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EXECUTIVE SUMMARY

Pannexinl (Panxl) is a large membrane channel protein with complex gating mechanisms
permeable to ions, glutamate, and ATP. Panx1 is ubiquitously expressed throughout the central
nervous system, exposing the channel to dynamic molecular, structural, ionic, and electrical
changes in neurons or glial cells. The release of signaling molecules from Panx1 channels has been
linked to synaptic plasticity, learning and memory, and sensory system function. Evidence also
supports purinergic signaling via Panx1 in pathophysiological conditions like epilepsy, ischemia,
inflammation, and pain. Here, conflicts in the literature regarding (patho)physiological roles of
Panx1 using an interdisciplinary approach are addressed. The motivation for each step, moving
from in vitro cell models with overexpression of Panx1 to networks or whole system levels in
Panx1”- mice and Panx1” zebrafish, is to prove how Panx1 and ATP mediated signaling affects
olfaction, visual processing, and seizures. A key finding dismisses the role of mouse Panx1 in
olfaction but leads to the identification of a compensatory mechanism. The global loss of Panx1
(Panx1”) in mice is compensated by the upregulation of Panx3. The roles of Panxl in the
processing of visual stimuli are investigated in the intact retinotectal pathway of the zebrafish. The
loss of the zebrafish panx1 ohnologs, panxla and panxlb, leads to distinct responses to light
stimuli. The results suggest that each pannexin type contributes differently to primary vision, most
likely based on the localization of the channels in the retinotectal network and differences in
channel properties. Finally, the conflict in the literature about pro- and anti-convulsant properties
of Panx1 is addressed in the zebrafish. Prior investigations demonstrated pro-convulsant roles of
Panx1 in the mouse. The principal outcome of the study in the zebrafish model demonstrates that
Panxla channels have pro-convulsant properties in vivo that p2rx7 and ATP signaling mediate.
However, Panx1b channels in the absence of Panxla improves seizure outcomes. The discovery
of dual roles of Panx1 channels in the zebrafish provides unique opportunities to study the
molecular basis of seizures from genes to organisms and to use it as an anti-convulsant drug
discovery model. In summary, the findings in this thesis are a multifaceted approach towards
resolving fundamental neurobiological questions from the perspective of Panx1 in health and

disease.
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Chapter 1. Introduction

“Science makes people reach selflessly for truth and objectivity, it teaches
people to accept reality, with wonder and admiration, not to mention the deep
awe and joy that the natural order of things brings to the true scientist.”

- Lise Meitner

1.1. Background

Pannexins (Panx), in particular Panx1, play a key role in intercellular communications as they are
capable of forming functional plasma membrane channels that are highly permeable to adenosine
5’-triphosphate (ATP) and other important signaling molecules. It is this property, coupled with
their vast expression profile, that implicates the protein in a wide range of physiologically and
medically significant processes that have yet to be fully elucidated. The work done in this thesis
has uncovered a novel safeguarding relationship between Panx1 and Panx3 and provides greater
insight into distinct properties of the two zebrafish panx1 ohnologs in vision and epilepsy that can
provide guided investigations in higher vertebrates.

This literature review is designed to highlight the most recent updates to the Panx field and
provide a brief overview of topics covered in this thesis, as each chapter includes relevant and
sufficient background information required to interpret results. Therefore, readers are encouraged
to quench any further curiosities related to mechanisms of Panx1 channel gating and regulation,
roles in sensory systems, or the in-depth analysis of Panx1 involvement in epilepsy by referring to
these primary authored publications:

Whyte-Fagundes, P., & Zoidl, G. (2018). Mechanisms of pannxinl channel gating and
regulation. Biochimica Et Biophysica Acta (BBA) - Biomembranes. 1860(1), 65-71.
D0i:10.1016/j.bbamem.2017.07.009

Whyte-Fagundes, P., Siu, R., Brown, C., & Zoidl, G. (2019). Pannexins in vision, hearing,
olfaction and taste. Neuroscience Letters. 1-8. Doi.org/10.1016/j.neulet.2017.05.010

Aquilino, M*., Whyte-Fagundes, P*., Zoidl, G., & Carlen, P. (2019). Pannexin-1 channels in
epilepsy. Neuroscience Letters. 1-5. Doi.org/10.1016/j.neulet.2017.09.004
* = equal contributions by authors

1.2. Pannexin Overview
The pannexin (Panx) genes (Panx, Greek: pan = complete, everywhere and nexus = junction) were

initially described as a second family of gap junction proteins in vertebrates, sharing a predicted



topology similar to connexins (Cxs) (Panchin et al., 2000). However, due to variances in sequence
homology and unique glycosylation of the Panx proteins, they soon became known as an
independent family of channel-forming integral membrane proteins with three members (Panx1,
2, 3) (Baranova et al., 2004; Bruzzone et al., 2003). They each share a similar topology, with four
transmembrane regions, an amino (NT) and carboxy terminus (CT) and two extracellular loops
that each contain unique glycosylation sites (Figure 1.1). Panx1l and Panx3 share the most
structural homology, and Panx2 has the largest CT domain of the protein family. While channel
functions of Panx2 and Panx3 have not been unambiguously demonstrated (Whyte-Fagundes et
al., 2019), Panxl functions primarily as a large-conductance channel regulated by post-
translational modifications, channel intermixing, sub-cellular localization and tissue distribution,
with both physiological and pathophysiological roles in health and disease (Boassa et al., 2008;
Penuela et al., 2007; Sosinsky et al., 2011).

Panx1 is the best-characterized family member as it is ubiquitously expressed and is widely
accepted as a leading adenosine 5’-triphosphate (ATP) release channel (Dahl, 2015). In contrast,
Panx2 expression in humans is presumably brain specific and it is more difficult to study due to
its localized intracellular expression (Baranova et al., 2004). However, the channel has been
demonstrated to play a role in maintaining rates of neuronal differentiation (Swayne et al., 2010).
On the other hand, Panx3 is found primarily in cartilage, bone and skin where it has been shown

to switch properties of chondrocytes from proliferation to differentiation (Penuela et al., 2007).
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Figure 1.1. Transmembrane topology of pannexin family members. Panx1 (426), Panx2 (677), and Panx3 (392)
of varying amino acid lengths are tetra-spanning integral membrane proteins with N-glycosylation sites
highlighted in green with a pink arrow at amino acids 254 (Panx1), 86 (Panx2), and 71 (Panx3). The pink circle
on Panxl highlights the glycosylation site (246) for zebrafish ohnologs panxla (417 amino acids long) and
panxlb (354 amino acids long). Panx1 and Panx3 share the most sequence homology and Panx2 is the largest
member. Numbers indicate the position of transmembrane domains. Panx1 proteins oligomerize to form single-



membrane channels, connecting the cytoplasm to the extracellular milieu. The predicted sequence features of
three Panx proteins were visualized using the Protter open-source tool.

1.2.1. Structure

Since the initial discovery of the pannexins, the oligomeric state of Panx1 was assumed to be
hexameric like the connexins (Dahl, 2015; Penuela et al., 2013). Up until recently, no structural
resolution of the channel existed to contest this idea. However, six research groups have now
independently published similar cryo-EM structures of the Panx1 membrane channel (Deng et al.,
2020; Michalski et al., 2020; Mou et al., 2020; Qu et al., 2020; Ruan et al., 2020), opening the field
up to many more research opportunities.

The novel finding shared amongst all of the Panx1 structures is that it is formed by a
homomeric heptamer that is arranged around a central symmetry axis constituting the permeation
pathway (Figure 1.2a-e). The channel is ~110A long and ~100A wide with a flat extracellular
domain protruding ~35A above the cell membrane and the intracellular domain extending ~35A
into the cytoplasm. The seven extracellular domains organize to form the most constricted site of
the pore ~9A. As originally determined, the amino (N) and carboxy (C) termini reside on the
cytoplasmic side of the channel and each protomer contains four transmembrane domains. Both
the extra- and intra-cellular pore entrances are lined with positively charged amino acids, making
them favorable for negatively charged cargos such as ClI" and ATP to enter and leave the pore
(Mim et al., 2021). Key residues that have been identified in Panx1 gating are W74 (tryptophan),
R75 (arginine) and D81 (aspartic acid). The seven W74 residues form a ring to line the wall of the
outer pore, meanwhile each neighbouring R75 forms a cation- 7t interaction with each W74 and
a salt bridge with D81 to provide rigidity to the extracellular entrance (Deng et al., 2020). The
W74 residues define the extracellular restriction site and the R75 residues contribute to the
positively charged ring (Mou et al., 2020). Prior to the resolution of the structure,
electrophysiological experiments identified W74 as a major determinant in the inhibition of the
Panx1 blocker carbenoxolone (CBX) (Michalski & Kawate, 2016), and R75 was shown to be
critical in inhibition upon high concentrations of extracellular ATP and its analogues (Qiu & Dahl,
2009). Together, these three residues are proposed to govern channel selectivity and permeability

based on molecule size and charge.



An interesting observation only resolved by the Ruan et al., 2020 structure, uncovered
seven narrow side tunnels in the upper intracellular domain that run perpendicular to the pore like
a T-intersection. This network is proposed to allow passage of small anions like CI™ because each
tunnel contains several positively charged and polar residues along its length. These tunnels have
been ruled out as ATP passages due to constriction sites that do not permit the size of ATP, and
passage of ATP is proposed to only occur via the main pore. Now that the protein structure has
been resolved, and the six reported structures appear extremely consistent with each other, they
provide a solid foundation and offer a new perspective for understanding molecular mechanisms

underlying channel gating.
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Figure 1.2. Pannexinl heptameric structure. a) Side view of Panx1 colored based on chains showing portion of
the protein that is extracellular, in the membrane, and intracellular or cytoplasmic. Structure is represented in
a vanderwall ball spherical form. b) Top view is a rotation of 90 degrees to show the channel from the
extracellular side revealing the W74 constriction site. ¢) Bottom view from the cytoplasmic side showing it has
a much larger opening. d) Another side view of the channel represented in ball and stick form with the pore
highlighted in order to visualize constriction sites. Pore is lined with hydrophobic amino acids highlighted in
yellow. Panx1 is ~110A long. e) Another top view in ball and stick form to show the heptameric configuration
of the ~100A wide channel and showing the ~9A constriction site at the extracellular surface. Structure
modelled using MOLEonline with the protein databank entry 6v6d for human PANX1.



1.2.2. Gating mechanisms

The study of Panx1 channels remains controversial, however, protocols for both activation and
inhibition of channel gating have reached some agreement. Regulatory mechanisms that involve
elevated extracellular K*, increased intracellular Ca%*, ATP, stretch and mechanical stimulation,
voltage, redox regulation, s-nitrosylation, nitric oxide (NO), NMDA stimulation, chemokines,
changes in extracellular pH, as well as interactions with purinergic and adenosine receptors or
caspases, have been shown to play a role in the process and are summarized in Figure 1.3 (Bao et
al., 2004; Locovei et al., 2006).
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Figure 1.3. Schematic of the complex gating dynamics involved in the inhibition and activation of the pannexinl
channel. Numbers 1-15 refer to modes of Panx1 channel activities. Modes of Panx1 activation are indicated in
the green portion of the figure. (1) Presynaptic depolarization leads to vesicular glutamate release, activation
of NMDARSs and interactions with Src Family Kinases. (2) Src kinases phosphorylate Panx1 at residue Y308
on the CT-tail. (3) Voltage activation of Panx1. (4) Glutamate, Ca2 * and ATP released from P2X7 receptors
on astrocytes can activate Panx1; P2X7 and Panxl1 coupling has been suggested. (5) P2X7-mediated Panx1
activation is identified, intracellular activation is likely via Ca? *. However, exact mechanisms remain to be
elucidated and an interaction complex remains to be resolved. (6) ATP activates metabotropic P2Y receptors
and ionotropic P2X receptors to evoke a calcium wave or ATP release respectively. Micromolar concentrations
of ATP activate Panx1. (7) Extracellular ATP increases and binds to purinergic receptors, increasing inositol
1,4,5-triphosphate (IP3) and intracellular Ca? * release, opening Panx1 channels. (8) Panx1 is sensitive to
mechanical stimulation and stretch. (9) Extracellular K* accumulation at concentrations near 100 mM, and
experimental modes of K* stimulation, can activate Panx1. Modes of Panx1 inhibition are highlighted within



the red portion of the figure. (10) Millimolar concentrations of ATP inhibit Panx1 channels. (11) Metabolic
ATP break down to ADP inhibits presynaptic glutamate release and generates protons to decrease pH and
inhibit Panx1. Conversely, increased pH levels can activate the channel. (12) Prolonged release and high levels
of ATP can stimulate Panx1 internalization to endosomal compartments preventing further excitatory ATP
release. (13) S-nitrosylation at C40 and C346 can inhibit Panx1. (14) Phosphorylation of Ser-206 can inhibit
Panx1 channel function in the context of NO rich tissues. (15) The CT-tail of Panx1 has been implicated in both
the activation and inhibition of Panx1. A ‘ball-and-chain’ model has been proposed to inhibit Panx1 opening,
however, caspase mediated cleavage at residues 376-379 causes sustained, powerful opening of Panx1. In
addition, increased number of cleaved CT-tails can lead to increased Panx1 conductance. Figure from Whyte-
Fagundes et al., 2018 created by PW-F.

1.2.2.1. Brief description of mechanisms for Panx1 channel activation.

Biophysical properties of Panx1 channels of human, rodent or fish origin demonstrate large-
conductance channels with unitary conductance in the range of 300-500pS (Bao et al., 2004;
Locovei et al., 2006; Qiu & Dahl, 2009; Wang et al., 2007). Evidence exists regarding channel
conformations depending upon modes of stimulation. As such, Potassium ions (K*) and caspase
cleavage of the CT-tail have been shown to promote a high conductance channel (~500pS)
permeable to ATP, whereas much lower conductance conformations (~50pS) are present during
voltage activation and are impermeable to ATP (Chiu etal., 2017; Wang et al., 2014). Interestingly,
although Panx1 is known for the ability to release ATP, the channels activity is also subject to
activation by its permeant in micromolar concentrations (Locovei et al., 2006). Further, Panx1
channels show sensitivity to mechanical stimulation in a variety of cell types including neurons
and retinal ganglion cells (Xia et al., 2012), which is also thought to promote larger conductance
conformations (Wang et al., 2014). This activation property has been proposed as a mode for Panx1
channel participation in a variety of signalling processes in cardiomyocytes and cardiac fibroblasts
(Kamkin et al., 2005), as well as in afferent and efferent neurons for pain perception (McBride et
al., 2000) to name a few.

Intracellular modes of Panx1 activation can occur via release of calcium (Ca?*) from the
endoplasmic reticulum (ER), as a result of increased inositol 1,4,5-triphosphate (IP3), although a
Ca?* binding site has yet to be uncovered. This intracellular increase in Ca?* has also been shown
to occur via activated P2X7 receptors (Gulbransen et al., 2012; Kim & Kang, 2011). As previously
mentioned, caspases, primarily caspase 3, 7 and 11, have been known to irreversibly activate the
channel by binding to amino acids around positions 375-380 located along the CT, which occurs

typically during apoptosis (Sandilos et al., 2012). In addition, tyrosine phosphorylation at position



308 has also been linked to channel activation of via NMDA receptor and Src Family Kinase

signalling.

1.2.2.2. Brief description of mechanisms for Panx1 channel inhibition.
For the Panx1 protein it is not uncommon for activating gating mechanisms to have an opposing
role in channel inhibition. For example, once extracellular ATP ends up reaching millimolar
concentrations, it can inhibit Panx1 (Qiu & Dahl, 2009). ATP can also degrade into adenosine and
release protons, causing local acidification which has also been shown to close Panx1 channels
(Kurtenbach et al., 2013). Further, the CT-tail has been proposed to block and inhibit Panx1 via a
‘ball-and-chain’ type mechanism, similar to what occurs in voltage-gated channels (Lee, 1992)
and connexins (Anumonwo et al., 2001; Moreno et al., 2002). This mechanism likely occurs via
cysteine-mediated cross-linking of the CT-tail between positions 379 to 391 preventing cleavage
from occurring and maintaining a basal inhibitory state of the channel (Dourado et al., 2014).
Posttranslational modifications are another example of mechanistic properties with dual roles in
Panx1 gating, as nitric oxide (NO) regulated S-nitrosylation of cysteines at intracellular positions
40 and 346 have been shown to inhibit Panx1 channels in NO-rich tissues of the nervous system
and vasculature (Lohman et al., 2012). NO can also regulate phosphorylation through a PKG
dependent pathway of serine at position 206 to mediate inhibition.

Pharmacological interventions of Panx1 function have shown experimental success for
channel blocking using; CBX, probenecid (Pb), fluefenamic acid, trovoflaxin, spironolactone,
brilliant blue food dye, as well as mimetic peptides. Working concentrations of these drugs are

model specific and reported concentrations vary, as such, they will not be disclosed here.

1.2.3. Expression

Panx1 is almost ubiquitously expressed, found in many organs and in several cell types. Using
various methods to detect transcripts and proteins including in situ hybridization, northern blotting,
gPCR, western blots and immunohistochemistry (IHC), Panx1 has been detected throughout the
nervous system across all sensory systems, heart, lung, liver, spleen, male and female reproductive
tissues, skeletal muscles and skin (Bruzzone et al., 2003; Penuela et al.,, 2013). Closer
investigations of the CNS revealed expression in both neurons and glia in the cortex, hippocampus,
pyramidal cells, amygdala, substantia nigra, thalamus, cerebellum, and spinal cord (Boassa et al.,
2007; Dvoriantchikova et al., 2006).



In the zebrafish, Panxla and Panx1b expression profiles are distinct. Panxla follows the
ubiquitous expression patterns characteristic of mammalian Panx1 (Bond et al., 2012; N.
Prochnow et al., 2009; Georg Zoidl et al., 2008). Meanwhile, Panx1b is primarily detected in the
brain and eyes with relatively low expression in the heart, kidneys, spleen, skin and muscles (Bond
et al., 2012). Within the major divisions of the adult brain (retina, optic tectum, tegmentum, brain
stem, cerebellum, spinal cord, olfactory bulb), both panx1 transcripts were detected throughout.
However, robust expression of panx1b transcripts were found in the cerebellum, optic tectum and
spinal cord, whereas panxla was relatively lower and less variable in the analyzed tissues (Sarah
Kurtenbach et al., 2013).

1.3. Purinergic receptors and signalling

Purinergic signaling refers to the extracellular communication between cells mediated via purine
nucleotides and nucleosides, such as ATP and adenosine. ATP serves as a signal for diverse
physiological functions; including spreading of Ca2+ waves, and propagating ATP release, both
of which occur through the activation of purinergic receptors on the initial and neighbouring cells
(Burnstock, 2006). The purinergic system is made up of complex machinery involving regulatory
proteins for purine release and uptake, like Panx1, as well as purinergic receptors and metabolizing
enzymes to remove purines from the extracellular space and contribute to signaling cascades
(Burnstock, 2020). Purinergic receptors are divided into two classes based on agonist selectivity,
P1 adenosine receptors (Al, A2A, A2B and A3) and P2 nucleotide or ATP receptors. The P2
receptors further divide into subclasses that have specific physiological functions. Of particular
importance to Panx1 channel dynamics are the metabotropic G protein-coupled P2Y receptors and
the ionotropic ATP-gated P2X7 receptors (Burnstock, 2018) (Figure 1.4).

The particularly high expression of different components of the purinergic system within
the CNS highlights its importance in (ab)normal brain functions. As such, purinergic signaling is
involved in pathways where nucleotides like ATP act as neuro- and glio-transmitters or modulators
and can mediate communication between astrocytes and neurons (Coppi et al., 2013; Cotrina et
al., 1998). Plenty of research demonstrates the involvement of purinergic signaling in
neurotransmission and neuromodulation during physiological behaviours like cognition and
sensory system processing (Burnstock, 2006), as well as during CNS disorders like inflammation,

stroke or epilepsy (Engel et al., 2016; Miras-Portugal et al., 2017).



The features of the purinergic system that places ATP release via Panx1 alongside ATP
activated P2X7 receptors make them interesting candidates to investigate together in the CNS. As
such, it is not surprising that some reports of a functional Panx1-P2XR7 complex exists (Iglesias
et al., 2008; Kim & Kang, 2011; Locovei et al., 2007; Pelegrin & Surprenant, 2006). However,
much controversy remains surrounding this idea (Alberto et al., 2013) and more research continues

to investigate the contexts in which coordinated signalling amongst the two proteins occur.
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Figure 1.4. Purinergic signaling. ATP release through Panx1 channels initiates a cascade of events involving
purinergic receptors. ATP in the extracellular space can stimulate P2X (P2X7R) and/or P2Y (P2YR) receptors.
Ectoenzymes catalyze the stepwise hydrolysis of ATP. NTPDasel facilitates the breakdown of ATP to ADP,
which activates P2YRs and 5’NT breaks down AMP to Adenosine which activates P1 receptors. P2 and P1
receptors frequently transduce signals that produce diverse effects and lead to modulation, often via increasing
the intracellular Ca?* concentration. Representative ectoenzymes are labelled at the bottom right NTPDasel:
Ectonucleoside triphosphate diphosphohydrolase-1, 5°-NT: ecto-5'-nucleotidase. This illustration was created
with BioRender by PW-F.

1.4. Pannexinl in health and disease

Panx1 can permeate molecules up to 1kDa in size such as cations, anions, purine nucleotides and
signaling lipids. Overall, Panx1 appears to operate at the crossroads of major signaling pathways,
in particular those involving intracellular Ca?* and extracellular ATP, which underscores the

potential relevance Panx1 has in synaptic transmission. With its localization and permeation
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properties, Panx1 has become a primary candidate for participating in (patho)physiology of the
CNS (Yeung et al., 2020).

Until recently, cell-based studies were at the forefront of pannexin research. Lately, the
availability of mice with genetic ablation of pannexins opened new avenues for phenotypic
exploration of the proteins from a molecular to a systems perspective. The Panx1”- mouse models
permitted the discovery of an auditory role for Panx1, implicated channel functions in vision, and
dismissed roles for Panx1 in gustation and primary olfaction (Whyte-Fagundes et al., 2019).
Together, highlighting the variability of Panx1 functions across the CNS despite its vast
localization in regions primed for important signaling processes (Figure 1.5 a-d).

Although we are only at the beginning of understanding the roles of pannexins in health
and disease, the field continues to establish pathological roles of Panxl in epilepsy, stroke,
inflammation and pain, to name a few. However, conflicting data do exist regarding putative Panx1
function(s) in sensory systems and pathologies, which will be elaborated in this thesis for olfaction,
vision and epilepsy. These conflicts highlight the need for innovating animal models for molecular
and behavioural phenotyping in order to study functions of Panxs at a systems level. As a result,

this thesis expanded investigations to include panx1”- zebrafish models.
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Figure 1.5. Panx1 in rodent sensory systems. a) Vision. Panxl is expressed in glial ceIIs (Muller and microglia)
where it is responsible for ATP release under osmotic stress and cell swelling. Glial cells undergoing osmotic
stress opens associated ion channels (K* and CL°). Opening of Panxl channels, connexin hemichannels,
activation of metabotropic glutamate receptors (mGIuR) and other ion channels reduce cell swelling and
osmotic stress. Carbenoxalone (CBX) and GA (18a-glycyrrhetinic acid) prevent Panxl and connexin
hemichannels from opening and thus preventing ATP release. Panx1 is also found in retinal ganglion cells
(RGCs), which release ATP when the inflammasome is activated (NLRPs). *Panx has been shown to reduce
the inflammasome induced Panx1-mediated ATP release. Hydrooxycholesterol (25-OH) has been shown to
activate Panx1-dependent P2X7 receptors to elevate intracellular Ca?* and induce ATP release leading to
necrosis and apoptosis. b) Auditory. Panx1 expression is found throughout the cochlea, specifically in the SLB,
RM, OS, strial BV and Type 11 fibrocytes of the SL. Panx1 is responsible for ATP release in type 11 fibrocytes
and blood vessels. Lack of Panx1 expression in these regions correlate with impaired hearing in mice. SLB =
spiral limbus SL = spiral ligament, OC = organ of corti, RM = Reissners membrane, OS = outer sulcus cells,
BC = basal cells, IC = intermediate cells, MC = marginal cells, BV = blood vessel. c) Gustatory. Taste buds in
circumvallate papillae encompass three cells types, one of which, type Il receptor cells, express Panx1. These
cell types are activated in response to bitter, sweet or umami stimuli resulting in a calcium influx, which
propagates an action potential and stimulates ATP release. At present, evidence points at CALHM1 as a major
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release site for ATP. Panx1 function has yet to be elucidated, although it is suspected to play a role in taste in
conjunction with P2X and P2Y receptors. d) Olfaction. In the olfactory epithelium, Panxl is expressed in axon
bundles of olfactory sensory neurons (OSNs), which relay information from the OSNs to the olfactory bulb.
Panx1 function(s) in this region remains to be determined. The figure legend to the right lists major components
shown in parts A-D. A question mark indicates lack of conclusive information. Figure adapted from Whyte-
Fagundes et al., 2019 created by PW-F.

1.4.1. Olfaction

Evolutionarily speaking, the olfactory system is necessary to detect and discriminate between
odours in order to communicate, forage, mate and avoid predators or foul nutrition (Chuah &
Zheng, 1992). In order to accomplish this, vertebrates require a highly organized olfactory system,
which has developed over time to detect a vast amount of volatile chemicals. In humans, there is
only a need for one functional olfactory system known as the main olfactory system (MOS); which
contains the main olfactory epithelium (MOE) and the main olfactory bulb (MOB). This is present
in lower mammalian vertebrates as well, however, they also developed several subsystems that aid
in increasing the complexity of their olfactory systems to allow higher orders of odour
discrimination. The olfactory subunits present in mammals, excluding humans, include the
Grueneberg ganglion (GG), septal organ (SO), vomeronasal organ, and accessory olfactory bulb
(AOB) (Figure 1.6) (Storan & Key, 2006).

The VNO is the primary sensory organ in the accessory olfactory system (AOS); located
at the base of the nasal septum (Halpern, 1987) containing an apical and basal region that project
to different areas of the AOB for further processing. This chemosensory organ contains specialized
sensory neurons called vomeronasal sensory neurons (VSNSs) that are found in the pseudostratified
neuroepithelium and are responsible for pheromone detection. Current research suggests that each
region of the VNO is responsible for processing different odorants. However, only fundamental
roles of the basal region, which projects to the caudal AOB (Takigami, 2000), have been implicated
in mediating instinctive behaviours like aggression, predatory avoidance and sexual attraction
(Pérez-Gomez et al., 2014). During olfaction, pheromones are detected by VSNs once they are
forced into the lumen of the VNO by a vascular pump triggered by autonomic nervous system
stimulation. Mobilization of chemical signals is due to the sympathetic nervous system initiating
ATP release (Rummery et al., 2007), which is extremely important in evoking neural contractions
of the cavernous tissue on the lateral side of the lumen for further chemical processing (Salazar et
al., 2008). The resulting signal transduction in the AOS has been linked to purinergic signaling

(Housley et al., 2009), making Panxs candidates for regulating olfactory sensations.
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It is important to note that the description of the olfactory system here is specific to
mammals, namely rodents. Zebrafish have a single MOS, however, they have adapted accessory
olfactory functions as their MOS contains microvillous OSNs that are like those found in the VNO
in addition to the ciliated OSNs that are found in MOE (Biechl et al., 2017). Investigations

pertaining to only mammalian olfaction are pursued in this thesis.

Coronal Section

£ /\\ D | moe
© / 7) sensory
- L Il B2, neurons

2 Septum

VNO
3 sensory
neurons

Figure 1.6. Mammalian olfactory system schematic. a) The main olfactory system is made up of the main
olfactory epithelium (MOE) where the odorant binding receptors are located and the main olfactory bulb
(MOB) where transduction of olfactory sensory neurons occur (blue pathway). The circles indicate the
glomeruli where OSNs expressing the same receptor project onto each glomerulus. The accessory olfactory
system is made up of the vomeronasal organ (VNO) which detects odors via a pumping mechanism and the
accessory olfactory bulb (AOB) where sensory neurons transduce (orange pathway). b) A coronal section
perspective of the (1) main olfactory system, highlighted in blue is where the sensory neurons are found (2)
septum and the (3) accessory olfactory system, highlighted in orange is where the sensory neurons are found.
GG: Grueneberg ganglion, SO: Septal organ.
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1.4.1.1. Physiological relevance of Panx1 in the olfactory system
Investigations of Panx1 in the olfactory system are lacking, which is surprising in light of the
prominent role of olfaction in complex behaviours, and cognitive functions in humans and
mammals. One reason may be that olfactory dysfunctions are found to occur with severe disorders
like Parkinson’s and Alzheimer’s disease, Down’s syndrome, or even during a stroke and fail to
receive prominent attention in light of the greater concern. Regardless, the first report of Panxs in
the olfactory system began with investigations of their expression in the brain (Bruzzone et al.,
2003). This was later followed up by Zhang et al, who revealed overlapping expression of Panx1
and Panx2 mRNA in the main olfactory system (MOS) and greater Panx2 positive neurons in the
olfactory bulb (OB) compared to Panx1 (C. Zhang, 2011). A key finding from this study was the
detection of significant Panx1 mRNA expression at the ventral and lateral portions of the
turbinates, which include endoturbinates Il and IV and some ectoturbinates in the olfactory
epithelial layer. Strong Panx1 labeling was also found in cells located in the thickest layer of the
epithelium, which spans from the base of the sustentacular cell layer to the basal cell layer where
the olfactory neurons lie. In this region, ATP has been shown to play a role in olfactory
responsiveness, as well as proliferation and differentiation of olfactory sensory neurons (OSNSs)
(Jia, C; Doherty, P; Crudgington, S; Hegg, 2009). Based upon this anatomical study, this group
proposed a novel role of Panx1 in information processing in the olfactory system. As such, our
group followed up this work to implicate a role of Panx1 in olfaction. With the use of a Panx-
mouse model, Panx1 protein expression was found in the OSN axon bundles rather than in cilia
(S. Kurtenbach et al., 2014), which was surprising based upon the access of the ciliary layer to
odorant activation. A function of Panx1 in primary olfaction was further ruled out based upon in-
depth investigations using electro-olfactogram and ATP release measurements from ex vivo
preparations of olfactory epithelial tissue. Together, these findings suggest that ATP release
through Panx1 channels may play a role in proliferation and differentiation of the OSNs but not in
the initial information processing of the olfactory system.

Investigations of the Panxs in the olfactory system are limited to these two studies; which
do not consider expression of Panx3, a family member related to Panx1 in size and amino acid
composition, and do not take into account accessory olfactory system function (Whyte-Fagundes

et al., 2018). This raises the question of whether or not Panx3 channels may function actively
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alongside Panx1 during olfaction and indicates a significant knowledge gap in the field of channel

membrane proteins and their role in olfaction.

1.4.2. Physiological relevance of Panx1 in the visual system

The visual system constructs mental representations of a vertebrates’ surroundings, connecting
pathways from the eye through to the visual cortex (Figure 1.7). Visual information often
dominates locomotion and balance due to the guidance of neuronal mechanisms that mediate and
link the visual sensory inputs to the execution of an adaptive locomotor output and also permits
the formation of memories based upon visual stimuli. As such, understanding the physiology of
the visual system may also aid in understanding neural diseases that affect memory and navigation
like Alzheimer’s disease and stroke (Ekstrom, 2015).

Efforts to understanding how these neuronal mechanisms function has revealed that
synaptic modulation may occur due to Panx1. Using in situ hybridization and RT-PCR analysis of
tissue from the mouse eye, Panx1 expression was revealed in the ganglion cell layer (GCL), inner
nuclear layer (INL), the outer nuclear layer (ONL) and to a lesser extent in the inner plexiform
layer (IPL) (Dvoriantchikova et al., 2006; Ray et al., 2005). In contrast to adult animals that only
showed labeling in the retinal ganglion cells (RGCs), neonatal animals had prominent labeling in
amacrine and horizontal cells (HC) in addition to RGCs. Overlapping expression of Panx1 and
P2X7-Rs at the tip of HC dendrites suggest that their functions are linked and involve the local
release of ATP (Puthussery et al., 2006). This remains to be determined, however, investigations
regarding the physiological functions of visual information processing established that Panx1
ablation in mice interferes with the activity of the dark-adapted retina without altering the temporal
properties of signal transmission or affecting the cone pathway under light conditions (Bloomfield
etal., 1995).

The retina in zebrafish shares many properties with those of higher vertebrates, however,
Panx1 expression was more complex as the two panx1 ohnologs showed distinct localization
patterns. Panxla was found in the OPL on HC dendrites, while Panx1b was found in the GCL and
INL (Sarah Kurtenbach et al., 2013). Panxla has been implicated in inhibiting synaptic
transmission at the first retinal synapse due to a hyperpolarization of HCs that decreases channel

conductance, a reduction of ATP and causes alkalization in the synaptic cleft (Sarah Kurtenbach
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etal., 2013; Vroman et al., 2014). A role of panx1b in the visual system remains to be elucidated,
highlighting the need for further investigations into the visual system.

Light
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Figure 1.7. Cross section of the eye with an enlarged schematic of the retina. In vertebrates the retina is
composed of three layers of nerve cell bodies and two synaptic layers. The outer nuclear layer contains
photoreceptor cell bodies. There are two types of photoreceptors, rods and cones. The inner nuclear layer
contains cell bodies for horizontal, bipolar and amacrine cells. The ganglion cell layer contains ganglion cell
bodies. The first synaptic layer is the outer plexiform layer where connections between rods and cones occur.
The second synaptic layer is the inner plexiform layer where bipolar cells connect to ganglion cells. Upon light
absorption by photoreceptors the signal is translated into a biochemical signal and then an electrical message.
The electrical outputs are then transmitted to the brain via ganglion cell axons that form the optic nerve. This
illustration was created with BioRender by PW-F.

1.4.3. Epilepsy

The hallmark of epilepsy is recurrent seizures, which are spontaneous events wherein networks of
neurons abnormally fire in synchronized bursts. Seizures can represent an important clinical
manifestation of metabolic diseases which interfere with energy breakdown, changing osmolarity,
pH, or producing endogenous toxins altering the balance of excitation and inhibition in the nervous
system (Rahman, 2015; van Gelder & Sherwin, 2003). Alternative mechanisms underlying causes
of epilepsy include altered homeostasis of the major excitatory and inhibitory neurotransmitters,

glutamate and GABA; which contribute to the hyperexcitability of neurons in seizure generation.
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Evidence from epidemiological, clinical, and molecular studies suggest genetic as well as
epigenetic contributions to epileptogenesis, the development of the epileptic state, in addition to
focal brain lesions, trauma or tumors. With a variety of causes for brain function impairments
underlying epilepsy, it has become one of the leading neurological disorders worldwide. Although
many patients do have seizure relief using a single medication, many require combinations of
medications, resective surgery, neuromodulation devices, or dietary therapies. Despite having a
variety of treatments available on the market, one-third of epileptic patients continue to have
uncontrolled seizures. As such, this emphasizes a direct need for discovering alternative therapies

and stresses the importance of uncovering novel targets for anti-epileptic drugs (AEDs) like Panx1.

1.4.3.1. Proposed involvement of Panx1 in epilepsy

Previous reports have highlighted probable roles of Cxs in epilepsy, arguing how electrical and
metabolic coupling through direct cell to cell contacts can contribute to the underlying neuronal
synchrony that drives seizure activities (Carlen, 2012; Mylvaganam et al., 2014). Here, evidence
that is summarized in Figure 1.8 linking functions of Panx1 to both the initiation or propagation
of seizures as well as their inhibition or termination, will briefly be reported. Further details can
be found in Chapters 4 and 5 and is also summarized in Table 4.2.

Panx1 expression is raised in animal seizure models and in resected human brain tissue
from epileptic patients, lending confidence to its initial implication in the formation of epilepsy
(Jiang et al., 2013a; Li et al., 2017; Mylvaganam et al., 2010). After this increased expression was
observed, research emerged intending to establish the mechanisms at which Panx1 participates in
complex epileptic activities and determine whether they are pro- or anti-convulsant channels.
Mechanisms responsible for driving aberrant Panx1 activity in this context have yet to be fully
elucidated. However, factors linked to seizure generation via the accumulation of extracellular K,
glutamate release leading to hyperexcitability and the activation of NMDARSs, and excitatory ATP
release, are all proposed mechanisms implicating a role of Panx1 in increasing network excitability
(Lopatat et al., 2015; Santiago et al., 2011; Wei et al., 2016). Conversely, some reports suggest
that Panx1 can actually limit excitability and increase seizure thresholds by contributing to
neuronal inhibition via inhibiting glutamate release as well as promoting extracellular

accumulation of adenosine (Kawamura et al., 2010; Mendoza-Fernandez et al., 2000). Together,
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Panx1 appears to have a complex dichotomous role in regulating the excitatory/inhibitory balance
of neuronal networks that remains to be resolved.

Over the last decade, the wealth of connections between Panx1 and disease continues to
grow; with eloquent studies continuing to correlate Panx1 and epilepsy. General agreement on the
contribution of Panx1 to seizure activities has yet to be met, as many reports in the field are
conflicting, emphasizing the need for new approaches and models for investigation. Enough
evidence suggests that Panx1 has important roles for seizure generation, manifestation and/or

termination, and in turn encourages the advancement of research in this field.
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Figure 1.8. Schematic of speculated mechanisms involving Panxl in epilepsy including initiation and
termination of seizure activity. (1) Presynaptic glutamate release upon depolarization activates (2) postsynaptic
NMDA receptors, which initiate Src Family Kinase mediated phosphorylation of Panx1. (3) Elevated [K+]e
promotes the ~500 pS high conductance configuration of Panxl1 to allow a surge of ATP release. (4) This
released ATP may activate astrocytic P2X purinergic receptors to release glutamate and provide tonic
stimulation of surrounding neurons. (5) The reversal potential of Panx1 near 0 mV contributes to neuronal
depolarization. (6) ATP, in the presence of ecto-nucleotidases, may break down to ADP, (7) which acts upon G-
coupled P2Y receptors to inhibit glutamate release. (8) ATP metabolizes to adenosine and can act on Al
receptors located (8) on the presynaptic neuron to inhibit glutamate release, (9) on astrocytes, (10) and on the
postsynaptic neuron to cause hyperpolarization. Figure from Aquilino* & Whyte-Fagundes* et al., 2019 and
created by PW-F.
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1.5. Hypothesis and research objectives

The overarching purpose of this thesis is to address conflicts in the Panx1 literature related to
neurobiological questions touching both physiological and pathological perspectives. Questions
regarding the participation of Panx1 in excitability arose when our group previously reported that
the loss of Panx1 increased excitability resulting in impaired learning and memory (Prochnow et
al., 2012). Around a similar time, the Scemes group reported a suspected role of Panx1 in epilepsy
by contributing to prolonged hyperexcitability (Santiago et al., 2011). This conflict was the starting
point to investigations regarding altered excitability and Panx1 in olfaction that began in the
preceding master thesis (Whyte-Fagudnes, 2015) due to Prochnow et al., utilizing a cookie finding
test to establish the impaired learning and memory in Panx1”- mice. As time progressed, other
groups contributed to the epilepsy field and more conflict in that literature grew regarding whether
Panx1 was pro- or anti-convulsant. Here, I hypothesize that Panx1 participates in mediating
excitability in both physiological (olfaction, vision) and pathological (epilepsy) contexts. A
multimodal approach towards resolving the gaps in the literature was taken. Specific objectives

and hypothesis for each study are outlined below.

1.5.1.1. Determine the involvement of Panx1 in accessory olfaction (Chapter 3)
Our previous investigations of Panx1 in olfaction dismissed a primary functional role of the
channel in the main olfactory system despite being localized in olfactory sensory neurons,
suggesting that Panx1 is one of several alternative pathways that can release ATP during
chemosensation (Kurtenbach et al., 2014). In line with these results, the objective of this study
was to expand these olfactory investigations using the same mouse model to include the accessory
olfactory system. The purpose of this expanded investigation was to explore if the loss of Panx1
resulted in compensatory upregulation of an alternative channel, namely another Panx member,
and if this was not the case then to determine if Panx1 participated only in accessory olfactory
systems. Specific hypotheses and corresponding research aims addressed in this chapter include:
i.  Genetic ablation of Panx1 causes changes in the expression of similar channel(s): Explore
upregulation of other Panx family members at the mRNA and protein level.
ii. Due to Panx1 channel properties, localization of Panx1 is found in regions necessary for
promoting chemosensation in the vomeronasal organ (VNO): Investigate protein expression

of Panx1 and other Panx family members.
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iii. As Panx1 expression levels decrease with age, expression patterns of the protein will alter
as well: Examine protein expression of Panx1 and Panx3 in the VNO of both juvenile and
adult mice.

iv. ATP release responsible for sensory system processing is released via Panx1 when the VNO
is stimulated: Mechanically stimulate the VNO ex vivo to mimic functions in vivo and
measure ATP release from the organ in WT and Panx1-- mice.

v. Upregulated Panx3 can compensate functionally for Panx1: Determine if channel properties
of Panx3 are consistent with Panx1 channels. Properties include establishing cell membrane
localization and channel function using dye uptake and ATP release assays along with
known Panx1 channel stimulants and blockers.

Overall, we hypothesized that Panx3 could compensate for the loss of Panxl and sustain
chemosensory processing in the accessory olfactory system. Data supporting these aims were
published in:

Whyte-Fagundes, P., Kurtenbach, S., Zoidl, C., Shestopalov, V., Carlen, P & Zoidl, G. (2018). A
potential compensatory role of Panx3 in the VNO of a Panx1 knock out mouse model. Frontiers
in Molecular Neuroscience. 11(135). 1-16. Doi: 10.3389/fnmol.2018.00135

1.5.1.2. Establish electrophysiological markers of epilepsy linked to Panx1 (Chapter 4)

Previous work by our collaborators established a correlation between induced seizure activity and
increased Panx1 expression (Mylvaganam et al., 2010), implicating a role of Panx1 in epilepsy.
The Panx1 channel has been implicated in excitability dynamics through its involvement in
modifying synaptic plasticity, however, the immediate contribution of Panxl to seizure-like
activity is unclear. Therefore, the objectives of this study were to assess changes in
electrophysiological markers of excitability associated with Panx1 in 4-AP induced seizures in
vitro (presented here) as part of a larger project that also investigated alternative seizure models
and included behavioural assessments using the same Panx1”- mouse model mentioned previously.
Specific hypotheses and corresponding research aims addressed in this chapter include:
i. Targeting Panx1 alters physiological properties of neurons that impact excitability: Utilize
whole-cell neuronal patch clamp recordings in WT and Panx1” brain slices of juvenile mice
to investigate electrical changes in individual cell activity related to panx1l. Use Panx1

blocker to pharmacologically corroborate that the results are mediated by the channel.
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ii. Targeting Panx1 alters the excitability of local circuitry and reduces propensity to fire during
seizure activity: Record local field potentials (LFPs) from brain slices under 4-AP (100uM)
application to chemically induce seizures and observe alterations in activity as a result of
knocking out Panx1. Assess alterations to oscillatory dynamics by exploring changes to
spectral power across frequency bands associated with epilepsy (i.e. theta, gamma and high
frequencies).

iii. Panxl participates in mediating frequency synchronization: Explore phase amplitude
coupling from LFP recordings as it has been suggested as a biomarker for epilepsy.

Overall, we hypothesized that Panx1 targeting (genetically and pharmacologically) would improve
seizure outcomes by altering the excitability of the brain and disrupting seizure dynamics. Data
supporting these aims have been published in:

Aquilino, M., Whyte-Fagundes, P., Lukewich, M., Zhang, L., Bardakjian, B., Zoidl, G., & Carlen,
P. (2020). Pannexin-1 deficiency decreases epileptic activity in mice. International Journal of
Molecular Sciences. 21(20):7510. Doi: 10.3390/ijms21207510.

1.5.1.3. Uncover functional roles of Panx1 in the retinotectal pathway (Chapter 4)

The Zoidl lab pioneered the discoveries of zebrafish panxla and panx1b expression in the retina;
uncovering the distinct localization of panxla in horizontal cells (HC) and panxlb in ganglion
cells (GC) raising the question whether or not their functions were also distinct (Sarah Kurtenbach
et al., 2013; N. Prochnow et al., 2009). Investigations in the retina for Panx1 were primarily
conducted in mice, however, more recently Panxla has been implicated in negative feedback
mechanisms from the HCs to photoreceptors in adult zebrafish similar to murine Panx1 (Cenedese
et al., 2017; Vroman et al., 2014). Physiological functions in the retina for Panx1b remain to be
revealed for zebrafish at the adult or larval stage. Therefore, the objective of this study was to
determine whether or not the expression of panx1 ohnologs had an impact on modulating visual
inputs within intact retinotectal pathways. Specific hypotheses and corresponding research aims
addressed in this chapter include:

i.  Knocking out either Panxla or Panxlb will have opposing impacts on processing visual
information in the optic tectum: Record LFPs in vivo from 7dpf zebrafish with panxla”,
panx1b’ and both panxla’/panxlb’” (DKO) during Light-ON and Light-OFF conditions.
Modulation of visual inputs will be measured by, and inferred from, determining changes to

brain oscillations upon light stimuli and comparing them to controls (TL). Use of a
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Probenecid (100uM), a Panx1 blocker, will be used to mimic results from DKO larvae and
confirm Panx1 involvement.
Overall, we hypothesized that independent Panx1 targeting will having opposing impacts on
processing light stimuli based upon their distinct expression. Some data supporting these aims are
currently in preparation for publication, while data regarding panxla’ zebrafish are published in:

Safarian, N., Whyte-Fagundes, P., Zoidl, C., Grigull J., & Zoidl, G. (2020). Visuomotor
deficiency of panxla knockout zebrafish is linked to dopaminergic signalling. Scientific
Reports. 9538(10). Doi.org/10.1038/s41598-020-66378-y

1.5.1.4. Resolve conflicts regarding pro- or anti-convulsant actions of Panx1 (Chapter 5)
The work we completed in vitro revealed that knocking out Panx1 reduced 4-AP induced seizure
activity, suggesting pro-convulsant properties of the channel, and was able to implicate a role of
Panx1 in altering excitability from a single cell to a local network level. However, since this
research was completed in an in vitro model, networks were disrupted upon sectioning the brain
and mechanistic questions still remain regarding the role of Panx1 in epilepsy. Therefore, the
objective of this follow up study was to establish a complementary model to investigate Panx1 in
seizure activity in order to resolve remaining mechanistic questions and to challenge the leading
notion of Panx1 being pro-convulsant. Specific hypotheses and associated research aims addressed
in this chapter include:

i. Targeting panx1 in zebrafish will improve PTZ induced seizure outcomes: Record LFPs in
vivo from 7dpf panxla™’, panxlb” and DKO zebrafish that are treated with PTZ (15mM)
and compare seizure activity (occurrence, duration, spectral power, etcetera) to TLs. Monitor
behavioural manifestations of seizure activity in zebrafish larvae as a secondary measure of
seizure outcomes. Use a blocker, Probenecid (75uM), for panx1 to corroborate that the
results are mediated by the channel. Use an anticonvulsant, Valproic acid (5mM), to compare
successful seizure amelioration via probenecid.

ii. Panxla’ and panxlb”’ larvae have distinct underlying changes to the transcriptome that
impact seizure propensity: Assess RNA sequencing data and mine a database for biological
gene ontology enrichment to uncover any processes or gene families that may impact each
genotype to respond differently to the PTZ treatment. Validate any candidate genes of
interest with PCR to determine regulation.
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The role of Panx1 in seizure activities is mediated by ATP release through the channel:
Design an ATP assay for whole zebrafish larvae in order to investigate differences amongst
genotypes, ideally find reduced ATP in panx1 knockouts, and determine the effect of PTZ
treatment on ATP release.

Targeting p2rx7 will reduce behavioural seizure activity but not as significantly as panxl
targeting: Monitor locomotor responses of TL and panxlb” larvae with A-438079 (A-43,
100uM) treatment to target p2rx7 under PTZ application in order to determine if p2rx7
targeting will reduce seizure-like activity.

Distinct structural differences between Panxla and Panx1b impact ATP release through the
channel and in turn seizure activity: Use computational structural modeling in order to
investigate differences of Panxla and Panxlb structures to the recently resolved human
PANX1 structure and establish any consistencies or disparities that may impact ATP release

or gating, primarily amino acid residues 74 and 75.

Overall, we hypothesized that panx1 targeting (genetically and pharmacologically) would reduce

seizure propensity and severity by modulating feedback mechanisms regulating ATP release and

p2rx7 activation. Data supporting these aims are submitted and can be found here:

Whyte-Fagundes, P., Taskina, D., Safarian, N., Zoidl, C., Carlen, P., Donaldson, L & Zoidl, G.
(2021). Panx1 channels promote both anti- and pro- seizure-like activities in the zebrafish via
p2rx7 receptors and ATP signaling. bioRxiv. doi:https://doi.org/10.1101/2021.06.03.446992
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Chapter 2. Experimental materials and methods

“ Science, for me, gives a partial explanation for life. In so far as it goes, it is
based on fact, experience and experiment. ”

- Rosalind Franklin

2.1. Part I: Materials and methods used to investigate the role of Panxl in physiology:
Olfaction

2.1.1. Panx1” mouse generation

The generation and initial characterization of Panx1** mice (Panx1™™) with three LoxP consensus
sequences integrated into the Panx1 gene flanking exon 3—4, and knock out mice with global loss
of Panxl (Panx1”, CMV-Cre/Panxl) was described previously (Grundken et al.,
2011; Dvoriantchikova et al., 2012; Prochnow et al., 2012; also see chapter 2). Animals were
housed with a 12-h light/dark cycle and had free access to food and water, in compliance to the
standards and policies of the Canadian Council on Animal Care (CCAC), and as approved by York
University’s standing animal care committee (ACC; protocol 2011-09-GZ). Adult male mice (4—

8 months of age) were housed individually 1 week before, and during, behavioral testing.

2.1.2. Quantitative real-time PCR (QRT-PCR)

Total RNA was isolated from adult male mice using the RNAeasy Fibrous Tissue Mini Kit
(Invitrogen, Canada), and cDNA was synthesized from 1 pg of total RNA with the ReadyScript
cDNA Synthesis Kit (Sigma-Aldrich, Canada), according to the manufacturer’s instructions.
gPCR was performed using the SsoFast EvaGreen Supermix (Bio-Rad, Canada) using the
following oligonucleotide pairs (Table 2.1). Experiments were performed in triplicates, using six
biological replicates and the CFX Connect™ Real-Time PCR Detection System (Bio-Rad,
Canada). All experiments included melt curve analysis verifying the identity of PCR amplicons in
each reaction. Raw cycle threshold values (Ct-values) were exported from the CFX
Manager™ Software (Bio-Rad, Canada), and the relative gene expression was calculated using the
Relative Expression Software tool (REST; Pfaffl et al., 2002). The REST software reported

relative expression values.
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Table 2.1. Summary of primers for RT-gPCR used in VNO publication.

Gene Forward (5’-3') Reverse (5'-3')

mPanx1 CAGGCTGCCTTTGTGGATTC CGGGCAGGTACAGGAGTATG
mPanx2 GGTACCAAGAAGGCCAAGACT GGGGTACGGGATTTCCTTCTC
mPanx3 CTTACAACCGTTCCATCCGC CAGGTACCGCTCTAGCAAGG
P2X7 GACAAACAAAGTCACCCGGAT CGCTCACCAAAGCAAAGCTAAT
P2x5 TGGAAGGGGTTCGTGTTGTC AGGGAAGTGTCAATGTCCTGA
P2y2 CTGGAACCCTGGAATAGCACC CACACCACGCCATAGGACA
Cx43 ACAGCGGTTGAGTCAGCTTG GAGAGATGGGGAAGGACTTGT
TRPC2 CTCAAGGGTATGTTGAAGCAGT GTTGTTTGGGCTTACCACACT
TRPMS CCTCCGTGCTTTTTGAACTCC CATAGCCAAAGGTCGTTCCTC
Calhm1 CTGCTGACCACATTACTAGCG CTGTGCATGTCTCATCGAAGAG
Calhm2 TCTTCAAGAGCAAGGATGTGATG TCAGTCCATACAGGTAGTTCCG

18s RNA (reference)
B-Actin (reference)

TGACTCTTTCGAGGCCCTGTA
ATGGAGGGGAATACAGCCC

TGGAATTACCGCGGCTGCTG
TTCTTTGCAGCTCCTTCGTT

GAPDH (reference) TGGATTTGGACGCATTGGTC TTTGCACTGGTACGTGTTGAT
UBC (reference) ACCTTTCACTACCTGCGGATG GTACCCAGGGGCATACTTGC
HSP90 (reference) TCGTCAGAGCTGATGATGAAGT GCGTTTAACCCATCCAACTGAAT

2.1.3. In Situ hybridization (ISH)

Digoxigenin (dig)-labeled sense and antisense riboprobes were prepared from the full-length
mPanx1 (NM_019482) coding sequence sub-cloned into the pcDNA3 plasmid (Thermo Fisher,
Canada), as described previously (Ray et al., 2005, 2006). After linearization of the plasmid, sense

and antisense riboprobes were transcribed using T7 and SP6 RNA polymerase with a digoxigenin
RNA labeling mix (Roche, Germany). The ISH was performed using tissue from the VNOs of
postnatal day 7 (P7) mice that were dissected and immediately embedded in tissue freezing
medium (Leica, Germany) at —30°C. Cryostat sections (12 pm) were cut immediately and collected
on aminoalkylsilane-treated glass slides. The tissue was subsequently fixed in 4%
paraformaldehyde in PBS at 4°C for 20 min, washed in PBS and acetylated by a 15-min treatment
in 0.1 M triethanolaminhydrochloride solution with 0.25% acetic anhydride on a stirring plate.
Individual sections were rinsed in 2x SSC (30 mM NaCl and 3 mM sodium citrate) and pre-
hybridized in hybridization buffer (50% formamide, 5% SSC, 5x Denhardts’ solution, 2.5 mM
EDTA, 50 pg/ml heparin, 250 pg/ml tRNA, 500 pg/ml salmon sperm DNA and 0.1% Tween-20)
for 1 h at 55°C. Riboprobes were added to the hybridization buffer (0.25 ng/ul), denatured at 80°C
for 2 min and applied to tissue sections. Sections were protected from evaporation with cover slips
and incubated over night at 55°C in a water-saturated atmosphere. Post hybridization, slides were
gently treated with 2x SSC to remove coverslips. Nonspecific binding was removed by wash steps
at 55°C with 0.2x SSC for 1 h and then with 0.1x SSC for 15 min. Sections were subsequently
equilibrated for 10 min in PBS containing 0.1% Triton X-100 (PBST), blocked with 10% goat
serum in PBST buffer for 1 h and then incubated with 1:1000 alkaline phosphatase (AP)

conjugated anti-dig Fab fragment (Roche, Germany) in blocking solution over night at 4°C.
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Subsequently, slides were washed in PBST, equilibrated in B3-Buffer (0.1 Tris-HCI, 0.1 M NaCl,
50 mM MgClz, 0.1% Tween-20) followed by treatment with NBT/BCIP (Roche, Germany) to
visualize the hybridization signals.

2.1.4. Immunohistochemistry (IHC)

Three-week-old and adult mice underwent humane euthanasia, quickly followed by full body
perfusion before the separation of the head. The heads were then fixed in 4% PFA at 4°C overnight
(ON) and stored until use. After removal of the fur and palate, the VNO was carefully isolated
from the bony capsule in physiological Ringers solution (138 mM NaCl, 5 mM KCI, 2 mM CaCly,
2 mM MgClz, 10 mM HEPES, 10 mM Glucose, pH 7.4) and dehydrated in 30% sucrose at 4°C
ON before sectioning. Ten micrometer thick cryosections were prepared using a Leica cryostat.
Antigen retrieval was completed with 1% SDS for 5 min, followed by three washes each for 5 min
with PBS. Sections were blocked with 5% normal goat serum (NGS), 1% bovine serum albumin
(BSA), and 0.1% Triton X100 in PBS for 1 h at room temperature (RT). Primary antibodies
(polyclonal anti-Panx1 and anti-Panx3 antibodies were kindly provided by Dr. S. Penuela, Western
University, ON, Canada, dilution 1:200; Gao SC- 13532, Santa Cruz, CA, USA dilution 1:100;
Panx2, 42-2800, Invitrogen, dilution 1:100; NF200 clone NE14, N5389, Sigma-Aldrich, 1:100)
were applied in buffer with 1% BSA in PBS containing 0.1% Triton X-100, and incubated at 4°C
ON in a humidified atmosphere. After washing in PBS for 30 min, secondary goat anti-rabbit
Alexa Fluor 488 and 568 (Invitrogen, Canada) diluted in PBS (1:1000), and applied for 60 min at
RT in the dark. After three 10 min washes with PBS, sections were mounted, stained with
Fluoroshield™ with DAPI (Sigma Aldrich, Canada), sealed, and kept at 4°C ON in the dark.
Confocal microscopy was performed using ZEISS LSM 700 microscope, and ZEISS ZEN 2010
software was used to control all imaging parameters. Imaging was performed with 40x or 63x oil,
both NAL.4, infinity corrected, DIC objectives. All images were taken using identical settings to
allow a direct comparison of tissues from Panx1** and Panx1~~ mice. LSM images were exported

into tiff format and assembled using ImageJ and Photoshop CS6.

2.1.5. Acute ex vivo VNO preparation for ATP release assay

The VNO was carefully dissected as described above. Here, the dissection was carefully conducted
in Ringer’s solution (138 mM NaCl, 5 mM KCI, 2 mM CaClz, 2 mM MgClz, 10 mM HEPES, 10
mM Glucose, pH 7.4) under an Olympus SZ61 dissecting microscope to ensure minimal
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mechanical stimulation or damage to the structure. Isolated VNOs were equilibrated in fresh
Ringers solution for 45 min at RT. The Ringers solution was replaced before stimulation and non-
stimulation control conditions. Non-stimulated controls remained at rest in Eppendorf tubes for
10-min. Mechanical stimulation was induced by carefully pipetting up and down the Ringers
solution around the VNO for a consecutive 10-min period, under visual control ensuring not to
capture or disrupt the VNO. After the 10-min incubation time, 50 pl aliquots of the supernatant
were removed, heated for 1 min at 95°C, and stored on ice for detecting ATP concentrations (see
section below titled “In vitro Luciferase Assay for ATP Determination”). All experiments were

repeated five times for ATP measured from the VNO of either genotype.

2.1.6. Behavioural test: Modified resident-intruder assay

Male mice (4-8 months) were housed individually for 1 week before testing. Before the test, the
bedding of the resident mice (same age) cages was not changed for three days. Mice were placed
into home cages of other male mice for 10 min, which were covered with a glass plate for the
duration of the test. Behaviors were recorded on video, and the animals’ interactions were
quantified manually by counting and timing the specific behaviors. Biting, tail rattling/flicking,
chasing, cornering and tumbling were considered aggressive behaviors, which were quantified
using different parameters such as attack and defensive posture frequency and latency. Smell time
was also used as a parameter of the investigation. To test for statistical significance student’s T-

test was used.

2.1.7. Plasmid constructs

Expression vectors contained the full-length open reading frames of mPanx1 (NM_019482, amino
acids (aa) 1-426) and mPanx3 (NM_172454, aa 1-392) were cloned into the pEGFP-N1
expression vector (Clontech Laboratories Inc., Mountain View, CA, USA) in two steps. First, the
open reading frames were synthesized as gBlocks (Integrated DNA Technologies Inc. (IDT),
Coralville, 1A, USA) and cloned into the TA cloning vector pJetl.2 (Thermo Fisher Inc.,
Mississauga, ON, Canada). Then the coding regions were isolated by restriction digest and cloned
in-frame into the pEGFP-N1 expression vector. All plasmid constructs used in this study were
sequence verified (Eurofins MWG Operon LLC, Huntsville, AL, USA). For plasmid maps see

appendix.
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2.1.8. Cell culture and transient transfection
Neuroblastoma 2a (Neuro2a) cells (Olmsted et al., 1970) were cultivated in DMEM with 2 mM

glutamine, 1% non-essential amino acids (NEAA), 1% penicillin and streptomycin (PS) and 10%
fetal bovine serum (FBS) at 37°C in a humidified atmosphere with 5% CO2. Approximately 30,000
cells were seeded in each well of 24-well plates or glass-bottom dishes (MatTek Corporation,
Ashland, MA, USA) and transfected with 400 ng endotoxin-free plasmid DNA, using the
Effectene transfection protocol (Qiagen Inc., Valencia, CA, USA). Cultures were used for western

blotting or confocal imaging.

2.1.9. Western blot

Whole cell protein lysates were prepared 48 h after transfection. Twenty micrograms of protein
was separated by 10% SDS-PAGE, transferred to 0.2 um Midi format nitrocellulose membrane
and processed using the iBind™ Western System (Bio-Rad Inc., Mississauga, ON, Canada).
Primary antibodies were diluted 1:1000 (mouse anti-GFP, Roche; rabbit anti-GFP (FL), Santa
Cruz Biotechnologies, TX, USA) and 1:20,000 (mouse anti-p-actin; Sigma-Aldrich Chemie
GmbH, Munich, Germany). The secondary antibodies (LI-COR Biosciences, St. Lincoln, NE,
USA) were diluted 1:20,000 (donkey anti-rabbit IRDye680LT) or 1:20,000 (goat anti-mouse
IRDye800CW). Signals were detected using the Odyssey® CLx Infrared Imaging System (LI-COR

Biosciences).

2.1.10. Confocal imaging

Transfected cells were fixed with 4% paraformaldehyde for 20 min at RT, washed with PBS, and
mounted with Fluoroshield™ with DAPI (Sigma Aldrich, Canada) for imaging. Samples were
visualized using a Zeiss LSM 700 confocal microscope with a Plan-Apochromat 63x/1.4 Qil DIC
M27 objective and the ZEN 2010 program to control all hardware parameters. Images were
collected by line averaging (4x) at high resolution (2048 x 2048 pixel) using single planes. Images
were exported and further processed using ImageJ and finally were combined using Adobe

Photoshop CS6 for presentation.

2.1.11. Fluorescent dye uptake assay

Neuro2A cells were grown in 3.5 cm MatTek cell culture dishes and transiently transfected with
400 ng EYFP, EGFP, mPanx1-EYFP or mPanx3-EGFP as described above. After 48 h, cultures
were equilibrated for 30 min at 37°C and 5% CO:z in 1 mL complete DMEM with 2 mM glutamine,
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1% NEAA, 1% penicillin and streptomycin (PS) and 10% FBS, but lacking phenol red (for dye
uptake workflow refer to Figure 2.1). MatTek chambers were placed in a live cell imaging
chamber attached to the sample stage using a Zeiss 700 confocal microscope. Cells expressing
mPanx1 and mPanx3 were selected for imaging at 37°C. Then, 1 mL fresh complete DMEM was
added to cultures, to reach a final concentration of 10 uM ethidium bromide (EtBr). Treatment
conditions included the application of 50 mM KGlu, 140 mM KGlu, or 3 uM ATP, as well as
Panx1 blockers (3 mM ATP, 500 uM probenecid, 10 uM BB FCF). For blocking, cultures
incubated for 5 min with blocker alone before application of 140 mMKGIu and EtBr. Images were
taken at 1-min intervals, and dye uptake was measured over a period of 20 min. Normalized dye
uptake values were calculated by the change in fluorescence of the red channel (EtBr uptake) over
20 min and the protein expression documented by the fluorescence of the green channel
(EGFP/EYFP fluorescence). It was possible to normalize dye uptake on a cell to cell basis in this
way since there is a linear relationship between protein expression (green channel) and the amount
of dye uptake that occurred (see Figure 2.2 for a sample of this relationship, refer to chapter 4 for
the full version of this figure). Statistical analysis for these experiments were completed using the
Wilcoxin Mann Whitney U test.

To To
If conducting If conducting
Start blocking condition  stimulation condition End
/o) [6) 6
—
L 15min jL _ Smin 20min ]
. 37°C )
Change medium 5% CO. Add medium with Add medium with Capture images of field of view
to medium lacking ? blocker stimulant at 1min intervals to track the amount
phenol red and 10uM EtBr and 10pM EtBr of dye uptake over time

(If conducting blocking
condition, apply
140mM KGlu and 10uM EtBr)
Figure 2.1. Summary of protocol for dye uptake assays. This image represents how the dye uptake assays were
conducted. In accordance with the outlined figure, media was changed to media lacking phenol red, and the
plate was incubated for 15 min, before transfer to the microscope into a live cell imaging chamber. Next, media
with 10 pM EtBr and a stimulant of choice were applied. For stimulation conditions, this was the start of
tracking the amount of dye uptake. For blocking conditions, 5 min after applying 140 mM KGlu, blockers were
applied along with EtBr and then dye uptake was tracked. To track dye uptake, images were taken at 1-min
intervals for 20 min, and the accumulated fluorescence of EtBr was calculated over time.
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Figure 2.2. Linear correlation analysis of fluorescent reporter expression and uptake of ethidium bromide.
Normalizing the amount of dye uptake, the fluorescence of EtBr, to the amount of fluorescent reporter
expression (mPanx1-EYFP), reveals a strong and consistent linear relationship under control and stimulated
conditions. mPanx1 under DMEM (closed triangles), R2 = 0.88, and mPanx1 with 140 mM KGlu stimulation
(closed dots).

2.1.12. In vitro luciferase assay for ATP determination

ATP assays were performed in a 96 well format (Greiner Bio-One, Canada) using the Molecular
Probes® ATP Determination Kit as described by the manufacturer (Life Technologies, USA). Each
well was seeded with 10,000 transiently transfected Neuro2a. Samples were measured using the
Synergy H4 hybrid multi-well plate reader (Biotek, USA) as reported previously (Kurtenbach et

al., 2014). ATP concentrations in experimental samples were determined from ATP standard

curves (concentrations: 0 uM, 1 uM, 5 uM, 10 uM and 25 uM), dissolved in 1x TE buffer, included
in each assay. The Gen5 Data Analysis Software (BioTek) was used to set luminescent assay
parameters, including automatic gain settings and 5 s integration time per well, and complete data
exportation. All in vitro ATP assays were repeated three times. See Figure 2.3 for a representation
of luciferase assay methodology in vitro. The student’s T-test was used to test for statistical

significance in these assays.
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Figure 2.3. Depiction of methodology for ATP detecting luciferase assays. This image is a representation of how
the ATP detecting luciferase assays were conducted. Following the figure, cultures were incubated with a
blocker for 5 min before application of 140 mM KGlu for 10 min. Otherwise, cultures incubated for 10 min
with either low or high concentration of KGlu. Then, the supernatant was collected, and pipette into a 96 well
plate along with an ATP standard curve, where reaction solution was applied according to the manufacturer’s
protocol and plates were placed into a microplate reader to determine luminescence—indicative of the presence
of ATP.

2.1.13. Blocker pharmacology and stimulants

Simulants included 3 pM adenosine triphosphate (ATP, pH-buffered, Sigma-Aldrich), 50 mM and
140 mM potassium gluconate (KGlu, Sigma-Aldrich). Blockers used include; 50 uM
carbenoxolone (CBX, Sigma-Aldrich), 100 nM mefloquine (MFQ, QU024-1, BioBlocks), and 10
uM brilliant blue food dye (BB FCF, Sigma Aldrich). It is important to note that all blocking data
were collected after incubation for 5 min before application of 140 mM KGIlu and EtBr, and

recordings were taken starting immediately after the application of EtBr.

2.1.14. Statistical analysis

Statistical analysis and data presentation were performed using Mathworks Matlab software or
Microsoft Excel. Experiments were repeated at least three times. In most experiments, at least
three independent replicates were used. All data were analyzed for data distribution and subjected
to Mann-Whitney U tests for independent samples or a paired t-test, when appropriate. See figure

captions in chapter 4 for further details regarding statistical significance cut offs.

2.2. Part Il: Materials and methods used for technical development: a multi-part Panxl
series

2.2.1. Invitro field potentials under 4-AP
Mice aged P14-25 days, both wild type and Panx1”’-, were acutely anesthetized with isoflurane
(5%) and quickly decapitated. Each brain was dissected and cut into 500 pm thick coronal slices

with a Leica vibratome (1200 VVT) using an ice-cold oxygenated dissection solution (composition
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(in mM)—sucrose (248), KCI (2), MgS0O4 (3), CaCl2 (1), NaHCO3 (26), NaH2PO4 (1.25), d-
glucose (10). These slices were incubated in carbonated artificial cerebrospinal fluid (aCSF,
composition (in mM): NaCl (123), KCI (3.5), MgS04 (2), CaCl2 (1.5), NaHCO3 (25), NaH2PO4
(1.2), d-glucose (10) as previously described (L. Wang et al., 2016). These slices were then
transferred and pinned to a submerged mesh surface to permit continuous perfusion of
carbogenated 35°C aCSF (95% O2 — 5% COz2) across the slice at a flow rate of 10 mL/min. All
slice electrophysiology recordings were performed with a Multiclamp 700B (Molecular Devices)

amplifier and recorded with a Digidata 1322 (Molecular Devices) digitizer.

2.2.2. Whole-cell patch clamp and field recording

Field recording electrodes were filled with ACSF, lowered into the recording fluid and offset prior
to entering the tissue. Electrodes were lowered approximately 250 um into brain slices. Patch
pipettes were filled with intracellular solution (135 mM K-Gluconate, 1 mM MgClz, 10 mM NacCl,
2 mM NA2ATP, 0.3 mM NaGTP-Tris, 10 mM NaHEPES, 0.5 mM EGTA, and 0.1 uM CaClz; pH
7.2 and the osmolarity at 270 mOsm L-1 (+/- 10 mOsm L-1), lowered into recording solution,
offset and then 1mL of pressure was applied and maintained until the pipette reached the surface
of the tissue, where 0.6mL of pressure was released. The pipette was carefully lowered through
the tissue slice until the cell of interest was located. Once the pipette touched the cell, a very small
dimple was seen on the cell membrane, and the remaining positive pressure was released to form
a gigaohm seal. When the seal was made, the cell was ‘broken’ through the membrane by light

and short suction pulses applied with a syringe to achieve a whole-cell patch configuration.

2.2.3. Invitro field potentials under 4-AP: Electrographic classifier

As perturbations into the function of Panx1 were expected to result in changes of the typical SLEs,
it was necessary to ensure that electrographic activity of Panx1 deficient animals could be correctly
identified as an SLE if one were to occur. As such, multiple classification metrics were used to
detect and classify SLEs.

Electrographic SLEs are typically defined by time-series features (Velisek, 2006), such as
duration and shape but can also be distinguished from intra-SLE activity by frequency-based
features, such as an elevated theta rhythm and high frequency spiking (Douw et al., 2010). As
such, three methods were used to identify SLEs from extracellular field potentials. First, a visual
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screen of electrographic recordings was completed using time-based features. Recordings were
contrasted against classical 4-AP induced SLEs. In vitro, SLEs manifest in local field potentials
as an initial bursting period, followed by a tonic episode and clonic after discharges, all carried on
top of a slow < 1 Hz positive current. SLEs were defined as having a duration of > 5 s and an
amplitude of at least twice the baseline signal (Sharmila & Mahalakshmi, 2017). Second, an
automated Matlab-based classifier was created and trained on 4-AP-specific ictal events using time
and frequency domain features (Chang et al., 2019). Finally, a custom linear classifier was
designed to separate and assess high theta events from the Panx1” animals into seizure and non-
seizure states, similar to those previously described for the classification of EEG signals
(Ahammad et al., 2014). Note that coding for all classifiers was completed by Mark Aquilino in
Dr. Peter Carlens’ lab. Features used for developing classifiers based upon the extracellular
recordings, include the following: events of variable duration were automatically identified based
on theta frequency (4-8 Hz) power greater than twice the average of a one-minute baseline. Once
a high-theta event was identified, frequency information was extracted by performing a Morlet
complex wavelet transform (using the basis function cmor6-0.8125 from Matlab R2016a).
Following feature extraction, a subsequent analysis in a linear discriminant classification between
two states was performed (via Matlab R2016a function “classify”). In order to provide a training
set for the linear classifier, all high-theta events in control animals exposed to 4-AP were used
(including events defined as SLES) (A. W. L. Chiu et al., 2006).

2.2.4. Analysis of Phase-Amplitude Cross-Frequency Coupling
Local field recordings were processed in 10s windows with a Morlet complex wavelet transform
(using the basis function cmor6-0.8125 from Matlab R2016a) to extract phase and amplitude
information of frequencies between 1-500 Hz. The strength of phase-amplitude coupling (PAC)
between low-frequency phase information and high-frequency amplitude was measured using the
method by Tort et al. (Tort et al., 2010). These strengths were then clustered into groups based on
frequency bands.

The frequency bands were delineated as follows: Delta (1-4 Hz), Theta (4-8 Hz), Alpha (8-
13 Hz), Beta (13-30 Hz), Gamma (30-80 Hz), High Frequency (HF, 80-120 Hz), Very High
Frequency (vHF, 120-500 Hz). For recordings under the 4-AP condition, unless no SLEs were

detected, only windows classified as SLEs by both digital classifiers outlined above were selected
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for analysis. The median PAC of each 10s window under 4-AP was z-scored relative to windows

taken from its baseline and set to a threshold of 6 standard deviations above baseline.

2.2.5. Pharmacology

All chemicals were purchased from Sigma-Aldrich (Mississauga, Canada). Brilliant Blue-FCF
(BB), also known as FD&C Blue No. 1 (in vitro, 10uM in bath perfusate), dosage was selected
based on an effective dose-response curve (Whyte-Fagundes et al., 2018) and previous trials with
the structural counterpart, BBG (J. Wang et al., 2013b). Probenecid (Pb; 500uM, in vitro in bath
perfusate) (Murana et al., 2017). 4-aminopyridine (4-AP, in vitro, 100uM in the bath perfusate)
was used as a convulsant to induce seizure-like events (SLESs) by blocking voltage gated potassium
channels and prolonging action potentials of neurons, facilitating the nonspecific release of

neurotransmitters (Gupta, 2014).

2.2.6. Electrophysiological and Statistical Analysis

Analysis of electrophysiological recordings was performed in Matlab R2016a (Mathworks). All
statistical testing was performed in Matlab R2016a (Mathworks) and Prism (GraphPad). Values
are reported as mean + standard error of the mean (SEM, where n = number of trials) unless
otherwise stated. A one- or two-way ANOVA was performed, followed by Bonferroni’s or
Dunnett’s post-hoc tests. In testing the significance of changed incidence of SLEs, a Fisher’s Exact

test was used with a confidence interval (CI) of 95%.

2.3. Part I1l: Materials and Methods used to investigate the role of Panx1 in pathology:
Epilepsy

2.3.1. Fish husbandry and embryo collection

All zebrafish (Danio Rerio) of strain Tupfel long fin (TL) were obtained from Dr. Wen’s laboratory
(Zebrafish Centre for Advanced Drug Discovery, St. Michael’s Hospital, Toronto, ON). Fish were
maintained in a recirculation system (Aquaneering Inc., San Diego, CA) at 28°C on a 14 hours
light/10 hours dark cycle. Experiments and procedures with animals were performed at York
Universities zebrafish vivarium or a licensed S2 biosafety lab according to the CACC guidelines
of the Canadian Council for Animal Care (CCAC) after approval of the protocol by the Animal
Care Committee (ACC) (GZ#2014-19 (R3)) and York Biosafety Committee (YUBC) (Permit#04-

11). The number of experiments, including zebrafish larvae, was kept to the necessary minimum.
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Embryos obtained were reared in Egg water (Supplementary Table 2.4) according to standard
protocols put in place by the staff in York University vivarium. All panxl mutant lines were
generated in house, project piloted by Dr. Nickie Safarian, see TALEN design and constructs used

for panx1” lines below.

2.3.2. TALEN design

Potential TALENS target sites were identified using Mojo Hand software (http://talendesign.org)
(Neff et al., 2013). TALENSs targeted exon 4 for both panxla (NM_200916.1) and panxlb
(NM_001100030.2) (Figure 2.4a). The following criteria were used for TALEN design: TALENSs
target sites were 15-17 bases long with an initial 5° T nucleotide to the TALE domain. The spacer
length was restricted to 15-16 base pairs. Target sites with a unique restriction enzyme sequence
located in the middle of the spacer sequence were selected to simplify screening for insertion-
deletion (indel) mutations. The specificity of selected TALENS target sequences was determined
using the BLAST interface built into the Mojo Hand software (see Figure 2.4b,c for TALENSs

specific sequences).
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Figure 2.4. TALEN design. a) The zebrafish panxla (top) and panxlb (bottom) gene structure with six and
seven coding exons, respectively, highlighting that exon 4 was targeted for both panx1 genes for knockout. b)
The predicted sequence features of panxla were visualized with the Protter open-source tool
(wlab.ethz.ch/protter) and depicted on the left. A 4 bp deletion in panxla exon 4 resulted in a frameshift causing
a premature stop codon at amino acid 195 (site indicated by the red star). The left and right TALENSs sequence
is shown with the spacer sequence (blue) and Afel restriction site (red) highlighted on the right. ¢) The predicted
sequence features of panxlb were visualized with the Protter open-source tool (wlab.ethz.ch/protter) and
depicted on the left. An 11 bp deletion in panxla exon 4 resulted in a frameshift causing a premature stop codon
at amino acid 196 (site indicated by the red star). The left and right TALENS sequence is shown with the spacer
sequence (blue) and Hindll1 restriction site (red) highlighted on the right.
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2.3.3. TALEN constructs

TALEN constructs were synthesized in Dr. Stephen Ekker’s lab (Mayo Clinic Cancer Center,
Rochester, MN). TALEN assemblies of the repeat-variable di-residues (RVD-containing repeats)
were conducted using the Golden Gate approach (Cermak et al., 2011). TALE repeats were cloned
in pT3TS-GoldyTALEN expression vectors (Bedell et al., 2012; A. C. Ma et al., 2013; A. C. H.
Ma et al., 2016), which were linearized with the Sacl restriction endonuclease (ThermoFisher
Scientific, Canada) for 15 min at 37°C and used as templates for in vitro transcription. Capped
cRNAs were synthesized from TALEN pairs mixed 1:1 using the mMMESSAGE mMACHINE T3
Transcription kit (Life Technologies, Canada) and the two TALEN cRNAs were mixed and
purified using the Oligotex MRNA Mini Kit (Qiagen Inc., Toronto, Canada). TALEN cRNAs were
diluted in DNase/RNase-free water (Life Technologies) to the final concentration of 1 pg/uL and

stored at —80 °C before microinjection.

2.3.4. TALEN microinjection and genotyping

One-cell stage zebrafish embryos were microinjected with TALEN cRNAs pair at doses ranging
from 30-100 pg/nl. The toxicity of the injected cRNAs was determined at 24 hours post fertilization
(1dpf) by calculating the proportion of healthy, dead, and malformed embryos at each dose. The
concentration that resulted in more than 50% post-injection survival was selected for further
injections. Genomic DNA (gDNA) was extracted from groups of 10 injected embryos at 4dpf to
examine the TALEN mutagenesis efficiency. Individual larvae were incubated in 100mM NaOH
at 95°C for 15 min. After cooling to room temperature, one-tenth of the 1 M Tris (pH8.0) volume
was added to the extracts to neutralize the NaOH (Meeker et al., 2007). Finally, 1 volume TE
buffer pH8.0 was added, and gDNAs were stored at -20°C. PCR was used as a screen to detect a
small indel mutations followed by Afel (for panxla) or Hindlll (for panx1b) restriction enzyme
(RE) digests. Indel mutations were confirmed by sequencing (Eurofins Genomics LLC, KY, USA)
of gel-purified PCR products cloned into the pJetl.2 cloning vector (Life Technologies).

2.3.5. Generation of panx1-/- zebrafish lines

Adult mosaic zebrafish (First generation (F0)) were anesthetized in pH-buffered 0.2 mg/ml ethyl
3-aminobenzoate methanesulfonate solution (MS-222, Sigma-Aldrich). The caudal fin (2 mm of
the end) was removed using dissecting scissors (WPI Inc., FL, USA) and placed into 1.5 ml

collecting tubes. The fin gDNA was isolated and screened for indel mutations as described above
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(Bedell et al., 2012). Adult FO zebrafish with a mutation in the related locus were out-crossed to
wild-type (WT) TL zebrafish and their F1 offspring were analyzed by PCR and Afel/HindlIlI
restriction digestions to verify germline transmission of mutations. Heterozygous (panxla+/-,
panx1lb+/-) F1 mutants were in-crossed to establish homozygous F2 mutants (i.e., panxla-/- and
panx1b-/-). To produce double knockout (DKO; lacking both panx1 genes: panxla-/-/ panx1b-/-)
fish, two rounds of inbreeding were performed. First, F3 panxla-/- fish were in-crossed with the
panx1lb-/- mutants. Next, the heterozygous F4 progenies (i.e., panxla +/-/ panxlb+/-) were in-
crossed, and the F5 fish bearing the homozygous mutations in both loci (i.e. panxla-/-/panx1b-/-)
were selected (by gDNA screening) to produce DKO model.

All experiments described were performed with progenies of >F4 generations. Later

generations were routinely tested for the identity of the genotype.

2.3.6. In vivo electrophysiology

Zebrafish larvae 7 days post fertilization (dpf) were briefly anesthetized using 0.3mM
pancuronium bromide (Panc) (Sigma-Aldrich) for 2-3 min until there was no touch response.
Anesthetized larvae were immobilized in freshly prepared 2% low melting temperature agarose
with the dorsal aspect of the larvae oriented to the gel surface using an Olympus dissecting
microscope. Embedded larvae were placed on the upright stage of an Olympus BX51 fluorescence
microscope. 1mL of egg water (E3; pH 7.2-7.4) was applied to the agar topically. Under direct
visual guidance a glass microelectrode (1.2mM OD, approximately 1uM tip diameter, 2-7MQ),
backloaded with 2M NaCl, was placed into the right optic tectum. Local field potentials were
recorded using a Multiclamp 700B amplifier (Axon Instruments, San Jose, CA, USA), low-pass
filtered at 1kHz (-3 dB; eight-pole Bessel), high-pass filtered at 0.1 Hz, digitized 10 kHz using a
Digidata 1550A A/D interface and stored on a PC computer running pClamp11 software (all Axon
Instruments). Basal activity was recorded for 10 minutes under Light-ON conditions (1000 lux),
during which images of the electrode placement were taken for reference. Then, 1mL of E3
containing PTZ, for a final concentration of 15mM, was added topically to the agar and recorded
for an hour under Light-ON conditions to monitor fish viability. Seizure activity was normalized
to the baseline activity of each individual fish in order to account for biological variance. In

experiments testing treatment drugs, zebrafish larvae were exposed to egg water containing 75uM
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Pb or 5mM VPA at the start of baseline recordings, 10min prior to the application of PTZ. Refer

to Figure 2.5 for a schematic of in vivo electrophysiological workflow.
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Figure 2.5. In vitro electrophysiology schematic. Outline of depicted workflow from left to right: collect
individual zebrafish larvae, anaesthetize with pancuronium bromide, remove and apply agar to immobilize,
apply egg water containing experimental treatments (i.e. VPA, Pb, PTZ; if VPA or Pb were tested with PTZ
they were applied 10min ahead of PTZ application, otherwise they were recorded for an hour without PTZ)
topically to larvae, insert recording electrode under visual guidance into the optic tectum (coral). Sample
seizure-like (ictal-like) event depicted here (condition: TL larvae with PTZ treatment).

2.3.7. Seizure-like event detection and power spectral density
Ictal-like event identification was determined as high frequency events with large amplitudes (3
times the standard deviation of the baseline activity), polyspikes, and a duration of 3 seconds or
greater. Inter-ictal-like events were identified as high-frequency events, with shorter amplitude
compared to ictal-like events, but greater than baseline activity (minimum 1.5 times the standard
deviation of baseline), and much shorter in duration (1-3 seconds). To account for variability
between fish, seizure-like activity for each animal was normalized to its own baseline activity.
Event detection was automated using custom developed codes in Matlab R2019b (Colic et al.,
2013; Hunyadi et al., 2017; Jacobs et al., 2019; further details in chapter 5) and visually confirmed.
Events were quantified for comparison across genotypes and measured for significance using the
Mann-Whitney test.

Power spectral density (PSD) estimation was performed by Welch’s method for baseline and
PTZ recordings. A moving window for fast Fourier transform (FFT) computation was used and all
windows were averaged. Changes in delta power were determined using the area under the power

spectrum between 1-4Hz, calculated using the trapz function in Matlab R2019b. PSD was
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measured for significance using a one-way ANOVA (between genotypes) or an unpaired t-test

(between treatments) and presented as the mean + SEM.

2.3.8. Behavioural locomotor assays

The Zebrabox behaviour system and the ZebralLab analytical suite was used for automated
observation and video tracking locomotor activity of 7dpf zebrafish larvae in clear 96 well plates
maintained at 28°C (ViewPoint Life Technology, Lyon, France). Rest and baseline locomotor
activity for TL and panx1” larvae (n = 70 per group) were recorded for 25 and 30min respectively,
prior to drug administration of PTZ. PTZ was added to the bathing medium for a final
concentration of 15mM and recorded for 1lhr. For treatment conditions with Pb (75uM final
concentration), VPA (5mM final concentration) and A-438079 (100uM final concentration) (n =
36 per group), drug application occurred 30min prior to PTZ. VPA (Baraban et al., 2005) and A-
438079 (Donnelly-Roberts et al., 2019) concentrations were chosen based upon previous reports.
Pb concentration was selected based upon literature (Silverman et al., 2008; de Marchi et al., 2019)
and behavioural dose-response tests conducted in lab with TL larvae (Figure 2.6). Refer to Figure
2.7 for a schematic of behavioral locomotor assessment workflow.

Tracking videos were recorded at 30 frames per second (fps) with a lightbox that provided
visible light at 30% of the final output intensity, considered ambient light. For analysis, the activity
score generated by the software was extracted which was indicative of the total pixel change based
on the activity of an individual larva (A pixel£ s.e.m.; n = 36 per group). The Areas Under the
Curve (AUCs) were determined from activity plots and analyzed by one-way ANOVA followed
by a Tukey’s multiple comparison test, via an unpaired t-test or a Mann-Whitney test. Videos were
blindly monitored in order to score behavioural seizure-like manifestations (further details below).
Behavioural data were analysed using repeated-measurements two-way ANOVA with a

Bonferroni’s multiple comparison.
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Figure 2.6. Concentration dependent reduction of PTZ-related hyperactivity in TL larvae by Probenecid. a
7dpf TL larvae (n = 30) were treated with 15mM PTZ, or b incubated with 25pyM, 50pM, 75uM, and 100pM
Probenecid (Pb; n = 18 per concentration) one hour before treatment with PTZ. Pb significantly increased
activity (Apixel; mean * s.e.m.) compared to baseline, and significantly reduced PTZ-induced activity above
50pM. Pb applied at 75pM reduced PTZ-induced activity, without the evidence of substantial toxicity (activity
level 0 within one hour). Dashed lines indicate max average activity for PTZ treated TL. *p < 0.05, ***p < 0.001.
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Figure 2.7. Workflow for behavioral locomotor assessments in zebrafish larvae. Outline of behavioral assay
workflow from left to right: individual larvae were collected and transferred to a clear 96well plate (1
larvae/well) maintained in the Zebrabox at 28°C. Larvae were in the Zebrabox at rest in egg water (E3 medium)
for 25min to adapt to the environment. E3 medium was added and they were tracked for 30min in 30% light
to gather baseline activity, PTZ was then added to induce seizure-like activity (stage Il and 11 activity visible
by the tracking plots above). If Pb or VPA were tested they were added after E3 medium and activity was
recorded for 30min. During tracking for activity scoring, videos were also recorded in order to allow
guantification of stage Il and Il seizure-like events.

2.3.9. Stage Il and I11 seizure-associated behaviour scoring

Video recordings and tracking data of 7dpf TL and panx1”- larvae (n=16 per group) were exported
from ZebraLab software and utilized for scoring 3 stages (Stage | — IllI) of seizure-related
behaviour, based upon previously published work (Baraban et al., 2005; Bergham et al., 2007).
Stage | is behaviourally presented as an increase in locomotor activity (a.u), activity thresholds
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were defined as slow (<2mm), and fast (>20mm) and represented as overall activity over time that
was retrieved as an output of from the Zebrabox. Since stage | is described as excessive
hyperactivity but is ambiguous to score based on lack of quantifiable features, it is represented in
the first 20min of all activity plots as the sharp increase in locomotor activity but is not scored
separately. Stage Il and 111 were manually and blindly scored for an hour after the application of
PTZ. Stage 11 is presented as “whirlpool-like’ circular swimming around the perimeter of the well
and stage 11l as clonus-like convulsions which were defined by periods of bursting activity
followed by immobility and loss of posture. Stage Il and 111 were scored at 2min intervals for a
total of one hour after PTZ application. Events were analyzed via repeated-measurements two-

way repeated measures ANOVA with a Greenhouse-Geisser correction.

2.3.10. Survival assessment

7dpf TL and panx1” larvae (n=80 per group, per treatment/condition) were assessed for survival
under brightfield microscopy every hour for a total of ten hours and once 24-hours after the
application of PTZ. Assessment included examination for circulation/heartbeat, as well as body
movement or a touch response, and degradation. Group survival rates were analyzed with the log-

rank (Mantel-Cox) test and plotted as Kaplan Meier curves.

2.3.11. Extracellular ATP assay

Larvae were collected (~50 pooled larvae per sample), water was completely removed, and
samples were weighed prior to being flash frozen and stored at -80°C. Treated larvae were
incubated in a 6¢cm dish containing 15mM PTZ and/or 75uM Pb for 1hour at 28°C prior to
collection. Pooled samples of larvae were homogenized in phosphate-buffered saline (PBS)
containing 100uM ARL-67156 (Sigma-Aldrich) and Halt Protease inhibitor (Thermo-Scientific)
(1:100), to prevent excessive proteolytic and ATP degradation, for 1min at 30Hz using the
TissuelyserLT (Qiagen) set to 4°C. Homogenates were transferred to cold Eppendorf tubes (20°C)
and centrifuged at 12KRPM for 2min. Supernatants were collected and immediately used to
measure extracellular ATP performed in 96-well format (Greiner Bio-One) using the Molecular
Probes® ATP determination Kit as described by the manufacturer (Life Technologies) (refer to
Figure 2.8 for workflow). Samples were measured in replicates of 6 using the Synergy H4 Hybrid
Multi-well Plate Reader (Biotek) as reported previously (Whyte-Fagundes et al., 2018). ATP
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concentrations in experimental samples were determined from ATP standard curves
(concentrations ranging from 0-1uM) included with each assay. To ensure standardized assay
performance PBS, PTZ and PTZ +1uM ATP control wells were also included. The Gen5 Data
Analysis Software (Biotek) was used to complete data exportation and to set luminescent assay
parameters; internal temperature set to 28°C, a low intensity shake of the plate for 3s prior to
reading, a 5s integration time per well and gain setting at 150. Data was exported and analyzed in
Excel and Matlab. Graphpad’s estimation plot feature was used to test for statistical significance
between and within treatment groups. ATP was presented as a normalized concentration per mg
of protein to account for biological variance in larval size as we determined that there was a linear

relationship between the weight of pooled larvae and the homogenate protein content (Figure 2.9).
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Figure 2.8. Method workflow for molecular assessments in zebrafish larvae. This schematic demonstrates the
workflow from left to right for molecular investigations of zebrafish larvae challenged with PTZ: larvae were
incubated in egg water with and without 15mM PTZ for 1hr and maintained at 28°C. For treatment conditions
with Pb, Pb was added 30min prior to PTZ. Larvae were collected (n = 50 pooled for ATP assays, h = 30 pooled
for gRT-PCR) in Eppendorf tubes and all water was removed. Pooled larvae were weighed, and flash frozen
prior to homogenization for ATP or PCR analysis. ATP was measured using a luciferase ATP determination
kit.
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Figure 2.9. Linear correlation of larval weight and protein concentration. Plotting the weight of pooled larvae
(n =50 larvae/sample) in mg against the amount of protein in mg/ml that was measured from the supernatant
of the homogenate with a spectrophotometer demonstrates a clear linear relationship (R™2 = 0.9146).
Therefore, ATP concentrations were plotted per protein content in order to account for biological variance of
larval weight.

2.3.12. Protein quantification

A NanoDrop Spectrophotometer Protein a280 protocol was used to measure protein content
(mg/ml) in 2pL of supernatant from homogenized samples. Samples were recorded three times to
ensure there was no variability. The final ATP content was expressed with respect to the amount

of protein content in each sample of pooled larvae.

2.3.13. RNA-seq Analysis

The RNA library preparation was performed following the NEB NEBNext Ultra Il Directional
RNA Library Preparation protocol (New England Biolabs Inc., Ipswich, MA, USA). The data
derived from the sequencing of three independent pools of ~30 age matched larvae (6dpf). RNA
libraries were loaded on a Bioanalyzer 2100 DNA High Sensitivity chip (Agilent Technologies)
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to check for size, quantified by gPCR using the Kapa Library Quantification Illumina/ABI Prism
Kit protocol (KAPA Biosystems, Wilmington, MA, USA). Pooled libraries were paired-end
sequenced on a High Throughput Run Mode flow cell with the V4 sequencing chemistry on an
[Mlumina HiSeq 2500 platform (Illumina, Inc., San Diego, CA) following Illumina’s recommended
protocol to generate paired-end reads of 126-bases in length. The post-sequencing processing to
final read counts, normalization, and differential gene expression analysis used multiple software
packages, included RSEM version 1.3.3 (http://deweylab.github.io/RSEM/) and bowtie2 version
bowtie/2.3.4.2 (http://bowtie-bio.sourceforge.net/index.shtml) to estimate the expression level of
each sample. For each sample, RSEM reports read counts, estimated lengths and FPKM for each
transcript and gene. For differential expression analysis estimated read counts for each transcript
from RSEM output were compiled. This transcript expression matrix was supplied to DESeq2
(https://bioconductor.org/packages/release/bioc/html/DESeg2.html)  v.1.22.2  to  detect
differentially expressed transcripts. Filtering of the low expressed transcripts to increase power
was automatically applied via independent filtering on the mean of normalized counts within the
DESeq results() function. Note: The transcripts that are filtered out have padj (FDR) value of
“NA”. The final output of the DESeq?2 results included TranscriptID, GenelD — Ensembl IDs;
GeneVersion, GeneName, GeneBiotype, baseMean - Mean of normalized counts for all samples;
log2FoldChange - Log?2 fold change; IfcSE - Standard error; stat - Wald statistic; p-value - Wald

test p-value; padj - Benjamini+ Hochberg multiple testing; BH adjusted p-values.

2.3.14. Transcriptome analysis

The transcriptomes of all zebrafish lines (Panxla, Panx1b, and DKO) were analysed by RNA-seq
(NGS-Facility, The Center for Applied Genomics, SickKids, Toronto, ON). Genes that were
significantly regulated according to the padjusted value (<0.05) were organized by up (>1) and
down (<-1) regulation based on the associated logFC value. Gene ontology (GO) enrichment of
biological processes from the FishEnrichR database were established using these two gene lists
for each genotype. Relevant biological processes, related to the nervous system and panx1, were
categorized into broader GO terms for analysis and presentation. Clustergrams were produced for
differential expression analysis using curated gene lists and procedures implemented in the

Matlab2019b Bioinformatics toolbox using Euclidean distance for hierarchal clustering.
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2.3.15. RNA extraction and RT-gPCR on immediate-early genes (IEGS)

Total RNA was extracted from TL and all panx1”- zebrafish larvae (7dpf) using the RNeasy Plus
Mini Kit (Qiagen) (n=30 pooled larvae per sample). The iScript Reverse Transcription Supermix
(Bio-Rad Laboratories, Missisauga, Canada) was used to reverse transcribe 1ug of total RNA. The
cDNA equivalent of ~133ng was analyzed by quantitative Real Time-PCR using the SsoAdvanced
SybrGreen PCR mix and a Bio-Rad CFX96 real time PCR system as described by the manufacturer
(Bio-Rad). All experiments represent three independent RNA preparations from TL and panx1”
lines, each analyzed in triplicate. Each experiment included a melt curve analysis of PCR
amplicons generated in each reaction. Raw cycle threshold values (Ct-values) were exported from
the CFX Manager Software (Bio-Rad, Canada). Expression ratios of IEGs for PTZ-treated (1hour)
larvae were analyzed against their respective nontreated controls using the Relative Expression
Software Tool (REST-2009) software (Pfaffl et al., 2002). The statistical significance was tested
by a Pair Wise Fixed Reallocation Randomisation Test® and plotted using standard error (SE)
estimation. All primers (Supplementary Table 2.5) were designed using the Real-Time gPCR
Assay design tool and were synthesized by the same provider (Integrated DNA Technologies,

Toronto, Canada).

2.3.16. Molecular modelling

Protein sequences were aligned initially with Clustal Omega (Sievers et al., 2018): human PANX1
(Uniprot: Q96RD7), zebrafish Panx1a (Uniprot: Q7ZUNO) and Panx1b (Uniprot: FLIQSR7). Using
the alignment as a guide, zebrafish Panxla and Panx1b were then threaded into the cryo-EM
structure of human PANX (PDB:6LTO) using SWISS-MODEL (Waterhouse et al., 2018). Using
the FixBB module of Rosetta v3.12 (Kuhlman et al., 2003), the side chains of amino acids 74 and
75 were altered and repacked following along the standard rotamer selection parameters of the
program. The diameter of the extracellular gate was measured with PoreWalker (Pellegrini-Calace
etal., 2009).

2.3.17. Pharmacology

All chemicals were purchased from Sigma-Aldrich (Mississauga, Canada): Pentretetrazol (PTZ;
15mM; cat#P6500), Pancuronium bromide (Panc; 300uM; cat#P1918), Probenecid (Pb; 75mM,;
cat#P8761), and Valproic Acid (VPA; 5mM; cat# P4543). All concentrations referred to in the

results are final.
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Seizure-like activity is chemically induced in this model when PTZ acts trans-synaptically by
blocking gamma aminobutyric acid (GABA)-A receptors and thereby inhibiting dominant
inhibitory networks. Characteristic seizure-like events induced by 15mM PTZ demonstrate an
initial action potential burst followed by short paroxysmal action potential bursts, representative
of a seizure pattern. It is important to note that PTZ was chosen as a convulsant method in the fish
because it induces similar results in mammals physiologically and behaviorally (Baraban et al.,
2005; Grone & Baraban, 2015).

2.3.18. Statistical analysis

All statistical analyses were performed in Matlab R2019b or in Graph Pad. Results are represented
as the mean = standard error of the mean (SEM). For each analysis, a minimum of n > 3
independent experimental replicates were generated. A p-value <0.05 was considered statistically
significant. Unless otherwise stated, the Mann-Whitney test (nonparametric) and two-way
repeated measures ANOVA (parametric) with the Greenhouse-Geisser correction followed by a
Bonferroni’s multiple comparison test were used. The number of samples were reached when
calculated statistical power was satisfied to ensure biological reproducibility (G*Power analysis
confirmed the statistical power and the required sample size of the acquired data (Faul et al.,

2007)). For all experiments, sample sizes are indicated in the figure legends.

2.4. Part IV: General materials and methods used
2.4.1. Biosafety

The research projects completed in this thesis were performed in accordance with federal,
provincial and institutional regulations for the containment Level 2 Laboratories located at the Life
Science Building (LSB), Department of Biology at York University.

2.4.2. Organisms

Handling, manipulation, storage and housing of all recombinant bacterial or eukaryotic cell lines,
as well as zebrafish, was performed in licensed S2 laboratories located at the Department of
Biology at York University, Toronto, Ontario. Handling, manipulation, storage and housing of
mice was performed in licensed S2 laboratories located at both York University and Krembil

Discovery Tower, Toronto, Ontario.

48



2.4.2.1. Bacterial strains

Escherichia coli (E.coli) DH5a (Invitrogen, Burlington, Canada)
Genotype: F ®80lacZAM15 A(lacZY A-argF) U169 recAl endAl hsdR17 (r., my)
phoA supE44 thi-1 gyrA96 relAl A

E.coli NEB 5-alpha competent (New England Biolabs, Whitby, Canada)
Genotype: fhuAd2 A(argF-lacZ)U169 phoA ginV44 @80 A(lacZ)M15 gyrA96 recAl
relAl endAl thi-1 hsdR17

2.4.2.2. Eukaryotic cells

Neuroblastoma 2a cells (Neuro2a or N2a cells) were derived from Mus musculus, which were
developed by Klebe and Ruddle in 1967 from a strain of A albino mouse spontaneous tumor.
NeuroZ2a cells used in this thesis were generously provided by Dr. David C. Spray (Albert Einstein
College of Medicine, NY, USA)

2.4.2.3. Mice

Handling and housing of mice used to complete this thesis was performed in compliance with the
guidelines and policies of the Canadian Council on Animal Care (CCAC) and had formal approval
by the Animal Care Committee (York University & The University Health Network, Toronto,
Canada). Animals were maintained in a vivarium with a 12-hour light/dark cycle and had free
access to food and water. For experiments related to the investigation of the olfactory system, only
male mice were used. For behavioural testing, adult mice (4-8 months) were housed individually
1 week prior to, and during, testing. For molecular biological techniques, RNA was isolated from
adults, and immunohistochemistry was performed on both adults and juveniles (3 weeks). For
experiments related to the investigation of epilepsy, there was no preference for sex, and mice
ranged from P14-25 days. For all experiments, Panx1 knockout (Panx1”) mice were used
(generation described in brief below) along with a control wildtype (Panx1**) line of the same
background (C:BI/6) (Charles River Laboratory). All experiments and procedures were within
CACC guidelines.

The generation and initial characterization of Panx1** mice (Panx1fl/fl) with three LoxP
consensus sequences integrated into the Panx1 gene flanking exon 3-4, and knockout mice with
global loss of Panx1 (Panx1”-, CMV-Cre/Panx1) was described previously (Grundken et al., 2011;
Dvoriantchikova et al., 2012; Prochnow et al., 2012) and provided to our lab courtesy of Dr. Valery

Shestopalov (University of Miami, FL, USA) from the Bascom Palmer Eye Institute at the
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University of Miami. Panx1 expression in tissues is ubiquitous, however, no major abnormalities

were noted in the overall health or anatomy of the Panx1 mice.

2.4.2.4. Zebrafish

Handling and housing of zebrafish (Danio rerio) used to complete this thesis was performed in
compliance with the guidelines and policies of the Canadian Council on Animal Care (CCAC) and
had formal approval by the Animal Care Committee (York University, Toronto, Canada). Fish
were maintained in a recirculation system (Aquaneering Inc., San Diego, CA) at 28°C in the
vivarium with a 14-hour light/ 10-hour dark cycle. Embryos were reared in E3 medium (egg water,
5.0 mM NaCl, 0.17 KClI, 0.33 mM CaCl2, 0.33 mM MgSO.) at a density of approximately 50
embryos per 10 cm petri dish in a 28°C incubator according to standard procedures (Nusslein-
Volhard 2002). Zebrafish larvae 6 - 7 days post fertilization (dpf) were used for experimentation
and were housed in 28°C incubators until use. All experiments and procedures were within CACC

guidelines.

2.4.3. Antibodies

Supplementary Table 2.1. Description of the primary (top) and secondary (bottom) antibodies used for
completion of western blot and IHC for Panx1 localization experimentation in the olfactory system.

Name Species of Origin Source Dilution
anti-GFP (Poly) Rabbit Santa Cruz 1:200
Anti-B-actin Mouse Sigma-Aldrich 1:3000
anti-Panx1 (Poly) Rabbit Dr. S. Penuela UWO 1:200
anti-Panx3 (Poly) Rabbit Dr. S. Penuela UWO 1:200
Panx2 42-2800 Rabbit Invitrogen 1:200
Gao SC-13532 Rabbit Santa Cruz 1:100
NF200 clone NE14 Rabbit Sigma-Aldrich 1:100
Anti-mouse iRDye (Poly) 800 Goat Li-Cor 1:2000
Anti-rabbit iRDye (Poly) 680 Donkey Li-Cor 1:3000
Alexa Fluor 488 Goat Invitrogen 1:1000
Alexa Fluor 568 Goat Invitrogen 1:1000
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2.4.4, Commercial kits

Supplementary Table 2.2. List of kits utilized for various laboratory applications.

Procedure Kit Name Company Name

Immunodetection iBind™ Western Systems Life
Technologies

iBIND Western Blot iBind™ Solution Kit Life
Technologies

Polymerase Chain Reaction Phusion High Fidelity PCR Kit Thermo
Scientific

Purification of PCR and DNA NucleoSpin= Gel and PCR Cleanup Kit | Clontech

fragments

DNA transfection Effectene Transfection Reagent QiaGen

ATP determination Molecular Probes® ATP Determination | Life

Kit Technologies

2.4.5. Media and Solutions

Supplementary Table 2.3. Solutions used for cell culture.

Solution Company of retrieval
10% formalin Sigma-Aldrich
Trypsin Sigma-Aldrich
PBS with/without calcium/magnesium Sigma-Aldrich
Penicillin and Streptomycin BioShop

Fetal Bovine Serum (FBS) Gibco
Non-essential Amino Acids (NEA) Sigma-Aldrich
Dulbeccos’ Modified Eagles’ Medium (DMEM) Sigma-Aldrich
Mounting Solution: Fluoroshield with DAPI Sigma-Aldrich
ProLongTM Gold antifade reagent (no DAPI) Invitrogen
Effectene® QiaGen

EC Buffer QiaGen
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Enhancer QiaGen
Dulbecco’s Modified Eagle Medium (DMEM) Sigma-Aldrich
G418 Sigma-Aldrich

Note: composition of growth media for N2a cells: DMEM (4.5 g/l D-glucose, +L-glutamine, - pyruvate)
+10% FBS, 1% L-glutamine, 1% NEA,1% penicillin/streptomycin (10,000 U/ml/10mg/ml), 1ImM Na-
pyruvate, used both with and without phenol red — which had additional +1% L-glutamine

supplemented.

Composition of Trypsin: 0.05% trypsin, 0.02% EDTA (1x) in D-PBS (PAA)
Composition of PBS: 130mM NacCl, 2.8 mM KCI, 10mM Na.HPO,

Supplementary Table 2.4. Composition of solutions used for biological protocols.

Solution

Composition

6x DNA Loading
Buffer

10 mM Tris-HCI (pH 7.6), 0.03% bromophenol blue, 0.03% xylene cyanol
FF, 60% glycerol, 60 mM EDTA, (Fermentas)

1x Tris-acetate-
EDTA (TAE) Gel
Loading Buffer

40mM Tris, 20mM acetic acid, ImM EDTA

Laemmli Sample
Buffer

2% SDS, 10% glycerol, 5% B-mercaptoethanol, 0.1% Orange G, 50 mM Tris-
HCI: pH 6.8

Laemmli Running
Buffer

192mM glycine, 0.1% SDS, 25 mM Tris-HCI: pH 8.3

Staining Solution

Coomassie PAGE BLUE (BioRad)

Blocking Solution

Odyssey Blocking Buffer (Li-Cor Bioscience)

Phosphate Buffered
Saline (PBS)

130mM NaCl, 28mM KCI, 10mM Na.HPO., 1.8mM KH.PO,, pH 7.4

1IBIND™ Solution

1% iBind 100X Additive, 20% iBIND 5X buffer

Standard Reaction
Solution

8.9 mL dH20 + 0.5 mL 20X Reaction Buffer (Component E) « 0.1 mL 0.1 M
DTT (from step 1.3) « 0.5 mL of 10 mM D-luciferin (from step 1.2, store the
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remaining 0.5 mL at <-20°C for up to several weeks) 2.5 pL of firefly
luciferase 5 mg/mL stock solution

Ringers 7.2g/L NaCl, 0.17g/L CaCl?, 0.37g/L KCI; Dissolve all reagents in dH20,
adjust to 7.3-7.4 pH. Filer through 0.22um filter once everything is dissolved
Henkle 100 An odorant solution provided by a company in Germany, used at 1:10000

Potassium gluconate

Used for panx1 stimulation, purchased from Sigma, used at 25mM

ARL 67156 trisodium
salt hydrate

Cocktail to prevent ATP degradation purchased from Sigma, used at 100uM

Halt™ Protease and
Phosphatase Inhibitor
Cocktail

Cocktail to prevent protein degradation purchased from Thermo Scientific,
used at 1:100

Artificial cerebral
spinal fluid (ACSF)

119 mM NaCl; 26.2 mM NaHCO3; 2.5 mM KCI; 1 mM NaH2P0O4; 1.3 mM
MgCI2; 10 mM glucose; 2.5-mM CaCl2

Stock salts for E3
medium (egg water)

40g Instant Ocean Salt; 1L Distilled water

E3 medium for raising
zebrafish embryos

Add 1.5 ml of stock salts solution to 1 litre of distilled water to reach to
a final concentration of 60 pg/ml. Methylene blue (10-5%; Sigma
Aldrich) was added as a mold inhibitor.

Agar for embedding

Agar Nobel (purchased from sigma) was added to E3 medium for a
final 2% concentration to embed larvae for electrophysiology

2.4.6. Genes and Primers used

Supplementary Table 2.5. Summary of genes and primers.

Forward Primer (5¢ - Reverse Primer Applic
Gene Gene-ID | Function
39 (5¢-39 -ation
GATGTAGCTCA
NM_200 AGCTCTGTGATAGAC genoty
panxla pannexin GGAGCTGAAAG
916 CTCACTGAGAGC ping
ATGC

53



NM_001 AAGTATAAAGGCGTG | TGATCTGAGTA | genoty
panx1b pannexin
100030 CGGCTGG CCCACGGAGAC | ping
Proto-oncogene,
NM_2055 TTTCATCCTCAAG
fosab cell proliferation | GTGAACGAAACAAGAT IEG
69 GGCTG CTGGTCAG
& differentiation
Early growth
NM_1312 | response 1, TGTGTCTGGATG
egrl TCAACATATCCCAGTGC IEG
48 transcription CAAG GGTTTCTG
regulatory factor
NM_0013 | Early growth GCTTTCTGTCCTT
egr2a CTTCTCCTGTGACTTCT IEG
28404 response 2a GCG ATGTCTCTGG
NM_1309 | Early growth AGGAGTAGGATG
egr2b GATGCGGAGAGGTCTAT IEG
97 response 2b CAAG GCGGAG
NM_0011 | Early growth ACGACAAGGTAA
egrd ACAGCACCTCAAAGACT IEG
14453 response 4 ACAG AAGACTGGAG
Jun proto-
NM_1999 | oncogene, AP1 TGATGCCAGTTT
jun CACAAGGCTCTGAAAC IEG
87 transcription ACAAC GAGAAGTCC
factor subunit
Brain derived
NM_0013 ACTATCTGCCCCT
bdnf neurotrophic ACAAGCGGCACTATAA IEG
08648 CTCG CTTAATGG
factor
NM_2128 | Eukaryotic GTTGTTCACGTA
eifdebp2 AGTGACGGGCAAGAAC IEG
03 translation ATC GGTTCCTCTTC
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initiation factor

4e binding protein

kcnc3a Potassium
NM_0011 | voltage-gated AGAGATGTTATT | RT-
CCATGATAGGGCCTGCT
95240 channel TC GAGGCTGCG gPCR
subfamily ¢
scn4bb Sodium voltage-
NM_0010 CGCTCACGGTAA | RT-
gated channel ACCTATGCCAGCTGTAT
77573 TGG ATTTGCAC gPCR
subunit 4,
snap25b Synaptosomal-
associated
NM_1314 TGTTGGAGTCAG | RT-
protein, regulates | TGAGAATTTGGAGCAG
34 GTCG CCATGTC gPCR
inctracellular
calcium dynamics
semaéba | NM_0013 | Semaphorin 6B, CGTTTGCGTGTTT | RT-
TGATGGAGGGCTGTTTG
66315 axon guidance TG GGGATC gPCR
slc8alb Sodium-calcium
NM_0010 | exchanger, GGCACGAAAGCA | RT-
GGAGGGACCAGTTTATT
39144 transporter GAGG AAGAGAAC gPCR
member 1
slc8a2b Sodium-calcium
NM_0011 | exchanger, TGCACTCAACTG | RT-
TCACCAATGACCAGACA
23284 transporter ACTC ACCTTCTG gPCR
member 2
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slco2bl

Sodium-calcium

NM_0010 | exchanger, TTCTCAGTTGATG | RT-
AGATGGATTGGTGCTTG
37678 transporter GTG GCTCCAC gPCR
member 2
cacnalda | NM_2034 | Voltage- GGATGAGAAGGATAAT | GGGTTTGTGTTG
GCCGAG
84 dependent I-type CTGAAGATG RT-
calcium channel gPCR
subunit
grin2bb NM_0011 | Glutamate ATGAGGGACAGGGATA | AGGTTGGGATGA
GAGG
subtype, subunit gPCR
2B
p2rx7 NM_1989 | pP2X GTGTCATTTGTGGACGA | CACTCAACAGAG | RT-
GGAC
84 Purinoreceptor TCTTCATGCTG gPCR
p2ry12 NM_0013 | P2Y Purinergic TCTTCGGTTTGATCAGC | TCAGGATTACAT | RT-
ATCG
entpdl NM_0010 | CD39, ACCTGACCAACATGATT | GCTGTTTTAGTA
CCG
03545 Ectonucleoside AAGCGACGG
RT-
Triphosphate
gPCR
Diphosphohydrol
ase 1
nt5e NM_2009 | CD73, surface CAAACGGAAATGTGCT GTCTGTCCCACTT
GGAG
breakdown gPCR
nucleotides
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adoralb | NM_0011 [ Adenosine GGAACAATTTACACAGC | ACGAGCATGAAA | RT-
CTGC
28584 receptor subunit AGCAGAGG gPCR
tubala AF02925 | Tubulin, AGGGAAGTGGAT | Refere
GAGCGTCCTACTTACAC
0 cytoplasmic CAAC ACGAGGATAG nce
actb2 (ref) | NM_1816 | Actin, GACTCATCGTAC | Refere
GCCCCTAGCACAATGAA
01 cytoskeleton GATC TCCTGCTTG nce

2.4.7. Software

Table 2.2. Program tools used for thesis and publication completion.

Purpose

Program(s)

Image processing

ImageJ, Adobe Photoshop & Illustrator CS6

Protein sequence alignments

Clustal

Image acquisition and processing

ZEN 2010 (Carl Zeiss Microscopy), HCImageL.ive, &
Femtonics

Visualization

Fluorescence Assay ZEN 2010
Luminescence Assay Genb

Protein Concentration Nanodrop2000 a280
Electrophysiological Analysis & pCLAMP10.5

Electrophysiological Recording &
Acquisition

Axon Multiclamp

Coding for EEG analysis

Matlab - Mathworks R2019b

Statistical Analysis

Microsoft Excel 2016, Matlab R2019b

Text processing

Microsoft Word 2016
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Chapter 3. Loss of Panx1 does not affect primary and secondary olfaction

“Scientific work must not be considered from the point of view of the direct
usefulness of it. It must be done for itself, for the beauty of science, and then
there is always the chance that a scientific discovery may become like the
radium, a benefit.”

- Marie Curie
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In Brief:

Whyte-Fagundes et al., demonstrated that loss of Panx1 does not impact olfaction. Although Panx1
expression patterns demonstrate a pivotal position for signalling dynamics involved in sensory
processing, there are inconclusive results to demonstrate the necessity of this protein in
chemosensation. This led to the novel discovery that Panx3, another Panx family member, is able
to compensate in expression and function for Panx1 in its absence. This suggests that these proteins
are coordinated in order to maintain sensory processing, thereby suggesting Panx1 functions
synergistically in a complex molecular network.

Highlights:

e Panxl is localized to regions of the olfactory system that are highly relevant for function

e Olfaction is not impaired in Panx1” mice and no deficits in ATP release were found.

e Panx3 appears to upregulate expression in regions where Panx1 is lost in juveniles and
adults

e Panx3 has conserved ‘Panx1-like’ functional channel properties, suggestive of
compensatory regulation in vivo

3.1. Abstract

Pannexins (Panx) are integral membrane proteins, with Panxl being the best-characterized
member of the protein family. Panx1 is implicated in sensory processing, and knockout (KO)
animal models have become the primary tool to investigate the role(s) of Panx1 in sensory systems.
Extending previous work from our group on primary olfaction, the expression patterns of Panxs in
the vomeronasal organ (VNO), an auxiliary olfactory sense organ with a role in reproduction and
social behavior, were compared. Using gRT-PCR and Immunohistochemistry (IHC), we
confirmed the loss of Panx1, found similar Panx2 expression levels in both models, and a
significant upregulation of Panx3 in mice with a global ablation of Panx1. Specifically, Panx3
showed upregulated expression in nerve fibers of the non-sensory epithelial layer in juvenile and
adult KO mice and in the sensory layer of adults, which overlaps with Panx1 expression areas in
WT populations. Since both social behavior and evoked ATP release in the VNO was not
compromised in KO animals, we hypothesized that Panx3 could compensate for the loss of Panx1.
This led us to compare Panx1 and Panx3 channels in vitro, demonstrating similar dye uptake and
ATP release properties. Outcomes of this study strongly suggest that Panx3 may functionally
compensate for the loss of Panxl in the VNO of the olfactory system, ensuring sustained

chemosensory processing. This finding extends previous reports on the upregulation of Panx3 in
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arterial walls and the skin of Panxl KO mice, suggesting that roles of Panxl warrant

uncharacterized safeguarding mechanisms involving Panx3.

3.2. Introduction

The pannexin’s (Panx) is a three-member (in rodents: Panx1, Panx2 and Panx3) family of integral
membrane proteins. This gene family has received considerable attention since their initial
discovery (Panchin et al., 2000; Bruzzone et al., 2003), with a particular focus on Panx1. The
expression of this gene seems ubiquitous throughout the central nervous system (CNS; Ray et al.,
2005, 2006) and multiple sensory systems, making Panx1 channels attractive candidates for
sensory perception, which is important for interpreting stimuli in an environmental context
(Brignall and Cloutier, 2015). Thus far, Panx1 expression in sensory systems has been found in
the auditory (Wang et al., 2009), visual (Ray et al., 2005; Dvoriantchikova et al., 2006), gustatory
(Huang et al., 2007; Romanov et al., 2007), and main olfactory system (Zhang et al., 2012;
Kurtenbach et al., 2014) as well as in pain perception (Zhang et al., 2015, 2017). Given that Panx1
is an adenosine triphosphate (ATP) release channel (Bao et al., 2004), and is present in multiple
sensory systems, it is tempting to investigate roles in the modulation of sensory processes.

The introduction of different transgenic mouse lines with distinct Panx1 ablation strategies
(Bargiotas et al., 2011; Qu et al., 2011; Dvoriantchikova et al., 2012; Hanstein et al., 2013), has
initiated ample opportunities to investigate Panx1 functions in a translational manner—from genes
through to systems and behavioral outcomes. The availability of one mouse model
(Dvoriantchikova et al., 2012) allowed us to determine a new localization of Panx1 in olfactory
sensory neuron (OSN) axon bundles and further dismiss a primary function of Panx1 in olfaction—
based upon behavioral testing, electroolfactogram measurements and analysis of ATP release from
the olfactory epithelium (OE). The data suggested that Panx1 is one of several alternative pathways
to release ATP in the primary olfactory system during chemosensation, likely playing a secondary
role only (Kurtenbach et al., 2014).

Here, we report on the presence of Panxs in the accessory olfactory system (AOS), which
is home to the accessory olfactory bulb (AOB) and the vomeronasal organ (VNO)—building on
previous findings using the same mouse model. The VNO is the primary sensory organ in the
AOS. It is located at the base of the nasal septum (Halpern, 1987) and is a chemosensory organ
containing specialized sensory neurons called vomeronasal sensory neurons (VSNSs), which are

found in the pseudostratified neuroepithelium and send signals to the AOB for processing in the
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brain. In mice, the VSNs recognize chemical signals and initiate innate behavioral responses, like
aggressive and reproductive behaviors (Pérez-Gomez et al., 2014). Importantly, ATP appears to
play a significant role in triggering these behavioral responses. At the physiological level, ATP
release in the VNO is responsible for eliciting a concentration-dependent increase in intracellular
calcium, as well as initiating inward currents in VSNs. In turn, increased levels of ATP heighten
the responsiveness of VSNs to chemical stimuli (Vick and Delay, 2012). At this time, ATP release
is thought to be reliant on purinergic receptor activity upon activation of the vasomotor pump.
Exact mechanisms of release are poorly understood, however, known properties of connexins
(Cxs) and Panxs (Scemes et al., 2007) suggest that they could contribute either in conjunction or
competition with ionotropic P2X or metabotropic P2Y receptors to the release of ATP responsible
for signal transduction in the AOS (Gayle and Burnstock, 2005; Vick and Delay, 2012).

To address this knowledge gap, we have characterized the impact of genetic ablation of
Panx1 in the AOS. Expression and localization studies demonstrated Panx1 expression in the
VNO, with surprising up-regulation of Panx3 both in the sensory and non-sensory
neuroepithelium, as well as in nerve fibers innervating the VNO of the Panx1 knockout (KO; 77)
population. Behavioral analysis and a quantitative comparison of steady-state extracellular ATP
concentration, via mechanical stimulation in an ex vivo preparation, did not reveal significant
differences between the two genotypes. The lack of phenotype and the regulation of Panx3 let us
conclude that there are likely compensatory mechanisms at play. To further support this
conclusion, we showed that in an established cell culture model Panx3 shares some properties with
Panx1 including ATP release, as well as responses to stimulation and pharmacological blocking
during dye uptake analysis under physiological conditions. To our knowledge, this research
provides the first evidence that Panx3 can compensate, at least in part, for Panx1 function(s) in a

sensory organ.

3.3. Results

3.3.1. Pannexin3 mMRNA expression is upregulated in the vomeronasal organ of panx1
mice
In situ hybridizations with cRNA probes specific for mouse Panx1 (mPanx1; Ray et al., 2005)

confirmed expression of mPanx1 in the vomeronasal organ (VNO; Figure 3.1a). The antisense
CRNA revealed strong staining of the VNO epithelia of 7-day-old mice, indicated by the yellow

arrowheads, while the sense RNA probes only generated very faint staining, verifying the probes’
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specificity. Next, Panx expression was quantified in total RNA isolated from the VNO, using
quantitative Real Time-PCR (qRT-PCR) and primers specific for the mPanx1l (GI:8626133),
mPanx2 (G1:163838634) and mPanx3 (G1:86262154) mRNAs. Significant expression of mPanx1
was detected in the VNO of adult wild-type mice (Figure 3.1b). Consistent with the gene targeting
strategy ablating exons 3 and 4 of the Panx1 gene (Dvoriantchikova et al., 2012), no mPanx1
expression was detected in the VNO of mPanx1~~ animals (relative expression ratio: 0.0019 +
0.0006-fold, p < 0.0001, n = 6; mean cycle threshold (Ct) + SD: wild type 30.36 + 0.87, mPanx1 "/~
38.56 £ 1.61). mPanx2 and mPanx3 mRNA expression were determined to address the possibility
of compensatory mechanisms that may affect Panx expression. A significant upregulation of the
mPanx3 mRNA expression (2.03 + 0.78-fold, p = 0.007, n = 6; Ct + SD: wild type 30.47 + 1.01,
mPanx1~~29.50 + 0.39) in the VNO of Panx1~~ mice was measured. In contrast, no change in the
expression of mPanx2 was found in the VNO of the Panx1~~ mice (1.08 + 0.23-fold, p = 0.89, n
=6, Ct + SD: wild type 30.09 + 0.21, mPanx1~~30.24 + 0.46).
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Figure 3.1. Pannexin mRNA expression in the mouse VNO. a) In situ hybridizations (ISHs) from juvenile mice
(P7) with mPanx1 riboprobes. Panx1 antisense cRNA delivered strong labeling in the VNO. The strongest
staining was detectable in the basal cell layer of the sensory epithelium (SE) indicated by yellow arrowheads.
Note the absence of specific staining when the Panx1 sense cRNA was used. VNO = vomeronasal organ. Scale
bar =100 pm. (b) Quantitative real time (RT)-PCR data for Panx expression in the VNO. Panx1—/— mice lacked
detectable mPanx1 expression in the VNO (n = 6). Mouse Panx3 mRNA expression showed a significant 2-fold
upregulation in the VNO of Panx1—/— mice. No differential mRNA regulation was found for mPanx2. Primers
specific for 18S rRNA were used as a reference. Experiments were performed in triplicates; significance is
denoted by asterisks: Student’s T-test ***p < 0.001, **p < 0.01, Error Bars denote SEM.
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3.3.2. Localization of pannexin proteins in the VNO of wild-type and Panx1’- mice

The mouse VNO is part of the AOS, composed of sensory and non-sensory layers as shown in the
cartoon in Figure 3.2a. In the sensory layer, cell bodies of the sensory neurons, situated in the
sensory epithelium (SE), segregate into the apical and basal zones (AZ, BZ) and project to the
anterior or posterior portion of the AOB (details not shown) respectively. Cells in the non-sensory
layer (NSE) are separated by a nerve fiber tract responsible for the autonomous innervation of
local assemblies of the vasculature in cavernous tissue, which respond to increased sympathetic
tone with vasoconstriction and in turn regulate the lumen (L) of the VNO.

The localization of Panx proteins in the VNO of juvenile mice was tested by IHC.
Abundant mPanx1 protein expression was found in nerve fibers innervating blood vessels in the
cavernous part of the VNO, with relatively lower levels of expression in the non-sensory epithelial
layers (Figures 3.2b,c). Further, the Gao protein, a protein known to couple neurotransmitter
receptors to ion channels in sympathetic neurons (Jeong and lkeda, 1998), co-localized with
mPanx1 immunoreactive nerve fibers (Figure 3.2d). The overview in Figure 3.2e shows that
expression of mPanx1 in the sensory part of the VNO was negligible. Zoomed in views of the
complementary areas of the non-sensory part of the VNO using identical immunostaining and
imaging conditions, demonstrated an absence of mPanx1 immunoreactivity in Panx1™ mice
(Figures 3.2f,g; Supplementary Figure 3.1 shows secondary antibody control).

Panx1

Panx1

Panx1

Figure 3.2. Panx1 protein expression in the NSE of the juvenile mouse VNO. a) Overview of the murine VNO
adapted from Sanchez-Andrade and Logan (2014) (b-d). The intact wild-type VNO imaged at 40x
magnification is shown in (b) depicting DAPI staining of nuclei, the localization of (c) mPanx1 and (d) of the
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G-alpha protein Gao. The region highlighted by the box in the overview in (e) is shown at 63x magnification in
(F) highlighting the significant mPanx1 expression in the basal and lower expression in the ciliated epithelium
of the NSE. (g) A comparable region in Panx1™ mice lacked Panx1 expression. Abbreviations: AZ, apical zone;
BZ, basal zone; SE, sensory epithelium; L, lumen; NSE, non-sensory epithelium; C, cavernous tissue; BV, a
blood vessel. Scale bars: (b—e) = 100 pm, (f,g) = 50 pm.

Interestingly, in juvenile wild-type mice, mPanx3 expression was detectable and confined
to regions similar to mPanx1, as well as in cartilage (Figure 3.3a). Meanwhile, in Panx1™~ mice,
Panx3 immunoreactivity was elevated in the non-sensory part of the VNO in regions of Panx1
protein expression in wild-type controls, but not detectable in the SE (Figure 3.3b,c). This result
strongly argues for protein upregulation in subpopulations of cells with loss of mPanx1 expression
or nearby thereof. In contrast, mPanx2 was equally expressed in wild-type and Panx1™/~
populations, demonstrating ubiquitous expression within and beyond the VNO (Figure 3.3d), and
showing higher levels of expression in connective tissue (CT) compared to mPanx1 and mPanx3.
The significant expression of the Panx2 protein in the VNO, despite low mRNA levels, is
consistent with a previous report demonstrating that Panx1, 2 and 3 mRNA and protein expression

were disconnected in most tissues (Le Vasseur et al., 2014).

Panx3
DAPI

Figure 3.3. Localization of mPanx2 and mPanx3 proteins showing upregulation of mPanx3 in the NSE of
juvenile Panx1™ mice. a) The left panel demonstrates an overview taken at 10x magnification showing the
entire VNO and surrounding structures after Panx3 immunostaining. Mouse Panx3 has increased expression
where mPanx1 has been demonstrated previously to be found, basal to the NSE, in the autonomous sensory
nerve. There is also increased expression in the cartilaginous zone, which is characteristic of mPanx3. (b,c) The
two panels in the middle show higher magnifications (63x) of the region indicated by the white box,
demonstrating some mPanx3 expression in the cilia of the NSE and cell bodies basal to the NSE in wild-type
mice. (c) The panel below shows that there is a clear increase in mPanx3 expression in Panx1™" in the same
regions. (d) Mouse Panx2 is ubiquitously localized in the VNO and the CT. Abbreviations: VNO, vomeronasal
organ; V, vasculature; CT, cavernous tissue; C, cartilage; NSE, non-sensory epithelium; AN, autonomous
(parasympathetic/sympathetic) nerve; +/+ = WT, —/— = Panx1 knockout (KO). Scale bars 10x overviews = 350
pm, 63x magnifications = 50 pm.
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Next, we investigated mPanx1 and mPanx3 protein localization in the VNO of adult mice.
Abundant mPanx1 expression was detected in the sensory epithelial (SE) layer, with negligible
levels of expression in the non-sensory epithelial (NSE) layer. Meanwhile, no mPanx1 protein
expression was found in Panx1™~ mice (Figures 3.4a,b). At higher magnification, images of the
SE of wild-type animals revealed Panx1 localization along the tracts of neurons in the AZ as well
as distinct punctate expression in the BZ (Figure 3.4c). In the SE of the VNO of wild-type mice,
only traces of the mPanx3 protein were found, which we dismissed as background staining
(Figures 3.4d,e). However, similar to juvenile Panx1”~ mice, the mPanx3 protein was
significantly upregulated in both the SE and NSE (Figure 3.4f). The zoomed in views shown in
Figures 3.4g,h revealed that mPanx3 was localized in both layers of the SE, as well as in the NSE,
AN and the cavernous tissue. At the highest magnification, mPanx3 showed a punctate
localization. Together, the tissue distribution of mPanx1 protein found in adult and P7 mice tissue
partially overlapped with the mPanx3 protein expression found in Panx1™~ mice, raising the

question of whether mPanx3 could functionally compensate for the loss of mPanx1.
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Figure 3.4. Panx1 and Panx3 localization in the VNO of adult mice. a,b) Overviews showing mPanx1 expression
(green) and DAPI staining (blue) in the VNO of wild-type and Panx1™ mice. In the adult Panx1, wild-type
VNO the mPanx1 protein is detected in the SE layer, with some expression in the NSE layer. The Panx1™ VNO
showed no mPanx1 staining. Scale bars (a,b) = 200 pm. (c) In the SE layer of wild-type mice, the mPanx1
protein (green) is localized along tracts of sensory neurons in both AZ and BZ, with some immunoreactivity
found in NF200 (red) immunoreactive nerve fibers (SN). The mPanx1 protein showed punctate localization in
both the apical zone (AZ) and basal zone (BZ). A very low level of mPanx3 immunoreactivity was detectable in
the SE layer, which was dismissed as background (d) Scale bars (c,d) = 50 pm. (e,f) Overviews include DAPI
staining of nuclei (blue) and Panx3 expression (green) in wild-type and Panx1™~ mice, showing upregulation of
Panx3 expression in the VNO of Panx1™ mice. Scale bars (e,f) = 100 pm. At higher magnification (g,h) of VNOs
from Panx1™ mice showed localization of Panx3 in both the SE and NSE layers, and the NF200
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immunoreactive nerve fibers, with the highest magnification demonstrating a punctate pattern of localization.
Scale bars (g,h) = 100 pm, 50 pm. Abbreviations: SE, sensory epithelium; NSE, non-sensory epithelium; AZ,
apical zone; BZ, basal Zone; L, lumen; SN, sensory nerve; AN, autonomous (parasympathetic/sympathetic)
nerve; GL, gland.

3.3.3. ATP release in the VNO of wild-type and Panx1’ mice

ATP is a known mediator of VSNs, and Panx1 has been described as a major ATP release channel.
Since ATP release can be evoked in the adult VNO by mechanical stimulation (Vick and Delay,
2012), it is possible to quantify extracellular ATP using acute ex vivo preparations of the VNO.
Here, basal levels of extracellular ATP were detectable in the VNO of both adult Panx1** and
Panx1~" mice (ATP concentration: Panx1**, 0.08 + 0.007 pM, Panx1~", 0.13 + 0.1 pM; p = 0.5;
n = 5). Repeated mechanical stimulations reliably elevated ATP release in both Panx1** and
Panx1~~ mice VNO preparations (Panx1**, 1.02 + 0.5 pM; Panx1”~, 0.95+ 0.9 pM, p=0.9; n =
5; Figure 3.5). The increase was significant for both genotypes (Panx1**, p = 0.01; Panx1™”", p =
0.05), although the concentration of ATP was indistinguishable for both non-stimulated and
stimulated conditions. Since evoked ATP release in the VNO was not compromised in KO
animals, differential expression of genes encoding for proteins known for interacting with ATP
(purinergic receptors), or channels permeable for ATP (connexin, calcium homeostasis
modulator), or opening upon mechanical stimulation (transient receptor potential cation channel)
were investigated. Using gPCR, the expression of connexin-43 (Cx43), the transient receptor
potential cation channel, subfamily C, gene 2 (TRPC2), the transient receptor potential cation
channel, subfamily M, gene 5 (TRPM5), the purinergic receptors P2X7, P2X5 and P2Y2, as well
as the calcium homeostasis modulator 1 and 2 (Calhm1, Calhm2) were detectable in the VNO.
Non-significant expression changes were found for the purinergic receptors P2X7 (Mean +
Standard Error; 0.893 £ 0.310, p = 0.541) and P2X5 (1.235 + 0.354, p = 0.250), as well as TRPC2
(1.351 + 0.450, p = 0.138). Furthermore, Cx43 (Cx43: 0.397 + 0.144, p = 0.004), P2Y2 (0.533 £
0.183, p = 0.0001), TRPM5 (0.506 + 0.201, p = 0.016), Calhm1 (0.369 £ 0.176, p = 0.011) and
Calhm2 (0.477 = 0.166, p = 0.001) were significantly downregulated. Together, evidence for
compensatory upregulation of the most likely alternative sources contributing to ATP release in
the VNO was not found. This result suggests that compensatory upregulation of Panx3, and ATP
release through Panx3, could contribute to the similar increase in ATP release upon mechanical

stimulation in both genotypes.
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Figure 3.5. Quantification of extracellular ATP after mechanical stimulation of the VNO. ATP release from the
VNO of wild-type and knock out animals was determined as outlined in materials and methods using a
luminescent ATP detection assays. Without stimulations, very low levels of ATP were detectable, with no
differences between the two genotypes. Mechanical stimulation significantly increased ATP release, again, with
no difference between wild-type and Panx1—/— animals. Error bars indicate standard deviation. *p < 0.01, **p
< 0.05.
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3.3.4. Aggression and defensive behaviour in wild-type and Panx1”- mice

Since the VNO plays a major role in social interactions, a modified resident-intruder assay was
performed to identify discernible behavioral differences between the two populations. Adult male
mice were used to test for aggressive and defensive behaviors by the resident, as well as social
stress evoked by the intruder. This analysis included quantification of three categories, smell,
attack and tail flicks, which are typical behaviors elicited by specific chemosensory ligands present
in the sensory epithelial layer of the VNO. Figure 3.6 shows that adult Panx1”~ mice (n = 14) did
not show any significant difference in these measures compared to age-matched wild-type Panx1
(*"*) mice (n = 15). Interestingly, no significant differences were found in six behavioral responses.
A single significant increase in smell time of Panx1”- animals was observed when intruders were
placed in their cage. In summary, the behavioral data suggested that lack of Panx1 function(s) in
the VNO were not affecting behavioral outcomes in the knockout mice. Considering that the
change in behavior was minor, albeit statistically significant, the result was interpreted as an

indication of a compensatory role of Panx3.
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Figure 3.6. Behavioural comparison of Panx1** and Panx1’ mice. This modified intruder assay with N = 14
(Panx1**) and N = 15 (Panx17") mice demonstrates that there are no significant differences in three behavioral
categories, including aggressive behaviors mediated by the VNO (tail flicks, attacks indicated by biting, chasing,
cornering and tumbling), between the two different mouse lines. A significant increase in smell time was found
for Panx1 KO resident mice. The cartoon outlines the strategy used. Error bars indicate SEM. *p < 0.05.
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3.3.5. Expression properties of panx1 and panx3 in neuro2a cells are similar

Testing the hypothesis that mPanx3 could functionally compensate for mPanx1 in Panx1™~ mice,
we analyzed both proteins in Neuro2a cells. It is worth noting that Neuro2a cells express Panx1
MRNA, but not Panx2 or Panx3 (Supplementary Figure 3.2), however, very low levels of
endogenous Panx1 protein expression have not been detected by western blot (data not shown).
Transient transfection of mPanx1-EYFP and mPanx3-EGFP increased steady-state mRNAs ~95
fold (mPanx1) or =3400 fold (mPanx3) relative to endogenous levels (Supplementary Figure
3.3). The western blot analysis after transient overexpression of mPanx1-EYFP and mPanx3-
EGFP in Neuro2a cells demonstrated that both proteins were expressed similarly to previous
reports (Boassa et al., 2007; Penuela et al., 2007, 2008; Figure 3.7a). Also, confocal imaging
revealed that both proteins localized in the cell membrane and internal membranes, consistent with

the typical distribution of Panx proteins (Figures 3.7b,c).

/

mPanx1-EYFP mPanx3-EGFP

Figure 3.7. Panx1 and Panx3 localization in Neuro2A cells. a) western blot showing Panx1-EYFP and Panx3-
EGFP proteins 48h after transient transfection into Neuro2A cells. b,c) Merged images, including DAPI
staining of nuclei (blue), and Panx1-EYFP (Left) and Panx3-EGFP (Right) localization (green) in Neuro2A
cells. Scale bars = 10pum.

3.3.6. Mouse Panx1 and panx3 release ATP in vitro

Panx1 channels are well established ATP release channels and the expression and localization of
mPanx1 and mPanx3 were similar in vitro, therefore, an in vitro luciferase assay was used to test
whether Panx3 demonstrated similar ATP release channel properties. As shown in Figure 3.8,

both mPanx1-EYFP and mPanx3-EGFP release detectable amounts of ATP upon stimulation with
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50 mM potassium gluconate (ATP concentration in pM: mPanx1, 50 mM KGlu: 2.71 £ 0.05, p
value = 5.06e—5; mPanx3: 50 mM KGlu 1.75 £ 0.006, p value = 7.10e—4, N = 3 independent
experiments) and 140 mM KGlu (mPanx1: 140 mM KGlu 3.09 +0.19, p value = 1.78e—4; mPanx3:
140 mM KGlu 1.72 + 0.05, p value = 4.55¢—5, N = 3 independent experiments), when normalized
to EGFP or EYFP transfected Neuro2a cells with no stimulation, as well as when compared to
non-transfected Neuro2A cells under the same conditions (Neuro2A: 50 mM KGlu 1.05 + 0.07, N
= 3; 140 mM KGlu 0.55 £ 0.3, N = 3). The specificity of the observed ATP release was tested
using the Panx1 blockers carbenoxelone (CBX), mefloquine (MFQ) and blue food dye (BB FCF).
All blockers showed reliable reduction of ATP release induced by high potassium when cells
expressed mPanx1 (CBX 0.26 £ 0.005, p value = 1.10e—4, N = 3; MFQ 0.20 £+ 0.007, p value =
1.10e—4, N =3; BB FCF 0.31 = 0.01, p value = 1.20e—4, N = 3). Interestingly, all Panx1 blockers
caused the same effect on Panx3 expressing cultures (CBX 0.23 £ 0.01, p value = 8.71e—6, N = 3;
MFQ 0.27 £ 0.01, p value = 1.05¢—5, N = 3; BB FCF 0.23 = 0.02, p value = 1.05¢—5, N =3). It is
important to note that these blockers also reduce the amount of ATP release in non-transfected
Neuro2A cells as well (CBX 0.14 £+ 0.003, p value = 3.00e—4, N = 3; MFQ 0.10 + 0.002, p value
=2.06e—4, N =3; BB FCF 0.07 + 0.005, p value = 1.77e—4, N = 3), an observation we attribute to
endogenously expressed low levels of mPanxl. These results established similar channel
properties in vitro, with respect to ATP release, amongst mPanx1 and mPanx3 in response to
medium and high concentrations of KGlu and inhibitors that act upon mPanx1. This provides a
strong rationale to continue comparing channel function properties in vitro and to investigate the

potential functional replacement of Panx1.
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Figure 3.8. Panx3 has ATP releasing properties like Panx1. Luciferase assay depicting the amount of released
ATP by Neuro2A cells that were untransfected (gray) or transfected with mPanx1 (Pink) or mPanx3 (Indigo).
Using either medium (50 mM) or high (140 mM) concentrations of potassium gluconate (KGlu) stimulates
mPanx1 and mPanx3 to release significantly more ATP compared to Neuro2A cells. Traditional Panx1 blockers
carbenoxolone (CBX), mefloquine (MFQ) and brilliant blue food dye (BB FCF) also block mPanx3 and
Neuro2a cells when stimulated with 140 mM KGlu prior incubation with the blockers. *Indicate significance
compared to Neuro2A controls, *p < 0.001, **p < 0001. ffIndicates significance compared to 140 mM KGlu
stimulation condition. T{p < 0.001.

3.3.7. Dye uptake properties of Panx1 and Panx3 in neuro2a cells are similar
ATP release properties of mPanx1 and mPanx3 were comparable in vitro. Hence, a robust ethidium
bromide (EtBr) uptake assay (Kurtenbach et al., 2013; Shao et al., 2016) was used to further test
channel activities. In this assay (Figures 3.9a,b), Neuro2a cells expressing either EYFP or EGFP
showed no dye uptake under physiological conditions in complete growth medium (EYFP: 0.026
+6.87¢—4, EGFP: 0.060 = 2.30e—3), as well as after stimulation with 140 mM KGlu (EYFP: 0.078
+ 8.50e—4, EGFP: 0.022 + 1.20e—3). In contrast, Neuro2a cells overexpressing mPanx1-EYFP or
Panx3-EGFP showed an increasing and linear relationship between the amount of dye uptake and
protein expression under both physiological conditions (mPanx1: R2 = 0.89, mPanx3: R2 = 0.90;
Supplementary Figure 3.4a) and after treatment with 140 mM KGIlu (mPanx1l: R2 = 0.88,
mPanx3: R2 = 0.91; Supplementary Figure 3.4b), demonstrating that the dye uptake was
correlated with Panx expression. Therefore, dye uptake analysis was conducted after normalizing
the amount of dye uptake to the level of protein expression.

Mouse Panx1-EYFP expression caused significantly increased dye uptake under basal
conditions (0.9544 + 0.018, n = 198, p value = 4.46e—10) when compared to EYFP transfected
cells (Figure 9A). In addition, treatment with 50 mM KGlu (1.78 + 0.012, n = 114, p value =
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2.95¢—8), 140 mM KGlu (1.51 +£0.0042, n =407, p value = 2.45¢—6), or 3 uM ATP (3.63 = 0.061,
n=90, p value=1.92e—11) caused a significant increase in dye uptake when compared to mPanx1 -
EYFP under physiological conditions. In contrast, treatment with 3 mM ATP (0.87 = 0.0067, n =
125, p value = 1.85¢—10), 500 uM probenecid (Prob; 0.85 £ 0.013, n =407, p value = 3.88e—7) or
10 uM brilliant blue food dye (BB FCF; 0.99 + 6.6e—3, n = 407, p value = 1.59e—6) prior to
stimulation with 140 mM KGlu, a condition previously reported to open Panx1 channels from
different species and in difference expression systems showed a significant decrease of dye uptake
when compared to treated conditions with 140 mM KGlu alone (Figure 3.9a). Together, these
results confirmed the effectiveness of two concentrations of KGlu to evoke dye uptake by
Neuro2A cells expressing mPanx1. They verified that low and high ATP concentrations increase
and reduce dye uptake, respectively, as previously shown in the oocyte expression system (Qiu
and Dahl, 2009). Further, they confirm that probenecid (Prob) and brilliant blue food dye (BB
FCF) are reliable blockers of mPanx1 in this cell model.

Using the identical experimental conditions, mPanx3-EGFP expressing cells without
treatment showed a significant increase in dye uptake when compared to EGFP transfected
Neuro2a cells (0.33 £+ 3.20e—3, n = 157, p-value = 1.21e—8; Figure 3.9b), though it is important
to note that this uptake is relatively lower than the average amount of uptake by mPanx1 under the
same condition. Similarly, treatment of mPanx3 expressing cells with 50 mM KGlu (1.17 + 0.013,
n = 96, p-value = 1.12e—18), 140 mM KGlu (1.20 +/—0.0037, n = 392, p-value = 5.12e—40) or 3
UM ATP (1.43 £0.012, n= 102, p-value = 4.69e—23) significantly increased dye uptake compared
to untreated control cells expressing mPanx3-EGFP. Similar to mPanx1, application of 3 mM ATP
inhibited the amount of dye uptake during stimulation with 140 mM KGIlu when compared to
stimulated controls (0.89 £ 0.010, n = 151, p-value = 1.20e—10; Figure 9B). Further investigation
into blocking the mPanx3 channel showed that application of 500 uM Prob, prior to application of
KGlu, efficiently inhibited dye uptake (0.46 = 0.0077, n = 407, p-value = 2.16e—12), however,
application of 10 uM BB FCF significantly increased mPanx3 channel activity (2.33 + 0.022, n =
407, p-value = 1.38e—14). These results further established mPanx3 channel properties in vitro, in
response to stimulants and inhibitors that act upon mPanx1. In summary, this quantitative
assessment allowed us to conclude that Panx1 and Panx3 share two significant properties, dye
uptake, and ATP release, suggesting that Panx3 can at least in part functionally compensate for

Panx1.
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Figure 3.9. Panx1 and Panx3 dye uptake properties. EtBr uptake assay is depicting the amount of dye taken up
by Neuro2A cells that were transfected with EYFP, EGFP, mPanx1-EYFP or with mPanx3-EGFP. a) Neuro2A-
EYFP cells did not uptake dye, even when trying to stimulate with 140 mM KGIlu. However, using either 50mM
KGlu, 140 mM KGlu, 3 pM ATP on mPanx1 transfected cultures, significantly stimulated channel opening. 3
mM ATP, 500 pM Prob or 10 pM BB FCF application, after stimulation with 140 mM KGlu for 5 min, block
the channel from taking up the dye. b) EtBr uptake assay is depicting the amount of dye taken up by Neuro2A
cells that were transfected with EGFP or with mPanx3. Neuro2A-EGFP cells did not uptake dye, even when
trying to stimulate with 140 mM KGIu. However, using either 0 mM KGIlu, 140 mM KGlu, 3 pM ATP on
mPanx3 transfected cultures, significantly stimulated channel opening. 3 mM ATP or 500 pM Prob application,
after stimulation with 140 mM KGlu for 5 min, block the channel from taking up the dye. Treatment with 10
pM BB FCF after application of 140 mMMKGIu enhanced dye uptake activity significantly compared to
treatment with 140 mMKGIu alone. *Indicate significance compared to Neuro2A controls, *p<
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0.0001. *Indicate significance compared to basal conditions, ¥p < 0.0001. fIndicates significant decrease
compared to 140 mM KGlu stimulation conditions, ffindicates significant increase compared to 140 mM KGlu
stimulation conditions fp < 0.0001 and fp < 0.0001. KGIlu (potassium gluconate), ATP (adenosine
triphosphate), Prob (probenecid), BB FCF (Brilliant blue food dye).

3.4. Discussion

This research shows the expression and localization of three Panxs in the VNO of both wild-type
and a well-established mouse model with genetic ablation of mPanx1. Both mPanx1 and mPanx3
show differential expression in juvenile and adult mice, with a remarkable upregulation of Panx3
in the VNO—specifically in areas with no Panx1 expression after genetic ablation. Panx2 was
ubiquitously distributed in the VNO, but not differentially regulated. The compensatory regulation
of Panx3 in Panx1~~ mice raised the question whether Panx3 forms channels, which, at least in
part, can compensate for the loss of Panx1l. Using another established model, Neuro2A cells
expressing mPanx1l or mPanx3, channel function was demonstrated using two independent
methods exhibiting that Panx3 could take up dye, release ATP, and respond to Panx1 blockers—
providing the first evidence that Panx3 is forming functional channels with properties similar to

Panx1.

3.4.1. Pannexins in the mouse VNO

Extending our previous research on Panxs in olfaction— suggesting indirect or even negligible
roles of Panx1 in primary olfaction (Kurtenbach et al., 2014), we have shown in this study the
expression of mMRNA and protein localization of the three Panxs in the VNO. The results are
different to our findings in the OE of mice, which express mPanx1, low levels of mPanx2, but no
mPanx3 mRNA. Also, the IHC of the OE revealed a significant, but restricted, labeling of the OSN
axon bundles that project to the olfactory bulb, but lacked immunoreactivity in the OSNs
themselves (Kurtenbach et al., 2014). Further, no compensatory regulation of Panx3 was found in
the OE of Panx1~~ mice. To our knowledge, only one other sensory organ, the cochlea, expresses
all Panxs in the same tissue (Wang et al., 2009; Zhao, 2016), whereas other parts of the nervous
system typically express Panx1 and Panx2, but lack Panx3 (Bruzzone et al., 2003). In fact, our
previous studies of other sensory organs, including the eye (Ray et al., 2005; Dvoriantchikova et
al., 2006), primary olfactory system (Kurtenbach et al., 2014), or lacrimal gland (Basova et al.,

2017) showed either lack, or very low levels of Panx3 gene expression.
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The localization of mPanx1, as well as mPanx3 in Panx1™/~ mice, is consistent with the
requirement for ATP release in the VNO (see “Discussion” section below). The expression and
localization of Panx3 in the VNO after loss of Panx1 is remarkable, since Panx3 expression has
typically been limited to skin, bone and cartilage (Celetti et al., 2010; Moon et al., 2015; Oh et al.,
2015; Caskenette et al., 2016; Ishikawa et al., 2016), skeletal myoblasts (Langlois et al., 2014) or
low diameter arteries (Lohman et al., 2012). Multiple studies have highlighted the importance of
VNO function in reproductive behaviors in mice. Hence, it makes sense that a compensation
system has evolved to maintain its function in extreme circumstances, e.g., loss of an essential
protein. Our behavior tests did not reveal major changes of Panx1 KO for behaviors associated
with VNO function, showing that Panx3 might be able to compensate for Panx1 loss efficiently.
We did find a significant increase in smell time of resident Panx1~~ mice towards intruders. This
difference is potentially an interesting observation because investigating and sniffing at intruders
may also be influenced by memory deficits (Prochnow et al., 2012). Generally speaking, the
availability of Panx3 KO mice (Moon et al., 2015; Abitbol et al., 2016) has allowed for the
investigation of the role(s) Panx3 plays in the bone, with results suggestive of Panx3 regulating
chondrocyte and osteoprogenitor cell proliferation and differentiation, long bone growth, and
skeletal formation and development (Moon et al., 2015; Oh et al., 2015; Abitbol et al., 2016;
Caskenette et al., 2016). However, the investigation of the roles of Panx3 functions beyond these
tissues have yet to be reported, with this study being the first to implicate a role for Panx3 in a

sensory system.

3.4.2. What is the evidence that ATP release plays a critical role in VNO function?

We propose that ATP release is the key physiological role served by Panx1 and Panx3 in the VNO.
Gerhard Dahl and his coworkers were the first to demonstrate the role of Panx1 as a major ATP
release site (Locovei et al., 2006, 2007). Since then, Panx1 mediated ATP release has been found
in many tissues and cell types, substantiating that this mode of regulated ATP release, alongside
other non-vesicular ATP release pathways, is important to achieve tissue function(s) (for review
see (Dahl and Keane, 2012; Scemes, 2012; Dahl et al., 2013; Penuela et al., 2013; Good et al.,
2015). It is important to note that ATP release via Panx1 has not consistently been found (Taruno
et al., 2013), which may indicate that some tissues do not rely on Panx1 mediated ATP release to

achieve function, or compensatory upregulation was not investigated.
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Pheromones are detected by VSNs once they are forced into the lumen of the VNO by a
vascular pump triggered by sympathetic stimulation of the Vidian nerve (Eccles and Eccles, 1981),
where we see an expression of Panx1 and Panx3 in juveniles. This mobilization of chemical signals
is due to the sympathetic nervous system initiating ATP release (Rummery et al., 2007), which is
also extremely important in evoking neural contractions of the vascularized erectile tissue on the
lateral side of the lumen for further chemical processing. The signal transduction cascade is
complex in the VNO, as the neuroepithelium consists of multiple distinct populations of VSNs.
However, recent advances have implicated that there are subzone-specific ligands and sensory
transduction components that enable VNO subdivisions to control specific olfactory-mediated
behaviors (Kumar et al., 1999; Oboti and Peretto, 2014; Pérez-Gomez et al., 2014). For example,
research conducted by Leinders-Zufall et al. (2014) has already demonstrated that aggressive
behavior toward intruder males requires sensory transduction from basal VSNs. This is a region in
adults where we saw the expression of Panx1 and increased Panx3 expression in KOs. We propose
that important paracrine signaling functions of ATP for signal transduction are mediated by Panxs.
The observed lack of upregulation of alternative channels and receptors is evidence in support of
this concept. Together, the significant expression of Panx1 and Panx3 in both the basal and apical
regions of the adult sensory layer, implicates the involvement of Panxs in olfaction in the context
of adult social behavior, whereas the more restricted expression found in juvenile mice is more
likely to serve the biomechanical functions of the developing VNO. Once Panx1 and Panx3 single
and double KO mice become more broadly available, it will become possible to address this

knowledge gap in longitudinal studies from juvenile to adult stages.

3.4.3. Is Panx3 a channel that can compensate for Panx1?

This study provides evidence that Panx3 is an ATP release channel similar to Panx1, supporting
two claims of ATP release via Panx3, suggestive of channel function, in cultured ATDCS5 skeletal
cells (lwamoto et al., 2010) and human odontoblast-like cells (Fu et al., 2015). Further, Panx3, like
Panx1, takes up dye in a linear relationship with protein expression, albeit at different efficiency,
and in response to known Panx1 blockers. Several results are notable. Both ATP release and dye
uptake through mPanx1 and mPanx3 were activated by stimulation with a medium (50 mM) and

a high (140 mM) concentration of KGlu. The later concentration of 140 mM has been used
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repeatedly since the introduction to the field (Bao et al., 2004; Silverman et al., 2009), providing
robust activation in our hands.

It is also noteworthy that blockers previously reported acting individually on Panx1 block
Panx3 as well. This effect is most likely due to the structural homology of both proteins, which
share a 73.25% similarity at the amino acid level, and that Panx1 and Panx3 channels can interact
to some, albeit low, extent with no observed change to the channel function when intermixed
(Penuela et al., 2009). Interestingly, BB FCF, a selective blocker of Panx1 channels (Wang et al.,
2013), reliably blocked ATP release in both mPanx1-EYFP and mPanx3-EGFP expressing
Neuro2a cells. However, it selectively affected only mPanx1 mediated dye uptake. At present, the
reason for the difference in BB FCF blocking efficiency of mPanx3 during dye uptake vs.
measuring ATP release is unclear. Although, we surmise that this model imitates the model in vivo
by efficiently blocking mPanx1 channels in vitro and observing the enhanced activity of mPanx3.
Despite the fact that the blocker pharmacology of Panx1 channels remains bizarre, as eloquently
highlighted by Dahl et al. (2013), the distinct responses to BB FCF could be a starting point for
isolating Panx1 and Panx3 channel activities separately. Ultimately, the observation that BB FCF
can increase dye uptake provides a unique opportunity to determine the mode of interaction
between BB FCF and protein targets by domain swapping experiments using chimeras of mPanx1
and mPanx3.

While we can provide evidence for Panx3 channel activities using two different methods,
key biophysical properties accessible only through electrophysiological methods are lacking.
However, our results point to the possibility that the biophysical properties of Panx3 channels can
be investigated using similar procedures used for Panx1. It is very likely that these properties
would be difficult to isolate when the cell culture model used expresses endogenous Panxl or
Panx3, in particular when the robust activity of Panx1 may mask those contributed by Panx3.
Therefore, generating genetically engineered cell lines, with ablation of Panx1 and Panx3, for
example by using Cas9/CRISPR or Transcription activator-like effector nucleases (TALEN),
could help to overcome this knowledge gap. Together, our results point to the possibility that
Panx3 channels are more subtle and challenging to study using traditional biomolecular techniques
including electrophysiology, which is in line with the lack of data in the literature. On a similar
note, more specific Panx blockers need to be found, which will allow distinguishing Panx1 from

Panx3 functions in vitro and in vivo.

82



3.4.4. Compensatory regulations of pannexins: Why and how?

The upregulation of Panx3 observed in this study, has also been found in the vasculature (Lohman
et al., 2012) and skin (Penuela et al., 2014) of different knock out mouse models. This suggests
that the mobilization of Panx3 expression due to the absence of Panx1, as well as the properties
shared between Panx1 and Panx3, is not restricted to a single loss of function phenotype.

Why is Panx3 upregulation required in the absence of Panx1? We hypothesize that the
VNO requires tight control of ATP concentrations in a physiological range as a means of
supporting prominent roles in triggering innate behavioral responses, like aggressive and
reproductive behaviors (Pérez-Gomez et al., 2014). Since these behaviors are critical for the
survival as a species, Panx3 upregulation could represent a safeguarding mechanism of unknown
complexity that is innate to the cell type affected by the genetic KO and able to compensate for
the loss of Panx1 as a major ATP release site—important in paracrine signaling.

The molecular mechanism of the compensatory regulation is open to speculations.
Comparative studies of wild-type and KO mice at the level of the transcriptome, epigenome,
proteome, or by promoter studies are likely to provide insight into the underlying molecular
mechanism. In addition, the availability of Panx1 (Bargiotas et al., 2011; Qu et al., 2011;
Dvoriantchikova et al., 2012; Hanstein et al., 2013) and Panx3 KO mice (Moon et al., 2015;
Abitbol et al., 2016), as either single or double KOs, will be critical in this process. Further, future
studies are also likely to aid in clarifying other evidence for compensatory regulation of Panxs,
like in the vasculature (Lohman and Isakson, 2014) and skin (Penuela et al., 2014). However,
whether these examples of compensatory regulation share a common mechanism, or a cell type or

tissue-specific mechanism, needs to be determined.
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3.5. Supplementary Data — Included in published manuscript

Panx1**

Supplementary Figure 3.1. Secondary antibody control for Immunohistochemistry (IHC). A section of the
juvenile VNO was processed for IHC and incubated with secondary goat anti-rabbit Alexa Fluor 488 antibody
(Invitrogen, Canada) only. The confocal image showing background signal was captured using the identical
settings used in Figure 3.2. Scale bar = 200 pM.
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Supplementary Figure 3.2. Quantitative PCR analysis of total RNA isolated from Neuro2a cells. The average
cycle threshold (Ct) values demonstrated the expected high (18 s RNA; Ct < 20) and medium (B3-actin/ACTB;
Ct 20-30) expression levels for the reference RNAs. Mouse Panx1 and mPanx3 mRNAs were expressed at
medium (mPanx1; Ct 20-30) and low levels (mPanx3; Ct > 30). The very low expression of mPanx3 was
positively identified through melt curve analysis of the PCR generated amplicon (data not shown). No
expression of Panx2 mRNA was detected. Values represent mean + SD. Abbreviation: n.d. = not detected.
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Supplementary Figure 3.3. Expression of pannexin mRNAs in transiently transfected Neuro2a cells. QRT-
PCR showed overexpression of mPanx1 and mPanx3 in Neuro2a cells transiently transfected with mPanx1-
EYFP or mPanx3-EGFP. All experiments were performed in triplicates. Values represent mean + SD.
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Supplementary Figure 3.4. Linear correlation analysis of fluorescent reporter expression and uptake of
ethidium bromide. Normalizing the amount of dye uptake, the fluorescence of EtBr, to the amount of
fluorescent reporter expression (mPanx1-EYFP and mPanx3-EGFP), reveals a strong and consistent linear
relationship under control and stimulated conditions. (A) mPanx1 under DMEM (closed dots), R2 = 0.88, and
mPanx1 with 140 mM KGlu stimulation (closed triangles), R2 = 0.89. (B) mPanx3 with DMEM (open dots), R2
=0.90, and mPanx3 with 140 mM KGlu stimulation (open triangles), R2 = 0.91.
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3.6. Supplementary Data — Not included in published manuscript
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Supplementary Figure 3.5. Panx1l and Panx3 expression in the mouse olfactory system of WT mice. a)
Schematic of the mouse olfactory system. b) Schematic of coronal section depicting 3 main regions of interest
for localization investigation. (1. Main olfactory epithelium 2. Septum 3. Accessory olfactory epithelium). Each
region, part of main and accessory olfactory systems, was tested for Panx expression. ¢) Panx1 expression in
(green) found in the axon bundles of olfactory sensory neurons (OSN) and some diffuse expression in the
epithelial layer (E) of juvenile WT mice. d) Panx3 expression in the septum of juvenile WT mice confirming
selectivity of the antibody showing expression in chondrocytes which is unique to panx3 and not found for
panxl. e) Panx1 expression in the adult VNO in the sensory epithelial layer (SE) as a reference for continuous,
but altered (note juvenile expression in NSE of VNO for panx1), panx1 expression throughout the development
of the mouse olfactory system. IHC images in c-e were incubated with secondary goat anti-rabbit Alexa Fluor
488 antibody (Invitrogen, Canada). Dapi is in blue for nuclei staining. The confocal images were captured at
40x magnification. Scale bar = 100 pm.
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Chapter 4. Panx1 is implicated in seizure activity and visual processing

“ The most damaging phrase in the language is: It’s always been done that

2

way.

- Grace Hopper

Aspects from Part | of this chapter were done in collaboration with Dr. Peter Carlens’ group at
Krembil research institute, Toronto Western Hospital, as part of an independent training
opportunity in electrophysiology. The work completed at Krembil, contributes to a broader, yet
impactful, investigation of mammalian Panx1 in a variety of seizure models with the primary
objective of assessing changes in behavioural and electrophysiological markers of excitability
associated with the channel during seizures. As such, only contributions completed by me in
collaboration with the Carlen lab are presented here; modified from the following original
published research article:

Mark Aquilino, Paige Whyte-Fagundes, Mark Lukewich, Liang Zhang, Berj Bardakjian, Georg
Zoidl, & Peter Carlen. 2020. “Pannexin-1 deficiency decreases epileptic activity in mice.”
International Journal of Molecular Sciences. 21(20):7510. Doi: 10.3390/ijms21207510.

The skills developed in Dr. Carlens’ lab were essential for spearheading a cutting-edge project in
Dr. Zoidls’ lab at York University where we sought out to record brain activity from zebrafish
larvae in vivo. Part Il of this chapter depicts this self-directed process, where continued
investigations of Panxl in seizure activity were pursued. During this process, expertise was
developed in this technique in order to collaborate with a fellow colleague, Dr. Nickie Safarian, to
explore the role panxla has in visuomotor control. Only contributions completed by me in this
investigation are presented here; modified from the following original published research article.
It is important to note that independent investigation of the visual system was expanded to include
other panx1 ohnologs in order to determine physiological ramifications of knocking out panx1 in
the zebrafish. This data is presented here, currently part of unpublished data.

Safarian, N., Whyte-Fagundes, P., Zoidl, C., Grigull J., & Zoidl, G. (2020). Visuomotor
deficiency of panxla knockout zebrafish is linked to dopaminergic signalling. Scientific
Reports. 9538(10). Doi.org/10.1038/s41598-020-66378-y

Dr. Carlens’ lab is primarily made up of members that are part of the biomedical engineering
program at the University of Toronto. The opportunity to work alongside these individuals created
an environment where | was exposed to exploring new avenues of handling large datasets from
the perspective of engineers. As such, with the guidance of Uilki Tufa, a PhD candidate in the labs
of Dr. Carlen and Dr. Bardakijan, a tremendous effort was dedicated to gaining knowledge in
coding in order to automate data analysis and execute higher level signal processing of
electrophysiological data. This technical research and development is presented alongside specific
objectives in Part 111 of this chapter.
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4.1. Part I: Electrophysiological markers of epilepsy associated with Pannexinl

4.1.1. Introduction
Epilepsy is widely regarded as a disease of distorted neuronal network excitability, where seizures
occur upon spontaneous shifts in synaptic transmission causing an imbalanced excitatory state
(Buchin et al., 2018). A hypothetical framework exists regarding the imbalance between excitation
and inhibition that places Panx1 at the centre of these dynamics. This is due to the combination
between channel function, expression and gating. Functionally, Panx1 is known to mediate the
release of ATP, which modulates neurotransmitter receptors and voltage gated ion channels
(Khakh et al., 2003), as well as release of the excitatory neurotransmitter glutamate (Herrera-
Calderon et al., 2018; Zoidl et al., 2007). It is expressed in regions that become hyper-excitable in
experimental models of epilepsy (Pernelle et al., 2018), and is found in excitatory synapses of
hippocampal and cortical pyramidal neurons lateral to the postsynaptic density also in close
proximity to astrocytes (Zoidl et al., 2007). This localization pattern exposes the channel to
dynamic molecular, structural, ionic and electrical changes in actively communicating neurons
that can influence Panx1 gating. In particular, elevated levels of extracellular potassium is
characteristic to driving seizure activities and is known to open the channel (Raimondo et al.,
2015). The combination of these features is considered critical for linking Panx1 channel function
with neuronal excitability and seizure generation, although this remains to be resolved.
Electrophysiology has been the most reliable diagnostic tool for epilepsy since the early
twentieth century, being able to answer questions regarding the identification of seizure onset
zones, defining resection areas for surgery candidates and the pathology of epilepsy in general
(Bertram, 2014). As such, this remains to be the best research tool to investigate underlying causes
of the neurological disorder. Here, we used both intracellular and extracellular recording
techniques in vitro in order to determine whether Panx1 contributes to the hyperexcitable dynamics
in epilepsy from both a single cell and a network level, respectively. Using a global Panxl
knockout (Panx1”") mouse model with 4-Aminopyridine (4-AP) to induce seizure activities that
mimic those found in EEGs from patients (Fueta & Avoli, 1992), it provided an opportunity to

assess changes in electrophysiological markers of epilepsy associated with Panx1.
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4.1.2. Results

4.1.2.1. Single cell recordings reveal that targeting Panxl results in a hyperpolarized
membrane potential
There is evidence surrounding the implication of Panx1l in modulating neuronal excitability

(Scemes & Veliskova, 2019; Shestopalov & Slepak, 2014) and in turn either augmenting or
terminating seizures (Aquilino & Whyte-Fagundes et al., 2019). However, there is no direct
evidence of Panx1 modulating excitability at a single cell level. Therefore, prior to establishing a
role of Panxl in 4-AP induced seizures, whole-cell neuronal patch clamp was employed to
investigate electrical changes in individual cell activity in order to characterize distinct cell
properties related to panx1 (Figure 4.1a). Capturing cell current dynamics from cortical area I1/111
of wild type (WT) brain slices confirmed that the neuronal resting membrane potential (RMP) was
around -70mV and revealed that for Panx1” slices the -74.8mV RMP was significantly different
to controls (Figure 4.1b), suggesting that the removal of Panx1 hyperpolarizes the cell (p = 0.04).
To confirm this was a Panx1l mediated phenomenon and rule out any effects of genetic
modifications, brilliant blue FCF (BB) was used as an established pharmacological Panx1 blocker
(J. Wang et al., 2013a). WT cells exposed to BB also appeared significantly hyperpolarized with
a RMP of -76mV (p = 0.04), indicating that Panx1 may be directly involved in regulating cellular
excitability. These results imply a fundamental role of Panxl in maintaining homeostatic

membrane potentials which may contribute to altered seizure propensities in Panx1”- mice.
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Figure 4.1. The resting membrane potential of Panx1” cells is hyperpolarized. a in vitro whole cell patch clamp
recordings were taken from neurons in cortical layers 11/111. Corresponding recording sites from brain slices
are highlighted in purple and single cells were recorded intracellularly as shown in the depiction below. b
Average resting membrane potentials (RMP) were documented once cells were patched for WT (N = 26) and
Panx1” (N = 54) mice as well as WT mice treated with Brilliant Blue FCF a Panx1 blocker (N = 9; BB). The
RMP was significantly hyperpolarized when Panx1 was targeted both genetically and pharmacologically.
Average RMP is around -70mV for WT cells which is considered normal, for Panx1 it was around -75mV and
for BB it was -76mV. * = p<0.05.

4.1.2.2. Recordings of LFPs from cortical slices exposed to 4-AP reveal anti-convulsant
properties of Panx1

The hyperpolarized neuronal membrane potentials of Panx1”- mice suggested that firing properties
of the cells are altered in a way that may affect seizure generation. Therefore, to investigate altered
electrophysiological activities as a result of knocking out Panx1 at a local circuitry level, local
field potentials (LFPs) in neocortical slices were examined in vitro. Recording electrodes were
lowered into slices and placed in layer II/111 in order to record chemically induced, self-sustained
population responses to the convulsant 4-AP (100uM). In slices from WT animals, 4-AP reliably

produced SLEs (Figure 4.2a), whereas Panxl inhibition, either via pharmacology or genetic
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targeting, resulted in extremely rare epileptiform responses (see Table 4.1). In transgenic Panx1
knockout (KO) mice, traces from cortical slices exposed to 4-AP showed small population spikes
(0.75 £ 0.02s in duration) and only 2 of the 12 slices tested revealed any evidence of seizure-like
events (SLE) (Figure 4.2b). Events in the KO population presented more frequently as bursts and
can be seen contrasted to a typical SLE found in WTs in Figure 4.2c.

When comparing only the slices that produced SLEs, there was no significant differences
in the duration of events (WT: 0.45 = 0.06min, KO: 0.44 + 0.04min, p = 0.861, t-test) or in the
inter-SLE interval (Wild type (WT): 2.29 + 0.20min, KO: 2.19 + 0.31min, p = 0.794, t-test)
between WT and KO groups (Figure 4.2d). This suggested that Panx1 inhibition may have a more
anti-epileptogenic role; as it appears to be involved in suppressing the mechanisms triggering
seizures as opposed to decreasing the severity of the seizures themselves.

Additional experiments were performed to distinguish the direct contribution of Panx1l
function to SLEs from either developmental or compensatory effects that may have arisen due to
creating the transgenic Panx1 KO mouse line. Therefore, Brilliant-Blue-FCF (BB) and Probenecid
(Pb), common Panx1 blockers, were applied to cortical slices 10min prior to the application of 4-
AP to ensure efficient Panx1 blockade. Extracellular field recordings from WT mouse slices
treated with BB often contained small synchronous spiking events (1.63 + 0.13s in duration),
similar to what was observed in the KO traces. Further, SLEs were rarely exhibited as only one
instance of the events occurred following pretreatment with 10uM BB across 10 independent
experiments (Figure 4.2e). Similarly, the WT slices pretreated with 500pM Pb also only showed
one instance of SLEs occurring across 13 experiments, however, these slices exhibited no

noteworthy spontaneous activity (Figure 4.2f).
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Figure 4.2. Seizure-like events in vitro in WT, KO, BB (Brilliant Blue-FCF-treated) and Pb (probenecid-
treated) groups. Sample recordings of local field potentials from a WT and b KO groups, along with pie charts
summarizing seizure incidence with 4-AP. ¢ higher magnification of SLE in WT (left, blue) and typical bursting
seen in KO (right, orange), indicative of the most common responses to 4-AP for each group. d Comparison of
seizure duration and inter-seizure interval of SLEs in both WT and KO slices. Despite a reduced incidence,
once initiated, KO SLEs remained similar to WT SLEs. Sample recordings of local field potentials from WT
slices pretreated with e BB or f Pb, along with pie charts summarizing seizure incidence with 4-AP. Recordings
from WT mice often had one or more seizure-like events (78%), whereas KO, BB and PB mice often had only
small synchronous bursting events (20%, 10% and 8% respectively). Scale bars for a,b,e,f: 0.05mV by 100s; c:
0.05mV by 25s. Figure adapted from Aquilino et al., 2020.

Table 4.1. Incidence of seizure-like events (SLEs) in vitro following perfusion of cortical slices with 100uM 4-
AP. 12 slices from 7 KO mice had fewer 4-AP-induced SLEs than in the 9 slices from 6 of their WT counterparts
(p = 0.0051, Chi-squared). Mice treated with Brilliant Blue-FCF (7 mice, 10 slices) or probenecid (8 mice, 13
slices) before 4-AP exposure also had fewer instances of at least one SLE as compared to untreated slices of
WT mice (BB p =0.0028; PB p = 0.0008, Chi-squared).

Type Total number  SLE-positive  SLE-negative Percentage $2p
WT 9 7 2 78 -
KO 12 2 10 20 0.0051
BB 10 1 9 10 0.0028

Pb 13 1 12 8 0.0008

ALL - - - - <0.0001
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4.1.2.3. Cross-Frequency coupling in vitro is absent in Panx1 KOs

Extracellular recordings also enable the collection of data regarding oscillatory dynamics.
Therefore, to determine if there were any alterations in excitability for Panx1 KO mice in vitro
that may explain reduced seizure activities, changes in a wide range of frequency bands compared
to controls were assessed. As 4-AP induced a broadband increase in spectral power, the change of
power across each frequency band was normalized to the overall increase in spectral power
(Figure 4.3a). This revealed a diminished effect of 4-AP on gamma (30-80Hz), high frequency
(HF; 80-120Hz) and very high frequency bands (vHF; 120-500Hz) in the KO, each of which are
frequencies associated epileptic signaling (Ren et al., 2015; Zijlmans et al., 2012). There were no
changes found for KOs in the delta (1-4Hz), theta (4-8Hz), alpha (8-13Hz) or beta (13-30Hz) bands
compared to controls.

In addition to quantifying differences in the raw frequency power, the role of Panx1 in
mediating frequency synchronization was also explored via phase amplitude coupling (PAC). PAC
has been suggested to be a biomarker for epilepsy, as reports have shown a positive increase in
coupling strength and seizure occurrence (Samiee et al., 2018). Therefore, PAC strengths were
computed for WT (n=9) and KO (n=12) slices exposed to 4-AP to determine if intact Panx1
signaling was required for synchronization underlying SLEs. Sample traces are shown for WT
(Figure 4.3b) and KO (Figure 4.3c) groups with baseline (blue) and 4-AP-induced activities
(orange) highlighted. WT slices demonstrated strong PAC during SLEs, which was void in
baseline recordings (Figure 4.3d). There was only very minor evidence of coupling in KOs, which
was indistinguishable between baseline and 4-AP induced activities (Figure 4.3¢e). PAC was also

not evident in WT samples treated with Panx1 blockers, BB and Pb (see Appendix B: Figure 6.1)
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Figure 4.3. Frequency-based analysis of the extracellular recordings of WT and Panx1 KO mice. a The relative
increase for various frequency bands in neocortical field potentials after bath application of 4-AP. As 4-AP
induces broadband increased spectral power, the relative increase in power of each band is normalized to the
overall increase in spectral power. While changes in Delta through Beta bands were not significant, the increase
in spectral power in Gamma (p = 0.0009), HF (p = 0.0011) and vHF (p = 0.0008) bands were significantly lower
in Panx1 deficient animals following 4-AP. b,c Traces of WT and KO extracellular recordings under 4-AP. d,e
Phase-amplitude coupling comodulograms of 10-s windows during baseline (blue) and 4-AP (orange)
conditions, as highlighted in subfigures b and ¢ respectively, highlighting periods of enhanced PAC in the WT
4-AP response which are absent in the KO. Coupling strength indicated to the right of comodulograms. ** p <
0.01, *** p < 0.001. Figure adapted from Aquilino et al., 2020.

4.1.3. Conclusion

A pro-epileptic effect of the Panx1 channel was demonstrated using the 4-AP model for epilepsy
in vitro, as reduced epileptiform activity was observed when genetically or pharmacologically
targeting Panx1. Due to Panx1” having the most robust impact on SLE incidence, without
drastically altering duration or inter-SLE intervals, it is possible that Panx1 may play a role in
epileptogenesis (Fu et al., 2009). However, taking into consideration the hyperpolarized neuronal
RMPs, reduced gamma and high frequency powers and the lack of PAC in Panx1” tissue these
results suggest that Panx1 may modulate network excitability in order to mediate seizure activities.
Overall this research corroborates previous reports positively correlating Panx1l and seizure
activity (Jiang et al., 2013b; Mylvaganam et al., 2010). However, despite these findings,

mechanistic explanations for Panx1 involvement in seizures are still lacking. Therefore, ongoing
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efforts for a comprehensive and interdisciplinary investigation are required which can possibly
place Panx1 mediated ATP release at the center of SLE generation. For this reason, the zebrafish
is proposed as a model to support this research objective as molecular investigations are robust,
and it is possible to keep neuronal circuitry intact in order to maintain network integrity necessary

for understanding epileptic dynamics.

4.2. Part Il: Pannexinl investigations in seizure generation and visual processing using
electrophysiology in zebrafish

Zebrafish have emerged as a valuable vertebrate animal model for neuroscience research, as their
gross brain architecture is conserved and they have a rich repertoire of behaviors (Basnet et al.,
2019). The larval zebrafish are of particular convenience due to their optical transparency, small
size, and high fecundity, with the added benefit of all major subdivisions of the adult zebrafish
brain being present. The optic tectum (superior colliculus in mammals) in particular, is the largest
midbrain structure in the zebrafish and has been well documented as the major visual processing
center. It begins to take on a layered ‘cortical” organization at 5 days post fertilization (dpf) and is
an attractive region for investigations of axon guidance, synaptic specification, layer formation
and topographic mapping (Scott & Baier, 2009). The three major layers are segmented into
superficial, intermediate and deep regions (Suzuki et al., 2019) and are rich in cell diversity. The
four main cell types present in the optic tectum are the superficial neurons, radial glial,
periventricular (the most abundant) and shallow periventricular neurons (Scott & Baier, 2009).
Most importantly, cell types necessary for maintaining the balance of excitatory and inhibitory
networks, like excitatory glutamatergic neurons and inhibitory GABAergic interneurons and
astrocytes, are also present in the zebrafish larval brain (Panula et al., 2010). However, first and
foremost for translational applications, descriptions of gross brain anatomy and modulatory
neurotransmitters, including their expression patterns, binding and signaling properties, resembles

those of mammals (Panula et al., 2010).

4.2.1. Introduction to epilepsy in zebrafish larvae
Gaining an understanding of the complex mechanisms underlying epileptogenesis and seizure
generation requires the use of appropriate animal models. Although valuable, only limited

information can be acquired from human studies, as candidate pharmacological and non-
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pharmacological interventions must be extensively tested for efficacy and safety prior to clinical
use (Wahab, 2010). However, there is no single animal model of epilepsy that fully represents this
disease given the range of conditions that fall under the umbrella of ‘epilepsy’ — each with distinct
acquired or genetic origins and diverse behavioural manifestations, electrographic signatures,
pharmacological profiles and histopathologies (Grone & Baraban, 2015). In line with this, the
investigations related to the role of Panx1 in epilepsy appear to be extremely dependent upon the
chosen model and experimental method with conflicting results and mechanistic involvement of
the channel protein yet to be formally resolved (see Table 4.2 for a detailed summary of all main
conclusions in the Panx1 field related to epilepsy and/or seizures). As a result, the importance of
animal models of epilepsy is constantly growing as the field of research continues to grow. This
provided an opportunity to expand the field of epilepsy research pertaining to Panx1 involvement
to include a zebrafish seizure model not as redundant but rather as complimentary to our previous
work presented in mice in order to resolve remaining conflicts in the field.

Zebrafish are an attractive in vivo model for higher throughput investigations of epilepsy.
They provide the advantage of recording seizure activity from intact neurocircuitry in transparent
larvae. With the close homology of zebrafish to the human genome, it is an appropriate model for
investigating the pathophysiology of human epilepsies from both a genetic and chemical
perspective to model different aspects and subtypes of epilepsy (Hortopan et al., 2010). Primarily,
by utilizing zebrafish, there is the additional benefit of having two panx1 ohnologues (panxla and
panx1b) due to whole genome duplication during evolution (Bond et al., 2012). This provides a
unique opportunity to investigate the converging and diverging roles of these genes in the context
of epilepsy with the potential to resolve conflicting results in the field. As a result, this portion of
the thesis introduces and expands on the initial development of this model but results pertaining to

this investigation are detailed in chapter 5.

Table 4.2. Summary of experimental seizure models and main conclusions from the Panx1 literature.

Seizure model Experimental Major conclusions from Pro- or Citation
model paper anti-
convulsant
Low Mg2+ mouse hippocampal = Panx1 opening is triggered = pro (Thompson et
slices by NMDAR stimulation al., 2008)
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Co2+ treatment

Reduced

glucose

Pilocarpine

Kainic acid

Ressected tissue
from TLE

patients

in vitro whole

mouse hippocampi

rat hippocampal

slices

mouse (WT & P2x7-
/- & panx1 block or
mRNA knockdown)

mouse slices (WT &

Panx1-/-)

human tissue

and can contribute to
seizure activity

Induced seizure activity
increased Panx1
expression

Adenosine from ATP
release via Panx1
(suggested with use of
pharmacology and
increased ATPi in
electrode) induces an
autocrine regulation of
CA3 pyramidal neuron
excitability

P2X7R - Panx1 complex
decreases seizure
susceptibility via negative
modulation of M1
receptors

Panx1 opens by elevated
K+ following KA-induced
SE and block (MFQ) or
deletion of Panx1 reduces
the ATP that is released
and improves the
behavioral manifestation
of seizures

Panx channels are
important in the formation
of epilepsy due to
increased expression

found in TLE tissue

pro

anti

anti

pro

pro’

(Mylvaganam
etal., 2010)

(Kawamura et
al., 2010)

(Kim & Kang,
2011)

(Santiago et al.,
2011)

(Jiang et al.,
2013a)
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DHPG induced | mouse hippocampal = Activation of mGlu5 leads = ‘pro' (Lopatar et al.,
burst firing slices (CA1) to bursting triggered by 2015)

the release of ATP via

Panx1 channels in area

CA3 and the subsequent

activation of P2Y1

Ressected human tissue Increased Panx1 ‘pro' (Cepedacetal.,
cortial tissue (children) expression found in RE 2015)
from RE tissue - possibly contribute
patients to intercellular coupling
and cellular

hyperexcitability

Ressected human tissue Expression of panx1 ‘pro’ (Lietal., 2017)
cortial tissue (children) found in neurons and

from FCD astrocytes, increasing

patients expression found with

increased seizure
frequency (colocalized

mostly with glu positive

neurons)

Proepileptic human neocortical Panx1 channel activation  pro (Dossi et al.,

ACSF with tissue promoted seizure 2018)

increased K+ generation and

ion and maintenance through ATP

decreased signaling via purinergic 2

Mg2+ ion receptors

concentrations

Kainic acid mouse (WT & «“ pro "
Panx1-/-)

Kainic acid mouse (WT & Cell type specific Panx1 pro in (Aquilino et al.,
Panx1-/- from expression has opposing neurons and = 2020; Scemes
neurons & effect for KA seizures; anti in etal., 2019)
astrocytes) increased seizures when astrocytes
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PTZ

Electrical

kindling

4-AP

Mg2+ free
ACSF

Kainic acid

Kainic acid

mouse (WT &
Panx1-/- & block
with Pb & BB)

mouse (WT &

Panx1-/-)

mousehippocampal
slices (WT & Panx1
-/- & block with Pb

& BB)

mouse hippocampal
slices (WT&Panx1-
/- (global, neuron &

astrocyte))

mouse hippocampal
slices (WT&Panx1
-/- (global, neuron &

astrocyte))

mouse (WT &

Panx1-/- from
neurons &

astrocytes)

panx1-/- in astrocytes due
to low levels of
extracellular adenosine
sex differences but overall
stage 6 seizures
significantly reduced in
panx1 KO or blockade

(reduced seizure severity

in KOs)

reduced propensity to

generate ADs in Panx1

KO animals

panx1 KO or blockade
significantly reduces

seizure like events

Panx1 in both cell types
(not separate) are
necessary to sustain

epileptiform discharges in

this model

Global deletion of panx1
doesn't alter, neuronal loss
increases and astrocyte

loss decreases occurance

of events

neuronal loss of panx1 =
delay in seizure onset,
astrocyte loss = quicker

seizure onset, global loss

= no change

pro

pro

pro

3

pro’

pro and anti

pro and anti

(Aquilino et al.,

2020)

(Obot et al.,
2021)

Note: if pro is in © *, this indicates that this is an inferred conclusion of this activity and is not explicitly
stated by the authors.
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4.2.1.1. Electrode placement impacts LFP recordings in vivo

The zebrafish larval brain at 7dpf contains on the order of 100 000 neurons, about one millionth of a human
brain, yet it still maintains broad anatomical regions down to specific circuits and cell classes (Burrows et al.,
2020). As mentioned prior, the larval brain has retained cellular diversity that permits the induction of seizure-
like events (SLEs) with PTZ. However, in order to capture these events accurately, access to appropriate brain
and cellular architecture is extremely fundamental. Here, recording electrode placement during 15mM PTZ
application was systematically investigated in order to reliably induce and visualize typical SLEs in zebrafish
larvae (Figure 4.4). The forebrain, specifically the dorsolateral pallium, was the first location assessed (Figure
4.4a), as this brain region in the zebrafish is analogous to the mammalian hippocampus (Cheng et al., 2014)
and displays high spontaneous neural activity in adult zebrafish (Vargas et al., 2012). However, upon numerous
trials, only single large deflections were induced by PTZ and there was no evidence of SLEs. The optic tectum
(OT) was targeted next (Figure 4.4b-g), as the mammalian equivalent is the superior colliculus and the key
processing center for sensory information rich in cell diversity (Suzuki et al., 2019). Recordings from larvae
embedded on the right lateral side with the electrode inserted dorsally into the OT revealed only infrequent,
miniature spikes (Figure 4.4b). Alternative attempts at targeting the OT with right lateral side embedding
(Figure 4.4c) yielded recordings from the tegmentum, the structure ventral to the OT that receives inputs from
the habenula, which had brain activity comparable to baseline recordings. Larvae were then embedded
dorsally, and recordings were taken from the right side of the OT (Figure 4.4d-g). Electrodes placed in the deep
tectal layer (d) or too close to the eye (e) also did not yield SLEs, highlighting the technical challenges associated
with recording brain activity in vivo from deep structures. Recording from the superficial tectal layer was the
most optimal region for capturing SLEs (Figure 4.4f,g). However, the angle of the implanted electrode appeared
to also play a factor in the appearance of the events as an electrode placed at approximately 45 degrees to the
larval body generated the most typical SLE based upon the duration and amplitude of events (Figure 4.4q).
Consistent with what is shown in the recordings gathered from these various electrode placements, we believe
it is possible that visualizing SLEs is more dramatic in the superficial OT as whole-brain imaging experiments
have reported stronger correlation of spontaneous activity between mid and hindbrain regions compared to
regions within the forebrain (Dunn et al., 2016). This connectivity is suggestive of a larger synchronous network
that is likely to generate SLESs large enough to detect from a single electrode and may reveal how Panx1 may
play a role in network dynamics.
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Figure 4.4. Images of electrode placement and corresponding sample recordings from 7dpf zebrafish larvae

. PTZ was applied topically to zebrafish larvae for a 15mM final concentration. All recordings depicted are
taken around 30min after PTZ application. a Larvae embedded in agar dorsally. Recording taken from the
forebrain. Only single large deflections were induced by PTZ, no evidence of seizure-like events (SLE). b
Larvae embedded on the right lateral side. Recording taken from midbrain region. PTZ did not induce SLEs
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and only miniature spikes very infrequently. ¢ Zebrafish embedded on the right lateral side in a slightly
different orientation. Recording taken too deep from the midbrain region. PTZ did not induce any SLES, spikes
were not considered unlike baseline activity. d Larvae embedded dorsally. Recording taken from the right optic
tectum, placement is very deep, too close to midline and eye. PTZ did not induce any SLEs, largest spikes seen
were not considered unlike baseline activity. e Larvae embedded dorsally. Recording taken from the right optic
tectum, placement is too close to the eye. PTZ did not induce any SLEs, largest spikes seen were not considered
unlike baseline activity. f Larvae embedded dorsally. Recording taken from the right optic tectum, electrode
implanted at ~15 degree angle to the larval body. PTZ induced some SLEs, but spikes were not as large, and
events were not as long. g Larvae embedded dorsally. Recording taken from the right optic tectum, electrode
implanted at ~45 degree angle to the larval body. PTZ induced SLEs. Scale bars are top: 2001V by 0.5s; middle:
100pV by 0.5s; bottom: 200V by 1s.

4.2.2. The role of Panx1 in visually processing light stimuli

Photosensitive seizures, or seizures induced by visual sensitivity or stimuli, have been observed in
numerous types of human epilepsies (Guerrini & Genton, 2004). Accordingly, light stimuli has
been utilized as a tool to induce and investigate seizures in various animal models including
zebrafish (Samarut et al., 2018). This raised the question whether or not the presence or absence
of light provoked chemically induced seizures with PTZ differently. We determined that seizure
propensity across TL or Panx1”- fish was unaffected by light stimuli. However, the impact of light
stimuli on the physiology of Panx1” larvae remained to be determined.

As mentioned previously, zebrafish have two panxl genes, panxla and panxlb. Although
the two genes have been separated for more than 200 million years, principal channel functions
appear to be comparable to mammalian Panx1 (Sarah Kurtenbach et al., 2013). Previous
investigations from our group using Panx1 knockout mice provided evidence for physiological
functions of Panx1 in sensory processing (S. Kurtenbach et al., 2014). Using the same mouse
model, other groups observed physiological alterations to retinal function (Dvoriantchikova et al.,
2018; Kranz et al., 2013). However, with respect to the visual system in zebrafish, the localization
of the two Panx1 proteins were found in distinct layers of the zebrafish retina, highlighting a
potential for diverging functional roles in vivo that remain to be solved. Panxla was discovered in
the outer plexiform layer (OPL) in a band-like pattern that represented horizontal cells (N.
Prochnow et al., 2009), and panx1b exhibited prominent expression in the inner nuclear layer
(INL) and ganglion cell layer (GCL) (Sarah Kurtenbach et al., 2013). As Panx1 operates within
major signaling pathways, in particular those involving intracellular calcium and extracellular
ATP, this suggests that the panxl genes may have varied impact on visually guided synaptic
transmission based upon their location in the retina. Here, we recorded brain activity from the
retinotectal pathway of panx1”- larvae during varied light conditions to elucidate the physiological

implications of panx1 in vision.
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4.2.3. Results

4.2.3.1. Recordings of LFPs reveal Panx1 dependent alterations in visual system processing
To understand whether the distinct retinal localization of two panxl copies translates into
differential influences on visual information processing, in vivo recordings of local field potentials
(LFP) were performed in the optic tectum during varied light stimuli. Recordings were taken for
10min when the light was on, followed by another 10min with the light turned off. For analysis
purposes, spectral power was analyzed in the last 4min of each recording to allow time for
recordings to stabilize. TL larvae showed higher power in low frequencies during Light-ON
stimulus, which shifts to an increase in gamma frequency power when the light is turned off. These
frequency bands appear as peaks in the power spectrum. The transitions are quantified as a ratio
of normalized power between recordings completed in the light and the dark for low and gamma
frequencies, with a normalized power ratio of 1 indicating the lost ability to transition between the
frequency bands upon changes in light (Figure 4.5a). TL (grey) exhibited transitions in low and
gamma frequencies that were significantly greater and lower than 1, respectively. For panxla”’
(purple) and DKO (green) larvae, this ability to shift frequency bands was completely lost and was
significantly altered compared to controls. However, the loss of panx1b did not appear to impair
frequency transitions as their quantified ratio of normalized power was not significantly different
to TLs. Figure 4.5 displays samples of power spectra under light and dark conditions for panx1b-
"larvae (b) which clearly depict the changes in peak frequencies and for DKO larvae (c) that show

a distinct overlap in the spectra.
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Figure 4.5. Panx1lb does not modulate local field potentials in the optic tectum upon light stimulation. a
Quantification of changes in normalized power ratios for low (Left) and gamma (Right, peach) frequencies in
response to light conditions. The transition in frequency power is not significantly different between panx1b-/-
(n=10; blue) and TL larvae (n=15; grey), showing peak power in low frequencies with light stimuli and a peak
in gamma frequencies in the dark. Panxla-/- (n=12; purple) and DKO (n=12; green) resulted in a significant
loss in the regulation of the transition of frequencies compared to TL controls. b Examples of power spectra
from in vivo recordings of panxlb-/- larvae during Light-ON (left) and Light-OFF (right, grey) conditions
showing the same frequency responses as TL. Normalized power for Light-ON conditions are primarily low

110



frequencies (<10Hz) and for Light-OFF conditions, the frequencies are primarily in the low gamma range (30-
40Hz). Inset overlaid power spectra shows the change in power according to light (blue) and dark (black)
stimuli. c Examples of power spectra from in vivo recordings of DKO larvae during Light-ON (left) and Light-
OFF (right, grey) conditions. The shift in frequency power with changing light stimuli is lost in DKO larvae as
they have equivalent peak frequencies in low and gamma ranges for both Light-ON and Light-OFF conditions.
See inset graph for overlaid power spectra showing unchanged frequency power in light (green) and dark
stimuli (black). Significance: n.s not significant, * pvalue<0.001.

4.2.3.2. Loss of Panxla modifies transitions in brain wave frequencies in response to light
Knocking out both zebrafish panxs (DKO) resulted in the loss of regulated frequency transitions
in the optic tectum between light and dark stimuli. However, the loss of panx1b did not alter tectal
network responses to these same changes. Therefore, alterations in the retinotectal circuitry of
panxla’ larvae were tested in order to determine if regulated frequency transitions to light stimuli
were dependent upon Panxla signaling (Figure 4.6a). In wild-type larvae, as mentioned
previously, the peak in normalized power shifted from low frequencies (less than 10 Hz) to gamma
frequencies (3540 Hz) when the light was turned off, and larvae were exposed to darkness for
10 minutes (Figure 4.6b, top). This response was abolished in panxla” larvae (Figure 4.6b,
bottom), much like what was seen in DKO larvae, where shifting from dark to light conditions
gave identical results in peak frequency power. Additionally, targeting Panx1l with 100uM
probenecid, a common Panx1 blocker, also significantly reduced the changes in normalized power
for both the low and gamma frequency ranges compared to control TL larvae (Figure 4.6c).

To elucidate a mechanism by which Panxla is regulating these responses, given that
panxla’ larvae showed impairments to dark stimuli, TL larvae were treated with 50uM
apomorphine. Apomorphine is a D1R/D2R agonist and facilitated testing dopamine receptor
involvement in the ability of the brain to transition between frequencies in response to altering
light stimuli. Interestingly, apomorphine treatment created a significant change to transitions
between low and gamma frequencies with varying light stimulus when compared to controls,
mimicking responses seen in panxla’ (Figure 4.6c). Together, these results deliver a novel
association between targeting Panxla, either with pharmacology or by gene-editing, along with

dopaminergic signaling, to modulate properties of the retinotectal pathway.
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Figure 4.6. Panxla modulates local field potentials in the optic tectum upon light stimulation. a Outline of the
recording setup showing the typical placement of electrodes in the optic tectum (OT) in a region where axons
from retinal ganglion cells (RGC) terminate. b Examples of power spectra from in vivo recordings of TL
controls (top) and panxla-/- (bottom) during Light-ON (left) and Light-OFF (right) conditions. For TLs,
normalized power for Light-ON conditions show primarily low frequencies (< 10Hz) but for Light-OFF
conditions they are primarily gamma frequencies (30-45Hz). This shift in frequency power with changing light
stimuli is lost in panxla-/- as they have equal peak frequency power in both Light-ON and Light-OFF
conditions. ¢ Quantification of changes in normalized power ratios for low (Left) and gamma (Right)
frequencies in response to light conditions. Knocking out panxla (n=12) and blocking panxla with Probenecid
(n=6), or Apomorphine treatment targeting D1/D2 receptors (n=5), results in a significant loss in the regulation
of the transition of frequencies compared to TL controls (n=15). Significance: n.s not significant, ***
pvalue<0.001. Figure adapted from Safarian et al., 2020.
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4.2.4. Conclusion

LFPs display distinct patterns of dominant frequencies as a function of the presence or absence of
either pharmacology, capable of altering neuronal firing in the brain, or visual inputs. Therefore,
these experiments were conducted with PTZ to induce seizure-like events based upon altering
brain excitability, as well as with and without light stimuli in order to capture retinotectal
responses. Various frequencies of rhythmic activities have been observed in the brain across many
species (Buzsaki, 2006). Here, although not necessarily associated with rhythmicity, we
demonstrate that zebrafish larvae are able to exhibit seizure-like events; which are characterized
in LFPs as bursts of high frequencies and are typically associated with pathologies like epilepsy
(Hortopan et al., 2010).

In humans, characteristics of physiological brain waves are quite well defined, with low
frequencies (delta (0.5-4Hz), theta (4-8Hz), alpha (8-12Hz)) associated with sleep, relaxation and
passive attention, and gamma frequencies (35Hz*) associated with concentration (Schomer &
Lopes da Silva, 2017). However, to date there is no clear understanding of what these frequencies
are associated with in fish. Thus far, our results indicate that changes in lighting conditions may
reveal an interaction between ongoing and induced oscillatory activity in the zebrafish larva brain,
with a primary focus on the ability of retinotectal circuitry to shift between frequencies in response
to changes in the environment. At this time, we determined that knocking out panx1b does not
impact this frequency regulation, as their responses to light and dark were indistinguishable from
TL controls. However, we cannot rule out the possibility that impairments may be found when
using a different stimulus paradigm.

Although the outcomes found in DKO and panxla-/- larvae are very intriguing, it is
difficult to determine the consequences of the inability to transition between brain rhythms in
response to varying light conditions from LFPs alone. Evolutionarily speaking, it is possible that
this impairment in frequency transitions may affect prey or predator detection or reaction in these
fish lines (Avitan et al., 2017) . However, alternative behavioural investigations would be required
to determine these scenarios for certain. From a developmental perspective, one cannot rule out
the possibility that vision may be impacted with the loss of panx1a and in turn alter the retinotectal
circuitry from birth; possibly having only a minor long standing influence on whole-system
functions. Thus far, we utilized pharmacological interventions to gain insight into understanding

a possible involvement of Panxla in molecular pathways associated with neural signaling and
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rhythmic activities. Given the localization of panxla in the retina and the fact that panxla-/- larvae
lost frequency transitions in the dark, we suspected that dopamine receptors may be involved as
levels of dopamine release in the retina tune vision for specific light conditions (Roy & Field,
2019). As such, D1 and D2 receptors were targeted in TL larvae by apomorphine to block
activation by the neuromodulator dopamine. In doing so, the panxla-/- phenotype was reproduced,;
suggesting that Panxla affects the role of the optic tectum in modulating sensory information
processing received from the retina and that dopaminergic signaling also plays a role in how the
network responds to changes in light stimuli. This conclusion is consistent with the known roles
of dopamine and Panx1 in horizontal cells (HC). In darkness, dopamine increases the conductance
of the glutamatergic synapse between cones and HC through a D1R-mediated mechanism leading
to depolarization of HCs (Knapp & Dowling, 1987). Further, when horizontal cells are depolarized
in the dark, Panxl channels are maximally active and release ATP into the synaptic cleft,
participating in sending inhibitory feedback to cones (Cenedese et al., 2017; Vroman et al., 2014).
Together, these actions may elucidate an underlying mechanism of Panxla along with dopamine
in modulating rhythmic activities in the optic tectum during integration of visually acquired

information.

4.3. Part I11: Utilizing automated data analysis tools to address gaps in Panx1 research

4.3.1. Automated cell detection for dye uptake analysis Data

A traditional way of determining Panx1 channel function in the field has been to use various
versions of in vitro dye uptake assays to investigate how much dye is taken up by cells based upon
the stimulation or inhibition of Panx1 (S. Locovei et al., 2006). Although this method has been
utilized for many years, a few pitfalls associated with this technique required addressing. To start,
quantification of dye uptake was conventionally performed manually, where cells or regions of
interest (ROI) would be selected by hand and fluorescent units calculated to determine the amount
of dye that was taken up (Huang et al., 2007). This method introduces many biases into analysis,
from regulating cell selection across researchers and experiments, to defining strict features of
healthy or apoptotic cells, to selecting ROIs based upon dye uptake properties independent of
Panx1, to name a few. Alternatively, dye uptake can be quantified using a multiplate reader, which
takes the visual and manual biases out of the equation. However, this mode of quantification is

unable to take into account the amount of expression of the Panx1 protein across the cell population

114



and cannot distinguish between cells with high fluorescent readouts unrelated to Panx1 channel
function. Further, no evidence in the literature was found correlating the amount of Panxl
expression in individual cells, which can vary based upon transfection efficiency and cell type, to
the amount of dye that cells took up. In order to address the question regarding whether or not
Panx1 expression levels impact dye uptake, a method for automating cell detection was established
and was designed in a way to improve the shortcomings associated with the traditional dye uptake
technique. The advantages of automating cell detection allowed for higher throughput results at
the same time as it removed all manual biases; these details are outlined below.

Normalized dye uptake values were calculated by the change in fluorescence of the red
channel (EtBr uptake) over 20 min to the protein expression documented by the fluorescence of
the green channel (EGFP/EYFP fluorescence). All experiments were repeated at least three times.
An automated cell selection and analysis of fluorescence protocol was created using a collection
of plugins built into the ImageJ software. At the start, separated channels were background
subtracted. A morphological segmentation tool from the MorphoLibJ plugin library was applied
to confocal segment images based on the watershed algorithm, creating new images based on
watershed lines. This algorithm is classically used to segment overlapping or touching objects, like
a group of cells, and is ideal for detecting the outline shapes of healthy cells which are typically
round. These images were inverted to analyze particles, and the resulting regions of interest
(see Figure 4.7 as an example of selected and analyzed cells) were filtered using the HiLo
algorithm to exclude saturated regions in images. Next, integrated density values were measured
from the regions of interest within the green and red channels. As there is a linear relationship
between protein expression (green channel) and the amount of dye uptake (red channel;
see Supplementary Figure 3.4), it was possible to normalize dye uptake by calculating the ratio
of dye uptake (in 20 min) and the amount of protein fluorescence on a cell-to-cell basis. This is

the first proof of a linear relationship between Panx1 expression and dye uptake.
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mPanxg-EYFP

Figure 4.7. Panxl and Panx3 dye uptake properties. Automated cell selection overlay. The image shown
represents an example for mPanx1-EGFP transfected Neuro2A cells (green) captured during a dye uptake
assay. Superimposed in red and numbered are the regions of interest captured by the automated cell selection
routine developed using ImageJ plugins, which were used for calculation of integrated density values.

4.3.2. Spectral EEG analysis
Obtaining a large data set of brain recordings from zebrafish larvae, or EEG data, raised questions
regarding how to begin analyzing neural time series data. There is a wealth of information within
EEG data beyond visual inspection, as it has high temporal resolution that can capture
neurocognitive processes, as well as being a direct measure of neural activity and biophysical
phenomena at the level of populations of neurons (Cohen, 2014). Therefore, the objective arose to
determine how to uncover and extract underlying differences in the neural circuits of panx1” fish
and controls as this had yet to be done in the field. This initiated exploration into time-frequency-
based analysis, which is outlined in brief below, and required programing skill development in
order to accomplish this signal processing.

EEG data is multidimensional, including information from at least five dimensions: time,
space, frequency, power (strength of frequency-band-specific activity) and phase (the timing of

the activity). Since these recordings from the zebrafish larvae are taken with a single electrode,
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minimal information is available regarding the space dimension. Therefore, this data exploration
took time, frequency and power dimensions primarily into account. An advantage of this is that
the time-frequency-based analysis can be interpreted in terms of neural oscillations, which at
present are the most promising bridge linking findings from multiple disciplines within
neuroscience and across multiple species (Buzsaki, 2006). There is caution to be taken when
interpreting these oscillations, especially when working with a relatively new animal model for
EEG, as literature is still limited on linking time-frequency dynamics to specific cognitive
processes. Nonetheless, the field is rapidly growing, and this provides ample opportunities for
exploratory data analysis. As such, the approach for exploring spectral analysis used to find
alterations in panx1’ larvae retinotectal pathways in response to changes in light stimuli are
outlined in Figure 4.8.

EEG data contains rhythmic activity, reflective of neural oscillations, that can be seen even in
raw data (Figure 4.8a). From this data, information regarding frequency and power components
can be analyzed in the time domain. Frequency is the reciprocal of time. It refers to the speed of
the oscillation, or the number of cycles per second, and is represented with the units hertz (Hz).
Power refers to the amount of energy or strength in a frequency band and is the squared amplitude
of the oscillation. Theta (4-8Hz) and delta (1-4Hz) frequency bands extracted from the sample raw
EEG from a TL zebrafish larvae are depicted, with the combination of these low frequencies shown
on the raw EEG for reference of how they contribute to the overall signal (Figure 4.8a). In order
to determine the frequency power of a continuous signal, in brief, the signal is broken down into
multiple sine waves over time with different oscillatory cycles and the amplitudes of these waves
correspond to specific frequencies (Figure 4.8b). What this spectral analysis reveals are the
frequency bands that dominate EEG signals, based upon the oscillations that are extracted with the
highest power, and may in turn indicate characteristic rhythms associated with cognitive processes

linked with environmental stimuli.
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Figure 4.8. Spectral EEG analysis. a Raw EEG from zebrafish larvae (top). Theta frequency extracted from
raw EEG signal above (pink). Delta frequency extracted from raw EEG signal above (blue). Power indicated
by the amplitude. Combined theta and delta frequencies shown on EEG signal. b Depiction of determining
power from the time and frequency domains of a signal.

4.3.3. Automated seizure-like event detection
Invasive local field potentials (LFPs) and non-invasive electroencephalograms (EEGS) serve as

the gold standard for diagnosing epilepsy (Paul, 2018). Traditionally, seizure detection from LFPs
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and EEGs have relied mostly upon visual inspection completed manually. However, this can be
time consuming and prone to subjectivity, bringing to light the importance of automating the
detection of seizures. In humans, automated seizure detection algorithms do have an extensive
literature dating back to the ‘80s (Gotman, 1982). In spite of this, as animal models continue to
advance the field of epilepsy research there is a requirement for automated detection algorithms to
follow. In a zebrafish model with higher throughput, and in particular for the investigations
conducted here with 4 different genetic zebrafish lines, manual detection can end up being a
bottleneck. Additionally, as this is to the best of my knowledge the first time seizure-like events
(SLEs) were explored in a panx1” zebrafish model it remained unclear whether or not events
would be present and if they would appear like controls, highlighting a possibility of manual
classification error. Therefore, a signal processing approach towards automating seizure detection
in zebrafish in vivo was required to expedite analysis and remove any experimental biases in our
model.

Electrical patterns generated during an epileptic seizure in humans, rodents and zebrafish
can be described by very similar dynamic models and can share some fundamental characteristics,
however, they are observed at very different spatiotemporal scales and dissimilarities exist
depending upon whether they are LFP or EEG signals (Paul, 2018). As a result, current seizure
detection algorithms cannot be directly applied to the in vivo zebrafish model as they are based
mostly upon mouse or human data with the exception of two groups; one that designed an
algorithm for seizure detection in zebrafish EEG (Hong et al., 2016) and another that took a
machine learning (ML) approach towards optimal feature mapping and classification (Hunyadi et
al., 2017). Features of the events taken from surface electrodes appeared quite different to those
recorded in vivo, as such there are no overlaps with this algorithm. However, some base features
were adapted from reports in mice (Colic et al., 2013; Jacobs et al., 2019) and validated with the
ML classifier in zebrafish and together, were instrumental in designing the seizure detection
algorithm described here (Figure 4.9).

Seizure detection was established using only TL recordings before being tested on panx1-
" lines, in order to set an unbiased standard for event detection in the instance that seizure-like
events (SLEs) occurred and appeared differently in our genotypes (Figure 4.9). Further details
regarding SLEs in the zebrafish lines are discussed in chapter 5, however, features of events across

genotypes did not differ from TL controls and are outlined here. First, data was down sampled by
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a factor of 10 in order to ease signal processing. Any excess noise at 60Hz, including the harmonic
frequencies (120Hz, 180Hz...540Hz), were removed if needed. Artifacts were also removed at the
start in order to help reduce any false positive hits from larger deflections and assist in avoiding
possible electromyographic (EMG) or movement artefacts. The finite impulse response (FIR) band
pass filter was used (H. Qiu et al., 2010) to isolate the theta frequency (Figure 4.9a; orange) which
is shown to be associated with SLEs (Jacobs et al., 2019). Other low frequency bands were
explored in the fish, however, theta was the most accurate at capturing events. The Hilbert
transform was then used to create an envelope of the filtered signal (Figure 4.9a; blue), which
peaks at the presence of strong 4-8Hz power, reflecting the occurrence of a discharge event.
Envelope thresholds for event detection were determined from baseline recordings, set to 3 times
the standard deviation of the average baseline activity. Exploration of LFPs from TLs revealed
another type of electrographic event that appeared to be similar to interictal events, pathological
activity that occurs between seizures, in mammals (de Curtis et al., 2012) and were 1.5 times the
standard deviation of the average baseline activity and shorter compared to SLEs. Event durations
were determined by finding the left and right inflection points of the detected events from the
Hilbert transform. Based upon literature for the visual classification of SLEs in zebrafish (Baraban
et al., 2005), SLEs are around 3 seconds in duration, therefore, any inflections from the Hilbert
transform that occur within 3 seconds of each other and had a maximum gap duration of around
0.5 seconds were classified as the same event. Time-frequency analyses were then performed using
the continuous wavelet transform (CWT) found in the Matlab digital signal processing toolbox,
which provides a complete representation of a signal by letting the translation and scale parameters
of the wavelets vary continuously (Faust et al., 2015). This analysis was completed using the
mother Morlet wavelet (A. W. L. Chiu et al., 2006), which is a commonly used basis function for
LFP analysis as they are well suited for localizing frequency information in time (Cohen, 2014).
The analysis was performed on frequencies ranging from 0.5 to 400Hz with 1Hz step size in order
to capture enough information regarding all low and high frequencies associated with the SLEs.
Performance of automated seizure detection was validated by eye to ensure events were captured
accurately (Figure 4.9b). With the development of this automated seizure detection approach for
LFPs from zebrafish larvae we generated quick and consistent seizure classification across

genotypes. This rendered analysis more objective and demonstrated the wide applicability of this
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algorithm across many mutant zebrafish models, posing as an opportunity for facilitating future

epilepsy research.
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Figure 4.9. Automated seizure detection overview. a Sample seizure-like event (SLE) taken from a TL recording
demonstrating the process of event detection. FIR filter isolates the theta frequency (4-8Hz; orange) from the
signal and the Hilbert transform applies an envelope (blue) to the isolated theta component. Envelope
thresholds of 3 times the standard deviation of baseline activity were used to distinguish SLEs. The theta
frequency with the Hilbert envelope is shown overlaid together on the signal to visualize how these features can
detect events compared to the rest of the LFP. Single events are calculated from the inflections of the Hilbert
transform which are set to have a maximum gap duration between each inflection of 0.5 seconds and minimum
full event duration of 3 seconds in order for it to be considered as an event. b A full trace is shown here with
detected events highlighted in red. A few larger deflections are visible and are not highlighted since these
deflections did not meet the classification criteria of the algorithm based upon time and frequency components.
These events were also confirmed as non-SLEs visually.
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Chapter 5. Loss of Panxl in zebrafish reveal novel seizure outcomes

“ If you know you are on the right track, if you have this inner knowledge,
then nobody can turn you off...no matter what they say.”
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In Brief:

Whyte-Fagundes et al., challenged the leading concept that Panxl is proconvulsive. Using
zebrafish, that have a genome duplication of the panx1 gene, they revealed that this notion becomes
more complicated in teleosts; with Panxla and Panxlb presenting a pro- and anti-convulsant
phenotype respectively. This discovery elucidated a probable mechanism of panx1 involvement in
seizure dynamics via p2rx7 receptors and ATP signaling that appears consistent with human
PANX1 and offers opportunities for specific drug targeted anticonvulsant therapies in the future.

Highlights:

e Panxla is pro-convulsant, as zebrafish with Panx1b-/- exhibit PTZ-induced electrographic
and behavioural seizure-like activities.

e Panxlb is non-convulsant and has impaired ATP release properties compared to
mammalian Panx1 or Panxla.

e Knocking out panxla downregulates the expression of P2rx7, which targeting also
improved behavioural PTZ induced seizure outcomes.

e Structural modeling of Panxl revealed the W74-R75 gate is likely critical in seizure
dynamics

5.1. Abstract

The molecular mechanisms of excitation-inhibition imbalances promoting seizure generation in
epilepsy patients are not fully understood. Experimental evidence suggests that Pannexinl
(Panxl1), an ATP release channel, modulates excitability of the brain. In this report, we have
performed behavioral and molecular phenotyping experiments on zebrafish larvae bearing genetic
or pharmacological knockouts of panxla or panx1b channels, each highly homologous to human
PANX1. When Panxla function is lost or both channels are under pharmacological blockage,
treatment with pentylenetetrazol to induce seizures causes reduced ictal-like events and seizure-
like locomotion. These observations were extended by transcriptome profiling, where a spectrum
of distinct metabolic and cell signaling states correlates with the loss of panxla. The pro- and
anticonvulsant activities of both panx1 channels affects ATP release and involves the purinergic
receptor p2rx7. By presenting panx1 zebrafish models with dual roles in seizures, our work enables

the study of mechanisms that would not otherwise be resolved.
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5.2. Introduction

A widely accepted view in epilepsy research is that neuronal hyperexcitability during epileptic
seizures is caused by an imbalance of excitatory and inhibitory activities. This view places the
imbalance of neuronal transmitters glutamate and GABA release first, but evidence is
accumulating for altered ATP- and adenosine-mediated signaling between neurons and glial cells
contributing to heightened states of excitability and epileptic seizures . ATP release and signaling
can be both excitatory and inhibitory, but adenosine strongly inhibits electrical activity. Five
groups of ATP-release channels with expression in the nervous system are known: pannexin-1
(Panx1) 2, connexin (Cx) hemichannels 3, calcium homeostasis modulator 1 (CALHM1) 4, volume-
regulated anion channels (VRACS, also known as volume-sensitive outwardly rectifying (VSOR)
anion channels) °, and maxi-anion channels (MACs) 8. Panx1 is recognized as a pro-convulsant
channel after behavioral and electrophysiological markers of excitability are ameliorated in distinct
models of epilepsy once Panx1 is inhibited pharmacologically or by global deletion in mice -0,
Other evidence for pro-convulsant actions of Panx1 derived from increased expression of human
and rodent Panx1 found in epileptic tissue 813, However, the simplistic view of inhibiting
mammalian Panx1 and causing anti-convulsant effects is challenged. The targeted deletion of
mouse Panx1 in astrocytes potentiates, while the absence of Panx1 in neurons attenuates seizure
manifestation 4. Furthermore, the contribution of Panx1 to seizures is also brain region dependent
15 raising questions about the underlying molecular and cellular mechanismes.

Zebrafish have two panxl ohnologues, panxla and panxlb, with distinct expression
localizations and biophysical properties *6-18. Like mammalian Panx1 %2, the zebrafish panxla is
broadly expressed in all tissues tested 1617, whereas the expression of panxlb is highest in the
nervous system 1. We had suggested that both pannexins fulfill different functions in vivo based
on differences in the unitary conductance of Panxla (=380pS) and Panx1b (480-500pS) channels,
the complexity of subconductance stages, and the cumulative open and closed times 7. Here, we
interrogated Panx1 channels genetically and pharmacologically, and induced seizure-like activities
in the zebrafish using pentylenetetrazole (PTZ) 22 to suppress inhibitory networks by blocking
gamma aminobutyric acid (GABA)-A receptors. The zebrafish responses to PTZ were
physiologically and behaviorally comparable to mammals 2223,

Gene-edited zebrafish lacking panxla or panxlb 2425 revealed opposite seizure-like

phenotypes and PTZ-related morbidity. Targeted ablation of panx1b potentiates, while the absence
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of panxla attenuates seizure manifestations according to recordings of in vivo local field potentials
(ivLFP) and locomotor behavior. A deletion of both fish panx1 genes, in a double knockout fish
(DKO), causes a moderate phenotype with reduced seizures. In line with these observations are
significant changes to extracellular ATP levels and biological processes demonstrating that the
propensity of developing seizure like activities is correlated with altered regulation of energy
metabolism, cell death, and the cellular transportome. The acute pharmacological blocking of both
Panx1l channels using Probenecid (Pb) abolished PTZ-induced seizures. The molecular,
electrophysiological, and behavioral changes are overlapping, but not identical to genetic
interference. Likewise, pharmacological blocking of the Panx1 interaction partner P2rx7 26 reduces
seizure-like activities like Pb treatment. Finally, structural modeling and comparing the pores of
the two Panx1 ohnologues and the human PANX1 channel supports our experimental data
implicating the Panx1a protein as a driver of pro-convulsant activities.

In summary, our analysis of genetic and pharmacological models in the zebrafish
establishes Panxla channels as the pro-convulsant Panx1 channel. The different propensities of
Panxla and Panx1b channels in developing seizure-like activities can take us a step closer to
understanding seizure mechanisms and can prompt initiatives for drug discovery by targeting

shared properties of zebrafish and human PANX1.

5.3. Results

5.3.1. Panx1 genotypes determine evoked seizure-like events

Seven days post fertilization (7dpf) larvae were anesthetized, and agar embedded before an
electrode was placed into the optic tectum (OT). Seizure-like events (SLE) were recorded after
topical application of 15mM PTZ, as described %" (Figure 5.1a). Characteristic SLEs induced by
PTZ demonstrate an initial action potential burst followed by short paroxysmal bursts,
representative of a seizure pattern, which was absent at baseline (Figure 5.1b). The number of
panxla’ larvae exhibiting SLEs was reduced by 88% compared to PTZ treated Tubingen Longfin
(TL) controls; only one panxla’ larva responded to PTZ treatment (n = 8). All panx1b” larvae
exhibited SLEs (n = 9). 33% of the DKO larvae seized (panxl1a™: panxlb”; DKO; n = 12), which
was significantly reduced compared to controls (n = 7) and indistinguishable from panxla”’ larvae
(p=0.2) (Figure 5.1c).
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The average number of SLEs per hour was similar for DKOs and panxla’ larvae (p =
0.58), with less than one event on average (DKO: 0.58 + 0.29; panxla’: 0.38 + 0.38 events/hour,).
Even though all panx1b”- fish had SLEs, the average number of events per hour were significantly
less compared to controls (panx1b”-: 36.78 + 2.67; TL: 49.86 + 3.86 events/hour) (Figure 5.1d).
The duration of events in all genotypes were comparable to TL controls (TL: 5.5s + 0.4s; DKO:
4.1s +0.2s, p = 0.07; panxla’: 4.2s, p = n/a; panx1b”’: 4.8s + 0.4s, p = 0.09) (Figure 5.1¢).

The latency until the first SLE showed differences amongst genotypes. TL larvae exhibited
the shortest latent period (12.9 + 1.3min). Panx1b”- fish presented a delay until the first SLE, with
events starting at 21 + 1.2min. DKO (51.1 + 4.5min) and panxl1a’ responded last to PTZ treatment
(47.3min) (Figure 5.1f).

The fractional percentage of seizing time within the first hour revealed additional genotype
specific differences. SLEs in panx1b” larvae were reduced compared to TL controls (panx1b 7
4.8% +0.3%; TL: 7.6% + 0.8%). However, both DKO and panxl1a™ fish displayed minimal seizing
time (<0.1%). (Figure 5.19).
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Figure 5.1. Panx1 knock out larvae showed distinct seizure-like activities in vivo. a Workflow for recording in
vivo local field potentials (ivLFP) from the right optic tectum of 7dpf anesthetized larva after 15mM PTZ
treatment. b Representative recording of baseline activity (top) from TL larvae and a seizure-like event (SLE)
sample induced with the addition of PTZ. ¢ All TL and panx1b’ larvae had SLEs (TL (grey) n = 7/7; DKO
(light blue) n = 4/12; panxla™ (deep blue) n = 1/8; panx1b” (magenta) n = 9/9). d Quantification of SLEs in the
first hour of ivLFP recording revealed that all panx1 knockout (KO) larvae had a significant reduction in SLES
compared to PTZ treated TL controls, presented as an average number of SLEs/hour + s.e.m. e The average
duration of SLEs (in seconds +s.e.m.) for each genotype were not significantly different compared to TLs.
Statistical tests were not significant for panxla’ due to lack of statistical power. f All panx1 knockout larvae
had a significant delay in the average onset time (minutes + s.e.m.) of the first seizure-like event compared to
PTZ treated TL controls. g All panx1 KO larvae spent significantly less time seizing compared to PTZ treated
TL controls. Average fractional time spent seizing is presented in percent + s.e.m. Scale bars 0.5mV by 0.5s. *p
<0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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5.3.2. Loss of Panx1 caused local network differences in the optic tectum of PTZ treated
larvae
The time-frequency domain was examined by visual inspection of ivLFPs combined with an in-

house algorithm to automate SLE detection 282°, Representative one-hour traces of electrographic
recordings for TL controls, DKO, panxla’, and panxlb” after PTZ application are shown in
Figure 5.2a-d. The exposure to PTZ elicited discharges characterized by large amplitudes and
poly-spiking activities of at least 3 seconds in duration. TL controls and panx1b~ larvae showed
typical SLEs (red dotted lines zoom into these regions). Highlighted events near the end of the
representative traces for DKO and panxla’ larvae demonstrated the lack of seizure-like
electrographic signatures (blue dotted lines zoom into these regions). LFPs revealed changes in
spectral power in the time and frequency domains; visible in expanded views of the ivLFPs and
corresponding spectrograms. TL controls (5.2a) and panxlb” (5.2d) demonstrated a robust
increase in low-frequency power and increased power in high frequencies above 60Hz. The
spectrograms for DKO (5.2b) and panxla’ (5.2c) were scaled to match TL (5.2a) and panx1b”
(5.2b) data and revealed frequency power like baseline activity (Supplementary Figure 5.1).

Power spectral density was measured to identify tectal network differences. Baseline
activities were similar across genotypes (p = 0.42 for each comparison). Changes were seen in
delta power (highlighted in yellow) after PTZ treatment and quantified by measuring the difference
in the area under the power spectrum from 1 — 4Hz (inset bar graphs) (Figure 5.2 e-h). PTZ
treatment significantly increased delta power for TL (5.2e), DKO (5.2f), and panxlb”’ larvae
(5.2h). In contrast, delta power for panxla’ remained at base level (5.2g; dark blue bar). Delta
power of panxla’ larvae during PTZ treatment was significantly decreased compared to PTZ
treated TL controls (5.2g; grey star, p = 0.0015). Panx1b”- (p = 0.99) and DKO larvae (p = 0.25)
showed similar delta power during PTZ treatment compared to TL(TL = 0.08 (grey bar), panx1b
l-=0.06 (magenta bar), DKO = 0.05 (light blue bar)).

We concluded that the electrical discharges for both TL controls and panx1b”- larvae were
similar in waveform to those previously reported in zebrafish 2227, However, they occurred less

frequently in panx1b” fish and were absent in panxla™ larvae.
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Figure 5.2. Spectral Analysis of LFPs revealed differences in larvae. Representative one-hour long LFP traces
with PTZ treatment: a TL b DKO, ¢ panxla’ and d panx1b”. TL and panxlb”’ traces showed typical seizure-
like events. Single events were highlighted by red dotted lines and magnified. Blue dotted lines highlight lack
of seizure-like activity in DKO and panxla’ larvae. Spectrograms below the traces showed increases in low
and high frequency power during seizure-like events for TL and panx1b™. e — h Power spectral density (PSD,
mV?/Hz) measured across frequencies revealed no significant differences in baseline (dotted lines) frequencies
for all genotypes (p = 0.42; e: TL, grey; f: DKO, light blue; g: panxla™, dark blue; h: panx1b”, magenta). The
power was significantly increased in the delta band (1-4 Hz) after PTZ treatment (solid line) for all genotypes
except panxla’. The PSD was plotted as an average across traces with the shaded regions indicating + s.e.m.
Changes in delta power were quantified from the areas under the curves (AUC) of the power spectrum (in
yellow). The changes in AUCs are represented as a bar graphs inserted to the right of the power spectra. TL
showed the greatest change in delta, followed by panx1b”, and DKO. Panxla’ exhibited insignificant changes
and maintained delta power throughout recordings. Scale bars: top = 0.5mV by 250s and bottom = 0.2mV by
1s. ***p < 0.001, ****p < 0.0001, grey star - p = 0.0015 compared to TL with PTZ.

5.3.3. DKO and panxla-/- larvae have reduced interictal-like activity in the optic tectum

Interictal-like epileptiform discharges (ILED) were investigated for genotype-dependent changes
in occurrence and waveform. In ivLFP data, ILEDs were defined as events that were shorter than

3 seconds and had amplitudes greater than 1.5 times the baseline activity *. Figure 5.3a depicts
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typical interictal-like events, with TL (grey line) and panxlb” (magenta line) appearing most
similar. The quantification of ILEDs during a one-hour PTZ application period showed that DKO
(119 + 7.2 events/hour) and panxla” (121.4 + 12.9 events/hour) larvae exhibited interictal-like
events. However, their ILEDs occurred significantly less when compared to TL (167.3 + 9.3
events/hour) and panx1b” larvae (174.1 £ 11.5 events/hour); both TL and panx1b”- were similar
(Figure 5.3b).
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Figure 5.3. Interictal-like activity was decreased in the optic tectum of DKO and panxla’ larvae. a
Electrophysiological recordings of PTZ treatment showed interictal-like epileptiform discharges (ILED) in all
genotypes; representative ILEDs top: TL (grey line) and panx1b” (magenta line) shows most similarities and
bottom: DKO (light blue line) and panxla’ (deep blue line). b Quantification of ILEDs for the first hour of
recording for all genotypes revealed that DKO and panxla’ had significantly fewer ILEDs. No significant
difference was found in the amount of ILEDs for panxlb™ larvae compared to TL. Data presented as an
average number of events per hour £ s.e.m. Scale bar: 0.2mV by 0.5s. *p < 0.05, **p < 0.01.

5.3.4. Targeting Panx1 improves PTZ-induced seizure locomotion and molecular responses
Locomotion tracking was used to quantify genotype-specific seizure-related behaviors in response
to 15mM PTZ treatment (Figure 5.4a). Activity scores (Apixel) for locomotor activity were
plotted for: rest, baseline, and post-PTZ treatment (Figure 5.4b). At the start, addition of fresh E3
medium caused a transient minor activity increase for all larvae (n = 36 per genotype), which
stabilized at baseline within 30min. PTZ treatment increased locomotor activity significantly in all
genotypes. TL larvae showed a continuous activity increase in the first 10 minutes, a peak around
15 to 30min and a gradual decline within the hour. TL and DKO activity curves were statistically

similar. The panxla”’ activity curve was significantly reduced compared to TL controls after the
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transient peak observed 20min post-PTZ treatment. The panx1b” larvae exhibited a sharp spike in
activity between 10 to 20min, with a steeper decline compared to TL.

PTZ-induced hyperactivity was quantified from the area under the curve (AUC) shown in
Figure 4b (Figure 5.4c). The baseline AUC was significantly larger in panx1b” larvae relative to
TL in the last 15 minutes of stabilized baseline activity. The AUC post-PTZ treatment, taken over
60min, was greater in panx1b” and reduced in panxla’ relative to TL. When the mean baseline
activity was extracted from the post-PTZ treatment AUC, only panxla” activity was significantly
reduced when compared to TL.

Consecutive stages of seizure-like behavior were analyzed next. Stage Il, a rapid
‘whirlpool-like' circular movement, and stage 111, uncontrollable clonus-like twitching of the body
followed by a prolonged loss of posture, were scored manually via video recordings of the fish.
Stage Il and 111 events were quantified in 2-minute intervals for one hour of PTZ treatment (n =
18 per genotype; Figure 5.4d). Stage Il onset occurred within a few minutes of treatment and
lasted for 30min. TL and panx1b” entered Stage II first and peaked at =10 minutes post-treatment.
Stage Il activities for DKO and panxla” occurred uniformly through-out the first 30min. The
onset and total count of stage Il locomotion did not significantly differ between genotypes. Stage
Il convulsive behavior started after 10min of PTZ treatment for all genotypes. Peak stage Il
activity was observed within 20 to 40min followed by a gradual decline. Stage 111 events in DKO
and panxla’ were significantly reduced compared to TL controls. The total count of stage IlI
events did not differ between panx1b” (74.9 + 5 count/hour) and TL (63.2 + 5 count/hour; Figure
5.4e left). However, the peak activity latency, calculated at the time point with the highest average
of stage Il activity, was significantly delayed for panx1b’ (34min) compared to TL (26min;
Figure 5.4e middle). Furthermore, time points at which 50% or more larvae entered stage IlI,
indicated a delayed onset and termination of the stage 11 in panx1b” (Figure 5.4e right).

Differential expression of Immediate Early Genes (IEGS) was tested after the behavioral
assays' experimental endpoint was reached. The IEGs were selected based on previously reported
robust activation in a zebrafish PTZ model 2, in the human epileptic neocortex 3%, and rodent
models 3233, Figure 5.4f shows a 100-fold increase in the expression of fosab and egr4 (in red) in
PTZ treated TL, which was twice as high compared to the fold change observed in DKO and
panx1b”’-. DKO and panxlb”- larvae showed a modest upregulation for fosab, egrl, egr2b, egr4,
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bdnf. In panxla’ larvae, upregulation of fosab, egr2a, egr4, bdnf was moderate, but egrl, egr2b,
and jun showed a strong differential upregulation (Supplementary Table 5.1).

Kaplan-Meier plots show the larvae survival, which was determined by monitoring blood
circulation and heartbeat post-PTZ treatment for ten consecutive hours and again at 24 hours (n =
80 per genotype; Figure 5.4g). Although the panxla” group displayed a decline between 5 to 10
hours, they had the highest survival rate of 30% at 24 hours. The panx1b” group's survival rate
was stable for the first 10 hours and declined to 13% after 24 hours. The low DKO and TL’s

survival rate at 24 hours was statistically similar.
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Figure 5.4. Behavioural and molecular outcomes of genetically targeting panx1. a Methodological workflow of
behavioral assays in TL and panxl knockout larvae. b Larvae’s (n =36) baseline and 15mM PTZ-induced
activity (Apixel + s.e.m.) were scored. Panx1b™ baseline activity was higher than TL. PTZ induced hyperactivity
peaked at 15-30 minutes for TL (grey, top), was reduced in DKO (blue, second), significantly reduced in panxla
" (blue, third) for the last 40 minutes, and significantly increased in panx1b™ larvae (red, bottom) around 20min
compared to TL. Dashed lines indicate TL’s max average activity score. ¢ Left: AUC derived from the activity
plots in b significantly differed between TL and panx1b™ baselines (open points). AUC for one-hour post-PTZ
treatment was significantly reduced for panxla’ and increased for panx1b” (filled points). Right: Change in
PTZ treatment from average baseline activity was significantly reduced in panxla’ compared to TL. d Stage
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Il count (rapid circling) did not differ among groups (n = 18; count/2min). Stage Ill (convulsion) was
significantly reduced in DKO and panxla’ compared to TL. Dashed lines represent max average stage Il and
stage 111 counts for TL. e Left: Total stage 111 count between TL and panxlb” did not significantly differ.
Middle: Time course of average stage 111 counts significantly differed between the two groups, peaking at 26min
post-PTZ treatment for TL and 34min for panx1b™. Right: Time course where >50% of the larvae reached 1-
5 stage 111 counts revealed a delayed peak onset for panx1b™. f IEG upregulation after one-hour PTZ treatment,
represented as fold-change for PTZ treated larvae against non-treated controls. Panx1 knockout larvae had
reduced upregulation of the IEGs compared to TL, with DKO and panx1b” showing the greatest reduction. g
Survival rate of larvae (n = 80) post PTZ treatment was significantly higher for panxla” followed by panx1b’,
and survival rate of DKOs did not differ from TL. Survival at 24 hours: TL: 1.25%, DKO: 11%, panxla’:
30%, panx1b”: 13%. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

5.3.5. Acute pharmacological blocking of Panx1 supresses seizure-like activities
Pharmacological blocking with Probenecid (Pb), a well-established Panx1 channel blocker 4, was
used to determine acute changes to electrophysiological discharges, behavioral and molecular
outcomes in the presence of PTZ. Valproic acid (VPA), a common anti-convulsant, was applied
as a control for the suppression of SLEs *°. Electrodes were placed in the right optic tectum. All
TL larvae were treated with Pb (75uM) or VPA (5mM) for 10min prior to PTZ application (Figure
5.5a). For the duration of PTZ treatment, ivLFPs were monitored and confirmed SLE suppression
in all Pb (n =7) and VPA (n = 7) treated larvae (Figure 5.5b). Sample recordings from larvae
treated with PTZ and Pb (Figure 5.5¢) or VPA (Figure 5.5d) showed no SLEs. Traces from
timepoints near the experimental endpoint were depicted at higher resolution to show the larger
deflections that occurred. The spectral analysis of these deflections revealed that no increase in
high frequency power was associated with this type of activity. To confirm that Pb was not
supressing SLEs due to toxicity, ivLFPs were recorded from larvae exposed to Pb or VPA without
PTZ and compared to larvae with no drug treatments. Electrographic activity was comparable
amongst these groups (Figure 5.5e, Supplementary Figure 5.2).

Locomotor activity was monitored for TL larvae treated with either 75uM Pb (n = 36) or
5mM VPA (n =60) and compared to untreated controls (Figure 5.5f). Pb application alone induced
a brief, but sharp, increase in larvae activity that returned to baseline within 30min (Figure 5.5f
middle). VPA treatment caused reduced activity, which decreased below baseline after 10min
(Figure 5.5f bottom). After a 30min baseline recording, all larvae were treated with PTZ for
60min. Pb treated larvae had an early onset of spiking activity within the first 10min after PTZ
treatment, ahead of larvae treated with PTZ only. Pb treated PTZ-induced activity subsided within
30min and returned to baseline, significantly faster than PTZ only treated larvae. VPA treatment
significantly reduced PTZ-induced activity, with a similar timeline and curve profile to the PTZ-

only group. AUC analysis on activity plots in Figure 5.5f showed that baseline AUC did not
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significantly differ between no treatment and Pb treated larvae in the last 15min of stabilized
activity (Figure 5.5g). Post-PTZ treatment AUC, with or without extracted baseline activity, was
larger in the PTZ-only treated group compared to the Pb-PTZ treated group. The analysis of
seizure-related Stages Il and I11 of Pb treated larvae (n = 18) every 2min for a duration of 60min
(Figure 5.5h) showed that Stage Il activity was significantly reduced compared to PTZ-only
treated larvae, with most of the activity occurring in the first 10min. Stage Il activity of Pb treated
larvae displayed an immediate onset compared to the PTZ-only group and was significantly
reduced after 20min of PTZ treatment. The differential expression of IEGs after Pb treatment was
consistent with the changes observed in gene-edited larvae; IEG expression was reduced after Pb
treatment when compared to the PTZ only treated group (Figure 5.5i). Pb treated TL larvae
exhibited IEG expression like DKOs, where all IEGs exhibited less upregulation, except for egr2a.
Fosab’s upregulation was reduced by 2-fold and jun had no significant upregulation with Pb
treatment (Supplementary Table 5.2).
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Figure 5.5. Acute blocking of Panxl with Pb is effective for preventing seizure-like activity. a
Schematic highlighting the region that LFPs were recorded from. b Larvae treated with 75uM Pb (n = 7) or
5mM VPA (n = 7) have no PTZ inducible SLEs compared to 100% of TL larvae (n = 7). Representative
traces of larvae treated with ¢ Pb and d VPA treated with PTZ for 60min. Expanded views into the last 5min
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of traces showed lack of SLEs. Spectrograms corresponding to small spikes in traces above demonstrate no
increase in high frequency power associated with these events. e LFPs of the last 5min of 60min traces revealed
no drug induced changes to baseline activity. Left: larvae with no treatment; middle: Pb treatment only; Right:
VPA treatment only. f Baseline activity (Apixel £ s.e.m.; n = 36) increased with Pb treatment for the first 5min.
PTZ-induced hyperactivity subsided significantly within 15min, sooner than the PTZ only group. VPA
treatment (n = 60) decreased baseline and PTZ-induced activity, with a hyperactivity curve like the PTZ only
group. Dashed lines indicate max average activity for PTZ only group. g AUCs for baseline activity and Pb
treatment did not differ (left, open points). Pb treatment significantly reduced the effect of PTZ without (left,
filled points) and with (right) extracted baseline activity. h Stage Il and 11 counts (n = 18; count/2min) were
significantly reduced with Pb treatment, majority occurring in the first 10min of treatment. Dashed lines
represent max average Stage Il and Stage 111 counts for PTZ-only group. i IEG upregulation was reduced in
Pb treated TL larvae except for egr2a. Scale bars: Top = 0.25mV by 250s, middle = 0.2mV by 25s, bottom =
0.2mV by 1s, e = 0.2mV by 25s. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

5.3.6. Seizure phenotypes are linked to transcriptome changes

RNA-seq data representing the transcriptomes of untreated 6dpf larvae 243 were analyzed next.
Venn diagrams highlighted considerable differences in the number and regulation of genes when
the FishEnrichR database %728 was data-mined for biological processes enriched in the nervous
system (Supplementary Figure 5.3). The GO biological process categories selected for further
analysis represented broad themes based on known (signal transduction, cell death, transport) or
anticipated (metabolism, cellular respiration) roles of Panxl1 channels (Figure 5.6a,
Supplementary Table 5.3).

All genotypes shared enrichment of the significant categories, transport (GO:0006810) and
signal transduction (GO:0007165). The lack of enrichment of cellular respiration (GO:0045333)
in panx1b” larvae suggested that mitochondrial energy metabolism processes and response to
reactive oxygen species were less controlled after losing panx1b. Further, panx1b’ larvae stood
out for lacking enrichment of cell death-associated processes (GO:0008219). The opposite
enrichment of the same categories in panxla’ larvae repeated the pattern of electrographic and
behavioral activities. DKOs displayed a mixed phenotype, lacking a downregulated metabolism
(G0O:0008152).

Cluster analysis was performed to link coordinated expression changes with Panxl
genotypes (Figure 5.6b). Genes for cluster analysis were manually curated based on assumptions
made from the enriched biological processes (Supplementary Table 5.4). Genotype-specific
transport and metabolic properties corroborated the pattern of shared and distinct roles of zebrafish
panx1 ohnologs. Panxla’ and panxlb” larvae had the opposite coordination of gene expression
changes in subcategories of metabolism; mitochondrial ATP production and oxidative

phosphorylation processes. However, the coordinated expression was strengthened for genes
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encoding proteins that release or degrade ATP in panxla’ and panxlb” larvae. Interestingly,
transport genes showed similar enhanced coordination in both genotypes consistent with roles of
both channel proteins in cell signaling. However, coordinated expression of the solute carrier
(SLC) group of membrane transport proteins involved in signal transduction pathways showed
more significant variation between genotypes consistent with the GO ontology enrichment
analysis; overall, DKOs had a less coordinated expression in these categories.

A direct comparison of panxla’ and panxlb’ larvae corroborated the significant
downregulation of panxla and p2rx7 expression as a major difference between the two genotypes
(Figure 5.6¢). Interestingly, the slc2ala was downregulated in panxla’ larvae. In Mammalia this
glucose transporter is in the blood-brain barrier. Pathogenic SLC2AL1 variants are associated with
epilepsy %°. In panx1b™ larvae, SLC proteins with molecular functions in Na*/Ca?* transmembrane
transport (slc8alb), or as pyrimidine nucleotide transmembrane transporters (slc25a36a) were
upregulated, while regulation of sodium dependent amino acid transporters (slclab),
mitochondrial ADP/ATP antiporters (slc25a4), or transport across the inner membrane of
mitochondria (slc25a40), was reduced. Although the exact function of the upregulated slc3a2b in
the zebrafish is unknown, in humans, heterodimers of SLC3A2 with the large neutral amino acid
transporter (LAT1) function as sodium-independent, high-affinity transporters that mediate uptake
of large neutral amino acids such as phenylalanine, tyrosine, L-DOPA, leucine, histidine,
methionine, and tryptophan. Although the analysis presented only a snapshot of relevant molecular
signatures, we concluded that the differences in prominent biological processes primed each

genotype differently for the treatment with PTZ.
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Figure 5.6. Loss of Panxla affects biological processes related to metabolism and transport. a Gene ontology
enrichment of biological processes for differentially regulated genes from RNA-seq data of DKO (left), panxla
" (middle) and panx1b™ (right) found using the FishEnrichR database. Biological processes were grouped into
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5 categories; transport (GO:0006810), signal transduction (GO:0007165), metabolism (GO:0008152), cellular
respiration (G0O:0045333) and cell death (GO:0008219). Data is presented as -log p-value based upon the fisher
exact test and dot size represents the combined score for genes associated with that pathway. Dotted grey lines
indicate p-value = 0.05. b Candidate genes were selected and RNA-seq data was mined for differential
regulation in panxl fish lines. Clustergrams compare panxl knockout larvae for correlation amongst chosen
genes for (1) transport, (2) extracellular ATP (release & degradation), (3) metabolism (respirasome & oxidative
phosphorylation) and (4) solute carriers. Scale shows correlation: red is positive, and blue is negative.
Hierarchical cluster branches are shown above each clustergram and labelled below. ¢ Expression (logpadj) of
genes part of the ATP release (top) and solute carrier (bottom) clustergrams for panxla’ (blue) and panx1b’
(top). Filled bars indicate upregulated genes, empty bars are downregulated. p-value = 0.05 indicated with
dotted line.

5.3.7. Evidence for an ATP-dependent mechanism contributing to seizure-like activity
Changes to ATP release and differential expression of biomarkers in response to PTZ conditions
were quantified as shown in Figure 5.7a. Extracellular ATP concentrations [ATP]ex were
normalized to TL controls (grey bars) with and without PTZ treatment (baseline). Baseline [ATP]ex
(blue bars) was significantly reduced for panxla’ and Pb-treated TL larvae (Figure 5.7b). PTZ
treatment (red bars) did not change [ATP]ex for panxla’ and Pb-treated TL larvae, which was
consistent with reduced seizure-like activities. In DKO and panxlb” larvae, [ATP]ex was
significantly elevated overall compared to TL controls and was substantially altered by PTZ
treatment. Our results suggested that the propensity of developing SLEs was correlated with
regulation of energy metabolism and the availability of extracellular ATP.

Reduced SLEs in gene edited DKOs and pharmacological blocked TL were not simply
correlated with low [ATP]ex. This unexpected difference was corroborated by the differential
expression of selected biomarkers for signal transduction and transport (Figure 5.7c,
Supplementary Table 5.5). Pb treated TL larvae showed an upregulation of voltage sensitive
potassium channels required for rapid repolarization of fast-firing brain neurons (kcnc3a),
Ca’*/Na* antiporters (slc8alb & slc8a2b) and NMDA receptors involved in excitatory
postsynaptic potentials (grin2bb). DKOs had a significant downregulation of slc8a2b, which is an
important Ca?*/Na* antiporter found in axons and at the post synapse that plays a large role in Ca?*
and Na* signaling and cell communication. Furthermore, PTZ treatment did not highlight a
significant impact on the expression of genes associated with extracellular ATP processing, signal
transduction or transport. The regulation of entpd1, which encodes for the rate-limiting ATP/ADP-
hydrolyzing ectoenzyme CD39 appeared notable, but the expression of p2rx7, p2ryl2, ntSe, or
adoralb were similar in DKOs and Pb-treated TL. The results advocate for an important role of
panxlain ATP metabolism and signaling causing genotype-specific outcomes of seizure dynamics

and allude to alternative mechanisms for acute versus chronic panx1 targeting.
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Figure 5.7. Extracellular ATP is associated with propensity for seizure-like activity. a Workflow diagram
outlining the 1hr PTZ incubation for treated larvae. Larvae were collected for either RT-gPCR (n=30
larvae/sample) or ATP assays (n=50 larvae/sample), followed by homogenization prior to samples being plated
in 96well format for measurement. Note for ATP detection, luciferase was used. b Estimation plots of
extracellular ATP concentrations (UM) with respect to larval protein content (mg/ml) and normalized to the
respective TL control. [ATP]e for TL controls are shown on the right (b), showing a significant decrease in
ATP with PTZ treatment. Baseline ATP values are depicted by the blue bars, PTZ treatment is in red,
individual data points are displayed in grey to show data distribution. Difference of means are shown to the
right of each group, with a 95% confidence interval to show effect size and significance. DKO (A mean = -0.84)
and panx1b” (A mean = -0.84) show a significant decrease in ATP with PTZ treatment. Panxla™’ (A mean = 0.1)
and TL larvae with Pb (A mean = 0.07) show very low ATP concentrations, however, do show a slight increase
in ATP with PTZ treatment that is not significant. Panx1b™ have the highest presence of ATP. ¢ RT-qPCR of
selected genes grouped into signal transduction and transport, or ATP signaling dynamic categories, showing
significant up (red) or down (blue) regulation, with respect to non-treated controls, in response to PTZ
treatment for TL, DKO and TLs treated with Pb. *p < 0.0001.
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5.3.8. P2rx7 affects seizure-like activities but does not supersede Panxla

The impact of P2rx7 on seizure activity in the presence of both panxl genes was tested in TL
larvae. The treatment with A-438079 hydrochloride hydrate (100uM A43; n = 46) started 30min
before PTZ application and did not alter the larvae’s activity alone. PTZ-induced hyperactivity
was reduced in A43 treated TL larvae compared to the activity induced in PTZ treated TLs (grey
dotted line; n = 36) (Figure 5.8a). The AUC analysis corroborated that treatment with both A43
and PTZ significantly reduced the AUC when compared to PTZ treated larvae, with and without
extracted baseline activity (Figure 5.8b). A43 treatment also significantly reduced Stage I11 counts
(n = 18; Figure 5.8c), without influencing the onset and peak activity of stages Il and Il in the
test period.

To isolate a potential role of panxla in seizure-like activity, panx1b’ larvae which express
panxla and p2rx7 mRNA were treated with A43 (n = 46). The A43 treatment alone did not affect
the baseline locomotor activity in panxlb’ larvae. However, PTZ-induced activity was
significantly reduced after 20min compared to activity in larvae treated with only PTZ (magenta
dotted line; n = 31) (Figure 5.8d). The AUC analysis confirmed that A43 treated panx1b~ larvae
had a reduced AUC compared to the PTZ treated, with and without extracted baseline activity
(Figure 5.8e). A43 treatment also reduced Stage Il and Il event counts significantly (n = 18;
Figure 5.8f). Our results demonstrated that the pharmacological targeting of P2rx7 in both TL and
panxlb’ larvae improved outcomes of PTZ induced seizure-like swimming behavior.

Furthermore, we concluded that panxla appears to play a predominant role in seizure-like activity.
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Figure 5.8. Blocking of p2rx7 with A-438079 improves seizure-like behavior. a 100uM A-438079 (A43)
treatment decreased hyperactivity in TL in the first 10min of PTZ treatment (Apixel £ s.e.m.; n = 46). Dashed
grey line indicates TL’s max average activity score treated with only PTZ (n = 36). b AUCs for TL’s baseline
activity and A43 treatment did not differ (left, open points). A43 treatment significantly reduced the effect of
PTZ without (left, filled points) and with (right) extracted baseline activity. ¢ Stage I11 count (count/2min) was
significantly reduced with A43 treatmentin TL (n = 18). Dashed lines represent max average Stage 11 and Stage
III counts for TL’s PTZ-only group. d A43 treatment decreased PTZ-induced hyperactivity in panx1b” (n =
46). Dashed magenta line indicates panx1b’’s max average activity in the PTZ only group (n = 31). e A43
treatment significantly reduced the effect of PTZ in panxlb” without (left, filled points) and with (right)
extracted baseline activity. f Stage 11 and 111 counts were significantly reduced with A43 treatment in panx1b”
(n = 18). Dashed lines represent max average Stage 11 and Stage 111 counts for panx1b™ ’s PTZ-only group. *p
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

5.3.9. Molecular modeling of fish and human pannexins
High resolution cryo-EM structural studies of human and frog pannexins have provided an
invaluable framework towards understanding the function of these channels 443, One
unanticipated outcome of this work was that pannexins form heptameric channels in contrast to
the hexameric organization observed for connexins gap junctions and the octameric organization
observed for innexin gap junctions. In each of the four pannexin structural studies, a carboxy-
terminal region with known regulatory activity was not observed and thus, its structure-function
relationship could not be determined. Furthermore, many mechanistic questions remain with
respect to gating and selection of ions despite having a high-resolution view of the channel.

A sequence alignment, shown in Figure 5.9a, served a starting point for a structural
comparison between human PANX1 and the two zebrafish pannexins. A high degree of sequence

identity is evident, especially throughout the amino acids that line the channel (Figure 5.9b). Two
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pairs of disulfide bonded cysteines in an extracellular facing domain of the channel are conserved
in accordance with their established role in channel function 44,

The pannexin channel has three gates each corresponding to a point of restriction (Table
5.1). Among these gates, a sequence comparison of zebrafish Panxla and Panx1b with human
PANX1 revealed that the first and most narrow gate had enough sequence diversity to be explored
further by molecular modeling. In human PANX1, the extracellular gate is described by W74 and
R75. The guanidino group of R75 is positioned to support a favorable cation-pi interaction with
the indole ring of W74 and an ionic bond with D81. Either or both interactions may be important
for the function of the gate.

To produce models of the zebrafish Panxla and Panxlb gates, the backbone of human
PANX1 structure (PDB: 6LTO) was fixed in place, substitutions were made, and the side chains
repacked. Before this was done, a control for the modeling study was performed by repacking the
W74 and R75 side chains of human PANX1 according to the same protocol used to model the
zebrafish Panx1a and Panx1b extracellular gates. The rotamer sampling method favored a wider
gate due to an edge-to-edge packing of the indole ring of W74 (Figure 5.9¢) versus a staggered
packing observed in the original cryo-EM structure increasing the diameter of the gate from 8.1 to
10.9 A. While the biological significance of these observed and modeled conformations are
unknown, it demonstrates that side chain motions may limit the size of the extracellular facing gate
in the absence of backbone conformational changes.

In zebrafish Panxla, a cysteine (C75) replaces an arginine found in both human PANX1
and zebrafish Panx1b (Figure 5.9d). While the loss of a positive charge and a nearby ionic bond
could affect anion selection at this gate, a cysteine is still poised to support hydrophobic
interactions with W74. In zebrafish Panx1b, methionine (M74) substitutes for tryptophan and the
adjacent arginine (R75) is preserved. The modeled diameter of M74 was determined to 8.3A,
comparable to W74 in the staggered conformation. To explain the reduced ATP transit that we
have observed during our physiological experiments for Panx1b, we speculate that a methionine
substitution may sample different conformations that either favor the closed state of the gate or
simply create a gate that is smaller and thereby less permeable to ATP.

A WT4A substitution is associated with increased channel activity, increased ATP release
and a higher positive holding potential 3. When we modeled an A74 variant of human PANX1,
the diameter of Gate 1 was 11.2 A (Figure 5.9e). The distance is comparable to the 10.9 A
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observed in wild type PANX1 protein when the indole ring of W74 is in its most open edge-to-
edge conformation. If the A74 variant extracellular facing gate is incapable of closing like the wild
type protein, we question whether that is sufficient to explain the functional differences, or if there
is an alternate ATP-permeable state that the A74 variant is incapable of forming. Towards

answering this question, other amino acid substitutions at position 74 may be required.
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Figure 5.9. Sequence and structural attributes of the zebrafish pannexins. a Sequence alignment of human
pannexin (PANX1) and zebrafish panxla/panx1lb. Amino acids that line the channel are indicated by circles
above the sequence alignment. Two amino acids at positions 74 and 75 form an extracellular gate (in pink and
purple, respectively). Four cysteines (in yellow) contribute two functionally important disulfide bonds. A
caspase cleavage site is denoted by a red triangle. A box indicates a conserved carboxy-terminal segment of
unknown significance. b Amino acids that line the inside of the channel are shown on one monomer of
heptameric human PANX1 (PDB: 6LTO). The channel is oriented with the extracellular-facing side of the
channel at the top. ¢ The human PANX structure was used to model the extracellular gate of zebrafish
panxla/panxlb by making substitutions as required and repacking only amino acids 74/75 against a rigid

159



backbone. As a control, human PANX1 was subjected to the same refinement and repacking protocol, creating
an extracellular gate that was larger than the original cryo-EM structure. Diameters of the respective gates (in
angstroms) are shown. d Molecular models of the extracellular gates of zebrafish panxla/panx1b. Each protein
bears one substitution relative to human PANX1. e An alanine was modeled to mimic a constitutively ATP
permeable state. Molecular graphics were produced with PyMOL v2.4.1 (Schrédinger, LLC).

Table 5.1. Proposed gates for panx1 structure.

Human PANX1 Panxla Panx1b
Gate 1 W74-R75 W74-C75 M74-R75
Gate 2 158 V58 V58
Gate 3 T21-E22-P23 S21-E22-N23 S21-D22-S23
CBX binding 1247-1258-F262 1247-V/258-1.262 L247-V258-V262

5.4. Discussion

The roles of Panx1 channels in neuronal excitability and experimental epilepsy models are
controversial and incompletely understood 4546, Here, the lower vertebrate zebrafish model was
used to investigate pro-convulsant activities of Panx1. Our results demonstrate that a loss-of-
function of the panxla gene is the most discernable factor diminishing seizure susceptibility in
gene-edited zebrafish by reducing extracellular ATP, and affecting biological processes related to
transport and metabolism. In both gene-edited larvae and after acute blocking of Panx1 channels,
extracellular ATP and P2rx7 were identified as factors contributing to seizure susceptibility.
However, shared, and distinct outcomes of pharmacological and genetic models do not encourage
a direct comparison of chronic and acute blocking of Panx1 channels without caution.

To the best of our knowledge there is no direct evidence for Panx1 being epileptogenic and
seizures are not a known comorbidity in patients with loss-of-function or gain-of-function
mutations in human PANX1 47-4°, However, support for Panx1 contributing to seizures is from
increased human PANX1 protein expression and seizure activity found in epileptic tissue 81112,
In rodents, activation of Panx1 augments aberrant bursting in the hippocampus and contributes to
epileptiform seizure activities °°, meanwhile, inactivation leads to a reduction -4,

Here, blocking the gamma-aminobutyric acid (GABA)(A) receptor complex with PTZ
evoked robust seizure-like events as reported previously in zebrafish 22 and mouse models ’. The
two Panx1 ohnologues show both pro- and anti-convulsant activities in the presence of PTZ.
Similar opposing activities in mouse Panxl are cell-type and brain region specific '°. The
genotype-specific differences described here are best explained by the distinct expression

localizations and biophysical properties of Panx1a and Panx1b 618, Like mammalian Panx1 -2,
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Panxla is broadly expressed throughout the zebrafish 617, However, the expression of Panx1b is
more restricted to the nervous system 7. The biophysical properties vary when comparing the
complexity of subconductance stages, the cumulative open and closed times, and the unitary
conductance of panxla (=380pS) and panx1b (480-500pS) channels ’. These characteristics
suggest that Panxla channels copy characteristics of mammalian Panx1 and operate in different
neuronal circuits of the brain to Panx1b.

Hypotheses regarding Panxl1s’ involvement in epileptic seizures vary, with evidence
pointing towards the ability to release the neurotransmitter ATP 89 51, Reports show extracellular
ATP is reduced in brain tissue preparations deriving from mice with global loss of Panx1 5253,
or astrocytic deletion of Panx1 4, and extracellular ATP concentrations increase during high levels
of neuronal activity and seizure-like events 54,

Since extracellular ATP levels depend on the rate of cellular release and enzymatic
degradation, purinergic signaling, or the ratio between ATP and its metabolites 54, we quantified
extracellular ATP and expression of genes involved in the process. In line with observations in
mice, zebrafish lacking Panxla channels show reduced ATP release efficiency, extending
previously reported differences in channel activation kinetics and open times 1718, Furthermore,
RNA-seq analysis and a quantification of selected biomarkers provided evidence how ATP-related
mechanism(s) contribute to pro-convulsant activities of Panx1a. The enriched biological processes
and coordinated expression changes aligned with the opposite ATP release activities of panxla”’
and panx1b” larvae, with DKO larvae representing mixed or bi-directional trends. Whether these
opposing trends involve the differential expression of Panx1 channels in neurons and microglial
cells known for protecting the mammalian brain from excessive activation that occurs during
seizures ¢ remains to be demonstrated. However, our results suggest that changes of the
transcriptome represent a broad impact of Panx1 channels in different brain regions tuning the
neuronal circuits they support based on their cellular expression and biophysical properties.

The recent description of Panx1 structures 4%4257 allowed us to inquire the relationship of
the zebrafish Panx1 ohnologues and the human paralog by structural modeling. Previous work by
the Dahl group identified that ATP permeates 8 and activates mammalian Panx1 channels *°, and
that amino acids W74 and R75 play a critical role in the process . Notable structural similarities
and differences exist in the pore region of Panxla, Panx1lb, and human PANX1. However, the

conservation of W74 at a critical gate in both human PANX1 and Panxla suggests similar
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permeability of ATP in an open state, We propose that this similarity enables Panxla, like its
mammalian paralogs to contribute to pro-convulsant activity via ATP signaling, as ATP release
capabilities are reduced in the panxla” larvae, after probenecid treatment, and in the DKOs. In
turn, the lack of the conserved W74 could render Panx1b less competent for ATP signaling and
seizure-like activities.

A functional interaction of the mammalian P2x7R-Panx1 complex is well established 6.
Moreover, like Panx1, mammalian P2x7R expression is upregulated in seizure conditions 6.
Although, targeting P2x7R in mice reduces epileptic seizures in some but not all models 265, Here,
the downregulation of p2rx7 in panxla’ larvae 2 coincides with a significant reduction of SLEs,
suggesting that these channels work together. However, when P2rx7 receptors were blocked in TL
and panx1b™ larvae, only a moderate reduction of SLEs was observed, advocating for Panxla and
not P2rx7 as the principal driver of seizure-like activities.

Here we have taken important steps toward establishing Panx1 zebrafish models as a
powerful system for studies of seizure mechanisms. We anticipate that the unique possibilities
afforded by this behaving lower vertebrate model will play crucial roles in dissecting in vivo the
mechanisms of how the brain can be guarded from excessive excitability and what functions

require Panx1.
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5.5. Supplementary Data — Included in published manuscript
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Supplementary Figure 5.1. Comparison of PTZ treatment to baseline activity is indistinguishable.
Spectrograms of baseline activity (top) directly compared to recordings during PTZ treatment (bottom) for
DKO (left) and panxla-/- (right) show that PTZ treatment does not affect neural activity in these genotypes.
Sample traces from PTZ recordings at the 1hour mark are included for reference, revealing no major spiking

activity.
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Supplementary Figure 5.2. Comparison of TL with and without Pb treatment only. Spectrograms of baseline
activity taken after 2hours of recording from TLs with no drug treatment (left) at all and TLs treated with
probenecid only (right). This comparison shows that Pb is not inducing a toxicity effect to prevent seizure-like
events from occurring as these spectrograms look like baseline activity.
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DKO: 1406 regulated genes
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Supplementary Figure 5.3. Venn diagrams of differentially regulated genes and biological processes. Venn
diagrams highlighting how many genes are regulated in each of our panx1 genotypes and show how many genes
fit into biological processes according to FishEnrichR ontology database. They also reveal the overlap in

regulated genes.
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Supplementary Figure 5.4. Concentration dependent reduction of PTZ-related hyperactivity in TL larvae by

probenecid. 7dpf TL larvae were treated with 15mM PTZ (a), or incubated with 25yM, 50pM, 754M, and

100pM Probenecid (Pb) one hour before treatment with PTZ (b). Pb significantly increased activity (Apixel;

mean +/- S.E.M.) compared to baseline, and significantly reduced PTZ-induced activity above 50uM. Pb

applied at 75pM reduced PTZ-induced activity, without the evidence of substantial toxicity (activity level 0
within one hour). Dashed lines indicate max average activity for PTZ treated TL. ***p<0.001, *p<0.05.
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Supplementary Figure 5.5. Linear correlation of larval weight and protein content. Plotting the weight of
pooled larvae (n = 50 larvae/sample) in mg against the amount of protein in mg/ml that was measured from the
supernatant of the homogenate with a spectrophotometer demonstrates a clear linear relationship (R"2 =
0.9146). Therefore, ATP concentrations were plotted per protein content to account for biological variance of
larval weight.
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Supplementary Table 5.1. RT-gPCR values for Immediate early genes regulation in TL and panx1 knockout
larvae treated with PTZ for one hour (Figure 5.4f). Expression values, respective to non-treated controls are

>1 for upregulated IEGs and <1 for downregulated IEGs. P-values in bold = p<0.05.

Gene TL vaE)IIJe DKO vaE)IIJe panxla’ vszIJe panx1b vsz[Je
fosab 110.36 0 67.62 0 88.89 0 57.72 0
egrl 9.16 0.001 7.35 0 10.41 0 6.30 0
egr2a 21.42 0 44.20 0 17.28 0 7.98 0
egr2b 6.86 0 4.65 0.002 7.59 0 5.32 0
egr4 120.54 0 63.68 0 76.99 0 44.53 0
jun 4.17 0 4.57 0 9.38 0 5.34 0
bdnf 6.13 0 3.95 0 4.73 0 3.10 0
eif4ebp2 1.04 0.765 0.96 0.813 1.56 0.05 1.50 0.01

Supplementary Table 5.2. RT-gPCR values for Immediate early genes regulation in TL larvae treated with
PTZ for one hour (+PTZ) or treated with Pb 30min prior to the PTZ treatment (Pb+PTZ; Figure 5.5i).
Expression values, respective to non-treated controls are >1 for upregulated IEGs and <1 for downregulated
IEGs. P-values in bold = p<0.05.

Gene TL p-value TL p-value
(+PT2) (Pb +PTZ)

fosab 110.36 0 54.61 0
egrl 9.16 0.001 6.09 0.001
egr2a 21.42 0 39.38 0
egr2b 6.86 0 2.03 0
egré 120.54 0 96.97 0
jun 4.17 0 1.44 0.073
bdnf 6.13 0 6.08 0
eif4ebp?2 1.04 0.765 0.76 0.056
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Supplementary Table 5.3. Gene ontology enriched biological processes from FishEnrichR.

Term from
ZEBRAFISH
ENRICHR with P- Log Combined
DKO GOid value | pvalue | Z-score | Score Genes

UP
Transport

rRNA-containing
ribonucleoprotein
complex export
from nucleus
(G0O:0071428) 0.01 1.87 -3.76 16.15 | npm1la;ran
nuclear import
(G0O:0051170) 0.05 131 -2.02 6.10 | nup93;htatip2;ran

Signal
transduction 0.02 1.65 -3.64 13.82 | cacnb4b;cacnbda
regulation of
calcium ion
transmembrane
transporter activity
(G0:1901019) 0.04 1.41 -3.84 12.42 | cacnb4b;cacnbda
regulation of
voltage-gated
calcium channel
activity
(G0:1901385)

Metabolism
kynurenine

metabolic process
(G0:0070189) 0.01 2.00 -4.22 19.47 | afmid;tdo2a
GTP metabolic
process

(G0:0046039) 0.03 1.48 -2.96 10.08 | ran;mbip

Cellular
respiration -

Cell death
neuron apoptotic
process
(G0:0051402) 0.03 1.56 -3.03 10.87 | pinkl;siahl
mitochondrial outer
membrane
permeabilization
(G0O:0097345) 0.02 1.75 -3.19 12.80 | bnip3la;bnip3
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positive regulation
of mitochondrial
membrane
permeability
involved in
apoptotic process
(G0:1902110)

0.02

1.75

-3.06

12.31

bnip3la;bnip3

DOWN

Transport

endosome transport
via multivesicular
body sorting
pathway
(G0:0032509)
protein import
(G0:0017038)
protein localization
to nucleus
(G0:0034504)

0.01

0.05

0.05

1.92

1.33

1.33

-2.91

-2.14

-2.14

12.88

6.58

6.57

tmemb50a;vep;chmp3

nupl55;ipo7;ran;nutf2l

nupl55;ipo7;ran;nutf2l

Signal
transduction

paraxial mesoderm
development
(G0:0048339)

0.05

131

-4.33

13.10

kmt2a;gadd45aa

Metabolism

Cellular
respiration

regulation of
reactive oxygen
species metabolic
process
(G0:2000377)

0.03

1.56

-3.31

11.87

mpx;acodl

Cell death

intrinsic apoptotic
signaling pathway
by p53 class
mediator
(G0:0072332)
intrinsic apoptotic
signaling pathway
in response to
endoplasmic
reticulum stress
(GO:0070059)
intrinsic apoptotic
signaling pathway

0.01

0.03

0.04

1.92

1.56

1.42

-3.64

-7.08

-5.65

16.12

25.40

18.54

rps19;tp53;bag6l

bag6l;tp63

tp53;bag6l
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in response to DNA
damage by p53
class mediator
(GO:0042771)

panxla-/-

Term from
ZEBRAFISH
ENRICHR with
GO id

value

Log
pvalue

Z-score

Combined

Score

Genes

upP

Transport

vesicle-mediated
transport to the
plasma membrane
(G0:0098876)
Golgi to plasma
membrane transport
(G0:0006893)
post-Golgi vesicle-
mediated transport
(G0:0006892)

0.02

0.03

0.04

1.77

151

1.37

-2.29

-1.18

-1.56

9.34

4.10

4.94

stxbp6l;arf2a;exocl

stxbp6l;arf2a;exocl

stxbp6l;arf2a;exocl

Signal
transduction

response to axon
injury
(G0O:0048678)
axon regeneration
(G0O:0031103)

0.05

0.05

1.35

1.29

-2.37

-2.55

7.33

7.60

cnp;lingola

cnp;lingola

Metabolism

glutamine family
amino acid
catabolic process
(G0:0009065)
nucleobase-
containing
compound catabolic
process
(G0O:0034655)
cellular
macromolecule
catabolic process
(GO:0044265)

0.03

0.05

0.06

1.53

1.35

1.25

-2.34

-1.78

-1.79

8.24

5.51

5.13

aspg;glsb

dnasel;rnaset2

dnasel;rnaset2

Cellular
respiration

cellular response to
oxidative stress
(G0:0034599)

0.06

1.25

-2.18

6.25

pxmp2;prdx6

Cell death
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neuron apoptotic
process

(G0:0051402) 0.02 1.68 -3.04 11.76 | pinkl;siahl
DOWN
Transport
nuclear transport
(G0:0051169) 0.01 1.87 -4.29 18.50 | nxt2;nutf2l
protein import ipoll;pttglipb;nxt2;nutf
(G0O:0017038) 0.01 1.87 -2.19 9.43 | 2l
protein localization
to nucleus ipol1;pttglipb;nxt2;nutf
(G0:0034504) 0.01 1.87 -2.19 9.41 | 2
protein import into
nucleus ipol1;pttglipb;nxt2;nutf
(G0:0006606) 0.05 1.32 -1.89 576 | 2
Signal
transduction
paraxial mesoderm
development
(G0O:0048339) 0.02 1.62 -4.38 16.35 | kmt2a;gadd45aa
Metabolism
monocarboxylic
acid catabolic
process
(G0:0072329) 0.01 1.98 -2.29 10.48 | acot8;aspg;acot?
fatty acid catabolic
process acot8;acot7;acaa2;zgc:1
(G0:0009062) 0.02 1.82 -2.69 11.28 | 74917
Cellular
respiration
Cell death
activation of
cysteine-type
endopeptidase
activity involved in
apoptotic process
(G0O:0006919) 0.02 1.76 -2.34 9.50 | hipl;diabloa;caspbl
Term from
ZEBRAFISH
ENRICHR with P- Log Combined
panxlb-/- GO id value | pvalue | Z-score | Score Genes
UP
Transport
cytoskeleton-
dependent kiflaa;ccdc88b;dyncli2
intracellular 0.01 1.93 -2.59 1148 | a
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transport
(G0:0030705)
response to salt
stress
(GO:0009651) 0.02 1.68 -3.68 14.24 | slc26a6;trpv6

Signal
transduction
basement
membrane
organization
(GO:0071711) 0.02 1.68 -3.80 14.73 | col4a6;pxdn
regulation of
calcium ion
transmembrane
transporter activity
(G0:1901019) 0.02 1.68 -3.64 14.10 | cacnb4b;cacnbda
cytoplasmic
microtubule
organization camsap2b;ccdc88b;fignl
(G0:0031122) 0.03 151 -2.03 707 |1

regulation of
voltage-gated
calcium channel

activity

(G0:1901385) 0.04 1.44 -3.83 12.70 | cacnb4b;cacnbda
regulation of cation

channel activity cacnb4b;cacnb4a;shank
(G0:2001257) 0.05 1.32 -2.29 6.99 | 3a

divalent inorganic
cation homeostasis

(G0:0072507) 0.05 1.26 -3.23 9.36 | trpv6;cnnm2b
Metabolism
GTP metabolic
process
(G0:0046039) 0.03 151 -2.96 10.30 | ran;mbip
Cellular
respiration -
Cell death
DOWN
Transport
nuclear import pttglipb;htatip2;ran;nup
(GO:0051170) 0.01 2.17 -2.04 10.17 | 62l;nutf2l

rRNA-containing
ribonucleoprotein
complex export
from nucleus
(G0O:0071428) 0.03 1.55 -3.71 13.19 | abcel;ran
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protein import into
nucleus
(G0:0006606)
protein import
(G0:0017038)
protein localization
to nucleus
(G0:0034504)
establishment of
protein localization
to organelle
(GO:0072594)
nucleocytoplasmic
transport
(G0:0006913)
ammonium
transmembrane
transport
(G0:0072488)

0.03

0.03

0.03

0.04

0.04

0.05

1.55

1.54

1.54

1.45

1.43

1.33

-1.90

-2.16

-2.16

-2.12

-4.38

-3.60

6.75

7.65

7.64

7.08

14.45

11.05

abraa;pttglipb;ran;nup6
2l;nutf2l
pttglipb;ran;nup62l;nutf
2l

pttglipb;ran;nup62l;nutf
2l

pttglipb;ran;nup62l;nutf
2l

htatip2;nutf2l

rhcga;rhegll

Signal
transduction

calcium ion
homeostasis
(GO:0055074)

0.05

131

-1.59

4.79

fhllb;slc8ala;atp2a2a;at
p2b4;nr3cl

Metabolism

negative regulation
of cellular amide
metabolic process
(G0:0034249)
gluconeogenesis
(G0:0006094)
glucose metabolic
process
(G0O:0006006)
cellular response to
ketone
(G0:1901655)

0.01

0.02

0.05

0.04

2.16

1.80

1.32

1.43

-2.53

-1.99

-2.22

-3.71

12.58

8.22

6.75

12.25

cnot7;fxrl;ormdI3;rpl13
a
fbp2;tpilb;pckl

fbp2;tpilb;pckl

hamp;pckl

Cellular
respiration

regulation of
reactive oxygen
species metabolic
process
(G0:2000377)
mitochondrial
electron transport,
ubiquinol to
cytochrome ¢
(G0:0006122)

0.02

0.05

1.68

1.33

-3.33

-3.58

12.87

11.01

mpx;acodl

ugcrb;ugcrh
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Cell death

Supplementary Table 5.4. Clustergram genes according to each category and associated regulation values.

Transport
Gene Name DKO logFC value panxla-/- logFC value | panxlb-/- logFC value
exoc312b -0.5841 - -
flotlb -0.5227 - -
fth128 -1.399 - -
gba -0.3936 - -
hmgn3 0.4717 - -
hspa8 -2.3201 - -
kenc3a -7.5647 - -
kenfla -5.2609 - -
kenkla -2.3377 - -
kcnk5a -1.4174 - -
kdelr2a -0.5574 - -
ktnl -0.898 - -
Igals3b -1.0593 - -
loxI2a -1.1992 - -1.1197
Irrcé -6.2773 - -
mical3a -0.5704 - -
mfsd4aa - - 0.781
myo5b -3.1089 - -
ndellb -0.5713 - -
ndufal0 -0.497 - -
nlgn4xb - - -4.0171
npmla -0.3634 - -
nr3cl -8.2252 0.2801 0.3388
nsfb -0.8964 - -
nutf2l -1.613 - -
0c90 - 1.1787 -
p2rx7 - -1.1265 -
pafahlbla -0.4651 - -
panxla -2.4621 -2.7253 -
panx3 -5.3551 - -
pckl - - -1.0024
pinkl 1.191 - -
pitpnaa -1.7653 - -
rabl1bb - - -0.7261
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rabl8a
rab3ip
rock2b
rrbplb
scn4dbb
sdc2
sdha
sdhdb
selenbpl
shtnl
slc12a4
slcl4a2
slc16a3
slc22al3a
slc22a2
slc25a55a
slc26a3.1
slc26a6
slc2ala
slc2alb
slc2a2
slc34a2b
slc3azb
slc40al
slc43ala
slc43a2b
slc44a2
slcdala
slc5a8l
slc8alb
slc8a2b
slc9a3rla
snap25b
stimla
stra6
tcnbb
timm13
tmed9
trpve
tvp23b
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txnrd3 -0.4692 - -
ucp2 - - -0.7065
ucp3 - - -0.8651
ugcrb - -0.3278 -
ugcrfsl -0.5015 -0.487 -
vep -8.8063 - -
vps39 -1.4432 - -
yyla 0.2932 - -
2gc:92912 - - -1.0469
Extracellular ATP
Release
Gene Name DKO logFC value panxla-/- logFC value | panxlb-/- logFC value
p2rx7 -1.1265 - -
panxla -2.7253 - -2.4621
panx3 - - -5.3551
panx3 - - -5.3551
Degradation
enpp5 - -6.9338936 -
enpp7.1 - - -1.033231287
entpdl - - -1.076657524
entpd5a - - -1.1842079
entpdSh - -0.636278332 -
Metabolism

Respirasome

Gene Name

DKO logFC value

panxla-/- logFC value

panxlb-/- logFC value

higdla
ndufal0
sdha
sdhb
uqgcrb
ugerfsl

-0.2181
-0.5928

-1.7325
-0.497

-0.5015

Oxidative
phosphorylation

mrpll2
ndufal0
sdha
sdhdb
ucp2

-0.2181
-0.5928
-0.7065

-0.4597
-0.497
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ucp3 - -0.8651 -
ugcrb -0.3278 - -
ugcrfsl -0.487 - -0.5015
Solute Carriers

Gene Name DKO logFC value panxla-/- logFC value | panxlb-/- logFC value
slclab - -0.5517 -
slc2ala -0.9445 - -0.861
slc2alba - - -1.7738
slc3azb - -1.0244 -0.6289
slc6a2 - - -1.0484
slc8alb 0.6127 1.0189 -
slc8a2b - - -7.8466
slc20ala - -0.7041 -
slc22a2 - -0.835 -
slc22al3a 3.5978 - -
slc25a4 - -0.7764 -
slc25a29 0.9005 - -
slc25a36a - 0.5108 -
slc25a40 - -0.7115 -
slc35d1b -0.7702 - -0.755

Supplementary Table 5.5. RT-gPCR values for gene regulation in PTZ treated (one hour) TL, DKO and Pb
treated TL larvae compared to their respective controls (Figure 5.7¢). Expression values are >1 for upregulated
genes and <1 for downregulated genes. P-values in bold = P<0.05.

Gene TL V;:'ue DKO V;:;Je TL +Pb Vaplhe
kenc3a 118 |0319| 065 |0311| 370 |0.001
scndbb 092 |0632| 08 |0128| 102 |0.936
snap25b 101 | 0946| 083 |0346| 1.02 0.9
semaéb 134 [0204| 121 |0461| 122 |0277
slc8alb 097 |0895| 087 [0302] 1.73 0
slc8a2b 066 |0159| 079 [0.029|  2.00 0
slco2bl 088 |0268| 106 |0505| 073 |0.008
cacnalda 1.03 0.859 0.96 0.582 0.77 0.091
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grin2bb 1.08 0.803 0.75 0.091 1.79 0.02
p2rx7 0.80 0.004 0.79 0.378 1.10 0.645
p2ryl2 1.83 0.187 0.84 0.526 1.52 0.12
entpdl 1.71 1.32 0.02 1.29 0.07
ntse 1.16 0.184 1.07 0.628 0.88 0.499
adoralb 1.02 0.959 1.42 0.133 0.65 0.331

Supplementary Table 5.6. Primers for RT-qPCR.

Gene
Gene Accession Forward Primer (5°-3°) Reverse Primer (5°-3°)
Number
fosab NM_ 205569 GTGAACGAAACAAGATGGCTG TTTCATCCTCAAGCTGGTCAG
egrl NM 131248 TCAACATATCCCAGTGCCAAG TGTGTCTGGATGGGTTTCTG
egrla NM 001328404 CTTCTCCTGTGACTTCTGCG GCTTTCTGTCCTTATGTCTCTGG
egr2b NM 130997 GATGCGGAGAGGTCTATCAAG AGGAGTAGGATGGCGGAG
egré NM 001114453 | ACAGCACCTCAAAGACTACAG | ACGACAAGGTAAAAGACTGGAG
jun NM 199987 CACAAGGCTCTGAAACACAAC TGATGCCAGTTTGAGAAGTCC
bdnf NM 001308648 ACAAGCGGCACTATAACTCG ACTATCTGCCCCTCTTAATGG
eif4ebp? NM 212803 AGTGACGGGCAAGAACATC GTTGTTCACGTAGGTTCCTCTTC
kenc3a NM 001195240 CCATGATAGGGCCTGCTTC AGAGATGTTATTGAGGCTGCG
scndbb NM 001077573 ACCTATGCCAGCTGTATTGG CGCTCACGGTAAATTTGCAC
snap25b NM 131434 TGAGAATTTGGAGCAGGTCG TGTTGGAGTCAGCCATGTC
semabba NM 001366315 TGATGGAGGGCTGTTTGTG CGTTTGCGTGTTTGGGATC
slc8alb NM 001039144 | GGAGGGACCAGTTTATTGAGG GGCACGAAAGCAAAGAGAAC
slc8a2b NM 001123284 | TCACCAATGACCAGACAACTC TGCACTCAACTGACCTTCTG
slco2bl NM 001037678 AGATGGATTGGTGCTTGGTG TTCTCAGTTGATGGCTCCAC
cacnalda NM 203484 GGATGAGAAGGATAATGCCGAG GGGTTTGTGTTGCTGAAGATG
grin2bb NM 001128337 | ATGAGGGACAGGGATAGAGG AGGTTGGGATGAATGGGTTC
p2rx7 NM 198984 GTGTCATTTGTGGACGAGGAC CACTCAACAGAGTCTTCATGCTG
p2ry12 NM_ 001308557 TCTTCGGTTTGATCAGCATCG TCAGGATTACATTTGGGAGCG
entpdl NM_ 001003545 ACCTGACCAACATGATTCCG GCTGTTTTAGTAAAGCGACGG
nt5e NM_ 200932 CAAACGGAAATGTGCTGGAG GTCTGTCCCACTTGCTGAG
adoralb NM 001128584 | GGAACAATTTACACAGCCTGC ACGAGCATGAAAAGCAGAGG
tubala (ref) | AF029250 GAGCGTCCTACTTACACCAAC AGGGAAGTGGATACGAGGATAG
actb2 (ref) NM 181601 GCCCCTAGCACAATGAAGATC GACTCATCGTACTCCTGCTTG
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5.6. Supplementary Data — Not included in published manuscript
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Supplementary Figure 5.6. Comparison of TL and DKO seizure-like event detection and spectral analysis. a
Sample recording from TL larvae under PTZ application with SLEs highlighted in red based upon automated
seizure detection algorithm. SLE magnified below to show typical features of events including polyspiking and
higher amplitudes, also shows accuracy of seizure detection from initiation to termination of events in red.
Spectrogram associated with the event to show increased low frequency components within SLE as well as the
high frequencies that are not present outside of the SLE. b Sample recording from one of the four DKO larvae
that experienced a few SLEs under PTZ application. Again, SLEs are highlighted in red based upon automated
seizure detection algorithm which reliably detected these events regardless of how different they appear in the
LFPs. SLE magnified below reveal that these events in the DKO typically have much lower amplitudes, less
polyspiking and are shorter in duration. Spectrogram associated with the event also shows that there is barely
any high frequencies associated with these events and decreased low frequency components in comparison to
TL.
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Aromatic

Supplementary Figure 5.7. Structural models of W74 substitutions. a The extracellular facing pore opening of
the human PANX1 modeled showing an opening of 10.9A. When this critical amino acid is mutated to other
aromatic amino acids (Phe - F or Tyr - Y) the opening remains quite similar. b By substituting W74 for non-
polar, aliphatic amino acids (Leu - L, lle - I, Met - M) there was no clear correlation between pore opening and
these substitutions. ¢ By substituting W74 for much smaller amino acids (Val -V, Gly — G, Ala - A) the simplest
(G) and smallest ones (A) created a very large opening although it is undetermined whether these substitutions
cause the channel to be more permeable. d A schematic demonstrating the closed (left) and open (right) state
of the modeled Panx1 channel suggesting that in the open state there is a hydrophobic pocket favorable for the
W to fit in and there is no preference for being in either state (indicated by the arrows). e Mutating this W to a
M shows that this pocket is not favorable for the M and even though the pore is open at the same size as the
published Panx1 structure (6L TO) this mutation (which is the substitution we see in the panx1b protein) does
not appear to be as permeable as one would expect, favoring the closed state (arrow pointing left). f As the A
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mutation provides one of the largest pores, here is a schematic demonstrating that the open state does not have
a favorable hydrophobic pocket for the A but the close state is already permeable and is more favorable.
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Chapter 6. Discussion

“I am never really satisfied that | understand anything; because, understand it

well as I may, my comprehension can only be an infinitesimal fraction of all |

want to understand about the many connections and relations which occur to
me, how the matter in question was first thought of or arrived at, etcetera. ”

- Ada Lovelace

Explanations for conflicting reports of Panx1 in health and disease do not appear immediately
obvious. However, they reinforce the idea that Panx1 is a versatile and dynamic membrane channel
protein that attracts significant attention as a potential therapeutic target for human disorders. With
the discovery of germline human mutations of Panx1, this has further given us a glimpse of the
importance of this channel within the human context. Identification of additional CNS disease
causing mutations, and subsequent functional validation of their roles, will likely be important in
decoding complex molecular dynamics of the Panx1 protein in health and disease in the future.
However, the work from this thesis intends to shed a light towards highlighting possible Panx1
machineries underlying the shift in the function of the unchallenged protein from a physiological
to a pathological state. This places an importance in studying Panx1 in the olfactory system to gain
an understanding of how the protein functions contribute to physiology, as well as within an
epilepsy context to determine which functional machinery becomes ‘hijacked’ during seizure
activities. Here, connections will be drawn between the two investigations in order to speculate
the synergistic element that elucidates the pathological transition of Panx1 at the core of disease.
Previous investigations regarding the developmental expression profiles of the Panxs
suggests that Panx levels are dynamically regulated during differentiation in a variety of tissues
and cells. In particular, Panx1 expression varies over the course of development, with expression
peaking around birth and decreasing from postnatal day 15 in mice (Ardiles et al., 2014; Celetti et
al., 2010; Penuela et al., 2012; Vogt et al., 2005; Wicki-Stordeur & Swayne, 2013). Panx3
expression levels appear unchanged with age (Celetti et al., 2010). However, their expression is
induced early in osteoblast differentiation and decreases during maturation, taking on a new role
in regulating growth plate development and bone formation (Ishikawa et al., 2011, 2016). Here, in
the accessory olfactory system, expression was determined for Panx1 and Panx3 in the VNO of
juvenile and adult mice. Although levels of expression for both of these proteins was not explicitly

measured, the reorganization of Panx1, and Panx3 when it was upregulated in place of Panx1, was
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observed when comparing expression patterns in juveniles to adults; where it was expressed in
non-sensory epithelium and sensory epithelium respectively. This demonstration of age-related
reorganization, together with the well-established characteristic of dynamic Panx1 expression,
strongly suggests that the functions of Panx1l modify upon maturation. Although the exact
responsibilities of the channel are unclear between juveniles and adults, it is particularly evident
that Panx1 expression must decline with age and is a tightly regulated process required for
maintaining physiology.

Differential regulation of Panxl expression has also been linked to epilepsy, where
increased Panx1 expression was found in adult human patient samples of temporal lobe epilepsy.
However, in an adult mouse model of chemically induced epilepsy there are reports of
anticonvulsant properties of Panx1 (Kim & Kang, 2011), possibly due to the timepoint of seizure
induction and no evidence of increased Panx1 expression. Here, we presented two models that
validate proconvulsant roles of Panxl and Panxla in juvenile mice and zebrafish larvae
respectively. It is possible that Panx1 being proconvulsant in animal models of epilepsies are a
result of them being conducted within juvenile stages where Panx1 expression is high. Based upon
our zebrafish studies that suggest Panx1 participates in seizure activities by mediating P2X7
receptor signaling and ATP release, it is possible that the increased availability of Panx1 promotes
excessive extracellular ATP concentrations in turn creating an excitable network that favours
seizure dynamics. This potential age associated pattern of excitability may underlie the conflict
that exists between reports of increased excitability and impaired learning in adult Panx1”- mice
(Prochnow et al., 2012) compared to the reports suggesting juvenile Panx1 contributes to prolong
hyperexcitability (Santiago et al., 2011). Together, these studies suggest that although Panx1 is
needed for early neuronal development, elevated levels in an adult brain can prime pathological
outcomes.

This pattern of differential regulation in disease states expands beyond epilepsy (Davis et
al., 2012; Zappala et al., 2007; Y. Zhang et al., 2015), however, the molecular mechanism
underlying the pathologically induced change in Panx1 expression has yet to be fully elucidated.
It is probable that the regulatory machinery responsible for activating signaling pathways that
control Panx1 gene expression is involved and should be a target of further investigations.
Dufresne et al., began looking into transcriptional regulation via the Panx1 promotor, revealing

binding sites for the ETS response element and CREB (CAMP-response element binding)
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(Dufresne & Cyr, 2014). As a result, further research should be undertaken to investigate these
transcription factors as they pose as potential regulators underlying the pathological expression of
Panx1.

The investigation of Panx1 in physiological and pathological settings are intertwined as
these outcomes convey a more complete picture of the roles of Panxl in health and disease.
Moving forward, particular interest should be paid to pathways associated with transcription and
posttranslational regulation, as evidence mounting from OMICS studies suggest that they could be
drivers of the multiple pathologies Panx1 is associated with. Furthermore, pathological expression
levels of Panx1l must be considered, as its dynamic expression profile shows that it declines
gradually with age in normal circumstances. This decline fits elegantly into studies of certain
childhood epilepsies and Panx1 acting as a proconvulsant channel, since clinical reports exist for
children ‘growing out’ of epilepsy. Albeit speculative, it is reasonable to test whether decreased
Panx1 expression in adulthood can explain this phenomenon. In summary, as our understanding
of Panx1 in CNS disorders advances and a Panx1 structure has become available for rational drug

design, avenues will open for therapeutic targeting of Panx1 in epilepsy and beyond.
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CONCLUSION

“ For a research worker, the unforgotten moments of one’s life are those rare
ones which come after years of plodding work, when the veil over natures
secret seems suddenly to life and when what was dark and chaotic appears in a
clear and beautiful light and pattern.”

- Gerty Cori

Despite clinical relevance in many physiological and pathological settings, precise links to Panx1
signaling pathways are largely unknown. Over the course of this thesis, | have experienced how
the field of Panx1 research has transformed from fundamental, cell biological techniques and
models to more translational models to address disease relevant outcomes. As such, my work
began on olfaction using complimentary cell culture work to a Panx1” mouse model. Upon
completion of this line of inquiry, identifying that Panx3 upregulates and functionally compensates
in the absence of Panx1, correlations of Panx1 with diseases continued to emerge and became of
greater interest to the field. Therefore, this same mouse model permitted exploration of Panx1 into
epilepsy research. Although we were able to provide evidence for Panx1 being proconvulsant, this
model still left questions regarding a mechanism for Panx1 involvement in seizure activities, and
in turn emphasized the need for alternative methods towards addressing them. This gave rise to
our investigations of Panx1 in a zebrafish model of epilepsy. To the best of our knowledge, the
study presented here, completed in vivo, using panx1” zebrafish to determine the channels roles
in seizures, is adding a new twist to the fast growing Panx1 field. With these innovations, we have
been able to place Panx1 at the core of purinergic signaling alongside P2X7 receptors within the
context of epilepsy in a complementary animal model. Overall, this thesis provides significant
insight towards the understanding of Panx1 functions from health and disease perspectives using
a variety of models including; mouse Panx1, and both zebrafish Panxla and Panx1b, from genes
to behavioural outcomes in vitro through to in vivo. As fundamental and clinical roles of Panx1
continue to emerge and others become more concrete, the work in this thesis has allowed me to
contribute to the rapid paced advancements in an exciting field which Drs. Dahl and Keane

imagined as “Pannexins: moving from discovery to bedside in 11+4 years?
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SIGNIFICANCE AND FUTURE DIRECTIONS

’

“ The more we know, the more we realize there is to know.’

- Jennifer Doudna

It is with great admiration for science, and the gap junction/Panx field, to observe that the research
surrounding Panx1 has undergone fast progression since its discovery in the year 2000. Within this
relatively short time span, Panx1 has undergone mis-annotation originally as a gap junction protein
and misrepresentation structurally until its recent resolution. Involvement of Panx1 has been
shown in diverse physiological and pathological functions; with research from this thesis
contributing significantly to these ‘two faces’ of Panxl by investigating its participation in
olfaction and epilepsy. Although functions in olfaction have been temporarily dismissed based
upon the upregulation of Panx3 in the mouse model, here exists an opportunity to expand Panx1
research beyond itself and embrace the idea of Panx family members coordinating their expression
and function in order to maintain homeostatic conditions that support physiology.

A growing body of evidence also exists for the interaction of Panx1 with other proteins,
like P2X7 receptors. Investigations into Panx1 mechanisms underlying seizure activities presented
here, highlight an involvement of P2X7 receptors in mediating ATP release to facilitate seizure
activity. This exemplifies the impact the Panx1l channel has beyond itself and implies the
importance of its functions in a complex molecular network involving its signaling and possible
protein-protein interactions. At this time no definitive conclusion can be drawn regarding whether
or not Panx1 and P2X7 receptors are forming a physical complex in our model, and speculations
arise regarding whether or not a direct interaction may occur only in cell or model specific
contexts. Here, however, their coordinated down regulation was demonstrated in vivo; strongly
favouring some manner of interconnectedness amongst the proteins and highlighting the need for
Cryo-EM to model these possible interactions in the future.

As awhole, this thesis focused on the central idea of purinergic signaling via Panx1 in both
physiological and pathological contexts. Although the ATP release property of Panx1 receives the
most attention, recently, challenges were made regarding the ability of the protein to conduct this
large signaling molecule. With efforts from the Dahl and Bayliss groups, in combination with the

resolved structure, there is still strong support for the permeation of ATP through Panx1. Thus far,
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point mutations in vitro identified critical residues, W74 and R75, that are required for channel
gating and potential ATP release that have also been confirmed by structural modelling. However,
upon the duplication of Panx1 in zebrafish, Panxla retained only the W74 residue while Panx1b
only retained R75. Although this appears perplexing, we demonstrate that the panx1b channel is
unable to release ATP; providing a biological model that substantiates the importance of the W74
residue in particular for regulating native ATP release properties of Panx1.

Until now, the site for ATP coordination has not been exemplified in vivo. Interestingly,
this same residue overlaps with the established target for carbenoxolone (CBX) inhibition of
Panx1. Unfortunately, this blocker cannot be tested in a zebrafish model in vivo and selectivity for
Panx1 is based upon tightly regulated concentrations of the drug. This raises questions regarding
the generalization and efficiency of this blocker as a potential therapy for Panxl involved
pathologies, like epilepsy, and indicates a need for alternative drugs. Probenecid (Pb) has proven
successful in blocking Panx1 in our fish model, and the tryptophan ring (W74) at the extracellular
pore of the protein has been critically identified for channel pharmacology and ATP release
properties. Together, with the resolved structure, the tools are in place for structure-based
therapeutic drug design using a combination of the molecular makeup for CBX and Pb as a starting
point for formulation. As proconvulsant activities of Panx1l have been established, and drug
resistant epilepsies make up about one third of the epileptic patient population, there is a need for
uncovering new molecular targets for seizure relief and Panx1 poses as a likely candidate. Our
Panx1 zebrafish model is in place with well-established protocols for monitoring seizure
phenotypes. As such, we provide a feasible platform for future high throughput drug discovery
with the hopes of uncovering a new drug designed to specifically target the critical sites in the

Panx1 structure that will likely prove useful in other disease treatments beyond epilepsy.
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APPENDICES

Appendix A: Plasmid maps
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Figure A.3.4: Gene map of pEGFP-mPanx1 indicating insert and various regions of
expressions.

Appendix B: Phase Amplitude Coupling (PAC) for Panx1”- and pharmacological blocking
compared to WT

PAC was quantified further by examining the median PAC across slices. WT slices treated with
4-AP demonstrated several frequency pairings of increased coupling (Figure 6.1a). From these
parings, delta-gamma (Alvarado-Rojas et al., 2015; Buzsaki & Wang, 2012) and delta-HF (Guirgis
et al., 2013) PAC are relevant to epilepsy. However, for KO slices, median PAC did not exceed
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thresholds above the baseline mean; as such, no coupling was present (Figure 6.1b). A similar
absence of coupling was observed in WT mice pretreated with BB (Figure 6.1c) or Pb (Figure
6.1d) prior to 4-AP application. Taken together, these findings suggest that Panxl activity
contributes to the presence of delta-gamma or delta-HF cross-frequency coupling associated with
hyperexcitability (Grigorovsky et al., 2020). This analysis was completed by Mark Aquilino from
Dr. Peter Carlens lab, figure was adapted by PW-F to show only relevant portions for this thesis.
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Figure 6.1. Median phase-amplitude cross frequency coupling comodulograms for the in vitro 4-AP slice model
following z-score normalization to baseline conditions. a Cortical slices from WT mice incubated with 4AP
showed a phase-amplitude coupling of delta to high frequency. b Cortical slices from Panx1 KO incubated with
4AP demonstrated reduced phase-amplitude coupling compared to WT counterparts. Coupling of delta phase
to high frequency amplitude was also absent in WT slices pretreated with Panx1 blockers ¢ BB-FCF and
d probenecid. This finding is indicative of reduced epileptiform activity in the absence of functional Panx1.
Coupling strength indicated to the right of comodulogram. Figure adapted from Aquilino et al., 2020.
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Table 6: Multialignment sequencing showing residues of conservation for the entire Panx1 sequence.

human MAIAQLATEYVFSDFLLKE-PTEPKFKGLRLELAVDKMVTCIAVGLPLLLISLAFAQEIS 59
chimpanzee MAIAHLATEYVFSDFLLKE-PTEPKFKGLRLELAVDKMVTCIAVGLPLLLISLAFAQEIS 59
pongo MAIAHLATEYVFSDFLLKE-PTEPKFKGLRLELAVDKMVTCIAVGLPLLLISLAFAQEIS 59
bos MATAHLATEYVFSDFLLKE-PSEAKFKGLRLELAVDKMVTCIAVGLPLLLVSLAFAQEIS 59
sheep MAIAHLATEYVFSDFLLKE-PSEPKFKGLRLELAVDKMVTCIAVGLPLLLISLAFAQEIS 59
dolphin MAIAHLATEYVFSDFLLKE-PSEPKFKGLRLELAVDKMVTCIAVGLPLLLISLAFAQEIS 59
mus MAIAHLATEYVFSDFLLKE-PTEPKFKGLRLELAVDKMVTCIAVGLPLLLISLAFAQEIS 59
rabbit MAIAHLATEYVFSDFLLKE-PAEPKFKGLRLELAVDKMVTCIAVGLPLLLISLAFAQEIS 59
gallus | ——m———mmmmmmmm E-PPETRYKGLRLELALDKIVTCIAVGLPLLLISLAFAQEVS 41
Xxenopus MAIAHIATEYVFSDFLLKD-PPESKYKGLRLELAVDKLVSCIAVGLPLLLISLAFAQEIT 59
fishA MAIAHAATEYVFADFVLKDPASENRYKGIRLDLALDKIVTCVAVGLPLLLISLAFAQEVS 60
fishB MAIARVATEYVFSDFLLKE- QSDSKYKGVRLELATDKLVSFIAVGLPLLLISLAFAQEVS 59
Kk KK kK Kk ks s kRKKARKK s KKK K KA K .
human IGTQISCFSPSSEFSWRQAAFVDSYCWAAVQOKNSLOSESGNLPLWLHKFFPYILLLFATIL 119
chimpanzee IGTQISCEFSPSSEFSWRQAAFVDSYCWAAVQOKNSLOSESGNLPLWLHKFFPYILLLFAIL 119
pongo IGTQISCFSPSSEFSWRQAAEFVDSYCWAAVQOKNSLOSESGNLPLWLHKFFPYILLLFAIL 119
bos IGTQISCFSPSSEFSWRQASEVDSYCWAAVQQOKDSLOGDSGNLPLCLHKFFPYILLLVAIL 119
sheep IGTQISCESPSSESWRQASEFVDSYCWAAVQOKDSLOGDSGNLPLCLHKFFPYILLLVAIL 119
dolphin IGTQISCFSPSSEFSWRQASEVDSYCWAAVQQOKDSLOGDSGNLPLCLHKFFPYILLLVAIL 119
mus IGTQISCFSPSSFSWRQAAFVDSYCWAAVQQOKSSLOSESGNLPLWLHKFFPYILLLEFATIL 119
rabbit IGTQISCEFSPSSESWRQAAFVDSYCWAAVQOKESLRSDSGNLPLWLHKEFFPYILLLFAIL 119
gallus PRAQISCFAPSSEFSWRQAAYVDSYCWAAVQOKOPAYNNPENIPLWLHKFFPYILLLVAIL 101
Xenopus LGSQISCFAPTSFSWRQAAYVDSFCWAAVQQOKHLSQSDSGNVPLWLHKFEFPYILLLVAVL 119
fishA VGTQISCFAPTAFSWCQAAYVDSYCWAAVQKQ-—--— DTGGLPLWLHKFFPYILLLVAVS 115
fishB VGTQITCFPPTNFTMROQAAYADSFCWAAVEHHPS-ENETYSAPLHLHKFFPYILLLLAIL 118
ckkakk ke ke Kkes KkekEAkKKks s Kk KKk ok kAR KKAK K.
human LYLPPLFWRFAAAPHICSDLKFIMEELDKVYNRAIKAAKSARDLDMRDGACSV —--PGVT 176
chimpanzee LYLPPLFWRFAAAPHICSDLKFIMEELDKVYNRAIKAAKSVRDLDMRDGACSV —-—-PGVT 176
pongo LYLPPLFWRFAAAPHICSDLKFIMEELDKVYNRAIKAAKSARDLDMRDGACSV ---PGVT 176
bos LYLPSLEWRFAAAPHVCSDLKFIMEELDKVYNRAIKAAKSMHDLDLRDGACPA---PEVN 176
sheep LYLPSLFWRFAAAPHVCSDLKEFIMEELDKVYNRAIKAAKSMHDLDLRDGACPV -—-PEVN 176
dolphin LYLPSLEFWRFAAVPHLCSDLKFIMEELDKVYNRAIRAAKSVRDLDLRDGACPA---QEVN 176
mus LYLPALFWRFSAAPHLCSDLKFIMEELDKVYNRAIKAAKSARDLDLRDGPGP----PGVT 175
rabbit LYLPHLFWRFAAAPHLCSDLKFIMEELDKVYNRAIKAAKSARNLDLTDGVCPAPGFPGVK 179
gallus LYLPCLEWRFTAAPHLSSDLKFIMEELDKAYNRAIKAANSVRSGDPRDPADSTI ——-PAAN 158
xenopus LYLPNLFWRFTAAPHLSSDLKEVMEELDKCYNRDIKDIKAANNLNSSDKRDGLN-SPVVS 178
fishA VYMPALFWRFTGAPVLSSDLTFIMEELDRSYNRAIKLAKCLHTAGKVETPPAP-————-—— 168
fishB MYIPALFWRFTAAPSLSSDLSFIMEELDRCYNRAIRLAKSITTKQDKDIAEDP ——————— 171
sk kkkokok s ks KAk kaokkkkks kkk K.

199



human ENLGQSLWEVSESHFKYPIVEQYLKTKKNSNNLITKYISCRLLTLITIILLACIYLGYYFS 236
chimpanzee ENLGQSLWEVSDSHFKYPIVEQYLKTKKNSNNLIIKYISCRLLTLIIILLACIYLGYYFS 236
pongo ENLROQSLWEVSESHFKYPIVEQYLKTKKNSNNLIIKYISCRLLTLIIILLACIYLGYYFS 236
bos ENMRQS---SQESHFRYPIVEQYLRTKKASRHLIVKYMSCRVLSLSTILLASLYLGYYLS 233
sheep ENMGQS—---SQESHFRYPIVERYLRTKKASRHLIVKYMSCRVLSLSTILLASIYLGYYLS 233
dolphin ENLGQSLWEISESHFKYPIVEQYLKTKKNSKNLIVKYISCRVLSLSIILLAGVYLGYYFS 236
mus ENVGQSLWEISESHFKYPIVEQYLKTKKNSSHLIMKYISCRLVTFVVILLACIYLSYYFS 235
rabbit ENVGOSLWEISESHFKYPIVEQYLKTKKNSHRLIAEYLGCRLLTLAIVLVACVYLGYYFS 239
gallus ENLTQSLWEISDSHFKYPIVEQYLKTKKNSKCLIIKYIFCRLLTLVIIFIACLYLGYYIS 218
xXenopus ENLQOSLWEIPLSHYKYPIVEQYLKTKNNSYGLIIKYLICRVVTLIIVFTACIYLGYYIS 238
fishA VDTNSSVIDLTESYFKYPLVEQYLRTKRYSKGLLIRYLLCRTITVLALTLACIYLCYYIS 228
fishB HSG----LELTEACFKYPLVEQYLKTKRSSWALAAKYLLCRVLTFLTLLLGCFYLTYYIF 227
::**:**:**:**. *  * .*: * % . .** **:
human LSSLSDEFVCSIKSGILRNDSTVPDQFQCKLIAVGIFQLLSVINLVVYVLLAPVVVYTLF 296
chimpanzee LSSLSDEFVCSIKSGILRNDSTVPDQFQCKLIAVGIFQLLSVINLVVYVLLAPVVVYTLFE 296
pongo LSSLSGEFVCSIKSGILRNDSTVPDQFQCKLIAVGIFQLLSVINLVVYVLLAPVVVYTLF 296
bos LSSLSDEFVCSIKSGILKNDSTVPDKFQCKLIAVGIFRLLSFINLVVYVMLVPVVVYSLFE 293
sheep LSSLSDEFVCSIKSGILKNDSTVPDKFQCKLIAVGIFRLLSFINLVVYVMLVPVVVYSLE 293
dolphin LSSLSDEFICNIKSGILKNDSTVPDRFQCKLIAVGIFQLLSFINLVVYVLLAPLVVYTLF 296
mus LSSLSDEFLCSIKSGVLKNDSTIPDRFQCKLIAVGIFQLLSLINLIVYALLIPVVVYTFF 295
rabbit LSSLSDEFVCSVKSGILRNDSSVPDQFQCKLIAVGVFQLLSLMNLLVYVLLAPVLVYTLF 299
gallus LSSLSDEFLCTIKTGILRNDTTVPEVVQCKLITVGVFKVLSYINLIVYLLVMPLVVYAMFE 278
xenopus LFSLTDEFTCNIRTGILRNDTALPPLVQCKLIAVGVFRLLSYINLIIYVLIMPFIIYAML 208
fishA -LSTTDEFSCDIRSGVVVNDSSVPPALQCKLVAVGIFQLLSYINLSVYLLLLPLCMFAML 287
fishB WVSPSDQFSCHLRRGILVNQSEVPDVVQCKLVAVGVFRLLSCMNLVVYLLLVPAVVYAGL 287
Koroak K Ko K ok RRRk g kR kk ok ok X
human VPFRQKTD--VLKVYEILPTFD-VLHFKSEG—YNDLSLYNLFLEENISEVKSYKCLKVL 351
chimpanzee VPFRQKTD--VLKVYEILPTFD-VMHFKSEG—YNDLSLYNLFLEENISEVKSYKCLKVL 351
pongo VPFRQKTD--VLKVYEILPTFD-VLHFKSEG—YNDLSLYNLFLEENISEVKSYKCLKVL 351
bos VPFQOKMD--VLKVYEILPTFD-ILHLKLEG—YNDLSLYVLFLEENISELKSYKCLKVL 348
sheep VPFQOKPD--VLKVYEILPTFD-VLHLKLKG—YNDLSLYVLFLEENISELKSYKCLKVL 348
dolphin VPFROQKTD--VLKVYEILPTFD-VLHFKSEG—YNDLSLYILFLEENISELKSYKCLKVL 351
mus IPFROQKTD--ILKVYEILPTFD-VLHFKSEG—YNDLSLYNLFLEENISELKSYKCLKVL 350
rabbit VPCRQKTD--VLKVYEILPTFD-VLQFQSEG—YNDLSLYNLFLEENVSELKSYKCLRVL 354
gallus VPFRWNSG--ILKVYEILPTFD-VLKLKSKS—LDDLSIYLLFLEENVSELKSYKCLKVL 333
xXenopus VPFRKTAN--VLKVYEVLPTFS-VQQAPSKT—YDDHSLFLLFLEENVSELKSYKFLKVL 353
fishA VPFRRTKG--FLKPFEMLPTIG-VMQFGQAT—WDDLALYLLFLEENLSELKSYKCLKVL 342
fishB QPARQHORGQFLRPYHLLPAFGHVLDLOQPATRRYDDLSIYLLFLEENLSELKSYKCLQVL 347
* . .*: :.:**::. : . :* ******:‘k‘k:**** *:‘k‘k
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human ENIKSSG-QGIDPMLLLTNLGMIKMDVVDGK-~---TP-MSAEM-REEQGNQTAELQGMN- 403
chimpanzee ENIKSSG-QGIDPMLLLTNLGMIKMDVVDGK--—--TP-MSAEM-REEQGNQTAELQAMN - 403
pongo ENIKSSG-QGIDPMLLLTNLGMIKMDVVDGK----TA-MSAET-REEHGNQTAELQAMN - 403
bos ENIKSSC-QDVDPMLLLTNFGMIKMDMVDGK----NP-EPVEMMVEELGDQTTELQDLN- 401
sheep ENIKSSC-QDVDPMVLLTNLGMIKMDMVDGK----NP-EPVEMTAEELGDQTTKLODLN- 401
dolphin ENIKSSC-QGIDPMLLLTNLGMIKMDVVDGK-~---NP-EPAEM-AEEQGDQTADLKDLN- 403
mus ENIKSNG-QGIDPMLLLTNLGMIKMDIIDGK----IP-TSLQTKGEDQGSQRVEFKDLD—- 403
rabbit ENIKSSS-EGIDPMLLLTNLGMIKMDVIDGK----TP-RPAEMTGEEPGSRVAELTVLTD 308
gallus ENIAVS--EKFDVMQLLINLGTIKTDTVDGKPGTAVPGKPEETAVEELEKDATELQDRD - 390
xXenopus ENIKNTG-ENFDTIQYLTSLGTVKTDTVDGK----LAFKCTSEVPNNTEQNEVELTVQP- 407
fishA ELLKEQGDESFDPMLLLRTLGQVKTDVVDGRLPQKDQKISSTNNGDTELKEFAPLLPED- 401
fishB ELLSEGGEAAFDTMCLLRTLGQVKTDMVDKRQAQTVN--GNPEIVISEIKDVSVLLDDG- 404
* o T A . :
human —-—-IDSETKANNGEKNARQRLLDSSC 426
chimpanzee —-—-IDSETKANNGEKNARQRLLDSSC 426
pongo ——-IDGETKANNGEKNARQRLLNSSC 426
bos --VHSETKISNREKNARQRLLDTSC 424
sheep -—-VHSETKISNREKNARQRLLDTSC 424
dolphin —-—-GHSGTKINNGEQNARQRLLDTSC 426
mus --LSSEAAANNGEKNSRQRLLNPSC 426
rabbit FAEQSGAKATNGDKHARQRLLNSSC 433
gallus -—-—-ASGHVSPKEDKKLRQRLIDSSC 412
Xenopus ————SSDNAKTEEKKVRQRLLDSSC 428
fishA —-——CLRKHED--EKAVRQRVI---- 417
fishB -—-—-VQADKSCSCVKDVRQRVV--—--— 422
Kk K oo
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