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Abstract
The Notch signalling pathway is a juxtacrine signalling pathway conserved across
vertebrate and invertebrate species and is known to be a potent regulator of progenitor
cell fate decisions during nervous system development. The dysregulation of the Notch
pathway has been implicated in the establishment of an anti-neurogenic environment
following spinal cord injury in mammals that ultimately prevents functional recovery. In
regeneration-competent species, where both neurons and glia are produced by resident
progenitor cells in response to trauma, Notch appears to be regulated differently. In the
regeneration-competent axolotl, very little is known regarding the role of the Notch
signalling pathway in the establishment of a regeneration permissive environment. Here I
report that the axolotl possesses a homolog of the Notch1 receptor and qPCR data
indicate that its expression decreases significantly at 7 days post injury in caudal spinal
cord tissue. I further report that the Notch downstream target gene, Hes1, is expressed in
the spinal cord 3 days following injury and that bath application of the indirect Notch
inhibitor, tert-Butyl (S)-{(2S)-2-[2-(3,5 difluorophenyl)acetamido]propanamido}
phenylacetate (DAPT), impairs spinal cord regeneration. Finally, I have modified an
existing optogenetic plasmid construct that allows for light-dependent temporal and
spatial Notch receptor-independent signalling through the axolotl Notch intracellular
domain (NICD). In vitro characterization has included the determination of an effective
membrane anchor for this construct and the production of an appropriate light-insensitive
negative control plasmid. This research has provided evidence for a role of Notch during
spinal cord regeneration in the axolotl and provided a unique optogenetic tool to facilitate

the determination of the in vivo role that Notch signalling plays during spinal cord
regeneration in the axolotl.
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Chapter 1. General Introduction and Literature Review
1.1 General Introduction
Regeneration is a common phenomenon observed in all species. Still, the extent to
which it occurs varies considerably: from the whole-body regeneration of aquatic
invertebrates like Hydra and planarian flatworms (Galliot & Schmid, 2002; Randolph,
1897), to the ability to restore the form and function of lost or damaged limbs and organs
in the urodele amphibians (Chernoff et al., 2003; Stocum, 2017), and the limited capacity
of mammals to replace cells for growth and tissue maintenance throughout their lives
(Storer & Miller, 2020). The earliest indications of regeneration were documented in the
18th century by Réaumur, who observed appendage regeneration in ants (discussed in
Wheeler, 1926). Tremblay's work with Hydra soon followed, demonstrating their
unmatched ability to regenerate a complete and independent body from one cut piece
(discussed in: Baker, 1952; Dawson, 1987; and Tsonis & Fox, 2009). One of the most
significant contributions to the field of regeneration in the 18th century is the work
conducted by Spallanzani, who described the process of limb and tail regeneration in
amphibians (discussed in Tsonis & Fox 2009). Spallanzani observed that following tail
amputation in the adult salamander, the cut end became covered with a thin, highly
vascularized layer of tissue followed by the formation of a structure that would be later
characterized as a blastema (discussed in Tsonis & Fox, 2009). The blastema is a crucial
player in the regenerative process, and the cells from which it is composed contribute to
the functional tissues which make up the regenerated tail. Perhaps the urodele
amphibians’ most impressive regenerative feat is their ability to regenerate the infinitely
complex central nervous system following injury.
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Among vertebrates, spinal cord regeneration with functional recovery, is unique to
amphibians and some reptiles (Chernoff et al., 2003; Gilbert & Vickaryous, 2018; Freitas
et al., 2019). This restoration of function and complete spinal cord regeneration is not
observed in mammals who have suffered a traumatic injury to their nervous system. The
mammalian central nervous system (CNS) is particularly susceptible to permanent
damage following injury, leading to various functional impairments, including paralysis.
These functional impairments are a consequence of the inability of injured neurons to
reach their synaptic partner(s) due to intrinsic growth inhibitory factors and the formation
of the glial scar, which acts as both a physical and chemical barrier to axon outgrowth
(Liu et al., 2010; Lee-Liu et al., 2013). The glial scar is primarily composed of reactive
astrocytes but also includes oligodendrocytes, microglia, meningeal cells, pericytes, and
ependymal cells (Yiu & He, 2006).
Ependymal cells are of particular interest in nervous system regeneration because
they are resident neural progenitor cells of the developing and adult spinal cord and
because they are progenitor cells, they can generate multiple cell types (Yamamoto et al.,
2001; Meletis et al., 2008). Following injury, the ependymal cells of mammals become
active and generate progeny cells which migrate to the injury site but fail to produce
appropriate cell types, such as neurons, in significant number to limit damage. These cells
may also contribute to the formation of the glial scar (Meletis et al., 2008; Panayiotou &
Malas, 2013; Ren et al., 2016). During vertebrate development, stem cells with distinct
morphological characteristics known as radial glia can generate many cell types including
neurons and glia. In the urodele amphibian axolotl (Ambystoma mexicanum), the
ependymal cells retain embryonic radial glia-like properties and are therefore commonly
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referred to as ependymal radial glial (ERG) cells. Their response following spinal cord
injury differs from that of ependymal cells in mammals and is proposed to be one of the
main contributing factors to the axolotl’s extensive regenerative capability. Following
spinal cord injury in the axolotl, ependymal radial glial cells rapidly proliferate and form
a mass of cells called the ependymal bulb, extending toward the wound to form the
ependymal tube (O’Hara et al., 1992; Albors et al., 2015; Chernoff et al., 2018). This
large pool of ependymal radial glial cells eventually differentiates into new neurons and
glial cells, which form the functional regenerated tissue (Echeverri & Tanaka, 2002;
McHedlishvili et al., 2012; Albors et al., 2015). Considering the impact that ependymal
radial glial cells have on spinal cord regeneration of the axolotl, it is important to
investigate why these cells behave differently in regeneration-competent and incompetent
species.
During development and regeneration, new cells are produced from a type of cell
known as stem or progenitor cells that have the capacity to divide and produce multiple
different cell types. A highly conserved signalling pathway that regulates what types of
cells are produced from stem and progenitor cells in the nervous system in both
vertebrates and invertebrates is the Notch signalling pathway (de la Pompa et al., 1997;
Wheeler et al, 2008; Sharma et al., 2019). The canonical Notch signalling pathway relies
on cell-to-cell interactions and plays a prominent role in regulating the production of
neurons and glia during vertebrate nervous system development in processes known as
neurogenesis and gliogenesis (Louvi & Artavanis-Tsakonas, 2006; Pierfelice et al.,
2011). It appears that Notch may retain some of these functions during mammalian
nervous system regeneration as well. Following a spinal cord transection injury in the
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adult rat, Notch activation may prevent neural progenitors from replacing lost or damaged
cells following injury (Yamamoto et al., 2001). However, very little is known regarding
the role of Notch signalling in the ependymal glial cell response during spinal cord
regeneration in regeneration-competent species like the axolotl. In other regenerationcompetent vertebrate species like the zebrafish, Notch is regulated in such a way that new
neurons and glia are produced following spinal cord injury (Dias et al., 2012). During
spinal cord regeneration in the axolotl, processes like proliferation, differentiation, and
the expression of proneural and glial genes change at various time points during
regeneration (Albors et al., 2015; Sabin et al., 2019; Walker et al., 2022).These processes
have been shown to be mediated by Notch signalling in other species (Louvi &
Artavanis-Tsakonas, 2006; Pierfelice et al., 2011), indicating that Notch signalling may
be increased or supressed at specific timepoints during spinal cord regeneration in the
axolotl. Based on the role of Notch signalling during development and regeneration in
other species, it is likely that temporal and spatial control of Notch signalling is required
in the axolotl spinal cord following injury to contribute to a regeneration-permissive
environment.
Therefore, my research aims were to
1. Identify and characterize a Notch1 homologue in the axolotl Ambystoma
mexicanum.
2. Use quantitative PCR to determine the temporal patterns of the previously
unidentified Notch1 receptor expression and in situ hybridization to determine the
spatial expression of its downstream targets in the regenerating axolotl spinal cord.
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3. Modify a genetic tool to optogenetically increase axolotl Notch signalling with
temporal and spatial precision in vivo.
Literature review
1.2 The response of mammalian spinal cord tissue to injury
Spinal cord injury (SCI) in humans and other mammals can be particularly
detrimental to their well-being. It can result in permanent functional impairments such as
paralysis, and in 2012 approximately 85,500 people in Canada were suffering from such
impairments (Noonan et al., 2012). SCIs often arise from blunt force crush injuries, stab
lesions or spinal cord compression from a motor vehicle or work accident. These types of
injuries to nervous tissue result in a cascade of events that prevent damaged neural
connections from reconnecting to their circuit partners below the injury site. SCIs and
their effects on function are almost irreversible in mammals due to their limited capacity
to regenerate. One potential therapy that has shown limited progress recently is stem cell
therapy (Lavoie et al., 2022; Bazarek et al., 2022). In this approach to treatment, a type of
stem cell derived from a patient’s own cells known as induced pluripotent stem cells are
introduced to the injury site to promote functional improvements following injury.
However, this therapy can be costly, and its efficacy may depend on the extent of the
damage. For this reason, the study of spinal cord regeneration in non-mammals, with the
potential translational outcomes, remains relevant.
In mammals, the cellular and molecular response following a spinal cord injury
can be classified in two stages: primary damage, which involves the immediate response
to tissue damage, disruption of meninges, hemorrhage, ischemia, and wide-spread death

5

of neurons and glia; and secondary damage that is a result of the further disruption of the
injury site caused by the recruitment of inflammatory cells and reactive astrocytes (Horky
et al., 2006; Lee-Liu et al., 2013). The secondary response results in increased losses in
myelinating cells in the CNS called oligodendrocytes and, consequently, myelin.
Invariably, the process in mammals ends with the formation of a glial scar, causing both a
physical and chemical barrier to regeneration (Horyk et al., 2006; Thuret et al., 2006;
Lee-Liu et al., 2013; Cregg et al., 2014).
The glial scar has long been considered the main extrinsic impediment for axonal
regrowth and functional recovery following CNS injury (Lee-Liu et al., 2013). The glial
reaction following spinal cord injury (SCI) involves the recruitment of multiple cell types
to the lesion site. These include microglia, CNS resident cells that release
proinflammatory inhibitory molecules and contribute to lesion containment as well as
neuronal and glial cell death (Zhou et al., 2014; Kroner and Almanza 2019.). Reactive
astrocytes, a type of neuroglial cell that is activated following injury becomes
hypertrophic and also releases a number of inhibitory molecules (Yiu & He, 2006).
Changes in the expression of several filament proteins at the lesion site, including
increased glial fibrillary acidic protein (GFAP), vimentin, and nestin expression, generate
an inhibitory gradient (Lee-Liu et al., 2013). Inflammation and secondary injury
mechanisms are exacerbated by releasing pro- and anti-inflammatory cytokines from
astrocytes (McKeon et al., 1999). Several other detrimental effects on axonal
regeneration are associated with the glial scar, primarily related to astrocytic factors.
Extracellular matrix (ECM) components, including chondroitin sulphate proteoglycans
(CSPGs), tenascin, and collagen, are all secreted by astrocytes and are inhibitory for
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axonal elongation and sprouting (Silver & Miller, 2004). Studies have shown that axons
can grow in the presence of CSPGs; however, once exposed to a particular concentration
and subtype of CSPGs, growth is inhibited, indicating that their abnormally high
astrocytic expression following injury may contribute to outgrowth inhibition (Silver &
Miller, 2004). Astrocytic expression of bone morphogenetic proteins (BMPs) and CSPGs
also prevent differentiation of oligodendrocyte precursor cells (OPCs) into mature
oligodendrocytes, which leads to poor remyelination of injured axons (Wang et al.,
2011).
Recently, the presumed inhibitory role of the glial scar has been called into
question with evidence that supports the role of the glial scar as a promoter of axonal
regeneration (Anderson et al., 2016). Preventing the formation of reactive astrocytes in
the glial scar by selectively instructing scar-forming astrocytes to undergo apoptosis or
administering neutralizing antibodies targeting reactive astrocyte markers to injured rats
does not result in regrowth of axons through the scar; in fact, these animals showed
increased retraction of axons, leading to the possibility that astrocytes play a supportive
role in axon regeneration (Anderson et al., 2016; Liddelow & Barres, 2016; Liddelow et
al., 2017). In these studies, only two subpopulations of astrocytes were eliminated, and it
is possible that other remaining subpopulations might still be inhibitory. The glial scar
has also demonstrated neuroprotective effects and a reparative role following SCI in
mammals, as well as aiding in the control of damage expansion (Karimi-Abdolrezaee &
Billakanti, 2012; Lee-Liu et al., 2013). In an effort to influence glial cell behaviour to
contribute to a regeneration permissive environment, one study has shown that glial cells
at the lesion site may have the potential to promote axonal growth but lack the proper
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signals to do so. Glial cells expressing the immature oligodendrocyte marker, NG2,
which populate the lesion site following injury, are a source of endogenous retinoic acid
signalling following pharmacological retinoic acid receptor beta activation (Goncalves et
al., 2018). This study further demonstrated that NG2+ cells transfer retinoic acid in
exosomes to regenerating neurons, increasing RARβ activation at axonal tips and
stimulating outgrowth (Goncalves et al., 2018). Despite the data demonstrating the
growth-promoting role of glial cells that contribute to the glial scar, inflammatory
cytokines, ECM proteins, and signalling molecules that inhibit axon growth and damage
repair contribute to establishing a nonpermissive environment for axon regeneration in
the mammalian CNS.
The glial scar is not the only barrier to functional recovery following spinal cord
injury in mammals. Neurogenesis must occur to replace lost neurons and restore neural
connections that have been lost following injury. Unfortunately, research has shown that
this does not occur in mammals (Yamamoto et al., 2001; Meletis et al., 2008; Puls et al.,
2020). The limited capability for stem and neural progenitor cells that reside in the
mature spinal cord to produce new neurons following injury seems to be at the root of
this problem. Stem cells are the essential building blocks of embryonic development. A
defining characteristic of stem cells is their ability to divide symmetrically or
asymmetrically to produce two of the same cell type (two committed cells or two selfrenewing stem cells) or one committed cell and one self-renewing stem cell, respectively.
Stem cells can be categorized based on their capacity to produce daughter cells of varying
cellular potentials. For example, pluripotent stem cells present during the early stages of
embryonic development can become almost any cell type in the embryo. In contrast,
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neural progenitor cells produced later can only produce neurons and glial cells that will
make up the brain and spinal cord. The presence of stem cells that can differentiate into
multiple cell types would be highly beneficial in the regenerative context because of the
variety of cell types that are lost and must be replaced following spinal cord injury.
During nervous system development, neurons, astrocytes, and oligodendrocytes
need to be produced to generate the most complex organ system in the body. A
specialized class of precursors to these cells are radial glial cells. Radial glial cells not
only serve as progenitors for neurons and glia, but their radial processes serve as a
scaffold for their migrating neuronal daughter cells that contribute to the complex
organization of the brain and spinal cord (Sievers et al., 1994). In mammals, radial glial
cells are lost following embryonic development, and similar cells can only be found in
specific regions of the adult brain (Faigle & Song, 2013; Urban & Guillemot, 2014) and
are not found in the adult spinal cord (Petit et al., 2011). Glial cells with radial processes
in the adult mammalian spinal cord do not span the entire apical-basal axis of the spinal
cord and are not capable of producing neurons in vivo (Petit et al., 2011). Interestingly, in
regeneration-competent species like zebrafish and the axolotl, neural stem sells with
similar morphology and stem cell potential to embryonic radial glia are found in the
spinal cord of larvae, juveniles, and adults and are found in the ependymal zone
surrounding the central canal and are known as ependymal radial glia (ERG) (Figure 1;
Becker & Becker, 2015).
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Figure 1. Ependymal radial glial cell morphology and location in the axolotl spinal
cord. Ependymal radial glial cells (ERGs) have ciliated cell bodies that line the central
canal of the spinal cord and extend radial processes that span the parenchyma and contact
the pial surface. Images adapted from Becker & Becker, 2015.

1.3 Urodele amphibian spinal cord regeneration
Urodele amphibians, a.k.a. salamanders and newts among others, are the only
tetrapod species capable of functional regeneration of their nervous system following
injury. The most common species of salamander, that has emerged in recent years as a
model organism in the field of regeneration, is the axolotl (Ambystoma mexicanum).
Researchers can determine whether certain factors are unique to the axolotl, but absent in
mammals, or alternatively, whether the two species possess similar factors that are
differentially regulated (in axolotls compared to mammals). This information is useful if
we hope to answer the fundamental question as to how axolotls can regenerate but
humans cannot.
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There are several injury models used to investigate spinal cord regeneration in the
axolotl; spinal cord transection, spinal crush, and tail amputation (Lee-Liu et al., 2013;
Tazaki et al., 2017). Transection and tail amputation injuries are the most commonly used
methods. They differ in that tail amputations result in unipolar growth caudally while
transection injuries result in bipolar growth from the rostral and caudal ends on the injury
site (Tazaki et al., 2017). While thoracic level injures using adult axolotls may be more
relevant to mammalian models, transection at the tail level in larval and juvenile axolotls
results in more rapid regeneration than in the adult, and is easier to replicate, is more
conducive to in vivo electroporation procedures, and is more easily imaged because of the
relative transparency of the tissues (Tazaki et al., 2017).
Following tail amputation, several distinct events occur to repair the wound and
subsequently regenerate the lost or damaged tissue. This process begins with the
formation of the wound epithelium that covers the wound site (Iten & Bryant. 1976),
followed by the formation of a mass of undifferentiated cells known as the blastema,
which contains muscle, connective, and nervous tissue (Tanaka & Weidinger, 2008;
Freitas et al., 2019). The contact between the regenerating spinal cord and wound
epithelium is thought to induce this response (Chernoff et al., 2003). In turn, the tail
blastema may provide neurotrophic factors that stimulate neuronal regeneration from the
spinal cord, as has been shown in the case of newt limb blastemas in vitro (Baudin &
Boilly, 2000, Dmetrichuk et al., 2005).
It was surmised early on from studies of urodele and larval frog regeneration that
severed axons were capable of regenerating nerve fibres across the lesion site. Still, for
the regenerative process to come to completion, new cells must also be generated in the
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spinal cord (Goss, 1969). The cells responsible for producing these newborn cells are
ERG cells. These are the most abundant glial cell in the axolotl spinal cord and retain
embryonic radial glia morphological characteristics that interestingly, are depleted by the
end of mammalian development (Tazaki et al., 2017; Freitas et al., 2019). These cells
reside in the ependymal zone surrounding the central canal of the spinal cord and act as
neural stem cells (NSCs) that become active following injury (Figure 2; Chernoff, 2003;
Albors et al., 2015; Joevn & Simon, 2018).

Figure 2. Ependymal radial glia in the uninjured and regenerating axolotl spinal
cord. Fluorescent images of cross sections of the uninjured and regenerating axolotl
spinal cord demonstrating that ERG cell proliferation increases 4 days post-injury (4dpi)
as demonstrated by increased EdU (red) labelling in these cells. The region where ERG
cell bodies are located within the spinal cord is highlighted in orange. These ERG cells
become activated following spinal cord injury. EdU = proliferation marker (red) GFAP=
glial fibrillary acidic protein= ERG cell marker (Green), DAPI= nuclear stain (blue), CC
= central canal. Scale bar = 75 µm. Images adapted from Sabin et al., 2019.
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Following tail amputation, ERG cells in the injured spinal cord undergo an epithelial
to mesenchymal transition (EMT) and invade the injury site (Figure 3 and 4, O’Hara et
al., 1992). These cells subsequently increase their rate of proliferation 4-fold to produce a
mesenchymal ependymal outgrowth known as the ependymal bulb (McHedlishvili et al.,
2007; Albors et al., 2015; Rost et al., 2016). As the ependymal bulb grows caudally, it
leaves behind an organized tube structure composed of ependymal cells that serve as a
substrate for regenerating axons (Figure 4; Egar & Singer, 1972; O'Hara et al. 1992).

Figure 3. Simplified schematic of the epithelial to mesenchymal transition. During an
epithelial to mesenchymal transition, cells lose their apical-basal polarity and connections
between adjacent cells and the basement membrane and become motile. EMT= epithelial
to mesenchymal transition. Created with BioRender.com.
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Figure 4. Proposed model for unipolar spinal cord growth following caudal tail
amputation injury in the axolotl. During the early stage of spinal cord regeneration,
ependymal radial glial cells undergo an EMT (Epithelial-to-mesenchymal transition) and
invade the wound site. In the subsequent late-stage of spinal cord regeneration, ependymal
cells undergo rapid cell divisions to produce an ependymal tube, while also differentiating
into newborn neurons and glial cells that make up the functional regenerated tissue. Created
with Biorender.com.
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Experimental and computational modelling data demonstrate that the primary driver
for the explosive outgrowth and formation of the ependymal tube is an acceleration of the
cell cycle in ependymal cells via shortening of both S and G1 phases (Albors et al., 2015;
Costa et al., 2021). It has been shown that the ependymal cells that increase their rate of
proliferation and become active following injury are located within 500 µm of the injury
site in what is known as the source zone (McHedlishvili et al., 2007; Rost et al., 2016).
The ependymal cells that make up the ependymal tube will undergo asymmetric divisions
to maintain the population of ERG cells while producing new neurons and glia that will
compose the regenerated tissue (Echeverri & Tanaka, 2002; McHedlishvili et al., 2012;
Albors et al., 2015). Therefore, the timing and speed of ependymal cell divisions and
whether they divide symmetrically or asymmetrically is important for forming the
ependymal bulb and tube and the subsequent reformation of a functional spinal cord.
1.4 Axolotl and mammalian stem/progenitor cell response to spinal cord injury
Following spinal cord injury, mammalian neural progenitors, including
ependymal cells, display both similar and different behaviours compared to ERG cells of
regeneration-competent species. Following initial injury, ERGs and mammalian
ependymal progenitors undergo a marked increase in proliferation compared to uninjured
animals and populate the injury site (Albors et al., 2015; Frisen et al., 1995; Mothe &
Tator, 2005). The increased proliferation of ERG cells in the axolotl produces a mass of
mesenchymal cells which have undergone an epithelial-to-mesenchymal transition that
allows them to migrate freely in the regenerate (O'Hara et al., 1991; Albors et al., 2015).
Following the increased ependymal cell proliferation in the mammalian spinal cord, the
newly born cells primarily form astrocytes that contribute to the formation of the glial
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scar and may, therefore, be detrimental to functional recovery (Johansson et al., 1999;
Meletis et al., 2008; Barnabe-Heider et al., 2010; Sabelstrom et al., 2013; Sabelstrom et
al., 2014). However, further lineage-tracing studies demonstrate that the ependymal cells'
migration is limited and only contributes to regenerated tissue when the ependymal layer
is disrupted directly by a stab injury that reaches the ependymal zone, but not in crush
injuries or stab injuries that are restricted to the parenchyma. Furthermore, fewer than 2%
of ependymal cells contribute to scar-forming astrocytes expressing the astrocytic
markers GFAP and Aldehyde Dehydrogenase 1 Family Member L1 (ALDH1L1; Ren et
al., 2017). Further studies regarding the contribution of mammalian ependymal
progenitors to injury and the formation of the glial scar are needed. One limitation of
mammalian neural progenitor behaviour seems clear; they do not contribute newborn
neurons to the regenerated tissue, preventing lost neuronal circuitry from being reestablished (Yamamoto et al., 2001; Meletis et al., 2008; Puls et al., 2020).
In the axolotl, lineage-tracing studies have shown that ERG cells can produce
newborn neurons that integrate into the regenerated spinal cord (Echeverri & Tanaka,
2002; McHedlishvili et al., 2007; Walker et al., 2022). As an example of the ERG cell's
ability to produce a variety of cell types, Walker et al., 2022 have shown that ERGs have
neuromesodermal stem cell characteristics and, in the right conditions, can form both
nervous tissue and muscle tissue following injury. This is in stark contrast to the
behaviour of mammalian neural progenitors, including ependymal progenitors, which fail
to produce neurons following injury (Yamamoto et al., 2001; Meletis et al., 2008).
Interestingly, when cultured in vitro, adult mammalian neural progenitors can produce
neurons (Yamamoto et al., 2001; Meletis et al., 2008). These results indicate that there
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may be factors present in vivo that prevent these progenitors from assuming their neural
cell fate.
Before attempting to produce newborn neurons from resident mammalian neural
progenitors, an important question is whether these neurons can integrate into the existing
tissue. Indeed, embryonic stem-cell-derived motor neurons can integrate into spinal cords
of rats that have been depleted of motor neurons or in mouse models of spinal muscular
atrophy and can form neuromuscular junctions in both examples (Corti et al., 2010;
Harper et al., 2004). Other studies involving these stem-cell-based therapies for
functional recovery following spinal cord injury show promising results (Nando Tewarie
et al., 2009; Martin-Lopez et al., 2021). These examples demonstrate that if mammalian
neural progenitors could be instructed to produce neurons following injury, the CNS
environment may be capable of reintegrating them into the complex neural network to
restore functionality. Practically, it would be beneficial to harness the potential of
resident stem cells to produce neurons following injury rather than taking the time and
expense to harvest, grow, and introduce exogenous embryonic stem cells into the spinal
cords of injured patients. The current barrier to taking this more practical approach
appears to be the non-neurogenic environment of the adult mammalian spinal cord in
which implanted neural stem cells do not appear to respond normally, presumably
because their fate to become neurons has been decided before implantation. Stem cells
and progenitor cells undergo a process known as fate determination, which guides them
to differentiate into a certain cell type like a neuron or glial cell or to retain their
multipotent state. Considering the similarities between development and regeneration,
investigating developmental signalling pathways involved in regulating neural stem cell
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fate determination would benefit the field of regeneration. One signalling pathway that
has been extensively researched for its role in neural stem cell decision-making during
vertebrate nervous system development is the Notch signalling pathway (Louvi &
Artavanis-Tsakonas, 2006). Surprisingly, despite an extensive body of work, knowledge
of the role that Notch signalling plays during the context of nervous system regeneration,
which involves neural stem cells, is minimal.
1.5 Overview of the Notch signalling pathway
Many factors that regulate stem cell behaviour and neural cell fate decisions are
diffusible proteins active during development and regeneration; however, some remain
bound to the cell membrane, such as the Notch receptor and its ligands (Pierfelice et al.,
2011). The Notch receptor was initially identified in the fruit fly, Drosophila (Wharton et
al., 1985) and has been shown to mediate many developmental signalling events,
including cell fate decisions (Wharton et al., 1985; Louvi & Artavanis-Tsakonas, 2006;
Pierfelice et al., 2011). The Notch signalling pathway acts as a short-range cell-cell
communication mechanism, relying on the juxtracrine interactions between the Notch
receptor and ligands of the DSL (Delta/Serrate/LAG-2) family of proteins to activate
gene transcription (Figure 3; Kopan & Ilagan, 2009; D'Souza et al., 2010). The Notch
receptor and its ligands are large single-pass transmembrane receptors with extracellular
domains that bind to one another when adjacent cells come in close contact. The
interaction between the ligand on the signal sending cell with the Notch receptor on the
signal receiving cell activates the signalling cascade, which involves a sequence of
proteolytic cleavages. Ligand interaction initiates the trans-endocytosis of the noncovalently bound NECD into the signal-sending cell, resulting in access to the previously
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hidden Notch S2 cleavage site (Meloty-Kapella et al., 2012), which is recognized and
cleaved by a disintegrin and metalloproteinase (ADAM; Parks et al., 2000; Brou et al.,
2000). At this moment the NICD still remains tethered to the plasma membrane and
before the NICD can translocate to the nucleus to activate gene transcription, it must be
separated from its membrane tether via S3 cleavage. The S3 cleavage site located within
the plasma membrane, which is inaccessible prior to S2 cleavage, undergoes presenilin
(PS)-dependent intramembranous endoproteolysis carried out by the intermembrane
protease known as γ-secretase (Schroeter et al., 1998; Mumm et al., 2000). γ-secretase
cleavage allows the NICD to freely translocate to the nucleus (Figure 4).

Figure 5. The canonical Notch Signalling Pathway. S2 and S3 represent the cleavage
sites. NECD = Notch extracellular domain, NICD = Notch intracellular domain, ADAM
= a short disintegrin and metalloproteinase, RBPJ = Recombination Signal Binding
Protein for Immunoglobulin Kappa J Region, GFAP = glial fibrillary acidic protein,
BLBP = brain lipid binding protein, hes = hairy enhancer of split. Created with
Biorender.com.
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In the nucleus, NICD interacts with the DNA-binding protein complex
recombination signal binding protein for immunoglobulin kappa J region (RBPJ) via its
RBPJ-associated module (RAM) domain. In the absence of the NICD, the RBPJ complex
recruits repressor proteins to prevent transcription of Notch target genes (Kao et al.,
1998). However, NICD binding causes the release of the corepressors from RBPJ and
recruits coactivators such as Mastermind that bind to the ankyrin repeat domain (ANK) of
the NICD (Petcherski & Kimble, 2000; Wu et al., 2002; Wilson & Korval, 2006). This
RBPJ-NICD-Mastermind transcriptional complex is thought to recruit general
transcription factors that aid in the acetylation of nearby chromatin fibres to promote gene
transcription (Kurooka & Honjo, 2000; Fryer et al., 2002).
The most thoroughly characterized Notch target genes belong to the Hes and
related Hey gene families, namely Hes1, Hes4, Hes5, Hey1, and Hey2 (Sakamoto et al.,
2003; Hayashi et al., 2008; Pierfelice et al., 2011). These genes code for inhibitory basic
helix-loop-helix (bHLH) transcriptional repressors that bind to other bHLH proneural
transcription factors to prevent neural differentiation and maintain stem cell character
(Pierfelice et al., 2011). Other Notch target genes besides bHLH inhibitors have been
identified in the nervous system and include cyclin D1 (Ronchini & Capobianco, 2001),
p21 (Rangarajan et al., 2001), Brain lipid-binding protein (Anthony et al., 2005), and
GFAP (glial fibrillary acidic protein; Ge et al., 2002). These genes are responsible for
various functions including cell cycle control, astrocyte differentiation, metabolism, and
morphological changes in glia. Following the activation of these genes by the NICD, the
signal is terminated by ubiquitinylation of the C-terminal PEST domain (a peptide
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sequence rich in proline, glutamic acid, serine, and threonine) and subsequent
proteasomal degradation (Oberg et al., 2001; Carrieri & Dale 2017).
1.6 Notch signaling during nervous system development
Neural development requires the precise coordination of many signalling
pathways that guide the proliferation and differentiation of progenitor cell populations to
form tissue structures. Neural tissue is complex and contains many different cell types.
Progenitor cells must maintain their population and differentiate only at specific times to
generate cellular diversity, which is accomplished by the tight spatial and temporal
regulation of molecular signals (Edlund & Jessel, 1999). The Notch signalling pathway is
among the most studied developmental pathways and plays a prominent role in regulating
progenitor cell fate during the development of the nervous system (Louvi & ArtavanisTsakonas, 2006; Pierfelice et al., 2011) During nervous system development, Notch
signalling has been shown to inhibit neurogenesis, maintain neural progenitor character,
promote gliogenesis, and drive binary cell fate choices (Pierfelice et al., 2011). During
neural tube formation in the chick embryo, an essential stage of nervous system
development, Delta-Notch signalling is essential for regulating the number of progenitors
that populate the floor plate and helps maintain the identity of the floor plate itself (Gray
& Dale, 2010; le Roux et al., 2003). During subsequent neural tube development, Notch
signalling controls neurogenesis and gliogenesis (Kang et al., 2013). Unsurprisingly, the
lack of Notch signalling in mammals is fatal, with mutant mice dying at stage E11.5
(Swsiatek et al., 1994) with hypoplastic brains and neural tubes. This is secondary to the
loss of neuroblasts and premature neuronal differentiation (de la Pompa et al., 1997;
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Lasky et al., 2005), demonstrating Notch's key role in generating tissues in the
developing nervous system.
A classical or simplified view of Notch signalling in the developing nervous
system is that it selects specific cells to become neurons while maintaining a population
of progenitors for subsequent waves of neurogenesis. Neural progenitors express Notch
ligands and activate Notch signalling in neighbouring cells, suppressing genes that would
drive them to a neural stem cell fate in a process known as "lateral inhibition" (Appel et
al., 2001; Pierfelice et al., 2011). This type of interaction is vital for an equipotent
progenitor pool and allows them to self-regulate their progenitor pool when
differentiation factors are present. It seems then that Notch signalling acts as a switch that
will enable only specific progenitor cells to respond to broad developmental cues.
The role of Notch as an inhibitor of neurogenesis during development stems from
a large body of work performed with Drosophila, which demonstrated that disruption of
Notch signalling resulted in excessive neuronal differentiation (Artavanis-Tsakonas et al.,
1995; Pierfelice et al., 2011). One study showed that overexpression of Notch in neural
precursor cells of the developing Drosophila eye inhibits neuronal fates and when these
cells ceased to express the activated receptor, cells could respond to developmental cues
that dictated normal neuronal cell fate, indicating the Notch signals are permissive and
not instructive, and maintain precursor cells in a pluripotent state until the correct
differentiation cue is available (Fortini et al., 1993; Louvis & Artavanis-Tsakonas, 2006;
Pierfelice et al., 2011). Notch's inhibitory role on neurogenesis has been shown in other
invertebrates (Doe & Goodman, 1985; Seydoux & Greenwald, 1989) and led to work in
vertebrate embryos and human cells lines that support these findings and show that Notch
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retains some functions across a diverse range of species (Coffman et al, 1993; Kopan et
al., 1994; Chitis, 1995; Henrique et al., 1995; Wettstein et al., 1997).
Besides neurons, glial cells are the other most common cell types in the adult and
developing nervous system. During development, both neurons and glia can arise from
the same progenitor pool (Louvi & Artavanis-Tsakonas, 2006). Contrary to Notch's
inhibitory role during neurogenesis, it seems to directly promote glial cell determination
(Louvi & Artavanis-Tsakonas, 2006). In the developing rat eye, activation of Notch
signalling in retinal progenitors interferes with the normal differentiation of these cells
and produces cells expressing Muller glia markers and abnormal growth (Bao & Capko,
1997; Furukawa et al., 2000). Furthermore, in the study by Furukawa and colleagues in
2000, it was shown that the retrovirus-induced expression of the Notch downstream
target, Hes1, also resulted in the expression of glial markers by retinal progenitors while
misexpression of the Hes1 gene reduced the number of glia (Furukawa et al., 2000). A
similar finding has been shown in rat retinae by altering the expression of a different
Notch target, Hes5 (Hojo et al., 2000). Interestingly, Notch does not promote the
generation of all glial cell types and has been shown to inhibit oligodendrocyte
differentiation in developing mammalian retina and zebrafish spinal cord (Wang et al.,
1998; Kondo & Raff, 2000; Zhou et al., 2001; Park & Appel, 2003).
1.7 Notch signalling during nervous system regeneration
Regeneration has long been thought of as a recapitulation of development,
involving the reawakening of dormant developmental signalling pathways to generate
lost or damaged tissue in a process that is essentially re-development. Indeed, many
critical developmental signalling pathways like the retinoic acid (RA), Wingless-related
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integration site (Wnt), Bone morphogenetic protein (BMP), Hedgehog (Hh), and
Fibroblast growth factor (FGF) pathways, have been shown to be involved in both
nervous system development and regeneration in axolotls, newts, zebrafish, and Xenopus
as larvae and as adults (Cardozo et al., 2017). However, despite the critical role of Notch
during development, very little is known regarding its influence during nervous system
regeneration, especially in mammals.
As mentioned previously, adult neural progenitors in mammals can generate new
neurons in culture but fail to do so in vivo, suggesting the existence of putative
environmental cues that may be missing outside the progenitor's niche in the spinal cord.
Basic helix-loop-helix (bHLH) transcription factors like Ngn2 and Mash1 play an
essential role in generating neurons and are not expressed in the lesioned spinal cord (Ma
et al., 1996; de la Pompa et al., 1997; Torii et al., 1999; Yamamoto et al., 2001). Ngn2
and Mash1 are negatively regulated by Notch, which is upregulated in the lesioned rat
spinal cord (Ma et al., 1996; de la Pompa et al., 1997; Yamamoto et al., 2001). When the
Notch intracellular domain was overexpressed via retroviral infection in neural progenitor
cultures, these cells failed to differentiate into new neurons and instead maintained their
neural progenitor character as they do following SCI in vivo (Yamamoto et al., 2001).
Interestingly, in the regeneration-competent zebrafish, qualitative analysis of transcript
expression using in situ hybridization showed that transcripts of the Notch1 receptor, its
ligands (jagged and delta), and target genes (her 4.1, her 4.5, her9, and her8a) are
undetectable in uninjured spinal cords and are upregulated at 3- and 14-days following
SCI (Dias et al., 2012). This result conflicts with the idea that a decrease in Notch
signalling is required for neurogenesis and spinal cord regeneration following an SCI
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(Dias et al., 2012). However, a more thorough analysis reveals that these transcripts are
expressed in distinct zones, not in all progenitor cells that line the central canal.
Furthermore, inhibition of Notch signalling with DAPT and transgenic overexpression of
the NICD, increase and decrease proliferation of progenitors and generation of motor
neurons, respectively (Dias et al., 2012). The effects of Notch upregulation and
downregulation indicate that precise control of Notch signalling is required during spinal
cord regeneration and that Notch signalling may be too abundant in mammals to promote
neurogenesis.
Notch has also been shown to be involved in the regeneration of the CNS in the
adult newt and axolotl (Nakamura et al., 2007; Ponomareva et al., 2015; Chernoff et al.,
2018), and there are striking similarities in the expression of Notch receptor and target
genes in the regenerating newt retina and zebrafish spinal cord. In the regenerating newt
retina, Notch transcripts increase during the initial stages and decrease in association with
retina cell differentiation (Nakamura et al., 2007). These transcripts are localized to
specific regions in the regenerating retina, as ganglion cell and photoreceptor layers begin
to form. As in zebrafish, DAPT treatment results in the overproduction of neurons in the
regenerating newt retina (Nakamura et al., 2007). In larval axolotls, treatment with
another γ-secretase inhibitor, semagacestat, or the proteasome inhibitor MG-132, which
promotes ubiquitinylation of the NICD and reduces its potency (Oberg et al., 2001), do
not affect SC/tail regeneration (Ponomareva et al., 2015). Furthermore, transcripts of
Notch pathway proteins jag1, dll1, and rnd3 are differentially expressed in tail and spinal
cord tissue from 12 to 168 hours following tail amputation (Ponomareva et al., 2015).
These data demonstrate some similarities as well as differences between axolotls and
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other regeneration-competent species and provide evidence that Notch could be involved
in regeneration of other components of the CNS like the spinal cord.
A known member of the Notch signalling pathway and useful marker for neural
stem cells is Musashi (Msi) (Chernoff et al., 2018). Numb is an inhibitor of Notch
intracellular processing, and Numb mRNA is bound by Msi, which prevents Numb
mRNA translation (Flores et al., 2014). Msi protein is expressed in the ependymal region
of uninjured juvenile and regenerating adult axolotls following spinal cord transection
injury but not in uninjured adult spinal cords (McHedlishvili et al., 2012; Chernoff et al.,
2018). It is unknown whether the expression of Msi changes during juvenile axolotl
spinal cord regeneration. Interestingly, Msi expression in Xenopus, whose regenerationcompetence declines as they develop and undergo metamorphosis, changes throughout
their life stages, decreasing in late non-regenerating stages and in post-metamorphosis
froglets (Chernoff et al., 2018). Whether Msi remains low following injury in nonregenerating Xenopus is unknown. The stage and age-dependent expression of Msi
indicates that Notch signalling may change concomitantly.
Although it is important to make connections between different regenerationcompetent species, it is equally important to recognize that the mechanism of
regeneration as well as the behaviour of ERG progenitor cells may vary between these
species. For example, axolotl and zebrafish have some differences in their mechanism for
spinal cord regeneration. Following a spinal cord transection injury, zebrafish form what
has been described as a glial bridge, rather than an ependymal bulb and tube as seen in
the axolotl. That is, the GFAP+ bipolar glial cells in the zebrafish spinal cord migrate to
the injury site and form long extensions that bridge between the two cut ends of the spinal
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cord. Regenerating axons subsequently migrate along these bridges to re-establish
connections (Goldschmidt et al., 2012). Although both zebrafish and axolotls can
regenerate their CNS, it is possible that Notch signalling is important in both contexts but
may be regulated differently during unique regenerative events in these two species.
1.8 Methods for Notch signalling pathway upregulation
There are many ways to determine the importance of a signalling pathway on a
morphological process (such as regeneration), but a standard method is the analysis of
gene expression. How the expression of a particular transcript or protein might change
during dynamic cellular processes can be determined, including when, where (which
cells), and at what level genes are expressed during the regenerative process. Combined
with the analysis of behaviours like proliferation, these analyses can thus serve as an
indicator for a signalling pathway's role. To further elucidate the role that a particular
signalling pathway might play during a process such as regeneration, it is often beneficial
to manipulate the pathway by either inhibiting or upregulating it. Upregulating Notch
signalling in vitro and in vivo has historically been achieved by overexpressing the NICD
of the Notch receptor, allowing for ligand-independent upregulation of Notch target
genes (Weinmaster, 1997). The expression of the NICD in cells in vitro or in vivo is
achieved by gene transfer using retroviruses (Yamamoto et al., 2001), transient
transfection of NICD expression plasmids (Oswald et al., 1998) or by using transgenic
animals in which the expression of the NICD is under the control of an inducible
promoter that allows for temporal control over its expression (Dias et al., 2012). The
ability to control the temporal and spatial upregulation of Notch signalling can provide
information on when, where, and in which cells Notch signalling is important. In the
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example above, where NICD expression was under the control of a heat-shock promoter,
exposure of the animal to heat shocks at different times is sufficient to achieve temporal
control over the activation of Notch target genes; however, it cannot be controlled
spatially as all the cells, regardless of their identity or location in the animal, would
express the NICD. An experimental approach called optogenetics has been developed to
control biological functions in cells spatially and temporally and combines the use of
genetic engineering and photosensitive proteins (Boyden et al., 2005; Lee et al., 2017;
Zhang et al., 2021). This approach allows researchers to control protein function using
light.
The notion that light could be used to control individual cells in a population was
a concept suggested in 1979 by Francis Crick who imagined that this technique might be
useful for controlling neuronal activity with spatial and temporal precision (Yizhar et al.,
2011). This idea was not unrealistic as the protein bacteriorhodopsin, a light-activated ion
pump, was previously identified (Oesterhelt & Stoeckenius, 1971, 1973). The Deisseroth
group published the first successful application of light to control neural activity at
Stanford (Boyden et al., 2005), and used a light-gated ion channel to induce neuronal
spiking and control both excitatory and inhibitory synaptic transmission (Boyden et al.,
2005). Beyond light-activatable ion channels, researchers have found that light can be
used to manipulate proteins in other ways, such as inducing protein-protein interactions.
The use of light to control protein and cell behaviour is known as optogenetics and has
been applied successfully in the context of axolotl regeneration (Zhang et al., 2021).
Specifically, optogenetics has been used to control protein-protein interactions, allowing
researchers to control sonic hedgehog signalling and formation of filopodial networks
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during axolotl limb regeneration (Zhang et al., 2021). This study provides an excellent
proof-of-concept, demonstrating that the axolotl cellular environment is conducive to the
expression and function of exogenous optogenetic proteins. An optogenetic tool that
would allow for spatial and temporal control over ligand-independent Notch signalling
could be extremely beneficial in elucidating during which stage, and in which cells or
structures, Notch signalling might be important during axolotl spinal cord regeneration.
Furthermore, using available genomic data (Nowoshilow et al., 2018), and previously
identified promoters like the glial cell specific GFAP promoter (Sabin et al., 2019), it is
possible to evaluate the effects of Notch upregulation in specific cell types.
1.9 Summary and main goals of thesis
The Notch signalling pathway has been shown to control neural stem cell
behaviours including proliferation and differentiation, which occur during both the
development and regeneration of the nervous system. The role that Notch signalling plays
during development has been studied extensively in multiple species; however,
information regarding its role during spinal cord regeneration is extremely limited in all
species, and in the axolotl, a Notch receptor homolog has not yet been identified. In the
field of spinal cord regeneration, it is well documented that ependymal radial glial cells
(neural stem cells that reside in the spinal cord of regeneration-competent species) are
extremely important for successful spinal cord regeneration. These cells demonstrate
changes in behaviours that are regulated by the Notch signalling pathway in other
contexts. Therefore, it is likely that Notch plays a role during spinal cord regeneration in
the axolotl.

29

This study aimed to test the hypothesis that Notch signalling is dynamically
regulated during spinal cord regeneration in the axolotl. To test this hypothesis, the main
aims of this thesis were as follows:
(1) Identify an axolotl homolog of the Notch1 receptor, which has been shown to be
involved in regulating neural stem cell fate and nervous system regeneration in other
regeneration-competent species (Dias et al., 2012; Nakamura et al., 2007) using available
transcriptomic data and molecular cloning.
(2) Evaluate the expression of this receptor in isolated spinal cords during axolotl spinal
cord regeneration using quantitative PCR.
(3) Determine the gross morphological effects of indirect Notch signalling inhibition
using the γ-secretase inhibitor, DAPT, on caudal tail and spinal cord regeneration in the
larval axolotl
(4) Using in situ hybridization, determine whether ERG cells in the source zone rostral to
the injury site express the neural stem cell marker Sox2 and the Notch downstream target
Hes1 differentially following spinal cord injury.
(5) Produce and test in vitro an axolotl-specific optogenetic tool for the temporal and
spatial upregulation of Notch signalling in vivo during axolotl spinal cord regeneration.
Overall, my aim was to contribute to the limited knowledge regarding the role that
the Notch signalling pathway plays during regeneration, firstly via the identification of an
axolotl Notch 1 receptor homolog and secondly, via an examination in vivo of the
expression patterns of Notch1 and one of its downstream targets, Hes1. Notch signalling
is upregulated after injury in mammals and appears to contribute to the non-neurogenic
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environment of the injured mammalian spinal cord. By modifying an optogenetic tool
that will allow for temporal and spatial upregulation of Notch1 in the regenerating axolotl
spinal cord ERG cells, the inhibitory environment of the mammalian spinal cord can be
simulated. By further analyzing the effects of varying the precise spatial and temporal
upregulation of Notch signalling in vivo with our construct, we can further our
understanding of the molecular events that distinguish the mammalian and axolotl
responses to spinal cord injury that result in morphologically precise and functionally
complete regeneration. This may ultimately lead to therapeutic interventions that will
modify Notch signalling and contribute to the establishment of a regeneration-permissive
environment in the injured mammalian spinal cord.
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Chapter 2. Identification of the Notch1 Receptor in Ambystoma mexicanum and the
Contribution of Notch Signalling During Caudal Spinal Cord Regeneration
2.1 Introduction
Urodele amphibians like the axolotl are the only tetrapod vertebrates that can
regenerate their brain and spinal cord, making them an excellent candidate as a
regeneration-competent model. It has been proposed that resident neural stem cells
known as ependymal radial glial cells (ERGs) that become active following injury are
one of the major contributing factors to the axolotl’s ability to regenerate their spinal cord
(Albors et al., 2015). These cells can produce newborn neurons and glia that compose the
regenerated cord (Echeverri & Tanaka, 2002; McHedlishvili et al., 2012; Walker et al.,
2022). Various signalling pathways have been shown to be important for regulating the
regenerative response of these cells; however, little is known regarding the regulation of
their cell fates during this process.
An important signalling pathway for regulating neural cell fate during
development of the nervous system across a wide variety of species is the Notch
signalling pathway (Pierfelice et al., 2011). Notch signalling is involved in regulating
proliferation, neurogenesis, and gliogenesis of neural stem cells like radial glial cells in
the developing mammalian brain (Imayoshi et al., 2010; Mase et al., 2020). These
processes are also involved in spinal cord regeneration in the axolotl (Echeverri &
Tanaka, 2002; Albors et al., 2015; Rost et al., 2016). Therefore, the aim of this study is to
test the hypothesis that Notch signalling is dynamically regulated during spinal cord
regeneration in the axolotl. To this end, available transcriptomic data was used to identify
a candidate for the axolotl Notch1 receptor and qPCR was used to determine whether
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downstream target gene transcripts of this receptor activation changed in spinal cord
tissue before and after injury in juvenile axolotls. Additionally, bath application of the
indirect Notch inhibitor, DAPT, was used to determine whether Notch signalling is
required for growth during the first 15 days of spinal cord regeneration. Finally, in situ
hybridization was used to assess whether ependymoglial cells that contribute to
regenerated tissue express Sox2 and Hes1 following amputation injury.
According to previous data, Notch signalling through the Notch1 receptor has
been shown to be involved in the regeneration of the nervous system in regenerationcompetent species like the zebrafish but has been seldomly studied in the axolotl (Dias et
al., 2015). An axolotl Notch receptor has yet to be characterized; however, studies have
shown that the axolotl expresses Notch ligands and other pathway proteins
(McHedlishvilli et al., 2012; Ponomareva et al., 2015; Chernoff et al., 2018). In light of
these results, I predict that the axolotl possesses a homolog of the Notch1 receptor that
has been shown to be involved in neural stem cell proliferation and fate decisions during
vertebrate development (Louvi & Artavanis-Tsakonas, 2006; Pierfelice et al., 2011) and
regeneration (Dias et al., 2015). I also predict that expression of this receptor and one of
its downstream targets, Hes1, are upregulated in neural stem cells surrounding the spinal
cord central canal that have reduced expression of proneural genes like Pax6 and Pax7
(Albors et al., 2015) during the early stages of axolotl tail and spinal cord regeneration.
Additionally, considering that Notch signalling may be dynamically regulated during
spinal cord regeneration (Dias et al., 2012), I predict that indirect Notch inhibition with
the γ-secretase inhibitor, DAPT, may impair, but not completely inhibit spinal cord
regeneration.
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2.2 Methods
2.2.01Bioinformatics
Axolotl genomic and transcriptomic data that were analyzed were obtained from
https://www.axolotl-omics.org/ (Nowoshilow et al., 2018). Nucleotide and protein
alignments were carried out and illustrated using the online Basic Local Alignment
Search Tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Alignment of Notch receptor
amino acid sequences for phylogenetic analysis was carried out using the ClustalX
program for windows (Larkin et al., 2007; http://www.clustal.org). Alignment data were
then then used to generate a phylogenetic tree using the European Bioinformatics
Institute’s phylogenetic tree generator using default settings
(https://www.ebi.ac.uk/Tools/phylogeny/simple_phylogeny/). For amino acid sequence
alignment and similarity analysis, the UniProt Alignment tool was used
(https://www.uniprot.org/help/sequence-alignments). The Ambystoma mexicanum
(axolotl) Notch1 amino acid sequence was compared to the following datasets: Cynpos
pyrrhogaster (Red-bellied newt) Notch1 (UniProtKB – Q8AXP0), Homo sapiens
(Human) Notch1 (UniProt KB- P46531), Mus musculus (Mouse) Notch1 (UniprotKB –
Q01705), Danio Rerio (Zebrafish) Notch1a (UniProtKB- P46530), Zebrafish Notch1b
(UniProtKB - O42372), Human Notch2 (UniProtKB - Q04721), Mouse Notch2
(UniProtKB - O35516), Zebrafish Notch2 (UniProtKB - F1RCH4), Human Notch3
(UniProtKB - Q9UM47), Mouse Notch3 (UniProtKB - Q61982), Zebrafish Notch3
(UniProtKB - F1QZF2), Human Notch4 (UniProtKB - Q99466), Mouse Notch4
(UniProtKB - P31695).
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2.2.02 Animal Maintenance and Surgery
All experiments and procedures were approved by the Brock University Animal
Care Committee (AUP no. 19-07-01). Colonies of the Mexican axolotl, Ambystoma
mexicanum, were bred and housed in containers of dechlorinated water. Water was
changed and animals were fed brine shrimp, blood worms, or fish pellets, three times a
week. Axolotls were raised to 1.9-2.3 cm and 3.5-4 cm to use in regeneration assay
experiments, to 3-4 cm for in situ experiments, and ~15 cm for qPCR experiments.
Axolotls of the above lengths have been previously used in regeneration studies as there
is a considerable amount of mature tissue, regeneration is rapid, and visualization and
manipulation of the spinal cord is facilitated (Echeverri et al., 2001; Echeverri & Tanaka,
2003; Schnapp et al., 2005; Ponomareva et al., 2015; Albors et al., 2015; Chernoff et al.,
2018). When performing surgery, the animals were first anesthetized in a bath of 0.1%
tricaine methane sulfonate (MS-222, Sigma-Aldrich Canada, Oakville, Ontario, Canada),
pH 7.0, 0.03% Benzocaine (Sigma-Aldrich E1501) or 0.005% Benzocaine, depending on
size, until animals were no longer reactive to tail pinching. Amputation of the tail and
spinal cord were performed at the mid-point between the cloaca and the most caudal
extremity of their tail. All regenerate tissues were collected from animals that had not
been subjected to more than one amputation.
2.2.03 RNA isolation from axolotl spinal cords
As a first step, uninjured, or regenerated axolotl tail and spinal cord tissue were
harvested and stored at -80oC. Tissue was thawed later, and spinal cords were then
microdissected in RNAlater (Sigma 080M0782) to maintain RNA integrity. 5 spinal
cords from ~15 cm length axolotls were pooled for each biological replicate. Samples
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were then added to a glass homogenizer (on ice) containing cold (4oC) Trizol reagent
(Thermo-Fischer, 15596026). Tissue was homogenized until the solution was no longer
cloudy. The solution was transferred to a 1.5 mL Eppendorf tube and 0.2 mL chloroform
(per 1 mL of Trizol reagent) was added, shaken vigorously for 15 seconds, and incubated
for 2-3 min at room temperature. The tubes were centrifuged at 11,000 x g for 15 min at
2-8oC. The upper, clear aqueous phase was carefully removed using a micropipette and
placed in a new 1.5 mL Eppendorf tube. 0.5 mL of isopropanol was added to the tube,
mixed by pipetting up and down, and incubated at room temperature for 10 minutes. The
tube was then centrifuged at 10,000 x g for 10 mins at 2-8oC. The supernatant was
carefully removed and discarded. 1 mL of 75% ice cold EtOH was used to resuspend the
pellet followed by centrifugation at 7,500 x g for 5 mins at room temperature. The
supernatant was discarded, and the previous two steps were repeated. Residual EtOH was
removed, and the pellet air-dried until it became translucent. The final pellet was
resuspended in 50-100 µL of nuclease-free water and the RNA concentration and quality
was measured using a Thermo-Fischer Nanodrop Lite spectrophotometer. Before cDNA
synthesis, any contaminating DNA was removed from the RNA sample using the DNAfree™ DNA Removal Kit according to the manufacturer’s instructions (Thermo-Fischer,
AM1906). cDNA was synthesized from treated RNA using the Bio-Rad iScript cDNA
synthesis kit (Bio-Rad, 1708891) following the manufacturers instructions, providing
approximately 1 microgram of cDNA.
2.2.04 qPCR
Following cDNA synthesis, RT-qPCR (see Appendix Table 2 for list of primers)
was run using iQ SYBR Green Supermix (Bio-Rad) utilizing a CFX Connect Real-Time
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System (Bio-Rad). All samples were incubated for an initial DNA denaturation step for 3
minutes at 95°C, then underwent 40 thermo-cycles of 95°C for 30 s (DNA denaturation),
55-65°C for 1 minute (primer annealing) and 72°C for 1 minute (polymerase extension).
Samples are normalized to 18s rRNA (F: CGGCTTAATTTGACTCAACACG; R:
TTAGCATGCCAGAGTCTCGTTC). Semi-quantitative analysis was performed utilizing
the ΔΔCT method. Expression data were obtained from 3 biological replicates run in
triplicate on each qPCR run for 3 technical replicates per biological replicate. A single no
reverse transcriptase (NRT) control reaction was also conducted for each biological
replicate. Finally, a no template control (NTC) was run during each qPCR run. Data were
analyzed using BioRad CFX Maestro software and statistics were performed using an
unpaired t-test.
2.2.05 Regeneration Assays
The gross morphological analysis of regeneration follows the procedures outlined
in Ponomareva et al., (2015). Embryos of the Mexican axolotl were obtained through
breeding. Larval-stage animals used for this study ranged from 1.9-4 cm in length, which
retain the same regenerative capacity and would have indistinguishable responses to
pharmacological agents (Sarah Walker, personal communication). Animals were treated
with either MS-222 or Benzocaine anaesthetics prior to tail and spinal cord amputation
using a sterile scalpel blade. For larvae measuring 1.9-2.3 cm in length, photographs were
taken before and after amputation and of regenerates at 2-, 4-, 6-, and 8-days post
amputation (dpa) using a dissecting microscope equipped with Nikon DS-U2 camera.
AmScope software was used to document the regeneration process and allow for digital
measurements of caudal regeneration. For larvae measuring 3.5-4 cm in length,
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photographs were taken before and after caudal tail amputation and of regenerates 3-, 6-,
9-, 12-, and 15-days post amputation using a Zeiss Axiocam 105 color and ZEN Blue
software was used to document the regeneration process and allow for digital
measurements of caudal regeneration. The animals were maintained at room temperature
(21oC) in 6 well plates bathed in 5-6.5 mL of either 10µM DAPT, 50µM DAPT or the
vehicle control, 0.25% DMSO. Uninjured control animals treated with DMSO and 50 µM
DAPT were monitored for growth alongside the 50µM DAPT-treated regenerating
animals and were otherwise treated in an identical manner. The bathing solution was
changed every other day. At the end of each experiment, animals were euthanized by
prolonged exposure to MS-222. Proportional increases in body length were measured
using [(Body length – amputated body length)/amputated body length] and were
compared between animals that were DAPT-treated and their vehicle controls.
2.2.06 Tissue preparation and sectioning
Axolotl tails were fixed in 10% neutral buffered formalin for 4 hours. Tails were
subsequently washed twice in 1XPBS for 10 minutes. The tissue was then dehydrated at
room temperature for 10 minutes each in a graded series (25%, 50%, 75%, and 100%) of
ethanol solutions (in 1X PBS). Tissues were washed in xylene at room temperature for 20
minutes. The xylene was replaced by fresh xylene and incubated at room temperature for
another 10 minutes. Samples were incubated at 60oC in molten paraffin wax for 30
minutes. The molten paraffin wax was replaced by fresh wax and samples were incubated
at 60oC overnight. The following day, the samples were embedded in paraffin wax and
stored at 4oC.
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Tissues were sectioned on a Spencer B20 Microtome at a thickness of 10-20 µm
and placed on warm nuclease-free water on VWR Micro Slides Superfrost Plus (VWR
48311-703). The water was drained, and tissues were incubated at 40oC on a hot plate for
~1h to promote adherence to the slide. Sectioned tissues were stored at 4oC.
2.2.07 In situ hybridization (ISH)
Probes were synthesized and Digoxigenin-labelled using the DIG RNA labelling
mix (Roche, 11 277 073 910) following the manufacturers instructions. Sox2 and Hes1
probes 400-500bp in length were synthesized from a sequenced DNA template with T7
promoter overhangs.
To prepare samples for ISH, slides were placed in xylene for 30 minutes to
deparaffinize the tissue sections. To remove the xylene, slides were washed twice for 5
minutes in 100% ethanol followed by an incubation at 2oC for 20 minutes in 100%
methanol. Slides were then gradually rehydrated in 75%, 50%, and 20% methanol in
1XPBS for 5 minutes each and washed twice at room temperature for 5 minutes in PBST.
PBST was removed and replaced by 5 ug/mL proteinase K and incubated at room
temperature for 10 minutes. The reaction was quenched with 2 mg/ml glycine in PBST
for 2 minutes and quickly washed twice with PBST and refixed in 4% paraformaldehyde
for 10 minutes at room temperature. The fixative was washed four times with PBST for 5
minutes each.
Before hybridization, slides were incubated with a solution containing 50%
hybridization buffer (See Appendix Table 2 for details) and 50% PBST for 5 minutes at
room temperature. Slides were then prehybridized in hybridization buffer for 1 hour at
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50oC. Slides were then hybridized in hybridization buffer containing a DIG-labelled RNA
probe overnight at 50 – 60oC. Following hybridization, slides were washed in prewarmed wash solution 1 (See Appendix Table 2 for details) at 50oC for 15 minutes
followed by a second wash for 30 minutes. Slides were then placed in wash solution 2
(See Appendix Table 2 for details) at 50oC for 30 minutes and then twice with PBST for
30 minutes at room temperature.
Following these washes, samples were blocked in blocking buffer (See Appendix
Table 2 for details) for 1 hour at room temperature and washed 5 times in PBST for 20
minutes each. Slides were then washed in fresh alkaline phosphatase buffer plus 1 mM
levamisole at room temperature three times for 10 minutes each. Signal was developed in
BM purple chromogenic substrate for alkaline phosphatase (AP; Roche 11442074001)
and colour development was monitored closely. The colour change was halted by quickly
washing in PBST with a drop of 0.5 M EDTA. 80% glycerol and a coverslip were placed
on the slides which were then stored at 4oC.
2.2.07 Statistical Analysis
Data were analyzed using SigmaStat for Windows (San Jose, CA, USA) and
illustrated using Prism for Windows (La Jolla, CA, USA). Data acquired from
regeneration assays were analyzed using an unpaired t-test to determine statistical
differences in the proportional increase in body length (%) before and after either 8- or
15-days following treatment. A two-way repeated measures ANOVA paired with a
Tukey’s post-hoc test was used to determine statistical differences in regenerate lengths
measured at 6-, 9-, 12-, and 15-days post-amputation. P values less than 0.05 were
considered statistically significant for all analyses.
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2.3 Results
2.3.1 Identification of an Ambystoma mexicanum Notch1 homologue and isolation
of a Notch 1 intracellular domain (NICD1) cDNA clone
My first aim was to determine whether the axolotl expresses a Notch receptor and
whether it is related to any of the known paralogs of Notch. Using available
transcriptomic data (https://www.axolotl-omics.org/), I was able to identify an axolotl
Notch homologue that retains varying levels of amino acid similarity between all Notch
paralogs but retains the highest percent identity with other Notch1 family members from
newt (cynops pyrrhogaster), human (homo sapiens), mouse (mus musculus), and
zebrafish (danio rerio; Figure 6).

Figure 6. Phylogenetic analysis of Notch protein homologues, paralogs, and isoforms
from a variety of vertebrate species. The four Notch family members from each species
are grouped in their distinct families. % values adjacent to the various Notch1 proteins
from different species are the % identities to axololt-Notch1 following BLAST sequence
alignment.
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Next, I obtained a cDNA clone (axololt-NICD1; 2331 bp) from tail regenerate
tissue of the larval axolotl Ambystoma mexicanum. This encoded a protein (777 aa) with
characteristics of the NICD (Figure 7A). The human Notch1 receptor is studied in many
cell lines and studies have identified conserved domains and to an extent, their functions
(Chu & Bresnick, 2004; Ehebauer et al., 2005; Gerhardt et al., 2014; Wang et al., 2015).
To identify whether the domains responsible for co-activator binding and gene
transcription are present in the axolotl Notch1 homologue, I aligned the amino acid
sequence of the axolotl NICD to the human NICD (Figure 7A). The alignment shows
varying levels of amino acid identity in these domains. Axolotl-NICD1 is 71% identical
to the human NICD1. The PEST domain is 100% identical in both species (Wang et al.,
2015), the ANK domain is 92% similar (Ehebauer et al., 2005), the RAM domain is 77%
similar (Chu & Bresnick, 2004), and the TAD domain is 54% similar (Gerhardt et al.,
2014; Figure 7 B, C). Additionally, the eukaryotic linear motif (ELM) database has
identified three nuclear localization sequences (NLS) in the same regions as the human
NICD1 (Figure 7 B, C). ELM analysis also reveals that the amino acid regions that
contain the TAD and RAM domains are in intrinsically disordered regions of the protein
whereas the ANK domain is not.
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Figure 7. Comparison of axolotl (Ambystoma mexicanum) and human (Homo
sapiens) Notch1 intracellular domains. A) Amino acid sequence alignment of the
cloned axolotl NICD1 (Notch intracellular domain 1) and the human NICD1 with
highlighted NICD domains. Darkness of grey highlighting and symbols under each amino
acid pair indicates the level of their similarity with the darkest grey being identical and
white having no similarity. * = identical amino acid, : = strongly conserved properties, .
=weakly conserved properties B) Cartoon schematic of the axolotl NICD1 protein with
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the location of the nuclear localization sequence (NLS; red), RBPJ binding motif (RAM;
purple), Ankyrin repeats (ANK; green), Transactivation domain (TAD; blue), and PEST
(orange) domains. C) The amino acid identities of the various NICD domains as well as
the total amino acid identity of the axolotl NICD1 relative to the human NICD1.

2.3.2 Notch1 receptor expression decreases in regenerating juvenile axolotl
caudal spinal cord tissue at 7 days post tail amputation
My next aim was to determine whether the expression of the axolotl Notch1
receptor changes in the spinal cord following tail amputation. Antibodies targeting
axolotl Notch1 were not commercially available and as such, qPCR was used to
determine whether Notch1 transcript expression changed in the spinal cord during
regeneration following tail amputation in juvenile axolotls (~15cm). I chose to analyze
the expression of the Notch1 transcript 7 days after injury in juvenile axolotls to ensure
that a sufficient amount of regenerating spinal cord tissue and mRNA could be obtained
from the regenerating spinal cord segments. I found that there was a significant decrease
in Notch1 transcript expression in spinal cords 7 days following injury (P=0.007,
unpaired t-test; Figure 8). This result indicates that Notch expression might need to be
decreased at 7 days, though it is still unclear whether Notch expression needs to be
maintained at low levels during other stages of regeneration.
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Figure 8. Notch1 transcript expression in juvenile axolotl spinal cords during
regeneration. (A) Schematic demonstrating spinal cord tissue collection procedure.
Spinal cord tissue from uninjured (blue) and regenerating (tan) axolotls were taken from
amputated tail tissue from juvenile axolotls (15 cm in length) before injury (uninjured)
and after 7 days of regeneration (Day 7). Created with BioRender.com (B) Notch1
transcript expression in spinal cord tissue relative to 18S rRNA before (T0) and after 7
days of regeneration. B) Unpaired t-test, ** (P<0.01). n=3 biological replicates, 3
technical replicates each. Tissue from 5 individual axolotls were pooled for each
biological replicate.

2.3.3 Indirect inhibition of Notch signaling for 15 days with DAPT impedes both
overall growth and spinal cord regeneration in the larval axolotl
To determine whether Notch inhibition influences tail and spinal cord
regeneration, I followed previously established protocols for screening pharmacological
agents in regeneration assays (Ponomareva et al., 2015). First, larval axolotls (1.9-2.3 cm
in length) were bathed in 10 µM DAPT, a concentration at which other pharmacological
agents affect larval axolotl spinal cord regeneration (Ponomareva et al., 2015). To
quantify any effects of treatment on tail and spinal cord regeneration, I measured the
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proportional increase in body length which is highly correlated with tail lengthening
during regeneration in larval axolotls (Ponomareva et al., 2015). 8 days following tail
amputation I found no significant difference in the proportional increase in body length in
10 µM DAPT-treated axolotls (24.3%±3.0) compared to vehicle-treated axolotls
(23.7%±2.5, Figure 9A, P=0.689, unpaired t-test). It is possible that constant bath
treatment of DAPT at a concentration of 10 μM is insufficient to observe any gross
morphological effects on tail and spinal cord regeneration, and so the experiment was
repeated using a higher concentration of DAPT.
It has been shown previously that constant bath application of DAPT at a
concentration of 50 µM is sufficient to influence somitogenesis, trunk formation, and eye
development in zebrafish embryos (Ozbudak & Lewis, 2008; Arslanova et al., 2010).
Considering this, regenerating larval axolotls (3.5-4 cm in length) were bathed in a
solution containing 50 µM DAPT. I found that there was a significant decrease in the
proportional increase in body length in 50 µM treated axolotls (13.27% ± 2.16) compared
to vehicle treated axolotls (18.54% ± 3.23; Figure 9B, P= 0.035, unpaired t-test).
Considering the detrimental effects that DAPT treatment has on developmental processes
involved in growth (Ozbudak & Lewis, 2008; Arslanova et al., 2010), uninjured animals
were also bathed in 50 µM DAPT alongside regenerating animals to determine whether
there were any differences in the overall growth in non-regenerating animals. After 15
days of growth, I found that there was a significant decrease in the proportional increase
in body length of uninjured axolotls bathed in 50 µM DAPT (0.814% ± 0.61) compared
to axolotls treated with the vehicle (4.86% ± 2.25, Figure 9C, P= 0.013, unpaired t-test).
Considering that DAPT treatment affected the growth of uninjured animals and the
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proportional increase in body length measurement does not consider the growth of the
animal rostral to the amputation plane, I measured the length of the regenerate at Day 6
(when outgrowth was visible) until Day 15 when treatment ceased, to determine whether
treatment group (50 µM DAPT or 0.25% DMSO) and regeneration stage influenced
spinal cord regeneration. A two-way repeated measures ANOVA revealed that there was
a statistically significant interaction between the effects of treatment and regeneration
stage on the length of the regenerate (Figure 9D; F(3,18) = 5.032, P=0.01). A Tukey’s posthoc test found that there was a significant difference in regenerate length between DMSO
and DAPT-treated animals at Day 9 (P=0.002), Day 12 (P<0.001), and Day 15 (P<0.001).
There was no significant difference detected at Day 6 (P=0.190). There was also a
significant increase in regenerate length between each regeneration stage in both DMSO
and DAPT-treated animals (P<0.001 between all regeneration stages in both treatment
groups). Despite the differences in regenerate length, there did not appear to be any gross
morphological differences in the regenerates of animals treated with DMSO or 50 uM
DAPT and an ependymal tube was present in all animals in both groups (Figure 9 E, F).
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Figure 9. Constant indirect inhibition of Notch signalling with DAPT during growth
and tail and spinal cord regeneration. (A) The proportional increase in body length of
regenerating larval axolotls (1.9-2.3 cm in length) after 8 days of constant bath treatment
in 0.25% DMSO or 10 µM DAPT following tail amputation. Statistics performed using
an unpaired t-test. “ns” = not significant. n=5. (B, C) The proportional increase in body
length of regenerating (B) and uninjured (C) larval axolotls (3.5-4 cm in length)
following 15 days of constant bath treatment in 0.25% DMSO or 50 μM DAPT. Statistics
performed using an unpaired t-test. “*” = P < 0.05. n=4. (D) Regenerate length of
regenerating larval axolotls (3.5-4 cm in length) starting from when visible outgrowth
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could be detected at Day 6 until treatment stopped at Day 15 post-amputation. Statistics
performed using a two-way repeated measures ANOVA paired with Tukey’s post-hoc
tests. “ns” = not significant, “**” = P<0.01, “***” = P< 0.001, n =4 in all groups. (E, F)
Images of tail and spinal cord regenerates with visible cartilaginous growth and
ependymal tube after 15 days of bath treatment with DMSO (E) or 50 uM DAPT (F).
Scale bar = 2 mm.

2.3.4 Hes1 and Sox2 transcripts are expressed in overlapping but not identical
domains in the source zone of uninjured and 3-day regenerating axolotl spinal
cords
First, I sought to determine whether the axolotl homologue of Newt Hes1, a
downstream target of Notch (Sakamoto et al., 2003; Hayashi et al., 2008; Pierfelice et al.,
2011), that has previously been identified in the newt limb blastema and regenerating
retina (Shimizu-Nishikawa et al., 2001; Nakamura & Chiba, 2007) is expressed in the
spinal cord of uninjured and early-stage regenerating axolotls. I was particularly
interested in examining the expression of these transcripts in the uninjured, more rostral
region of regenerating axolotl tails that contain the region of spinal cord known as the
source zone. It has been previously shown that cells in the source zone contribute to the
regenerating cord (McHedlishvili et al., 2007), and that important genes involved in
regeneration such as Pax and Wnt family members are differentially expressed in this
region as early as 1 day following tail amputation (Albors et al., 2015). Additionally, to
determine whether axolotl Hes1 is expressed in ERG cells, I examined its expression in
addition to that of the neural stem cell marker Sox2, that has been used as a definitive
marker for ERG cells that surround the central canal of the axolotl spinal cord
(McHedlishvili et al., 2011; Fei et al., 2014; Tazaki et al., 2017; Sabin et al., 2018).
Although Hes1 and Sox2 transcripts were not labelled in the same sections, if cells in
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different sections surrounding the central canal express both transcripts in regions where
ERG cells are known to reside, it is likely that they are expressed in the same cells
(Albors et al., 2015).

Figure 10. Schematic diagram of the regions where transverse tissues sections were
collected from uninjured and regenerating axolotl tails. Sections were taken from the
caudal region of the tail in uninjured animals. In 3-day regenerated tails, sections were
taken from the source zone located in the unamputated region rostral to the amputation
plane. Red rectangle indicates the region from which sections were taken from uninjured
or 3-day regenerating tails. Red dashed line = amputation plane. Created with
Biorender.com

In situ hybridization (ISH) was carried out on tissue sections from the tails of
uninjured and 3-day regenerating larval axolotls (3-4 cm in length). Tissue sections (3-8
cross sections per animal) were taken from the rostral region just beyond the amputation
plane where cells of the source zone are located (Figure 10). Sox2 expression was seen in
cells surrounding the central canal and in the outer subependymal layer of the spinal cord
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where ERG cells extend their processes in both uninjured (n=2 animals) and 3-day (n=1
animal) regenerating axolotl tail sections (Figure 11); (Albors et al., 2015; Sabin et al.,
2019). Sox2 expression appeared to be present in the basal, dermal layer of cells in both
uninjured and 3-day regenerating tails as previously shown in mammalian skin (Driskell
et al., 2009). In the uninjured spinal cord (n=2 animals), Hes1 expression was
undetectable in the spinal cord; however, it appeared that Hes1 was expressed in the same
basal dermal layer of cells as was Sox2 as shown previously in the uninjured and
regenerating newt limb (Figure 12 A, B; Shimizu-Nishikawa et al., 1999). In the spinal
cord of 3-day regenerates (n=2 animals), Hes1 appeared to be expressed in few cells in
the region surrounding the central canal (Figure 12 C, D). Hes1 expression was also seen
in dermal cells and cells surrounding the notochord in 3-day regenerates (Figure 12 C,
D). This expression in cells surrounding the notochord may represent artefact however,
since similar patterns of staining were seen in the no probe control. Overall, the
expression of Hes1 did not appear to be as abundant as is Sox2 in ependymal cells in both
uninjured and 3-day regenerates. In the no probe control tissue sections in both uninjured
and 3-day regenerates, signal can be seen in the region surrounding the notochord but not
in the spinal cord (Figure 13).
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Figure 11. Confocal images of Sox2 transcript expression in transverse sections of
the uninjured and 3-day regenerating axolotl spinal cord following complete tail
amputation. Transverse sections of regenerating tails taken from the region where the
spinal cord source zone is found underwent chromogenic ISH. Sox2 expression in
uninjured tail tissue (A, B) and in 3-day regenerating tail tissue (C, D). (A’-D’) are
magnified images of the spinal cords in A-D. Examples of regions where signal is present
are indicated with arrows. n=2 uninjured, n=1 3-day. CC=central canal, NC= notochord.
Scale bar = 100 µm in A-D and 50 µm in A’ – D’.
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Figure 12. Confocal images of Hes1 transcript expression in transverse sections of
the uninjured and 3-day regenerating axolotl spinal cord following complete tail
amputation. Transverse sections of regenerating tails taken from the region where the
spinal cord source zone is found underwent chromogenic ISH. Hes1 expression in
uninjured tail tissue (A, B) and in 3-day regenerating tail tissue (C, D). (A’-D’) are
magnified images of the spinal cords in A-D. Examples of regions where signal is present
are indicated with arrows. n=2 uninjured, n=2 3-day. CC=central canal, NC= notochord.
Scale bar = 100 µm in A-D and 50 µm in A’ – D’.
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Figure 13. Confocal images of no probe control transverse sections of uninjured and
3-day regenerating tails and spinal cords following complete amputation. No probe
control transverse sections of regenerating tails taken from the region where the spinal
cord source zone is found underwent chromogenic ISH without a Dig-labelled RNA
probe. Non-specific signal is present in uninjured (A) and in 3-day regenerating tissue (B)
primarily surround in the notochord (NC). (A’, B’) are magnified images of the spinal
cords in A and B. Examples of regions where signal is present are indicated with arrows.
n=2 uninjured, n=2 3-day. CC=central canal. Scale bar = 100 µm in A and B and 50 µm
in A’ and B’.
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2.4 Discussion
2.4.1 Identification and expression of the axolotl Notch1 receptor
In the current study, I have identified an axolotl Notch1 receptor homolog and
have shown, using qPCR, that the expression of its transcript decreases in the
regenerating spinal cord tissue 7 days following injury. The suggests that Notch
signalling may need to be downregulated during spinal cord regeneration, at least at some
point during the first 7 days following injury. Downregulation of notch1 may be linked to
the ability of axolotl progenitor cells to proliferate and produce newborn neurons
following spinal cord injury (Echeverri & Tanaka, 2002; McHedlishvili et al., 2007).
Following transection injury in the injured rat spinal cord, Notch1 is upregulated at 2- and
7-days following injury (Yamamoto et al., 2001). This same study also demonstrated that
retroviral overexpression of the Notch1 intracellular domain in primary spinal progenitor
cell neurosphere cultures, significantly reduced the number of neurons differentiating
from neurospheres (Yamamoto et al., 2001). In contrast, retroviral overexpression of a
dominant-negative version of the Notch ligand, Delta, which inhibits Notch signalling,
had the opposite effect and increased the number of neurons (Yamamoto et al., 2002).
Furthermore, in neural stem cell cultures, treating cells with an extract from the injured
rat spinal cord increases Notch signalling in these cells and significantly reduces the
number of neurons in culture (Feng et al., 2019). Consistent with these findings, in the
spinal cord regeneration-competent zebrafish, upregulation of Notch1 above
physiological levels, results in a decreased production of proliferating progenitors and
newborn motor neurons (Dias et al., 2012). Inhibiting Notch signalling in the uninjured or
regenerating zebrafish retina increases proliferation and differentiation of Müller glia
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neural progenitors, and transgenic overactivation of the Notch1 NICD reversed this effect
(Wan et al., 2012; Conner et al., 2014). These results are consistent with recent non-peer
reviewed findings that demonstrate treatment of adult axolotls with DAPT following
retinectomy increases the number of Muller glia and photoreceptors 101 days after injury
(Yandulskaya et al., 2022 preprint). Together, these results demonstrate a role for the
active Notch signalling pathway as an inhibitor of neurogenesis and neural progenitor
differentiation following spinal cord injury in mammals and during regeneration in
regeneration-competent vertebrate models.
In the axolotl, very little is known regarding the role that Notch plays during
spinal cord regeneration. The mRNA binding protein Musashi (Msi) is a known regulator
of Notch and acts to maintain notch signalling by preventing the expression of the Notch
inhibitor, Numb (Imai et al., 2001). In uninjured juvenile and larval axolotl spinal cords,
Msi-1 protein is expressed in the region surrounding the central canal, suggesting that
Notch signalling may be maintained in ERG cells (McHedlishvili et al., 2012; Chernoff et
al., 2018). The expression of Msi-1 in the regenerating juvenile and larval spinal cord is
not known. Interestingly, in the adult axolotl spinal cord, Msi-1 expression is not detected
in the uninjured spinal cord but is expressed in mesenchymal ependymal cells at the
terminal end of the regenerating spinal cord and appears to decrease distally (Chernoff et
al., 2018). The upregulation of Msi-1 suggests that Notch signalling may need to be
maintained in the regenerating adult axolotl spinal cord, at least in the caudal end of the
regenerate. The expression of Msi in the more rostral regions of the regenerate,
particularly within the ependymal tube, is unknown.
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Msi's role in regeneration-competent invertebrates like planaria and roundworms
has also been investigated. One study found that multiple Msi-like genes are initially
downregulated and then upregulated during planarian CNS regeneration (Higuchi et al.,
2008). Further investigation revealed that knockdown of Msi does not affect regeneration
in planaria, and Msi transcript expression is not detected in proliferating progenitors in
roundworms and most proliferating neural progenitors in planaria (Yoda et al., 2000;
Higuchi et al., 2008). Although these studies have not investigated the role of Notch
directly, the role and expression of Msi in regeneration-competent species are consistent
with what would be expected if Notch signalling plays an inhibitory role on neurogenesis
and progenitor cell proliferation. It also demonstrates a potential mechanism for Notch
downregulation following injury, where Msi expression decreases following injury,
indirectly leading to a decrease in Notch signalling. This decrease in Notch receptor
activation might then prevent further notch1 expression by preventing the feed-forward
mechanism by which Notch signalling further amplifies transcription and expression of
Notch receptors in neuroblastoma cells (van Gronigen et al., 2019).
One of the hallmarks of axolotl spinal cord regeneration is the absence of a glial
scar that forms in the injured mammalian CNS and acts as a barrier to regeneration (LeeLiu et al., 2013). The glial scar is primarily composed of reactive astrocytes, and studies
have demonstrated that the glial marker GFAP is upregulated following injury in the
mammalian spinal cord (Lee-Liu et al., 2013). In the regenerating axolotl spinal cord,
GFAP expression decreases as early as 1 day following injury (Sabin et al., 2019).
Interestingly GFAP is a downstream target of Notch signalling (Ge et al., 2002). It has
also been shown that signalling through the Notch1 receptor acts as a regulator of
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astrogliogenesis following CNS injury in mammals (Shimada et al., 2011; Lebkuechner
et al., 2015; Zhong et al., 2017). Additionally, downregulation of Notch signalling using
DAPT or Notch1 conditional knockout mice, reduces the number of GFAP+ astrocytes at
the injury site (Shimada et al., 2011; Zhong et al., 2017). This indicates another possible
role for Notch in regulating the glial response to spinal cord injury. Notch
downregulation may be important to prevent increased production of GFAP in glial cells.
It may, thus, contribute to the prevention of glial scar formation and promote a more
permissive environment for regeneration following spinal cord injury in the axolotl.
Another phenomenon that occurs following spinal cord injury in regenerationcompetent species, including the axolotl, is the ability for severed axons to regenerate
(Clarke & Holder, 1988; Clarke et al., 1988; Ghosh-Roy & Chisholm, 2010; Zukor et al.,
2011; Ghosh & Hui, 2016; Sabin et al., 2019). It is worth noting that neurons in the
injured mammalian CNS do retain some capacity for axonal regeneration following
injury that can be enhanced through genetic reprogramming (discussed in Qian & Zhou,
2020). Although Notch signalling is mostly known for its role in regulating stem-cell
behaviours, Notch signalling has also been shown to be involved in neurite development,
where it has been shown to limit neurite extension of mammalian and Drosophila
neurons (Berezovska et al., 1999; Franklin et al., 1999; Sestan et al., 1999; Hassan et al.,
2000). Although data regarding the role that Notch plays on neurite and axonal
regeneration is limited, it is consistent with its previously established inhibitory role.
Following laser axotomy in roundworms, axons can regenerate, but approximately a third
fail to do so (El Bejjani & Hammarlund, 2012). Genetically knocking down Notch or
pharmacologically inhibiting Notch signalling with DAPT, improves the regenerative
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response by preventing Notch's negative regulation of growth cone initiation during the
early stages of axon regeneration (El Bejjani & Hammarlund, 2012). In the regenerationcompetent sea lamprey, treatment with the indirect Notch inhibitor, PF-384014, following
spinal cord transection injury, increased the number of regenerating axons (SorbidoCamean et al., 2020). Therefore, considering the inhibitory role that Notch plays during
axon regeneration and the positive effects of its downregulation, Notch downregulation
may also be required in neurons following spinal cord injury in the axolotl to promote
axonal regeneration.
2.4.2 Notch signalling is required during spinal cord regeneration
To determine whether Notch signalling is required during axolotl spinal cord
regeneration, I treated regenerating axolotls with the indirect notch inhibitor, DAPT, at 10
µM and 50 µM, concentrations that have been shown to not inhibit Notch signalling in
multiple contexts, including developing zebrafish embryos (Geling et al., 2002;
Arslanova et al., 2010) and osteosarcoma cells in vitro (Dai et al., 2019). I found that 50
μM DAPT, but not 10 μM, was sufficient to significantly reduce the proportional increase
in body length of regenerating axolotls. I also found that treatment with 50 µM DAPT
significantly reduced the regenerate length at 9-, 12-, and 15-days post tail amputation
injury. In line with this result, previous studies have shown that other indirect Notch
inhibitors like semagacestat and MG-132, at 10 µM, did not influence the proportional
increase in body length of regenerating larval axolotls (Ponomareva et al., 2015). In
developing zebrafish embryos, constant bath treatment at 50 µM DAPT was sufficient to
impair Notch-related developmental processes like somitogenesis (Geling et al., 2002;
Arslanova et al., 2010). Therefore, it is likely that in the current study, DAPT at a
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concentration of 10 μM was not sufficient to affect tail and spinal cord regeneration at the
gross morphological level.
Treatment with 50 μM DAPT impaired regeneration but did not wholly inhibit
regeneration. This suggests that Notch is required during some but not all stages of
regeneration and, along with my qPCR data, supports the hypothesis that Notch
signalling is dynamically regulated during spinal cord regeneration in the axolotl. The
question remains as to how DAPT impairs but does not completely inhibit spinal cord
regeneration. The administration of DAPT during zebrafish spinal cord regeneration
results in the increased production of newborn motor neurons (Dias et al., 2012). When
DAPT is administered to a variety of different progenitor cell types such as mammalian
iPSCs (induced pluripotent stem cells; Liu et al., 2014), primary spinal neural progenitors
(Yamamoto et al., 2001), embryonic neural progenitors, (Feng et al., 2019), and primary
hippocampal progenitors (Moriya et al., 2021), it enhances neuronal differentiation. Feng
et al., (2019) demonstrated that culturing embryonic neural progenitors together with
injured spinal cord extract, increases notch1 and hes1 expression levels and prevents the
neural progenitors from differentiating into neurons. When DAPT is added to cultures
along with soluble extracts from injured spinal cords, notch1 and hes1 are expressed at
lower levels, and significantly more neuronal differentiation occurs (Feng et al., 2019).
These data further support the concept that the environment of the injured mammalian
spinal cord is not conducive to neuronal differentiation and that DAPT reduces notch
signalling and increases neuronal differentiation. It remains to be determined what factor
or factors in these damaged mammalian spinal cord extracts result in increased notch1
and hes1 expression in these cultured cells.
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In the study by Dias et al., (2012), DAPT was administered to regenerating
zebrafish via injections starting at 3 days post-injury. Although they did not see any
functional impairments or morphological differences in the regenerated spinal cords after
treatment, they concluded that prolonged administration of DAPT immediately after
injury could deplete the progenitor pool and result in functional impairments and
morphological differences. If Notch signalling is required to prevent premature neural
differentiation during axolotl spinal cord regeneration, constant DAPT administration
may cause premature neural differentiation and limit the available progenitor pool,
resulting in impaired spinal cord regeneration in the axolotl, as has been shown in the
present study.
The question then becomes, when and where would Notch signalling be required
during axolotl spinal cord regeneration? It has previously been shown that during the
early stages of axolotl spinal cord regeneration, proliferating ERG cells within the source
zone that contribute to the regenerating spinal cord, downregulate several neural
transcription factors, including Pax6, Pax7, Tfap2b, Prdm12, Irx1, Nr2f2, Dbx2, and Zic1
(Albors et al., 2015). In the current study, I have shown that Hes1 transcripts are also
expressed in the source zone during the early stages of regeneration, consistent with the
upregulation of the Notch downstream targets her4.1, her 4.5, and her 9 in the
regenerating zebrafish spinal cord (Dias et al., 2012). Hes1 is a proneural gene repressor,
and it has been shown that Hes1 and neural transcription factors described above, like
Pax6 and Tfap2b, have antagonistic effects on neural stem cell differentiation (Sansom et
al., 2009; Jin et al., 2015). In the developing axolotl spinal cord, Notch signalling acts
upstream of the Shh pathway, which regulates Pax gene expression (Wilson & Maden,
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2005). This further supports the connection between the differential expression of Hes1
and proneural genes like Pax6 and Pax7 in the source zone of the regenerating spinal
cord and provides one example where Notch signalling through Hes1 may be required.
Another example of when Notch signalling may also be required is during the
early stages of regeneration when ERG cells undergo an epithelial to mesenchymal
transition (EMT), invade the injury site and form the ependymal bulb (O’Hara et al.,
1992). Although an exact timeframe as to when ERG cells undergo an EMT has yet to be
precisely determined, it is likely to occur during the first 3 days during initial wound
healing events before proliferation increases and the ependymal tube forms (O’Hara et
al., 1992; Albors et al., 2015) The Notch signalling pathway and Hes1 upregulation have
shown to be involved in the induction of this EMT (Wang et al., 2010; Wang et al.,
2015). Although neither my studies, nor others, have directly demonstrated this, the
impairment of this process may result in reduced spinal cord outgrowth in the
regenerating axolotl. This would also demonstrate that Notch signalling may be necessary
for other processes besides cell fate determination during spinal cord regeneration and
supports the notion that Notch signalling needs to be dynamically regulated during
regeneration (Dias et al., 2012).
One must interpret the present results with DAPT carefully however, due to the
possible pleiotropic, off-target effects of DAPT. DAPT indirectly inhibits Notch
signalling by preventing γ-secretase-mediated cleavage of the domain that tethers the
NICD to the plasma membrane. The Notch receptor is not the only γ-secretase substrate,
however (Haapasalo & Kovacs, 2003). γ-secretase has been shown to be involved in the
processing of various type I transmembrane proteins like Syndecan, VE-cadherin, ephrin
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receptors, and vascular endothelial growth factor, which are involved in processes like
neurite outgrowth, axon guidance, cell adhesion, cell-cell interactions and angiogenesis
(Haapasalo & Kovacs, 2003). Despite the many substrates of γ-secretase, the numerous
studies that use DAPT typically use it for the purpose of inhibiting Notch signalling. Its
application reliably decreases Notch downstream target expression and induces neural
stem cell differentiation (Yamamoto et al., 2001; Shimada et al., 2011; Liu et al., 2014;
Dias et al., 2012; Zhong et al., 2017; Feng et al., 2019). In the current study, it is likely
that DAPT treatment is also decreasing Notch signalling, although direct data supporting
that conclusion (e.g., a decrease in Notch1 target gene expression) are lacking. Still, I
cannot disregard the fact that other γ-secretase substrates could also be involved in spinal
cord regeneration in the axolotl. Unfortunately, the effect of γ-secretase cleavage on
many of its substrates is unknown. Even less is known about the roles that γ-secretase
substrates may play during spinal cord regeneration. Despite this gap in knowledge, an
example of how DAPT may impair regeneration through a non-Notch target is the
inhibition of the ephrin receptor signalling cascade that involves γ-secretase-mediated
cleavage. Blocking signalling through ephrin receptors promotes axon regeneration
following spinal cord injury in mice (Goldshmit et al., 2011), which may enhance
regeneration. However, signalling through ephrin receptors has been shown to be
important for regulation of proliferation and differentiation in the developing and adult
nervous system (Conover et al., 2000; North et al., 2009). During axolotl spinal cord
regeneration, transcripts of ephrin-A1 and ephrin-A5 are expressed in the regenerating
axolotl spinal cord, where they increase and decrease, respectively, at 6 days following
tail amputation (Albors et al., 2015). DAPT may interfere with the switch from pro-
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neurogenic to pro-proliferative signalling during the initial stages of spinal cord
regeneration. This also supports the finding that DAPT does not completely inhibit
regeneration because blocking ephrin and Notch signalling simultaneously may have
antagonistic effects on proliferation.
Additionally, DAPT treatment impaired the overall growth of uninjured axolotls.
The effects of DAPT on embryonic growth or spinal cord regeneration have not been
studied in the axolotl. It has been shown however, that constant bath treatment of 50 µM
DAPT in developing zebrafish embryos decreases their overall body size (Arslanova et
al., 2010). The growth and the size of an animal is driven by changes in cell size and
increases in cell number via proliferation. Notch regulates proliferation in many cell types
where it can either promote or suppress proliferation depending on the cellular context
(Schwanbeck et al., 2011). In zebrafish, the ERG cell proliferation is sensitive to
manipulations of Notch signalling during regeneration, but not in uninjured animals
despite the upregulation of Notch target genes (Dias et al., 2012). These findings indicate
that unknown signals that are present in the injured spinal cord allow ERG cells to react
to changes in Notch signalling, which may translate to other progenitor cell populations
involved in regeneration. Additionally, it is possible that DAPT at this concentration,
may have had toxic effects or suppress the appetite of treated axolotls with concurrent
effects on overall growth. This is unlikely as no differences in feeding rates or food
consumption (they were hand fed individually) between treated and control animals were
seen. Finally, any of a number of alternate γ-secretase substrates affected by DAPT
treatment could be involved in growth impairment in uninjured axolotls.
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In summary, these data demonstrate that Notch signalling may be dynamically
regulated during spinal cord regeneration in the larval axolotl. I found that the expression
of Notch1 was downregulated in spinal cord tissue at 7 days after tail amputation injury,
suggesting that Notch may need to be downregulated to aid in the establishment of a
regeneration-permissive environment. Additionally, I found that constant indirect Notch
inhibition with DAPT significantly impaired spinal cord regeneration and that the Notch
downstream target, Hes1 is expressed in the source zone of the injured spinal cord. These
data can be further supported by the temporal and spatial assessment of Notch signalling
at different timepoints beyond day 3 and day 7 of spinal cord regeneration. Additional
timepoints may include the initial stages of ERG cell proliferation at day 4 (Albors et al.,
2015) or between 8 and 14 days when ERG cells begin to differentiate (Echeverri &
Tanaka, 2002; Albors et al., 2015). We can also assess potential differences in the spatial
expression of Notch and its downstream targets in the regenerating spinal cord at a single
time point by performing in situ hybridization or immunohistochemistry on midsagittal
sections of regenerating tail and spinal cord tissue. Beyond this, to further explore the
role that Notch plays during spinal cord regeneration, it would be beneficial to assess the
effects of experimentally increasing Notch signalling activity temporally and spatially.
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Chapter 3: Modification and in vitro characterization of an existing optogenetic tool
for the upregulation of Notch signalling in the axolotl
3.1 Introduction
To evaluate the impact of a signalling cascade on a developmental process beyond
evaluating the temporal and spatial expression of its associated proteins or transcripts,
one can determine the consequences of increasing or decreasing signaling through the
pathway (Svoboda & Reenstra, 2002). Several methods exist to accomplish this,
including the application of pharmacological agents (Ponomareva et al., 2015), the
injection of plasmids or mRNA for transient overexpression of a protein (Albors &
Tanaka, 2015; Zhang et al., 2021), and genetically modifying an organism’s genome
using CRISPR/Cas9 (Fei et al., 2018; Sanor et al., 2020). Recently, the axolotl genome
has been sequenced, opening the door for the utilization of axolotl genes in the
construction of genetic tools to better understand the mechanisms of regeneration in vivo
(Nowoshilow et al., 2018). Several proteins from viruses, plants, and animals have
emerged as excellent candidates for their implementation in genetic tools that would
allow for both temporal and spatial control over Notch target gene expression. One such
tool, termed opto-Notch by its developer, Gregory Foran in the Necakov lab at Brock
University is being used to both analyze the kinetics of Notch signalling and to
upregulate expression levels of Notch target genes in vitro. Opto-Notch is an optogenetic
tool that allows for Notch receptor-independent signalling via the release of an associated
NICD (ref, Greg Foran, unpublished data). This is accomplished using a specific protein
toolkit that allows for the light-dependent release of the associated GFP- tagged NICD,
allowing it to translocate to the nucleus and activate gene transcription (Figure 14).
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Figure 14: Schematic diagram of the opto-Notch bipartite genetic tool for the spatial
and temporal control of Notch intracellular domain cleavage and Notch signalling
upregulation. Upon exposure to light at a wavelength of 488 nm, Cry2 and CIBN
dimerize and bring the split N-terminal (NTEV) and C-terminal (CTEV) halves of the
tobacco etch virus protease in close proximity, allowing for the restoration of its function.
Simultaneously, the Jα helix of the AsLOV domain dissociates from the core domain and
reveals the TEV cleavage sequence, allowing for TEV-mediated cleavage of the GFPtagged Notch intracellular domain (NICD) which can subsequently localize to the
nucleus. Created with BioRender.com

The first protein that is utilized in opto-Notch is a modified version of the tobacco
etch virus protease (TEV) that allows for the release of the NICD from the rest of the
opto-Notch fusion protein components. The TEV protease is a highly sequence-specific
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cysteine protease which has emerged as an important biochemical tool to allow
researchers to control the cleavage of recombinant fusion proteins (Parks et al., 1994).
The TEV protease’s target cleavage sequence is somewhat flexible and can be recognized
despite containing disfavoured residues. However, the most efficient sequence has been
shown to be ENLYFQ/S, leading to cleavage between glutamine and serine residues and
separating the associated proteins (Kapust et al., 2002; Parks et al., 1994). Placing this
cleavage site upstream of the NICD in the opto-Notch fusion protein will allow its release
to be regulated by the activity of the TEV protease. Therefore, controlling when TEV
mediated cleavage occurs is important to allow experimental control of NICD release. To
achieve this, TEV protease can be split into two distinct domains that, when brought into
close proximity, have been shown to restore its protease functionality (Wehr et al., 2006).
If the proximity of the split TEV protease halves can be regulated experimentally, it is
possible to temporally control when the TEV-mediated release of the NICD occurs. Wehr
et al., (2006) demonstrated precise temporal control of this cleavage based on the
rapamycin-induced binding of two protein domains fused to the two domains of the splitTEV protease. Using rapamycin to induce protein binding comes with several drawbacks;
the need to administer rapamycin in vitro or in vivo, the lack of spatial specificity, and
that rapamycin-induced dimerization of protein is not easily reversed. Most importantly,
administering exogenous rapamycin could influence the activity of the mTOR
(mammalian target for rapamycin) pathway, which may influence cell metabolism and
physiology (Simcox & Lamming, 2022). One method that allows for minimally invasive
and reversible protein-protein binding is light-inducible protein interaction using
optogenetics.
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Beyond light-activatable ion channels, researchers have found that light can be
used to manipulate proteins in other ways, such as inducing protein-protein interactions.
An example of this is the interaction between Arabidopsis cryptochrome-interacting
basic-helix-loop-helix 1 (CIB1) and cryptochrome 2 (CRY2), a blue-light absorbing
photosensor that binds CIB1 in its photoexcited state (Kennedy et al., 2010). A truncated
version of CIB1, called CIBN, exists that lacks the basic helix-loop-helix domain which
mediates DNA binding but prevents homodimerization and maintains its ability to bind to
CRY2 (Kennedy et al., 2010; Liu et al., 2008). Tethering the two domains of the split
TEV to CRY2 and CIBN in the opto-Notch construct allows for light-dependent control
of TEV cleavage and NICD release.
Despite being associated with CRY2 or CIBN, it is possible that the two domains
of the split-TEV will restore their function without a light-induced protein-protein
interaction, so it is important that a gate exists which prevents unwanted cleavage in the
dark but can reveal the cleavage site in the light. A protein that can be used to achieve
this is the Avena sativa protropin 1 light-oxygen-voltage-sensing domain (AsLOV). Upon
blue light irradiation, a conserved cysteine residue in the core of AsLOV binds to a flavin
cofactor and undergoes a conformational change where two flanking helices unfold
(Guntas et al., 2015). Computational protein design and high-throughput binding assays
have led to the generation of an improved version of the AsLOV Jα-helix domain where
the helices remain more tightly bound in the dark (Guntas et al., 2015). Designing the
fusion protein so that the TEV cleavage site cannot be recognized when the AsLOV
helices are bound will allow for light-dependent exposure of the cleavage site and can act
as a fail-safe if split TEV spontaneously reconstitutes into a functional protease in the
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absence of light. Additionally, the AsLOV conformational change is transient, and the
helices will return to their dark state after 30-50s, making it possible to control cleavage,
and gene activation on a relatively short timescale (Guntas et al., 2015).
Another important aspect of the construct is that it needs to remain outside of the
nucleus when light is not present. To achieve this, the construct contains a membranetether protein that will anchor it to membranes outside of the nucleus. Currently, the optoNotch construct utilizes a truncated form of the Lyn Src kinase with only the 11 Nterminal residues required for membrane tethering (Idevall-Hagren et al., 2012; Komatsu
et al., 2010) at the C-terminal of the fusion protein. Lyn 11 has successfully been used
previously to tether genetic constructs to the plasma membrane, including tethering CIBN
for optogenetic control of protein phosphorylation (Idevall-Hagren et al., 2012).
By substituting the human Notch1 intracellular domain (NICD1) that is currently
being used in the construct with the axolotl NICD1 that I have cloned, this tool has the
potential to be used in vivo to evaluate the effects of temporal and spatial upregulation of
Notch signalling during axolotl spinal cord regeneration. In the present study, I have
successfully replaced the human NICD1 with the previously cloned axolotl NICD1 to
generate the axolotl opto-Notch construct. I have also shown that the transmembrane
domain of the mCD8 membrane domain is more effective at keeping the axolotl-optoNotch construct out of the nucleus in the absence of light compared to the Lyn domain.
Additionally, despite the change in membrane tether, this axolotl construct has the ability
to undergo light-dependent cleavage and nuclear localization. Finally, I have produced a
non-functional version of axolotl opto-Notch that contains a mutated form of the AsLOV
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domain that does not undergo light-dependent cleavage that can be used as a negative
control in future in vivo experiments.
3.2 Methods
3.2.01 PCR
For diagnostics, cloning genes from cDNA samples, and production of Gibson
products and plasmid components, New England Biolabs Q5 high-fidelity polymerase
(NEB M0491S) was used. For Q5 and RT-PCR reactions, primers with melting
temperatures (Tm) between 55 and 65oC with not more than a 3oC difference between the
two Tms were used. Primer Tm was calculated using the NEB Tm calculator tool
(https://tmcalculator.neb.com/#!/main).
The reaction mixtures contained from 20 to 50 µL and were created as follows in
an individual PCR tube: each primer at a final concentration of 0.5 uM, < 1000 ng of
DNA, half the final reaction volume of Q5 High-fidelity 2X Master Mix, and the
appropriate volume of nuclease-free water to bring the reaction mixture to its final
volume. The final mixture was vortexed and spun briefly on a tabletop centrifuge. The
PCR tubes containing the reaction mixture were placed in a thermocycler with reaction
conditions set as follows: initial denaturation at 98oC for 30 seconds, 35-40 cycles of the
following three steps: denaturation for 98oC for 5-10 seconds, primer annealing at the
calculated primer Tm for 10 – 30 seconds, extension at 72oC for 20 – 30 seconds/kb.
Following the last cycle, a final extension was performed at 72oC for 2 minutes. The
thermocycler would then hold temperature at 4oC.
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3.2.02 DNA isolation
Non-plasmid DNA was isolated using New England Biolabs PCR and DNA
Cleanup kit (NEB T1030). If DNA was excised from an agarose gel, the New England
Biolabs Gel Extraction Kit was used (NEB T1020S). To prepare DNA that was run on an
agarose gel for subsequent isolation using the above kits, the band was excised from the
gel using a sterile razor blade and placed in a 1.5 mL Eppendorf tube and weighed. 4
volumes of gel dissolving buffer was added to the tube containing the gel and incubated
at 37 – 55oC, agitating the tube occasionally, until the gel had completely dissolved. The
concentration and UV absorbance of the eluted DNA was then measured on a ThermoFischer Nanodrop Lite Spectrophotometer.
3.2.03 Gibson Assembly Reaction
Gibson assembly reactions were performed following the manufacture’s
instructions using the New England Biolabs Gibson Assembly Master Mix (NEB
E2611S). For a 3-fragment assembly a 1:1:1 mol ratio was used for a total amount of 0.15
– 0.2 pmol of DNA per reaction. For a 2-fragment assembly of the construct into the
MXXHS vector, a 2:3 mol ratio of vector to insert was used for a total amount of 0.15 –
0.2 pmol of DNA per reaction. The DNA was added to an individual PCR tube in
nuclease free water to a total volume of 10 µL. This mixture was heated to 50oC in a
thermocycler at which point 10 µl of the 2X Gibson Assembly mix was added to the
reaction and mixed thoroughly. This reaction mixture was incubated in the thermocycler
at 50oC for 60 minutes. If the Gibson assembly reaction was used to generate a plasmid, 1
– 1.5 µL of the Gibson product was transformed into Top10 chemically competent E.
coli, grown in Luria-Bertani (LB) medium, and plasmid DNA isolated using the New
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England Biolabs Plasmid Miniprep Kit (NEB T1010S; described in section 3.2.05) and
analyzed using gel electrophoresis to confirm the fragments were assembled properly.
Otherwise, the DNA fragment(s) were either electrophoresed to separate the fragments
and isolated using a DNA cleanup kit (NEB T1030) as described in the previous section
or isolated directly from the reaction mixture using the same DNA cleanup kit for
subsequent insertion into a plasmid vector.
3.2.04 T4 Ligation
Ligations were performed according to the manufacture’s instructions (NEB
M0202). The volume and ratio of vector and insert for each reaction was determined
using the NEBio Calculator (https://nebiocalculator.neb.com/#!/ligation). Ligations were
performed at a 1:3 ratio of vector to insert. For a 20 µL reaction, the appropriate amount
of nuclease-free water was added to a tube, followed by the DNA to be ligated, 2 µL of
ligation buffer, and 1 µL of T4 DNA ligase (NEB M0202S). The reaction mixture was
mixed and spun down using a tabletop centrifuge. The reaction mixture was incubated at
room temperature overnight. The resulting plasmid product was then used to transform
bacteria (see section 3.2.07 below).
3.2.05 Plasmid DNA isolation
Plasmid DNA was isolated from 1.5-2 mL of bacterial cultures using a New
England Biolabs Plasmid Miniprep kit (NEB T1010S) according to the manufacturer’s
instructions. The concentration and UV absorbance of the eluted plasmid DNA was then
measured on a Thermo-Fischer Nanodrop Lite Spectrophotometer.
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3.2.06 DNA Restriction Digest
Restriction digest reactions were carried out according to the manufacture’s
instructions (NEB R3104S). 25 or 50 µL reactions were carried out depending on
whether the restriction digest was for diagnostic purposes or downstream usage of the cut
DNA. 500-1000 ng of DNA was added to PCR tubes depending on the volume of the
reaction. 2.5 – 5 µL of CutSmart buffer (NEB #B6004) was added to the reaction tube
depending on the volume of the reaction. The volume was topped up with nuclease free
water to the total reaction volume minus the volume of restriction enzyme(s) used. Next,
1 µL of one or both appropriate restriction enzyme(s) were added. In cases where
religation was possible in a subsequent T4 ligation reaction, 1.25 – 2.5 µL of shrimp
alkaline phosphatase (rSAP, NEB M0371S) was added to reactions to dephosphorylate
cut ends. The reaction tube was vortexed briefly and spun down using a benchtop
centrifuge. The completed reaction mixture was incubated at 37oC for 1 hour. The
product of the reaction was then analyzed using gel electrophoresis.
3.2.07 Bacterial Transformation
DH10 beta E. coli cells were used for bacterial transformation. Bacteria were
retrieved from the -80oC freezer and placed on ice to thaw. Once thawed, 1 – 1.5 µL of
plasmid DNA was added to the bacterial solution and incubated on ice for 10 minutes.
The bacteria were then heat shocked at 42oC for 50 seconds and immediately incubated
on ice for 5 minutes. 1 mL of Super Optimal broth (SOC) was added to the bacteria and
incubated at 37oC with agitation for 1 hour. The transformed bacteria were then
centrifuged at 13,000 rpm for 1 minute and all but ~ 50-100 µL of supernatant media
were removed. The bacteria were resuspended in the remaining media and plated on
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Luria Broth agar plates containing 100 ug/mL ampicillin and incubated for 12-24 hours at
37oC.
3.2.08 Gel Electrophoresis
Electrophoretic gels containing 10,000x GreenView DNA gel stain (ABP
Biosciences N100) were prepared with 1 – 2% w/v of agarose in 1X Tris-acetate-EDTA
(TAE) buffer. The gel was then poured into a mold contain a well comb and incubated at
room temperature until solidified. DNA loading dye (ThermoFisher R0611 or NEB
B7025) was added to DNA samples that were subsequently loaded into the gel.
Depending on the product that was loaded, the gel apparatus was set to run at 90-110V
until the bands had sufficiently resolved and were able to be excised or analyzed. To
visualize and analyze the gel, it was placed in a BioRad Gel Doc XR+ equipped with
BioRad ImageLab software.
3.2.09 DNA and Plasmid Sequencing
For sequencing analysis, DNA samples were prepared and shipped to the TCAG
DNA Sequencing facility at the Hospital for Sick Children in Toronto, Ontario. Samples
were prepared as follows according to the facilities’ instructions
(https://genesifter.research.sickkids.ca/gsle/mainPage). Sequencing primers were
designed to have a Tm of approximately 50oC using the NEB Tm Calculator tool
(https://tmcalculator.neb.com/#!/main). Duplicate reaction mixtures were created as
follows: DNA (volume depends on the length of DNA and whether it was a PCR
fragment or plasmid), 0.85 µL primer (20 µM stock), and nuclease free water for a total
reaction volume of 7 µL. If one of the sequencing facility’s own primers were used, the
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addition of our own primer was skipped, and the total reaction volume would be adjusted
to 6.15 µL. The resulting sequences were aligned to known sequences from Axolotlomics (https://www.axolotl-omics.org/) using the ClustalX program
(http://www.clustal.org/clustal2/) . Sequences were translated using the Expasy translate
tool (https://web.expasy.org/translate/) and aligned using ClustalX or the online BLAST
tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi).
3.2.10 Cell lines and cell culture
These experiments used two cell lines: human embryonic kidney 293 (HEK293)
cells and a modified HEK293 cell line (Blind BLITz) stably expressing a puromycin
resistance gene and the CRY2-NTEV genetic construct under the constitutively active
cytomegalovirus (CMV) promoter. This Blind BLITz cell line was created and donated
by Gregory Foran in Dr. Necakov’s lab. HEK293 cells were cultured in Dulbecco's
Modified Eagles Medium-high glucose (DMEM, Sigma D6249) containing 10% fetal
bovine serum (FBS, Sigma F2442) and 1% penicillin/streptomycin (Sigma P4333) at
37oC in 5% CO2. Stably transfected HEK293 cells expressing CRY2-NTEV were treated
with puromycin (2ug/mL) to select for cells that were expressing the puromycin and
CRY2-NTEV transgene. For light exposure experiments, cells were plated on 2.5 cm
collagen coated MatTek plates (MatTek product#: P35GCol-1.5-14-C) and exposed to
white LED light for 2 hours while being maintained at 37oC in 5% CO2. Cells that were
meant to be kept in the dark were placed above the light source and remained wrapped in
aluminum foil prior to protein isolation.
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3.2.11 Cell transfection
HEK293 cells were transfected using Lipofectamine 3000 following the
manufacturer's instructions (Thermo Fischer, L3000008). Culture dishes were
immediately wrapped in aluminum foil to avoid premature activation of the lightsensitive protein construct.
3.2.12 Live cell imaging and image analysis
Images of live cells were obtained using a Carl Zeiss Axio Observer inverted
microscope equipped with a Yokogawa CSU-X1 Filter Wheel and Spinning Disc unit and
a Teledyne Photometrics Prime BSI camera. Cells were kept at 37oC in 5% CO2 for the
duration of the experiments. For imaging, cells were plated on MatTek collagen-coated
plates (MatTek product#: P35GCol-1.5-14-C). The brightfield light was turned to full
power to induce light-dependent cleavage of the axolotl opto-Notch construct.
To calculate the corrected total cell fluorescence (CTCF; CTCF = Integrated
Density – [Area of selected cell X Mean fluorescence of background readings]) cells
containing nuclear foci or no nuclear foci were selected and measured individually from
single-plane images. The background fluorescence was calculated from the mean
fluorescence in three areas surrounding each cell that was measured.
An ImageJ macro was made to allow for high-throughput quantification analysis
of the Nuclear colocalization of GFP signal in the nucleus over time. This macro was
generated by Gregory Foran and can be found in the appendix. Using this macro, a
threshold intensity value was set to measure only above background fluorescence and a
colocalization analysis was performed to determine the amount of GFP signal that
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overlapped with nuclear signal. A Mander’s coefficient value ranging from 0 to 1 (where
0 indicates no GFP signal overlap with nuclear stain and 1 indicates that all GFP signal
overlaps with nuclear signal) was recorded for each image and converted to a percentage
value by multiplying by 100. For each treatment condition, glass bottom plates were
prepared, and z-stack images were taken spanning the entire depth of the cells within the
field of view.
3.2.13 Protein Isolation from Cultured Cells and Western Blotting
Culture dishes containing Wild-type or Blind BLITz Hek293 cells were removed
from the incubator and placed on ice. Culture media was removed and replaced with ice
cold cell lysis buffer (See Appendix Table 2 for details; 300 µL for 2.5 cm plate) and
cells were disrupted using a cell scraper. These steps were repeated for each subsequent
plate using the lysis solution from the previous plate to generate pooled samples (n=3
plates in total). Samples were placed on ice and sonicated at low power for multiple ~ 5
second intervals until gel-like DNA was disrupted and a homogenous solution remained.
An equal volume of Laemlli (See Appendix Table 2 for details) buffer was added to cell
lysates and stored in a -20oC freezer. Before loading, samples were heated to 90 degrees
for 7 minutes. Heated samples were loaded and run on a 7% polyacrylamide resolving
gel, and a 4% stacking gel for approximately 2.5 hours at 80V. A wet western blot
transfer was then performed onto a polyvinylidene fluoride (PVDF) membrane
(Millipore, Oakville, Ontario, Canada) at 70 mAh for 16 hours at 4oC followed by
Ponceau S (Sigma Aldrich, Canada) total protein staining for 5 minutes. The membranes
were briefly rinsed in 4% acetic acid and MilliQ water and were left to dry prior to
imaging the total protein stain. All images for western blots were obtained using a
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ChemiDoc MP imaging system (Bio- Rad, Canada) and imaging was followed by
reactivation in methanol and washed with 0.1%Tween-20/PBS. The membranes were
then blocked in 3% non-fat skim milk powder/0.1% Tween-20/PBS for 1 hour while
shaking at room temperature. Overnight incubations in primary antibodies were then
performed at 4°C using 1:1000 Rabbit Anti-GFP (Abcam, Ab290). The following
morning, the membranes were washed in 0.1%Tween-20/PBS and incubated with an
HRP-conjugated goat anti-rabbit secondary antibody (1:15,000; Thermo-Fischer, 31460),
for 45 minutes at room temperature. The membranes were washed in 0.1%Tween-20/PBS
and stored in 1X PBS before imaging. The Clarity western ECL substrate kit (Bio-Rad,
1705061) was used to develop signal. Membranes were transferred to a dry plastic
container and equal parts of the two substrate solutions (750 µL each) were added.
Membranes were incubated in this solution for approximately 1 minute and immediately
imaged.
3.2.14 Statistical Analysis
Data were analyzed using SigmaStat for Windows (San Jose, CA, USA) and illustrated
using Prism for Windows (La Jolla, CA, USA). Statistical differences in cell counts from
live cell images and the differences in corrected total cellular fluorescence (CTCF) were
analyzed using an unpaired t-test. Statistical differences in the % Nuclear colocalization
in Hek293 cells transfected with opto-Notch carrying an AsLOV mutation were analyzed
using a paired t-test. A one-way repeated measures ANOVA followed by a Tukey’s posthoc test to determine statistical differences in % Nuclear colocalization in Blind Blitz
Hek293 cells transfected with opto-Notch following light exposure. P values less than
0.05 were considered statistically significant for all analyses.
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3.3 Results
3.3.1 Insertion of the axolotl NICD1 into opto-Notch
The first step in generating an axolotl opto-Notch construct was replacing the
human NICD1 in the human opto-Notch plasmid with the previously cloned axolotl
NICD1. To accomplish this, PCR was used to add homology arms to both ends of the
axolotl NICD1 that were identical to the flanking AsLOV-TEV cleavage sequence and
GFP domains. Using Gibson assembly, the fragments of the axolotl opto-Notch plasmid
were joined to generate a plasmid that was confirmed to be the correct size (~7200bp)
using gel electrophoresis (Figure 15A). To confirm that the axolotl NICD had been
inserted in the correct orientation and had been inserted in the correction location
between the AsLOV-TEV cleavage sequence and GFP domains, the plasmid was
sequenced. Multiple sequence alignments of the resulting nucleotide sequence and
expected sequence showed that the axolotl NICD1 was indeed inserted in the correct
orientation and was successfully joined between the AsLOV-TEV cleavage sequence and
the GFP domains (Figure 16).
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Figure 15. Insertion of the axolotl NICD1 to create the Lyn-tethered axolotl optoNotch plasmid. (A) Image of intact Lyn-tethered opto-Notch plasmid and digested
plasmid DNA run on a 1% agarose gel. (B) Plasmid map of Lyn-tethered axolotl optoNotch plasmid.
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Figure 16. Multiple sequences alignment of axolotl NICD insert in the Lyn-tethered
axolotl opto-Notch plasmid. Multiple Sequence alignments of sequenced plasmid DNA
(Query) compared to the expected nucleotide sequence (Sbjct=subject) showing that the
axolotl NICD1 (blue boxes) has been joined successfully between the AsLOV (yellow
box)-TEV cleavage sequence (purple box) and the GFP (green box) domains
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3.3.2 The mCD8 membrane tether is superior to the Lyn membrane tether at
keeping axolotl opto-Notch outside of the nucleus when split TEV is not activated
My second aim was to analyze the expression and cellular localization of the
axolotl opto-Notch construct with the Lyn membrane tether by transfecting just the Lyn
tethered portion of the construct, and not the CTEV half of the molecular scissors. This
will demonstrate the ability of the Lyn membrane tether to keep the GFP tagged NICD
outside of the nucleus. Live image analysis of single transfected wild-type Hek293 cells
showed expression of the GFP-tagged axolotl opto-Notch construct in these cells, and
that the construct was capable of localizing to the plasma membrane, indicated by GFP
signal overlap with the membrane stain, CellMask (Figure 19A). GFP signal was also
seen to be overlapping with the nuclear stain, Hoechst, in both diffuse and bright focal
regions (nuclear foci) indicating that the construct was able to enter the nucleus without
the presence of the CTEV half of the molecular scissors (Figure 19A). In unpublished
immunocytochemical and live imaging data from the Necakov lab, the formation of these
foci are consistent with increases in Notch signalling and upregulation of Notch
downstream targets in Hek293 cells. These results indicate that the effects of substitution
of a stronger membrane tether that associates with membranous structures via a different
mechanism than Lyn should be assessed. Transmembrane domains are another type of
membrane tether that span the entire lipid bilayer. A transmembrane tether that has been
used previously to anchor fusion proteins to cell membranes is the mCD8 domain (Burr
et al., 2014; Sreedharan et al., 2015). Therefore, I sought to determine whether replacing
the Lyn domain with the mCD8 transmembrane domain was sufficient to keep the intact
construct from entering the nucleus.
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Using the Gibson assembly technique, PCR was used to add homology arms
identical to the sequences flanking the mCD8 domain nucleotide sequence. This fragment
was inserted into the axolotl opto-Notch vector using Gibson assembly to generate the
mCD8-tethered axolotl opto-Notch plasmid that was confirmed to be the correct size
(Figure 17B). Subsequent sequencing analysis conformed that the mCD8 DNA fragment
was inserted in the correct frame between the plasmid backbone and CIBN domains
(Figure 18).

84

Figure 17. Replacement of the Lyn membrane tether with the mCD8 domain to
generate the mCD8-tethered axolotl opto-Notch plasmid. (A) Image of the intact Lyntethered and mCD8-tethered axolotl opto-Notch plasmids and digested plasmids DNA
run on a 1% agarose gel. (B) Plasmid map of mCD8 tethered axolotl opto-Notch plasmid.
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Figure 18. Multiple sequences alignment the mCD8 membrane domain sequence in
the mCD8-tethered axolotl opto-Notch plasmid. Multiple Sequence alignments of
sequenced plasmid DNA (Query) compared to the expected nucleotide sequence
(Sbjct=subject) showing that the mCD8 domain was successfully inserted in the correct
frame between the plasmid backbone and CIBN domain (pink box).

The new mCD8-tethered axolotl opto-Notch plasmid was then transfected into
wild-type Hek293 cells to analyze the expression and cellular localization of the resulting
fusion protein. Live images of wild-type Hek293 cells expressing the mCD8 tethered
axolotl opto-Notch show that axolotl opto-Notch expression appears to be localized
within different regions of the cell compared to the Lyn tethered axolotl opto-Notch
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(Figure 19B). Additionally, it appeared that very few transfected cells had nuclear foci
when compared to cells transfected with the Lyn tethered axolotl opto-Notch. To quantify
this difference, the percentage of transfected cells containing nuclear foci in a total of 18
regions of interest containing 20-80 cells across 3 culture dishes was calculated. There
was a significant difference in the percentage of transfected cells with nuclear foci
between live wild-type Hek293 cells expressing Lyn-tethered axolotl opto-Notch
(26%±6.4) and live wild-type Hek293 cells expressing mCD8-tethered axolotl optoNotch (3.9%±1.7, P<0.001, unpaired t-test, Figure 19C).
Live Hek293 cells expressing axolotl opto-Notch with the Lyn membrane tether
appeared to form nuclear foci in cells that seemed to express a high level of the optoNotch construct relative to cells without nuclear foci. To quantify whether these cells
were indeed expressing the axolotl opto-Notch construct at higher levels, I measured the
corrected total cell fluorescence (CTCF; integrated density – (area*Mean fluorescence of
background)) in transfected cells with (n=32 cells) and without nuclear foci (n=32 cells)
across 3 culture dishes. There was a significant increase in the CTCF between live wildtype Hek293 cells expressing Lyn-tethered axolotl opto-Notch with nuclear foci
(55538.649a.u.±39565.351) and without nuclear foci (14137.562a.u.±8511.533, P<0.001,
unpaired t-test, Figure 19D). I measured the corrected total cell fluorescence in cells
transfected with mCD8-tethered axolotl opto-Notch as well and there was no significant
difference in the CTCF between live wild-type Hek293 cells expressing mCD8-tethered
axolotl opto-Notch with nuclear foci (106486.233a.u.±42572.943, n=11) and without
nuclear foci (101044.874a.u.±56195.603, n=18) (P = 0.785, unpaired t-test, Figure 19E).
These results indicate that the mCD8 domain is a stronger membrane tether compared to

87

Lyn and unlike Lyn, its nuclear localization is not higher in transfected Hek293 cells that
express opto-Notch at higher levels.
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Figure 19. Localization of axolotl opto-Notch with Lyn or mCD8 membrane tethers
in live single transfected wild-type Hek293 cells. Spinning disc confocal images of live
Hek293 cells transfected with Lyn tethered axolotl opto-Notch (A) and mCD8 tethered
axolotl opto-Notch (B). Scale bar =20 um. Yellow box = region from which snapshots
A’, A’’, B’, and B’’ were taken. Scale bar = 10um in A’, A’’, B’, and B’’. Green = GFPtagged axolotl opto-Notch construct, Red = CellMask Plasma membrane stain, Blue =
Hoechst nuclear stain. C) Percentage of transfected cells expressing opto-Notch with the
Lyn or mCD8 membrane tether that contain nuclear foci. n=18 regions of interest across
3 culture dishes. D and E) Corrected total cell fluorescence (CTCF) of transfected cells
expressing opto-Notch with the Lyn (D) or mCD8 (E) membrane tethers. n=32 ,11, and
18 cells across 3 culture dishes. All statistics were performed using unpaired t-tests (C-E)
*** = P<0.001, ns = not significant.

3.3.3 Light-dependent TEV cleavage and nuclear localization of cleaved axolotl
opto-Notch
Now that mCD8 has been shown to be a more effective membrane tether for the
axolotl opto-Notch construct than Lyn, my next aim was to determine whether axolotl
opto-Notch undergoes light-dependent cleavage and nuclear localization with the mCD8
membrane tether. Live cell imaging was conducted to analyze whether localization of
GFP signal increased in the nucleus following exposure to white light every 15 minutes
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for 1 hour. A total of twelve regions of interest containing 20-50 transfected cells across 2
cultures dishes were analyzed. Live images of Blind BLITz Hek293 cells expressing
axolotl opto-Notch showed that some cells contained nuclear foci before light exposure,
but the majority did not (Figure 20A). Following light exposure, nuclear foci could be
seen in cells that did not have nuclear foci before light exposure (Figure 20 A, B) or had
fewer nuclear foci before light exposure (Figure 20 A, B). However, changes in diffuse
GFP signal in the nucleus, i.e., GFP-tagged Notch that enters the nucleus but did not
contribute to the formation of nuclear foci, was not apparent upon visual analysis of the
images, therefore a quantitative approach to image analysis was used.
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Figure 20. Live cell imaging of Blind BLITz Hek293 cells expressing mCD8-tethered
axolotl opto-Notch before and after 60 minutes of light exposure. Blind BLITz
Hek293 cells expressing mCD8 tethered axolotl opto-Notch (green) before light exposure
(A, A’) and the same cells following 60 minutes of light exposure (B, B’). A’ and B’
represent the same images as A and B with the Hoechst nuclear stain channel selected.
Red arrow = cell with nuclear foci before and after 60 minutes of light exposure, white
arrow = cell with nuclear foci afters 60 minutes of light exposure but not before. Blue =
Hoechst nuclear stain. Scale bar = 10 µm in all images.
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To quantify the change in GFP signal within the nucleus following light
exposure, a one-way repeated measures (RM) ANOVA was performed to determine
whether the proportion of the GFP signal that colocalized with the nucleus (% Nuclear
Colocalization) in the same cells was affected by light exposure over time. A one-way
RM ANOVA revealed that there was a significant difference in the proportion of GFP
signal that colocalized with the nucleus between the different timepoints (F (4, 44) =
23.893, P<0.001, Figure 21C). A Tukey post-hoc test found that the mean value of %
Nuclear Colocalization relative to 0 minutes of light exposure (12.9%±3.) was
significantly different at 15 (16.9%±4.7, P<0.001), 30 (18.7% ± 5.4, P= <0.001), 45
(20.1%±5.5, P< 0.001), and 60 (20.308%±6.080, P<0.001) minutes of light exposure
(Figure 21C). There was also a significant difference between 15 (16.9%±4.7) and 60
minutes (20.3%±6.1) of light exposure (P=0.003), indicating that the construct continued
to localize to the nucleus beyond the initial increase after 15 minutes of light exposure
(Figure 21C).
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Figure 21. Light-dependent cleavage and nuclear localization of opto-notch in live
Blind BLITz Hek293 cells. (Ai-Av, Bi-Bv) Snapshots of Blind BLITz cells expressing
GFP-tagged opto-Notch plasmid before light exposure (Ai, Bi), after 15 minutes of light
exposure (Aii, Bii), 30 minutes of light exposure (Aiii, Biii), 45 minutes of light exposure
(Aiv, Biv), and 60 minutes of light exposure (Av, Bv). GFP foci (arrows) are present in
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cell nuclei. (Ai-Av) and (Bi-Bv) represent two sets of the same cells over the duration of
light exposure. Hoechst nuclear stain (blue), GFP-tagged opto-Notch construct (Green),
CellMask Plasma membrane stain (Red). Scale bar = 10 um. (C) Colocalization analysis
showing a significant increase in % Nuclear Colocalization at each timepoint compared
to 0 minutes of light exposure. Statistics performed by one-way repeated measures
AVOVA, ** = P <0.01, *** = P<0.001, n=12 regions of interest. (D) Western blot
analysis of GFP expression in Hek293 cells. n=1 for biological replicate of 3 pooled
protein samples, n= 3 for technical replicates.

Since a significant increase in % Nuclear Colocalization occurred following light
exposure, I sought to confirm that axolotl opto-Notch cleavage had occurred. To do this,
western blotting was carried out using a primary antibody raised against GFP that will
allow the detection of both intact and cleaved components of the opto-Notch fusion
protein. A high molecular weight, ~220 kDa, band is detected in protein samples from
transfected Blind BLITz Hek293 cells and wild-type Hek293 cells, but not in protein
samples from untransfected Blind BLITz Hek293 cells or wild-type Hek293 cells (Figure
21D). In transfected Blind BLITz cells that were kept in the dark, a lower molecular
weight band, ~164 kDa, that appeared to be fainter than the high molecular weight band
is present (Figure 21D). In transfected Blind BLITz cells that were exposed to light for 2
hours, the high molecular weight band is still detectable; however, it appears fainter than
the lower molecular weight band (Figure 21D). The pooled protein samples taken from 3
2.5cm culture dishes containing cells kept in the dark and following 2h of light exposure
were run on the same gel three separate times (n=1 pooled sample from 3 2.5 cm cultures
dishes with n=3 technical replicates). The ratios of the ~164 kDA to the ~220 kDa band
in the three technical replicates in Blind BLITz cells exposed to light for 2h were 3.0, 2.1,
and 22.3. In Blind BLITz cells kept in the dark the ratios were 0.48, 0.39, and 4.5. These
results suggest that the production of the ~164 kDa band is dependent on prolonged light
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exposure and that this protein species is more abundant in Blind BLITz cells exposed to
light for 2 hours. In wild-type Hek293 cells that were transfected with the axolotl optoNotch plasmid, only the ~220 kDa band can be seen, indicating that endogenous Hek293
cell cytoplasmic components did not cleave the axolotl opto-Notch construct (Figure
21D, n =1 pooled samples from 3 2.5 mm cultures dishes with n=3 technical replicates
each).
3.3.4 Light-dependent cleavage does not occur in axolotl opto-Notch carrying the
AsLOV mutation
It is important that when this construct is used in vivo that an appropriate negative
control is carried out alongside treatment experiments. Electroporation of large plasmids
(6 – 16kbp) can have toxic effects and reduce cell viability in vitro; however, this effect
can be reduced by using longer post-pulse recovery times (Lesuer et al., 2016). The most
appropriate negative control in this case would be an identical version of the axolotl optoNotch construct with the exception that it is unable to undergo cleavage with or without
light. During the assembly of the construct, it was important to sequence the resulting
plasmid to ensure that all the components were assembled properly. Sequencing analysis
of one plasmid product revealed a missense mutation in the AsLOV domain that resulted
in a Gly → Cys amino acid change (Figure 22 A, B). This mutation is in the core of the
AsLOV domain, which is important for regulating the light-dependent binding of the
flavin cofactor that allows the helices to dissociate and reveal the TEV cleavage site
(Guntas et al., 2015). Lee et al., (2017) have demonstrated through a number of serial
amino acid deletions, that AsLOV Jα helix dissociation does not occur if certain amino
acids are not present which means that the replacement of glycine with a cysteine residue
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may also have a similar effect (Figure 22C). To determine whether this mutation had any
detrimental effects on the functionality of the axolotl opto-Notch construct, I sought to
determine whether light-dependent nuclear localization and cleavage occurred. If so, this
version of the construct with a mutation in the AsLOV domain can serve as an effective
negative control for future in vivo experiments.
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Figure 22. Altered functionality of the AsLOV domain with a missense mutation in
its core region. (A) Multiple sequence alignment of sequenced plasmid DNA (Query)
and expected nucleotide sequence (Sbjct) showing a G → T nucleotide mutation (red
box). (B) Multiple sequence alignment of the corresponding amino acid sequences
showing a Glycine → Cysteine amino acid mutation (red box) in the core region of the
AsLOV domain. (C) Diagram of the proposed consequence of an amino acid mutation in
the AsLOV core domain demonstrating that the dissocition of the Ja helix and exposure
of the TEV cleavage site may not occur in the presence of 488nm wavelength light.
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A total of five regions of interest containing 7-17 dual transfected cells from 5
plates were analyzed. Live imaging analysis of wild-type Hek293 cells expressing the
mutated opto-Notch construct and an mCherry tagged version of the Cry2-CTEV half of
the molecular scissors (allowing for the confirmation of the expression of both plasmids)
did not appear to show any changes in GFP signal in the nucleus following 60 minutes of
light exposure (Figure 23A, B). Additionally, none of the cells in any of the imaged
regions contained nuclear foci. There was no significant difference in % Nuclear
Colocalization of axolotl opto-Notch before (5.8%±2.6) and after 60 minutes of light
exposure (6.8%±3.1, P=0.075, paired t-test, Figure 23C). Western blotting analysis of
GFP expression shows that the ~220 kDa band but not the ~164 kDa band is present
following 2h of light exposure (Figure 23D), indicating the light-dependent cleavage did
not occur in these cells (n=2 protein samples contained pooled samples from 3 2.5 mm
culture dishes, n = 3 technical replicates).
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Figure 23. Absence of both light-dependent cleavage and nuclear localization of
axolotl opto-Notch with AsLOV domain mutation in live Hek293 cells. (A, A’, B, B’)
Live Wild-type Hek293 cells co-expressing GFP-tagged axolotl opto-Notch (green) with
AsLOV domain mutation and mCherry-tagged Cry2-CTEV (red) before (A) and after (B)
60 minutes of light exposure with (A’, B’) and without (A, B) the Hoechst nuclear stain
(Blue) channel selected. Scale bar = 20 µm. (C) Colocalization analysis showing the
change in % Nuclear Colocalization after 60 minutes of light exposure. Statistics
performed by paired t-test, ns = not significant. (D) Western blot analysis of GFP
expression in Blind BLITz cells after 60 minutes of light exposure. n=1 biological
replicate of 3 pooled protein samples, n =3 for technical replicates.
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3.4 Discussion
3.4.1 Summary of main findings
Nervous system regeneration is a dynamic process involving temporal and spatial
changes in signalling mechanisms in specific cell types. The ability to control a signalling
pathway via experimental upregulation is important to answer questions about its role
during a cellular event. In particular, increasing Notch signalling in neural progenitors
during axolotl spinal cord regeneration, for example when signaling is at a low level, may
provide insight into its role based upon any cellular or morphological abnormalities that
might occur due to this misregulation. Furthermore, considering that Notch signalling
may play different roles in different cell types, as discussed above, it would be beneficial
to upregulate it in different cell types like neurons and glial cells. To achieve this, I have
modified an existing optogenetic tool created by Gregory Foran in the Necakov lab at
Brock University, to allow for light-dependent temporal and spatial control of axolotl
NICD1-mediated Notch signalling during spinal cord regeneration in the axolotl.
In the present study, I compared the ability of fusion protein constructs containing
either the Lyn-11 or mCD8 domains as membrane tethers, to prevent light-independent
localization of these constructs to the nucleus. The present study also supports the use of
split TEV, CRY2, CIBN, and AsLOV proteins to allow for light-dependent control of the
cleavage and nuclear localization of proteins like the NICD in Hek293 cells in vitro.
Finally, I have demonstrated the effects of a Glycine to Cysteine amino acid mutation in
the core domain of the AsLOV protein that prevents the cleavage of the axolotl optoNotch construct.
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3.4.2 Lyn-11 and mCD8 domains as axolotl opto-Notch membrane tethers
The opto-Notch construct provides a light-mediated tool to control the cleavage
and nuclear localization of the axolotl NICD and subsequent activation of Notch
downstream target genes in vitro and in vivo. Using the eukaryotic linear motif database
analysis, I have shown that the axolotl NICD contains three nuclear localization
sequences (NLS) that allow translocation to the nucleus. Normally, the NICD domain of
the Notch receptor is tethered to the plasma membrane by a transmembrane domain
connected to the extracellular domain, preventing it from entering the nucleus in the
absence of Notch ligand-mediated signalling. To mimic this activity with the opto-Notch
construct, I analyzed the efficacy of two membrane tethers to prevent the opto-Notch
construct from translocating to the nucleus in the absence of light or the Cry2-CTEV half
of the molecular scissors. I found that the mCD8 transmembrane domain was superior to
the Lyn membrane tether at preventing opto-Notch localization to the nucleus. This is
independent of the amount of opto-Notch fusion protein expressed in HEK293 cells. This
finding contrasted with what was found with the opto-Notch construct that used the Lyn
membrane tether. The nuclear localization of the Lyn tethered opto-Notch construct was
more abundant in cells that expressed the construct at a higher level. Considering the
mechanism by which the Lyn membrane domain is associated with the membrane, this is
not surprising. Like any chemical reaction, the covalent addition of fatty acids to the Lyn
domain is limited by the activity of the enzyme and the presence of the reactants, in this
case, fatty acids (Lanyon-Hogg et al., 2017). In the current study, it is likely that in cells
that express the Lyn tethered axolotl opto-Notch construct in high quantities, the addition
of the fatty acid chains does not occur quickly enough, and therefore, the Lyn membrane
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tether does not anchor to the plasma membrane; instead, the entire construct localizes to
the nucleus. If the Lyn-tethered version of the axolotl opto-Notch construct was used in
vivo to upregulate Notch signalling during spinal cord regeneration in the axolotl, the
translocation of the construct to the nucleus in the absence of light would result in
premature upregulation of Notch downstream targets and eliminate our ability to control
Notch signalling spatially and temporally. Although the expression of the plasmid in cells
may be modified or may not be expressed at such a high level in vivo, a different type of
membrane tether whose mechanism of insertion differs from the Lyn domain was
considered.
The second membrane tether that was tested is the mCD8 transmembrane domain.
Transmembrane proteins, including mCD8, have been used previously to anchor fusion
proteins to membranes for other genetic constructs and cell-specific fluorescent
membrane labelling (Burr et al., 2014; Sreedharan et al., 2015). Transmembrane proteins
are inserted into the plasma membrane as they are translated and rely on the endoplasmic
reticulum membrane-associated translocon protein pore complex to accomplish this
(Johnson & van Waes, 1999). This is quite different from the enzymic modifications
required to anchor the Lyn domain to the plasma membrane. My data suggest that the
lack of an enzymatic step during mCD8 membrane insertion results in an increased
association of the axolotl opto-Notch fusion protein with the plasma membrane. Although
using the mCD8 membrane tether increases the size of the axolotl opto-Notch plasmid,
the benefit of having the construct more strongly associated with the plasma membrane
will be important for future in vivo studies when NICD1 nuclear translation and Notch
downstream target upregulation need to be tightly controlled.
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3.4.3 Light-dependent cleavage and nuclear trafficking of GFP-tagged axolotl
NICD1
During canonical Notch signalling, the NICD domain of the Notch receptor
remains tethered to the plasma membrane until γ-secretase cleavage occurs, allowing it to
be translocated to the nucleus. Through western blotting and live cell imaging, I
demonstrated that light-dependent cleavage and nuclear translocation of the GFP-tagged
axolotl NICD1 occurred.
The live imaging analysis revealed that not all cells showed nuclear foci
formation following exposure to light. In unpublished data from the Necakov lab, the
formation of nuclear foci is dependent on the concentration of the cleaved construct or
the endogenous Notch receptor in the nucleus. This holds for other transcription factors
and enzymes that form nuclear foci like the glucocorticoid receptor and Epac1 (Exchange
protein directly activated by cAMP 1; Stortz et al., 2020; Yang et al., 2022). In these
experiments, I am relying on the Hek293 cell machinery to be able to translocate the
axolotl NICD1 into the nucleus, which relies on the recognition of domains like the NLS.
The multiple sequence alignment between the human and axolotl NICD1s shows that the
NLS amino acid sequences are similar, but not completely conserved. The human
equivalent to the second NLS sequence I identified in the axolotl NICD1 is responsible
for human NICD1 nuclear localization through importins α3, α4, and α7 (Huenniger et
al., 2010). The alignment reveals one amino acid mutation but still fits with the NLS
consensus sequence (K{K/R}X{K/R}; Lange et al., 2007), which points to the possibility
that other unknown protein interactions may be required for the nuclear transport of the
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NICD. These proteins may not recognize other important domains that differ in the
axolotl NICD1.
If further in vitro studies are required to study the functionality of the axolotl
opto-Notch construct, it would be beneficial to use the axolotl AL1 limb mesenchyme
cell line to avoid the possible effects of analyzing the activity of an axolotl protein in
human cells. Additionally, the use of axolotl AL1 cells would also allow us to determine
whether light activation of the axolotl opto-Notch construct increases axolotl Notch1
target genes before proceeding to in vivo studies.
3.4.4 Considerations for the future use of axolotl opto-Notch in vivo
The purpose of modifying the human opto-Notch construct was to incorporate the
axolotl NICD1 and examine its potential for use in regenerating spinal cord tissue in vivo.
Other aspects of the construct need to be considered in assessing its potential for in vivo
use. For example, the axolotl opto-Notch construct is currently designed to have a GFP
tag associated with the axolotl NICD. Tagging the NICD has allowed us to track the
location of the NICD within cells and determine whether light-dependent nuclear
localization occurred by using an anti-GFP antibody. However, the addition of the GFP
tag at the C-terminus of the axolotl NICD may have consequences that should be
considered for future experiments. The C-terminus of the NICD houses the PEST
domain, which is important for its ubiquitinylation. It is possible that the presence of GFP
may interfere with this process. This is important because the ubiquitinylation of the
NICD during Notch signalling is important for the termination of the signal (Oberg et al.,
2001; Carrieri & Dale 2017). If Notch downstream target expression were prolonged
beyond the time course normally experienced in vivo, precise temporal control of Notch
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signalling by light could be impaired. Indeed, it has been shown that mutations in the
NICD PEST domain in breast cancer cells interfere with the termination of Notch
signalling and increase NICD half-life (Wang et al., 2015). However, a GFP tag on the
axolotl NICD may not be necessary for in vivo experiments. An increase in NICD nuclear
trafficking and target gene activation can alternatively be monitored by assessing Notch
downstream target gene expression with qPCR, or with either western blotting or
immunohistochemistry using a custom-made anti-axolotl NICD1 antibody. This approach
would be more physiologically relevant because the goal is not just for the axolotl NICD1
to enter the nucleus but to upregulate downstream target expression, which should be
associated with changes in Notch-mediated behaviours like proliferation and
differentiation.
Alternatively, for future in vivo experiments, the GFP tag could be relocated to the
region between the membrane tether and CIBN domains, which should have no effect on
the functionality of the construct because this region is not involved in any of the proteinprotein interactions. Thus, one would retain the ability to visualize which cells are
expressing the construct.
Another consideration for the future use of axolotl opto-Notch in vivo is ensuring
that light-independent TEV cleavage does not occur. In the current study, western
blotting experiments demonstrated that even when construct-transfected Hek293 cells
were kept in the dark, light-independent cleavage of the construct still occurred (albeit at
significantly lower levels than in the presence of 2 hours of light), as evidenced by the
appearance of the ~164 kDa band representative of the released NICD. It is possible that
despite precautions being taken to exclude light exposure, some of this cleavage could be
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light-induced. Indeed, using a similar construct with split TEV and AsLOV domains, it
was found that just 50s of light exposure can induce cleavage and significantly upregulate
gene expression (Lee et al., 2017). This is further supported by the rapid dissociation of
the modified AsLOV domain and the formation of the Cry2-CIBN dimer, which occurs
within the second and sub-second ranges, respectively (Guntas et al., 2015; Kennedy et
al., 2010). These data suggest that in all future studies with the axolotl Opto-Notch
construct, it is imperative that cells and animals be kept in complete darkness or placed in
an area where blue light is filtered out.
For future in vivo studies, it will be important to set up appropriate negative
control experiments to control for the potential negative effects of plasmid
electroporation and opto-Notch fusion protein expression on ERG cell behaviour.
Considering that other studies have shown that serial deletion of amino acids in the
AsLOV domains prevents the separating of the Jα-helix from the core domain, rather than
impede their ability to bind (Lee et al., 2017), we predicted that an amino acid mutation
in the core domain would have a similar outcome. Indeed, in Hek293 cells transfected
with the axolotl opto-Notch construct with a mutant AsLOV domain, no nuclear
localization occurred following 60 minutes of light exposure and the light-dependent
formation of the cleaved product band was not observed on western blots.
Regarding the future use of axolotl opto-Notch in vivo, we need to consider how it
will be introduced into cells. Fortunately, there is already a well-established protocol for
introducing genetic material like plasmids into cells surrounding the central canal of the
spinal cord using electroporation (Albors & Tanaka, 2015). Using this approach, it was
demonstrated that the majority of the electroporated plasmid is taken up by ERG cells
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directly surrounding the central canal (Albors & Tanaka, 2015, McHedlishvili et al.,
2007; Rost et al., 2016). It has also been shown that plasmids as large as 12kbp, larger
than our own at 11kbp, can be successfully taken up and expressed by mesenchyme
blastema cells in the regenerating axolotl limb (Zhang et al., 2021). The ability for axolotl
cells to take up such a large plasmid is important because electroporation efficiency of
plasmids decreases with size (Sokolowska & Blachnoi-Zabielska, 2019) and the currents
involved in electroporation of large plasmids have the potential to be toxic to cells
(Lesueur et al., 2016).
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Chapter 4: Summary and Perspectives
4.1 Physiological role of Notch signalling during spinal cord regeneration
In this thesis I aimed to test the hypothesis that Notch signalling is dynamically
regulated during spinal cord regeneration in the axolotl. My first prediction was that the
axolotl expresses a homolog of the Notch1 receptor that has been shown to be involved in
spinal cord regeneration in other species (Dias et al., 2012) and that a downregulation of
this receptor’s expression would occur during spinal cord regeneration. I provided
evidence that the axolotl does indeed express a homolog of the Notch1 receptor and that
its expression is decreased in regenerating spinal cord tissue at 7 days following an
amputation injury. It is possible that Notch downregulation is required for several proregenerative responses like axon regeneration, the proliferation of neural progenitors, and
production of newborn neurons and glial cells while preventing inhibitory responses like
the expansion of GFAP+ glial cells. Although my data do not directly support this,
findings from studies of other regeneration-competent species do, and indicate an avenue
for future studies.
I also predicted that because Notch may need to be dynamically regulated during
spinal cord regeneration, constant indirect Notch inhibition with DAPT would negatively
affect caudal extension of the ependymal tube and delay the regeneration process. I found
that DAPT did not completely inhibit spinal cord regeneration, but significantly delayed
it in keeping with my prediction.
A second prediction was that the Notch downstream target gene, Hes1, would be
expressed in the spinal cord regenerate source zone when ERG cells downregulate
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proneural genes such as Pax6, Tfap2b, and Dbx2 (Albors et al., 2015). Hes1 was indeed
expressed in cells of the source zone of the 3-day injured, but not uninjured spinal cords.
Considering that DAPT has been shown to induce neural progenitor differentiation, it is
possible that its constant application caused a premature depletion of the progenitor pool
in the regenerating spinal cord, impairing regeneration. Together with my previous data
demonstrating that Notch expression decreases in the regenerating spinal cord, this
implies that Notch is still required at some level for successful regeneration to occur.
In summary, these data further contribute to the limited but promising evidence
that Notch signalling is involved in regeneration and functional recovery following spinal
cord injury in regeneration-competent species like the axolotl. Furthermore, the
regulation of Notch in regeneration-capable species appears to contrast with that occurs
in mammals, preventing functional recovery following injury. My proposed model (see
Figure 24) summarizes the effects of these differential regulation of Notch following
spinal cord injury and demonstrates that in mammals, the upregulation of Notch prevents
neurogenesis, promotes astrogliogenesis and glial scar formation, and ultimately prevents
functional recovery while the dynamic regulation of Notch in regeneration-competent
species like the axolotl may promote pro-regenerative responses like neurogenesis, axon
regeneration, and maintenance of the glial marker, GFAP, at appropriate levels. These
data can be explored through additional research and represent a future avenue for
therapeutic interventions whereby Notch signalling is regulated following spinal cord
injury in humans.
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Figure 24. Proposed model for the effects of Notch signalling following spinal cord
injury in the mammals and the axolotl. This model demonstrates that following spinal
cord injury in mammals, functional recovery is prevented by the inability for neural
progenitors to differentiate into new neurons to replace those that have been lost or
damaged. Rather than generate neurons, neural progenitors proliferate and differentiate
into scar-forming astrocytes that act as a physical and chemical barrier to axonal growth.
The upregulation of the Notch singling pathway following injury has been shown to
contribute to this inhibitory environment. Comparatively, progenitor cells in the axolotl
produce new neurons and a glial scar is not formed, resulting in functional recovery. It
appears that Notch is differentially regulated in regeneration competent species like the
axolotl following spinal cord injury compared to mammals, which results in functional
recovery. Created using Biorender.com.

4.2 Generation of axolotl opto-Notch
The final aim of my thesis was to modify an existing optogenetic tool named
opto-Notch developed by Gregory Foran in Dr. Necakov's lab at Brock University for its
future use to achieve temporal and spatial control over Notch upregulation during axolotl
spinal cord regeneration. I accomplished this by replacing the human NICD with the
axolotl NICD1 and by evaluating and identifying appropriate membrane tethers to
prevent nuclear localization of the intact construct. I have also supported the previously
established functionality of opto-Notch by demonstrating that TEV-mediated cleavage
and nuclear localization of the GFP-tagged axolotl NICD1 can be controlled in a lightdependent manner. I also demonstrated that a Gly → Cys amino acid mutation in the core
domain of AsLOV prevented TEV-mediated cleavage of the axolotl NICD, which is
likely to be a result of the AsLOV domain failing to open upon light exposure. Although
the discovery of this non-functional version of axolotl opto-Notch was serendipitous, it
will be useful in future studies where it can be used as a negative control.
I have previously discussed the role of Notch downregulation during spinal cord
regeneration in the axolotl and how this downregulation contrasts with its upregulation
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following spinal cord injury in mammals (see Figure 18). The future in vivo application
of this axolotl Opto-Notch construct will ultimately contribute to our understanding of the
role that Notch plays during spinal cord regeneration in axolotls and will enable us to
further explore the dynamic regulation of this critical signalling pathway in response to
injury.
4.3 Future perspectives
The work described in this thesis has provided preliminary evidence that Notch1
signalling needs to be dynamically regulated in order to contribute to the establishment of
a regeneration permissive environment in the damaged axolotl spinal cord. Clearly much
more needs to be done. Initially, future studies should include Western blotting and
immunohistochemistry experiments to more thoroughly determine both the spatial and
temporal patterns of expression of Notch and its downstream targets to build upon my
preliminary qPCR and ISH data.
I have also demonstrated that constant bath application of DAPT impaired axolotl
spinal cord regeneration over a 15-day period, demonstrating the potential requirement
for Notch signalling during spinal cord regeneration. To establish the precise stages when
increased Notch signalling may be absolutely required, (e.g., during the early stages of
regeneration when Hes1 is expressed in the spinal cord regenerate source zone), DAPT
can be administered by application of stage-specific pulses, such as after 4 days following
injury when ERG proliferation increases (Albors et al., 2015; Rost et al., 2016).
Considering that only gross morphological consequences of DAPT treatment were
evaluated in this thesis, an immunohistochemical examination of the relative proportions
of proliferating progenitor cells as well as neural, glial and other non-neural populations
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resulting from Notch inhibition will help determine whether premature depletion of the
progenitor pool is indeed occurring under these conditions.
The generation of a tool such as axolotl opto-Notch comes with a remarkable
amount of potential regarding the types of questions that can be answered with respect to
the role that Notch signalling plays during spinal cord regeneration. Importantly, it is
designed in such a way that its expression can be driven by a variety of cell-specific
promoters. The ability to upregulate Notch in specific cell types would be beneficial in
future studies since Notch signalling may play different roles in a variety of cell types
like neurons and ERG cells during axolotl spinal cord regeneration. For example, using
the β-tubulin promoter (Khattak et al., 2013) to drive axolotl opto-Notch expression in
neurons will allow for Notch upregulation during cellular events like growth cone
formation and axon regeneration at a time when decreased Notch signalling promotes
these behaviours. Axolotl opto-Notch can also be expressed in ERGs using the Sox2 (Fei
et al., 2017) or GFAP (Sabin et al, 2019) promoters to evaluate the effects Notch
upregulation has on their contribution to the regenerating spinal cord. Alternatively,
axolotl opto-Notch can be first used in its current state with the constitutively active
CMV promoter to determine whether Notch upregulation in any transfected cells affects
spinal cord regeneration.
In conclusion, this thesis provides evidence that the Notch signalling pathway
is dynamically regulated during spinal cord regeneration in the axolotl and further
characterizes a valuable genetic tool that allows for light-dependent control of NICDmediated Notch signalling in vivo. These data, together with those from future studies
outlined above, will contribute to our understanding of the complex molecular events and
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interwoven signaling pathways that distinguish the mammalian and axolotl responses to
spinal cord injury that result in functionally complete regeneration in the latter.
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Appendix
Appendix Table 1. DNA Sequence of Synthetic Protein Constructs. The DNA
sequence of synthetically engineered proteins used throughout the various experiments.
The colour of the DNA nucleotides corresponds with the colour of the resulting protein.
Protein
Construct
Opto-Notch:
Lyn-CIBNNTEVAsLOVNICD-GFP

DNA Sequence
AGTCACCATGGGATGTATTAAATCAAAAAGGAAAGACGGGAGCG
CTAGCGCCGCCACCATGAATGGAGCTATAGGAGGTGACCTTTTGC
TCAATTTTCCTGACATGTCGGTCCTAGAGCGCCAAAGGGCTCACC
TCAAGTACCTCAATCCCACCTTTGATTCTCCTCTCGCCGGCTTCTT
TGCCGATTCTTCAATGATTACCGGCGGCGAGATGGACAGCTATCT
TTCGACTGCCGGTTTGAATCTTCCGATGATGTACGGTGAGACGAC
GGTGGAAGGTGATTCAAGACTCTCAATTTCGCCGGAAACGACGCT
TGGGACTGGAAATTTCAAGGCAGCGAAGTTTGATACAGAGACTA
AGGATTGTAATGAGGCGGCGAAGAAGATGACGATGAACAGAGAT
GACCTAGTAGAAGAAGGAGAAGAAGAGAAGTCGAAAATAACAG
AGCAAAACAATGGGAGCACAAAAAGCATCAAGAAGATGAAACA
CAAAGCCAAGAAAGAAGAGAACAATTTCTCTAATGATTCATCTAA
AGTGACGAAGGAATTGGAGAAAACGGATTATATTATCTGGGTAA
GATCTGGTGAGAGCTTGTTTAAGGGGCCGCGTGATTACAACCCGA
TATCGAGCACCATTTGTCATTTGACGAATGAATCTGATGGGCACA
CAACATCGTTGTATGGTATTGGATTTGGTCCCTTCATCATTACAAA
CAAGCACTTGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATC
ACTACATGGTGTATTCAAGGTCAAGAACACCACGACTTTGCAACA
ACACCTCATTGATGGGAGGGACATGATAATTATTCGCATGCCTAA
GGATTTCCCACCATTTCCTCAAAAGCTGAAATTTAGAGAGCCACA
AAGGGAAGAGCGCATATGTCTTGTGACCACAAACTTTCAGGAGCT
CGGTAGTGGTAGTGGGGAGTTTCTGGCAACCACACTGGAACGGAT
CGAGAAAAATTTCGTGATTACTGATCCGAGACTGCCTGACAACCC
AATCATTTTTGCGAGCGATTCCTTCCTGCAGCTGACAGAATATTCT
CGGGAAGAGATCCTGGGGCGCAATTGCCGTTTTCTGCAGGGACCC
GAGACAGACCGTGCCACTGTTCGGAAAATCAGAGATGCTATTGAC
AACCAGACTGAAGTGACCGTTCAGCTGATCAATTATACCAAGAGC
GGCAAGAAGTTCTGGAACGTGTTCCACCTGCAGCCGATGCGCGAT
TATAAGGGCGACGTCCAGTACTTCATTGGCGTGCAGCTGGATGGC
ACCGAACGTCTTCATGGCGCCGCTGAGCGTGAGGCGGTCTGCCTG
ATCAAAAAGACAGCCTTTCAGATTGCTGAGAACCTGTACTTCCAG
TCTGTCCTGGTGTCCCGCAAGCGGCACCGGGAGCACGGGCAGCTC
TGGTTCCCCGAAGGCTTCAAAGTGACTGAGAACAACAAGAAGAA
GCGACGCGAGCCTCTAGGGGAGGATTCCGTGGGTTTGAAACCCCT
AAAAAATTCCACTGACTTAATGGATGACAACCAGAATGAGTGGG
GTGATGAAGAAACACTGGATAGCAAAAGATTTAGGTTTGAAGAG
CAGTCGATGTTAGCGGACATGAACGATCAGCCCGATCACCGGCA
GTGGACCCAGCAGCACCTGGACGCTGCTGACCTGCGAATCCCTGC
CATGGCCCCGACCCCACCGCAAGGCGAGATTGATGCAGACTGCAT
147

GGATGTGAATGTTCGTGGTCCCGGGGGGTTTACCCCACTTATGAT
CGCTTCATGCAGCGGTGGAGGACTCGAAACGGGGAACAGTGAAG
AGGAGGAGGACGCCTCCGCCAACATGATTTCAGACTTCCTCTATC
AAGGTGCCAATCTGCACAATCAGACCGACCGAACAGGAGAGACG
GCCCTCCACTTGGCAGCACGGTATGCACGCTCAGACGCCGCTAAG
CGCCTGCTGGAGGCGAGCGCCGATGCCAACGTTCAGGACAACAT
GGGGAGGACCCCGCTCCATGCTGCTGTTGCTGCTGATGCTCAGGG
TGTCTTCCAGATTCTGATCAGGAACCGAGCTACCGACCTGGATGC
CCGTATGCAGGATGGAACAACCCCTTTGATTTTGGCAGCGCGCCT
GGCAGTGGAGGGCATGGTGGAAGAGCTCATCAACTCCCAGGCCG
ATGTCAACTCAGTGGACGACCTCGGTAAATCGGCTCTCCATTGGG
CTGCCGCTGTGAACAATGTGGACGCTGCGATGGTACTTCTGAAGA
ATGGGGCCAATAAAGACATGCAAGACAATAAGGAGGAAACTCCA
TTGTTTCTTGCGGCAAGGGAAGGAAGCTATGAGACCGGCAAAGTT
CTCTTGGAAAACTTCGCAAACCGAGACATCACTGATCACATGGAC
AGGCTGCCCCGAGACATTGCTCAAGAGCGCATGCACCATGACATT
GTGCGACTGCTGGACGAGTATAACCTAGTGCGGAGCCCACAGAT
GCAAAATGGTCTTGGGGGACCCACATTGTCACCTCAAATTTGCTC
TCCCAATGGTTACATGGCCAACATGAAACCTGCTGCTCATGGCAA
GAAAGCCAGAAAGCAAAGTATCAAAAGCAATGGCTGCAGTGGAA
AAGAGTCCAAAGACATGAAGGCCAGGAGGAAAAAATCACAAGAT
GGCAAAAGTCTCCTGGATGGCTCTGGTGGATTGTCGCCAGTAGAC
TCCCTTGAATCTCCTCACGGATACATTTCAGATGTTGCTTCCCCGC
CACTGATGACCTCTCCATTTCAGCAGTCCCCATCAATGGCTCTGA
ATCATTTGCCGGGAATTACTGACGCCCACATGACCCATAGTCATC
ACGGTATGTCCGTAAAGCAGGACATGCCAATGGCAAGCTCCAAC
AGAATGACATTCGAGTCGGGACCTCCGCGCCTTTCCCATCTCTCT
GTATCAAGCCCCAGTACTGTAATGAGCAGTGGATCTTTAAACTTT
ACTGTAGGTGGGCGGCCACCCATGAATGGCCAGTGTGATTGGCTG
ACAAGGTTACAAAATGAGATGGTTTCGAACCCGTACACTGCACTG
AGGAATGGTGTCCCGTCTGGTGCCCACCAACAAGCTCATGGCATG
ATGACATCCCTGCAAAATGGCTTGCCTACAACAAGCTTGTCCCAA
ATGATTGGCTACCAGGCCATGACAAACACCAGGCTGGGCACACA
AACCCATTTGTTGCAGCCTCAGCAGTTACAGCAAATTCAGCAGCA
GATACAGCAGCATCAAATGCAGCAGCAGCAAAATATGCAGCAGC
AACACCACAATTCTAGCTCCACTGCTAACAATCATATTGGTCAAG
TATTCTGCAGTAATGAGTTAACCCAGGCAGACCTGCAGCAGATGA
CAGGCAACAATATGGCTGTCCATACAATTTTGCCTCAAGATACCC
AGCTACTAACATCATCGCTGCCAGCCTCTCTGACCCAGTCTATGG
CGACTACACAGTTTTTAACCCCACCATCCCAACACAGTTACTCTTC
CCCTATGGATAACACCCCTAACCACCAACTTCAAGTGTCAGATCA
CCCCTTTTTGACTCCATCCCCTGAATCACCAGACCAATGGTCAAG
CTCCTCGCCACATTCCAACATTTCCGATTGGTCAGAAGGTATTTCT
AGCCCTCCTACAAGTATGCAGGCACAAATGGGGCATATCCCAGA
GGCATTTGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGC
CCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCA
148

Opto-Notch:
mCD8- CIBNNTEVAsLOVNICD-GFP

GCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTG
ACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGG
CCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGC
CGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCC
ATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGAC
GACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGA
CACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGG
AGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAAC
AGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCAT
CAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCG
TGCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACG
GCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCG
CCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTG
CTGGAGTTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAG
CTGTACAAGTAA
ATGGCCTCACCGTTGACCCGCTTTCTGTCGCTGAACCTGCTGCTGC
TGGGTGAGTCGATTATCCTGGGGAGTGGAGAAGCTAAGCCACAG
GCACCCGAACTCCGAATCTTTCCAAAGAAAATGGACGCCGAACTT
GGTCAGAAGGTGGACCTGGTATGTGAAGTGTTGGGGTCCGTTTCG
CAAGGATGCTCTTGGCTCTTCCAGAACTCCAGCTCCAAACTCCCC
CAGCCCACCTTCGTTGTCTATATGGCTTCATCCCACAACAAGATA
ACGTGGGACGAGAAGCTGAATTCGTCGAAACTGTTTTCTGCCATG
AGGGACACGAATAATAAGTACGTTCTCACCCTGAACAAGTTCAGC
AAGGAAAACGAAGGCTACTATTTCTGCTCAGTCATCAGCAACTCG
GTGATGTACTTCAGTTCTGTCGTGCCAGTCCTTCAGAAAGTGAAC
TCTACTACTACCAAGCCAGTGCTGCGAACTCCCTCACCTGTGCAC
CCTACCGGGACATCTCAGCCCCAGAGACCAGAAGATTGTCGGCCC
CGTGGCTCAGTGAAGGGGACCGGATTGGACTTCGCCTGTGATATT
TACATCTGGGCACCCTTGGCCGGAATCTGCGTGGCCCTTCTGCTGT
CCTTGATCATCACTCTCATCTGCTACCACAGCCGCAGCGCTAGCG
CCGCCACCATGAATGGAGCTATAGGAGGTGACCTTTTGCTCAATT
TTCCTGACATGTCGGTCCTAGAGCGCCAAAGGGCTCACCTCAAGT
ACCTCAATCCCACCTTTGATTCTCCTCTCGCCGGCTTCTTTGCCGA
TTCTTCAATGATTACCGGCGGCGAGATGGACAGCTATCTTTCGAC
TGCCGGTTTGAATCTTCCGATGATGTACGGTGAGACGACGGTGGA
AGGTGATTCAAGACTCTCAATTTCGCCGGAAACGACGCTTGGGAC
TGGAAATTTCAAGGCAGCGAAGTTTGATACAGAGACTAAGGATT
GTAATGAGGCGGCGAAGAAGATGACGATGAACAGAGATGACCTA
GTAGAAGAAGGAGAAGAAGAGAAGTCGAAAATAACAGAGCAAA
ACAATGGGAGCACAAAAAGCATCAAGAAGATGAAACACAAAGCC
AAGAAAGAAGAGAACAATTTCTCTAATGATTCATCTAAAGTGACG
AAGGAATTGGAGAAAACGGATTATATTATCTGGGTAAGATCTGGT
GAGAGCTTGTTTAAGGGGCCGCGTGATTACAACCCGATATCGAGC
ACCATTTGTCATTTGACGAATGAATCTGATGGGCACACAACATCG
TTGTATGGTATTGGATTTGGTCCCTTCATCATTACAAACAAGCACT
TGTTTAGAAGAAATAATGGAACACTGTTGGTCCAATCACTACATG
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GTGTATTCAAGGTCAAGAACACCACGACTTTGCAACAACACCTCA
TTGATGGGAGGGACATGATAATTATTCGCATGCCTAAGGATTTCC
CACCATTTCCTCAAAAGCTGAAATTTAGAGAGCCACAAAGGGAA
GAGCGCATATGTCTTGTGACCACAAACTTTCAGGAGCTCGGTAGT
GGTAGTGGGGAGTTTCTGGCAACCACACTGGAACGGATCGAGAA
AAATTTCGTGATTACTGATCCGAGACTGCCTGACAACCCAATCAT
TTTTGCGAGCGATTCCTTCCTGCAGCTGACAGAATATTCTCGGGA
AGAGATCCTGGGGCGCAATTGCCGTTTTCTGCAGGGACCCGAGAC
AGACCGTGCCACTGTTCGGAAAATCAGAGATGCTATTGACAACCA
GACTGAAGTGACCGTTCAGCTGATCAATTATACCAAGAGCGGCAA
GAAGTTCTGGAACGTGTTCCACCTGCAGCCGATGCGCGATTATAA
GGGCGACGTCCAGTACTTCATTGGCGTGCAGCTGGATGGCACCGA
ACGTCTTCATGGCGCCGCTGAGCGTGAGGCGGTCTGCCTGATCAA
AAAGACAGCCTTTCAGATTGCTGAGAACCTGTACTTCCAGTCTGT
CCTGGTGTCCCGCAAGCGGCACCGGGAGCACGGGCAGCTCTGGTT
CCCCGAAGGCTTCAAAGTGACTGAGAACAACAAGAAGAAGCGAC
GCGAGCCTCTAGGGGAGGATTCCGTGGGTTTGAAACCCCTAAAAA
ATTCCACTGACTTAATGGATGACAACCAGAATGAGTGGGGTGATG
AAGAAACACTGGATAGCAAAAGATTTAGGTTTGAAGAGCAGTCG
ATGTTAGCGGACATGAACGATCAGCCCGATCACCGGCAGTGGAC
CCAGCAGCACCTGGACGCTGCTGACCTGCGAATCCCTGCCATGGC
CCCGACCCCACCGCAAGGCGAGATTGATGCAGACTGCATGGATGT
GAATGTTCGTGGTCCCGGGGGGTTTACCCCACTTATGATCGCTTC
ATGCAGCGGTGGAGGACTCGAAACGGGGAACAGTGAAGAGGAG
GAGGACGCCTCCGCCAACATGATTTCAGACTTCCTCTATCAAGGT
GCCAATCTGCACAATCAGACCGACCGAACAGGAGAGACGGCCCT
CCACTTGGCAGCACGGTATGCACGCTCAGACGCCGCTAAGCGCCT
GCTGGAGGCGAGCGCCGATGCCAACGTTCAGGACAACATGGGGA
GGACCCCGCTCCATGCTGCTGTTGCTGCTGATGCTCAGGGTGTCTT
CCAGATTCTGATCAGGAACCGAGCTACCGACCTGGATGCCCGTAT
GCAGGATGGAACAACCCCTTTGATTTTGGCAGCGCGCCTGGCAGT
GGAGGGCATGGTGGAAGAGCTCATCAACTCCCAGGCCGATGTCA
ACTCAGTGGACGACCTCGGTAAATCGGCTCTCCATTGGGCTGCCG
CTGTGAACAATGTGGACGCTGCGATGGTACTTCTGAAGAATGGGG
CCAATAAAGACATGCAAGACAATAAGGAGGAAACTCCATTGTTT
CTTGCGGCAAGGGAAGGAAGCTATGAGACCGGCAAAGTTCTCTT
GGAAAACTTCGCAAACCGAGACATCACTGATCACATGGACAGGC
TGCCCCGAGACATTGCTCAAGAGCGCATGCACCATGACATTGTGC
GACTGCTGGACGAGTATAACCTAGTGCGGAGCCCACAGATGCAA
AATGGTCTTGGGGGACCCACATTGTCACCTCAAATTTGCTCTCCC
AATGGTTACATGGCCAACATGAAACCTGCTGCTCATGGCAAGAAA
GCCAGAAAGCAAAGTATCAAAAGCAATGGCTGCAGTGGAAAAGA
GTCCAAAGACATGAAGGCCAGGAGGAAAAAATCACAAGATGGCA
AAAGTCTCCTGGATGGCTCTGGTGGATTGTCGCCAGTAGACTCCC
TTGAATCTCCTCACGGATACATTTCAGATGTTGCTTCCCCGCCACT
GATGACCTCTCCATTTCAGCAGTCCCCATCAATGGCTCTGAATCAT
150
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TTGCCGGGAATTACTGACGCCCACATGACCCATAGTCATCACGGT
ATGTCCGTAAAGCAGGACATGCCAATGGCAAGCTCCAACAGAAT
GACATTCGAGTCGGGACCTCCGCGCCTTTCCCATCTCTCTGTATCA
AGCCCCAGTACTGTAATGAGCAGTGGATCTTTAAACTTTACTGTA
GGTGGGCGGCCACCCATGAATGGCCAGTGTGATTGGCTGACAAG
GTTACAAAATGAGATGGTTTCGAACCCGTACACTGCACTGAGGAA
TGGTGTCCCGTCTGGTGCCCACCAACAAGCTCATGGCATGATGAC
ATCCCTGCAAAATGGCTTGCCTACAACAAGCTTGTCCCAAATGAT
TGGCTACCAGGCCATGACAAACACCAGGCTGGGCACACAAACCC
ATTTGTTGCAGCCTCAGCAGTTACAGCAAATTCAGCAGCAGATAC
AGCAGCATCAAATGCAGCAGCAGCAAAATATGCAGCAGCAACAC
CACAATTCTAGCTCCACTGCTAACAATCATATTGGTCAAGTATTCT
GCAGTAATGAGTTAACCCAGGCAGACCTGCAGCAGATGACAGGC
AACAATATGGCTGTCCATACAATTTTGCCTCAAGATACCCAGCTA
CTAACATCATCGCTGCCAGCCTCTCTGACCCAGTCTATGGCGACT
ACACAGTTTTTAACCCCACCATCCCAACACAGTTACTCTTCCCCTA
TGGATAACACCCCTAACCACCAACTTCAAGTGTCAGATCACCCCT
TTTTGACTCCATCCCCTGAATCACCAGACCAATGGTCAAGCTCCTC
GCCACATTCCAACATTTCCGATTGGTCAGAAGGTATTTCTAGCCCT
CCTACAAGTATGCAGGCACAAATGGGGCATATCCCAGAGGCATTT
GTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCT
GGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGT
CCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTG
AAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACC
CTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTAC
CCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCATGCCC
GAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGC
AACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCT
GGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACG
GCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCAC
AACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAAGGT
GAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGC
TCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCG
TGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGA
GCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGAG
TTCGTGACCGCCGCCGGGATCACTCTCGGCATGGACGAGCTGTAC
AAGTAA
AGTCACCATGAAGATGGACAAAAAGACTATAGTTTGGTTTAGAA
GAGACCTAAGGATTGAGGATAATCCTGCATTAGCAGCAGCTGCTC
ACGAAGGATCTGTTTTTCCTGTCTTCATTTGGTGTCCTGAAGAAGA
AGGACAGTTTTATCCTGGAAGAGCTTCAAGATGGTGGATGAAACA
ATCACTTGCTCACTTATCTCAATCCTTGAAGGCTCTTGGATCTGAC
CTCACTTTAATCAAAACCCACAACACGATTTCAGCGATCTTGGAT
TGTATCCGCGTTACCGGTGCTACAAAAGTCGTCTTTAACCACCTCT
ATGATCCTGTTTCGTTAGTTCGGGACCATACCGTAAAGGAGAAGC
TGGTGGAACGTGGGATCTCTGTGCAAAGCTACAATGGAGATCTAT
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TGTATGAACCGTGGGAGATATACTGCGAAAAGGGCAAACCTTTTA
CGAGTTTCAATTCTTACTGGAAGAAATGCTTAGATATGTCGATTG
AATCCGTTATGCTTCCTCCTCCTTGGCGGTTGATGCCAATAACTGC
AGCGGCTGAAGCGATTTGGGCGTGTTCGATTGAAGAACTAGGGCT
GGAGAATGAGGCCGAGAAACCGAGCAATGCGTTGTTAACTAGAG
CTTGGTCTCCAGGATGGAGCAATGCTGATAAGTTACTAAATGAGT
TCATCGAGAAGCAGTTGATAGATTATGCAAAGAACAGCAAGAAA
GTTGTTGGGAATTCTACTTCACTACTTTCTCCGTATCTCCATTTCG
GGGAAATAAGCGTCAGACACGTTTTCCAGTGTGCCCGGATGAAAC
AAATTATATGGGCAAGAGATAAGAACAGTGAAGGAGAAGAAAGT
GCAGATCTTTTTCTTAGGGGAATCGGTTTAAGAGAGTATTCTCGG
TATATATGTTTCAACTTCCCGTTTACTCACGAGCAATCGTTGTTGA
GTCATCTTCGGTTTTTCCCTTGGGATGCTGATGTTGATAAGTTCAA
GGCCTGGAGACAAGGCAGGACCGGTTATCCGTTGGTGGATGCCG
GAATGAGAGAGCTTTGGGCTACCGGATGGATGCATAACAGAATA
AGAGTGATTGTTTCAAGCTTTGCTGTGAAGTTTCTTCTCCTTCCAT
GGAAATGGGGAATGAAGTATTTCTGGGATACACTTTTGGATGCTG
ATTTGGAATGTGACATCCTTGGCTGGCAGTATATCTCTGGGAGTA
TCCCCGATGGCCACGAGCTTGATCGCTTGGACAATCCCGCGTTAC
AAGGCGCCAAATATGACCCAGAAGGTGAGTACATAAGGCAATGG
CTTCCCGAGCTTGCGAGATTGCCAACTGAATGGATCCATCATCCA
TGGGACGCTCCTTTAACCGTACTCAAAGCTTCTGGTGTGGAACTC
GGAACAAACTATGCGAAACCCATTGTAGACATCGACACAGCTCGT
GAGCTACTAGCTAAAGCTATTTCAAGAACCCGTGGAGCACAGATC
ATGATCGGAGCAGCAGTGAGCAAGGGCGAGGAGGATAACATGGC
CATCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCTC
CGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCC
GCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAG
GGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGTCCCCTCAGTTCA
TGTACGGCTCCAAGGCCTACGTGAAGCACCCCGCCGACATCCCCG
ACTACTTGAAGCTGTCCTTCCCCGAGGGCTTCAAGTGGGAGCGCG
TGATGAACTTCGAGGACGGCGGCGTGGTGACCGTGACCCAGGAC
TCCTCCCTGCAGGACGGCGAGTTCATCTACAAGGTGAAGCTGCGC
GGCACCAACTTCCCCTCCGACGGCCCCGTAATGCAGAAGAAGACC
ATGGGCTGGGAGGCCTCCTCCGAGCGGATGTACCCCGAGGACGG
CGCCCTGAAGGGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACG
GCGGCCACTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAG
AAGCCCGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTG
GACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTAC
GAACGCGCCGAGGGCCGCCACTCCACCGGCGGCATGGACGAGCT
GTACAAGATCTGGGTAAGATCTGGTATGTCTAGCATGGTGTCAGA
CACTAGTTGCACATTCCCTTCATCTGATGGCATATTCTGGAAGCAT
TGGATTCAAACCAAGGATGGGCAGTGTGGCAGTCCATTAGTATCA
ACTAGAGATGGGTTCATTGTTGGTATACACTCAGCATCGAATTTC
ACCAACACAAACAATTATTTCACAAGCGTGCCGAAAAACTTCATG
GAATTGTTGACAAATCAGGAGGCGCAGCAGTGGGTTAGTGGTTG
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GCGATTAAATGCTGACTCAGTATTGTGGGGGGGCCATAAAGTTTT
CATGGTGAAACCTGAAGAGCCTTTTCAGCCAGTTAAGGAAGCGAC
TCAACTCATGA

Appendix Figure 1. Multiple sequence alignment of sequenced Lyn-tethered axolotl
opto-Notch plasmid with the expected sequence. Sequence alignment of the plasmid
backbone and Lyn (red box) membrane domain region of the plasmid showing no
sequencing errors and the successful joining of the plasmid backbone and Lyn DNA
fragments. The alignment also shows that the beginning of the CIBN (pink box) sequence
is in the correct frame. Query = nucleotide sequence from sequenced plasmid, Sbjct =
subject = expected nucleotide sequence.
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Appendix Figure 2. Multiple sequence alignment of sequenced mCD8-tethered
axolotl opto-Notch plasmid with the expected sequence. Sequence alignment of the
CMV promoter (black box) and mCD8 (red box), CIBN (pink box), NTEV (orange box),
AsLOV (blue box), and the beginning of the axolotl NICD1 (purple box) showing that
there are no sequencing errors or mutations and that all DNA fragments have been joined
properly. Query = nucleotide sequence from sequenced plasmid, Sbjct = subject =
expected nucleotide sequence.
Appendix Table 2. List of Primers
PRIMER NAME
AXOLOTL NICD
1 AMP F
AXOLOTL NICD
1 AMP R
NICD
STARTSEQ REV
NICD ENDSEQ
FOR
NICD MIDSEQ
FOR
NICD MIDSEQ
REV
NICD
STARTMID F
NICD ENDMID R

SEQUENCE 5’-3’
GTCCTGGTGTCCCGCAAGC
AAATGCCTCTGGGATATGCCCC
ATGCAGTCTGCATCAAT
AAGTATTCTGCAGTAATGAG
ATTCTGATCAGGAACC
CCACCTACAGTAAAGTTT
GACCTGCGAATCC
ATTGTATGGACAGCC
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GFP NOTCH
SEAM REV
ASLOV-AXO
NICD REV
AXO NICDASLOV FOR
AXO NICD-GFP
REV
GFP-AXO NICD
FOR
AXO NICDASLOV F3
ASLOV-AXO
NICD R3
HES1 ISH AMP F
HES1 ISH AMP
R
HES1 T7 FOR
HES1 T7 REV
ISH SOX2 FWD
ISH SOX2 REV
ISH SOX2 T7
REV
NOTCH1 QPCR
F1
NOTCH1 QPCR
R1
MCD8-CIBN F
CIBN-NTEV F
MCD8-SEQ REV
NTEV-ASLOV
SEQ F
GFP REVMXXHS BGHPA
MCD8-MXXHS F
MCD8-CIBN R
CIBN-MCD8 F
LYN FWDMXXHS CMV

GAACTTCAGGGTCAG
TTGCGGGACACCAGGACAGACTGGAAGTACAGGTTCTCAGC
GCTGAGAACCTGTACTTCCAGTCTGTCCTGGTGTCCCGCAA
CCTCGCCCTTGCTCACAAATGCCTCTGGGATATGCCCCATTTGTGCC
GGCATATCCCAGAGGCATTTGTGAGCAAGGGCGAGG
GAGAACCTGTACTTCCAGAGTCGCAAGCGGCACCGGGAGCA
GGTGCCGCTTGCGACTCTGGAAGTACAGGTTCTCAG
AAGTCCTCAAAGCCCATCAT
GAAGCCGCCGTAGACTTTAG
GTAATACGACTCACTATAGAAGTCCTCAAAGCCCATCAT
GTAATACGACTCACTATAGGAAGCCGCCGTAGACTTTAG
TGGCAATCAGGAAGAAAGTC
GCAAATGACAGAGCCGAACT
GTAATACGACTCACTATAGGCAAATGACAGAGCCGAACT
GCAATAACGCAGAATGTGAA
GAGGAAGTTGAAGGAGTTGT
TGTCCTTGATCATCAC
GGAATTGGAGAAAACGG
CCGACATGTCAGGA
CGCGTGATTACAACCCG
AGTCATTCATTCACAAGCTTTACTTGTACAGCTCGTCCATG
GTCAGATCCGCTAGGGATCTCAGTCACCATGGCCTCACCG
GGCGGCGCTAGCGCTGCGGCTGTGGTAGCA
TCATCTGCTACCACAGCCGCAGCGCTAGCGCCG
CAGATCCGCTAGGGATCTCAGtCACCATGGGATGTATTAAATC
AAAAAGG
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Appendix Table 3. List of Solutions
SOLUTION
5X GEL TANK DENATURING
RUNNING BUFFER

10X PROTEIN TRANSFER BUFFER
(PTB)
10X PHOSPHATE BUFFERED
SALINE (PBS)

2X LAEMELLI BUFFER

1X PROTEIN TRANSFER BUFFER
(PTB)

1X GEL TANK DENATURING
RUNNING BUFFER
1X PHOSPHATE BUFFERED
SALINE (PBS)
1X DEPC-TREATED PHOSPHATE
BUFFERED
SALINE (PBS)
1X PBS/0.1%TWEEN-20
1X PBS/3% NON-FAT MILK
POWDER /0.1% TWEEN-20
7% RESOLVING GEL
(2 GELS FOR WESTERN BLOT)

DIRECTIONS
30.28g Tris
144.13g Glycine
10g SDS
Add MilliQ to 2L
30.28 Tris
144.13 Glycine
Add MilliQ to 1L
80g NaCl
2g KCl
14.2g Na2HPO4
2.4g KH2PO4
Add MilliQ to 800 mL
Adjust pH to 7.4
Add MilliQ to 1L
5 mL 0.5M Tris HCl pH = 7.0
5 mL MilliqQ
1.2 g SDS
4 mL glycerol
2 mL bromophenol blue solution (1mg in
1mL MilliqQ)
620 mg dithiothreitol (DTT)
100mL 10x PTB
600mL MilliQ
200mL Methanol
Add MilliQ to 1L
200mL 5x Gel Tank Denaturing Running
Buffer
Add MilliQ to 1L
100mL 10x PBS
Add MilliQ to 1L
Make 1xPBS solution
Add 1mL DEPC to 1L solution
Incubate at 37oC for 2h
Autoclave for 20 min
Make 1xPBS soln
1mL Tween-20 for 1L solution
Make 1x PBS soln
30mg of Milk powder
1mL Tween-20 for 1L solution
9.8 mL MilliQ
5.0 mL 1.5M Tris HCl (pH 8.8)
5.0 mL Bis-acrylamide 30% solution
100 μL 20% SDS
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4% STACKING GEL
(2 GELS FOR WESTERN BLOT)

HYBRIDIZATION SOLUTION

WASH SOLUTION #1

WASH SOLUTION #2

BLOCKING BUFFER (ISH)

20X SSC

AP BUFFER (50ML)

0.5M EDTA

100 μL APS
10 μL TEMED
7.4 mL MilliQ
1.25 mL 1.0 M 1.0 Tris-HCl (pH 6.8)
1.3 mL Bis-acrylamide 30% solution
50 μL 20% SDS
50 μL APS
10 μL TEMED
50% formamide
5X SSC
1mg/mL yest tRNA
0.1% Tween-20
50ug/mL Heparin
920uL 0.5M citric acid
9.48mL Nuclease-free water
2X SSC
50% Formamide
0.1% Tween-20
Nuclease-free water
1X SSC
25% formamide
0.1% Tween-20
Nuclease-free water
2% BSA
10% Sheep serum
Make in PBST
175.3g NaCl
88.2g Na2citrate-2H20
Add 800mL Nuclease-free water
1M citric acid to pH6.0
Adjust volume to 1L with Nuclease-free
water
100 mM TrisHCL pH9.5 (2.5 mL 2M)
50 mM MgCL2 (2.5 mL of 1M)
100 mM NaCl (1 mL of 5M)
0.1% Tween-20 (250 uL of 20% Tween20)
39.75 mL Nuclease-free water
1 mM Levamisol (24 mg in 1 mL
Nuclease-free water; use 0.5 mL 100mM
in 50 mLs AP buffer)
93.05 g EDTA
400 mL MilliQ water
Adjust to pH 8.0 with NaOH
Top up to 500 mL with MilliQ water
autoclave
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50X TAE (500 ML)

1X TAE (1L)

242g Tris
700 mL MilliQ water
57.1 mL 100% acetic acid
100 mL of 0.5M EDTA (pH 8.0)
Adjust to 1L with MilliQ water
20 mL 50X TAE
Adjust to 1L with MilliQ water

Macro used to determine % nuclear colocalization
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