure 2D). We

designated these fth1a+ subpopulations as ‘‘unlesioned acti-

vated’’ and ‘‘lesioned activated’’ tnfa+ macrophages, respec-

tively. Lesioned activated tnfa+ macrophages were most similar

to unlesioned activated tnfa+ macrophages in their expression

profile (Figure 2E) but showed strongly increased expression of

cathepsins ctsk, ctsla, and ctss2.1 among the 9 most differen-

tially expressed genes, compared with unlesioned activated

tnfa+ cells (Table S7). Cathepsin expression is indicative of

lesion-induced activation of macrophages (Patel et al., 2018).

This supports that we have isolated tnfa+ macrophages that

are activated by the injury.

To characterize the expression profile of lesioned activated

tnfa+ cells, we compared these with all cells in the macrophage

cluster from unlesioned larvae. This indicated a mixture of upre-

gulated M1 and M2 markers found after classical or alternative

activation of macrophages in carp (Wentzel et al., 2020) (Table
Figure 2. tnfa+ macrophages have a unique signature after injury

(A) Unsupervised clustering of mpeg1:GFP+ cells at 1 dpl shows multiple cluster

(B) Macrophages and microglia express mpeg1 and mfap4, but macrophages e

(C) tnfa is mainly expressed in macrophages. tnfa and slc7a7 are upregulated in

(D) Unsupervised clustering of tnfa+macrophages identifies two clusters in unlesio

macrophages.’’ For clarity, only cells with expression of > 1 are indicated in feat

(E) Heatmaps of differentially expressed genes between tnfa+macrophages. Top 1
S8). In addition, lesioned activated tnfa+ macrophages ex-

pressed high levels of M2 markers CD9b (Suzuki et al., 2009)

and IL1R2 (Peters et al., 2013) (Table S8). This characterizes a

specific subtype of lesion-activated macrophages as a source

cell of Tnf after injury.
ERGs are exposed to macrophage-derived Tnf after
injury
To determine whether following spinal injury progenitor cells

came into close proximity with lesion-site macrophages and

Tnf in vivo, we used triple-labeling of Tnf (antibody), macro-

phages (mpeg1:GFP transgene), and motor neuron progenitor

ERGs (olig2:DsRed transgene) in whole-mounted larvae at 20

hpl. Motor neurons are the most frequently generated cell type

in response to injury and a band of olig2-expressing ERGs in

the ventral spinal cord give rise to these after injury (Ohnmacht

et al., 2016).

We frequently foundmore than 20mpeg1:GFP+macrophages

per larva no more than 20 mm away from olig2:DsRed+ ERGs af-

ter injury but less than one in the corresponding area in uninjured

larvae (Figures S2A and S2B). Antibody labeling showed gradi-

ents of specific (Tsarouchas et al., 2018) granular Tnf protein la-

beling close to macrophages in the injury site that reached into

the olig2:DsRed+ cell layer (Figures 3A and S2A). This shows

that ERGs close to the injury site are exposed to Tnf.
Tnf levels correlate with magnitude of regenerative
neurogenesis
To determine the importance of Tnf for neuronal regeneration,

we altered its abundance by manipulating the immune response

in vivo. Dexamethasone, an artificial glucocorticoid with effective

immuno-suppressive features (Juszczak and Stankiewicz, 2018;

Ronchetti et al., 2018), and bacterial lipopolysaccharides (LPS),

which augment the immune response after injury (Novoa et al.,

2009), were used. Dexamethasone decreased and LPS

increased the numbers of macrophages in the injury site, indi-

cating effective treatment (Figures S2C and S2D). Similarly,

injury-induced upregulation of tnfa expression was reduced by

dexamethasone treatment to uninjured control levels, while

LPS treatment increased tnfa levels 4.78-fold (compared with

lesioned vehicle-treated), as determined by qRT-PCR of isolated

injury site tissue at 24 hpl (Figure 3B).

As readouts for regenerative neurogenesis, we determined

expression levels of hdac1, an epigenetic regulator of motor

neuron generation (Cunliffe, 2004), in FACS-isolated

her4.3:GFP+ ERG progenitor cells from the injured spinal cord.

We considered increased hdac1 expression to indicate

increased neurogenic activity of progenitor cells. In addition,

we determined numbers of proliferating olig2:GFP+/EdU+ motor

neuron progenitor ERGs and of mnx1:GFP+/EdU+ newly
s of cell identities.

xpress lower levels of apoeb and p2ry12 than microglia.

macrophages after injury.

ned and lesioned samples. Expression of fth1a identifies clusters of ‘‘activated

ure plot of fth1a.

0 genes shown for the indicated categories (see also Figure S1; Tables S1 S5).
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Figure 3. Tnf levels correlate with immune system induced regenerative neurogenesis

All photomicrographs are lateral views at 48 hpl (except A); asterisk indicates injury site; boxed areas are shown in higher magnification on the right. All qRT PCR

results are relative to unlesioned control, set to 1 and indicated by dashed red line; each dot represents one experiment.

(A) Macrophages (mpeg1:GFP+) and Tnf protein are concentrated in the spinal injury site and close to (within 20 mm)motor neuron progenitor cells (olig2:DsRed+).

A 4 dpf larva is shown at 22 hpl (top: merge of all channels; middle:mpeg1:GFP; bottom: Tnf). See Figure S2A for separate channels and S2B for quantification.

(B) qRT PCR shows LPS increases and dexamethasone decreases tnfa expression (Incubation:�6 to 24 hpl for dexamethasone and 0 to 24 hpl for LPS; analysis

at 24 hpl; Kruskal Wallis test p = 0.0007; Dunn’s post test: *p = 0.027; ***p = 0.0003; n.s.: p = 0.687.

(C) Dexamethasone decreases hdac1 mRNA expression after injury (incubation: �6 to 24 hpl; t test: ****p = 0.0001).

(D) Dexamethasone treatment reduces the number of proliferating motor neuron progenitor ERGs (olig2:GFP+/EdU+; incubation: dexamethasone: �6 to 48 hpl;

EdU 0 to 48 hpl; t test: *p = 0.040).

(E) LPS treatment increases hdac1 mRNA expression after injury (incubation: 0 to 24 hpl; t test: *p = 0.023).

(F and G) LPS treatment increases the number of proliferating motor neuron progenitor ERGs (olig2:GFP+/EdU+) (F; t test, ****p < 0.0001) and number of new

motor neurons (G; mnx1:GFP+/EdU+; t test, ****p < 0.0001); incubation: LPS: 0 to 48 hpl; EdU 0 to 48 hpl). Scale bars: 50 mm; 10 mm for insets. Data are rep

resented as mean ± SEM (see also Figure S2; Tables S6 S8).
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generated motor neurons after exposure to EdU for 48 hpl (Ohn-

macht et al., 2016).

After dexamethasone treatment, hdac1 expression was

reduced by 55% in purified her4.3:GFP+ cells (> 94%; Fig-

ure S2G), indicating that progenitor cells expressed lower

levels of hdac1 after the treatment (Figure 3C). In whole-

mount preparations, we found that the number of EdU incor-

porating olig2:GFP+ motor neuron progenitor ERGs was

reduced by 32% (Figure 3D), demonstrating that proliferation
1622 Developmental Cell 56, 1617–1630, June 7, 2021
of progenitor cells was reduced by the dexamethasone treat-

ment. Numbers of motor neurons were similarly reduced in

this experimental paradigm (Ohnmacht et al., 2016), showing

that reduced proliferation of progenitor cells led to decreased

neurogenesis. Dexamethasone treatment also reduced devel-

opmental neurogenesis in unlesioned larvae (Figure S2E). This

confirms that dexamethasone also directly influences neuro-

genesis in addition to dampening the immune response

(Nelson et al., 2019).



Figure 4. Tnf signaling promotes regenerative neurogenesis from progenitors

Lateral views at 48 hpl are shown in photomicrographs; asterisks indicate the injury site; arrows indicate double labeled cells; boxed areas are shown in higher

magnification on the right. All qRT PCR results are relative to unlesioned control, set to 1 and indicated by dashed red line; each dot represents one experiment.

(A) Pomalidomide incubation reduces hdac1 mRNA levels in qRT PCR of purified ERG progenitor cells (incubation: 0 to 24 hpl; Mann Whitney U test:

**p = 0.0095).

(B and C) Pomalidomide treatment reduces the number of newly formed motor neuron progenitor cells (olig2:GFP+/EdU+; t test, ***p = 0.0008; B) and motor

neurons (mnx1:GFP+/EdU+; t test, ****p < 0.0001; C) after spinal injury (incubation �2 to 48 hpl).

(D) Acute tnfa gRNA perturbation reduces the number of newly formed motor neurons (mnx1:GFP+/EdU+) after spinal injury (EdU incubation 0 to 48 hpl; t test,

**p = 0.0077).

(E) Homozygous mutants for tnfa show reduced lesion induced generation of neurons (HuC+/EdU+; EdU incubation: 0 to 48 hpl; t test, **p = 0.0026).

(F) Acute injection of tnfrsf1a gRNA attenuates lesion induced motor neuron (mnx1:GFP+/EdU+; ANOVA and Tukey’s post test, **p = 0.0085, *p = 0.026) gen

eration.

(G and H) Ex vivo incubation of ERG progenitors with recombinant zebrafish (zf) Tnf a and human TNF proteins for 4 h increasesmnx1mRNA expression levels,

normalized to controls (G; Kruskall Wallis test p = 0.0017; Dunn’s post test *p = 0.0244 for zf Tnf a, *p = 0.0160 for human Tnf). hdac1mRNA expression (F) is also

increased by both proteins comparedwith controls (one way ANOVA p = 0.0029; Tukey’s post test: *p = 0.0127; **p = 0.0085), but not in the presence of the AP 1

inhibitor S11302 (n.s. p = 0.9695). Scale bars, 50; 10 mm for insets. Data are represented as mean ± SEM. (see also Figure S3)
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Conversely, LPS treatment increased hdac1 expression (1.7-

fold; Figure 3E), as well as the numbers of newly formed motor

neuron progenitor cells (olig2:GFP+/EdU+; by 57.5%; Figure 3F)

and motor neurons (mnx1:GFP+/EdU+; by 104%; Figure 3G). In

unlesioned animals, the number of newly formed motor neuron

progenitor cells (olig2:GFP+/EdU+; Figure S2F) was not altered

by LPS treatment. Hence, systemic stimulation of the immune

system alone was insufficient to augment constitutive neurogen-

esis, similar to other CNS regions (Caldwell et al., 2019). Overall,

these findings show that regenerative neurogenesis in the spinal

cord is regulated by the immune response at the level of gene

expression and proliferation of ERG progenitor cells and posi-

tively correlates with levels of tnfa expression in the injury site.
Tnf and Tnfrsf1a are necessary for regenerative
neurogenesis
To directly test the relevance of Tnf signaling for regenerative

neurogenesis, we used three approaches in vivo, the drug poma-

lidomide that inhibits Tnf release (Muller et al., 1999), a highly

effective tnfa gRNA (Tsarouchas et al., 2018) that acutely mu-

tates the gene after injection into zygotes, and a stable tnfa

mutant line (Keatinge et al., 2021).

Pomalidomide reduced the levels of hdac1 mRNA expression

detected by qRT-PCR in FACS-purified her4.3:GFP+ progenitor

cells by 51.7% at 24 hpl (Figure 4A), indicating that Tnf

signaling promotes hdac1 expression in progenitor cells. The

number of newly generated motor neuron progenitor cells
Developmental Cell 56, 1617–1630, June 7, 2021 1623



Figure 5. Hdac1 function is necessary for regenerative neurogenesis downstream of immune system activity
Cross sections for (A and B) at 24 hpl; lateral views for (C, D, and F) at 48 hpl are shown; asterisks indicate the injury site; arrows indicate double labeled cells;

boxed areas are shown in higher magnification on the right. All incubations were from 0 to 48 hpl.

(A and B) The fluorescent in situ hybridization (ISH) signal for hdac1 is stronger in the spinal cord proximal to the injury site than distal to it (arrows in A). Proximal to

the injury site, the hdac1 ISH signal overlaps with GFP immunohistochemistry (IHC), detecting the her4.3:GFP transgene.

(C) TSA and mocetinostat reduce the number of newly generated motor neuron progenitor ERGs (olig2:GFP+/EdU+); example images and quantification are

shown (one way ANOVA; p < 0.0001; Tukey’s post test: ***p = 0.0005; ****p < 0.0001).

(D and E) TSA reduces the number of newly generated motor neurons (mnx1:GFP+/EdU+) after spinal injury; example images in (D), quantification in (E) (t test

****p < 0.0001).

(F) Mocetinostat treatment reduces the number of newly generated motor neurons after injury (Mann Whitney U test ***p = 0.0002).

(G) Mocetinostat co application partially suppresses LPS induced increase in motor neuron generation after injury (one way ANOVA p < 0.0001; Holm Sidak’s

post test ****p < 0.0001; *p = 0.0463; ns, p = 0.0643). Scale bars: (A andB): 50 mm, inset 25 mm; (C, D, and F): 50 mm, insets: 10 mm.Data are represented asmean ±

SEM (see also Figure S4).
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(olig2:GFP+/EdU+) in whole-mounted larvae was reduced by

53% at 48 hpl (Figure 4B), showing that Tnf signaling affects

progenitor cell proliferation. Moreover, Pomalidomide treat-

ment reduced the number of new motor neurons by 49% at

48 hpl (Figure 4C), similar to the reduction in the number of

proliferating progenitor cells. This suggests that Tnf signaling

acts mainly at the level of gene regulation and proliferation of

progenitor cells to enhance lesion-induced neurogenesis.

Acute injection of tnfa gRNA and Cas9 protein for efficient tnfa

gene editing reduced the number of newly generated motor neu-

rons (mnx1:GFP+/EdU+) by 36.2% at 48 hpl (Figure 4D). Finally,

we utilized a stable tnfa germ-line mutant to analyze the overall

level of neurogenesis using an antibody against HuC/HuD

(abbreviated as HuC), as a pan-neuronal marker, in combination

with EdU labeling. This indicated a 33.4% reduction in the num-

ber of HuC+/EdU+ neurons compared with wild-type animals at

48 hpl (Figure 4E). Hence, Tnf signaling promotes regenerative

neurogenesis.

Gene expression profiling indicated increased expression of

the Tnf receptor gene tnfrsf1a in ERG progenitor cells after injury.

To elucidate the functional importance of this receptor for regen-
1624 Developmental Cell 56, 1617–1630, June 7, 2021
erative neurogenesis, we designed efficient gRNAs targeting

exons 4 and 5 of tnfrsf1a (Figure S3A). Acute injection caused

reduced number of newly generated motor neurons

(mnx1:GFP+/EdU+) compared with uninjected (by 51%) and con-

trol gRNA-injected larvae (by 46%) at 48 hpl (Figure 4F). In

contrast, ongoing neurogenesis of motor neurons in uninjured

larvae was not affected by tnfrsf1a gRNA injections (Figure S3B).

This shows that the receptor is dispensable for developmental

neurogenesis. Together these data show that both tnfa and

tnfrsf1a are necessary for lesion-induced regenerative

neurogenesis.

Tnf directly promotes expression of regeneration-
associated genes in ERGs
Disruption of tnfa does not alter kinetics of macrophage invasion

but leads to transiently increased neutrophil counts in the injury

site at 24 hpl (Tsarouchas et al., 2018). This could mean that lack

of Tnf signaling affects regenerative neurogenesis indirectly. To

determine whether Tnf signaling stimulated spinal progenitor

cells directly, we established an ex vivo paradigm, in which

FACS-purified progenitor cells (4 dpf, her4.3:GFP+) were



Figure 6. Hdac1 function in ERG progenitor cells is necessary for regenerative neurogenesis

(A) Doxycycline (Dox) exposure leads to strong detectability of YFP in tg(her4.3:TetA; TetRE:YFP dnhdac1) transgenic animals at 24 h post induction; lateral

views are shown (rostral left; dorsal up).

(B) A cross section (dorsal up) through the spinal cord of a tg(her4.3:TetA; TetRE:YFP dnhdac1) larva shows labeling in ventricular ERG progenitors, some of

which are glial fibrillary acidic protein (Gfap) immune positive. Peripheral HuC immuno labeled neurons are rarely labeled by the trasngene.

(C) Western blot shows a doxycycline induced increase in histone acetylation levels (AcH4) in FACS purified ERGs. Anti tubulin labeling was used as a standard.

(D) Activation of transgene expression reduces the number of newly generated neurons (HuC+/EdU+, t test: **p = 0.009; incubation time for doxycycline and EdU:

0 to 48 hpl). Control is doxycycline treated non transgenic siblings.

(E) Graphical summary of immune system mediated regenerative neurogenesis with experimental interventions indicated in red. Scale bars: 50 mm. Data are

represented as mean ± SEM.
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exposed to recombinant zebrafish Tnf-a and human TNF pro-

teins for 4 h. Isolated ERGs were still viable after 4 h ex vivo (Fig-

ure S3C). To determine whether Tnf proteins could drive ERGs in

this preparation toward neurogenesis, we determined expres-

sion levels of mnx1 (Seredick et al., 2012), as a proxy for motor

neuron differentiation, by qRT-PCR. Treatmentswith both zebra-

fish Tnf-a (2.9-fold) and human Tnf (3.7-fold) led to upregulation

ofmnx1 (Figure 4G). This indicates that isolated ERGs are sensi-

tive to Tnf signaling and that Tnf signaling drives progenitor cells

toward motor neuron differentiation.

Next, we tested effects of Tnf on hdac1 expression in this

ex vivo system. As in vivo, hdac1 mRNA expression was

increased by recombinant zebrafish Tnf-a (2.7-fold) and human

Tnf (3.0-fold; Figure 4H). Since AP-1 components were upregu-
lated in the scRNA-seq datasets after injury, we hypothesized

that hdac1 expression could be upregulated through AP-1 activ-

ity downstream of Tnf signaling. Indeed, the pharmacological

AP-1 inhibitor SR 11302 (Ye et al., 2014) fully abolished Tnf-

a-mediated upregulation of hdac1 in ERGs ex vivo (Figure 4H).

This provides evidence for an AP-1-dependent mechanism of

direct Tnf signaling to ERG progenitors in regenerative

neurogenesis.

hdac1 upregulation in progenitor cells is necessary for
regenerative neurogenesis
Next, we aimed to determine whether Tnf-dependent hdac1

expression was functionally important for neuronal regeneration,

rather than merely correlated with it. First, we used in situ
Developmental Cell 56, 1617–1630, June 7, 2021 1625
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hybridization to determine expression of hdac1 in ventricular

progenitor cells. At 24 hpl, hdac1 transcripts were detectable

in the spinal cord proximal to the injury site, but not at a distance

to it, in agreement with the proximodistal gradient of lesion-

induced neurogenesis in this system (Ohnmacht et al., 2016)

(Figures 5A and S4A). Double labeling with anti-GFP in the

her4.3:GFP transgenic line demonstrated that hdac1 expression

occurred in ERG progenitor cells, but also other non-progenitor

cells (Figures 5A and 5B). Hence, in situ hybridization confirmed

increased endogenous hdac1 expression in ERGs that corre-

lated with regenerative neurogenesis after injury.

To establish whether Hdac1 function was necessary for regen-

erative neurogenesis, we used the pharmacological pan-Hdac

inhibitor trichostatin A (Yoshida et al., 1995) (TSA, 200 nM) and

the more Hdac1-selective inhibitor mocetinostat (Fournel et al.,

2008) (1 mM). Both compounds reduced lesion-induced prolifer-

ation of olig2:GFP+/EdU+ progenitor cells (TSA: by 42.92%; mo-

cetinostat: by 36.83%; Figure 5C) and the number of newly

generated mnx1:GFP+/EdU+ motor neurons (TSA: by 75%; mo-

cetinostat: by 59%; Figures 5D–5F). Moreover, inhibition of

Hdac1 function by mocetinostat abolished the promoting effect

of LPS on lesion-induced generation ofmnx1:GFP+/EdU+ motor

neurons (Figure 5G). However, LPS compensated for some of

the inhibitory effect of mocetinostat on neurogenesis (compare

Figures 5F and 5G), indicating that LPS did not act through the

Tnf/Hdac1 axis alone. This indicates that Hdac1 partially medi-

ates immune system-induced regenerative neurogenesis.

Inaddition tospinalprogenitorcells,other cell typessurrounding

the injury site increased expression of hdac1. Therefore, effects of

inhibiting hdac1 could, at least in part, be indirect through other

cells, such as immune cells. To determine the functional impor-

tance of Hdac1 specifically in progenitor cells after injury, we

spatiotemporally conditionally inhibited Hdac1 function only in

ERG progenitors. To this end we used the TetON system for con-

ditional cell-type-specific gene expression (Knopf et al., 2010).We

generated a double-transgenic line, in which the regulatory se-

quences of the ERG progenitor gene her4.3 drove expression of

the doxycycline (DOX)-inducible Tet-activator protein (Wehner

et al., 2014) and a Tet-responder line, in which a dominant-nega-

tive form of hdac1, fused to a YFP fluorescent reporter, was ex-

pressed. To obtain a dominant-negative form of hdac1, we intro-

duced a point mutation causing a shift from histidine to alanine in

position142 in the deacetylase activedomain toproduceadeace-

tylase domain-dead version of the protein. This approach was

equivalent to dominant-negative approaches to the highly

conserved sequence of the domain in the human gene (Hassig

etal., 1998;Pinhoetal., 2016).The linewasdesignatedTg (her4.3:-

TetA;TetRe:YFP-dnhdac1). Upon DOX treatment, the YFP-

dnhdac1 transgene was expressed in ventricular progenitor cells

to a much higher level than without induction or in other cell types

after induction, indicating spatiotemporally controlled expression

(Figures 6A and 6B). The construct was functional, as shown by

�4-fold higher acetylation levels of histones in ERG progenitor

cells, compared with uninduced controls (Figure 6C).

Using this double-transgenic line to selectively target dnhdac1

to progenitor cells reduced the number of newly generated

HuC+/EdU+ neurons by 42.7% after injury (Figure 6D). In unin-

jured animals, ongoing neurogenesis was also reduced by over-

expression of dnhdac1 in progenitor cells (Figure S4B), confirm-
1626 Developmental Cell 56, 1617–1630, June 7, 2021
ing that hdac1 is important for developmental neurogenesis. This

shows that hdac1, specifically in progenitor cells, is a functional

link in the chain of events of immune-system-activated regener-

ative neurogenesis (summarized in Figure 6E).

In adult fish, a rapid invasion of the injured spinal cord bymac-

rophages occurs within days (Hui et al., 2010) and lesion-acti-

vated macrophages produce Tnf. In situ hybridization for

hdac1 at 2 weeks post-lesion, the peak of regenerative neuro-

genesis (Reimer et al., 2008), indicated a strong increase in

expression selectively in the ventricular layer (Figure S4C). This

included olig2:GFP+ motor neuron progenitor cells (Figure S4D).

These observations support thatmacrophage to spinal ERG pro-

genitor cell signaling in spinal cord regeneration is likely

conserved across developmental stages.

DISCUSSION

We provide evidence for direct communication from a subset of

pro-regenerative macrophages to spinal progenitor cells via Tnf

to promote injury-induced neurogenesis.

Do activated tnfa+ macrophages represent pro-
regenerative macrophages?
Similar to mammals, activated tnfa+ macrophages show high

levels of cathepsin expression after injury, identifying them as

reactive macrophages (B€uhling et al., 2001). Tnf is seen as a

marker for pro-inflammatory M1-like differentiated macrophages,

also in zebrafish, but it is now recognized that M1 versus M2 po-

larization signifies a spectrum of differentiation stages (Nguyen-

Chi et al., 2015). Using scRNA-seq, we can now fully dissect the

expression profile of specific subtypes of macrophages. For

example, lesion-activated tnfa+ macrophages express a mixture

of M1 and M2 markers, including hbegf, an M2 marker with likely

additional pro-regenerative properties (Wan et al., 2012). By virtue

of the direct pro-regenerative action of tnfa on spinal neurogene-

sis, we identify lesion-activated tnfa+ macrophages as a pro-

regenerative subtype in CNS regeneration.

Experimental inhibition of Tnf signaling reduces neurogenesis

by around 50% but does not completely abolish it. That is likely

because reactivated developmental neurogenic signals, such as

growth factors and neurotransmitters (Briona et al., 2015; Gold-

shmit et al., 2012, 2018; Mokalled et al., 2016; Reimer et al.,

2009, 2013) contribute to regeneration.

Since Tnf also promotes axon regrowth after spinal injury in ze-

brafish, the same macrophage subtype could also act on axo-

tomized neurons to promote axon growth (Tsarouchas et al.,

2018). However, Tnf could also act via stimulation of ERGs and

other cells to secrete growth factors that act on axon growth

(Mokalled et al., 2016; Tsata et al., 2021; Wehner et al., 2017).

Other pro-regenerative macrophages have been described in

other organs, for example Nampt-secreting macrophages in

skeletal muscle regeneration (Ratnayake et al., 2021) or wt1b-

expressing macrophages found in heart and fin regeneration

(Sanz-Morejón et al., 2019).

Do pro-regenerative macrophages act on spinal
progenitor cells directly?
Crucially, ex vivo exposure of purified ERGs to both zebrafish

and human Tnf showed direct action on ERGs by upregulating
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critical genes for neurogenesis, hdac1 and mnx1. hdac1 regula-

tion in ERGs also correlated with manipulations of the immune

system and Tnf levels in vivo, further supporting direct action

of the mainly macrophage-derived cytokine Tnf (Tsarouchas

et al., 2018). Similar to our acute incubation, exposure of mouse

neurospheres to Tnf increases neurogenesis via Tnfrsf1a (Ber-

nardino et al., 2008). However, Tnf exposure inhibits proliferation

in rat neurospheres (Ben-Hur et al., 2003). While our cell-type-

specific manipulations support direct positive action of Tnf on

ERGs, the immune response in the injury site is highly dynamic

and interactive. For example, inhibiting tnfa expression in-

creases neutrophil numbers and il-1b expression in the injury

site (Tsarouchas et al., 2018). Hence, Tnf from pro-regenerative

macrophages may also indirectly affect spinal neurogenesis via

other cell types and signals in the injury site, in addition to its

direct action.

Is Tnf a regeneration-specific signal?
Tnf signaling may not be relevant for developmental neurogene-

sis in the spinal cord. The main source of Tnf are reactive macro-

phages, only present after an injury (Tsarouchas et al., 2018) and

expression of tnfrsf1a is dispensable for developmental neuro-

genesis in unlesioned animals, but not for regenerative neuro-

genesis, as we show here. In addition, our tnfa mutants show

apparently normal development. Moreover, during earlier devel-

opment overall expression levels of tnfa are low until at least 2

dpf, after the first wave of motor neuron generation is over.

Knockdown experiments of tnfa showed that the retina, as part

of the central nervous system, also developed normally (Lei

et al., 2016). Similarly, mecp2 mutant zebrafish show reduced

levels of tnfa expression throughout development but develop

to normal body length at least up to 7 dpf (van der Vaart et al.,

2017). These observations support the notion of unique Tnf

signaling mechanisms during regenerative neurogenesis.

What are the downstream effectors of Tnf?
scRNA-seq highlighted the AP-1 complex as signal transducer,

and our pharmacological inhibition of AP-1 confirmed this action

in ERGs ex vivo. In salamanders, upregulation of AP-1 compo-

nents c-fos and junb in spinal ERGs after injury has been linked

to a pro-regenerative response. Similarly, Tnf-induced neuro-

genesis in mouse SVZ neurospheres coincides with increased

expression of c-jun, also a component of AP-1 (Bernardino

et al., 2008). Moreover, c-jun abundance in cortical progenitor

cells diminishes with age, correlated with reduced neurogenesis,

supporting a role for AP-1 in neurogenesis. Notably, our scRNA-

seq analysis indicates additional signals that may act via AP-1.

Another major signal transducer of Tnf, NF-kB1, forces differen-

tiation of progenitor cells in the developing mammalian cortex

(Methot et al., 2013; Yamanishi et al., 2015). We observed only

very low levels of nfkb1 in our scRNA-seq. We speculate that

the balance between Nfkb1 and AP-1 signaling in ERGs may

determine efficient regenerative neurogenesis.

If Tnf is a signal that acts on ERGs by regeneration-specific

mechanisms, these need to eventually converge on generic

mechanisms of neurogenesis. Indeed, Tnf signaling increased

expression ofmnx1, a bona fidemotor neuron differentiation fac-

tor (Seredick et al., 2012), suggesting that at least part of the

developmental program for neurogenesis and differentiation is
re-initiated by Tnf. hdac1, which is similarly increased in expres-

sion by Tnf, may function in reprogramming ERGs for neurogen-

esis (Goldman and Poss, 2020; Mitra et al., 2018). However, us-

ing our cell-type-specific inhibition of hdac1 function in ERGs,

we confirm that hdac1 is required for both regenerative and

developmental neurogenesis in zebrafish. Therefore, its upregu-

lation after injury could be also be a part of the reactivated devel-

opmental program for neurogenesis. Knowing that hdac1 and

mnx1 are upregulated during the switch from oligodendrogene-

sis to neurogenesis in ERG progenitor cells downstream of im-

mune system activation provides a framework to understanding

intracellular signaling in spinal progenitor cells after injury. This

will be useful for translational approaches, given that simply

enhancing extracellular Tnf signaling may negatively affect other

aspects of spinal repair.

Limitations of the study
While we show a signaling axis from Tnf via AP-1 and Hdac1 for

neurogenesis, there are likely to be additional signals from mac-

rophages that promote regenerative neurogenesis. Further can-

didates for functional tests can be gleaned from our present

scRNA-seq analyses. Moreover, there are likely to be additional

or alternative intracellular signaling pathways to promote neuro-

genesis in ERG cells. For example, even when Hdac1 function

was blocked, LPS could partially overcome this block to allow

limited neurogenesis. Further scRNA-seq analyses under these

experimental conditions, as well as direct binding assays of tran-

scriptional regulators are required to comprehensively unravel

the dynamics of intracellular signaling in ERGs in regenerative

neurogenesis.

Conclusion
In conclusion, we have provided evidence in a three-dimensional

in vivo context for direct communication between activatedmac-

rophages and spinal progenitor cells after an injury that is spe-

cific to a regeneration context and we identify pivotal signals

and downstream gene activation. This increases our funda-

mental understanding of lesion-induced neurogenesis in the spi-

nal cord and provides potential molecular targets for intervention

in non-regenerating systems.
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Materials availability
Unique reagents generated in this study are available from the lead contact upon request.

Data and code availability
The single cell RNA sequencing datasets generated by this study have been deposited on ArrayExpress. The Accession number for

the mpeg1+ dataset is ArrayExpress: E-MTAB-10379 and the Accession number for the her4.3+ dataset is ArrayExpress:

E-MTAB-10390.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Source of zebrafish used in this study are reported below and in the key resources table.

Animals
All zebrafish lines were kept and raised under standard conditions (Westerfield, 2000) and all experiments were approved by the

British Home Office (project license no.: 70/8805). For experimental analyses, we used up to 5 day-old larvae of either sex of

the following available zebrafish lines: wild type (wik); Tg (mnx1:GFP ml2), abbreviated as mnx1:GFP (Flanagan-Steet et al., 2005);

Tg (olig2:EGFP), abbreviated as olig2:GFP (Shin et al., 2003); Tg (olig2:DsRed2), abbreviated as olig2:DsRed (Kucenas et al.,

2008); Tg (mpeg1.1:EGFP)gl22, abbreviated as mpeg1:GFP (Ellett et al., 2011), Tg (mpx:GFP)uwm1, abbreviated as mpx:GFP

(Renshaw et al., 2006); Tg (her4.3:EGFPy83) (formerly known as her4.1:EGFP (Yeo et al., 2007)), abbreviated as her4.3:GFP; her4.3:

irtTAM2 (3F)-p2a-AmCyanulm6, abbreviated as her4.3:TetA (Wehner et al., 2014); tnfa mutant (Keatinge et al., 2021).

METHOD DETAILS

Spinal cord injuries
Zebrafish larvae at 3 dpf were anaesthetised in PBS containing 0.02 % aminobenzoic-acid-ethyl methyl-ester (MS222, Sigma), as

previously described (Wehner et al., 2017). Larvae were transferred to an agarose-coated petri dish. Following removal of excess

water, the larvae were placed in a lateral position, and the tip of a sharp 30.5 G syringe needle was used to inflict a stab injury or

a dorsal incision on the dorsal part of the trunk to transect the spinal cord at the level of the 15th myotome. After injuries, the larvae

were returned into fresh water or into the appropriate solution depending on the experimental procedure.

Generation of TetRE:YFP-dnhdac1 line:
To generate the dominant-negative form of hdac1 (dnhdac1), the histidine in position 142 was exchanged to alanine by site-direct

mutagenesis (overlap-extensionmethod). hdac1was amplified and cloned from zebrafish cDNA. This template was used to generate

dnhdac1 using the followingmutagenic primers to change the nucleotide bases in positions 525 and 526 (XM 005159592) fromCA to

GC (marked in red) paired with primers with added recognition sites for restriction enzymes (Pair 1: forward: 5’-TTATTTACGCGTC

CACCATGGTGAGCAAGGGCGAGGA-3’; reverse: 5’-GCCTCTGATTTCTTAGCAGCATGTAGACCTCCTGCCC-3’; Pair 2: forward:

5’-GGGCAGGAGGTCTACATGCTGCTAAGAAATCAGAGGC-3’; reverse: 5’- TTTATTAGATCTAAAAAACCTCCCACACCTCCCCCT

GAACCTC-3’). The two resulting fragments were fused and cloned into the Tet-responder vector (Wehner et al., 2015) down-stream

of a YFP coding sequence. Plasmid DNA (50 ng/ml) along with Tol2 transposase mRNA (25 ng/ml) was injected into single cell stage

embryos. Once adult, injected fish were screened for founders by breeding with the her4.3:TetA Tet-activator line. Founders were

visually selected for signal intensity and selectivity.

gRNA injections
The gRNAs were injected into the yolk at the one-cell stage of development. The injection mix was used the same day as prepared.

The mix consisted of 1 ml Cas9 protein (BioLabs, M0369M), 1 ml Fast Green FCF dye (Sigma, 2353-45-9), 1 ml 250 ng/ml SygRNA-

tracer (Sigma), 1 ml gRNA and 1 ml nuclease-free water. When two gRNAs were co-injected, the nuclease-free water was substituted

with the second gRNA. For every experiment two injection mixtures were made, one with the gRNA of interest and one with a control

gRNA (5’-CCTCTTACCTCAGTTACAATTTAT-3’). tnfa was targeted with a gRNA (5’-CCCGATGATGGCATTTATTTTGT-3’) as before

(Tsarouchas et al., 2018). tnfrsf1a was targeted by co-injection of gRNAs for exons 4 (5’- ATAGTTTGCTTGTTCCAGG -3’) and 5

(5’- AGGGTGAAGACTCCCTGGAA -3’).

RFLP analysis of gRNA efficiency
To test efficacy of gRNAs targeting tnfrsf1a we used Forward primer: 5’-CAGGAATGCAGTGCAGAAAA-3’ and Reverse primer:

3’-TGACAATCCAGTGCTATTTTGG-5’ for exon 4 and Forward primer: 5’-AACATGTGGAGGGTTGGTGT-3’ and Reverse primer:

3’-CGAGAGCATTCCCATCCTAA-5’ for exon 5 to span recognition sites for restriction enzymes BstNI and BslI, respectively.

Genomic DNA was extracted from individual embryos at 1 dpf by heating the whole embryo with 100 ml of 50 mM NaOH at 95�C
for 10 min. PCR products were generated using BioMix� Red (Bioline, Bio-25006) and were subsequently incubated with 2 ml of

the respective restriction enzyme solution (BioLabs) for 1.5 h at the specified temperature, followed by separation on a 2% agarose

gel (100 V for 40 min) and visualisation on a trans-illuminator.
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Drug treatment of whole larvae
Dexamethasone (Sigma, Gillingham, UK) was dissolved in DMSO to a stock concentration of 5 mM. The working concentration was

10 mM prepared by dilution from stock solution in fish water. Lipopolysaccharides from Escherichia coli O55:B5 (LPS, Sigma) were

dissolved in PBS to a stock concentration of 1 mg/ml. The working dilution was 50 mg/ml. Pomalidomide (Cayman Chemicals,

Michigan, USA) was diluted in DMSO at a stock concentration of 10 mg/ml. For the treatments, 6.9 ml of the stock where diluted

in 1.5 ml of fish water. Mocetinostat (Cayman Chemicals, Ann Arbor, MI, USA) was used at a concentration of 1 mM; TSA (Sigma)

was used at 200 nM. Larvae were pre-treated for 2 h before the injury and were incubated for 24 and 48 hpl. Larvae were collected

from the breeding tanks and were randomly divided into Petri dishes at a density of maximally 30 larvae per dish, but no formal

randomizationmethodwas used. Formost drug treatments, larvae were incubatedwith the drug from 3 dpf until 5 dpf, if not indicated

differently.

Ex vivo incubations
Per experiment, 150-200 4-day-old her4.3:GFP transgenic larvae per condition were incubated in 0.05% trypsin (preheated to 37�C)
on a shaker for 7 min. Samples were put on ice and centrifuged in a chilled (6�C) table top centrifuge at 250 rpm for 7 min. The su-

pernatant was replaced with ice cold PBS, and samples were centrifuged again at the same settings. Tissue fragments were re-sus-

pended in 1 mL PBS (room temperature from here on) and dissociated using a 40 mmmesh filter. Cells were centrifuged at 250 RCF

for 7 min, the supernatant was removed, and cells were resuspended in 500 mL of serum-free Iscove’s Modified Dulbecco’s Medium

(IMDM). ERG progenitors were purified by FACS and incubated with various inhibitors and recombinant proteins in IMDM at room

temperature for 4 h. At the end of the incubation period, RNA was isolated for qRT-PCR. For incubation, the following inhibitors

and proteins were used: recombinant zebrafish Tnf (20 ng/mL, Kingfisher Biotech), recombinant human TNF (20 ng/mL, Biolegend),

and the AP-1 inhibitor SR 11302 (1 mM, Tocris, Cat. No. 2476), compared to DMSO vehicle controls.

Immunohistochemistry
All incubations were performed at room temperature unless stated otherwise. Whole-mounts: At the time point of interest, larvae

were fixed in 4 % PFA-PBS containing 1 % DMSO at 4 �C overnight. After washes in PBS, larvae were washed in PBTx. After per-

meabilization by incubation in PBS containing 2 mg/ml Collagenase (Sigma) for 25 min, larvae were washed 3 x in PBTx. Then 50 nM

Glycine in PBTx was added for 10minutes followed by twowashes in PSTx. Larvae were then incubated in blocking buffer for 2 h and

incubated with primary antibody diluted in blocking buffer at 4�C overnight. On the following day, larvae were washed 3 x in PBTx,

followed by incubation with secondary antibody diluted in blocking buffer at 4�C overnight. The next day, larvae were washed three

times in PBTx and once in PBS for 15 min each, before mounting in 70% glycerol. We used the following primary antibodies: mouse

anti-HuC/HuD (abbreviated as HuC; 1:100; InVitrogen); chicken anti-GFP (1.300; Abcam Cambridge, USA); mouse anti-Tnf (1:2000,

DSHB, Iowa, USA). Appropriate secondary antibodies were bought from Jackson ImmunoResearch (1:300).

In situ hybridisation
In situ hybridization onwhole-mount larvae with digoxygenin (DIG)-labelled antisense probes was performed as previously described

(Tsata et al., 2021). Larvae were fixed in 4% paraformaldehyde (PFA; Thermo-Fisher Scientific) in PBS and treated with Proteinase K

(Invitrogen) followed by re-fixation for 15min in 4%PFA in PBS. DIG-labelled antisense probeswere allowed to hybridize overnight at

65�C. This protocol allows efficient probe penetration in whole-mount preparations of 5-day-old larvae (Wehner et al., 2017). Colour

reaction was performed after incubation with anti-DIG antibody conjugated to alkaline phosphatase (Sigma-Aldrich) using NBT/BCIP

substrate (Roche). Staining reaction was terminated by washing samples in PBT (0.1% Tween-20 in PBS). For NBT/BCIP-stained

samples, background staining was cleared by incubating samples in 100% ethanol.

In situ hybridization on agarose sections with DIG-labelled antisense probes was performed as described (Wehner et al., 2017).

Larvae were fixed in 4 % paraformaldehyde in PBS (PFA), embedded in 4 % agarose in PBS and sectioned at 50-100 mm using a

vibrating blade microtome (Leica). Sections were treated with Proteinase K (Invitrogen) followed by re-fixation in 4 % PFA in PBS.

A DIG-labelled antisense probe against hdac1 was allowed to hybridize overnight at 65 �C. The antisense probe was synthesized

from the full-length hdac1 coding sequence used to generate the TetRE:YFP-dnhdac1 construct. Color reaction was performed after

incubation with anti-DIG antibody conjugated to alkaline phosphatase (Sigma-Aldrich) using SIGMAFAST Fast Red (Sigma-Aldrich).

Where required, samples were co-labelled with chicken anti-GFP antibody (Abcam, ab13970). Sections were stained for DAPI

(Thermo Scientific) to visualize nuclei, followed by two washes in PBS and mounted in 75 % Glycerol in PBS.

For adult in situ hybridization, 50 mm vibratome floating sections were permeabilised with Proteinase K (10 mg / ml) for 9 minutes at

room temperature, as described (Reimer et al., 2009). Sections were washed with 2 mg / ml glycine in PBS-Tween (0.1 %), followed

by a 20 min re-fixation in 4 % PFA in PBS. Probes were hybridised at 65 �C overnight, extensively washed in SSC buffer and incu-

bated in anti-DIG antibody (1:10000) at 4 �C overnight. After extensive washes in PBST, colorimetric development was allowed to

take place for up to 4 hours at room temperature, followed by washes. Sections were either mounted on glass slides for visualisation

or processed for immunohistochemical detection of GFP in some transgenic animals.

FACS isolation
Per experiment and sample, 150-200 larvae were collected and the trunk containing the lesion site dissected (similar portion for

unlesioned control) on ice for qRT-PCR. Supernatant was removed and replaced with 0.05 % trypsin (pre-heated to 37 �C). After
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3-5 minutes tissue was dis-aggregated by pipetting and digestion was blocked by adding 10% fetal bovine serum. Cell suspensions

were pressed through a 40 mm filter, centrifuged at 250 RCF for 7 min and the supernatant replaced by 500 ml of PBS + 5 % fetal

bovine serum. Cells were FACS sorted at 4 �C and kept on ice for qRT-PCR.

qRT-PCR
Real-time PCR was performed using a Roche Light Cycler 96 (annealing temperature of 58 �C) with SsoAdvancedTM Universal

SYBR� Green Supermix (Bio-Rad, 172-5271). Relative mRNA levels were determined using the Roche Light Cycler 96 SW1 soft-

ware. Samples were run in duplicate. We used the following primers: hdac1 forward 5’-TGTCCGAGTACAGCAAGCAG, reverse

5’-TGATGTAGACCTCCTGCCCA-3’; tnfa forward 5’-TCACGCTCCATAAGACCCAG-3’, reverse 5’-GATGTGCAAAGACACCTGGC

-3’; tnfrsf1a forward 5-ACTCATGGC GATCCAGCATT-3’, reverse 5’-AAGGAGGAGCAGAGCGTTAC-3’; b-actin forward 5’- CACG

AGAGATCTTCACTCCCC-3’, reverse 5’-TCCCATGCCAACCATCACTC-3’.

Western blot
Approximately 500 double-transgenic fish (her4.3:TetA;TetRE:YFP-dnhdac1) were induced at 3 dpf with 485 nMDoxycycline hyclate

(Sigma, D9891). Uninduced fish were used as control. 48 h post-induction, fish were treated with trypsin-EDTA (0.05% ready-made

solution; Thermo Scientific) to obtain a single cell suspension for FACS sorting, using AmCyan fluorescence (encoded by the Tetac-

tivator construct and therefore present in both induced and uninduced larvae). After FACS sorting, 1x106 YFP-positive and 1x106

YFP-negative cells were collected in cold Dulbecco’s PBS. Cells were spun at 1000 rpm for 5 min. The pellet was lysed in 200 ml

RIPA buffer supplemented with cOmplete EDTA-free protease inhibitors (Roche) for 10 min/ 4 �C. After sonication (10 sec), the lysate

was centrifuged at 14.000 rpm/10 min/4 �C. The clear supernatant was boiled at 95 �Cwith Laemmli buffer supplemented with beta-

mercaptoethanol. Equal amounts of sample (YFP- and YFP+) were resolved in a 12 % SDS-PAGE gel and proteins transferred to a

0.2 mm nitrocellulose membrane (BioRad). The protein detection was performed with primary antibodies against acetyl-histone H4

(1:1000, rabbit monoclonal, Abcam, ab177790) and alpha tubulin (1:5000, mouse monoclonal, DSHB, 12G10), and secondary anti-

bodies IRDye 800CW goat anti-mouse (1:10000, Li-Cor) and IRDye 800CW goat anti-rabbit (1:10000, Li-Cor). Membrane was

scanned using the Odyssey Fc imaging system (Li-Cor).

scRNAseq
Following cell dissociation and FACS sorting (described above), samples were processed on the 10X Chromium platform using 10X

Single Cell 3’ v3 chemistry following the manufacturer’s guidelines (10X Genomics, Pleasanton, USA). For each cell type, the two

conditions (unlesioned and lesioned) were prepared in tandem and processed together for GEM generation, reverse transcription,

cDNA amplification and library construction following manufacturer’s instructions.

The libraries were sequenced on a Novaseq 6000 using a S2 flowcell. The data was first processed using the 10x Cellranger pipe-

line (version 3.0.2) and mapped to the zebrafish genome GRCz10.The above procedures were carried out as a service by Edinburgh

Genomics (Edinburgh, UK). The resultingmatrices were subject to quality control, normalisation and analysis in Seurat version 3 (Stu-

art et al., 2019) package for R, version 1.2.5042. Cells were selected to continue with down-stream analysis based on feature count

andmitochondrial gene percentage. For the her4.3 sample, only cells which hadmore than 200 features and fewer than 4500 features

expressed were retained. Additionally, only cells which had less than 5 % of their reads from mitochondrial genes were kept. Based

on these criteria, 3680 of the 5588 cells which were sequenced were used for further analysis (66 %). Genes which were found in

fewer than 3 cells were filtered out.

For thempeg1:GFP sample, only cells which had more than 200 features and fewer than 6000 features expressed were retained.

Additionally, only cells which had less than 20% of their reads frommitochondrial genes were kept. Genes which were found in fewer

than 3 cells were filtered out. Based on these criteria, 8346 of the 9245 cells which were sequenced were used for further

analysis (90%).

Following this, data was normalised using ‘LogNormalize’ function with scale factor 10000, then the top 2000 highly variable genes

were selected and scaled to unit variance and zero mean with ‘Scale Data’. Principal Component Analysis was then performed on

these highly variable genes. RunTSNE and FindNeighbours were run based on the first 20 principal components and unsupervised

clustering was performed with FindClusters (resolution = 0.5 for the her4.3 sample, resolution = 0.3 for the mpeg1 sample).

Differential expression analysis between the two conditions was performed using Seurat’s FindMarkers function using a Wilcoxon

rank-sum test.

Cell counting in whole-mounted larvae
A volume of interest was defined centered on the lesion site from confocal images. The dimensions were: width = 200 - 300 mm,

height = 75 mm (above the notochord), depth = 50 mm. Images were analysed using the Imaris (Bitplane, Belfast, UK) or ImageJ

(http://imagej.nih.gov/ij) software. The number of cells was quantified manually in 3D view, blinded to the experimental condition

on at least three independent clutches of larvae (Tsarouchas et al., 2018).

To count the number of mpeg:GFP+ cells close to the spinal progenitor zone in lesioned larvae, two boxes were drawn of 70 x 40

micrometer each, each centring on the lesioned end of the olig2:GFP+ progenitor zone. mpeg:GFP+ cells were counted within 40

optical sections (of 1 micrometer thickness) of the centre of the olig2:DsRed+ zone.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Power analysis using G*Power (Faul et al., 2009) was used to calculate statistical power (aim > 0.8) for cell counting experiments and

determine the group sizes accordingly. All quantitative data were tested for normality and analysed with parametric and non-para-

metric tests as appropriate. The statistical analysis was performed using IBM SPSS Statistics 23.0 and GraphPad Prism 8. Shapiro-

Wilk’s W-test was used in order to assess the normality of the data. Kruskal-Wallis test followed by Dunn’s multiple comparisons,

One-way ANOVA followed by Bonferroni multiple comparisons test, two-way ANOVA, followed by Bonferroni multiple comparisons,

T-test, Mann–Whitney U test or Fisher’s exact test were used, as indicated in the figure legends. *P < 0.05, **P < 0.01, ***P < 0.001,

n.s. indicates no significance. Error bars indicate the standard error of the mean (SEM). Definitions of analytical units (n) are given in

the figure legends. The figures were prepared with Adobe Photoshop CC and Adobe Illustrator CC. Graphs were generated using

GraphPad Prism 8.
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