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Lay Abstract

Spinal cord injury in mammals causes widespread neuronal cell death and paralysis. In
comparison, zebrafish regenerate damaged neurons and restore motor function. Radial glial cells
within the zebrafish spinal cord maintain stem-cell properties. Following injury, these cells
divide and replace motor neurons. Since mammals have similar cell-types within the spinal cord,
understanding the molecular cues driving this adaptive response is of great interest. Here, we
examined the evolutionarily conserved purinergic signaling system and found that the expression
of the P2X7 receptor varies significantly from mammals and promotes radial glia division

following injury.



Abstract

In contrast to mammals, adult zebrafish undergo successful neural regeneration following
spinal cord injury (SCI). Radial glia (RG) lining the zebrafish central canal undergo injury-
induced proliferation and subsequent neuronal differentiation to replace damaged cells and
restore motor function. However, the molecular mechanisms that underlie these processes remain
elusive. Here, we demonstrate that signaling through the evolutionarily conserved purinergic
P2X7 receptor is involved. Within the zebrafish spinal cord, P2X7 receptors have widespread
distribution with specific localization to neurons and radial glia. At the protein level, the
predominant P2X7 receptor isoforms in zebrafish did not include the full-length variant
expressed throughout the murine central nervous system, but two truncated splice variants. In
response to SCI, protein expression of the 50 kDa isoform became downregulated at 7 dpi and
returned to basal levels of expression at 14 and 21 dpi when compared to naive controls.
Meanwhile, expression of the 37 kDa isoform did not change following injury. Pharmacological
activation of P2X7 following SCI resulted in a greater number of proliferating cells around the
central canal by 7 dpi, while P2X7 inhibition appeared to have no effect. At 14 dpi, these
treatments did not have a significant effect on the number of neurons within the injured spinal
cord. This data indicates that P2X7 receptor activation is sufficient to induce cellular
proliferation, but not a necessary mediator of either proliferation or neurogenesis following SCI
in adult zebrafish. Our findings suggest that unlike in humans, P2X7 signaling may not play a

maladaptive role following SCI in adult zebrafish.
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1.1 Abstract

Within the last several decades, the scientific community has made substantial progress in
elucidating the complex pathophysiology underlying spinal cord injury. However, despite the
many advances using conventional mammalian models, both cellular and axonal regeneration
following spinal cord injury have remained out of reach. In this sense, turning to non-
mammalian, regenerative species presents a unique opportunity to identify pro-regenerative cues
and characterize a spinal cord microenvironment permissive to re-growth. Among the signaling
pathways hypothesized to be dysregulated during spinal cord injury is the purinergic signaling
system. In addition to its well-known role as energy currency in cells, ATP and its metabolites
are small molecule neurotransmitters that mediate many diverse cellular processes within the
central nervous system. While our understanding of the roles of the purinergic system following
spinal cord injury is limited, this signaling pathway has been implicated in all injury-induced
secondary processes, including cellular death, inflammation, reactive gliosis, and neural
regeneration. Given that the purinergic system is also evolutionarily conserved between
mammalian and non-mammalian species, comparisons of these roles may provide important
insights into conditions responsible for recovery success. Here, we compare the secondary
processes between key model species and the influence of purinergic signaling in each context.
As our understanding of this signaling system and pro-regenerative conditions continues to
evolve, so does the potential for the development of novel therapeutic interventions for spinal

cord injury.
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1.2 Introduction

Following spinal cord injury (SCI), functional recovery is extremely limited in adult
mammals. This lack of recovery is reflective of the collective failure of lesioned axons to re-
grow and damaged neurons to regenerate in the spinal cord following the primary trauma. The
result is a debilitating reduction in sensorimotor function and quality of life in approximately
770,000 people of all ages, genders, ethnicities, and socioeconomic backgrounds each year
(Kumar et al., 2018). In contrast to the devastating consequence of spinal cord injury in
mammals, several non-mammalian species within the vertebrate subphylum have a much higher
regenerative capacity within the central nervous system (CNS) and can undergo functional
recovery in adulthood. Although the underlying source of the regenerative differences between
regenerating and non-regenerating species is not fully understood, landmark work studying these
comparisons has begun to shed light on the defining features and characteristics of successful

regeneration and functional recovery.

While all vertebrates have a certain degree of regenerative capacity in the CNS during
development, by adulthood, this plasticity is highly restricted in birds and mammals. Limitations
to regeneration are largely attributed to a secondary cellular insult involving acute and chronic
processes of neuroinflammation, cellular death, reactive gliosis, and axonal degeneration within
the spinal cord following injury. The species who maintain some regenerative ability beyond
development appear to be members of the more primitive classes of vertebrates including
Agnatha (jawless fish), Reptilia, Amphibia, and Osteichthyes (teleost fish), suggesting that
regeneration is an ancestral trait that is diminished over evolution. Indeed, zebrafish (Danio
rerio) (Goldshmit et al., 2012; Hui et al., 2010; Reimer et al., 2008), sea lamprey (Petromyzon

marinus) (Herman et al., 2018), axolotl (Ambystoma mexicanum) (Sabin et al., 2019), knifefish
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(Apteronotus leptorhynchus) (Vitalo et al., 2016), goldfish (Carassius auratus) (Takeda et al.,
2015; Takeda et al., 2017), and newts (Notophthalmus viridescens) (Zukor et al., 2011) are all
non-mammalian vertebrate species with a preserved high degree of CNS regeneration capacity.
One particularly distinct difference between these select species and mammals is the ability to
undergo injury-induced neurogenesis following SCI (Goldshmit et al., 2012; Hui et al., 2010;
Joven & Simon, 2018; Reimer et al., 2008; Sirbulescu et al., 2009; Takeda et al., 2008). In adult
zebrafish for instance, newly generated motoneurons are integrated into the existing circuitry to
restore locomotion below the level of the lesion within 6 weeks post SCI (Reimer et al., 2008). A
further understanding of the neuroprotective and regenerative mechanisms in these species will
help to uncover the molecular cues associated with limiting secondary injury and promoting

regeneration and recovery.

One evolutionarily conserved family of signaling factors involved in various aspects of
secondary responses to injury in both regenerative and non-regenerative species is the purinergic
signaling system. Purinergic signaling has been associated with regulating cellular proliferation,
migration, differentiation, and survival during development and in adulthood (Burnstock &
Ulrich, 2011; Gomez-Villafuertes, 2016; Oliveira et al., 2016; Ribeiro et al., 2016). Purines and
pyrimidines, such as adenosine triphosphate (ATP) and uridine triphosphate (UTP) respectively,
along with their metabolites, function as extracellular signaling molecules that mediate cellular

communication via purinergic receptors (Burnstock, 2018).

These receptors have extensive protein families, including metabotropic adenosine A1, Aza,
Azg, Asz, ionotropic nucleotide P2X:7, and metabotropic nucleotide P2Y4, 2, 4, 6, 11, 12, 13, 14
receptors (Burnstock, 2018). Following mammalian SCI, Wang et al. (2004) found that

extracellular ATP is elevated within the lesion site for several hours, thus suggesting a role for
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injury-induced purinergic signaling. Since then, it has been proposed that ATP may function as
an early distress signal within the tissue that is involved in the chemoattraction of various cell
types and induction of cell reactivity and proliferation (Dou et al., 2012; Haynes et al., 2006;
Kobayakawa et al., 2019; Quintas et al., 2018; Shinozaki et al., 2017; Suadicani et al., 2006).
While accumulating evidence supports a role for purinergic signaling in the CNS injury response
of mammals, how this complex system may be adapted in regeneratively competent, non-
mammalian species is less clear. Here, we review on the role of purinergic signaling during each
phase of the secondary injury [(1) cellular death, (2) neuroinflammation, (3) reactive gliosis, and
(4) axonal degeneration] and examine the variations of this signaling system in regenerative and

non-regenerative species.

1.3 Cell Death

Following an initial mechanical trauma to the spinal cord, secondary injury is associated with
a wave of cell death that exacerbates damage and expands the lesion size (Figure 1). In rodent
models of SCI, the predominant mechanism of neuronal cell death is necrosis. This begins
almost immediately, peaks at 1-2 days, and continues for months (Hassannejad et al., 2018;
Kwiecien et al., 2020). Glial cells similarly reach peak levels of necrotic cell death between 1-2
days following SCI (Kwiecien et al., 2020). Meanwhile, apoptosis of neurons peaks first around
4-8 hours and then again at 3 days (Hassannejad et al., 2018). In oligodendrocytes, it peaks
within hours and continues for weeks (Crowe et al., 1997), and in microglia, it peaks at 1 day
(Bellver-Landete et al., 2019). Additional mechanisms of secondary cell death include
intracellular calcium dysregulation, excitotoxicity, and mitochondrial dysfunction/oxidative

stress (Ohishi et al., 2016; Reigada et al., 2017).
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In contrast, regeneratively competent species predominantly display apoptotic, as opposed to
necrotic, cell death following a CNS injury (Figure 2) (Sirbulescu et al., 2009). Notably, necrosis
stimulates a pro-inflammatory immune response that leads to further damage, whereas apoptosis
is typically anti-inflammatory (Kono & Rock, 2008). The presence of secondary cell death in
regenerative species suggests that some degree of cell death following injury may be tolerated,
and perhaps essential, for successful CNS regeneration. Indeed, inhibition of apoptosis following
caudal fin amputation in adult zebrafish reduced blastema formation and sensory neuron
regrowth (Rampon et al., 2014). Similarly, inhibition of caspase-mediated cell death within the
first 24 hours post injury was found to prevent tail regeneration following amputation in the
African clawed frog tadpole (Xenopus laevis) (Tseng et al., 2007). However, the duration of cell
death differs significantly between regenerative and non-regenerative species. In teleosts,
apoptosis peaks between 15-24 hours post SCI and then declines sharply after 3-5 days (Hui et
al., 2010; Hui et al., 2014; Sirbulescu et al., 2009). The sustained expression of apoptotic
markers observed 3 weeks post SCI in rodents (Crowe et al., 1997) and 8 weeks in humans
(Emery et al., 1998) suggests that regenerative failure in mammals may not be caused by the

presence of secondary cell death, but by its necrotic and prolonged nature.

Activation of purinergic signaling is kicked off very early and known to promote cell death
in the damaged mammalian spinal cord (Figure 3). Apoptosis stimulates damaged cells to release
nucleotides into the extracellular space, further stimulating additional ATP release from nearby
cells (Chekeni et al., 2010; Elliott et al., 2009). In addition, excess glutamate within the lesion
site induces increased Ca?* influx in adjacent neurons and glia that also stimulates ATP release
(Sieger et al., 2012). As a result, an elevated concentration of extracellular ATP in and around

the lesion is sustained for several hours following injury (Wang et al., 2004). Local activation of
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both adenosine and P2X receptors have been implicated in dysregulation of intracellular calcium
homeostasis and cell death induction. In particular, activation of both A2a and P2X7 enables
rapid cytosolic Ca®* overload and subsequent cell death soon after mouse SCI (Leeson et al.,
2018; Paterniti et al., 2011; Wang et al., 2004). Moreover, P2X4 receptor activation potentiates
P2X7-mediated cell death (Kawano, Tsukimoto, Noguchi, et al., 2012). Purinergic activation of
microglia and macrophages within the lesion site also facilitates P2X7-mediated cytotoxic cell
death of oligodendrocytes (Lopez-Serrano et al., 2019) and apoptosis of many other potential cell
types expressing P2X7, including spinal neurons, ependymal cells, astrocytes, and inflammatory
cells (Bidula et al., 2019; Gandelman et al., 2013; He et al., 2017; Marichal et al., 2016; Wang et
al., 2012). Interestingly, P2X7 is conserved and expressed ubiquitously within most tissues of
zebrafish and other bony fish species (Ogryzko et al., 2014; Rump et al., 2020). However, the
exact role of P2X7 in mediating injury-induced cell death within the spinal cord of these species

has not been explored.

While purines may exacerbate the initial injury by inducing cell death, there is evidence that
they may also induce cell proliferation and neuroprotection. Following caudal fin amputation in
zebrafish, activation of Azg receptors via adenosine enhanced progenitor cell recruitment, which
consequently increased cell proliferation within the lesion beyond spontaneous levels (Rampon
et al., 2014). In mammals, microglia P2Y receptor stimulation enhanced neuronal survival
following transient forebrain ischemic injury (Fukumoto et al., 2019), whereas astrocyte and
neuronal P2Y> receptor stimulation was associated with the inhibition of apoptosis through
activation of ERK1/2 and Akt signaling pathways and upregulation of neurotrophins, growth
factors, and anti-apoptotic genes (Arthur et al., 2006; Chorna et al., 2004). Furthermore, pre-

treatment of neuroblastoma cells with diadenosine tetraphosphate prior to strong ATP
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stimulation decreased excitotoxicity (Reigada et al., 2017). This reduced not only P2X5, but also
P2X2, P2Y1, and P2Y expression, probably through activation of P2Y > receptors (Reigada et al.,
2017). In the rodent spinal cord, P2Y? is widely expressed by neurons, glia, and immune cells
and is upregulated from 4-28 days following injury (Rodriguez-Zayas et al., 2010). Interestingly,
stimulation of astrocyte P2X7 receptors induces phosphorylation of ERK1/2 that subsequently
increases P2Y> mRNA expression (D'Alimonte et al., 2007). Whether P2Y and P2Y play

similar roles in regeneratively competent vertebrates following SCI remains unknown.
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Figure 1. Timeline depicting the secondary cellular injury response following mammalian
spinal cord injury. The primary mechanical trauma is exacerbated by prolonged cell death,
widespread inflammation, reactive gliosis, and axonal degeneration. These events prevent
successful regeneration and limit sensorimotor recovery. Created with BioRender.com with

permissions and publication license.
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Figure 2. Timeline depicting the secondary cellular injury response following non-

mammalian spinal cord injury. The primary mechanical trauma induces transient cell death,
controlled inflammation, reactive gliosis, neurogenesis, and axonal regeneration. These events

conclude within weeks and facilitate recovery and restoration of locomotor function in non-
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Figure 3. Purinergic signaling within the spinal cord microenvironment during the early
injury response. The first several days following mammalian SCI are characterized by
widespread cell death, migration of various cell types to the lesion, inflammation, and reactive
gliosis. Identified roles for purinergic receptors in these processes is summarized. Created with
BioRender.com with permissions and publication license. ADP: adenosine diphosphate; ATP:
adenosine triphosphate; CD39: cluster of differentiation 39; Ca2+: calcium; CREB: cAMP
response element-binding protein; ERK1/2: extracellular signal-regulated kinases 1/2; IL.:
interleukin; NGF2: nerve growth factor-2; NLRP1/3: NLR family pyrin domain containing 1/3;
NT3: neurotrophin-3; STAT3: signal transducer and activator of transcription 3; TNF-a: tumor
necrosis factor alpha; UDP: uridine diphosphate; UTP: uridine triphosphate. Created with
BioRender.com with permissions and publication license.
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1.4 Immune Response

Shortly after the primary trauma, the microenvironment of the injured mammalian spinal
cord is largely occupied by resident and infiltrating inflammatory phagocytic cells (Figure 1).
Microglia, CNS-derived macrophages, undergo cell death within the first 24 hours post injury
like other cell types; however, residual microglia also undergo activation and proliferation to
subsequently repopulate the spinal cord region (Bellver-Landete et al., 2019). Indeed, rapidly
proliferating microglia are the predominant phagocytes of cellular and myelin debris within the
first few days after injury (Bellver-Landete et al., 2019). By 7 days, microglia proliferation
peaks, and by 14 days, the number of microglia within and around the lesion core reaches
maximal levels corresponding to the transformation of the area into a ‘lesion cavity’ (Bellver-
Landete et al., 2019; Kwiecien et al., 2020). While few peripheral macrophages and fibroblasts
occupy the lesion site at 72 hours post injury, these cells rapidly infiltrate over the course of the
following week (Zhu et al., 2015) and soon outnumber microglia (Greenhalgh & David, 2014).
The occurrence of phagocytic activity within the spinal cord appears important for recovery, as
depletion of spinal cord microglia results in delayed myeloid cell recruitment, increased lesion
size, enhanced neuronal and oligodendrocyte cell death, and exacerbated locomotor dysfunction
(Bellver-Landete et al., 2019). However, harmful inflammatory cells have been found to persist
and phagocytose myelin beyond 4 months post SCI in rats (Kwiecien et al., 2020) and up to one
year in humans (Fleming et al., 2006). Thus, the beneficial versus detrimental effects of
inflammatory cells within the spinal cord is largely dependent on their spatial and temporal
presence following injury.

In comparison to macrophage recruitment in mammals, regeneratively competent teleosts

appear to have accelerated recruitment of resident and peripheral immune cells to the injury site

13
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(Figure 2). In goldfish, SCI induces reactive microglia, macrophage, and neutrophil migration to
the lesion site within 1 hour post injury, and migration to damaged neurons by 3 hours (Koganti
et al., 2020). Similarly, neutrophils, followed by microglia and macrophages, infiltrate the larval
zebrafish spinal cord within 2 hours post injury (Tsarouchas et al., 2018). In addition to the
advanced infiltration of inflammatory cells, clearance of these cells also occurs at a higher rate in
teleost fish. Accumulating macrophages, neutrophils, and monocytes within the spinal lesion of
zebrafish are cleared by 5-10 days post injury (Hui et al., 2010), a much faster process than the
prolonged rate in mammals. Indeed, the enhanced immune cell recruitment to, and clearance
from, the injury site following a CNS trauma may be one of the key adaptations by this species
that distinguishes their regenerative capacity from others.

One of the primary signals that draws the migration of immune cells to the lesion site is ATP
(Elliott et al., 2009; Kronlage et al., 2010). An ATP gradient, enhanced by ATP-induced-ATP
release from local astrocytes (Suadicani et al., 2006), microglia (Dou et al., 2012), and
macrophages (Kobayakawa et al., 2019) provides necessary directional cues for their movement
towards the injury site within minutes of a CNS trauma (Davalos et al., 2005). In particular,
microglial migration in mammals is largely mediated via activation of P2Y'12 and P2X4 receptors
(Haynes et al., 2006; Ohsawa et al., 2007); while P2X1, P2Y1, P2Y2, A2a, Azg, and Az receptors
have been implicated to a lesser degree (Kobayakawa et al., 2019; Kronlage et al., 2010). ATP
provides a chemotactic gradient that promotes the extension of pre-existing membrane
lamellipodia and activates macrophage membrane propulsion machinery (Kronlage et al., 2010).
Inhibition of metabotropic purinergic receptors caused macrophages to scatter throughout the
injured cord and enhanced secondary axonal dieback outside the lesion core (Evans et al., 2014).

In larval zebrafish, microglial migration is also driven by P2Y 12 (Sieger et al., 2012), whereas

14
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macrophage and neutrophil migration is mediated by P2X7 receptors (Ogryzko et al., 2014). The
recruitment of peripheral macrophages in larval zebrafish appeared necessary for regeneration as
mutants lacking macrophages displayed an extended period of neuroinflammation and impaired
axonal regrowth (Tsarouchas et al., 2018).

Once migration to the lesion site occurs, mammalian microglial cells downregulate P2Y 12
and subsequently upregulate P2X7 and P2Y receptors to stimulate proliferation and
phagocytotic behavior (Bellver-Landete et al., 2019; Koizumi et al., 2007; Monif et al., 2009). In
addition to proliferation, P2X7 upregulation also induced the activation of microglia and an
increase in pro-inflammatory gene expression (He et al., 2017; Monif et al., 2009). Among the
purinergic receptors, P2X7 has been most strongly implicated in mediating pro-inflammatory
cytokine expression and secretion by various cell types within the mammalian CNS (Giuliani et
al., 2017; He et al., 2017). Resident activated microglia and, to an even greater extent, infiltrating
macrophages lead to an early (~2 days post SCI) and late wave (~14 days post SCI) upregulation
and release of pro-inflammatory cytokines, including interleukins (IL-1a, IL-1p, IL-6) and tumor
necrosis factor-a (TNF-a) (Bellver-Landete et al., 2019; Kwiecien et al., 2020; Pineau &
Lacroix, 2007).

In comparison to mammals, SCI in zebrafish induces a brief pro-inflammatory response
characterized by elevated expression of IL-1B and TNF-a that also appears to be driven by P2X7
activation (Ogryzko et al., 2014; Tsarouchas et al., 2018). Interestingly, inhibiting the initial pro-
inflammatory TNF-a and IL-1p upregulation in larval zebrafish reduced axonogenesis, whereas
IL-1B downregulation at later time points was required for successful regeneration (Tsarouchas
et al., 2018). The decrease in expression of IL-1f also corresponds with a longer anti-

inflammatory response characterized by elevated expression of transforming growth factor- f1a
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(TGF-B1la) and transforming growth factor-p3 (TGF-f3) by 3 days following injury (Hui et al.,
2014; Tsarouchas et al., 2018). This supports the view that an early pro-inflammatory response is
adaptive and required for regeneration but sustained immune responses can be detrimental to
recovery.

P2X7-mediated effects within the spinal cord appear to be regulated by the purinergic P2X4
receptor. Macrophage P2X4 receptors enhance P2X7-mediated pro-inflammatory cytokine
release in mice and in this way, help to sustain the neuroinflammatory response following SCI
(Kawano, Tsukimoto, Mori, et al., 2012). In contrast, P2X4 mRNA expression is downregulated
with SCI in zebrafish (Hui et al., 2014). While it is unclear what this means in terms of
regenerative success, deletion of P2X4 decreases inflammasome activation, IL-1p secretion, and
neuronal degeneration, while reducing microglial/macrophage activation, immune cell
infiltration, and lesion size following SCI in mice (de Rivero Vaccari et al., 2012). In addition to
P2X4 and P2X7, several other purinergic receptors have also been implicated in driving cytokine
release in mammals. These include macrophage P2Y receptors, which induce an increase in IL-
1B, IL-6, and a decrease in TNF-a (de la Rosa et al., 2020), and Azas2s receptors, which similarly
decrease TNF-a release (Cohen et al., 2013). Lastly, stimulation of microglial P2Y 12 and P2Y13
receptors also appears to induce IL- 1B, IL-6, and TNF-a release (Liu et al., 2017). Given some
of the key roles of purinergic receptors across various cell types in neuroinflammation (Figure
3), evidence for a therapeutic advantage by targeting this signaling system during late response
phases is growing.

1.5 Reactive Gliosis
The migration of macrophages and microglia to the lesion core is known to recruit other cell

types, including perivascular fibroblasts and astrocytes, that form a multi-layer ‘glial scar’ in
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mammalian SCI (Figure 1). Peripheral macrophages appear to be largely responsible for the
formation of an inner fibrotic scar around the core of the lesion site that is fully encircled by
reactive microglia within the first week following SCI (Bellver-Landete et al., 2019; Zhu et al.,
2015). The reactive microglia then work to orchestrate the formation of the outermost portion of
the glial scar comprised of newly proliferating GFAP™ astrocytes (Wanner et al., 2013) (Figure
4). Depletion of reactive microglia reduces astrocyte proliferation by approximately 40-55%,
which disrupts the organization of the glial scar and further impairs locomotor function (Bellver-
Landete et al., 2019). On the flip side, augmenting microglial proliferation during the first week
post injury enhances astroglial scar formation, increases cell survival, and improves recovery
(Bellver-Landete et al., 2019). This suggests that the astroglial scar component is particularly
important for preventing secondary cellular death and promoting functional recovery (Bellver-

Landete et al., 2019; Okada et al., 2006; Wanner et al., 2013).

The formation of the astroglial scar begins as early as 3 days post SCI, peaks around 7 days,
and is fully formed by 14 days (Bellver-Landete et al., 2019; Wanner et al., 2013). During early
glial scar formation (5-7 days), newly proliferated astrocytes become oriented perpendicular to
the lesion core and display a bipolar radial-glia-like morphology, unlike their ‘inactivated’
stellate counterparts distal from the lesion (Wanner et al., 2013). Indeed, a gradient spanning the
lesion site consists of increasing astroglial proliferation, density, radial-like morphology, and
GFAP* expression. During chronic glial scar formation (9-21 days), reactive bipolar astrocytes
transform into scar-forming astrocytes as they form a ‘dense meshwork’ of intersecting and
overlapping cell processes that express the inhibitory factors: chondroitin sulfate proteoglycans
(CSPGs) (Hara et al., 2017; Wanner et al., 2013). Disrupting early glial scar formation through

the inhibition of STAT3 signaling, a critical regulator of astrogliosis, led to a scattering of
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inflammatory immune cells throughout the injured spinal cord that augmented secondary
neuronal and oligodendrocyte cell death (Okada et al., 2006; Wanner et al., 2013). Deletion of
the chronic glial scar using diphtheria toxin similarly exacerbated tissue damage (Anderson et
al., 2016). However, attenuating the transformation of reactive astrocytes to those that are scar
forming during later time frames post injury had a positive effect on axonal regeneration (Hara et
al., 2017). Thus, while injury-induced astrogliosis may corral inflammatory cells at the lesion
core and promote regeneration early on, it is equally important to limit this process in chronic

conditions.

Both purinergic and cytokine-mediated signaling are involved in astrocyte reactivity and
proliferation (Figure 3). How factors of these signaling families contribute to astroglial scar
formation appears to be part of a delicate balance of local interactions between astrocytes and
microglia. Purinergic signaling via P2Y1 and P2Y 1> receptors significantly promotes astrocyte
proliferation (Quintas et al., 2018). However, both the presence of microglia and IL-1o/ TNF-a
prevented P2Y, 12 activation and astrocyte proliferation in response to agonist ADPS. In the
study, authors proposed this was due to the expression of P2Y 13 receptors by microglia. P2Y 13 is
abundantly and exclusively expressed by microglia in vivo and P2Y 13 antagonism rescues
ADPPBS mediated astrocyte proliferation in astrocyte/microglia co-cultures (Quintas et al., 2018;
Stefani et al., 2018). Thus, stimulation of microglial P2Y 13 receptors may result in the release of
IL-1a and TNF-a, inhibition of astrocyte P2Y1, 12 receptors, and prevention of astrocyte
proliferation. It is likely that while microglia draw astrocytes to the lesion site, they also act to
modulate the degree of astrocyte proliferation in response to elevated local purine levels. Indeed,

astrocyte proliferation following SCI peaks within 3-5 days (Wanner et al., 2013): a point in
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time when proinflammatory IL-1a and TNF-a expression is also strongly upregulated (Kwiecien

et al., 2020).

In conjunction with proliferation, cytokine signaling is also involved in regulating astrocyte
reactivity and cell survival. Microglia secretion of cytokines IL-1p, IL-6, and TNF-o promotes
astrocyte transformation from a basal to a reactive phenotype by the concurrent downregulation
of astrocyte P2Y1 expression and upregulation of STAT3 phosphorylation (Shinozaki et al.,
2017). In this study, P2Y1 knockdown (KD) in astrocytes promoted astrocyte process extension,
GFAP* expression, STAT3 phosphorylation, as well as a smaller injury core, decreased neuronal
cell death, and decreased immune cell infiltration (Shinozaki et al., 2017). In contrast, others
have demonstrated that astrocyte P2Y1 upregulation protects against oxidative stress-mediated
neuronal damage by inducing increased release of I1L-6: a factor that induces astrogliosis,
enhances spinal cord progenitor cell proliferation via activation of JAK/STATS3, and promotes
neuronal differentiation of neural progenitor cells (Fujita et al., 2009; Kang & Kang, 2008; Oh et
al., 2010; Okada et al., 2004). It is likely that the apparent conflicting roles of P2Y1 stem from

the action of additional P2Y receptors also expressed within the glial scar.

In addition to other proinflammatory cytokines, IL-1B expression is also elevated within the
first week following SCI in mice (Kwiecien et al., 2020) and treatment of mouse primary striatal
astrocytes or mouse primary cortical neurons with exogenous IL-1p increases P2Y> mRNA
expression (Peterson et al., 2013; Stella et al., 1997). Similar to P2Y 1, P2Y> receptor stimulation
has also been shown to induce astrocyte proliferation and STATS3 activation (Chorna et al., 2004;
Wu et al., 2018). Thus, P2Y2 may work to compensate for P2Y inhibition, particularly in
knockout and KD manipulations, and continue to promote astrogliosis independently.

Interestingly, treatment with pan P2Y antagonists, which target both P2Y1 and P2Y receptors,

19



M.Sc. Thesis — E. Stefanova; McMaster University - Biology

significantly reduce GFAP™ expression within the lesion site and exacerbate secondary cell death
(Rodriguez-Zayas et al., 2012), demonstrating the overall neuroprotective role of these factors

and the astroglial scar.

While reactive gliosis in regeneratively competent teleosts is reflective of that in mammals,
key differences do exist (Figure 2). Similar to mammals, goldfish and zebrafish generate a
fibrotic scar within 1-3 weeks following a spinal cord hemisection; however, this scar does not
impede regeneration as it does in mammals (Takeda et al., 2015; Wehner et al., 2017). Glial cells
with elevated GFAP* expression surround the fibrotic scar but do not display a hypertrophied
morphology (Goldshmit et al., 2012; Herman et al., 2018; Takeda et al., 2015). In the weeks after
injury, laminin-coated tubular structures develop across the fibrous scar, and by 6-12 weeks,
glial processes along with regenerating axons utilize these ‘tunnels’ to cross the injury site
(Goldshmit et al., 2012; Takeda et al., 2015). Interestingly, deposition of neural/glial antigen 2,
an inhibitory CSPG also upregulated in mammals, is present within the goldfish fibrous scar at 3
weeks post injury but its reduction by 6 weeks aligns with the increase in axon infiltration

(Takeda et al., 2015).

Fibroblast growth factor (FGF) signaling appears to be particularly important for the
formation of the glial bridge. Inhibition of FGF in zebrafish following SCI results in significant
reductions to GFAP" expression, as well as a decline in axonal regeneration and functional
recovery (Goldshmit et al., 2012). Treatment of primary astrocyte cultures derived from
postnatal day 14 marmoset (Callithrix jacchus) cerebral cortex with human recombinant FGF2
accelerated wound closure in a scratch-wound assay by increasing proliferation, migration, and
astrocyte transformation from a stellate/ multipolar to an elongated/bipolar morphology

(Goldshmit et al., 2012). These findings were replicated in a mouse model of SCI where
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application of exogenous FGF2 dampened the neuroinflammatory response, decreased levels of
CSPGs, and promoted the phenotypic transformation of astrocytes into a bipolar morphology
resembling the glial bridge in teleost species (Goldshmit et al., 2014). Interestingly, purinergic
signaling governs FGF-induced astrogliosis. On one hand, P2Y activation enhances proliferation
of astrocytes induced by FGF2; while P2X7 stimulation inhibits proliferation by inducing a state
of growth arrest (Neary et al., 2008). In addition to FGF, expression of connective tissue growth
factor a (CTGFA) by glial cells accelerates glial bridge formation, enhances axonogenesis, and
promotes functional recovery in zebrafish (Mokalled et al., 2016). Purinergic-mediated CTGFA
secretion via Aza receptors also supports a role for purines in promoting glial bridge formation
(Chan et al., 2013). Future research is required to improve the current understanding of

purinergic influences in mammalian and non-mammalian injury-induced gliosis.

1.6 Neurogenesis and Axonal Regeneration

In the mid 1990’s, a latent neural stem cell niche lining the rodent central canal was
identified (Weiss et al., 1996). It was found that under certain conditions, mammalian spinal
ependymal cells give rise to new neurons and glia in vitro: a feat not normally present in vivo.
The exception to this is the result of a direct injury, but even then, migration is almost absent,
proliferation is minimal, and exclusive glial differentiation accounts for a very small percentage
of newly derived astrocytes (Ren et al., 2017). Yet transplantation of spinal ependymal cells into
the dentate gyrus of the hippocampus, a neurogenic niche within the adult mammalian brain,
induced differentiation of these cells into neurons (Shihabuddin et al., 2000). This emphasized
the influence of the spinal cord microenvironment and prompted much work into identifying
potential cues responsible for determining the cell fate of endogenous spinal ependymal cells

(Becker et al., 2018; Liu & Chen, 2019).
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Apart from other mammalian species, the existence of injury-induced spinal progenitors in
humans has been recently challenged. One study examining the central canal in humans
suggested that in contrast to the ependymal layer in rodents, the central canal closes caudal to the
brainstem beyond 18 years of age (Garcia-Ovejero et al., 2015). The authors show that the
ependymal layer is replaced by a dense accumulation of GFAP™ astroglial processes,
ependymocytes, and perivascular pseudorosettes. Furthermore, expression of stem cell markers
is highly limited within this region (Garcia-Ovejero et al., 2015). In conjunction, a post-mortem
study of human SCI patients (aged 33-88) found no evidence for injury-induced proliferation of
cells within the ependymal region (Paniagua-Torija et al., 2018). Together, these studies suggest
that morphological and molecular profiles in adult humans may be quite unique compared to
other vertebrate species, and approaches to induce endogenous neurogenesis could be more
applicable to both younger individuals and those with higher level injuries.

Another regenerative strategy to encourage functional recovery following SCI is the re-
growth of damaged axons or compensatory axonal sprouting. Unfortunately, axonal regeneration
and sprouting are also highly restricted in mammalian species (Figure 1). Within 30 minutes
following injury, neurons undergo rapid and symmetrical proximal and distal axon end
fragmentation, which is followed by a period of slow axonal retraction until ~30 hours post
transection (Kerschensteiner et al., 2005). After this point the injury extends beyond the proximal
axon ends. The distal axon ends begin to undergo Wallerian degeneration mediated by
infiltrating peripheral macrophages for several days to weeks (Evans et al., 2014). Although
limiting macrophage migration to the injury site does not promote axonal survival, restricting
them to the injury site does promote distal axonal sparing (Kobayakawa et al., 2019).

Interestingly, approximately 30% of transected axons do undergo compensatory sprouting at
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their proximal ends (Kerschensteiner et al., 2005). While these sprouts grow relatively rapidly
and straight within the first two days, they quickly lose directionality and are unable to grow
across the injury site. This is largely due to the presence of numerous growth inhibitory
environmental cues at the injury site that lead to dystrophic growth cone formation and prevent
axonal regeneration (Filous & Schwab, 2018).

In contrast to mammals, adult teleost fish and urodele amphibians achieve functional
recovery by not only successfully replacing lost neurons, but also regenerating damaged axons
(Figure 1). Radial glia (RG), referred to as ependymoradial glia, are neural stem cells within the
CNS of non-mammalian vertebrates that serve many homeostatic roles and are essential for
regeneration in zebrafish (Briona & Dorsky, 2014; Hui et al., 2010; Reimer et al., 2008), goldfish
(Takeda et al., 2008), brown ghost knifefish (Zupanc, 2019), and salamanders (Joven & Simon,
2018). Morphologically, they line the central canal and extend radial processes out to the pial
surface. Functionally, they resemble mammalian astrocytes and ependymal cells (Becker et al.,
2018). Following SCI, RG undergo a massive proliferative response reaching peak values at 7
days before differentiating into both neurons and glial cells that later populate the injured cord
(Hui et al., 2015). In addition, a subpopulation of RG also appears to contribute to the formation
of the astroglial bridge that promotes and guides axonal regeneration in these species (Goldshmit
etal., 2012). RG cells are present in the mammalian spinal cord during development and give
rise to new neurons, macroglia populations, and ependymal cells (Barry & McDermott, 2005;
Malatesta et al., 2000; Xing et al., 2018). However, they undergo terminal differentiation into
astrocytes during early postnatal development and are relatively absent from the adult spinal cord

(Barry & McDermott, 2005).
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The regeneration of axons across the lesion site in these non-mammalian species occurs
simultaneously with injury-induced neurogenesis. In larval zebrafish, acute axonal degeneration
occurs within the first 30 minutes following Mauthner cell axotomy, which is followed by
additional retraction and Wallerian degeneration that concludes by 24 hours (Hu et al., 2018).
Remarkably, this study showed that by 96 hours post axotomy, axonal regeneration across the
lesion reached 78% of the uninjured axon length. More in line with axonal regeneration in
mammals, spinal cord transection in newts results in axonal retraction and dystrophic growth
cone formation within the first week post injury (Zukor et al., 2011). However, by 2 weeks,
growth cones form at some axon tips and ‘wisping axons’ start to grow into the injury site in
association with regenerating meninges and RG cell extensions that innervate their targets by 9
weeks (Zukor et al., 2011). Thus, the response to axonal transection in these species appears to
be like mammals during early time points (AAD, retraction, Wallerian degeneration, sprouting),
but differs significantly during more chronic responses (Figure 2). Identifying the factors and
conditions present in regeneratively competent species, particularly at the later time points;
therefore, may be of most use in promoting axonal regeneration in mammals.

Regardless of their ability to achieve functional recovery, non-mammalian vertebrate CNS
regeneration does not result in a return to uninjured conditions. First, newly generated
interneurons in larval zebrafish appear morphologically and functionally distinct from their
uninjured counterparts following SCI (Vasudevan et al., 2021). In addition to having a smaller
soma, they have a higher input resistance, a more depolarized resting membrane potential, lower
firing frequencies, and lower spike frequencies; however, they are sufficient to restore function.
Second, only a subset of neurons undergo axonal regeneration in non-mammalian species studied

to date, including newts (Zukor et al., 2011), goldfish (Takeda et al., 2015), and zebrafish
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(Goldshmit et al., 2012). Finally, while some regenerating axons travel along their original
trajectories, as observed in newts (Zukor et al., 2011) and larval zebrafish (Hu et al., 2018), many
take novel routes as seen in adult zebrafish (Becker & Becker, 2001). Notably, regenerative
ability appears to decline with age in both mammals (Geoffroy et al., 2016) and non-mammalian
vertebrates (Edelmann et al., 2013). Further examination of the post injury cytoarchitecture, the
regulatory cues present in the microenvironment, and the changes to both over time are all
important considerations in understanding regeneration in these species.

The role of purinergic signaling in injury-induced neurogenesis and axonal regeneration is
quite limited (Figure 4). Expression of several purinergic receptors have been identified in
mammalian spinal ependymal cells, including P2Y1, P2Y 4, P2X4, and P2X7 (Gomez-Villafuertes
et al., 2015). In response to SCI, the expression of P2Y1 receptors is downregulated, whereas
expression of P2Y 4, P2X4, and P2X7 receptors is upregulated (Gomez-Villafuertes et al., 2015).
How the differential expression of these subtypes in ependymal cells influences their response to
injury is largely unknown but has been shown to play roles in both proliferation and
differentiation of other cell types. For instance, P2Y1 receptor activation induces proliferation of
astrocytes, RG, and tanycytes within the ependymal cell lining of the third ventricle (Quintas et
al., 2018; Recabal et al., 2021; Weissman et al., 2004). Similarly, P2X4 receptor expression has
been associated with enhancing growth factor expression (e.g. brain-derived neurotrophic factor)
and indirectly promoting ependymal cell proliferation (Ma et al., 2019; Su et al., 2019; Xu et al.,
2018). In terms of differentiation, P2Y 4 expression accompanies glutamatergic differentiation of
embryonic stem cells, and P2X7 stimulation regulates neuronal differentiation of both embryonic

and adult neural progenitor cells (Glaser et al., 2014; Leeson et al., 2018; Tsao et al., 2013; Uda
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etal., 2016). It is likely that the balance and timing of purinergic receptor expression influences
the response of ependymal cells to SCI, but further work is needed to determine their roles.

In addition to those mentioned above, purinergic receptors P2Y2, P2Y13, and Aza have also
been shown to regulate progenitor cell proliferation, prevent secondary injury, or promote
functional recovery. In a recent study of P2Y> knockout mice, there was a significant reduction
in the number of proliferating neural progenitor cells within the subgranular zone of the dentate
gyrus of the hippocampus and the subventricular zone of the lateral ventricles, demonstrating
that P2Y receptor expression is important for progenitor cell proliferation within the adult
mammalian brain (Ali et al., 2021). Meanwhile, P2Y 13 knockout mice displayed enhanced
progenitor cell proliferation within the dentate gyrus of the hippocampus in early and late
adulthood, as well as an increase in neurogenesis (Stefani et al., 2018). Interestingly, inhibition
of vesicular nucleotide transporter in postnatal cerebellar cells inhibited quiescence and self-
renewal to drive cell-cycle exit toward a neurogenic fate (Paniagua-Herranz et al., 2020).
Mechanistically, vesicular nucleotide transporter is responsible for promoting vesicular ATP
storage; therefore, inhibition of this transporter decreases ATP signalling and suggests that
variation in purinergic ligand alone is sufficient to influence neurogenesis (Paniagua-Herranz et
al., 2020). Following SClI, activation of the Axa receptor increases Wnt3a and -catenin mRNA
expression in mammals resulting in reductions of inflammation and neuronal cell death (Irrera et
al., 2018). While a general reduction in Wnt/B-catenin signaling is typically observed with
mammalian SCI (Gonzalez-Fernandez et al., 2014; Irrera et al., 2018), this pathway appears
upregulated following SCI in zebrafish and in sea lamprey (Briona et al., 2015; Herman et al.,
2018; Strand et al., 2016). Wnt/p-catenin specifically promotes and appears necessary for

neuronal differentiation of RG following SCI in larval and adult zebrafish (Briona et al., 2015;
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Strand et al., 2016). Various interventions targeting the upregulation of canonical Wnt/ -catenin
signaling, including A2a agonism, following mammalian CNS injury have been widely
successful in limiting neuroinflammation and secondary cell death, and enhancing functional
recovery (Irrera et al., 2018; Shruster et al., 2012; Xu et al., 2019).
1.7 Concluding Remarks

Regenerative failure following injury to the mammalian CNS is the result of a
microenvironment that enhances neuroinflammation, pathological reactive gliosis, and
neurodegeneration. Studying regeneratively competent species provides an opportunity to
elucidate critical pro-regenerative pathways. Given the evolutionary conservation and prevailing
role of purinergic signaling in many of these processes throughout development and adulthood,
identification of purinergic influences on regenerative processes may be integral to
understanding differences among regeneratively competent and non-competent vertebrates.
Ultimately, it is the hope that understanding these differences will lead to therapeutic approaches
that target both the endogenous progenitor potential of spinal ependymal cells and functional

axonal regeneration following spinal cord injury.
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Figure 4. Purinergic signaling within the spinal cord microenvironment during the chronic
injury response. After the first week following mammalian SCI, reactive astrocytes become scar
forming, ependymal and neural progenitor cells fail to undergo injury-induced proliferation and
neuronal differentiation, and axons continue to degenerate. Identified and hypothesized roles for
purinergic receptors in these processes is summarized. Created with BioRender. com with
publication permissions and publication license. ADP: Adenosine diphosphate; Akt: protein
kinase B; ATP: adenosine triphosphate; BDNF: brain derived neurotrophic factor; CD39: cluster
of differentiation 39; Ca2+: calcium; CREB: cAMP response element-binding protein; ERK1/2:
extracellular signal-regulated kinases 1/2; IL: interleukin; NGF2: nerve growth factor-2;
NLRP1/3: NLR family pyrin domain containing 1/3; NT3: neurotrophin-3; STAT3: signal
transducer and activator of transcription 3; TNF-a: tumor necrosis factor alpha; UDP: uridine
diphosphate; UTP: uridine triphosphate; Wnt: wingless-related intergration site. Created with
BioRender.com with permissions and publication license.
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Hypothesis: Purinergic signaling through the P2X7 receptor promotes proliferation and neuronal

differentiation of radial glia following spinal cord injury in adult zebrafish
Objectives:
1. Describe cellular expression of P2X7 receptors within the adult zebrafish spinal cord

2. Characterize temporal changes in P2X7 protein expression following spinal cord injury in

adult zebrafish

3. Determine the functional effects of P2X7 receptor activation or inhibition on radial glial
cell proliferation and neuronal differentiation following spinal cord injury in adult

zebrafish
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2.1 Abstract

In contrast to mammals, adult zebrafish undergo successful neural regeneration following
spinal cord injury (SCI). Radial glia (RG) lining the zebrafish central canal undergo injury-
induced proliferation and subsequent neuronal differentiation to replace damaged cells and
restore motor function. However, the molecular mechanisms that underlie these processes remain
elusive. Here, we demonstrate that signaling through the evolutionarily conserved purinergic
P2X7 receptor is involved. Within the zebrafish spinal cord, P2X7 receptors have widespread
distribution with specific localization to neurons and radial glia. At the protein level, the
predominant P2X7 receptor isoforms in zebrafish did not include the full-length variant
expressed throughout the murine central nervous system, but two truncated splice variants. In
response to SCI, protein expression of the 50 kDa isoform became downregulated at 7 dpi and
returned to basal levels of expression at 14 and 21 dpi when compared to naive controls.
Meanwhile, expression of the 37 kDa isoform did not change following injury. Pharmacological
activation of P2X7 following SCI resulted in a greater number of proliferating cells around the
central canal by 7 dpi, while P2X7 inhibition appeared to have no effect. At 14 dpi, these
treatments did not have a significant effect on the number of neurons within the injured spinal
cord. This data indicates that P2X7 receptor activation is sufficient to induce cellular
proliferation, but not a necessary mediator of either proliferation or neurogenesis following SCI
in adult zebrafish. Our findings suggest that unlike in humans, P2X7 signaling may not play a

maladaptive role following SCI in adult zebrafish.
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2.2 Introduction

Spinal cord injury (SCI), characterized by irreversible sensory, motor, and autonomic
dysfunction, is an ever-growing global health burden (Ding et al., 2022). Per year, an estimated
3, 675 Canadians and 900, 000 individuals across the world incur a SCI, significantly adding to
the 86, 000 Canadian and 20, 600, 000 global cases currently documented (Ding et al., 2022;
Noonan et al., 2012). Although substantial progress over the past several decades has been made
in elucidating the pathophysiology of this condition, treatment options remain extremely limited
(Krueger et al., 2013; Lynch & Cahalan, 2017). This is due to the multifactorial injury response
within the central nervous system (CNS) that results in secondary cell death, neuroinflammation,
reactive gliosis, and axonal degeneration. Understanding the underlying mechanisms responsible
for the maladaptive cellular responses are key to developing therapeutic interventions that limit

damage and promote regeneration.

In contrast to mammals, several non-mammalian vertebrate species, such as Osteichthyes
(teleost fish), demonstrate a high degree of regenerative ability following injury to the CNS.
Indeed, zebrafish (Danio rerio) undergo injury-induced CNS neurogenesis following SCI and
achieve functional recovery within 6-8 weeks (Becker et al., 1997; Hui et al., 2010; Reimer et al.,
2008). This adaptive process is largely driven by radial glia (RG) lining the central canal of the
spinal cord. Although the functions of RG within the adult zebrafish spinal cord are not fully
understood, in response to injury, these cells undergo a massive proliferative response and can
differentiate into distinct neuronal types that are integrated into spinal circuitry (Reimer et al.,
2008). While a few signaling pathways, including, but not limited to, sonic hedgehog, dopamine,
serotonin, and wingless-related integration site/3-catenin, have been implicated in regulating this

injury response, signals necessary for regulating adult injury-induced neurogenesis have yet to be
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fully elucidated (Barreiro-lglesias et al., 2015; Briona et al., 2015; Reimer et al., 2009; Reimer et
al., 2013). Thus, identifying the cellular and molecular signals employed by these species to
restore neuron populations and locomotor function following injury may be integral to the

development of neurorestorative treatments for mammals.

One evolutionarily conserved signaling pathway that has been extensively explored
following SCI in mammals, but not in zebrafish, is the purinergic system. Nucleoside
triphosphates and their metabolites regulate a plethora of cellular processes, including
proliferation and neurogenesis, within the CNS during development and in adulthood (Burnstock
& Ulrich, 2011; Gomez-Villafuertes, 2016; Oliveira et al., 2016; Ribeiro et al., 2016). These
ligands have extensive receptor families, including: metabotropic adenosine receptors, A1, Aza,
Azg, As; ionotropic nucleotide receptors, P2X17; and metabotropic nucleotide receptors, P2Y1, 2,
4,6, 11, 12, 13, 14 (Burnstock, 2018). In the context of CNS regeneration, P2X7 receptors are of
particular interest. These receptors function as non-selective cation channels activated by high
concentrations of extracellular adenosine 5'-triphosphate (ATP). When ATP stimulation is
sustained, as in the first few hours following mammalian SCI, certain splice variants of the P2X5
receptor form a reversible, but cytotoxic, ‘macropore’ (Andrejew et al., 2020; De Salis et al.,
2022; Di Virgilio et al., 2018; Wang et al., 2004). Other P2X7 splice variants have been shown to
mediate proliferation and neuronal differentiation of embryonic and adult neural progenitor cells
in mammals (Glaser et al., 2014; Leeson et al., 2019; Leeson et al., 2018; Tsao et al., 2013).
Remarkably, while the P2X7 gene is present across all Metazoa, its specific properties and
functions appear to differ across vertebrates (Benzaquen et al., 2019; Liang et al., 2015; Rump et
al., 2020). For instance, P2X7 receptor stimulation mediates interleukin-1beta (IL-1 ) secretion

in rodents, but it does not do so in zebrafish (Lopez-Castejon et al., 2007). Given the varied, yet
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significant role of this receptor following mammalian SCI, in this study we focused on the P2X7
receptor and aimed to uncover its potential role in injury-induced RG cell proliferation and

neuronal regeneration following SCI in adult zebrafish.

Here, we found that within the adult zebrafish spinal cord, P2X7 receptors are expressed
by neurons and radial glia. Strikingly, we failed to detect protein expression of the full length
P2X7 receptor, suggesting that the predominant P2X7 receptor isoforms expressed in zebrafish
may differ from those expressed in murine species. Treatment with P2X7 agonist, BZATP,
significantly increased PCNA™ expression around the central canal at 7 dpi, while P2X7
antagonist JNJ 47965567 had no detectable effect at the same time point. This suggested that
P2X7 receptor activation may be sufficient to mediate RG cell proliferation following injury, but
not necessary. Meanwhile, treatment with P2X7 agonist or antagonist had no effect on HuC/D*
expression at 14 dpi, suggesting that P2X7 receptor activation does not play a critical role in
neurogenesis. Together, our results suggest that while P2X7 signaling is involved in the zebrafish
SCI response, it does not appear to play a major role in mediating injury-induced RG cell

activity.
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2.3 Materials and Methods

2.3.1 Animals

Zebrafish (Danio rerio) aged 3-8 months from the Tupfel Long-Fin (TL) strain were used
for all experiments. Male and female fish were kept and bred in a zebrafish facility located
within the Life Sciences Centre at McMaster University. All experiments were approved by the

McMaster Animal Research Ethics Board (Animal Utilization Protocol 19-08-22).

2.3.2 Spinal Cord Lesion

Prior to any surgical procedure, individual fish were acclimated to an environmental
chamber maintained at 28°C in a 14-hour light cycle and fed dry food twice daily for 48 hours.
As previously described (Becker et al., 1997), adult fish were anesthetized by immersion in
0.02% aminobenzoic acid ethyl methyl ester (MS222; Sigma-Aldrich, St. Louis, Missouri) in
sterile water for ~1 min. The anesthetized fish were then placed on a pre-wet agar plate under a
dissection microscope, and a small vertical incision was made at the level of the thoracic spinal
cord. The muscle layers were then blunt dissected and carefully separated with forceps, the
vertebral column was exposed, and the spinal cord underwent full transection with visual
confirmation of completeness. 1 uL of Vetbond tissue adhesive gel was quickly placed on the
external incision. Fish were transferred to a new tank with sterile water and recovered in an
environmentally controlled chamber again maintained at 28°C and set to a 14-hour light cycle.
Fish were housed individually and monitored twice daily to assess physical appearance (eye
condition, fin and skin condition, mucus production, spinal deformities, abdomen size), clinical
signs (changes in food consumption, respiratory rate, posture in water), and behaviour (hypo or

hyperactivity). Fish were euthanized if they displayed grossly abnormal physical appearance,
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clinical signs, or behaviour. Fish were not fed for 24 hours post anesthesia, but regular feeding
twice daily commenced afterwards and continued until the end of the experiment. Water was

changed and assessed for quality daily.

2.3.3 Drug Administration

At distinct intervals, adult zebrafish were treated with various compounds via
intraperitoneal injections as described by Barreiro-Iglesias and colleagues (2015). Briefly, adult
zebrafish were anesthetized by immersion in 0.02% MS222, removed, and placed on a pre-wet
sponge under a dissection scope. The fish then underwent a single intraperitoneal injection of 20
ML saline containing one of the following dissolved compounds: 2'(3')-O-(4-Benzoylbenzoyl)
adenosine-5'-triphosphate tri(triethylammonium) salt (BzATP; 100 uM, Abbexa, Cambridge,
United Kingdom, Cat# abx076752) or JNJ 47965567 (200 uM, Tocris Bioscience, Bristol,
United Kingdom, Cat# 5299). Vehicle injections of saline alone served as controls. Fish in
experiments completed at 7 days received an injection at 3 and 6 days post injury (dpi). Fish in

experiments completed at 14 days received an injection at 3, 6, 9, and 12 dpi.

2.3.4 Immunohistochemical Procedures

To localize expression of select proteins, adult zebrafish spinal cord tissue was processed
for histology. Zebrafish were euthanized by immersion overdose in 1% MS222 in water for 5
minutes and immediately transcardially perfused with 200 pL saline followed by 3000 pL 4%
paraformaldehyde (PFA; Sigma-Aldrich, Cat# 158127) dissolved in 0.01 M phosphate buffered
saline (PBS). The vertebral column was then removed and placed in 4% PFA overnight before
being transferred to a 20% sucrose solution (in 0.01 M PBS) for another 12-24 hours. Following

fixation and cryoprotection, the vertebral column was dissected to expose the injured spinal cord,
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the injury site was identified, and each rostral and caudal segment was isolated. From each
rostral and caudal spinal cord, a section of 600 um from the injury site was embedded in Tissue
Plus O.C.T. Compound Clear (Thermo Fisher Scientific, Waltham, Massachusetts, Cat#
SGN4585) and stored in a 7 x 7 mm base bold (Ted Pella, Inc., Redding, California, Cat# 27147-
1) that was flash frozen in liquid nitrogen and stored at -80°C. To prepare the sections for
cryosectioning, the spinal cord blocks were warmed to -20°C and mounted on a sectioning stage.
Frozen spinal cord sections (10 um thick) were collected on gelatin coated slides using a Leica
CM1900 cryostat. Gelatin coated slides were used to minimize detachment of sections from
slides. They were pre-made by dipping frosted slides in a 40-50°C solution of 0.5% gelatin 300

bloom and 0.05% chromium potassium sulphate for 1 minute.

For all immunohistological markers used in this study, each set of tissue sections
underwent a specific protocol for antigen retrieval prior to immunodetection. For anti-PCNA,
GFAP, NeuN, and P2X7 detection, slides were incubated in 10 mM sodium citrate and 0.05%
Tween-20 (pH 6) overnight at 60°C. For detection of anti-HUC/D, slides were incubated in 50
mM Tris (pH 8) for 30 minutes at 85°C. Following antigen retrieval, all samples were washed in
0.01 M PBS twice for 10 min and then incubated in 1% BSA (Sigma-Aldrich) and 0.1% Triton
X-100in 0.01 M PBS for 60 min at room temperature (RT) in a humidity chamber. The blocking
agent was then removed and replaced with one of the following primary antibodies diluted in
0.1% Triton X-100/0.01 M PBS: PCNA (mouse monoclonal, 1:1000, Abcam, Cambridge,
United Kingdom, Cat# ab29, RRID# AB_303394), GFAP (chicken polyclonal, 1:2000, Thermo
Fisher Scientific, Cat# PA1-10004, RRID# AB_1074620), NeuN (mouse monoclonal, 1:500,
Abcam, Cat# ab104224, RRID# AB_10711040), HuC/D (mouse monoclonal, Spug/mL, Thermo

Fisher Scientific, Cat#A-21271, RRID# AB_221448), or P2X7 (rabbit polyclonal; 1:500,
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Alomone Labs, Cat# APR-004, RRID# AB_2040068). Samples were then stored overnight at
4°C. The next day, samples were washed in 0.01 M PBS three times for 15 minutes. The slides
were then incubated with one of the following secondary antibody dilutions in 0.1% Triton X-
100/0.01 M PBS for 2 hours at RT: donkey anti-rabbit AlexaFluor 568 (1:500, Invitrogen,
Waltham, Massachusetts, Cat# A10042, RRID# AB_2534017), fluorescein donkey anti-chicken
(FITC; 1:200, Jackson ImmunoResearch, Cat# 703-095-155, RRID# AB_2340356), or
fluorescein goat anti-mouse (FITC; 1:100, Jackson ImmunoResearch, Cat# 115-095-166, RRID#
AB_2338601). Samples were washed again in 0.01 M PBS three times for 15 minutes.
Coverslips were mounted onto slides using 2-3 drops of ProLong Gold antifade reagent with
DAPI nuclear stain (Invitrogen, Cat# P36935) and stored at 4°C protected from light exposure.
All spinal cord cross sections were imaged at 20X objective magnification using an automated
stage on a Zeiss Axio Imager M2 Fluorescent microscope (Carl Zeiss, Oberkochen, Germany),

Axiocam 506 camera (Carl Zeiss), and ZEN Blue (Carl Zeiss) acquisition software.

For assessment of P2X7" colocalization with various cell types, the sample size was 3 fish
per group. Meanwhile, for cell quantification experiments, the sample size was 6-9 fish per
treatment group. For all immunohistochemical analysis, 8-10 sections encompassing either 600
pum naive spinal cord or 600 um rostral and 600 um caudal to the lesion site were analyzed per
fish (n). Quantification of cells detected in spinal cord transection images was completed using
ImageJ with filters for background subtraction using settings for a rolling ball radius of 75 pixels.
Manual counts of PCNA+ cells within a 30um radius of the central canal were completed for
each section of tissue. Automated counts for HuC/D™ cells within the entire cross-section were
completed for each section of tissue. HUC/D* and DAPI* channels were made into binary images

which were then overlayed. The overlayed image was put through an automated cell counter and
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set to exclude any particles smaller than 20 pixels. All cell counts and data analysis were

completed by an individual who was blinded to the experimental groups.

2.3.5 Protein Assays and Quantification

Protein samples were prepared from 2 mm sections of adult zebrafish thoracic spinal cord
tissue isolated from the following: (1) thoracic spinal cord tissue from naive fish, (2) tissue
within the injury site (3) tissue adjacent to the rostral side of the injury site, and (4) tissue
adjacent to the caudal side of the injury site. Tissue samples from each location in injured
zebrafish were collected at either 7, 14, or 21 dpi. Sample size ranged from 4-6 adult zebrafish

for every time point.

All samples were flash frozen in liquid nitrogen and stored at -80°C before being
mechanically homogenized in 20 pL of 1X Brain Extraction Buffer (25 mM HEPES pH 7.3, 150
mM KCL, 8% glycerol, 0.1% NP-40, Roche ULTRA protease inhibitor, and Roche PhoSTOP
phosphatase inhibitor) using a Teflon pestle for several minutes (Reynolds et al., 2021). The
homogenate was chilled on ice for 15 minutes, prior to centrifugation at 10,000 rpm for 10 min
at 4°C. The supernatant was removed and transferred to a new microtube. Samples were chilled
on ice until use in the DC protein assay (BioRad, Mississauga, Ontario) which was used to
standardize protein content used for Western blotting. A standard curve consisting of serial
dilutions of bovine serum albumin (BSA,; Sigma-Aldrich, Cat# A-7906) was prepared. The
standards and samples were prepared per manufacturers instructions (Bio-Rad). Plates were
gently shaken for 15 min prior to spectrophotometer (xMark Microplate Absorbance
Spectrophotometer, Bio-Rad) readings taken at 750 nm. Samples were flash frozen in liquid

nitrogen and returned to storage at -80°C.
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Protein samples (10 ug) were loaded on precast polyacrylamide TGX Stain-Free, 4-12%
gradient, SDS gels (BioRad) and were separated electrophoretically at 125 V for 45-50 minutes.
Each loaded protein sample corresponded to a single fish. Protein extraction from adult mouse
hippocampal tissue was loaded as a positive control, while protein extraction from adult naive
zebrafish whole brain tissue was loaded as a cross-gel control. Following electrophoresis, gels
were activated by UV exposure for 45 seconds to permit the visualization of total protein loaded
within each lane. Proteins were transferred onto polyvinylidenedifluoride (PVDF; BioRad)
membranes using the TransBlot Turbo system using the settings ‘turbo’ > ‘1 mini-gel’ (BioRad).
Membranes were then imaged for total protein prior to incubation in 10 mM sodium citrate and
0.05% Tween-20 (pH 6) overnight at 60°C. The next day, membranes were incubated in 5%
BSA (Sigma-Aldrich) in 1X Tris-buffered saline solution with Tween-20 for 1 hour and then
gently rotated for 3 hours at RT in primary antibody dilution. This included anti-P2X> (rabbit
polyclonal; 1:500, Alomone Labs, Jerusalem, Israel, Cat# APR-004, RRID# AB_2040068). A
negative control for the antibody was performed using a blocking peptide specific for the
antibody binding site. This included a P2X> control antigen (Alomone Labs, Cat# BLP-PR004).
Membranes were pre-incubated with the blocking peptide overnight at 4°C prior to antibody
exposure. Membranes were then incubated in secondary antibody (donkey anti-rabbit
horseradish peroxidase, 1:2500, Cytiva Lifescience, Marlborough, Massachusetts, Cat#
NA934VS, RRID# AB_772206) for 2 hours, developed in enhanced chemiluminescence
(BioRad) substrate for 5 minutes, and imaged using a ChemiDoc system (BioRad). ImageLab 6.1
software (BioRad) was used to quantify the relative densitometry of bands of interest and total
protein. Each protein of interest was normalized to the loading control and cross-gel control

lanes to account for variation of membrane transfers. Results were expressed as fold change

51



M.Sc. Thesis — E. Stefanova; McMaster University - Biology

relative to the naive control. Error bars are representative of standard deviation (SD). Statistical

significance between groups was determined using one-way ANOVA and post-hoc Dunnett test

for multiple comparisons.
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2.4 Results
2.4.1 P2X7 is expressed by radial glia and neurons within the adult zebrafish spinal cord

In addition to mediating various homeostatic functions, RG are essential for neural
regeneration following CNS injury in zebrafish (Briona & Dorsky, 2014). The cell bodies of RG
line the central canal of the spinal cord, while their processes extend out to the pial surface.
Immunohistological analyses showed that P2X7 colocalizes with glial fibrillary acidic protein
(GFAP); a marker for radial glia (Lyons et al., 2003), in the thoracic spinal cord of naive and
injured (7 and 14 dpi) fish (Figure 1A-F). Within the naive cord, colocalization of P2X7" and
GFAP* was primarily detected in cellular processes of RG as opposed to cell bodies (Figure 1B).
However, within the spinal cord at 7 and 14 dpi cord, colocalization of P2X;* and GFAP* was

detected in both cell bodies and cellular processes (Figure 1D, F).

We next examined expression of P2X7 on neurons within the zebrafish spinal cord
following similar conditions. We found strong colocalization of P2X7 with NeuN* cells,
demonstrating P2X7 expression on postmitotic neurons (mature and immature stages, but out of
the cell cycle) (Wolf et al., 1996) (Figure 2A-F). In the naive spinal cord, colocalization of P2X7*
and NeuN* was detected in primarily large neurons (Figure 2B). Following 7 and 14 dpi,
colocalization of P2X;* and NeuN™ was detected in both large neurons and small, newly
generated neurons (Figure 2D, F). It is important to note that not all NeuN" cells colocalized with

P2X7* (Figure 2B, D, F).
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Figure 1. P2X7 receptors are expressed by GFAP* radial glial cells. Spinal cord cross sections
are shown (dorsal is up; asterisk indicates central canal). Representative images of GFAP and
P2X7 labelling in naive fish (A-B), at 7 dpi (C-D), and at 14 dpi (E-F). Colocalization (arrows) is
seen in radial processes and cell bodies (B, D, F). Areas where colocalization is not observed
have also been denoted (open arrowheads) (B, D, F). n=3/group.
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Figure 2. P2X7 receptors are expressed by NeuN* neurons. Spinal cord cross sections are
shown (dorsal is up; asterisk indicates central canal). Representative images of NeuN and P2X;
labelling in naive fish (A-B), at 7 dpi (C-D), and at 14 dpi (E-F). Colocalization (arrows) is seen
in large neuronal cell bodies (A’’, B, C*’, E’’) and in smaller, newly generated neurons (D, F).
Neurons that do not colocalize with P2X7 have also been denoted (open arrowheads) (B, D, F).
n=3/group.
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2.4.2 Differential expression of P2X7 following spinal cord injury in adult zebrafish

In response to mammalian SCI, protein expression of the P2X7 receptor becomes
significantly upregulated by 3-7 dpi and remains elevated until at least 30 days (Fan et al., 2020;
Gomez-Villafuertes et al., 2015; Kobayashi et al., 2011). To assess temporal changes in P2X7
protein expression following zebrafish SCI, we performed western blots on spinal cord tissue
collected from naive animals and during various time periods of recovery from individuals that
sustained spinal cord transection. Injured tissue was collected at: 7 dpi during peak RG cell
proliferation; 14 dpi during peak neurogenesis; and 21 dpi during the start of axonal regeneration

(Barreiro-Iglesias et al., 2015; Hui et al., 2015; Reimer et al., 2008; Tsarouchas et al., 2018).

Since mammals and zebrafish have highly conserved genes encoding the ‘ballast
domain’, otherwise known as the extended C-terminal tail of the P2X7 receptor, we probed the
zebrafish spinal cord with a P2X7 antibody targeting the C-terminus (McCarthy et al., 2019;
Rump et al., 2020). This antibody typically detects the full-length 68-85kDa mammalian P2X7
receptor. We demonstrated antibody specificity for P2X7 using mouse hippocampal tissue as a
positive control and pre-absorption of a blocking peptide as a negative control (Carvalho et al.,
2021; Leeson et al., 2018) (Figure 3A). In zebrafish samples, we identified immunoreactive
bands in the 50 kDa and 37 kDa regions; meanwhile, those in the 68-85 kDa region were either
completely absent or demonstrated limited staining in just a few individuals. The molecular
weights of the proteins we detected correspond to recognized P2X7 splice variants in mammals,
namely P2X7B and P2X-J, that are reported to lack the C-terminus (Cheewatrakoolpong et al.,

2005). This suggests that our antibody detected most P2X7 isoforms rather than a select few.

Protein expression of the 50 kDa isoform was consistent with naive levels at 14 dpi
(naive, n=6; Ro, n=6; In, n=6; Ca, n=6; p= 0.9425) (Figure 3D-D”) and at 21 dpi (naive, n=6; Ro,
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n=6; In, n=6; Ca, n=6; p= 0.1351) (Figure 3E-E’). However, protein expression of this isoform
was significantly downregulated within the injury site relative to naive controls at 7 dpi (naive,
n=6; Ro, n=4; In, n=4; Ca, n=4; p = 0.0468) (Figure 3C-C’). Meanwhile, expression of the 37

kDa isoform did not differ at 7, 14, or 21 dpi when compared to naive controls (Figure 3C, C”’,

D, D", E, E”).
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Figure 3. Temporal changes in P2X7 receptor protein expression following SCI in adult
zebrafish. (A) Representative Western blot and corresponding total protein in mouse
hippocampal tissue as a positive control (+), naive zebrafish spinal cord (SC) and brain tissue,
and pre-absorption of a blocking peptide as a negative control (-). (B) Schematic representation
of lesioned tissue. Representative Western blot and corresponding total protein at 7 dpi (C), 14
dpi (D), and 21 dpi (E). Quantitative analysis of the 50 kDa isoform showed significant
downregulation within the injury (In) site at 7 dpi (n=4, one-way ANOVA with Dunnett’s post
hoc test, p = 0.0468) (C’) when normalized to naive tissue (n=6). Protein expression of the 50
kDa isoform returned to basal levels at 14 dpi (D”) and 21 dpi (E’). Quantitative analysis of the
37 kDa isoform showed consistent expression at 7 dpi (C’*), 14 dpi (D), and 21 dpi (E’’) when
normalized to naive tissue. Data presented as means + SD. *, significant differences between
injury (In) and naive groups, p<0.05.
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2.4.3 P2X7 agonism increases injury-induced radial glial cell proliferation around the central

canal

During spontaneous regeneration, RG undergo a massive proliferative response at 7 dpi
(Hui et al., 2015). To quantify proliferation, we analyzed the number of proliferating cell nuclear
antigen (PCNA™) positive cells within the injured spinal cord at 7 dpi (Bologna-Molina et al.,
2013). Consistent with previous work by Barreiro and colleagues (2015), we detected a
significant increase in the number of PCNA cells around the central canal at 7 dpi when
compared to naive controls (Figure 4D). Furthermore, we found that P2X7 receptors are
expressed by PCNA cells in the naive zebrafish spinal cord (Figure 4A-A’") and at 7 dpi both

rostral (Figure 4B-B’’) and caudal (Figure 4C-C’’) to the lesion.

To directly test the involvement of P2X7 signaling in mediating RG cell proliferation, we
administered intraperitoneal injections of P2X7 agonist BzZATP or P2X7 antagonist JNJ
47965567 at 3 and 6 dpi, and then quantified proliferation around the central canal at 7 dpi.
Vehicle injections delivered in the same time intervals served as controls. We used a BzZATP
concentration of 100 uM because this concentration has previously been shown to activate P2Xy
receptors in larval zebrafish in vivo (Chang et al., 2011). We used a JNJ concentration of 200 uM
based on in vivo studies in murine species (Bhattacharya et al., 2013; Ly et al., 2020). Both

treatments were well tolerated by adult zebrafish with no adverse effects.

Quantification of PCNA cells around the central canal indicated that the number of
proliferating cells decreased as distance from the lesion increased (Figure 5E, J). When
comparing vehicle to BzATP treated fish, we noted that BzATP stimulated cell proliferation
around the central canal within the first 400 pum rostral to the lesion (Figure 5E) and the first 300

um caudal to the lesion (Figure 5J) but had relatively no effect in the distal spinal cord. Thus, for
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each sample (n), we limited our counts to spinal sections within the first 400 um rostral and
caudal to the injury site and compared the values between treatment groups. When comparing
vehicle to BzATP treated fish, we found a significant increase in PCNA™ cells around the central
canal both rostral (Saline, n=8; BzATP, n=8; p=0.0012; Figure 5A, B, D) and caudal (Saline,
n=10; BzATP, n=8; p=0.0436; Figure 5F, G, I) to the lesion. Meanwhile, JNJ injections had no
effect on proliferative events rostral (JNJ, n=6; p=0.4695; Figure 5C, D) or caudal (JNJ, n=6;

p=0.8876; Figure 5H, I) to the lesion.
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Figure 4. P2X7 receptors are expressed by PCNAT cells around the central canal. Spinal cord
cross sections are shown (dorsal is up; asterisk indicates central canal). Representative images of
PCNA and P2X7 labelling in naive fish (A-A’”) and within the 7 dpi rostral (B-B’’) and caudal
(C-C*’) spinal cord. n=3/group. Colocalization of PCNA* and P2X7" is seen in some cells lining
the central canal (arrows) but not in others (open arrowhead) (A’’, B’’, C’”). When normalized to
naive controls (n=6), PCNA* expression around the central canal became significantly
upregulated both rostral (n=8, one-way ANOVA with Dunnett’s post hoc test, p<0.0001) and
caudal (n=10, p<0.0001) to the lesion (D). Data presented as means £ SD. **** significant
differences between rostral (Ro) and caudal (Ca) to naive groups, p <.0001.
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Figure 5. Treatment with BzATP increases
PCNA* expression around the central canal.
Spinal cord cross sections are shown (dorsal is
up; asterisk indicates central canal).
Representative images of PCNA™ expression
following treatment with saline (A, F), BZATP
(B, G), and JNJ (C, H). Intraperitoneal
injections of 100 uM BzATP at 3 and 6 dpi
significantly increased the number of PCNA*
cells around the central canal at 250 um, 350
um, and at 400 um rostral to the lesion (E, two-
way ANOVA with Dunnett’s post hoc test) and
at 250 um and 300 pum caudal to the lesion (J)
when compared to intraperitoneal injections of
saline alone. Analysis of summative cell counts
indicate that BzATP significantly increased
PCNA" expression both rostral (D, saline, n=8;
BzATP, n=8; one-way ANOVA with Dunnett’s
post hoc test, p=0.0012) and caudal (|, saline,
n=10; BzATP, n=8; p=0.0436) to the lesion
when compared to saline. JNJ had no effect on
proliferative events both rostral (D, JNJ, n=6;
p=0.4695) and caudal (I, JNJ, n=6; p=0.8876)
to the lesion when compared to saline. Data
presented as means £ SD. *, significant
differences between BzATP and saline p<0.05.
** significant differences between BzATP and
saline p<0.01.
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2.4.4 P2X7 agonism or antagonism has no effect on injury-induced neuronal regeneration

During spontaneous regeneration, peak neurogenesis occurs at 14 dpi (Reimer et al.,
2008). To assess neuronal regeneration, we used pan-neuronal marker HuC/D (Ghosh & Hui,
2016; Hui et al., 2010). Similar to previous reports, we detected a significant increase in the
number of HUC/D" cells within the spinal cord at 14 dpi when compared to naive controls
(Figure 6D). We also found that P2X7 receptors are expressed by HuC/D* cells in naive fish
(Figure 6A-A’’) and at 14 dpi within the spinal cord both rostral (Figure 6B-B’’) and caudal

(Figure 6C-C’’) to the lesion.

We assessed the involvement of P2X7 signaling in mediating neuronal regeneration by
administering intraperitoneal injections of P2X7 agonist BzATP or P2X7 antagonist JNJ
47965567 at 3, 6, 9, and 12 dpi, and then analyzed HuC/D" expression at 14 dpi. Vehicle
injections delivered in the same time frames served as controls. Quantification of HUC/D* cells
within the injured spinal cord indicated that the number of neurons present decreased slightly as
distance from the lesion increased (Figure 7E, J). This effect was more pronounced in the spinal
cord tissue that was rostral to the lesion (Figure 7E). When comparing vehicle to BzATP treated
fish, we noted a significant decrease in the number of HUC/D* expressing cells within the first
250 pm rostral to the lesion (Figure 7E), but no change in the number of HUC/D" expressing cells
within the caudal cord (Figure 7J). Again, for each sample (n), we limited our counts to spinal
sections within the first 400 um closest to the injury site (as above) and compared these values
between treatment groups. When comparing vehicle to BzATP or vehicle to JNJ treated fish, we
found there were no significant differences in the total number of HuC/D* expressing cells both

rostral (Figure 7A-D) and caudal (Figure 7F-1) to the lesion.
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Figure 6. P2X7 receptors are expressed by HUC/D* cells around the central canal. Spinal
cord cross sections are shown (dorsal is up; asterisk indicates central canal). Representative
images of HuC/D and P2X7 labelling in naive fish (A-A’") and within the 14 dpi rostral (B-B’’)
and caudal (C-C”’) spinal cord. n=3/group. Colocalization is seen in small and large HUC/D*
cells (arrows) (A”’, B”’, C’”). When normalized to naive controls (n=3), HUC/D" expression
around the central canal became significantly upregulated both rostral (n=8, one-way ANOVA
with Dunnett’s post hoc test, p=0.0005) and caudal (n=6, p=0.0174) to the lesion (D). Data
presented as means = SD. *, significant differences between caudal (Ca) and naive p<0.05. ***
significant differences between rostral (Ro) and naive p<0.001.
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Figure 7. Treatment with BzATP or JNJ
have no effect on HUC/D* expression within
the spinal cord. Spinal cord cross sections are
shown (dorsal is up; asterisk indicates central
canal). Representative images of HUC/D*
expression following treatment with saline (A,
F), BZATP (B, G), or JNJ (C, H).
Intraperitoneal injections of 100 uM BzATP at
3, 6,9, and 12 dpi significantly decreased the
number of HUC/D" cells at 14 dpi within the
first 250 pum rostral to the lesion (E, two-way
ANOVA with Dunnett’s post hoc test) but had
no effect caudal to the lesion (J) when
compared to intraperitoneal injections of saline
alone. Analysis of summative cell counts
indicates that BZATP or JNJ had no significant
effect on the number of HUC/D™* expressing
cells both rostral (D, saline, n=8; BzZATP, n=8;
JNJ, n=8; one-way ANOVA with Dunnett’s
post hoc test) and caudal (I; saline, n=6;
BzATP, n=8; JNJ, n=7) to the lesion when
compared to saline. Data presented at means +
SD. **, significant differences between BzATP

and saline p<0.01.
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2.5 Discussion

The P2X7 receptor has been implicated in a plethora of cellular functions and disease
pathologies, including CNS injury. However, its role in adaptive plasticity and modulating
injury-induced RG cell proliferation and neuronal regeneration in adult zebrafish is unknown.
Here, we show that the P2X7 receptor has widespread distribution throughout the adult zebrafish
spinal cord with specific localization to neurons and radial glia. Examination of P2X7 isoform
expression revealed that several isoforms were commonly expressed in the zebrafish spinal cord,
with the exception of the 68-85 kDa full length mammalian P2X-A isoform, which appeared to
be mostly absent. Pharmacological activation of P2X7 following spinal cord transection in
zebrafish resulted in a greater number of proliferating cells around the central canal by 7 dpi,
while P2X7 inhibition appeared to have no effect. At 14 dpi, these treatments did not have a
significant effect on the number of neurons within the injured spinal cord. This data indicates
that P2X7 receptor activation is sufficient to induce cellular proliferation but is not a necessary

mediator of either proliferation or neurogenesis following SCI in adult zebrafish.

2.5.1 Cellular Expression of P2X7

Within the mammalian CNS, P2X7 receptors are widely expressed. It is generally
accepted that immune cells, oligodendrocytes, oligodendrocyte precursor cells, and astrocytes
express functional P2X7 receptors (Fan et al., 2020; He et al., 2017; Khan et al., 2019; Kobayashi
etal., 2011; Matute et al., 2007; Peng et al., 2009; Savio et al., 2018; Wang et al., 2009).
Expression has also been identified in ependymal cells of the brain and spinal cord, as well as
neural progenitors from the subgranular and subventricular zones of the brain (Francistiova et al.,
2021; Genzen et al., 2009; Leeson et al., 2018; Marichal et al., 2016). Meanwhile, expression of

functional P2X7 receptors in mature neurons appears more controversial with contradictory
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evidence supporting both possibilities (Deuchars et al., 2001; Illes et al., 2017; Kaczmarek-Hajek
et al., 2018; Khan et al., 2019; Metzger et al., 2017; Miras-Portugal et al., 2017; Wang et al.,

2004).

In larval zebrafish, P2X7 mRNA is expressed in the brain and spinal cord, as well as in
most other tissues (Appelbaum et al., 2007; Chang et al., 2011). While peripheral immune cells
of larval zebrafish have been proposed to possess functional P2X7 receptors, thorough cellular
characterization within larval or adult zebrafish CNS tissue has not yet been done (Ogryzko et
al., 2014). In our study, we observed widespread distribution of P2X7 expression throughout the
thoracic spinal cord of adult zebrafish. Colocalization of P2X7 expression showed that it was
primarily expressed by mature and immature neurons, labelled with either NeuN* or HuC/D*,
radial glia, labelled with GFAP*, and proliferating cells around the central canal, labelled with

PCNA".

2.5.2 P2X7 Splice Variants

The rather diverse portfolio of roles for P2X7 receptors may be attributed to the existence
of different splice variants that perform distinct functions (Adinolfi et al., 2018; Burnstock &
Knight, 2018). Alternative splicing is highly varied across species and in terms of P2X5, there
have been 13 splice variants identified in humans and 5 in mice. In humans, three of the 13
identified splice variants, namely P2X7A (~68-85 kDa), P2X7B (~42-50 kDa), and P2X7J (~29-
38 kDa) are particularly relevant to CNS regeneration (Benzaquen et al., 2019;
Cheewatrakoolpong et al., 2005; Olla et al., 2020; Pegoraro et al., 2021). P2X7A encodes the
full-length protein typically associated with mediating cell death via ‘macropore’ formation
(Cheewatrakoolpong et al., 2005). In comparison, P2X7B has a truncated C-terminus which

makes it incapable of forming a ‘macropore’ but allows it to retain ion channel activity
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(Cheewatrakoolpong et al., 2005). When the two splice variants are co-expressed, P2X7B can
potentiate the activities of P2X7A (Adinolfi et al., 2010). P2X+J lacks the second transmembrane
domain and intracellular C-terminus tail making it inactive when expressed alone; however,
when co-expressed with P2X7A, P2X7J exerts a dominant negative effect over P2X;A-mediated
cytotoxic functions (Feng et al., 2006; Guzman-Aranguez et al., 2017). mRNA analysis reveals
that humans have evolved to favor P2X7B as the predominant isoform over P2X-A in the brain
and spinal cord under homeostatic conditions (Adinolfi et al., 2010; Cheewatrakoolpong et al.,

2005).

In murine species, four of the five identified splice variants, namely P2X7a, P2X7b,
P2X7c, and P2X7d, are particularly relevant to CNS regeneration. Like human P2X7A, P2X7a is
the full-length, cytotoxic protein. P2X7b and P2X-c have truncated C-termini, but P2Xzc is 11
amino acids longer (Masin et al., 2012). The truncation in these splice variants is less severe,
with more of the C-terminus being conserved, when compared to human P2X7B variants. Like
P2X7B, P2X7b cannot form ‘macropores’; however, unlike P2X7B, P2X7b negatively modulates
the activity of P2X7a when the two proteins are co-expressed (Kido et al., 2014; Masin et al.,
2012). Interestingly, as more P2Xza/b heteromers form, total expression of P2X7a decreases
(Masin et al., 2012). Nevertheless, P2X7b and c are ineffectively trafficked to the plasma
membrane, so while some proteins may reach the membrane, most remain intracellular (Masin et
al., 2012). Although P2X7b and ¢ form functional channels, they have lower activity than P2X7a
(Masin et al., 2012). P2X-d has a truncated extracellular loop and lacks the second
transmembrane domain and intracellular C-terminus tail (Benzaquen et al., 2019). Structurally, it
is comparable to human P2X7J, but has a more significant truncation. Like P2X57b, this protein

does not form ‘macropores’ and negatively modulates P2X7a activity when the two proteins are
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co-expressed (Kido et al., 2014; Masin et al., 2012). Unlike humans, mRNA analysis in murine
species suggests that they have evolved to favor P2Xa as the predominant isoform in the brain,
when compared to P2X7b and ¢ (Masin et al., 2012; Nicke et al., 2009). Whether this is also the

case in the spinal cord is undocumented.

Different P2X7 splice variants have not yet been identified in zebrafish; however, their
existence seems possible. Since mammals and zebrafish have highly conserved genes encoding
the extended C-terminus tail, we probed the zebrafish spinal cord with a P2X7 antibody targeting
several amino acids within this region (McCarthy et al., 2019; Rump et al., 2020). This antibody
has been shown to detect the full length P2X7 receptor in mammals (Leeson et al., 2018). Across
all groups, the majority of individual zebrafish did not express the 68-85 kDa protein
corresponding to the full length P2X7A receptor in mammals. We did, however, detect strong
bands around 50 kDa, matching the molecular weight of human P2XB and murine P2X7b/c, and
37 kDa, matching the molecular weight of human P2X7J and murine P2X-d (Benzaquen et al.,
2019; Sluyter, 2017). Given that we used a C-terminus targeting antibody that cannot detect
mammalian P2X7B and P2X7J splice variants, it seems unlikely that the 50 and 37 kDa zebrafish
P2X7 splice variants are structurally or functionally homologous to the truncated mammalian
P2X7 proteins. Our data demonstrates that zebrafish express alternative splice variations of the
P2X7 receptor with conserved C-termini. This suggests that these variants are perhaps more
similar in function to mammalian P2X7A receptors. In mammals, only the P2X7A variant
expresses the complete C-terminus tail, which enhances channel activity and is necessary for
‘macropore’ formation (Karasawa et al., 2017). Indeed, while ‘macropore’ formation has not be
recorded in teleost fish, BZATP has been shown to mediate P2X7 mediated cell death and cell

proliferation in larval zebrafish: two functions that can be driven P2X7A activation in mammals
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(Adinolfi et al., 2010; Chang et al., 2011; Medrano et al., 2020). Nevertheless, it is important to
note that the functions of the zebrafish P2X7 splice variants are unlikely to be identical to those
of mammalian P2X7A receptors. This is because although the C-terminus is conserved, the
human P2X7 gene is only 42% similar to that in zebrafish (Sluyter, 2017). These significant
structural differences may account for why certain characteristic functions of mammalian P2X7
receptor activation, such as interleukin-1 beta (IL-1p) secretion, are not shared by zebrafish P2X5
receptors (Lopez-Castejon et al., 2007). Thus, our data suggests that zebrafish P2X7 mRNA
undergoes alternative splicing to generate distinct proteins that contribute to yet unknown

functions of this receptor.

During pathological conditions in humans, such as cancer, Huntington’s disease,
Alzheimer’s disease, multiple sclerosis, amyotrophic lateral sclerosis, or epilepsy, P2X7 receptor
expression is upregulated (Chong et al., 2010; Giuliani et al., 2014; Jimenez-Pacheco et al.,
2016; Martin et al., 2019; Olla et al., 2020; Pegoraro et al., 2020; Yiangou et al., 2006). Similar
findings are seen in murine models (Lara et al., 2020; Territo & Zarrinmayeh, 2021). While
changes in P2X7 receptor expression have not been described in response to human SCI, they
have been characterized in murine species. Indeed, P2X7A mRNA and protein levels become
significantly upregulated by 3-7 days post SCI and remain elevated until at least 30 days (Fan et
al., 2020; Gomez-Villafuertes et al., 2015; Kobayashi et al., 2011). In contrast, we showed that in
adult zebrafish, P2X7 protein expression of the 50 kDa isoform was downregulated at 7 days and
returned to basal levels of expression at 14 and 21 days, when compared to naive controls.
Meanwhile, P2X7 protein expression of the 37 kDa isoform did not change at 7, 14, or 21 days
following SCI when compared to naive controls. In mammals, the predominant view is that P2X7

upregulation potentiates secondary cell death (Peng et al., 2009; Wang et al., 2004). Given that
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the period of injury-induced secondary cell death in fish is quite brief and only lasts for several
days, it seems feasible that in these species, P2X7 receptor expression remains at basal levels
during the early SCI response so that it may dampen the severity of the secondary cellular injury

(Hui et al., 2010; Hui et al., 2014; Ogryzko et al., 2014; Tsarouchas et al., 2018).

2.5.3 P2X7 Mediated Cellular Proliferation and Neuronal Differentiation

Spinal ependymal cells lining the murine central canal are highly differentiated and do
not generate other cell types under homeostatic conditions (Stenudd et al., 2022). The exception
to this is in vitro, or in response to direct injury to the spinal cord. When exposed to these
exceptional conditions, a small subpopulation (approximately 8%) of spinal ependymal cells
denoted ependymal A (EpA) generate neurons, astrocytes, and oligodendrocytes in vitro
(Stenudd et al., 2022; Weiss et al., 1996). In response to direct injury of the spinal cord, EpA
cells de-differentiate and acquire stem cell properties, such as the ability to self-renew and
generate migrating glial, but not neuronal, progeny (Barnabé-Heider et al., 2010; Stenudd et al.,
2022). The caveat is that ependymal cell progeny migrate minimal distances and only contribute
to approximately 2.1% of newly generated astrocytes (Ren et al., 2017). Meanwhile, if the
ependymal layer is not directly damaged during SCI, spinal ependymal cells do not contribute to
the SCI response (Ren et al., 2017). Yet, transplantation of an in vitro expanded clonal
population of spinal ependymal cells into the dentate gyrus of the hippocampus, a neurogenic
niche within the mammalian brain that is maintained into adulthood, induced their activation and
differentiation into neurons (Shihabuddin et al., 2000). Thus, microenvironmental cues appear to
play an integral role in determining the activity and cell fate of endogenous spinal ependymal

cells.
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Throughout development and in adulthood, radial glia line the central canal of teleost fish
and fulfil the homeostatic functions of mammalian ependymal cells and astrocytes (Becker et al.,
2018). It has been proposed that RG are ancestral homologs of mammalian radial glia and
astrocytes (Jurisch-Yaksi et al., 2020). During mammalian development, radial glia are present
throughout the spinal cord where they give rise to new neurons, macroglia, and ependymal cells;
however, during early postnatal development, these cells undergo terminal differentiation into
astrocytes (Barry & McDermott, 2005; Malatesta et al., 2000; Xing et al., 2018). Following SCI
in zebrafish, RG undergo a significant proliferative response and, unlike mammalian EpA cells,
can differentiate into neurons or glial cells to repopulate the injured spinal cord (Hui et al., 2015;
Stenudd et al., 2022). Prior to our study, the role of P2X7 signaling in mediating injury-induced

RG cell activity had not yet been explored.

Multiples lines of evidence suggest that elevated P2X7 receptor expression potentiates
cellular proliferation. Indeed, populations of highly proliferative stem or cancer cells express
high levels of P2X7 (Francistiova et al., 2021; Giuliani et al., 2014; Pegoraro et al., 2020). While
both human P2X7A and B have growth-promoting effects, that of P2X7B appears to be more
efficient (Giuliani et al., 2014). In humans, tumors expressing higher levels of P2X7B have
greater cell density than those expressing similar levels of P2X7A and B (Giuliani et al., 2014).
Treatment of mouse embryonic stem cells with a P2X7 agonist increases proliferation, while
treatment with a P2X7 antagonist decreases proliferation (Glaser et al., 2014). Given these
findings, one possible explanation for the decrease in expression of the 50 kDa isoform we
detected during the peak in RG proliferation may be that this protein, like human P2X-A and
P2X7B, is a potent inducer of cellular proliferation. Under homeostatic conditions, this isoform

may be involved in maintaining basal rates of proliferation, but to prevent uncontrolled cell
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growth, zebrafish downregulate protein expression of the 50 kDa P2X7 isoform during the period
of peak RG cell proliferation. This downregulation doesn’t adversely affect the rate of
proliferation, suggesting that various other signaling pathways simultaneously promote RG re-
entry into the cell cycle (Barreiro-lglesias et al., 2015; Briona et al., 2015; Reimer et al., 2009;
Reimer et al., 2013). Since expression of the 50 kDa P2X7 isoform is downregulated in zebrafish
at 7 dpi, it may account for the effect of P2X7 agonism, and lack of effect by antagonism, on total

PCNA* expression around the central canal.

The P2X7 receptor may also be involved in regulating cellular differentiation; however,
the respective roles of the mammalian P2X7 isoforms in this process remain unclear. When
mouse embryonic stem cells and human induced pluripotent stem cells (hiPSCs) are induced to
undergo neuronal differentiation, the expression of P2X7 decreases (Francistiova et al., 2021;
Glaser et al., 2014). One group reported that while the expression levels of P2X7A stayed
relatively constant, those of P2X7B decreased (Glaser et al., 2014). Another group reported a
decrease in P2X7A expression, but did not analyze P2X7B (Francistiova et al., 2021). Thus, it is
unclear which P2X7 isoform plays a more predominant role in this process. Treatment of mouse
embryonic stem cells with a P2X7 receptor agonist had no effect on neuronal differentiation,
while treatment with a P2X7 receptor antagonist increased neuronal differentiation (Glaser et al.,
2014). This suggests that P2X7 activation negatively regulates neuronal differentiation. In
comparison to neural differentiation, when hiPSCs or mesenchymal stromal cells derived from
human subcutaneous adipose tissue (S-ASCs) are induced to differentiate into a non-neuronal
cell type, total expression of P2X7A and P2X7B is maintained or even increased (Carluccio et al.,
2019; Francistiova et al., 2021). One group studying phenotype specification of mouse

embryonal carcinoma cells found that P2X7 receptor activation promotes gliogenesis (Yuahasi et
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al., 2012). In our study, we detected basal levels of expression of the 50 kDa P2X7 isoform
during the period of peak injury-induced neurogenesis (14 dpi). In response to chronic P2X>
receptor agonism or antagonism, we detected no statistically significant changes in the total
number of HUC/D" cells. Our findings indicate that P2X7 signaling likely does not play a
predominant role in neurogenesis following SCI in adult zebrafish. Nevertheless, we did not
assess changes in gliogenesis, so it may be possible that treatment with BzATP pushed some RG

cells towards a glial fate.

In conclusion, our results suggest that, unlike in humans, P2X7 signaling does not play a
maladaptive role following SCI in adult zebrafish. Using immunohistochemical techniques, we
detected P2X7 expression on neurons and radial glial cells; however, additional investigation will
be required to confirm the identity of select P2X7 isoforms expressed by these cell types. In vivo
analysis of the effects of P2X7 agonism or antagonism showed that while P2X7 activation is
sufficient to promote proliferation, it is not required. Meanwhile, P2X7 signaling did not appear
to play a significant role in mediating neurogenesis. Future studies examining the possible effects
of P2X7 on differentiation of other cell types within the spinal cord may offer some new insights
into injury-induced glial or immune cell regulation. In all, our findings suggest alternative roles

of the purinergic system following CNS injury in teleost fish versus mammals.
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3. Discussion

Mammalian spinal cord injury (SCI) is an extremely debilitating neurological condition
causing significant and irreversible physiological and psychological damage. Following the
primary mechanical injury, a maladaptive secondary cellular injury ensues that is characterized
by widespread neuroinflammation, significant cellular death, reactive gliosis, and axonal
degeneration. In comparison, select non-mammalian vertebrates, namely zebrafish (Danio rerio),
display high regenerative ability in adulthood. In these species, the secondary cellular injury is
dampened, successful neural regeneration occurs, and functional recovery is achieved. In our
study, we identified a role for the purinergic P2X7 receptor in the zebrafish SCI response.
Specifically, we found that receptor activation is sufficient but not necessary to promote injury-
induced radial glial (RG) cell proliferation. Among the purinergic receptors, P2X7 is the most
widely investigated in mammals but its role within the central nervous system (CNS) is also the
most controversial, with both neuroprotective and neurotoxic roles being identified. Here, we
evaluated P2X7 receptor activation under homeostatic versus pathological conditions and

variations in receptor structure and function in zebrafish.

3.1 P2X7 Receptor Function

The members of the adenosine triphosphate (ATP) gated P2X1.7 receptor family share
many structural similarities. All full length P2X receptors have two transmembrane domains, an
extracellular loop, and intracellular N- and C-termini (North, 2002). Among its family members,
P2X7 receptors are unique in that they have a significantly longer intracellular C-terminus tail.
Three ATP binding sites are present at each of the three subunit interfaces of full length P2X

receptors (Hattori & Gouaux, 2012). Most P2X receptors, including P2Xz7, require all three
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binding sites to be occupied for channel gating (Grimes & Young, 2015; Hattori & Gouaux,
2012; Stelmashenko et al., 2012). In response to ligand binding, these channels open to facilitate
potassium efflux, and sodium and calcium influx. In addition to the orthosteric P2X7 binding
sites, distinct allosteric binding sites have also been identified (Karasawa & Kawate, 2016).
Various endogenous and exogenous allosteric modulators that can positively or negatively
regulate P2X7 function exist, including, peptides, amyloid beta, antibiotics, plant derivatives, and
several receptor agonists and antagonists (Bidula et al., 2019; Elssner et al., 2004; Karasawa et
al., 2017; Martinez-Cuesta et al., 2020; Moura et al., 2015; Sanz et al., 2009; Stokes et al., 2020).
In this work, we used BzATP, a competitive P2X7 receptor agonist, which binds at the
orthosteric sites, and JNJ 47965567, a non-competitive antagonist, which binds at the allosteric
sites (Jiang et al., 2021; Karasawa & Kawate, 2016). Interestingly, upon extracellular ATP
binding and channel opening, the allosteric sites narrow (Karasawa & Kawate, 2016). This
implies that when extracellular ATP is bound, the allosteric sites are not accessible to receptor
antagonists such as JNJ 47965567. This suggests that when extracellular ATP concentrations are
elevated, such as during the first several hours following mammalian SCI, treatment with JNJ
47965567 will not effectively prevent channel activation (Wang et al., 2004). While individual
P2X receptors can co-assemble to form homo- and hetero-trimeric ion channels, P2X7 receptors
typically form homotrimers; nevertheless, formation of heterotrimers with P2X7/P2X4 may also

occur (Antonio et al., 2014; Schneider et al., 2017; Sluyter & Stokes, 2011).

Unlike the other six members of the P2X family, which are activated by ATP
concentrations within the nanomolar to low micromolar range, P2X7 is activated by ATP
concentrations in the hundreds of micromolar range (Martinez-Cuesta et al., 2020; McCarthy et

al., 2019). Under physiological conditions, ectonucleotidase activity keeps extracellular ATP
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concentrations in the nanomolar range (Ohnishi et al., 2021; Pellegatti et al., 2008; Zimmermann,
2000). CD39 (NTPDase-1) metabolizes ATP into ADP and AMP, while CD73 (ecto-5'-
nucleotidase) metabolizes AMP into adenosine (Antonioli et al., 2013). At the same time,
intracellular ATP concentrations are in the millimolar range (Ohnishi et al., 2021; Pellegatti et
al., 2008). This suggests that the bulk of ATP is almost exclusively cytosolic in healthy tissues
and extracellular ATP concentrations are typically not sufficient for receptor activation under
homeostatic conditions. Meanwhile, in response to cellular injury or disease, extracellular
concentrations of ATP become elevated (Li et al., 2017; Pellegatti et al., 2008; Wang et al.,
2004; Wilmes et al., 2022). ATP can be released from cells through two major mechanisms. The
first is lytic, or non-regulated ATP release, which typically occurs when cells are damaged or
dying (Grygorczyk et al., 2021). The second is non-lytic, or regulated ATP release, which may
occur through ATP-binding cassette (ABC) transporters, pannexin and connexin hemichannels,
calcium homeostasis modulator 1 (CALHM1), volume-regulated anion channels (VRACS),
maxi-anion channels (MACs), cytosolic vesicles, and even through P2X7 receptors (Di Virgilio,
Boeynaems, et al., 2009; Pellegatti et al., 2005; Suadicani et al., 2006; VVultaggio-Poma et al.,
2020). In addition, once in the extracellular space, ATP can act as a stimulus for additional ATP
release by local cells: a process called ATP-induced ATP release (Anderson et al., 2004; Dou et
al., 2012; Kobayakawa et al., 2019). Thus, during pathological conditions, extracellular ATP

concentrations can quickly rise to levels that are sufficient for P2X7 receptor activation.

For several decades, the prevailing dogma was that sustained stimulation with ATP
gradually increases the permeability of P2X7 receptors so that these cation channels ‘dilate’ to
become non-selective ‘macropores’ (Cockcroft & Gomperts, 1979; Virginio et al., 1999).

Recently, it was demonstrated that gradual channel dilation does not occur and instead, a channel
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pore permeable to small biological cations and large synthetic cations like N-methyl-D-
glucosamine (NMDG™) opens within milliseconds of ATP binding (Harkat et al., 2017;
Karasawa et al., 2017). lon flux is determined by cation size, as the flow of small sodium (Na*)
ions through the P2X7 channel is much faster than that of large NMDG" ions (Harkat et al.,
2017). It has been proposed that the delayed flux of fluorescent dyes with very high molecular
weights, such as YO-PRO-1 and ethidium bromide, could be because these dyes need “to
sample more conformations and orientations before a successful permeation can occur” (Harkat
et al., 2017). However, others argue that the minimal cross section of YO-PRO-1, the larger of
the two dyes, is at least 2 A larger than the open channel diameter of the full-length rat P2X7
receptor, so passage of this fluorescent dye through the channel is not entirely feasible (Batista
Napotnik & Miklav¢ié, 2018; Dunning et al., 2021). Nevertheless, ethidium bromide uptake
occurs in response to P2X7 receptor stimulation with high micromolar concentrations of ATP
(Leeson et al., 2018). So, an alternative mechanism is that P2X7 receptors may functionally
couple with other pore forming channels, such as Ca®*activated chloride (CI7) channels, to

mediate uptake of large fluorescent dyes (Dunning et al., 2021; Janks et al., 2019).

P2X7 receptors mediate diverse cellular processes like unprogrammed cell death,
programmed cell death, cellular proliferation, and phagocytosis (Adinolfi et al., 2005; Bidula et
al., 2019; Leeson et al., 2018). The concentration of extracellular ATP used to stimulate the
receptor and the duration of the stimulus appear to determine, at least in part, which specific
process occurs. When extracellular ATP reaches pathological concentrations, P2X7 receptor
overstimulation results in uncontrolled Ca?* influx into the cytoplasm and mitochondria, and
subsequent cell death (Di Virgilio, Ferrari, et al., 2009). Stimulation with extracellular

concentrations of ATP around 3-5 millimolar induces P2X7-mediated osmotic lysis via cell
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swelling and rupture (Bidula et al., 2019). Lytic cell death often results in additional ATP release
and exacerbation of the injury or disease (Bidula et al., 2019). In comparison, under
physiological conditions, when extracellular ATP is present but not in the high micromolar
range, basal P2X7 receptor activity can moderately increase intracellular Ca?* concentrations.
This stimulates an increase in intramitochondrial Ca?* concentrations which facilitates more
efficient oxidative phosphorylation, resulting in enhanced ATP production (Di Virgilio, Ferrari,
et al., 2009). An increase in intracellular ATP consequently facilitates cell survival and growth
(Di Virgilio, Ferrari, et al., 2009). Curiously, while some studies report that P2X7 receptor
stimulation with non-pathological concentrations of ATP stimulates cell proliferation, others
argue that it inhibits this process (Bianco et al., 2006; Glaser et al., 2014; Leeson et al., 2018;
Tsao et al., 2013; Zhang et al., 2019). Alternatively, additional groups have found that
stimulation with sub-lethal extracellular concentrations of ATP around 500 micromolar can
facilitate programmed cell death (Bidula et al., 2019). These contradictory findings may be

explained by the existence of different P2X7 receptor splice variants with distinct functions.

It is interesting to note that in the absence of extracellular ATP, P2X7 receptors on
astrocytes or adult neural progenitor cells from the hippocampus and subventricular zone of the
rodent brain can facilitate phagocytosis in vitro (Leeson et al., 2018; Yamamoto et al., 2013).
Phagocytosis is mediated by the closed (unbound) state of the P2X7 receptor. Interestingly,
certain non-competitive P2X7 receptor antagonists like AZ10606120 block fluorescent dye
uptake without affecting P2X7 mediated phagocytic ability of human monocytes (Ou et al.,
2018). Given that INJ-47965567, the non-competitive P2X7 receptor antagonist used in this
study, likely binds the same site, it seems feasible that P2X7 receptor inhibition by this compound

similarly did not inhibit endogenous phagocytic ability (Ly et al., 2020). This is important
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because CNS injuries and neurodegenerative diseases are typically associated with cellular
degeneration and cell death, which create considerable cellular debris. In cases like these, and
perhaps following SCI in adult zebrafish, treatment with P2X7 receptor antagonists may dampen
secondary cell death by inhibiting P2X7 mediated cytotoxic cell death while simultaneously
enhancing debris clearance by promoting P2X7 mediated phagocytic activity. A fascinating next
for the current study would be to assess how treatment with BZATP or JNJ-47965567 affected

P2X7 mediated phagocytosis.

While our study specifically analyzed the effect of P2X7 receptor activation and
inhibition on RG cell proliferation and neuronal differentiation following SCI in adult zebrafish,
it is likely that treatment with BzZATP or JNJ 47965567 affected various other cell types and
cellular processes. In addition to cell death, proliferation, and phagocytosis, P2X7 receptors are
also involved in mediating immune cell activation, reactive gliosis, axonal regeneration, and

gliogenesis (Stefanova & Scott, 2022). Further exploration of such off-target effects is required.

3.2 P2X7 Splice Variants

Although some similarities exist, alternative splicing is highly varied across species. Out
of the thirteen splice variants identified in humans, only nine (P2X7A-J) have been studied in
detail, and of these, only three (P2X-A, B, and J) are expressed under physiological conditions
(Figure 1) (Benzaquen et al., 2019). Human P2X-C, E, and G code for a protein that is presumed
to be too short to form a channel receptor, while P2X7D, F, and H lack the N-terminus sequence
required for insertion into the cell membrane (Benzaquen et al., 2019). In murine species, five
splice variants (P2X7a-d, and k) that can be expressed under physiological conditions have been

identified and studied (Figure 1) (Benzaquen et al., 2019; Sluyter, 2017).
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The full-length protein, P2X7A in humans and P2X7a in murine species, retains its
canonical role as an ion channel and is also capable of taking up large molecules like fluorescent
dyes (Cheewatrakoolpong et al., 2005; Di Virgilio et al., 2018; Leeson et al., 2018). It is
interesting to note that murine species have an additional splice variant, P2X7Kk, that is quite
similar to P2X~a, but with a differently spliced N-terminus and some variation in the first
transmembrane domain (Benzaquen et al., 2019). This variant is more sensitive to ATP than
P2X7a and has a greater propensity to take up large ions like NMDG" (Nicke et al., 2009). Part
of P2X7k’s enhanced activity has been explained by the presence of a second mode of receptor
activation via ADP-ribosylation, which does not activate P2X7a (Schwarz et al., 2012). mMRNA
analysis has revealed that while P2X7k is lowly expressed within most mouse tissues, including
the brain and spinal cord, it is generally not the predominant isoform (Nicke et al., 2009).
Humans have one C-terminus truncated variant: P2X7B, while murine species have two: P2X7b,
also called P2X7 13B or P2X7v3, and P2X5c, also called P2X713C or P2X7v2 (Masin et al., 2012;
Sluyter, 2017). While these splice variants retain their roles as ion channels, they do not typically
take up large molecules (Cheewatrakoolpong et al., 2005; Sluyter, 2017). It has recently been
demonstrated that it isn’t the lack of a C-terminus tail that prevents formation of a large pore in
these splice variants (Karasawa et al., 2017). Instead, the presence of a C-terminus tail
counteracts the inhibitory effect direct cholesterol binding to the P2X7 transmembrane domain
has on channel activity (Karasawa et al., 2017). When cholesterol is absent from the plasma
membrane channel activity, as indicated by Ca?* and YO-PRO-1 uptake, of C-terminus truncated
P2X7 variants is comparable to that of P2X7A (Karasawa et al., 2017). Therefore, the absence of
a C-terminus appears to reduce channel activity. Curiously, when P2X7B is co-expressed with

P2X7A in humans, all known activities of P2X7A are potentiated, including large pore formation
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and cytotoxic cell death (Adinolfi et al., 2010). In comparison, P2X7b negatively modulates the
activity of P2X7a when the two proteins are co-expressed in mice (Kido et al., 2014; Masin et al.,
2012). A variant that lacks the second transmembrane domain is expressed in humans (P2X7J)
and in murine species (P2X-d, also called P2X7v4) (Sluyter, 2017). When expressed alone,
P2X7J is inactive; however, when co-expressed with P2X7A, P2X7J exerts a dominant negative
effect over P2X7A mediated cytotoxic functions in humans (Feng et al., 2006; Guzman-
Aranguez et al., 2017). Similarly, P2X+d negatively modulates P2Xva activity when the two

proteins are co-expressed in murine species (Kido et al., 2014; Masin et al., 2012).

Prior to our study, different P2X7 receptor splice variants in zebrafish had not yet been
identified. We detected two truncated proteins matching the molecular weight of human P2X-B
and P2X7J (Benzaquen et al., 2019; Sluyter, 2017). Our data indicates that these alternative
splice variations each have a partially conserved C-terminus. This suggests that these variants are
perhaps more similar in function to mammalian P2X7A/a receptors than the mammalian C-

terminal truncated proteins.
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Figure 1. Human versus murine P2X7 receptor splice variant structure and function.
Known structure and function of splice variants is listed. Unknown function is expressed as ‘(?)’.
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3.3 Variations in Zebrafish P2X7 Structure and Function

While the human P2X7 gene shares 80-81% similarity with murine species when
comparing genomic organization and chromosomal localization, this value decreases to 42%
with zebrafish (Sluyter, 2017). Despite these differences, it appears that the two main features
that make P2X7 receptors unique from the rest of their family are genetically conserved between
species. First, both mammalian and zebrafish P2X7 receptors do not desensitize (Lopez-Castejon
et al., 2007). Indeed, zebrafish P2X7 receptor stimulation with high concentrations of ATP
generates a similar current in both shape and amplitude to that generated by rodent P2X7 receptor
stimulation (Kucenas et al., 2003). However, slight nuances exist. One study individually
expressed the genes encoding the full length P2X7 receptor of several species, including, humans,
mice, rats, and zebrafish in HEK293 cells (Liang et al., 2015). They found that in HEK293 cells
expressing zebrafish P2X7 receptors, Ca?* contributed significantly more to the BzATP-gated
current of P2X7 than it did in any other species (Liang et al., 2015). Curiously, highly
proliferative human chronic lymphocytic leukemia (CLL) cells generate a larger increase in
cytoplasmic Ca* concentrations in response to P2X7 receptor agonism when compared to
healthy lymphocytes (Adinolfi et al., 2002). These results suggest that zebrafish P2X7 receptors
may be more heavily involved in regulating Ca®* mediated functions like cell growth or
apoptosis when compared to mammalian P2X7 receptors in healthy tissue. Second, both species
have highly conserved genes encoding the extended C-terminus tail (McCarthy et al., 2019;
Rump et al., 2020). Given that the C-terminus tail enhances channel activity and is necessary for
large fluorescent dye uptake in mammals, it seems that zebrafish possess the genetic code to
express a P2X7 receptor that may be somewhat similar in function to mammalian P2X7A.

However, the exact function of such a receptor cannot yet be ascertained and will likely not be
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identical to that in mammals. Indeed, P2X7 receptor stimulation mediates interleukin-1 beta (IL-
1B) secretion in rodents, but it does not do so in zebrafish (Lopez-Castejon et al., 2007). These
functional differences may be because other components of the P2X7 receptor, like the
transmembrane domains, do not share strong sequence homology between mammals and fish

species (Rump et al., 2020).

Regardless, some P2X7-mediated functions appear to be conserved between mammals
and fish. Two relatively recent studies in larval zebrafish have identified P2X7 signaling as a
mediator of cell death and cell proliferation (Chang et al., 2011; Medrano et al., 2020). The first
group studied retinal degeneration and found that an injection of BzZATP (400 uM) into the
vitreous cavity resulted in photoreceptor cell death (Medrano et al., 2020). Unfortunately,
whether this occurred through programmed or lytic cell death was not determined. Meanwhile, in
a zebrafish model of polycystic kidney disease, authors found that treatment with BzATP (100
M) enhanced renal cyst formation and growth (Chang et al., 2011). This was similar to our
findings that treatment with BZATP (100 uM) enhanced RG cell proliferation around the central
canal at 7 days following spinal cord injury in adult zebrafish. Although quite limited in number,
studies such as these have begun to shed light on how P2X7 signaling functions in regeneratively
competent species. They suggest that like in mammals, the function of zebrafish P2X7 receptors
is determined by the concentration of extracellular ATP used to stimulate the receptor, by the

duration of the stimulus, and perhaps, by what specific splice variant is expressed.

3.5 Conclusion

Purines, pyrimidines, and their metabolites are evolutionarily conserved signaling

molecules critically involved in regulating various cellular processes across vertebrates. Of
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particular importance to CNS injury and regeneration is the purinergic P2X7 receptor. Among its
many roles, this multifaceted protein mediates cellular proliferation and conversely, cell death.
Understanding how function varies across the distinct P2X7 receptor splice variants between
mammalian and non-mammalian species may be integral to the development of novel
interventions for CNS injuries that limit the cytotoxic effects of P2X7 receptors and instead
promote their trophic and phagocytic roles. While our work has begun to elucidate the role of
P2X7 signaling in mediating RG cell proliferation and neuronal regeneration following SCI in
adult zebrafish, how this complex receptor regulates other aspects of the secondary cellular
injury, like cell death, the immune response, reactive gliosis, gliogenesis, and axonal

regeneration remains unknown and merits future investigation.
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