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Abstract
Spinal cord injury (SCI) is a life changing condition affecting individuals within Canada and
worldwide with no effective treatment to date. A limitation in humans, like other mammals, is that
they cannot repair the damaged central nervous system after injury. By contrast, the zebrafish
model has a remarkable ability to regenerate the spinal cord following complete transection, due
to neural stem cell populations of ependymoglia. Previous work has shown that for ependymoglial-
driven neural regeneration to occur, immune cells are a key requirement. However, in zebrafish
the involvement of macrophages and the cytokine response during the process of spinal cord
regeneration in post-larval stages remains poorly understood. In this study, I hypothesized that for
functional recovery to occur, the pro-inflammatory response following SCI in zebrafish must be
activated ahead of ependymoglial proliferation to initiate the regenerative process. To study this
response, [ developed a new juvenile model of SCI to then compare to the established adult model
of SCI. By studying the spatiotemporal dynamics of immune cells post-SCI, I observed that
overtime macrophages and microglia infiltrate into the injury site and contributed to cytokine
release, correlating with a peak in proliferation of ependymoglia around the central canal.
Interestingly, analysis of pro- and anti-inflammatory cytokines from RT-qPCR experiments
demonstrated that pro-inflammatory cytokines are highly expressed shortly after injury, but are
reduced to near control levels already by 3-days post-SCI. By contrast, anti-inflammatory
cytokines appeared to play a minor role in the microenvironment post-SCI, remaining near control
levels of expression. These findings propose that in order for successful spinal cord regeneration
to occur in adult and juvenile zebrafish, a shorter pro-inflammatory response may be required to

initiate ependymoglial proliferation in the spinal cord and restore functional repair.
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Chapter 1.0 Literature Review



1.1 Introduction

Spinal cord injury (SCI) in vertebrates, including humans, is defined as damage to the spinal cord
from an external impact that leads to a failure in motor function (Ahuja et al., 2017). This failure
results in the inability to walk or use one’s legs, and can be associated with problems with
voidance, and an overall loss of sensation that can impact sexual stimulation and the ability to feel
pain (Mckinley et al., 1999; Hess & Hough, 2012; Shiao & Lee-Kubli, 2018). Within SCI there
exist different severities that result in varying degrees of neurotrauma. Severity of SCI is classified
using the American Spinal Injury Association (ASIA) Impairment Scale that is used globally to
determine muscle strength and movement (Roberts et al., 2017). This allows for injury to be scored
from grade A to E, with A being the most severe with a complete loss of sensation and E being the
least severe with normal movement and sensation (Roberts et al., 2017). The ASIA Impairment
Scale is also used to determine whether a SCI is complete, which includes a total loss of sensation
below the injury level, or incomplete where there is some function retained below the injury level

(Roberts et al., 2017).

Estimates show that upwards of 86,000 individuals currently live with SCI in Canada (Noonan et
al., 2012) and 12,500 individuals are affected each year within North America (Alizadeh et al.,
2019). Of those affected, it is common for SCI to occur in younger adults between the ages of 15-
29, as a result of motor vehicle accidents or sport related injuries, or in late adulthood around the
age of 50, attributed to an increased risk of falls (Lee et al., 2014; Chen et al., 2016; Ahuja et al.,
2017). This neurological condition is a life-changing impairment with limited functional recovery
in patients. Following SCI, the events that unfold within the microenvironment are complex and

categorized into primary and secondary phases. The primary phase of injury results from a sudden



impact to the spinal cord, causing displaced bone fragments and tearing that disrupt blood vessels
and axons (Kaur & Sharma, 2018; Alizadeh et al., 2019). The secondary phase is initiated minutes
after initial injury and can last for months resulting in a series of cellular, molecular and
biochemical events that further deteriorate tissue and impede recovery (Oyinbo, 2011; Alizadeh et
al., 2019). Some of these events include inflammation, hemorrhage, apoptosis, and demyelination

(Gao et al., 2020).

To date there exists no effective treatment for patients living with SCI. Mammalian models of SCI
continue to reveal that some of the major barriers to spinal cord repair include glial astrocytic
scarring, the role of chondroitin sulfate proteoglycans (CSPGs) in impeding axonal regeneration,
and an inflammatory response that persists from acute to chronic phases of SCI (Dyck & Karimi-
Abdolrezaee, 2015; Katoh et al., 2019). Several stem cell based therapeutic strategies have been
developed in an effort to overcome these barriers, including the use of induced pluripotent stem
cells (iPSCs) and embryonic stem cells (ESCs), stem cell transplantation, and the activation of
local endogenous stem cell populations. However, the ability of stem cells to successfully undergo
neuronal differentiation can only be achieved in an injury-induced environment conducive to
providing the necessary signals for neuroregeneration. A clearer understanding of the relationship
between the activity of transplanted or in vivo stem cell populations and the timeline of damage
associated cues would serve as a valuable next step to define the process of successful neurorepair.
To this end, taking advantage of highly neuroregenerative non-mammalian models such as the
freshwater teleost, the zebrafish (Danio rerio), salamanders (e.g. Axolotls; Ambystoma tigrinum),
or larvae of the African clawed frog (Xenopus laevis), provide an unprecedented opportunity to

further our knowledge of how successful neurorepair takes place after SCI.



My thesis research focuses on furthering this knowledge by taking advantage of the exceptional
neuroregenerative ability of the zebrafish model to study the process of spinal cord repair
following SCI. This research will serve to provide insight into how neural stem cells (NSC) and
select immune cells work to promote functional recovery that can be later investigated in
mammalian models of SCI. In the following sections, I will first review the current strategies that
are used to treat SCI in human patients and their associated drawbacks that lead to the study of
more effective therapies. Next, I will discuss how NSCs are regulated intrinsically within the spinal
cord and through signals in the microenvironment. Within the spinal cord environment, the
immune response plays a major role, thus I will review the involvement of immune cells in the
inflammatory response following SCI. Finally, I will discuss what makes zebrafish an attractive
model in studying successful spinal cord repair including their anatomy, the role of inflammation

and the signaling pathways involved in the process of neuroregeneration.

1.2 Current Approaches to Treat SCI

The current strategies for the treatment of SCI focus on using surgical approaches to stabilize the
injured area, pharmacological means to prevent further damage in the secondary phase of injury,
and rehabilitation such as physical therapy to prevent or regain loss of function (Liau et al., 2020).
Although these methods can improve the overall outcome of SCI in patients, they cannot stimulate
regeneration in the spinal cord and as such have had limited success. This has driven researchers
to study more effective strategies for the treatment of SCI including cell-based therapies such as

the use of somatic cells to create iPSCs, the transplantation of stem cells to the injured spinal cord,



and activation of endogenous stem cells, such as resident ependymal cells surrounding the spinal

cord central canal (Khazaei et al., 2016; Gao et al., 2020).

1.2.1 Sources of Stem Cells for Spinal Cord Repair

To repair the spinal cord after injury in humans, different sources of stem cells have been used
including iPSCs, ESCs, and adult stem cells. iPSCs are a type of stem cell derived from adult
somatic cells that have been reprogrammed into an embryonic stem cell-like state. These cells are
pluripotent, meaning they can give rise to all cell types within the body. There are several somatic
cell types that have been biopsied and used for induction including fibroblasts, keratinocytes,
melanocytes, hepatocytes, adipocytes, and umbilical cord blood cells (Khazaei et al., 2016). To
induce stem cells, a variety of transgenes are used and most commonly these include Oct4, Sry-
box 2 (Sox2), KIf4, and c-Myc (Takahashi & Yamanaka, 2006). While these iPSCs are capable of
generating all cell types, they have commonly been used in an attempt to restore neural function
through differentiation into neurons, oligodendrocytes, and astrocytes (Li & Lepski, 2013).
Subtypes of neurons such as motor neurons and dopaminergic neurons can be further differentiated
to treat movement disorders (Chip et al., 2012; Sances et al., 2016; Trawczynski et al., 2019). A
factor that is taken into consideration when inducing stem cells is the reprogramming efficiency
of the different cell types, which refers to the percentage of somatic cells reprogrammed
successfully. Keratinocytes, for example, are able to be reprogrammed at higher frequencies and
faster rates than fibroblasts taken from the same skin biopsies (Yee, 2010). This appears to be most
likely due to the higher levels of transcription factors, c-Myc and Klf4, found in keratinocytes (Yee,

2010).



Despite the potential benefits, several drawbacks are associated with the generation of iPSCs.
These include the use of viral vectors to introduce transcription factors, the decrease in efficiency
seen when transitioning into a pluripotent state, and the reactivation of transgenes post-induction
(Medvedev et al., 2011). First, in order to introduce transcription factors to the somatic cells,
retroviral and lentiviral vectors are used. These vectors can deliver a gene of interest by infecting
a cell and inserting the gene into the host DNA. The integration of retroviral DNA into the host
cell genome occurs randomly and so the copy number of the retroviral DNA that ends up integrated
varies (Medvedev et al., 2011). Another issue that arises is that the transcription level of Oct4,
Sox2, Klf4, and c-Myc decreases when the cell transitions to a pluripotent state and as a result
decreases the efficiency of stable iPSC line production (Medvedev et al., 2011). Finally, studies
have shown that the transcription of transgenes can resume in cells that are derived from iPSCs
(Medvedev et al., 2011). Reactivation of these transgenes can cause tumors and as such cannot be

used in clinical trials (Yee, 2010).

ESCs are similar to iPSCs in the sense that they are able to differentiate into any cell type of the
body. A major difference however is that these cells are isolated from blastocyst-stage early
embryos rather than induced from somatic cells (Gepstein, 2002). ESCs retain the ability to
differentiate into the three germ layers and as such are a promising candidate to generate cells for
replacement. However, deriving such cells has led to ethical controversy and there is the challenge
of acquiring the cells due to the limited supply of donor embryos. Using ESCs as a therapeutic
strategy can result in teratomas due to uncontrollable cell proliferation. Further, they may be prone
to rejection by adult tissue leading to the use of immunosuppression which increases the risk of

cancer and infection (Nussbaum et al., 2007; Shiras et al., 2009; Rong et al., 2014).



A way to overcome the ethical concerns and challenges of acquisition is to employ more mature
multipotent stem cells phenotypes that retain the capacity to develop into multiple specialized
cells, as an alternative strategy for cell replacement therapy. Stem cells such as NSCs,
mesenchymal stem cells, oligodendrocyte precursor cells, and olfactory ensheathing cells are
commonly used in stem cell therapies (Nandoe Tewarie et al., 2009; Assinck et al., 2017). These
cells are easier to gain ethical approval for, can be isolated from adult tissue without the need of
embryos, and have been the focus of research in many animal models (Hernandez et al., 2011).
However, there is a decrease in the number of available proliferating adult stem cells with
increasing age, and with senescence, cellular function may decrease with ageing of the stem cell
niche microenvironment (Mariano et al., 2015). While each stem cell type, including adult stem
cells, ESCs, and iPSCs are associated with advantages and disadvantages, common across all is
that they have been delivered through stem cell transplantation methods in an effort to improve

spinal cord repair.

1.2.2 Stem Cell Transplantation

Cell transplantation as an intervention for SCI has been studied by researchers for many years.
This therapy works through in vivo or in vitro transplantation where various sources of stem cells
can be delivered to treat injuries or diseases. /n vivo transplantation occurs by direct transplantation
of stem cells into the body whereby signaling molecules within the environment will guide the
cells into a mature cell type (Li & Lepski, 2013). By contrast, in vitro transplantation consists of
isolating the cells, culturing, purifying and finally amplifying them to be induced into the necessary

cell type before transplantation (Li & Lepski, 2013). Since both ESCs and iPSCs are capable of



differentiating into all cell types under the proper conditions in vitro, a common approach is to
transplant the derived cell lines from these stem cells, rather than directly applying lost cell types
(Li & Lepski, 2013). Like this method, there exists direct reprogramming of somatic cells into the
desired cell for transplantation without first dedifferentiating into a pluripotent state (Kim & Tae,
2016). These methods reduces the risk of generating teratomas (Coutts & Keirstead, 2008). In
addition to ESCs and iPSCs, more differentiated adult stem cells can serve as sources for stem cell
transplantation, but due to their multipotency, are limited in their ability to differentiate into

different cell phenotypes (Nandoe Tewarie et al., 2009; Assinck et al., 2017).

Using cell transplantation as a therapeutic strategy may encourage regeneration post-SCI through
means of secreting neurotrophic molecules at the site of injury, creating a scaffold for axons to
regenerate, and replacing cell types lost to injury (Li & Lepski, 2013). Many stem cell types
including those derived from iPSCs, are able to secrete trophic factors and cytokines (Hawryluk
et al., 2012; Assinck et al., 2017). These trophic factors stimulate proliferation and differentiation
of existing neural precursor cells following SCI, and enhance axonal regrowth, remyelination and
neuronal plasticity (Gordon et al., 2010; Hawryluk et al., 2012; Li & Lepski, 2013; Cooney et al.,
2016). A study in rats using mesenchymal stem cells found that when compared to control groups,
mesenchymal stem cells transplants contained more neurofilament labeling which demonstrated
an axon growth-supportive scaffold (Ankeny et al., 2004). They also found that the transplants
provided directional guidance, orienting them to ascend and descend along the longitudinal axis
of the spinal cord (Ankeny et al., 2004). While stem cell transplantation may hold great promise

in the treatment of SCI, there are factors that need to be considered in using this approach including



ethical concerns, the number of cells to be transplanted, and the window of time for treatment

following SCI (Nandoe Tewarie et al., 2009).

A downside in utilizing ESCs for transplantation is the possible formation of teratomas from
uncontrollable cell proliferation. Additionally, ESCs may be prone to rejection by adult tissue
leading to the use of immunosuppression which increases the risk of cancer and infection
(Nussbaum et al., 2007; Shiras et al., 2009; Rong et al., 2014). To avoid this, more differentiated
adult stem cells can be used with caution since these cells show decreased differentiation over time
(Wright et al., 2006). Nevertheless, using mature stem cells usually does not result in the formation
of tumors as they are more differentiated than ESCs and the risk of rejection is lower if the cells
are derived from the patient, consisting of the same genetic makeup (Coutts & Keirstead, 2008;

Jin et al., 2016; Gouldo & Lepore, 2016).

Regardless of the source of stem cells used in attempt to improve recovery following SCI, a
sufficient number of transplanted cells is necessary to maximize the therapeutic effect. With this
said, a greater number of cells may not always result in better outcomes for patients, and the
number of transplanted cells may interact differently with the microenvironment (Iwai et al., 2014;
Piltti et al., 2017). This was seen in a study that found no correlation with the number of cells
transplanted in an SCI mouse model and cell survival (Iwai et al., 2014). In addition, the number
of transplanted NSCs had no effect on differentiation (Piltti et al., 2017). For example,
oligodendrocyte differentiation was unaffected through either the low-dose or high-dose group
(Piltti et al., 2017). These results indicate that there exist optimal thresholds of the number of

transplanted stem cells which can affect the differentiation of target cells.



Across researchers, the consensus varies as to the appropriate window of time post-SCI to perform
stem cell transplantation. Some believe that early administration is beneficial in reducing the
effects of secondary injury such as acute inflammation, glial scarring, and regulating glial cells
and macrophages (Nakajima et al., 2012; Watanabe et al., 2015; All et al., 2015). Early intervention
of NSCs has also been shown to provide neuroprotection and improvement in neurological
performance (Watanabe et al., 2016). On the other hand, it has been proposed that prolonging the
start of stem cell administration may lead to better survival of transplanted cells due to a larger
number of neurotoxins that are produced from macrophages early after SCI in mammals and
humans (Kigerl et al., 2009). Obstacles arising from ethical concerns, insufficient cell number and
drawbacks in the timing cell transplantation could be avoided if there were ways to harness the

ability of endogenous stem cells within the spinal cord itself.

1.2.3 Endogenous Potential of NSCs

While stem cell transplantation has great potential for the treatment of SCI, there exist concerns
over ethics, number of donors, and rejection by the immune response (Gao et al., 2020). As an
alternative to transplantation, harnessing endogenous stem cells to treat SCI overcomes these
concerns and the challenges regarding cell delivery (Ahuja et al., 2020). NSCs are one of many
common stem cells used for the treatment of SCI due to their multipotentiality and ability to
differentiate into specific neuronal and glial cells (Huang et al., 2021). These cells can divide
asymmetrically to self-renew and produce a daughter cell that will take the identity of a neuron,
oligodendrocyte or astrocyte to restore cells lost to injury within mammals (Ahuja et al., 2020).

The endogenous NSCs in non-mammalian vertebrates such as axolotls, zebrafish, and even the
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freshwater turtle Trachemys dorbignyi have the potential to repair their damaged spinal cords
due to their powerful neurogenic capacity after injury (Becker & Becker, 2008; Rehermann et

al., 2009; Sabin et al., 2015).

This powerful neurogenic capacity in non-mammalian vertebrates may stem from the different
factors post-SCI that can stimulate regenerative neurogenesis by the proliferation of NSCs. These
factors, similarly, found in mammals could also hold the potential for recovery in a non-
regenerative environment. For example, in the adult central nervous system (CNS), NSCs neighbor
endothelial cells and proliferate around dividing capillaries, otherwise known as vascular niches
(Carmeliet, 2003). By using vascular endothelial growth factor (VEGF), Liu and colleagues
(2018), were able to trigger NSCs of the rat spinal cord to proliferate and maintain self-renewal to
significantly increase the number of activated NSCs. Similar studies in rats have shown suggestive
results using fibroblast growth factor (FGF) or brain-derived neurotrophic factor (BDNF) to
increase proliferation and stem cell survival (Kojima & Tator, 2000; Hachem et al., 2015). Direct
application of growth factors, however, can lead to unregulated cell growth so there is a need for

other forms of activation (Hachem et al., 2020).

More recently some studies have examined the secreted factors and vesicles arising from stem
cells known as the secretome, to trigger a regenerative effect (Pinho et al., 2020). This procedure
involves culturing cells, priming them through hypoxia, apoptotic or inflammatory stimuli, and
collecting the factors released (Pinho et al., 2020). The composition of the secretome can include
VEGF, BDNF, FGF, glial-derived neurotrophic factor, and nerve growth factor (Pinho et al.,

2020). Despite current research to enhance the potential for stem cells to repair post-SCI, more
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work is required to achieve greater levels of activation and neuronal differentiation in mammals.
Comparing spinal cord anatomy, NSC populations, and injury-induced signals following SCI
between mammalian and non-mammalian models, such as the zebrafish, may provide new clues

for better patient treatments for spinal cord recovery.

1.3 Spinal Cord Anatomy and NSC Regulation Post-SCI

The adult vertebrate spinal cord serves to relay sensory information and motor instructions
between the brain and the peripheral nervous system (Leung & Shimeld, 2019). This is protected
by the vertebral column, which is also involved in maintaining body posture (Cho, 2015). Below
the vertebral column lies three layers of tissue termed the meninges of the spinal cord, whose
function is to provide a supportive framework and protect the spinal cord from damage (Dasgupta
& Jeong, 2019). These layers consist of the pia mater, arachnoid mater, and the dura mater (Sehgal
& Das, 2021). The pia mater is the deepest layer that forms a thin sheath immediately around the
spinal cord and helps maintain its compact structure while the arachnoid functions to maintain the
cerebrospinal fluid (CSF) metabolism (Sehgal & Das, 2021). The most superficial and strongest

layer is the dura mater, sitting adjacent the vertebrae (Sehgal & Das, 2021).

Viewed in cross section, two areas of the spinal cord are visible. These include the inner grey
matter that is made up of a collection of cell bodies from both neurons and glia, and the outer white
matter consisting of mainly axon fibers tracts (Khan & Lui, 2021). In mammals, motor neurons
and interneurons are located in the ventral horn of the grey matter and help fine-tune motor output.
The grey matter also consists of the dorsal horn which contains sensory neurons and interneurons

that receive different inputs to recognize pain, light touch and temperature (Cho, 2015). Similarly,
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in zebrafish the dorsal horn contains sensory neurons and interneurons that excite the motor
neurons and interneurons in the ventral horn (Hale et al., 2001; Reimer et al., 2008; Bjornfors &
El Manira, 2016; Henderson et al., 2019). Within the grey matter the central canal extends the
length of the spinal cord and makes up a cavity of CSF lined by ependymal cells (Hamilton et al.,
2009; Saker et al., 2016). These ependymal cells, which act as endogenous NSCs, are one of the

many cell populations located within the vertebrate spinal cord.

1.3.1 Cell Populations of the Spinal Cord

During embryonic development, the mammalian vertebrate CNS is formed by neuroepithelial cells
that line the neural tube (Subramanian et al., 2017). Around the time that neurogenesis begins,
neuroepithelial cells begin to take on glial features, becoming radial glia (Kriegstein & Alvarez-
Buylla, 2009; Paridaen & Huttner, 2014). Throughout development, radial glia, that function as
neural progenitor cells, undergo asymmetric division to generate neurons and oligodendrocytes
(Kriegstein & Alvarez-Buylla, 2009). Some of these radial glia then convert into ependymal cells
and astrocytes neonatally (Kriegstein & Alvarez-Buylla, 2009). The transition to adulthood in the
mammalian spinal cord includes radial glia differentiating into ependymal cells that will line the
central canal of the spinal cord throughout life (Fig. 1A; Kriegstein & Alvarez-Buylla, 2009;
Sabelstrom et al., 2014). This ependymal lining of the central canal is a feature shared by all
amniotes. Ependymal cells in adult mammals have a cuboidal, multi-ciliated morphology. Under
homeostatic conditions in mammals, ependymal cells self-renew in vivo, but are limited in
proliferation beyond postnatal development with only residual activity persisting into adulthood

(Bruni, 1998; Meletis et al., 2008).
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In anamniotes, such as salamanders and zebrafish, similar to mammals, radial glial cells are also
derived from initial neuroepithelial populations during early development and will give rise to
neurons and glia (Lewis & Eisen, 2003; Than-Trong & Bally-Cuif, 2015; Ghosh & Hui, 2016;
Tazaki et al., 2017; Zambusi & Ninkovic, 2020). However, a major difference compared to
amniotes is that both neuroepithelial and radial glial populations persist into adulthood and serve
lifelong as the two major NSC populations of the zebrafish CNS (Lindsey et al., 2018).
Specifically, in the mature spinal cord, salamanders and zebrafish both have populations of
oligodendrocytes and ependymal cells. However, throughout the literature several different terms
have been used to describe the cells sitting adjacent to the central canal, including radial glia,
ependymal cells, ependymal radial glia and ependymoglia (Briona & Dorsky, 2014; Hui et al.,
2015; Ribeiro et al., 2017). For simplicity, moving forward I will refer to the cells encircling the
spinal cord central canal of non-mammalian models as ependymoglia due to their combination of
ependymal and radial glial-like characteristics (Fig. 1B; Lewis & Eisen, 2003; Grupp et al., 2010;
Cardozo et al., 2017; Tazaki et al., 2017). These characteristics include quiescence under
physiological conditions, a feature shared by mammalian ependymal cells, and long processes that
are seen among glial cells (Zambusi & Ninkovic, 2020). This quiescent state refers to reversible
cell cycle arrest, where quiescent cells are non-proliferative but with appropriate stimuli can re-
enter the cell cycle, self-renew and give rise to daughter cells (Urban et al., 2019). In mammalian
ependymal cells, the quiescent stem cell population under homeostasis, increases with proliferation
after injury to generate new progeny (Barnabé -Heider et al., 2010). This is seen by larger amounts
of incorporated 5-bromo-2'-deoxyuridine (BrdU), a thymidine analog that is taken up by cells in
the S-phase of the cell cycle, to label for proliferation that results in ependymal cells,

oligodendrocytes, and astrocytes (Barnabé -Heider et al., 2010).
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Figure 1

Mammal Zebrafish
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Figure 1. Cellular populations in the mammalian and zebrafish spinal cord. (A) Uninjured
mammalian spinal cord consists of ependymal cells surrounding the central canal (CC) and
neurons within the two dorsal and two ventral horns. The two dorsal horns consist of sensory
neurons and interneurons while the ventral horns contain motor neurons and interneurons.
Oligodendrocytes, astrocytes and vasculature can be found throughout the parenchyma. (B)
Within the zebrafish spinal cord there are layers of ependymoglia sitting adjacent to the central
canal. Neurons reside in the singular dorsal and two ventral horns. Similar to the mammalian
spinal cord, the dorsal horn contains sensory and interneurons, and the ventral horns contain
motor neurons and interneurons. Oligodendrocytes and vasculature are seen within the

parenchyma.
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While a subpopulation of glial cells with astrocytic features exist in the salamander spinal cord,
it’s undetermined if similar mammalian astrocytes exist (Tazaki et al., 2017). In the zebrafish
model, it has been proposed that astrocytes are absent and instead ependymoglia serve the role of
astrocytes (Grupp et al., 2010; Goldshmit et al., 2012). However, recently a cell type found
throughout the larval zebrafish CNS that is similar to mammalian astrocytes has been characterized
by Chen et al. (2020). This undescribed glial cell type has similar characteristics to that of
mammalian astrocytes, some of which include morphology, expression of astrocytic markers like
glutamate astrocyte-specific transporter and glutamine synthetase (GS), and close association with
synapses (Chen et al., 2020). These cells were shown to transform from traditional radial glia to
astrocyte-like cells, but since they have been identified only in larval zebrafish it remains unknown

whether these cells persist beyond larval development or how they differ from ependymoglia.

In vitro, ependymal cells have been confirmed to be multipotent and form neurospheres that can
give rise to neurons, oligodendrocytes and astrocytes after injury (Liu & Chen, 2019). Rather, in
vivo, rodent models of SCI demonstrate that ependymal cells react post-SCI to proliferate and
produce oligodendrocytes, and even more astrocytes which then migrate to the injury site and
contribute to the glial scar (Meletis et al., 2008). This difference in cell production in vitro
compared to in vivo implicates the inhibitory environment post-SCI in blocking the path towards

neuroregeneration.

The scarring that results in mammalian SCI is made up of a heterogeneous population of cells

including reactive astrocytes, oligodendrocyte precursor cells, microglia, fibroblasts, and pericytes

(Alizadeh et al., 2019). This scar formation is beneficial as it limits the spread of inflammation to
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protect uninjured tissue around the injury site (Sofroniew, 2015). However, despite this protective
role, it also inhibits regeneration by acting as a barrier for axonal regrowth and creating an
inhibitory extracellular matrix (ECM) through the production of CSPGs (Yang et al., 2020). Thus,
regardless of the increase in cell cycle activity of ependymal cells post-SCI, mammalian spinal
cords are not able to recover and regenerate neurons. This is large in part, a consequence of cues
in the damaged microenvironment that include the inflammatory response, and inhibitory signals
arising from the ECM and glial scar formation that impedes regenerative neurogenesis (Lee-Liu

et al., 2013; Vajn et al., 2013; Bradbury & Burnside, 2019).

1.3.2 Intrinsic Regulation of NSCs Post-SCI

Functional recovery post-SCI can be regulated by cell intrinsic factors that aid in NSC
proliferation, some of which include upregulation of signaling pathways, expression of genes
involved in SCI, the unfolded protein response (UPR), and cell metabolism. These factors appear
to provide the ependymoglia of lower vertebrates, including axolotl, zebrafish and eels to not only
proliferate, but replace motor neurons for functional recovery after SCI (McDonough & Martinez-
Cerdefio, 2012). However, in mammals, since differentiation to replace lost cells does not occur,
functional recovery is absent, suggesting that a different set of factors regulate mammalian

ependymal cells post-SCI (McDonough & Martinez-Cerdeio, 2012).

Different signaling pathways are required for proliferation to occur in vertebrates around the
central canal, some of which include Notch, FGF, bone morphogenetic protein (BMP), Wnt/j3-
catenin, and retinoic acid (RA) (Wilson et al., 2004; del Corral & Storey, 2004; Yeo & Chitnis,

2007). Notch signaling functions to maintain cells in a quiescent state, but through this can impede
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regeneration post-SCI. In zebrafish, it has been shown that increased Notch signaling attenuates
the regeneration of spinal cord motor neurons and pharmacologically inhibiting Notch increases
neurogenesis (Dias et al., 2012). FGF signaling in both zebrafish and mammals controls glial cell
activation, specifically in mammals activating an elongated morphology in astrocytes similar to
the glial cells seen in zebrafish (Goldshmit et al., 2012). BMP signaling in mammals following
SCI shows an upregulation that is involved in glial cell differentiation, contribution to cell death,
increase in macrophage infiltration, and an improvement in astrocytic proliferation (Al-
Sammarraie & Ray, 2020). In zebrafish ependymoglia, Wnt/B-catenin signaling is activated
following SCI and when inhibited, reduces neurogenesis and axonal regeneration (Briona et al.,
2015). Studies in motor neuron regeneration has suggested that RA signaling plays an important
role because of the increase in RA associated genes in the zebrafish spinal cord (Reimer et al.,
2009). Furthermore, studies in rat SCI found that RA signaling participates in physiological
responses of neurons, macrophages, astrocytes and oligodendrocytes through the increase in

retinoid receptors post-SCI (Schrage et al., 20006).

In addition to the involvement of signaling pathways, SCI has been correlated with changes in
gene expression. For example, it has been shown that following SCI, astrocytes in mammals
exhibit a significant downregulation of Alpha-synuclein (Yu et al., 2019). This gene encodes for
proteins involved in synaptic vesicles and has been implicated in SCI (Wang et al., 2016). Due to
the downregulation seen in astrocytes it has been proposed that Alpha-Synuclein may play a role
in inhibiting glial scar formation and be a novel gene target to explore mechanisms of mammalian
spinal cord repair. Moreover, it has also been previously established that the transcription factor,

Sox9, upregulates an array of genes associated with the formation of glial scar seen in mammals
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(McKillops et al., 2013). Knocking out Sox9 has led to reduced expression of CSGPs that are
found within the glial scar (McKillops et al., 2013). While not many genes have been studied in
zebrafish following SCI, Sasagawa and colleagues (2016), demonstrated that e2f4, a coordinator
of cell cycle dependent gene transcription was activated after SCI and promoted neuronal

regeneration and recovery.

Recently, there have been studies examining the relationship between cellular stress and SCI.
Following SCI, the events taking place in the secondary phase of injury can trigger endoplasmic
reticulum stress (Penas et al., 2007). Under physiological conditions, the endoplasmic reticulum
is the site of protein synthesis, folding and maturation occurs (Hetz et al., 2015). The UPR,
which is a new and emerging signaling pathway that has been the focus of growing SCI studies,
works to preserve organelle function through the transmembrane proteins: protein kinase RNA-
like endoplasmic reticulum kinase, inositol-requiring protein-1 and activating transcription
factor-6 (Ohri et al., 2011). When the endoplasmic reticulum is stressed due to injury, the result
is an accumulation of abnormal proteins that will activate the UPR (Matsuyama et al., 2014). If
the recovery of homeostasis does not occur through the resolution of endoplasmic reticulum
stress, apoptosis is triggered (Hetz et al., 2015). A study in mice demonstrated UPR activation
post-SCI, specifically in neurons, oligodendrocytes, and astrocytes (Ohri et al., 2011). These
findings raised the possibility of using small molecule modulators of the UPR to restore
endoplasmic reticulum stress to increase functional outcomes post-SCI (Ohri et al., 2013).
Recently in a amyotrophic lateral sclerosis zebrafish model, elevated activating transcription
factor-6 activity was found in spinal cord interneurons, indicating that the UPR in spinal cord

cells could be a new approach in studying SCI using a non-mammalian model (Clark et al.,
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2020). Therefore, further investigating cellular stress in SCI may provide a new therapeutic

strategy for functional regeneration.

SCI often results in mitochondrial dysfunction that leads to disorders in metabolism which in turn
affect cell survival (Hu et al., 2021). For example, the events that lead to axonal regeneration,
including the resealing of injured terminals, reconstructing the cytoskeleton, and synthesizing
building materials, require energy through adenosine triphosphate (Han et al., 2020). This
energetically demanding process can be resolved by enhancing mitochondrial transport in axons
found in murine spinal cords (Han et al., 2020). Since mitochondrial damage can affect glucose
metabolism in cells, it is necessary to promote glucose uptake and increase production of
mitochondria. Researchers found that glucose metabolism within the spinal cord was regulated by
zinc and this promoted functional recovery through the AMP-activated protein kinase pathway
that is closely related to glucose transport (Hu et al., 2021). The necessity for proper mitochondrial
function has been demonstrated in the zebrafish model that showed injured axons with a greater
regenerative ability also maintained greater mitochondrial motility within that area (Xu et al.,
2017). Further examining mitochondria and glucose uptake may provide better strategies in

achieving recovery through cellular metabolism.

1.3.3 Effects of Injury-Induced Environmental Signals on NSCs

In vitro studies of isolated mammalian spinal cord ependymal cells demonstrate that these cells
possess the intrinsic capacity to generate newborn neurons (Liu & Chen, 2019). However, this is
not the case within the in vivo environment post-SCI (Meletis et al., 2008). Therefore, it is essential

to examine the extrinsic factors within the injured spinal cord environment that prevent
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regeneration in mammals but promote this fate in lower vertebrates. The microenvironment of the
spinal cord largely controls regeneration through signaling arising from local vascularization, the

ECM, and immune cells.

Within the vertebrate spinal cord niche, NSCs and blood vessels share a close proximity to each
other whereby blood vessels deliver oxygen and nutrients, and remove metabolic waste (Oudega,
2012). Changes in vasculature post-SCI is unfavorable to regeneration because of the resulting
hemorrhaging that occurs at the epicenter of the injury site, furthering the loss of tissue (Oudega,
2012). In addition, damaged blood vessels cause hyperpermeability through the blood-spinal cord
barrier, which acts to regulate and restrict the movement of molecules in the CNS. (Mautes et al.,
2000; Oudega, 2012). This exposes the spinal cord to toxic molecules such as calcium and free
radicals, and inflammatory cells that further impede regeneration (Mautes et al., 2000; Oudega,
2012). VEGEF released from vascular endothelial cells lining the blood vessels, exerts a protective
effect on neurons and stimulates angiogenesis. For instance, when VEGF was injected into the
spinal cords of rats, NSCs were activated and differentiated into neurons and astrocytes (Liu et al.,
2019). Furthermore, the inflammatory response in rats was inhibited by VEGF which decreased
the levels of inflammatory cytokines such as interleukin-1p (IL-1p), interleukin-10 (IL-10), and
tumor necrosis factor a (TNFa) (Wang et al., 2015). This indicates that VEGF is an important

factor in neuroprotection and overall functional outcome post-SCI.

Another key component of the vertebrate spinal cord niche is the ECM which provides support

and structure to cells. In addition, the ECM provides cues to maintain nervous tissue through

synaptogenesis, regulate the migration of cells, and guide axons to downstream targets (Haggert
ynaptog g g g g ggerty
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et al., 2017). In the uninjured spinal cord, the ECM is essential in preserving proper function of
the CNS by its involvement in providing regulatory signals and acting as a reservoir for growth
factors and molecules (Haggerty et al., 2017). Within the ECM of mammalian and zebrafish spinal
cords, there exist CSPGs that play crucial roles in both development and adulthood (Dyck &
Karimi-Abdolrezaee, 2015; Lee et al., 2020). After SCI, neutrophils, microglia or macrophages,
secrete ECM components including proteoglycans, glycoproteins, and proteins, in addition to
matrix metalloproteinases that continue to destroy the ECM. In mammalian SCI, there is an
abundant upregulation of CSPGs from activated astrocytes within the glial scar that contribute to
the inhibition of axonal regeneration, replacement of cells, and remyelination (Dyck & Karimi-
Abdolrezaee, 2015; Lee et al., 2020). Studies have shown that optimizing the injured
microenvironment using growth factors and chondroitinase ABC, an enzyme that degrades
CSPGs, improves proliferation of NSCs and reduces their differentiation towards an astrocytic
lineage (Karimi-Abdolrezaee et al., 2012). This ECM targeted approach provides a promising

avenue to regeneration through optimizing the microenvironment.

Finally, the inflammatory response elicited from immune cells in the injured microenvironment
can be both beneficial to regeneration and detrimental if prolonged. Under homeostasis, non-
activated immune cells relay environmental information to neurons and glial cells, like astrocytes
(Ousman & Kubes, 2012). Immune cells, like microglia and lymphocytes, survey the environment
of the spinal cord and under injury, elicit an inflammatory response. Some of the cell types
involved in the inflammatory response include neutrophils, resident microglia, astrocytes in
mammals, macrophages, and lymphocytes. This innate immune response recruits and activates

more immune cells, such as neutrophils, to the injury site to help clear debris while also activating
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astrocytes, microglia and neuroinflammation (Alizadeh et al., 2019). Other cells like macrophages
and microglia promote repair through phagocytosis, scavenging of damaged cells and expressing
growth factors (Ousman & Kubes, 2012). Astrocytes play a large role in the formation of the glial
scar which protects the spread of the injury to healthy tissue but at the same time impedes axonal
regeneration (Alizadeh et al., 2019). When these immune cells are eliminated the recovery process
is disrupted, suggesting that new mechanisms are needed to modulate the detrimental aspects of
inflammation post-SCI and promote the beneficial effects. One of the largest differences in the
ability of lower vertebrates to regenerate and the inability of mammals is the effect of the immune

response.

1.4 The Inflammatory Response

Inflammation is a response to harmful stimuli that works to begin the body’s healing process.
Harmful stimuli that can trigger the inflammatory response include pathogens, damaged cells or
toxic compounds (Chen et al., 2018). The common mechanisms of the inflammatory response are
cell surface pattern receptors that recognize harmful stimuli, activation of inflammatory pathways,
release of inflammatory markers, and recruitment of immune cells (Chen et al., 2018). Upon injury,
damaged tissue release endogenous molecules, termed alarmins, that are sensed by the immune
system and further activate it to initiate inflammation (Osuka et al., 2014). These alarmins are
detected by pattern recognition receptors, found on innate or adaptive immune cells (Amarante-
Mendes et al., 2018). These receptors also bind exogenous antigens called pathogen-associated
molecular pattern molecules, and damage-associated molecular patterns released by damaged cells
(Amarante-Mendes et al., 2018). Inflammatory stimuli, such as microbial products, mediate

inflammation through pattern recognition receptors that then trigger intracellular signaling
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pathways such as the mitogen-activated protein kinase, nuclear factor kappa-f3, and Janus kinase-
signal transducer and activator of transcription pathway (Chen et al., 2018). These pathways
further the regulation of cytokine production, as well as the recruitment of local and peripheral
immune cells including neutrophils, B- and T-lymphocytes, microglia, and macrophages, that

collectively contribute to the immune response.

1.4.1 Activity of Local and Peripheral Immune Cells

Following injury, there are various peripheral immune cells that migrate into areas of injury, and
local immune cells found within the spinal cord. The first phase of inflammation in mammals lasts
0-2 days post-injury (dpi) and begins with the recruitment of resident microglia and astrocytes,
and neutrophils to the injury site. The next phase occurs near 3dpi when blood-born macrophages
and lymphocytes are recruited (Alizadeh et al., 2019). Across vertebrates, neutrophils are one of
the first responders and are found in the spinal cord within the first few hours after injury. These
cells phagocytize and clear debris, secrete proteases, and release reactive oxygen species (ROS)
that combat invading pathogens (Gadani et al., 2015). Neutrophils have been viewed as potentially
detrimental due to the release of inflammatory cytokines, proteases and free radicals that contribute
to secondary damage (Alizadeh et al., 2019). However, studies show that depleting these immune
cells in mice resulted in worse functional hindlimb recovery and a delay in activation of astrocytes

(Stirling et al., 2009). This indicates that neutrophils have a dual role in the inflammatory response.

After neutrophil recruitment, local microglia and peripheral macrophages infiltrate the injured

spinal cord. In a healthy CNS, the resident immune cells, microglia, survey the microenvironment

and have a branched morphology along with low immune and cytokine activity (Kroner &
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Almanza, 2019). In response to injury, they become activated and their morphology changes to a
round amoeboid shape with shorter processes (Kroner & Almanza, 2019). Microglia have both
detrimental and beneficial functions following SCI. These cells contribute to secondary damage
through their release of reactive oxygen species and pro-inflammatory cytokines. On the other
hand, their protective effects include debris clearance, production of anti-inflammatory cytokines,

and sealing the injury site to prevent further spread of damage (Hines et al., 2009).

Following a SCI when the blood-brain/spinal cord barrier is damaged, monocytes are able to
infiltrate the spinal cord tissue and transform into macrophages (Zhou et al., 2014). Upon
activation, there exist subsets of macrophages termed M1- or M2-type macrophages that take on
an amoeboid-like morphology as compared to their ramified morphology under homeostasis
(Fernandez-Arjona et al., 2017). When discussing polarization within the literature, the term
‘macrophages’ is commonly used to refer to both the infiltrating macrophages and the resident
microglia. M1 macrophages are a pro-inflammatory, early-stage immune cell that are detected
during the acute response to injury and activated by interferon-y (Gensel & Zhang, 2015; Park et
al., 2018). These cells enter the injury epicenter to phagocytize apoptotic and necrotic cells, and
clear tissue debris (Gensel & Zhang, 2015). In addition, they release ROS and pro-inflammatory
cytokines that facilitate the inflammatory response leading to further damage and inflammation
(Zhou et al., 2020). In contrast, M2 macrophages are activated by interleukin-4 (IL-4) and display
tissue repair characteristics through their attenuated production of pro-inflammatory cytokines and

ROS, while secreting anti-inflammatory cytokines (Liu et al., 2014; Gensel & Zhang, 2015).
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When the injured site is cleared of debris and pathogens, the M1 polarized macrophages undergo
a switch to the M2 polarization in response to anti-inflammatory signals like IL-4, released from
mast cells, basophils, and eosinophils (Orekhov et al., 2019). Therefore, the immune cells involved
in SCI follow a successful acute inflammatory response when damaged cells, debris and pathogens
are eliminated which is then followed by a resolution and repair phase (Medzhitov, 2008).
However, when this acute response is not resolved it results in chronic inflammation. This
prolonged inflammation can be detrimental due to the occurrence of apoptosis, glial scar formation
in mammals, and a reduction in neuronal function, leading to poor recovery in mammals (Yong et

al., 2019).

1.4.2 Pro-inflammatory Cytokines

Cytokines are small secreted proteins mainly released from immune cells, including macrophages,
monocytes, and lymphocytes, but may be produced by non-immune cells such as mast cells,
endothelial cells and glia (Zhang & An, 2007). These proteins work through autocrine or paracrine
action to help modulate the immune response and regulate inflammation. Macrophages are one of
the main producers of cytokines and based on their polarization of an M1 pro-inflammatory or M2
anti-inflammatory phenotypes, can release pro- or anti-inflammatory cytokines, respectively
(Zhang & An, 2007; Ren & Young, 2013; Kong & Gao, 2017). Cytokines have neuromodulatory
functions, but also have the capability of furthering damage if pro-inflammatory cytokines are

uncontrolled at high concentrations.

A common cytokine seen among vertebrates following SCI is TNFa. This cytokine exerts both

neuromodulatory effects such as neuroprotection or apoptosis and has been implicated as a factor
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involved in the limited recovery seen in mammals (Huie et al., 2012). Specifically, it increases
neutrophil infiltration, inhibits survival of neurons and oligodendrocytes, and limits remyelination
(Ren et al., 2018). In mammals, the effects of TNFa on axonal regeneration are unclear, but in
larval zebrafish it has been shown to promote regeneration by reducing levels of neutrophils
(Tsarouchas et al., 2018). In addition, the notable pro-inflammatory cytokine, IL-1p, increases its
expression after injury and acts by activating the immune response by elevating the production of
inflammatory cytokines (Boato et al., 2013). For IL-1B to first become activated, the
inflammasome is required (Martin-Sanchez et al., 2016). The inflammasome is a multiprotein
complex found within a cell that will be activated by pathogen associated molecular patterns and
damage associated molecular patterns (Martin-Sanchez et al., 2016). The inflammasome next
activates the enzyme caspase-1 to process IL-1f into a bioactive form (Martin-Sanchez et al.,
2016). This pro-inflammatory cytokine is sourced from microglia and astrocytes and is rapidly
expressed in mice following SCI (Pineau & Lacroix, 2006). In a study using larval zebrafish, initial
inflammation and the presence of IL-1 promoted axon bridging, whereas at later timepoints
needed to be decreased to not exert detrimental effects on regeneration (Tsarouchas et al., 2018).
Another cytokine of the interleukin family, interleukin-8 (IL-8), is synthesized from macrophages,
endothelial cells and neutrophils, exerting pro-inflammatory effects through the activation of
further neutrophils (Morganti-Kossmann et al., 1997). Pro-inflammatory cytokines are beneficial
at low concentrations due to their induction of neurotrophin expression, but at higher
concentrations activate transcription factors that stimulate neurotoxic genes which cause further

damage (Garcia et al., 2016).
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1.4.3 Anti-inflammatory Cytokines

In SCI, anti-inflammatory cytokines are crucial for reducing pro-inflammatory cytokines, thus
promoting regeneration and protection of injured tissue. Although anti-inflammatory cytokines
can reduce the number of pro-inflammatory cytokines, they exist at low levels or are absent
immediately after SCI, prolonging inflammation (Hellenbrand et al., 2021). In mammals, anti-
inflammatory cytokines are commonly induced later in recovery. Interestingly however, in a study
of axolotl limb regeneration anti-inflammatory cytokines were increased simultaneously with pro-
inflammatory cytokines (Godwin et al., 2013). Transforming growth factor-p (TGF-p) is a family
of anti-inflammatory cytokines important in inflammation, ECM formation and scar formation in
mammals (Buss et al., 2007). TGF-B1 showed a rapid induction both extracellularly and
intracellularly in macrophages, astrocytes and neutrophils, indicating it plays a role in early
inflammation within the human spinal cord (Buss et al., 2007). The role of TGF-f1 is bi-directional
due to the pro-inflammatory effects it has on inactivated cells initially after injury and the anti-
inflammatory effects it has on activated cells later during inflammation (Buss et al., 2007). Another
cytokine that belongs to the TGF family is TGF-B3, which works through the FGF pathway to
reset astrocytes into a non-reactive state in mammals and has been shown to reduce scarring in rat
pups (Gottipati et al., 2020). Combining TGF-3 with mesenchymal stem cells in rabbits, enhanced
the ability to regenerate post-SCI and increased the healing rate (Feldman & McCauley, 2018).
Therefore, focusing on early enhancement of these proteins as a therapeutic strategy may aid in

reducing inflammation and promoting recovery in mammalian models of SCI.
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1.5 Zebrafish as a Leading Regenerative Model to Study SCI

Zebrafish, in contrast to mammals, have been used as a model system in which regeneration can
be studied due to their remarkable ability to not only repair the spinal cord after SCI but also repair
other tissue types, including the brain, fins, heart, kidneys, and retina (Vihtelic & Hyde, 2000; Poss
et al.,, 2002; Poss et al., 2003; Diep et al., 2011; Kyritsis et al., 2012). Zebrafish possess key
differences from mammals, such as the presence of ependymoglia around the central canal that act
as NSCs, and the extent of inflammation post-injury. However, the exact relationship between

ependymoglia and the immune cell response is still unclear.

Mammals and zebrafish differ dramatically in their regenerative response but do share a small
number of overlapping features. One notable similarity is that NSCs in both mammalian and
zebrafish spinal cords are non-proliferative under homeostasis, but increase following SCI
(Meletis et al., 2008; Cigliola et al., 2020). While both models show an increase in proliferation,
their functional recovery remains different. The spinal cord in mammals is irreversibly impaired
due to the disruption of axons, neuronal cell death, and formation of scar tissue that inhibits
regeneration of axons (Mollmert et al., 2020). In zebrafish, the loss of function seen following SCI
is not permanent. When a SCI occurs, zebrafish respond with the production of new motor neurons
originating from proliferating ependymoglia, and the promotion of growth in axons with the help
of fibroblast-like cells that accumulate to the injury site (Reimer et al., 2008; Wehner et al., 2017).
These key differences at the cellular level allow for functional recovery in zebrafish and make for

an ideal model in the field of regenerative medicine.
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1.5.1 Injury Models Used in Zebrafish SCI

To study SCI in zebrafish there exist different injury models, some of which include transection
models and compression models. The commonly used full transection model consists of a
complete severance of the spinal cord and has been used across both adult and larval zebrafish
(Becker et al., 1997; Reimer et al., 2009; Briona & Dorsky, 2014). This is useful for studying
axonal regeneration, scaffolds to bridge the gap of the severed spinal cord, and the role of motor
and sensory circuits in recovery of locomotion (Alizadeh et al., 2019). This model is easy to
reproduce but is less relevant in translation to human SCI. To perform transection injuries in adults,
the spinal cord is cut using micro-dissecting scissors after the fish has been anesthetized while full
transections in larval models only require a scalpel rather than scissors due to their smaller body
size (Fang et al., 2012; Briona & Dorsky, 2014). In addition, larval SCI is commonly performed
by mounting the zebrafish in low-melt agarose after being anesthetized. Overall, performing SCI
on zebrafish is a simple process that takes less than 5 minutes to perform under a dissecting
microscope (Fang et al., 2012). A variation of the transection model is a hemi-section where only
part of the spinal cord is severed. In larvae, this injury model has been induced by lasers (Dehnisch
Ellstrom et al., 2019). Hemi-sections are useful in studying plasticity, grafting of nerves and
comparing injured vs. non-injured pathways within the same animal (Cheriyan et al., 2014).
However, this injury can be less severe or lead to spontaneous recovery and are harder to keep

consistent across different animals (Cheriyan et al., 2014).

Compression models, which involve prolonged compression of the spinal cord, are more relevant

to human SCI. The most common way of inducing a compression injury is through clip

compression where a clip is applied for a certain period of time. An advantage to this method is
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that it’s inexpensive and can be used to block blood supply to inflict ischemia seen in human SCI
(Cheriyan et al., 2014). Few have utilized this injury model in zebrafish, however, a study
examining the regeneration of ependymoglia in the spinal cord exposed the vertebral column and
compressed the spinal cord dorsoventrally with forceps to create a compression injury (Riberio et
al., 2017). While this exact type of injury is not commonly seen when using zebrafish, a crush
injury was induced using forceps in adult zebrafish to study the cellular response, similar to the
compression model (Hui et al., 2010). This injury resulted in a loss of movement similar to
transections, that began to recover around 2 weeks post-SCI until a full recovery at around 1 month
(Hui et al., 2010). Compression models are considered the most relevant when translating to human
SCI because they better simulate the neuropathology, whereas transection is valuable in anatomic

regeneration and commonly seen among zebrafish SCI.

1.5.2 Techniques Used to Facilitate the Study of SCI in Zebrafish

The zebrafish model was first used in developmental biology due to the transparency of embryos
and external fertilization/development (Veldman & Lin, 2008). In addition, zebrafish can be kept
in large numbers due to their size and female zebrafish are able to lay up to 300 eggs at a time,
allowing thousands of embryos from a single reproductive cycle (Alestrom et al., 2020). Together
with zebrafish reaching sexual maturity and adulthood near 3 months, this model allows for large

scale studies to be conducted (Singleman & Holtzman, 2014).

Following their use in development, zebrafish expanded into other fields, notably being used in

regenerative studies. As a result, there exists numerous tools to assist in the study of zebrafish,

including a number of molecular and genetic approaches, and behavioural tests to examine
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functional recovery and motor activity (Kabashi et al., 2011; Babin et al., 2014). To date, the
zebrafish genome has been fully sequenced and has allowed for new discoveries in genetics
through comparison with the human genome (Howe et al., 2013). For example, gain- and loss-of-
function techniques can be used to manipulate homologs of human genes through injection of anti-
sense morpholino oligonucleotides (Kabashi et al., 2011). Using this method, researchers have
been able to replace zebrafish genes with human genes by injecting zebrafish embryos with human
mRNA with the anti-sense morpholino oligonucleotides that targets the zebrafish sequence
(Kabashi et al., 2011). This has allowed for the study of degenerative brain/spinal cord disorders
and developmental disorders such as amyotrophic lateral sclerosis, spinal muscular atrophy,
Parkinson’s, Huntington’s, epilepsy and validation of mutations involved with autism (Kabashi et

al., 2011).

Most recently, CRISPR/Cas9-based technologies has allowed for the identification of pro-
regenerative genes in larval zebrafish SCI (Keatinge et al., 2021). Using genome wide expression
profiling, researchers have further discovered genes expressed at different times following SCI in
the adult zebrafish, in line with the process of spinal cord regeneration (Hui et al., 2014). Therefore,
there exist different genetic methods to study SCI across stages of neurorepair. In addition, an
important tool used in the study of SCI includes the use of transgenics to view cell specific
expression in various tissues before and after injury. Reporter expression can be visualized in both
single or double-transgenic lines to study neurons, immune cells, glia, vasculature and even
signaling pathways using reporters such as green fluorescent protein (GFP) and red fluorescent
protein (RFP; DsRed) (Lawson & Weinstein, 2002; Arkhipova et al., 2012; Fang et al., 2013).

With these beneficial reporter lines, researchers do not have to rely on antibodies for labelling
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experiments and large quantities of transgenic lines can be created due to the high number of
embryos produced in facilities. Additionally, as a result of their transparency, zebrafish larvae are
often used for live-confocal imaging of SCI regeneration (Huemer et al., 2017). After the first 10
days, zebrafish are no longer transparent and as such, this imaging technique cannot be used on

older larvae, juvenile and adult stages.

In studying the regeneration and differentiation of cells following SCI, lineage tracing can be
useful in visualizing stem cell progeny. One method of lineage tracing involves the Cre/loxP
system which permanently labels progeny cells by modifying the parent cells’ genome with
fluorescent reporter proteins (Brown et al., 2018). By temporally controlling the induction of
Cre/loxP with commonly used tamoxifen, an estrogen receptor modulator, parent cells containing
a gene of interest can be induced to give rise to progeny with a different reporter following SCI.
A more advanced technique that requires Cre-/loxP is Zebrabrow, or Zebrafish Brainbow, that
creates combinations of different fluorescent colours in adjacent cells that are then inherited by
daughter cells (Pan et al., 2013). This technique also allows for lineage tracing of cells to obtain
direct evidence of the lineage from the parent NSC to the daughter progenitor cells that

differentiate into newborn neurons post-SCI.

In the last 10 years several new ways to study zebrafish behavioural phenotypes and activity have
been created (Kalueff et al., 2013). In studying regeneration, behaviour can be successfully
examined using zebrafish due to the absence of movement as a result of a complete transection of
the spinal cord (Becker & Becker, 2006). This, in combination with the fact that uninjured

zebrafish swim constantly allows for one to accurately monitor and quantitate behaviour post-
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injury, as well as recovery which has been shown to occur at 6 weeks post-SCI in adult zebrafish

(Becker & Becker, 2006; Noorimotlagh et al., 2017).

1.5.3 Anatomy of the Zebrafish Spinal Cord

The main cell populations present in the zebrafish spinal cord include ependymoglia, neurons,
oligodendrocytes and microglia (Fig. 1B). Ependymoglia in particular, are functional orthologs of
ependymal cells found in mammals and are the key cells involved in the regenerative response
(Zambusi & Ninkovic, 2020). These cells have a combination of ependymal cell bodies and radial
glial-like characteristics such as elongated processes (Lewis & Eisen, 2003; Grupp et al., 2010;
Cardozo et al., 2017; Tazaki et al., 2017). Under homeostasis, high levels of Notch signaling keep
the ependymoglial populations in a quiescent state (Dias et al., 2012). Under injury or with lower
levels of Notch signaling, these cells re-enter the cell cycle and self-renew or generate new

neurons, all of which can be identified using different cell specific markers (Dias et al., 2012).

To examine ependymoglia researchers have used astrocytic and glial markers such as glial
fibrillary acidic protein (GFAP), GS, S100 calcium-binding protein 3, brain lipid-binding protein
(BLBP), and vimentin (Hui et al., 2015; Johnson et al., 2016; Cigliola et al., 2020; Chen et al.,
2020). In addition, the NSC marker Sox2, neural progenitor cell marker nestin, and ependymal
marker, Foxjla have also been used to mark these cells (Goldshmit et al., 2012; Hui et al., 2015;
Ribeiro et al., 2017; Zambusi & Ninkovic, 2020). Expression of Foxjla is upregulated in the
injured spinal cord within the ependymoglia surrounding the spinal cord and in their respective
daughter progenitor cells (Ribeiro et al., 2017). Following injury, the ependymoglial cells express

high levels of nestin indicating the progenitor feature these cells hold (Goldshmit et al., 2012).
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Additional studies have shown Sox2 and nestin co-labelling in the ependymoglia around the
central canal of embryonic larvae (Johnson et al., 2016). Therefore, using different transgenic lines

and markers can display co-expression of glial and NSC features in these ependymoglia.

To identify dividing cells within the spinal cord, researchers often use 5-Ethynyl-2'-deoxyuridine
(EdU), BrdU and proliferating cell nuclear antigen (PCNA). EdU and BrdU are both incorporated
into nuclear DNA during the S-phase of the cell cycle, but a key difference is that BrdU requires
an antibody and DNA denaturing to stain for proliferation which can affect image quality and cell
morphology (Salic & Mitchison, 2008; Crane & Bhattacharya, 2013). EAU uses a proliferation
assay where it is detected by a click reaction of an azide-alkyne that can access the DNA without
denaturing (Salic & Mitchison, 2008). A different method in studying proliferation is by looking
at by marking against antigens expressed during proliferation with the use of primary antibodies.
PCNA is a common marker to label proliferation expressed across early G1 phase and S phase of
the cell cycle, however, staining for it provides a snapshot on proliferating cells at a given
timepoint. This is opposed to EdU/BrdU that is incorporated into the DNA of cells and their
progeny providing information on proliferation over a period of time. EQU, BrdU and PCNA have
all been commonly used to stain for proliferation in larval and adult zebrafish following SCI
(Reimer et al., 2008; Hui et al., 2010; Goldshmit et al., 2012; Briona & Dorsky, 2014; Hui et al.,
2015; Ohnmacht et al., 2016; Nelson et al., 2019; Vandestadt et al., 2019). Using these markers to
identify ependymoglial proliferative activity following SCI is important to understand their

activation and regulation to initiate regenerative neurogenesis.
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1.5.4 Cell Intrinsic Factors Required for Recovery in Zebrafish SCI

Functional regeneration has been observed in a variety of zebrafish tissues by the activation of
signaling pathways, gene expression and cellular metabolism. In the zebrafish model, mechanisms
that are involved in the regulation of proliferation in development seem to be similarly upregulated
after SCI (Cardozo et al., 2017). For example, signaling pathways such as Sonic hedgehog (Shh),
Wnt, FGF, RA, and Notch are key players in the development of the spinal cord and have been
studied in the context of SCI. Shh, which plays crucial roles in axon guidance and connectivity,
has been shown to be upregulated in ependymoglia during development and when inhibited in
adult zebrafish affects the generation of new motor neurons after injury (Reimer et al., 2009). In
addition, Foxjla upregulation following SCI was seen to be dependent on Shh activity, indicating
that regeneration relied on similar cues seen during development (Ribeiro et al., 2017). Wnt
signaling is critical for development because it regulates cell fate choice, proliferation and growth
(Cardozo et al., 2017). In zebrafish larvae, ependymoglia exhibit Wnt signaling that plays a role
in axonal regeneration post-SCI (Briona et al., 2015). This signaling is conserved in adult zebrafish

as inhibiting the Wnt pathway led to impairment in locomotor recovery (Strand et al., 2016).

The FGF pathway in zebrafish SCI has been shown to be upregulated in neurons and glia and be
involved in the formation of a glial bridge that facilitates axon regeneration by acting as a scaffold
(Goldshmit et al., 2012). Additionally, RA is an important signal involved in cell communication
both within development and adulthood. During zebrafish SCI, RA is upregulated after a lesion
but the exact role in regeneration is unclear (Reimer et al., 2009). In the unlesioned spinal cord
there is little Notch expression or neurogenesis observed. However, induction of Notch signaling

in the injured spinal cord of adult zebrafish attenuates proliferation and motor neuron generation
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(Dias et al., 2012). This indicates low levels of Notch activity keeps cells in a quiescent state such
that precise regulation of Notch is needed to allow for proliferation and neurogenesis to occur,

similar to what is seen in mammalian SCI models.

While signaling pathways play an important role in regeneration post-SCI, genes are also involved
and differentially expressed during spinal cord regeneration. A master coordinator of cell cycle
dependent gene transcription, e2f4, was activated after SCI and promoted neuronal regeneration
and recovery in larval SCI (Sasagawa et al., 2016). In addition, profiling of the adult zebrafish
genome during spinal cord regeneration revealed a number of upregulated genes involved in cell
proliferation, death, migration, neurogenesis and axon growth (Hui et al., 2014). For example,
stat3, a gene that controls proliferation and apoptosis, was increased in the early phases of injury
while the genes in the Sox family were upregulated across different timepoints (Hui et al., 2014).
Sox2 fold changes were also most noticeable in 3dpi spinal cords and co-labelling of this gene
with HuC/D confirmed its involvement in neurogenesis (Hui et al., 2014). Therefore, many
signaling pathways and genes are upregulated for functional spinal cord recovery to occur in the

regenerative zebrafish model.

1.5.5 Extrinsic Cues in the Injury-Induced Environment following SCI

The injured environment of the zebrafish CNS provides cues to ependymoglia for regeneration to
take place through the immune response, vasculature and ECM that together form a highly
permissive, pro-regenerative environment. To date, most of what is known stems from the

immune response, with less knowledge on the vasculature and ECM.
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Inflammation has been shown to promote functional regeneration in the spinal cord through the
dynamic control of macrophages (Tsarouchas et al., 2018). In larval SCI, treatment with
Dexamethasone, an immunosuppressant, decreased the number of immune cells such as
neutrophils, macrophages and microglia, and as a result inhibited axonal regrowth (Tsarouchas et
al., 2018). Activating the immune system using bacterial lipopolysaccharides had the opposite
effect on the growth of axons and number of immune cells (Tsarouchas et al., 2018). Similarly,
the immune cell response has also been shown to be involved in axon regeneration of the adult
spinal cord as shown by Becker & Becker, 2001, who described a macrophage/microglial
response after 2 days-post spinal cord transection. Therefore, the immune cell response appears

to be a requirement for spinal cord regeneration through the regrowth of axons.

Through studying regeneration in the brain, Kyritsis et al. (2012), showed a connection between
inflammation due to injury and regeneration. Specifically, they used adult zebrafish to perform
telencephalon injuries and determined that inducing sterile inflammation without an injury, using
zymosan A, showed similar outcomes in proliferation levels and neuronal production as a physical
injury (Kyritsis et al., 2012). This indicated that inflammation itself appears required for activation
of NSCs to initiate the reparative process. By next using Dexamethasone, researchers showed that
exposure of brain injured zebrafish to the immunosuppressant resulted in a significant decrease in
proliferation and neurogenesis as compared to control. This further confirmed the necessity of the

immune response and inflammation in a traumatic brain injury (Kyritsis et al, 2012).

Within the inflammatory response, cytokines play a large role in promoting and regulating

inflammation after injury. The study of cytokines is now emerging in the zebrafish model and can
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allow for more insight into how the injury induced environment controls regeneration. Looking
further into the effects of the immune system, it was determined through reverse transcriptase
quantitative polymerase chain reaction (RT-qPCR) that pro-inflammatory cytokines, IL-18 and
TNFa, and anti-inflammatory cytokines, TGF-fla and TGF-B3, play a role in regeneration
(Tsarouchas et al., 2018). Specifically, these cytokines work in a bi-phasic manner where pro-
inflammatory cytokines are expressed early and for a short period of time followed by anti-
inflammatory cytokines (Tsarouchas et al., 2018). This has been similarly seen in mammalian SCI
where a majority of pro-inflammatory cytokines including IL-1p, interleukin-6 and TNFa, are
upregulated in the early phases of SCI (Hellenbrand et al., 2021). However, IL-10, an anti-
inflammatory cytokine, appears to increase the most around 7dpi in mammals while the anti-
inflammatory cytokine IL-4 shows no observable change (Hellenbrand et al., 2021). However,
within the zebrafish model there is little understanding about the production of anti-inflammatory
cytokines. Thus, there is a clear need to better understand how cytokines and immune cells play a

role in the recovery of zebrafish following SCI.

The vasculature in the spinal cord plays an important role in SCI, but there is little studied to date
within the zebrafish model. Vasculature within the spinal cord requires a scaffold for the
organization of blood vessels. This scaffold is the ECM which is involved in helping create the
permissive environment for regeneration in zebrafish. In zebrafish, knocking down CSPGs sped
up the regeneration of the spinal cord in larvae and adults which suggests that this ECM component
is conserved across mammals and zebrafish (Sahu et al., 2019). In mammals, CSPGs inhibit axon
growth, however, zebrafish exhibit CSPGs yet show a pro-regenerative environment. This could

be due to shorter pro-inflammatory responses and more growth permissive components expressed,
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such as connective tissue growth factors, that are upregulated in and around glial cells to promote
bridging for axonal regeneration (Mokalled et al., 2016). In addition, it was demonstrated in larval
SCI that through fibroblast-like cells, Wnt signaling controls the components of the ECM,
specifically the deposition of collagen XII which promotes axonal regeneration (Wehner et al.,
2017). This further supports the notion that zebrafish have a pro-regenerative environment through
the inflammatory response, vasculature and growth permitting ECM components resulting in
functional recovery. However, there is still a need to better understand the series of events that
occur within the NSC environment of zebrafish SCI to promote the functional recovery seen in

this regenerative model.
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Chapter 2.0 Rationale, Hypothesis and Objectives
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2.1 Rationale

Despite the growing use of zebrafish for regenerative studies, there exist significant gaps in our
required knowledge to fully take advantage of the zebrafish model of SCI for translation to human
SCI. Most knowledge on SCI in zebrafish originates from larval models and as such, there is no
information on the relation between macrophages, microglia and neutrophils, and NSC behaviour
in post-larval stages. The immune response, involving macrophages, microglia, neutrophils and
cytokines, following SCI has been documented in larval zebrafish and the general timeline of
regeneration in adult models, but the exact relationship between these two processes is unclear.
Thus, in order to better understand regeneration, it is necessary to understand SCI at later

developmental stages post-larvae and develop a zebrafish model more translatable to humans.

Following SCI in zebrafish and mammals, the events that take place are closely related but are
defined by major differences. Work in mammalian SCI has exhibited a prolonged inflammatory
response and glial scarring that results in an anti-regenerative environment. However, zebrafish
have been shown to regenerate the spinal cord after injury, and larval studies have demonstrated a
shortened pro-inflammatory response with no resulting glial scar to restrict axonal regrowth
(Tsarouchas et al., 2018). Attenuation of the inflammatory response in these studies was shown to
interrupt spinal cord repair, furthering the notion that the inflammatory response is required for
regeneration. While it has become clear that zebrafish appear to have a highly permissive
microenvironment following SCI, little is known concerning the temporal relationship between

proliferative ependymoglia and the immune cell response post-SCI.
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In studying SCI, larval and adult zebrafish are the most common developmental stages used.
Around only 5% of SCI occur in infants and children so the larval zebrafish model is not the most
representative (Basu, 2012). SCI in older populations commonly occurs during young adulthood,
between the ages of 15-29 and in late adulthood, around the age of 50 (Ahuja et al., 2017). Using
zebrafish models of SCI at later developmental stages, such as adults (4-months to 1-year) and
juveniles (1- to 3- months), could allow for a more relevant understanding in how immune cells
and NSCs function together to repair the damaged spinal cord. Moreover, if such comparative
studies show similarities between developmental stages, juveniles could act as a quicker

representative model and replace the adult model of SCI.

Although researchers have studied the activation of the immune cell response in the context of SCI
and how critical it is to trigger the events necessary for successful repair, there are still limitations
in our knowledge. Specifically, there is little understanding in post-larval stages regarding the
infiltration and recruitment of immune cells, such as macrophages and microglia, towards the
injury site, and how this is temporally controlled with the proliferative response of resident NSCs
surrounding the spinal cord central canal. In addition, knowledge of the timeline of cytokine
release within adult zebrafish SCI is lacking, including data on both pro- anti-inflammatory
cytokines. As such, strict timing of the macrophage response and cytokine activity may be crucial
to form the permissive environment that stimulates the ependymoglial cells around the central
canal to initiate the process of successful spinal cord repair. These current gaps in knowledge form

the basis of my project hypothesis.
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2.2 Hypothesis and Study Objectives
Hypothesis: [ hypothesize that in order for functional recovery to occur in adult and juvenile
zebrafish following SCI, the pro-inflammatory response must peak ahead of ependymoglial

proliferation. I will directly address this hypothesis using two study objectives:

Objective 1: To develop a new juvenile model of SCI and compare its timeline of events for spinal

cord regeneration with the adult model of SCI.

Objective 2: To examine the temporal relationship between the macrophage response and

ependymoglial proliferation and neuronal differentiation for functional spinal cord repair.

Objectives 1 and 2 will be studied using a combination of behavioural analysis, H&E staining,
proliferation assays, labelling experiments, and quantitative RT-qPCR. First, I will establish the
adult and juvenile SCI models to compare the extent of injury behaviourally and anatomically.
Following this, I will investigate the timeline of proliferation in ependymoglia and the generation
of newborn neurons. Next, the inflammatory response will be investigated through the study of
microglial recruitment, infiltration of macrophages, and pro- and anti-inflammatory cytokines
across multiple timepoints. Finally, functional recovery will be assessed and compared as juvenile
locomotor recovery has yet to be documented. These findings will provide more insight into how
inflammation regulates the regenerative response in adult and juvenile zebrafish to better
understand the relationship between immune cells and local NSC populations. This will further

develop our knowledge of how successful regeneration occurs for future application in mammalian

SCIL.

44



Chapter 3.0 Methodology
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3.1 Zebrafish Husbandry

All zebrafish were housed and bred in our Zebrafish Facility at the University of Manitoba,
Bannatyne Campus, Rady Faculty of Health Sciences. Zebrafish were kept on a 12hr light/dark
cycle in a standalone recirculating system with ultraviolet and carbon filters (Tecniplast Inc., Italy).
Water parameters were maintained near 28°C, 500 conductivity, and pH 7.4. Zebrafish were fed a
minimum of three times a day (8:00am, 12:00pm and 5:00pm) with a combination of pellet food
(Skretting, Gemma Micro 300, 150 and 75), brine shrimp, and rotifers. Animals were given a diet
of 75 um, 150 pm, and 300 um pellets according to larval, juvenile and adult developmental stages,
respectively. In addition, juvenile and adult zebrafish were fed brine shrimp (Brine Shrimp Direct)
once a day (12:00pm) and larvae received rotifers (Reed Mariculture) until 30 days post-

fertilization (dpf).

Zebrafish breeding was set up between 3:00-5:00pm using 1 L regular breeding tanks and 1.7 L
beached tanks that had a shallow end to replicate their natural habitat. Males and females were
either separated using dividers or allowed to interact in tanks that included imitation plastic plants
that provided spawning sites to replicate their natural environment. Dividers were removed just
after 7:00am the next morning near the beginning of the light cycle to simulate dawn. Zebrafish
were then left to breed until for a maximum of 2 hours. Thereafter, embryos were collected using
a strainer and transferred into a petri dish (Fisherbrand®, FB0875712) filled with embryo medium
to suppress fungal growth. A maximum of 20 embryos per dish were kept in the dark in an
incubator (Forma™ Direct Heat CO> Incubator, Thermo Fisher™) at 28°C until 5dpf. At 6dpf
when larvae depleted their yolk sac of nutrients, they were transferred into 1.1 L tanks in our

Zebrafish Facility with no water drip. Upon reaching the juvenile stage at 30dpf, animals were

46



transitioned to 3.5 L tanks with a constant water flow. Adult zebrafish (> 3 months) were housed

in 3.5 L tanks or 8 L tanks.

Experimental juvenile zebrafish were between 1- and 3-months old and adult zebrafish were
between 4-months to 1-year old. The experimental lines used included wildtype (AB strain),
Tg(mpegl:eGFP) that marks for macrophages/microglia, Tg(gfap:GFP) that marks for GFAP,
Tg(hb9:eGFP) that marks for motor neurons, Tg(Olig2:eGFP) that marks for oligodendrocytes,
and Tg(Flila:eGFP) that marks endothelial cells (Lawson & Weinstein, 2002; Shin et al., 2003;
Flanagan-Street et al., 2005; Bernardos & Raymond, 2006; Ellet et al., 2011). Animal ethics and
experiments were approved by the University of Manitoba Animal Care Committee and in

accordance with the Canadian Council for Animal Care.

3.2 Spinal Cord Injury and Sham Protocol

To perform SCI, a 0.4% tricaine solution of 4.2 ml of tricaine (anesthetic) per 100 mL of system
water and a recovery tank of system water were prepared in order to anesthetize the animals.
Individual adult and juvenile zebrafish were transferred into the 0.4% tricaine and observed until
breathing had slowed and no response to tail pressure was present (zebrafish stage 4 anesthesia).
Using a spoon, zebrafish were then gently transferred from the tricaine solution onto a Petri dish
where the injury was performed. Under a dissecting microscope (Leica EZ4 W), zebrafish were
held with tissue forceps and the injury performed using micro-dissecting scissors in the second
quarter of the spinal cord, rostral to the dorsal fin. Continuous, small incisions were made in the
muscle layer, and consecutive cuts were made until the spinal cord was visible. A complete

transection through the spinal cord was then completed using the micro-dissecting scissors. The
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bodies of adult zebrafish were approximately 2 cm in length and required more snips to get through
the layers of skin and muscle as compared to juvenile zebrafish. Juveniles, whose bodies measured
at around 1.4 cm, did not require as many cuts to reach the spinal cord due to their smaller body
size. Thus, the transection was performed as needed on adults and juveniles, but the rest of the
protocol was performed similarly. To perform a sham injury, the incision was made only to the
skin and muscle layer, with the spinal cord left fully intact. The SCI or sham injury took ~30
seconds to be performed and afterwards the zebrafish were placed into the recovery tank while a
pipette was used to gently aerate the gills by pulsing water to promote breathing and the removal
of tricaine from their system. The zebrafish were left in the recovery tank for approximately 5
minutes until normal breathing had returned. The SCI was visually confirmed when the zebrafish
attempted swimming and could only move the upper halves of their body. Sham injuries were
confirmed when swimming was consistent with uninjured zebrafish. Once recovered from
anaesthesia, the zebrafish were netted back into individual recovery tanks, and not fed for 3dpi
since fish cannot swim to the surface to feed and leftover food could lead to infection at the injury

site.

3.3 Behavioural Tracking

Behavioural tracking was used to validate the SCI model and also to study functional swimming
recovery following SCI. To specifically assess the SCI model, using control (uninjured), sham,
and SCI groups of adult and juvenile zebrafish, swimming ability was measured at 1dpi using an
open-field tracking system that consisted of four walls with a free area to swim in (Ethovision XT,
Noldus). Two glass tanks (28 cm x 23.5 cm x 20 cm; Into the Blue Aquarium Services Inc.,

Winnipeg) were filled with 2 L of system water, placed on a light box to illuminate the tanks from
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bellow for better contrast against the zebrafish, and separated with laminated paper to allow for
n=2 fish to be recorded per trial and control for visual cues. Zebrafish were acclimated in tanks for
30 minutes prior to recording. Each behavioural trial, for both validating the SCI model and
measuring recovery, consisted of one zebrafish per tank, for a total of two zebrafish per trial, which
were then recorded and analyzed for 5 minutes to obtain the total distance travelled in centimeters.
For validating the SCI model, n=4 zebrafish were recorded per group (control, sham, SCI) at
10:00am (Fig. 2). When tracking behavioural recovery post-SCI, similar parameters were used as
above and n=4-10 zebrafish were recorded at 1:00pm approximately every other day beginning on

the day of injury (day 0) until 28dpi (Fig. 11).

3.4 Cell Cycle Labelling

To study cell proliferation dynamics of ependymoglial cells following SCI, EdU, which marks
cells in the S-phase of the cell cycle, was administered through a 10 mM bath solution, made by
dissolving EAU powder (E10187, ThermoFisher Scientific™) with system water (Lindsey et al.,
2018). Juvenile zebrafish were bathed in a 6-well culture plate with n=1-2 zebrafish per well while
adult zebrafish were placed in 100 mL of 10 mM EdU. Animals were exposed to EdU solution for
12 hours to obtain a snapshot of the dividing cell population post-SCI and in control (uninjured)
spinal cords. The following morning, zebrafish were euthanized through an overdose of 0.4%

tricaine, post-EdU bath to then be used for IHC.

EdU labelling was also used to perform pulse-chase experiments where zebrafish were pulsed with

EdU for 24 hours in an EdU bath. During the chase, EdU is incorporated into the DNA of cells

and as these cells proliferate, EdU is passed along to the progeny, providing information on
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proliferation over a period of time. This method is used to determine the number of proliferating
cells over a longer span of time but does not provide lineage information. Following this, co-
labelling with other markers can be used to determine newly divided cells, such as newly generated
neurons when stained for EAU and the pan-neuronal marker HuC/D. EdU baths for chase
experiments were performed for 24 hours at the peak of cell proliferation; adult zebrafish at 7dpi,
and juvenile zebrafish at 3dpi. Zebrafish were removed from the EAU bath the following morning

at 9:00am and placed back into individual tanks with system water until they were euthanized.

3.5 Spinal Cord Dissection

Zebrafish were euthanized by immersion in 0.4% tricaine. Zebrafish were next placed in a silicone
dissecting dish and stabilized using tungsten pins to orient the specimen dorsally under a
brightfield dissecting microscope. Fine forceps and micro-scissors were used to cut through the
skin and expose muscle along the dorsal body wall. The spinal cord was then further exposed in
situ by removing surrounding muscle with tissue forceps. For downstream processing of adult
spinal cord tissue, a scalpel blade was next used caudal to the dorsal fin such that tissue consisted
of brain and the first two quarters of the spinal cord. For juvenile zebrafish, once the spinal cord
was exposed in situ, the entire body was kept for tissue processing. Tissue was then immediately

transferred to a fresh ice-cold solution of 2% paraformaldehyde (PFA) for tissue processing.

3.6 Tissue Processing
After dissection, segments of juvenile and adult spinal cord were fixed in situ in 10 mL fresh, ice-
cold, 2% PFA solution in a 15 mL Falcon tube. Tubes were placed on a rocker in the dark at 4°C

and was gently rocked overnight for approximately 12 hours or alternatively placed on a rocker at
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room temperature (RT) for 6 hours. Fixed tissue was next transferred into a solution of 20%
Sucrose/Ethylenediaminetetraacetic acid (EDTA) for 24-48 hours on a tissue rocker at 4°C to

break down cartilage.

Cryo-embedding of spinal cord samples was completed using a solution of 8% fish gelatin, placed
on a bed of crushed dry ice to facilitate freezing. Peel-A-Way® Disposable Embedding Molds
(Polysciences, Inc, T-12) were used for all adult or juvenile zebrafish tissue. These molds were
labelled prior to embedding with the sample number, date and treatment group, and filled with
enough 8% gelatine solution such that it fully covered the specimen, before being placed onto the
bed of dry ice. Using tissue forceps, the tissue was oriented in a sagittal or vertical plane depending
on the downstream experiment. Once the gelatine solution was frozen, the peel-away molds were
stored in the -80°C ultra-low freezer (Thermo Scientific™ Forma™ 89000) in boxes labelled by

treatment groups until cryosectioning.

3.7 Cryosectioning

Prior to sectioning tissue, the object temperature and chamber temperature of the cryostat (Leica
CM3050 S) were set to -30°C. These temperatures refer to the block that holds the embedded tissue
in place and the ambient temperature of the cryostat, respectively. Blocks of tissue were placed in
the cryostat to equilibrate to -30°C from -80°C. Using O.C.T compound (Tissue-Tek, 4583) the
blocks were frozen onto metal ‘chucks’ and mounted onto the microtome for cutting. The blocks
were first trimmed at 30 um until tissue was visible in block and then switched to a cutting
thickness of 20 um. Sectioned tissue was collected sequentially, rostral to caudal within the 2"

quarter of the spinal cord and 3 mm before and after the injury site. This was similarly done in
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control uninjured spinal cords. Sectioned tissue was collected onto RT microscope slides
(Fisherbrand, Superfrost Plus) to allow tissue to quickly adhere to slides. Each slide held 8-10
spinal cord sections and a total of ~8 slides were used per adult zebrafish and ~6 slides per juvenile
zebrafish. The microscope slides were dried flat for 1-hour before being stored in a -80°C ultra-

low freezer (Thermo Scientific™ Forma™ 89000).

3.8 Immunohistochemistry (IHC)

IHC was used for experiments where I stained for neurons (HuC/D), motor neurons (HB9), NSCs
(Sox2) and microglia (4C4) (Supplemental Table S1). First, cryosectioned slides were removed
from our -80°C ultra-low freezer (Thermo Scientific™ Forma™ 89000) and dried at RT for 1-
hour inside a slide box kept moist with 1x PBS. Slides were rehydrated using PBS-Tx for 15
minutes at RT. Incubation occurred overnight (12-14 hours) in the primary antibody (HuC/D, HB9
or 4C4). diluted in PBS-Tx at 4°C in the dark. The following day, slides were briefly rinsed and
then washed with PBS-Tx thrice for 10 minutes before being incubated for 1-hour in the dark at
RT with the secondary antibody diluted (1:750) in PBS-Tx with 4',6-diamidino-2-phenylindole
(DAPI) nuclear counterstain. Thereafter, the slides were rinsed with 1x PBS 3 times for 10 minutes
per wash before mounting with Immu-Mount™ (Shandon™, ThermoScientific™) and cover

slipped.

Specifically, for staining with the pan-neuronal primary antibody HuC/D staining followed the
above protocol in addition to an antigen retrieval step to expose antibody binding sites. Antigen
Fretrieval consisted of an incubation in 50 mM Tris buffer for 30 minutes at 80-85°C in a tissue

incubator followed by a rinse with PDT 3 times for 5 minutes per wash. The sections were blocked
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for 1-hour at RT before being incubated with the primary antibody. In situations where IHC was

done in combination with EdU staining, EAU staining was completed first.

3.9 EdU Staining

To stain for cell proliferation in ependymoglia, EAU staining consisted of a 15-minute rehydration
using PBS-Tx followed by a 30-minute RT incubation in the dark using an EQU staining solution
(186.75 pL of 1x-PBS with Dapi (1:10,000), 50 puL. of 0.5M L-Ascorbic Acid in MilliQ water, 12.5
uL of 2M Tris buffer (pH 8.5), 0.5 pL of 100mM Azide-Fluor 555 and 0.25 pL of copper sulphate;
per slide) that was spread across slides using parafilm. This was followed with a quick rinse using

PBS-Tx and washed 4 times for 10 minutes with 1x-PBS prior to mounting.

3.10 Hematoxylin and Eosin (H&E) Staining

To stain for the anatomy of spinal cord tissue, hematoxylin and eosin staining on cryosectioned
spinal cord tissue was completed by the Histomorphology & Ultrastructural Imaging Platform,
located within the Department of Human Anatomy and Cell Science. Sagittal spinal cord slides
were allowed to dry for a minimum of 1-hour before using PBS-Tx to rehydrate for 15 minutes.
Slides were then water washed before using a Hematoxylin nuclear stain. This was followed by
differentiation in acid alcohol, more washing with water and the nuclear stain was completed with
a blueing solution. After washing, the eosin counter stain was applied and then washed to remove
any unbound staining. The slides were passed through an alcohol dehydration series, clearing

solution and mounted in a toluene-based medium before being cover slipped.
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3.11 Harvesting of 4C4 Primary Antibody from Hybridoma Cells

To differentiate between macrophages and microglia in our Tg(mpegl:eGFP) line, the 4C4
antibody, that stains for microglia, needed to be isolated from the supernatant of a cultured
hybridoma cell line. We first prepared a 10% media using 435 mL Dulbecco's Modified Eagle
Medium (DMEM) (Millipore-Sigma cat # D5796), 5 mL 2mM L-Glutamine — GlutaMAX™.-[
(Life Technologies cat #35050-061), 10 mL 50X HT supplement (Life Technologies cat #
41065012) and 50 mL fetal bovine serum (Millipore-Sigma cat # F2442-500ML). This was filtered
using a 0.22 um PES filter and stored at 4°C. Next, 6 mL of media that had been warmed in a 37°C
water bath was added to a T25 flask and the hybridoma cells (7.4.C4 — ECACC) (Millipore-Sigma
cat # 92092321) were removed from liquid nitrogen. The cells were mixed with the media ina 15
mL conical tube and centrifuged at 1000 rpm for 5 minutes. Resuspended cells were added into

fresh media within the T25 flask and incubated overnight at 37°C with 8% CO..

Following this, the growth of cells was monitored every few days through cell counting and topped
up with fresh media. When necessary, cells were sub-cultured into T75 and T175 flasks to allow
room for growth. Once the number of cells plateaued, the media was slowly changed from 10% to
5% in order for cell death to occur and for the antibody to be released. Antibody collection began
when the supernatant changed colour from red to yellow, indicative of a high level of cell death.
The supernatant was mixed with 1/20 volume of 1M Tris (pH 8.0) and centrifuged at 1000 rpm for
10 minutes. This was filtered using a 0.22 pm PES filter, aliquoted into microcentrifuge tubes and

stored at -20°C.
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To validate that this antibody is specifically staining for microglia a negative control was
completed such that the 4C4 antibody was omitted from the IHC protocol. In addition, a serum
control was used in place of the primary to ensure that the serum from which the cells were cultured

is not falsely staining. These controls both resulted in an absence of microglial staining (Fig. S1).

3.12 Imaging

Confocal imaging was completed using a Zeiss LSM 880 Airyscan inverted confocal microscope
with a 20X non-immersion, 40X water immersion and 63X oil immersion lenses at the Kleysen
Institute for Advanced Medicine. For all images, z-stacks were taken at 1 um intervals at a
resolution of 1024 for downstream analysis and cell quantification. Virtual zoom was applied in
cases where co-localization was investigated. To image H&E staining, a Zeiss Axio Imager M2
was used in the Human Anatomy and Cell Science Imaging Facility. All brightfield images were
taken at 5X and cropped to show region of interest. Cross-section images were shown with dorsal
oriented upwards and sagittal images were shown oriented rostral to the left and caudal to the right

as proximal to the injury site as possible.

3.13 Cell Counting and Analysis

All quantifications were done by counting through z-stacks taken at 63X magnification for
proliferation experiments and 40X magnification for differentiation experiments. Cells were
counted using F1JI/ImageJ and marked to prevent double counting of cells. For cell proliferation,
2-3 cross-sections of spinal cords per fish were imaged from n=3-5 zebrafish per timepoint. In
these experiments, DAPI and EdU positive cells were counted within the ependymal zone (EZ)

and subependymal zone (SEZ) per section. To analyze neuronal differentiation, 3 cross-sections
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of spinal cords per fish (n=3-4) were imaged per timepoint. For both proliferation and
differentiation experiments, the cell counts of all sections imaged were then averaged per
zebrafish. Finally, each zebrafish per experimental group was averaged to result in a single
averaged cell count that would be further used for analysis. In cases where adult and juvenile
zebrafish were to be compared, the cell counts were normalized due to the difference in size of the
central canal between adults and juveniles. To normalize EdU positive cells to the DAPI
population, the absolute number of EdU cells were divided by DAPI cell counts and multiplied by
100 to get a proportion represented as a percent. This was similarly repeated when studying
neuronal differentiation where EQU/HuC/D cells were divided by EdU cell counts and multiplied

by 100 to normalize the cell population.

For macrophage and microglial staining, one section rostral and caudal of the injury site was
imaged from n=3-4 zebrafish per timepoint in a sagittal orientation. Quantifications were done by
counting through z-stacks taken at 40X magnification. Mpegl positive, 4C4 positive and
mpeg1/4C4 co-labelled cells were counted within a 120 um distance from the injury site. Rostral

and caudal sections were separately averaged per timepoint and summed for a total cell count.

3.14 Reverse Transcriptase Quantitative Polymerase Chain Reaction (RT-qPCR)

To study the temporal expression of pro- and anti-inflammatory cytokines released through SCI,
RT-gqPCR was used. The pro-inflammatory cytokines used were IL-1f and IL-8, and the anti-
inflammatory cytokines were TGF-fla and TGF-B3. To extract and purify RNA from adult and
juvenile zebrafish a 350 pL fresh lysis mix of lysis buffer and B-mercaptoethanol was prepared

into a 1.5 ml DNase/RNase-free microcentrifuge tube. Approximately 1 cm length of spinal cord
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for adults, and 0.5 cm length of spinal cord for juveniles caudal and rostral to the transection site
was dissected and pooled across adult zebrafish (n=3 fish) and juvenile zebrafish (n=4 fish). Spinal
cord tissue was then transferred into microcentrifuge tubes that contained 200 pL of lysis mix.
Tissue was incubated for 1-minute, pipetted slowly to gently dissociate the tissue and avoid any
air bubbles. The rest of the 150 pL lysis mix was added to the microcentrifuge tube that contained
the dissociated spinal cord. The tissue was incubated again at RT for 2 minutes and pipetted gently

to mix the lysate.

To isolate RNA, Illustra™ RNAspin Mini Isolation Kit (Cytiva cat# 25-0500-71) was used. The
RNAspin Mini Filter was placed into a collection tube and then loaded with the 350 pL of
homogenized lysate. This was centrifuged at 11,000 x g for 1-minute. The RNAspin Mini Filter
was discarded and the filtrate within the collection tube was kept. The filtrate was transferred to a
new RNAse-free microcentrifuge tube and 70% EtOH was added to the filtrate which was then
vortexed twice for 5 seconds. The lysate that contained 70% EtOH was pipetted up and down and
then loaded onto the RNAspin Mini Column seated on a collection tube. This was centrifuged at
8,000 x g for 30 seconds and the RNAspin Mini Column was transferred to a new collection tube
and the flow through was discarded. Desalting buffer was added onto the RNAspin Mini Column
and then centrifuged at 11,000 x g for I-minute to dry the membrane column. The flow though

was once again discarded and the RNAspin Mini Column was returned to the collection tube.

To rid the sample of contaminating DNA, a DNAse I reaction mixture was prepared which

contained 10 pL reconstituted DNase I and 90 pL of DNase reaction buffer. The tube was flicked

to mix the reaction and then added directly onto the membrane of the RNAspin Mini Column. The
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column was incubated at RT for 15 minutes. Afterwards, wash buffer I was added to the column
and centrifuged at 11,000 x g for 1-minute. The column was then transferred to a new collection

tube.

The RNA was next washed of contaminating ethanol or salt and dried through the use of wash
buffer II that was added to the RNAspin Mini Column and centrifuged at 11,000 x g for 1-minute.
The flow through from this was discarded and the RNAspin Mini Column was placed back into
the collection tube. More wash buffer II was added and centrifuged again to completely dry the
column membrane. The RNAspin Mini Column was transferred to a nuclease-free microcentrifuge

tube.

To elute the RNA, 40 uL of RNase-free H20 was added into the RNAspin Mini Column and
centrifuged at 11,000 x g for 1-minute. This was repeated once more, and the RNA elute was
placed on ice immediately afterwards to prevent potential degradation. The RNA concentration
and purity were determined with the NanoVue™ Spectrophotometer such that the A260/A280

concentration should be between 1.8 and 2.2 for pure RNA.

To next convert the RNA to cDNA, an ezDNase Reaction Mix was prepared with 1 uL of 10X
ezDNase buffer, 1 pL of ezDNase enzyme and the template RNA last such that the mix adds to
10uL in total. This mix was kept on ice except for the ezDNase enzyme which was stored at -20°C.
After having been gently mixed, the microcentrifuge tube was transferred from ice to a heater
block that was warmed to 37°C. After the mix was incubated for 2 minutes the microcentrifuge

tube was centrifuged briefly and placed back on ice.
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To setup the reaction, the 10 pL ezDNase Reaction Mix was transferred to the PCR strip on ice
and the SuperScript™ IV VILO™ Master Mix was added with nuclease-free water for a RT
reaction of 20 pL total. To ensure all gDNA has been digested as stated above, the ezDNase
Reaction Mix was added to SuperScript™ IV VILO™ No reverse transcriptase control that added
to 20 pL total. These were mixed gently and placed in the thermal cycler PCR machine to anneal
primers at 25°C for 10 minutes, reverse transcribe RNA at 50°C for 10 minutes and inactivate

enzymes at 85°C for 5 minutes. When the cycle was finished, the PCR strips were transferred to

ice and the cDNA was stored at -20°C for up to one week or -80°C for long-term storage.

To run the RT-qPCR, a mix of 10 pL SYBR Master Mix, 0.5 pL each of forward and reverse
primers, 7 uL nuclease-free water, and 2 uL. cDNA were combined. The volumes of nuclease-free
water and cDNA were calculated based on the RNA concentration the spectrophotometer gave
such that each tube consisted of 20 pL total. Duplicates of each primer were prepared to average
the relative mRNA expression per run, and relative mRNA expression levels were normalized to
B-actin, a housekeeping gene used as an internal control. The specific zebrafish primer sequences

are listed in the Appendix (Supplementary Table S2).

Once the reaction mix was ready to be run, the optical tubes were arranged on a BLUE
MicroAmp™ 96-well tray (ThermoFisher™ cat# A30588). The tray was briefly spun down using
a PCR mini-plate mini centrifuge (VWR, C2001) and the protocol was set up with QuantStudio™

3 Real-Time PCR System to activate the enzyme at 95°C for 2 minutes, denature the enzyme at
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95°C for 15 seconds and anneal/extend for 1-minute at 61°C. The instrument was then set to

perform a default dissociation step and relative mRNA levels were determined.

3.15 RT-qPCR Analysis

Primers were first validated by running an endpoint PCR, analyzing the melting curves and plotting
a standard curve. Primers were validated using endpoint PCR when a single clean band was
produced (Fig. S2A). The melting curve was used to ensure one peak is visible so that the primers
produce a single, specific product (Fig. S2B-F). To determine the efficiency, or how well the
polymerase is able to amplify the target cDNA given the primer sequences, a qPCR reaction was
run, and a standard curve was plotted template quantity vs cycle threshold (Ct) value. From this
plot, the best fit line reflected the efficiency of the reaction which was always between 90-100%

indicating that for every number of cycles, the PCR product is being doubled (Fig. S3).

To analyze the relative mRNA, the average ACt value was calculated by subtracting the average
B-actin Ct, that was used as an internal control, from the average target cytokine Ct. The AACt was
calculated by subtracting the control ACt from the experimental ACt. The relative quantity of

mRNA was calculated as 2(AACH,

3.16 Statistical Analysis and Graphical Representation

GraphPad Prism 9 was used for all statistical analysis and graphs. Statistics were performed on the
averaged cell counts derived from each zebrafish within an experimental group. Significance was
accepted at p < 0.05. Pairs of means were compared using independent samples t-tests.

Comparisons between greater than two experimental groups were completed using one-way

60



ANOVA and exact p-values are stated. In cases where significance was present between groups,
Tukey’s or Dunnett’s multiple comparisons tests were performed, and the adjusted p-value was
reported. In cases where two datasets were compared, a two-way ANOVA was used with
Dunnett’s or Bonferroni’s multiple comparisons test. All statistical results, including exact p-
values, are reported in results or the appendix and graphical data represent mean + standard error

of the mean (SEM).
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Chapter 4.0 Results
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4.1 Multiple Cell Populations Surround the Zebrafish Spinal Cord Central Canal

The adult zebrafish spinal cord is comprised of many cell populations and vessels that are located
near the central canal, within the dorsal/ventral horns, and throughout the parenchyma (Fig. 2A).
Surrounding the central canal are large populations of ependymoglia that sit in a single layer
termed the EZ and the two layers of the SEZ (Fig. 2A). Upon injury, many of these cell populations
are disrupted or undergo cell death (Cigliola et al., 2020). The dorsal and ventral horns can be seen
in the glial fibrillary acidic protein (GFAP) reporter line, Tg(gfap:GFP), stained with the pan-
neuronal marker HuC/D (Fig. 2B). In this image, the long radial processes of the ependymoglia
can be seen contacting the periphery of the spinal cord and neurons can be seen residing in the
single dorsal horn and two ventral horns. Staining for motor neurons using the HB9 antibody,
similarly, shows these neuronal cells in the dorsal and ventral horns as seen in an overview of the
spinal cord (Fig. 2C). At higher magnification, combining the reporter line for GFAP and staining
with the Sox2 antibody, that marks for NSCs, shows the layers of ependymoglia sitting around the
central canal (Fig. 2D). Co-labelled cells that are GFAP*/Sox2* are shown with white arrows,
indicating the presence of some parent stem cells. In the Tg(Olig2:eGFP) line, oligodendrocytes
can also be seen largely surrounding the SEZ and few are shown to reside within it (Fig. 2E).
Using the Tg(Flila:eGFP) line that marks for endothelial cells, the nearby presence of vasculature

was also visible in the zebrafish spinal cord (Fig. 2F).
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Figure 2. The uninjured spinal cord consists of many cell populations. (A) Schematic of an
adult zebrafish displaying the different cell populations and vasculature in a sagittal and cross-
section of a spinal cord. (B) Using the Tg(gfap:GFP) line, GFAP cells and their processes can be
seen making contact with the periphery of the spinal cord and neurons are seen residing in the
dorsal and ventral horns. (C) Motor neurons stained with the HB9 antibody in the dorsal and
ventral horns. The white box centered around the central canal (CC) depicts the higher
magnification images shown in D-F. (D) Neural stem cells can be seen around the central canal in
the EZ and SEZ using the Tg(gfap:GFP) reporter line along with Sox2 antibody staining. Co-
labelled cells are shown by the white arrows. (E) Oligodendrocytes are seen near the central canal
using the Tg(Olig2:eGFP) line. (F) Using the reporter line Tg(Flila:eGFP) to mark for endothelial
cells shows vasculature near the spinal cord central canal. (B-C) imaged at 20X; (D-F) imaged at

63X; 4',6-diamidino-2-phenylindole (DAPI) counterstaining in blue. In all images, dorsal is up.

64



4.2 Validation of Adult and Juvenile Models of SCI show Swimming Activity Abolished
Following Injury as a Result of Full Transection

To study SCI in zebrafish, I first established our adult and juvenile SCI models. Adult zebrafish
SCI models already exist, but juveniles have never been used before in this context. Establishing
a juvenile SCI model is advantageous to compare with adult SCI models to develop a quicker
method to study SCI beyond larval stages. To validate our injury models, I tracked the behaviour
of injured, sham and control zebrafish for 5 minutes using Ethovision tracking software. Zebrafish
were acclimated for 30 minutes before recording and tracked for 5 minutes. SCI was performed in
adult zebrafish under anesthetic using surgical scissors to cut through the skin and superficial
layers of the muscle to reach the intact spinal cord, followed by complete transection (Fig. 3A).
For sham injuries only the skin and muscles were cut leaving the spinal cord intact. As expected
from previous adult SCI studies, the zebrafish to be either unable to swim or less active than

control/sham groups after a full transection (Becker & Becker, 2006).

Representative heat maps (Fig. 3B-D) and tracking images of the total distance travelled (Fig. 3E-
G) of a single zebrafish over the 5-minute duration for control, sham and SCI groups, clearly
showed less movement and activity in the SCI group. The heat maps are indicative of the time
spent in a given area of the arena, with the red indicating the most time spent and the blue indicating
the least. To confirm that following SCI a full transection occurred, I tracked the behaviour of all
three groups, and analyzed the total distance travelled using a one-way ANOVA test. Results
showed that a significant between group effect was present (p = 0.0027, Fig. 3H). Moreover, as
predicted, Tukey’s post-hoc multiple comparisons tests showed a significant reduction in

swimming between control and SCI groups (p = 0.0036) and between sham and SCI groups (p =
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0.0085), while no significant change in swimming was observed between control and sham groups
(p > 0.05, Fig. 3H). These results confirm that the impaired swimming seen was due to the full

spinal cord transection itself.

Juvenile zebrafish require fewer cuts to reach the depth of the spinal cord as compared to adult
zebrafish who have qualitatively thicker skin and more muscle surrounding the spinal cord.
Despite this, the spinal cord sits at a similar depth as adults (Fig. 3I). Juvenile zebrafish showed
similar heat maps and tracking behaviour to adult zebrafish (Fig. 3J-O). To determine if there was
a difference between juvenile control, sham and SCI groups, total distance travelled was similarly
analyzed using a one-way ANOVA test that resulted in a significant group effect (p = 0.0003, Fig.
3P). Furthermore, using Tukey’s post-hoc multiple comparisons tests resulted in no significant
difference between the total distance travelled of the control and sham groups (p > 0.05, Fig. 3P),
indicating that injury to the muscle alone is not sufficient to abolish swimming behaviour.
However, total distance travelled was significant comparing control to SCI groups (p = 0.0006,
Fig. 3P), and sham to SCI groups (p = 0.0006, Fig. 3P). Collectively, these results validate that

our adult and juvenile SCI models cause equal impairment in functional swimming behaviour.

66



Figure 3

x

Total Distance Travelled (mm)
4
*
*
(o)

& 57
P *
| -
—gm
g g omo
g :
> 4000
3 3
% 200
2
I o

Figure 3. SCI abolishes swimming behaviour of adult and juvenile zebrafish. (A) Lateral view
of a transected spinal cord in an adult zebrafish. Black dashed line demarcates the ventral border
of the spinal cord and the asterisk shows the site of injury. (B-G) Heat map activity and tracking
behaviour after 5-minute recording in adult control, sham and SCI groups. (H) Comparison of total
distance travelled over a 5-minute recording between adult zebrafish groups. (I) Lateral view of a
transected spinal cord in a juvenile zebrafish. The asterisk indicates the site of injury and the
dashed line highlights the spinal cord. (J-O) Heat map activity and tracking behaviour in control,
sham and SCI groups in juvenile zebrafish. (P) Comparison of total distance travelled over a 5-
minute recording between juvenile zebrafish groups. One-way ANOVA with Tukey’s multiple
comparisons test; *p < 0.05; n=4 animals for each group; error bars indicate SEM. In A and I,

dorsal is up
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To next validate anatomically that a full transection of the spinal cord occurred, I used H&E
staining on sagittal sections of the spinal cord at 1dpi and 7dpi to compare with uninjured control
tissue. Spinal cord tissue for both adult and juvenile zebrafish was analyzed in the second segment
of the spinal cord as indicated in the dorsal view of the intact adult zebrafish spinal cord (Fig. 4A).
For H& E analysis, I examined tissue +/-0.5 mm from the injury site (Fig. 4A). Control spinal cord
of adults and juveniles demonstrates the intact anatomy including the superficial muscle tissue
dorsal to the spinal cord and the vertebrae located ventrally (Fig. 4B). At 1dpi and 7dpi, the injury
is visible providing evidence of a full transection of the spinal cord (Fig. 4C-D). There appears no
connection between rostral and caudal sides of the injury and the surrounding tissue appears to be
disrupted as well. At 7dpi, this surrounding tissue of muscle fibers and vertebrae can be seen in
the break of the spinal cord (Fig. 4D). These images suggest that anatomically the rostral and

caudal segments of the spinal cord appear to remain disconnected over the first week post-SCI.
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Figure 4. H&E staining confirms full transection following SCI. (A) Histological image of a
dissected spinal cord. The solid blue outlines indicate the spinal cord segments where analysis took
place in the second segment as shown in the schematic. Here tissue was analyzed +/- 0.5 mm from
the injury site. (B) H&E staining shows an intact, uninjured spinal cord surrounded by muscle (M)
and vertebrae (V). (C-D) At 1dpi and 7dpi the spinal cord appears broken as indicated by the
asterisk at the injury site. At 7dpi the spinal cord still appears injured and severed with muscle
fibers and vertebrae appearing in the break. All H&E staining was imaged at 5X; dorsal is up. In

B-D, rostral is left.
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4.3 Ependymoglial Proliferation Around the Central Canal Peaks Earlier in Juveniles than
Adults After SCI

To investigate the proliferation of NSCs in the spinal cord, I investigated the temporal dynamics
of ependymoglial cell division post-SCI. Adult zebrafish were bathed in a 10mM EdU solution for
12 hours prior to sacrifice and EdU staining was completed across multiple timepoints following
injury (Fig. 5A). To first assess when the overall peak of ependymoglial proliferation was
following SCI, I analyzed the total number of EQU™ cells across both the EZ and SEZ. Few EdU"
cells were labelled in control, sham (data not shown), 12hpi and 1dpi tissue (Fig. SB-D). At 3dpi
there was a slight increase, but most EQU" cells were detected at 7dpi and continued until 14dpi
(Fig. 5E-G). Statistical analysis of total EAU" cell counts using a one-way ANOVA further
confirmed a significant effect of time post-SCI on total number of EdU" cells (p < 0.0001).
Notably, a significant difference (p < 0.05) was observed between 7dpi and 14dpi in comparison
to all other timepoints, respectively (Fig. SH, see Supplemental Table S3 for Tukey’s post-hoc
multiple comparisons tests). Interestingly, a similar trend was seen among the expansion of the
central canal following SCI. The diameters of the central canal in adult spinal cords showed a
significant effect of time post-SCI (p < 0.0001) with significant differences (p < 0.05) between
7dpi and 14dpi to all other timepoints (Fig. S4, see Supplemental Table S5 for Tukey’s post-hoc
multiple comparisons tests). This indicates that as the central canal expands due to injury, the

proliferative response of ependymoglia surrounding the central canal increases as well.

After determining significant differences in total amounts of EdU" cells, I asked whether the

majority of EQU" cells came from the EZ or SEZ. To determine this difference, I first analyzed the

EZ using a one-way ANOVA which indicated a significant group effect (p < 0.0001, Fig. 5I). The
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greatest increase in proliferation occurred at 7dpi and 14dpi (p < 0.05, Fig. 51, see Supplemental
Table S3 for Tukey’s post-hoc), similar to the trend observed following analysis of total EAU*
cells. Statistical analysis of the SEZ using a one-way ANOVA also confirmed a significant effect
of time on the population size of EAU" cells (p = 0.0009, Fig. 5J). Tukey’s post-hoc multiple
comparisons tests demonstrated significant differences between 7dpi and 14dpi to other time
points except for 3dpi, respectively (p < 0.05, Fig. 5J, see Supplemental Table S3 for Tukey’s
post-hoc). These results illustrate that proliferation post-SCI in adult zebrafish peaks at 7dpi across

total, EZ and SEZ data.
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Figure 5. Proliferation of ependymoglia in the adult zebrafish spinal cord. (A) Timeline of
SClI represents lesion timepoints, EAU treatments and tissue analysis. (B-G) Representative images
for EAU™ cells across experimental groups. Control image displays the EZ and SEZ around the
central canal used for cell counting at all timepoints. (H-J) Quantification of total EQU" cells (EZ
+ SEZ) surrounding the adult central canal (CC, H), EQU™ cells within the EZ (I), and EAU" cells
within the SEZ (J). One-way ANOVA with Tukey’s multiple comparisons test; *p < 0.0001; n=3-
4 animals for each timepoint; DAPI counterstaining in blue; errors bars indicate SEM; all images

are taken at 63X and displayed dorsal up.

74



This is the first study to establish juvenile zebrafish as a model of SCI. Thus, a fundamental
question is whether their proliferative response to SCI mimics a similar time frame as adults or if
it is more rapid in this younger model. To address this, juvenile zebrafish received the same EdU
exposure paradigm as adults and were analyzed similarly for total EQU" population, and separately
in the EZ and SEZ (Fig. 6A). Labelling demonstrated little to no EAU™ cells in control, sham (data
not shown), 12hpi and 1dpi groups (Fig. 6B-D). However, at 3dpi and 7dpi there appeared to be a
greater increase in proliferation that began to decrease by 14dpi. (Fig. 6E-G). One-way ANOVA
analysis of the total EQU™ population across the EZ and SEZ confirmed a significant effect of time
post-SCI (p < 0.0001, Fig. 6H). This was then examined used Tukey’s multiple comparisons test
where a significant difference (p < 0.05) was observed between 3dpi and 7dpi to all other
timepoints, respectively (see Supplemental Table S4 for Tukey’s post-hoc). Similar to adults, I
next separately analyzed the EZ and SEZ using a one-way ANOVA that showed a significant
effect of time in each zone (p < 0.0001). Multiple comparisons tests for both the EZ and SEZ,
respectfully, displayed a significant increase at 3dpi and 7dpi (p < 0.05, Fig. 6I-J, see
Supplemental Table S4 for Tukey’s post-hoc). Examining the expansion of the central canal in
juvenile zebrafish following SCI demonstrated a significant effect of time (p = 0.0060) with a
significant increase at 7dpi (Fig. S4, see Supplemental Table S5 for Tukey’s post-hoc multiple
comparisons tests). This suggested a correlation between the size of the central canal and an
increase in proliferation. Collectively, these results indicate that proliferation of ependymoglia

post-SCI in juvenile zebrafish peaks earlier at 3dpi than adults.
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Figure 6. Proliferation of ependymoglia in juvenile zebrafish. (A) Timeline of SCI represents
lesion timepoints, EAU treatments and tissue analysis. (B-G) Representative images for EQU™ cells
across experimental groups in the juvenile zebrafish spinal cord. (H-J) Quantification of total
EdU" cells (EZ + SEZ) surrounding the juvenile central canal (CC, H), EAU" cells within the EZ
(I), and EAU" cells within the SEZ (J). One-way ANOV A with Tukey’s multiple comparisons test;
*p <0.0001; n=3-5 animals for each timepoint; DAPI counterstaining in blue; errors bars indicate

SEM; all images are taken at 63X and displayed dorsal up.
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I next asked if there were any differences in the population size of EQU" ependymoglia between
juvenile and adult zebrafish following SCI. However, the absolute cell counts could not be directly
compared between adult and juvenile zebrafish due to the variation in central canal sizes. A larger
central canal would result in more EAU™ cells around it, not allowing for proper comparisons to be
completed. Thus, to properly compare these two developmental stages, EQU™ cell counts (total,
EZ, or SEZ) were normalized by dividing the EQU" cells by the total DAPI population, also cell
counted in the EZ and SEZ, to obtain the proportions of EQU" cells. Once data was normalized
unpaired t-tests were performed to compare both developmental stages. Adults and juveniles in
each treatment group were first compared for total EQU" cells normalized to DAPI, resulting in a
significant difference at 3dpi (p = 0.0168, unpaired t-test, Fig. 7A). Similarly, a significant
difference was detected at 3dpi in the EZ (p = 0.0081, unpaired t-test, Fig. 7B), but within the SEZ
no significant difference (unpaired t-test; p > 0.05) across treatment groups was observed (Fig.
7C). This data comparing the proliferative response of ependymoglia between adult and juvenile
zebrafish, further supports my results that peak of proliferation following SCI in juveniles occurs

at an earlier timepoint (3dpi) as compared to adults (7dpi).
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Figure 7
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Figure 7. Comparison of EAU" ependymoglia proliferation between adult and juvenile
zebrafish. EdU cell counts were normalized to DAPI population and the proportion is represented
as a percent. (A-B) Proportion of cells across both total (A) and EZ (B) indicate significant
difference between adult and juvenile zebrafish at 3dpi. (C) Proportion of cells within the SEZ.
No significant difference was observed across timepoints. Unpaired t-test; *p < 0.05; statistical
analyses were run for all timepoints except 14dpi due to small sample size (n=2); n=3-5 animals

for each timepoint excluding 14dpi; errors bars indicate SEM.
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4.4 Neuronal Differentiation after SCI in Adult and Juvenile Zebrafish Appears Similar

After injury, zebrafish are able to regenerate newborn neurons from ependymoglial cells, but it is
unknown if this occurs at a similar rate between adult and juvenile zebrafish. Upon injury, many
neuronal populations are disrupted or undergo cell death, so to study neuronal differentiation, EQU
chase experiments were conducted on adult and juvenile spinal cords. Zebrafish underwent SCI
before being bathed in 10mM EdU for 24 hours at the time of peak of proliferation as defined in
Figures 5-6 (7dpi for adults and 3dpi for juveniles). Following bath treatment, animals were
removed and placed in fresh facility water and left until 7-days, 14-days or and 28-days post-EdU
(Fig. 8A). This method allows for cells to divide and pass along EdU to progeny in order to gain
information on proliferation over a longer period of time, in this case to determine newborn
neurons arising from ependymoglia. Sections were then co-labelled with the proliferative marker
EdU, the pan-neuronal marker HuC/D and DAPI, to study the generation of newborn neurons after
different chase periods. The images shown are representative of both adults and juveniles as they
displayed similar trends (Fig. 8B-D). In these images, many proliferating cells can be seen
surrounding the central canal within the EZ and SEZ at all timepoints studied.
Immunofluorescence staining confirmed that a subpopulation of these proliferating cells produced
newly generated neurons post-SCI, as evidenced by EdU" nuclear staining and HuC/D" staining in
the cytoplasm (Fig. 8E-E’’”). An important aspect of spinal cord regeneration is the formation of
new motor neurons. Co-labelling of EAU, HuC/D and HB9, further indicated the presence of newly
differentiated motor neurons in adult and juvenile spinal cords at 14-days post-EdU (Fig. 8F-

F””).
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Knowing that cells are born in the EZ and migrate away from the central canal overtime, I was
interested in examining the difference in newly generated neurons between the EZ and SEZ.
Within adult zebrafish, the EZ displayed lower numbers of co-labelled EQU*/HuC/D* cells as
compared to the SEZ across all chase periods (Fig. 8G). Rather, co-labelled EAU"/HuC/D" cells
in juvenile zebrafish remained consistently low across all timepoints in the EZ while in the SEZ
steadily decreased from 7-days to 28-days post-EdU (Fig. 8H). To quantify the population size of
co-labelled cells between the EZ and SEZ at each timepoint, I employed unpaired t-tests for
statistical analyses in both adult and juvenile spinal cords. Comparing the EZ and SEZ within
adults, demonstrated a significant difference in the 7-day (p = 0.0197, Fig. 8G) and the 28-day
post-EdU timepoint (p = 0.0070, Fig. 8G). By contrast, the co-labelled cell counts within juvenile
zebrafish displayed a significant difference at 7-day (p = 0.0148, Fig. 8H) and the 14-day post-
EdU timepoints (p = 0.0001, Fig. 8H). These results indicate that the population of newly

generated neurons is greater in the SEZ in both adult and juvenile zebrafish.

To next compare the number of newborn neurons regenerated post-SCI directly between adult and
juvenile zebrafish, EQU"/HuC/D" co-labelled cells were divided by EdU" cells to normalize the
cell counts as the central canal sizes varied. Normalized data was represented as a percent and used
to compare adults and juveniles in each treatment group. Between adults and juveniles there was
no significant difference observed within the EZ across all timepoints (unpaired t-test; p > 0.05,
Fig. 81). This same finding was observed within the SEZ although a non-significant upward trend
was present at 28-day post-EdU (unpaired t-test; p = 0.0699, Fig. 8J). These results reveal that
despite the use of a younger developmental model, juveniles display similar rates of neuronal

differentiation as adults following SCI.
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Figure 8. Adults and juveniles show no differences in neuronal differentiation after SCI. (A)
Timeline of chase experiment represents day of lesion, 24-hour EAU baths at peak proliferation
(adults 7dpi; juveniles 3dpi) and length of EAU chase until tissue analysis. For adults, 7-day chase
groups were sacrificed at 14dpi, 14-day chase groups at 21dpi and 28-day chase groups at 35dpi.
For juveniles, 7-day chase groups were sacrificed at 10dpi, 14-day chase groups at 17dpi and 28-
day chase groups at 31dpi. (B-D) Representative images of adults and juveniles after 7-day, 14-
day and 28-day chase periods centered around the central canal. (E-E*’”) Example of a co-labelled
newly formed neuron shown in single channels and merged. (F-F’’’) Representative image
displaying a newly formed motor neuron indicated by the white box and displayed at higher
magnification in single channels stained with DAPI, EQU, HuC/D and HB9. (G-H) EdU*/HuC/D*
co-labelled cells in adult (G) and juvenile (H) zebrafish were greater in the SEZ as compared to
the EZ. (I-J) No significant difference was seen between adults and juveniles in either the EZ or
the SEZ. All images are taken at 40X and co-labelled images are cropped and enlarged for better
visualization. Unpaired t-tests; *p < 0.05; n=3-4 animals for each timepoint; errors bars indicate

SEM. In all images dorsal is up.
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4.5 Microglial Populations Increase Following SCI in Adult and Juvenile Zebrafish

To next determine when microglia and macrophages infiltrate the spinal cord following injury, I
took advantage of the reporter line Tg(mpegl:eGFP) that labels all tissue macrophages and
microglia. In addition, to further distinguish between local spinal cord microglia and peripheral
macrophages, I used the 4C4 antibody, marking specifically for microglia. This method results in
different marker combinations that would indicate macrophages (mpegl*/4C4°) and microglia
(mpegl*/4C4*, mpegl/4C4"). Immunofluorescence staining of 4C4 on Tg(mpegl:eGFP) tissue
confirmed detection of the mpegl*/4C4" microglial phenotype (Fig. 9A-C). The separate
mpegl*/4C4- and mpeg1/4C4" populations can be distinctly seen in a higher magnification image

of the spinal cord (Fig. 9D).

To study the infiltration of macrophages and microglia, tissue at 12hpi, 1dpi and 7dpi in adult
animals, or 12hpi, 1dpi, and 3dpi in juveniles was stained and compared to the uninjured control
spinal cord (Fig. 9E). The different timepoints used for adults and juveniles was a result of
availability of animals at the time of experiment. Using a one-way ANOVA, I first examined
changes in macrophage and microglial populations at different time points, respectively. In rare
instances, uninjured control spinal cord tissue unexpectedly displayed a small number of
macrophages labelled with mpeg1*/4C4- (Fig. 9F-G). In both adults and juveniles, the macrophage
population showed no significant difference when compared to uninjured control tissue (p > 0.05,
Fig. 9F-G). However, the microglial populations showed a significant effect of time post-SCI in
both adults and juveniles (Adults: p = 0.0232, Juveniles: p = 0.0097, Fig. 9F-G). Tukey’s post-
hoc multiple comparisons test was used to compare the changes in microglial populations to

uninjured control tissue. This analysis determined a significant increase in adult populations at
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1dpi (p = 0.0320) and 7dpi (p = 0.0296) and in juvenile zebrafish at 12hpi (p = 0.0056). Next, the
two immune cell populations were compared between adult and juvenile zebrafish in overlapping
groups, including control, 12hpi and 1dpi (Fig. 9H-I). Unpaired t-tests revealed no significant
difference in either cell population (p > 0.05). These results indicate that both adult and juvenile
zebrafish show a similar increase in the microglial response following SCI, with little change in

the population size of infiltrating macrophages.
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Figure 9. Microglial populations increase after SCI within adult and juvenile zebrafish. (A-
C) A representative image of a co-labelled mpegl*/4C4" microglia displayed in single channels
and merged. (D) A sagittal spinal cord showing both mpegl/4C4* microglia and mpegl*/4C4-
macrophage populations. (E) Timeline of SCI represents lesion timepoints and tissue analysis until
3dpi in juveniles and 7dpi in adults. (F) Microglia showed a significant increase at 1dpi and 7dpi
compared to control adult levels, while no difference in macrophages was seen. (G) Similarly,
there was no significance among the population of macrophages in juveniles. The juvenile
microglial population displayed a significant increase at 12hpi compared to control levels, but no
change in the macrophage population. (H-I) Comparing timepoints in adult and juvenile zebrafish
in both cell populations displayed no significant difference between developmental stages. One-
way ANOVA with Tukey’s multiple comparisons test (F-G); Unpaired t-tests (H-I); *p < 0.05;
n=3-5 animals for each timepoint; errors bars indicate SEM. Images taken at 40X (A-C) and at

20X (D); all images are dorsal up and in a sagittal orientation.
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After observing a significant response in only the microglial populations of adult and juvenile
zebrafish, I was interested in whether the rostral and caudal response occurred differently which
may indicate a difference in infiltration of microglia. To this end, I separately compared the total
number of adult and juvenile mpeg1*/4C4* and mpeg1/4C4" cells per timepoint within rostral and
caudal zones of analysis. I first performed a one-way ANOVA to separately analyze changes in
rostral and caudal microglial populations post-SCI in adult and juvenile zebrafish. Here, a
significant group effect was observed in the rostral sections of adult spinal cord tissue (p = 0.0263)
and both rostral and caudal sections among juvenile zebrafish (Rostral: p = 0.0229, Caudal: p =
0.0183, Fig. 10A-B). Tukey’s post-hoc multiple comparisons test confirmed a significant increase
in the rostral number of microglia of adults at 1dpi (p = 0.0222) as compared to control. Among
juvenile zebrafish, when comparing timepoints to the control population, a significant increase
was seen at 12hpi in both rostral (p = 0.0181) and caudal (p = 0.0148) sections. Similarly, to the
total macrophage population, rostral and caudal sections did not demonstrate a significant
difference between the two, and across multiple timepoints remained consistent in cell counts (Fig.
SSA-B). These results indicate that the microglial population in juveniles appears to peak sooner

than adults, similar to the proliferative data in Figures 5-6.

Rather than only separately analyze the rostral and caudal zones, I further compared individual
timepoints between rostral and caudal tissue by using unpaired t-tests that resulted in no significant
difference (p > 0.05, Fig. 10A-B). These results indicated that only differences among timepoints
compared to control are observed within rostral and caudal zones and the microglial populations
on either side of the injury site are activated at a similar level. In representative images of rostral

and caudal uninjured control tissue, an example of a microglia, co-labelled with mpegl and 4C4
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can be seen (Fig. 10C-D, white arrow). Comparing these images to an example of macrophages
and microglia at 1dpi, there is a clear increase in the number of macrophages and microglia as
observed by the mpeg17/4C4- and mpeg1/4C4" populations (Fig. 10E-F). This corresponds to the
increase in microglia seen in both adult and juvenile zebrafish. Collectively, these results suggest
that among adult and juvenile zebrafish only the total population of microglia around the injury

site show an increase following SCI.
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Figure 10
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Figure 10. Rostral and caudal zones display a significant difference in the microglial
population to control. (A) Microglial populations among adults show a significant increase from
control levels at 1dpi in the rostral zone, but not in the caudal zone. (B) In both the rostral and
caudal zones of the juvenile spinal cord, a significant difference is seen at 12hpi from control. (C-
D) Representative images of uninjured control spinal cords in adult and juvenile zebrafish. A co-
labelled microglial cell is highlighted by a white arrow in C. (E-F) An example of an injured spinal
cord at 1dpi displays populations of mpegl*/4C4- and mpegl/4C4" cells in both the rostral and
caudal zones. Unpaired t-test; *p < 0.05; n=3-5 animals for each timepoint; errors bars indicate

SEM. All images taken at 40X in a sagittal orientation; dorsal is up.
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4.6 A Pro-Inflammatory Response Appears to be Involved in Adult and Juvenile Zebrafish
SCI

The inflammatory response following SCI in juveniles has not been documented and few adult
zebrafish studies have focused on inflammatory cytokine expression post-SCI. Therefore, to gain
a better understanding of the temporal dynamics of cytokine release after SCI, the relative mRNA
expression of pro-inflammatory cytokines IL-1f and IL-8, and anti-inflammatory cytokines TGF-
Bla and TGF-B3 were examined using RT-qPCR. In these experiments, each cytokine transcript
level was examined across five timepoints and the mean Ct values represented were used to
compare adult and juvenile trends (Livak & Schmittgen, 2001). The uninjured control levels
analyzed were all normalized to 1 as indicated on each graph. The pro-inflammatory cytokine IL-
1B in adult zebrafish appeared to be highly expressed at 4hpi and 12hpi before decreasing towards
control levels (Fig. 11A). In comparison, juvenile zebrafish revealed a greater, and sustained,
increase from 12hpi to 1dpi, before decreasing to control levels at 3dpi (Fig. 11A). This indicates
that juveniles seem to sustain mRNA expression of IL-1f longer and at greater levels as compared
to adults (Fig. 11A). Examination of the pro-inflammatory cytokine IL-8 transcript level further
showed adult mRNA expression increased at 12hpi, whereas juvenile IL-8 mRNA expression had
the greatest increase at 1dpi (Fig. 11B). Additionally, in both adults and juveniles, IL-8 had higher
mRNA expression as compared to IL-1B. These pro-inflammatory trends align closely with
previous results in my study that display an increase in peak proliferation levels at 3dpi in juveniles

and 7dpi in adults, when mRNA expression is lowest or nearing control levels.

Compared to the similar pattern observed post-SCI in pro-inflammatory cytokine expression, the

anti-inflammatory cytokine TGF-Bla showed an opposing trend between adult and juvenile
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zebrafish. Among adult timepoints, mRNA expression is upregulated from 4hpi to 12hpi, before
beginning to drop at 1dpi until reaching control levels at 3dpi (Fig. 11C). Juvenile expression
showed the opposite trend. The mRNA expression first dropped below control levels at 4hpi, and
then increased and stabilized over 12hpi to 3dpi, before decreasing (Fig. 11C). Comparing the
TGF-B3 mRNA expression levels, the trends between adults and juveniles appeared more
consistent. Both trends begin with low expression below control levels at 4hpi before increasing
and stabilizing, except for a reduction at 3dpi in adults and 1dpi in juveniles (Fig. 11D). While the
trends follow a similar pattern, adult expression remains below control levels across the period of
analysis. Importantly, cytokine expression levels driven by pro-inflammatory cytokines had levels
greatly exceeding the anti-inflammatory cytokines. Statistical analyses on all RT-qPCR results
were not performed on these data sets since only two replicates were run. The small deviations
from control levels of both anti-inflammatory cytokines studied here in adult and juvenile zebrafish
implies they may play a minor role in shaping the injured microenvironment following SCI and

regulating ependymoglial activity.
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Figure 11
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Figure 11. Pro-inflammatory response in adults and juveniles appears to be involved early
after injury. (A-B) Expression of the mRNA levels of pro-inflammatory cytokines IL-1f3 and IL-
8 in adults and juveniles is increased at earlier timepoints before dropping to near control levels.
(C) Anti-inflammatory cytokine TGF-f1a is increased earlier in adults, with a steep drop below
control levels, but in juveniles appears to peak at 1dpi. (D) Expression of anti-inflammatory
cytokine TGF-B3 generally remains below control levels in both adults and juveniles. All mRNA

levels are compared to control which is indicated by the blue dashed line at 1. No statistical

analyses were run as only 2 replicates were completed; error bars indicate SEM of 2 replicates.
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4.7 Functional Swimming is Restored to Control Levels in Adult and Juvenile Zebrafish

Functional recovery post-SCI has been shown to occur at 6 weeks in adult zebrafish (Becker &
Becker, 2006), but this has not been previously studied in juveniles nor compared to the timeline
of adult recovery (Becker & Becker, 2006). To examine this, I tracked the behaviour of adult and
juvenile zebrafish every 2-3 days beginning on the day of SCI, until 28dpi (week 4; Fig. 12A).
Full recovery post-SCI is considered to have been achieved when swimming behaviour is no
longer significantly different from control levels, indicating that injured zebrafish travel the same
distance as uninjured control zebrafish. Here, a two-way ANOVA was performed to study the
effect of developmental age, timeline of functional swimming recovery, and the interaction effect
between the above two factors. Statistical results showed a significant effect of the timepoints post-
SCI (p < 0.0001), adult and juvenile development stages (p = 0.0003), and an interaction effect
between timepoints post-injury and developmental stage (p < 0.0001). To first study the effect of
time post-SCI on swimming recovery for adult and for juvenile animals, Dunnett’s multiple
comparisons test was used. These comparisons determined a significant decrease in total distance
travelled within the first week compared to control levels in both adults (D0-D5) and juveniles
(D0-D7; p <0.05, Fig. 12B, see Supplemental Table S6 for Dunnett’s multiple comparisons test).
Following the first week of injury (D9-D28), adults began to show swimming recovery as

illustrated by the absence of a significant difference, similarly seen in juveniles (p > 0.05).

To next directly compare the rate of functional swimming recovery between adult and juvenile
zebrafish (interaction effect) to determine if juvenile zebrafish might recover earlier, Bonferroni
multiple comparison tests were completed. Immediately following injury until day 18, adult and

juvenile zebrafish show no significant difference in swimming ability (p > 0.05). At later
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timepoints from day 20 until day 28 (week 4), a significant difference was detected with greater
distance travelled among juvenile zebrafish (p < 0.05, see Supplemental Table S7 for
Bonferroni’s multiple comparisons test). However, over week 4, both adult and juvenile zebrafish
demonstrate consistent functional swimming recovery. These results indicate that adults and
juveniles display recovery swimming after the first week of SCI, but in week 4 of recording (D20-

D28) juveniles appeared to be more active than adults.
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Figure 12

lesion
I | I S (I I | I I I | |
I I I I I I I I I I I I | |
DO D1 D3 D5 D7 D9 D12 D14 D16 D18 D20 D22 D24 D26 D28
= Behavioural Recording
Behavioural Recovery
B 15000+
* * O Adult
E -©- Juvenile
3
< 10000~
g
[~
@
(3]
c
£ 5000~
2
s
2
- 4
v I 1 1 1 Ll 1 1 1 L] I 1 1 I I 1
g . S PP 0.5» 0"‘ 0.@ 0,3, S o,,m &b- &c 0"?’
o Week 1 Week 2 Week 3 Week 4

Figure 12. Behavioural tracking of functional swimming recovery in adult and juvenile

zebrafish. (A) Timeline of behavioural recording across adult and juvenile zebrafish, beginning

on day of SCI and every 2-3 day until day 28. (B) Comparing total distance travelled of control

zebrafish to all injured timepoints indicated a significant difference within the first week in adults

(DO-D5; purple line) and juveniles (D0-D7; blue line). Following this period of time, there was no

significant difference seen in adult and juvenile zebrafish, indicating recovered swimming.

Comparing between adults and juveniles demonstrated a significant difference at day 20 to day 28

post-SCI (green line). Two-way ANOVA with Dunnett’s multiple comparisons test and

Bonferroni’s multiple comparisons test; *p < 0.05; n=4-10 animals per timepoint; error bars

indicate SEM.
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Chapter 5.0 Discussion
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5.1 Project Summary

The overall goal of my project was to shed light on the role of macrophages and microglial
following SCI and the activity of ependymoglial cells to allow for functional regeneration to occur
in post-larval zebrafish. In order to study targets in mammals that cannot recover post-SCI, more
knowledge on the relation between immune cells and NSCs is required to understand the
permissive microenvironment seen in zebrafish. There currently exists only a small body of
literature on the immune response within larval zebrafish post-SCI, but this knowledge is
completely lacking in older developmental stages that would be more representative for future
translational studies in mammals. In addition, older life stages, such as the juvenile zebrafish (~1-
3 months), has not been utilized to study SCI but would offer a much more representative model
to mammals than larvae. For this reason, in my study I employed both adult and juvenile zebrafish
to test the hypothesis that for functional recovery to occur following SCI, the pro-inflammatory

response must be activated ahead of ependymoglial proliferation.

In my project I have established a new model of SCI through the use of juvenile zebrafish and
compared this to adults that have been more broadly studied in the context of spinal cord
regeneration. My work comparing adult and juvenile models of SCI has led to five major findings
(summarized in Fig. 13). First, the proliferative response of ependymoglia in adults peaked at 7dpi
and in juveniles appeared to peak earlier at 3dpi. Second, the recruitment of microglia in adult
spinal cords increased from control zebrafish until 1dpi and the levels remained elevated until 7dpi.
Rather, in juveniles there was a peak in microglial increase at 12hpi that dropped afterwards, but
still remained above control levels. These results indicated that microglia infiltrate well before the

peak of proliferation is observed. Third, the mRNA expression of pro-inflammatory cytokines was
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increased at 12hpi in adults and 1dpi in juveniles, similar to the infiltration of microglia that can
release these cytokines. Fourth, the number of newborn neurons was the greatest in the SEZ of
both adults and juveniles, but trends slightly differed. In adult zebrafish there was an increase at
7-day post-EdU and then again at 28 day-post EdU, but juvenile zebrafish displayed an increase
at 7-day post-EdU that steadily decreased. Finally, both adults and juveniles showed behavioural
recovery over similar timepoints post-SCI, but interestingly juvenile zebrafish revealed greater

swimming activity in week 4 compared to adults.

Overall, these results support my hypothesis as a result of the decrease in inflammation that
occurred prior to the peak in ependymoglial proliferation in both models of SCI. Moreover, since
the trends in the macrophage and microglial response, ependymoglial activity, and functional
swimming recovery are similar across adults and juveniles, these findings also lend support to
establishing the juvenile zebrafish as a more rapid model to study SCI moving forward. Having a
better understanding of the mechanisms regulating successful zebrafish spinal cord regeneration,
and establishing a younger regenerative model, may aid in future research that targets mammalian

SCIL.
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Figure 13
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Figure 13. Summary model comparing the major study findings between adult and juvenile
zebrafish models of SCI. (A) Schematic of an uninjured zebrafish spinal cord in a cross-section
depicts the population of ependymoglia located in the EZ and SEZ, and neurons residing in the
dorsal and ventral horns. A similar schematic of an injured spinal cord (red lightning bolt) displays
proliferating ependymoglia in both the EZ and SEZ, activated microglia scattered throughout the
spinal cord, and newborn neurons seen both around the central canal and within the horns. (B)
Timeline summarizing major findings and trends. (/) Proliferation of ependymoglial cells showed
that adult zebrafish had a peak at 7dpi and juveniles at 3dpi. (2) Infiltration of microglia in adult
spinal cords occurred at 1dpi and remained stable until 7dpi. Juvenile zebrafish exhibited an
increase of microglia at 12hpi. (3) Pro-inflammatory cytokines are increased at 12hpi in adults and
1dpi in juveniles. (4) The number of newborn neurons in the SEZ occurred in adults near 14dpi
before dropping and increasing again around 28dpi. Juvenile zebrafish displayed an increase at
14dpi until approximately 28dpi when the numbers began to decrease. (5) Adults and juveniles
showed differences in recovery near 20dpi where juveniles exhibited more activity in comparison

to adult swimming behaviour. In 1-5, adults are denoted by a black line and juveniles in red.
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5.2 Juvenile Model of SCI Displays Similar Characteristics to Adult Model

Across existing literature, adult zebrafish used to study SCI are most commonly between the ages
of 6 months to 1 year, whereas the newer juvenile model is between 1-3 months. Across these two
models, the uninjured spinal cord contains a variety of cell populations that become disrupted
following injury. In my project I showed examples of these populations with the use of transgenic
lines and antibodies, similar to other observations of motor neurons, ependymoglia,
oligodendrocytes and vasculature seen in adult and larval models of SCI (Reimer et al., 2008;
Reimer et al., 2009; Goldshmit et al., 2012; Ohnmacht et al., 2016; Nelson et al., 2019). The
impairment that is seen post-SCI has been characterized in my project within both models,
behaviourally and anatomically. First, few studies demonstrate sham injuries to compare uninjured
and injured zebrafish, but here I showed that sham and control groups displayed similar activity,
indicating that physical impairment occurs when the spinal cord is severed (Fig. 3H-P). Second,
my data shows that the same degree of behavioural impairment is observed in both adult and

juvenile zebrafish following SCI, demonstrating consistency between models.

This impairment was also validated through H&E staining of sagittal spinal cords, proving a
transection occurs and the tissue analyzed is adjacent to the injury site (Fig. 4). The spinal cords
in both adults and juveniles appeared injured at 1dpi that persisted until 7dpi in contrast to larvae
who display near complete functional locomotor recovery within 48hpi (Dehnisch Ellstrom et al.,
2019). Previous studies using transected adult zebrafish also showed anatomical impairment at
early and late timepoints, similar to my results (Goldshmit et al., 2012). In addition, a study that
used a crush injury on adult zebrafish observed similar timepoints at 1dpi and 7dpi that resulted in

similar physical impairment (Hui et al., 2010). Therefore, since both adult and juvenile zebrafish
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show a comparable degree of behavioural and anatomical impairment, juveniles can be used as a

more efficient and younger model to study behavioural recovery after SCI.

5.3 The Proliferative Response of Ependymoglia Correlates with a Decrease in Inflammation
To examine regeneration in adult and juvenile zebrafish I studied their proliferative and immune
response following SCI. By first quantifying the amount of proliferation surrounding the central
canal, I detected more EAU" cells within the EZ than the SEZ in both adult and juvenile zebrafish
(Fig. 5I & 6I). Similar findings have been seen in murine models of SCI where active NSCs are
directly located in the EZ rather than the SEZ (Cusimano et al., 2018). This may suggest that the
NSCs sitting directly adjacent the central canal are entering the cell cycle at a faster rate possibly
due to the upregulation of signaling pathways found throughout development. There exists some
controversy on whether the CSF acts to increase the yield of NSCs or contains inhibitory
components (Ren et al., 2018). Therefore, it is also possible that post-SCI, the CSF may be
providing cues to ependymoglia, instructing them to proliferate. In addition, my results
demonstrated that juvenile zebrafish had an earlier peak in proliferation as compared to adults
(Fig. 7A-B). The peaks in proliferation were noticed at 3dpi in juveniles and 7dpi in adults.
Previous work has shown similar trends in adult zebrafish following SCI where increases in
proliferation were detected at 7dpi and 14dpi (Reimer et al., 2008). These increases were similar
to my work, however, the researchers utilized PCNA to stain for proliferation which is expressed
across all cell cycle phases except GO, accounting for their greater number of dividing cells.
Studies have also shown that signaling pathways necessary for proper spinal cord development are
upregulated following SCI in larval and adult zebrafish, and rats (Cardozo et al., 2017). Some of

these pathways required for regenerative neurogenesis, gliogenesis, and locomotor activity include
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Notch, Shh, BMP, Wnt, FGF, and RA (Cardozo et al., 2017). The distance in which signaling
gradients need to be established during adult regeneration have larger distances due to the
expansion of the central canal and as such have been thought to take longer in promoting
proliferation (Cardozo et al., 2017). Thus, it would be predicted that using a juvenile model would
provide an intermediate for this gradient to occur. Additionally, studying Wnt expression was seen
as early as 1dpi following SCI in larvae until regeneration occurred around 7dpi (Briona et al.,
2015). Research focusing on motor neurons in adults following SCI demonstrated that signaling
pathways upregulated in the embryo are recapitulated again during motor neuron regeneration
(Reimer et al., 2009). Therefore, it is not unreasonable to predict juveniles might exhibit similar

early upregulation in signaling pathways following SCI.

Interestingly, in my study, pro-inflammatory cytokines, IL-1p and IL-8, decreased to control
mRNA levels in advance of the increased proliferation seen in both adult and juvenile life stages
(Fig. 11A-B). This may indicate that for regeneration to occur through proliferation of
ependymoglia, the pro-inflammatory response must be attenuated. These pro-inflammatory
responses show a drastic contrast to the prolonged and detrimental pro-inflammatory response seen
in mammals post-SCI. Additionally, it would be expected for the levels of anti-inflammatory
cytokines to be elevated, however, I observed that these cytokines remained low across multiple
timepoints implying that the permissive environment seen in zebrafish following SCI may be
independent of the anti-inflammatory response and more of a product of the short pro-
inflammatory response. The small changes seen within TGF-Bla and TGF-B3 could have
meaningful results and further clarified by examining the mRNA expression of other anti-

inflammatory cytokines or by examining more timepoints, particularly early after injury.
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It has also been previously shown in larval zebrafish models of SCI that macrophages/microglia
express both pro- and anti-inflammatory cytokines, but mutants lacking macrophages/microglia
displayed higher uncontrolled levels of pro-inflammatory cytokines (Tsarouchas et al., 2018). In
this study the authors concluded that anti-inflammatory cytokines, TGF-Bla and TGF-$3, could
be responsible for reducing pro-inflammatory phenotypes and as such reducing inflammation after
SCI (Tsarouchas et al., 2018). Accordingly, my findings showed that TGF-f1a was above control
levels in adult and juvenile zebrafish at the same timepoints as the increased activity of microglia
(Fig. 10A-B, Fig. 11C). Outside of the spinal cord, anti-inflammatory cytokines have been the
focus of research regarding liver exposure to toxins, gill homeostasis, and retinal injury (Zhang et
al., 2019; Bottiglione et al., 2020; Iribarne & Hyde, 2021). Following retinal injury, TGF-B1
showed similar levels to the control samples throughout all timepoints evaluated in larval
zebrafish, similar to my results shown (Fig. 11C) (Iribarne & Hyde, 2021). Beyond these results,
there is limited research that has examined the contribution of anti-inflammatory cytokines in SCI

using a zebrafish model.

While my data showed that microglia numbers increased following injury, peripherally infiltrating
macrophages showed little change following SCI. Since immune cells aid in controlling
inflammation, mutants lacking macrophages/microglia fail to regenerate due to the abnormally
high levels of IL-1f seen in larval zebrafish (Tsarouchas et al., 2018). This was confirmed using
Dexamethasone to attenuate the immune response by decreasing levels of immune cells. With
reduced levels of microglia, macrophages and neutrophils, larvae exhibited a great reduction in

axonal bridging. By contrast, in this same study bacterial lipopolysaccharides were used to increase
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levels of immune cells resulting in greater axonal regeneration, supporting the notion that the
immune cell response is necessary for regeneration (Tsarouchas et al., 2018). Unlike work in larvae
following SCI, I showed stable levels of macrophages across multiple timepoints in adult and
juvenile zebrafish in addition to low levels of IL-1P. In the adult zebrafish brain, IL-8 levels
appeared to peak within the first 24hpi, similar to my findings in the adult spinal cord. However,
to date there is little information on IL-8 following SCI. Therefore, my findings indicate that
peripheral macrophage recruitment does not appear to be required, or if so to only a minor extent,
in the pro-regenerative environment seen within zebrafish as compared to microglia that displayed

an early peak post-SCI.

5.4 Adult and Juvenile Zebrafish Display Differences in Locomotor Activity at Late Stages
of Functional Recovery but Show Similar Trends in Neuronal Differentiation after SCI

SCI results in the loss of neuronal populations and for functional recovery to occur, these lost
populations need to be replenished. This had led to the study of NSC differentiation capacity and
motor activity. Using markers to stain for differentiation of neurons at multiple timepoints after
EdU exposure (7-day, 14-day, 28-day chase periods), adult and juvenile zebrafish showed little
differences in the number of newborn neurons (Fig. 8 G-J). Adult zebrafish displayed a greater
number of newborn neurons in the SEZ within the 7-day and 28-day chase periods (Fig. 8G). This
revealed that at the two timepoints, neurons had migrated from the EZ surrounding the central
canal, towards the SEZ where more mature neurons resided (Fig. 8G). Juveniles revealed a greater
number of newborn neurons in the SEZ beginning at the 7-day chase period until the 14-day chase
period (Fig. 8H). The earlier, 7-day timepoint correlates with 10dpi which is closely associated

with the behavioural recovery seen within the first week post SCI. While motor neurons were only
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qualitatively studied, I showed evidence of the presence of new motor neuron differentiation
through co-labelling of HuC/D/EdU/HBO. This indicates that a subpopulation of newborn neurons

after SCI indeed differentiate into motor neurons and express relevant markers (Fig. 8F).

Comparing neural differentiation post-SCI to motor recovery studied until 28dpi (4-weeks), my
data suggests that juvenile zebrafish recover to a greater extent. Soon after SCI, both adults and
juveniles show the same amount of swimming impairment until the first week following injury
(Fig. 12B). However, near 20dpi juvenile zebrafish exhibit significantly increased movement
relative to adults as demonstrated by the total distance travelled. This trend persisted until 28dpi.
When comparing between adult and juvenile co-labelled HuC/D* and EdU" cells, adult zebrafish
had a larger population of newborn neurons in the SEZ following the 28-day chase (Fig. 8J). This
may imply that to maintain functional recovery, there must be a continuous production of newborn
neurons, possibly acting in a positive feedback loop. On the other hand, it appears that despite
there being fewer newborn neurons produced in juvenile zebrafish following the 28-day chase
(Fig. 8H), neuronal differentiation may not be necessary for overall functional recovery as seen
by the greater motor activity. This greater motor activity may be a result of greater axonal
regeneration that has been studied in larval zebrafish but less so in older developmental stages like
adults. Since juveniles are still developing, they may be more primed to respond to SCI by bridging
the gap of a transection site or they have a more permissive environment as compared to the adult

model that has reached maturity and is no longer developing.
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5.5 Limitations and Future Directions

My study has contributed many new findings in the new juvenile model of SCI and the older adult
model. Despite this, there are still limitations to be considered. Below, I will discuss some of these
limitations including the lack of information on proliferating subpopulations around the central
canal post-SCI, how macrophages and microglia were analyzed, the RNA extractions and RT-

qPCR runs, and lack of information on motor neuron generation following SCI.

5.5.1 Proliferation of Ependymoglial Cells

In analyzing ependymoglial proliferation post-SCI in adult and juvenile zebrafish, one
shortcoming of my study was that EdU labeling alone did not permit identification of
subpopulations around the central canal or cell lineage relationships. In future experiments it
would be valuable to co-label the EQU™ cells with NSC or glial markers in order to distinguish
these different proliferating cell populations and gain further insight into lineage relationships. For
example, Foxjla could be used to distinguish cells in the EZ and SEZ since it has been shown to
mark all cells maintaining contact with the central canal in the EZ of the zebrafish model (Ribeiro
et al., 2017). Additionally, this marker has been shown to be expressed in new ependymoglia that
are formed in response to zebrafish SCI (Ribeiro et al., 2017). To further determine progenitors
from parent NSCs, a marker such as tbr2 or nestin could be used since ependymoglial cells that
express high levels of nestin are characteristic of progenitor features and tbr2 has been shown to
mark intermediate progenitors (Goldshmit et al., 2012; Hall & Tropepe et al., 2018). Parent NSCs
could further be revealed using the stem cell marker, Sox2 which I showed Figure 2, but further
quantification is needed (Johnson et al., 2016). More advanced techniques such as, Zebrabrow, or

Zebrafish Brainbow, is a technique that relies on Cre-loxP recombination to manipulate gene
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expression and is used to create combinations of different fluorescent colours in adjacent cells that
are then inherited by daughter cells (Pan et al., 2013). This technique could allow for lineage
tracing of the ependymoglia surrounding the central canal to obtain direct evidence of the trajectory
from the parent NSC to the daughter progenitor cells that differentiate into newborn neurons post-

SCIL.

In addition, different markers or transgenic lines for signaling pathways could be used to determine
if pathways arise earlier in juveniles and if the upregulation is closely associated with a peak in
proliferation of adults and juveniles. A few used in previous work include Tg(shha:gfp) to label
Shh activity and Tg(7xTCFXla.siam:mCherry) to monitor Wnt/B-catenin (Reimer et al., 2009;
Briona et al., 2015; Strand et al., 2016). In our lab we have the BMP4 antibody to study the role
of BMP signaling, Bcat to mark for Wnt/Bcat activity and the transgenic line Tg(Her4.1:mCherry)
that labels for Notch signaling. Combining NSC and progenitor markers with these signaling
pathway markers/transgenic lines could provide more resolution on the role of signaling pathways

in spinal cord regeneration.

5.5.2 Analysis of Macrophages and Microglia

To study the infiltration of macrophages and microglia, I took advantage of the Tg(mpegl:eGFP)
line that marks for all infiltrating macrophages and resident microglia (Ellet et al., 2011). To further
distinguish between these two immune populations, the 4C4 antibody was used such that
mpeg 4C4" cells were classified as microglia. From staining across multiple timepoints in both
adult and juvenile zebrafish tissue, I expected to clearly see mpeg/4C4- (macrophages) and

mpeg/4C4" (microglia) cells. While this expectation proved to be true in most cases, I also saw
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many cells that were mpeg/4C4*. Previous research employing the same hybridoma derived 4C4
antibody did not state whether they observed similar cell populations (Ma et al., 2014; Tsarouchas
etal., 2018). This was curious as prior to commencing staining experiments I ran controls to ensure
that the 4C4 staining seen was not due to the secondary antibody or the serum used to culture 4C4
from the original hybridoma cell population (Fig. S1). Given both results showed no evidence of
4C4 staining, this provided confidence in utilizing this marker to specifically distinguish local
microglia from peripheral macrophages. Therefore, during my analysis it was considered that these
cells were also microglia even though they were not co-labelling with the transgenic macrophage
line. It is possible that this assumption may have led to some degree of inaccuracy in cell counts

of these cells.

Related to my labeling analysis of microglial and macrophage populations, another observation I
found was that control tissue showed the presence of a small number of macrophages. Since
macrophages infiltrate from the periphery and into the spinal cord after injury, it was unexpected
that I found macrophages in the uninjured control spinal cords across adults and juveniles. While
this result was not anticipated, previous research has shown macrophage populations in an
uninjured adult brain (Kanagaraj et al., 2020). Beyond this, few researchers have shown control
results when staining for macrophages and microglia in a similar fashion. Despite the unexpected
presence of macrophages in control tissue, these cells were still counted as normal, but this could
have led to inaccurate statistical comparisons when analyzing injury timepoints to control cell

counts.
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In my current study, I analyzed cell counts 120 pm on either side of the injury site, however, this
method may limit cell counts due to the infiltration of immune cells towards the site of injury.
Future studies on immune cells could have a more focused analysis by examining a larger area on
either side of the injury site, rather than the tissue directly adjacent as this will allow for a better
understanding of the migration pattern. Cell counting individual macrophages and microglial cells
was also difficult at times due to their irregular morphology, including elongated cell bodies that
had numerous, often times, overlapping ramified processes. Moving forward, it may be interesting
to examine such morphology to determine the proportion of these cells in an activated state, that
could be stained with proliferative markers, rather than a resting state. In addition, perhaps a better
approach for analysis would be calculating the percent coverage of macrophages and microglia

within a specific surface area for more accurate results.

5.5.3 Cytokine Response

To study the response of pro- and anti-inflammatory cytokines following injury in adult and
juvenile animals, sufficient spinal cord tissue had to be dissected to obtain enough extracted RNA
for analysis. In these experiments, I dissected spinal cords from n=3 adults and n=4 juveniles.
However, when performing dissections, 1 cm length of spinal cord for adults, and 0.5 cm length
of spinal cord for juveniles on either side of the injury site was removed. Expression levels may
have been affected by using tissue more distal from the injury where changes in cytokine
expression would be expected to show little change. Specifically, the mRNA levels may have been
diluted because of the small portion of injured tissue adjacent the injury site that was combined
with a longer segment of uninjured spinal cord. However, in previous research performing RT-

qPCR experiments, there was variation in how much tissue researchers extracted, and the number
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of zebrafish used. In some studies, researchers used n=50-60 adult zebrafish taking 1 mm rostral
and caudal from the injury site and others used 4 adult zebrafish taking only 4 mm caudal to the
injury site (Lin et al., 2012; Hui et al., 2014). If a similar approach was used here to extract out
only tissue adjacent to the injury site, a larger number of zebrafish would have been needed that
were not available at the time of dissections. In addition, dissecting more zebrafish would have
taken longer to perform, in which case the RNA would have begun to degrade. Here, my results
only represent the relative mRNA expression averaged over two RT-qPCR runs, as the third run
displaying Ct levels that considerably varied. Moving forward more replicates are required across
cytokines of interest to perform statistical analyses. Furthermore, by adding in later timepoints,

cytokine results could be more accurately compared with previous experiments.

5.5.4 Regenerative Neurogenesis & Behavioural Recovery

In studying regenerative neurogenesis post-SCI, I used the pan-neuronal marker HuC/D and EdU
to mark for newly generated neurons. However, these markers do not answer the question of what
types of neurons are being generated. In future experiments I would utilize the HB9 antibody or
transgenic line Tg(hb9:eGFP) that marks for motor neurons to determine the process of motor
neuron differentiation in relation to motor activity. These results would likely be better compared
to the behavioural recovery data obtained in my study. Likewise, using BrdU instead of EdU to
stain dividing cells in the Tg(hb9:eGFP) line may conserve the endogenous fluorescence, that often

times is quenched in our transgenic lines, and specifically stain newly generated motor neurons.

Finally, while the behavioural data showed for the most part displays similar trends between adult

and juvenile zebrafish, several timepoints in the behavioural recovery data had variation in sample
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sizes. For instance, early recovery timepoints (D1-D16) had around n=10 zebrafish in both adults
and juveniles, but the later timepoints (D18-D28) were limited to only n=4 juvenile zebrafish and
n=6 adult zebrafish. Thus, it would be optimal in the future to fill in sample sizes to have a
consistent set of n=10 for all timepoints measured to ensure the accuracy of trends in functional

recovery.

5.6 Conclusion

My present findings have importantly established a new juvenile model of SCI. Using this model,
along with the traditional adult zebrafish model of SCI, my data contributes novel information
regarding the relationship between the temporospatial dynamics of macrophages and microglia
with phases of neuroregeneration. This greatly increases our understanding of how resident
microglia and central canal ependymoglial cells interact over the timeline of functional spinal cord
regeneration beyond post-larval stages. My work shows that proliferation of ependymoglial cells
in juvenile zebrafish is increased earlier than that in adults, and there appears to be an abundance
of microglia in the adult and juvenile injured spinal cord. This new juvenile model of SCI will now
provide an earlier and more efficient model to study SCI due to the similar responses and trends
to adult zebrafish. Additionally, the pro-inflammatory response appeared to be decreased prior to
proliferation, indicating that this response is critical for a permissive environment in order for
regeneration to occur. This directly contrasts the prolonged pro-inflammatory response seen in
mammalian models of SCI who lack the capacity for functional recovery. Understanding how
inflammation regulates the process of successful neuroregeneration in the zebrafish spinal cord
will provide much needed insight into the relationship between immune cells and NSCs to improve

therapeutic strategies to treat mammalian SCI.
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Figure S1

Negative Control Serum Control

mpeg1:eGFP mpeg1:eGFP

Figure S1. Negative and serum control confirm specific staining of the 4C4 antibody.

(A) Negative control in the Tg(mpegl:eGFP) line by omitting the 4C4 antibody, showed no 4C4
microglial staining. (B) A serum was used to culture the hybridoma line and harvest the 4C4
antibody. Here a serum control was used to ensure the staining seen with 4C4 was not a result of
the serum. No 4C4 positive labelling was observed on the Tg(mpeg1:eGFP). DAPI counterstaining

was performed on each slide. All images taken at 20X. In all images dorsal is up.
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Figure S2
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Figure S2. Endpoint PCR gel and melting curve plots for all primers used. (A) Running
endpoint PCR displayed one band for all primers and the expected band sizes. (B-F) Melting
curves for all primers used show that, with the exception of IL-1f, only a single peak was visible.
The two peaks displayed by IL-1p may indicate two PCR products, but a single product was

confirmed by the gel.
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Figure S3
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Figure S3. Efficiency curves for primers. (A-E) For all primers, the efficiency of the reaction
was between 95-99% which is well within the target range of 90-110%. Equation used to calculate

R? was y = mx-+b and to get the efficiency E = -1+100151°P¢) was used.
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Figure S4
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Figure S4. Diameters of central canals in adult and juvenile zebrafish. (A) Quantification of
central canal diameters in adult zebrafish. (B) Quantification of central canal diameters in juvenile
zebrafish. One-way ANOV A with Tukey’s multiple comparisons test; *p < 0.0001; n=3-5 animals

for each timepoint.
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Figure S5
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Figure SS. Populations of macrophages remain stable across adults and juveniles after SCI.
(A) No significant difference was observed between control and SCI groups in populations of adult
macrophages. In addition, comparison of rostral and caudal zones of the injury site at each
timepoint yielded no significant difference. (B) Juvenile zebrafish show similar results as adults
with a small population of macrophages in uninjured control groups and no significant difference
at other timepoints. Rostral and caudal zones also showed no significant difference. One-way
ANOVA with Tukey’s multiple comparisons test was used to compared across timepoints;
Unpaired t-tests were used to compared rostral and caudal macrophages at each timepoint; *p <

0.05; n=3-5 animals for each timepoint; errors bars indicate SEM.
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Table S1. Antibody dilutions.

Antibody Host Animal Source Dilution
HuC/D Mouse Life Technologies 1:400
HB9 Rabbit Abcam 1:750
Sox2 Rabbit Abcam 1:500
4C4 Mouse Millipore Sigma 1:100

Table S2. RT-qPCR primer sequences.

B-actin Forward 5’-CTCTTCCAGCCTTCCTTCCT-3’
Reverse 5’-CTTCTGCATACGGTCAGCAA-3
IL-1B Forward 5’-ATGGCGAACGTCATCCAAGA-¥
Reverse 5’-GAGACCCGCTGATCTCCTTG-3’
IL-8 Forward 5’-GTCGCTGCATTGAAACAGAA-3’
Reverse 5’-AGGGGTCCAGACAGATCTCC-3’
TGF-Bla Forward 5’-GCTGTATGCGCAAGCTTTACA-3’
Reverse 5’-GGACAATTGCTCCACCTTGTG-3’
TGF-B3 Forward 5’-AAAACGCCAGCAACCTGTTC-3’
Reverse 5’-CCTCAACGTCCATCCCTCTG-3’
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Table S3. Tukey’s post-hoc multiple comparisons test for significant timepoints in the EZ, SEZ
and total cell counts in adult zebrafish.

Timepoint Total (EZ + SEZ) | EZ SEZ
14dpi vs. 3dpi p=0.011 p =0.0002 _
14dpi vs. 1dpi p <0.0001 p <0.0001 p=0.0096
14dpi vs. 12hpi p <0.0001 p <0.0001 p=0.0148
14dpi vs. sham p <0.0001 p <0.0001 p=0.0105
14dpi vs. control p <0.0001 p <0.0001 p=0.0148
7dpi vs. 3dpi p =0.0004 p <0.0001 _
7dpi vs. 1dpi p <0.0001 p <0.0001 p=10.0203
7dpi vs. 12hpi p <0.0001 p <0.0001 p=10.0320
7dpi vs. sham p <0.0001 p <0.0001 p=0.0222
7dpi vs. control p <0.0001 p <0.0001 p=0.0319
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Table S4. Tukey’s post-hoc multiple comparisons test for significant timepoints in the EZ, SEZ

and total cell counts in juvenile zebrafish.

Timepoints Total (EZ +SEZ) | EZ SEZ

7dpi vs. 1dpi p=0.0001 p=0.0008 p=10.0002
7dpi vs. 12hpi p=0.0018 p=0.0088 p=10.0029
7dpi vs. sham p <0.0001 p =0.0002 p <0.0001
7dpi vs. control p <0.0001 p =0.0002 p <0.0001
3dpi vs. 1dpi p =0.0004 p=0.0006 p=0.0094
3dpi vs. 12hpi p =0.0064 p=0.0058 _
3dpi vs. sham p <0.0001 p=0.0001 p=0.0024
3dpi vs. control p <0.0001 p=0.0001 p=0.0027

Table SS. Tukey’s post-hoc multiple comparisons test for significant timepoints in the central

canal diameters of adult and juvenile zebrafish.

Timepoints Adults Juveniles
Control vs. 7dpi p =0.0049 p=0.0079
Sham vs. 7dpi p=0.0015 p=0.0115
12hpi vs. 7dpi p =0.008 p=0.0360
Idpi vs. 7dpi p=0.0018 p=0.0164
3dpi vs. 7dpi p =0.0046 _
Control vs. 14dpi p =0.0005 _
Sham vs. 14dpi p=0.0002 o
12hpi vs. 14dpi p=0.0001 o
1dpi vs. 14dpi p=0.0002 o
3dpi vs. 14dpi p =0.0005 _
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Table S6. Dunnetts’s multiple comparisons test for significant timepoints in total distance swam

within adult and juvenile zebrafish.

Timepoints Adults Juveniles

Control vs. D0 p =0.0002 p <0.0001
Control vs. D1 p =0.0005 p <0.0001
Control vs. D3 p =0.0004 p =0.0002
Control vs. D5 p=0.0010 p = 0.0007
Control vs. D7 - p=0.0424

Table S7. Bonferroni’s multiple comparisons test for significant timepoints in total distance swam

between adult and juvenile zebrafish.

Timepoint P value

Day 20 p =0.0054
Day 22 p=0.0199
Day 24 p=0.0195
Day 26 p=0.0278
Day 28 p <0.0001
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Table S8. List of common solutions and recipes used.

Solution Recipe

0.4% Tricaine 400mg Tricaine powder, 97.9mL MilliQ water, ~2.1mL 1M
Tris (pH 9)

10mM EdU 50mg EdU powder, 19.84mL 1X-PBS, 200uL DMSO to aid
in dissolving

2% PFA 0.8g PFA powder, 40mL 1X-PBS

EDTA/Sucrose 100mL 0.5M EDTA, 22g Sucrose, 1 1mL 10X-PBS

8% Fish Gelatin 20g Sucrose, 8g fish gelatin, 100mL 1X-PBS

1X-PBS 900ml MilliQ water, 100mL 10X-PBS

PBS-Tx 997mL 1X-PBS, 3mL Triton

DAPI Img DAPI powder in ImL 1X-PBS

50mM Tris Buffer ImL 2M Tris, 39mL MilliQ water

2M Tris Buffer 242.2g Tris base, 800mL MilliQ water

PDT 2mL 10X-PBS, 0.02mL DMSO, 0.02mL Tween, 20mL

MilliQ top up

0.5M L-Ascorbic Acid

4.4g 1M L-Ascorbic Acid, 49.9mL MilliQ water
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