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Abstract

Plasticity of neural structures, from synapses to neurites to entire neurons and networks, depends on
tightly regulated equilibrium between cytoskeleton polymerization and depolymerisation mediated by
protease activity. The conservation of signaling pathways governing cytoskeletal plasticity raises the
prospect that understanding apoptotic-like degeneration can be leveraged to guide hypotheses
exploring non-lethal sub-neuronal plasticity events in both the normal physiological functioning of the
nervous system, and also in the earliest changes during neurodegenerative disease to halt their
progression. Neurite pruning and neuronal cell death that occur normally during embryonic
development establish and refine nervous systems into their mature patterning. Components of the
same destructive signaling pathways appear to underlie neurodegenerative diseases such as
Alzheimer’s, Parkinson’s and ALS when aberrantly reactivated in adulthood. The emerging overlap
between developmental and pathological mechanisms of neurodegeneration suggests that therapeutic
opportunities will be revealed by understanding the sequence of molecular events culminating in
degeneration of neurites and entire neurons. Developmental axon degeneration can be modeled in vitro
by nerve growth factor (NGF) withdrawal from dorsal root ganglion (DRG) neurons. We have used
this model system together with a novel method of quantification to examine the role of Ca*" influx in
developmental axonal degeneration. We find that NGF deprivation from DRG sensory neurons
induces a robust increase in axonal Ca* prior to membrane blebbing and degeneration. Chelation of
divalent cations using EDTA rescues axons from degeneration when present for the final phase of
NGF deprivation, indicating that cation influx plays a key role late in the degeneration cascade. Axon
degeneration is significantly rescued by pharmacological inhibitors of Ca?* channels, including
capsazepine, an antagonist of transient receptor potential family member vanilloid 1 (TrpV1)-mediated

Ca”* flux, whereas inhibition of Na* action potentials does not rescue axons. Cultured sensory neurons



derived from TrpV1-null mouse embryos are partially rescued from degeneration, indicating a pro-
degenerative role for TrpV1 in vitro. We hypothesized that reactive oxygen species (ROS) mediate
the activation of TrpV1 in this setting and consistent with this, ROS-scavengers and Nox complex
inhibitors rescue axons from degeneration. Nox complexes are typically activated by PKC and we
show that PKC inhibitors block degeneration whereas PMA, a PKC activator, induces potent NOX-
and ROS- dependent activation of TrpV 1-dependent Ca®* currents in DRG axons. We conclude that a

PKC>Nox>ROS>TrpV1 axis induces toxic Ca>" overload to drive developmental axon degeneration.



Résumé

La plasticité des structures neuronales -des synapses aux neurites jusqu’aux neurones et réseaux
neuronaux- dépends d’une balance finement régulée entre polymérisation et dépolymérisation du
cytosquelette par les protéases. La conservation des voies de signalisations gouvernant la plasticité du
cytosquelette suggere que la compréhension des mécanismes de dégénération de type apoptotique peut
étre un levier a de nouvelles hypotheses. Celles-ci pourraient permettre d’explorer les événements de
plasticité au niveau sub-neuronale et non létale tant au niveau physiologique qu’au niveau des maladies
neurodégénératives.

Dans le but d’établir un systéme nerveux mature, le raffinement des neurites et la mort cellulaire
neuronales sont des événements communs pendant le développement embryonnaire. Cependant, les
mémes composants de ces voies de signalisation destructrices sont impliqués dans les maladies
neurodégénératives comme la maladie d’Alzheimer et la maladie de Parkinson ou encore lors de
sclérose latérale amyotrophique. Les points communs entre les mécanismes de dégénération neuronale
aux niveaux physiologiques et pathologiques suggerent que des opportunités thérapeutiques vont étre
dévoilées si nous parvenons a comprendre la séquence des événements moléculaires qui aboutissent a
la dégénération des neurites et des neurones. La dégénération axonale pendant le développement peut
étre réalisée in vitro en privant les neurones ganglionnaires de la racine dorsale (DRG) du facteur de
croissance neuronal (NGF). Nous avons utilis¢ ce model en plus d’une nouvelle méthode de
quantification pour examiner le role de I'influx calcique dans la dégénération axonale. Nous avons
trouvé que la privation de NGF des neurones ganglionnaires de la racine dorsale induit une forte
augmentation du calcium dans les axones, juste avant 1’apparition de bourgeonnement et de la
dégénération. La chélation des ions divalent par ’EDTA dans la phase finale de la privation du NGF

protége les axones de la dégénération, indiquant que I’influx de cation joue un role majeur tardivement



dans la cascade dégénérative. De plus, la dégénération axonale est significativement protégée par des
inhibiteurs de canaux calciques dont la capsazepine — un antagoniste des canaux dit potentiel transitoire
récepteur (Trp) de la famille vanilloid 1 (TrpV1) - alors que I’inhibition des canaux sodiques sensibles
au voltage ne protége pas les axones. Les neurones sensoriels provenant de souris knock-out pour
TrpV1 sont partiellement protégés contre la dégénération, indiquant un réle pro dégénératit a TRPV 1
in vitro.

Nous avons fait I’hypothese que les espéces réactives de I’oxygene (ROS) provoquent I’activation de
TrpV1 dans ce systéme. Consistant avec cette hypothese, des chélateurs de ROS et des inhibiteurs des
complexes Nox protegent contre la dégénération axonale. Les complexes Nox sont activés par la
protéine kinase C (PKC) et nous avons démontré que des inhibiteurs de la PKC bloquent la
dégénération axonale alors que le PMA —un activateur de la PKC- induit ’influx de calcium via
I’activation de TrpV1 de maniere NOX et ROS dépendante. Nous concluons qu’un axe
PKC>Nox>ROS>TrpV1 induit un enrichissement toxique de calcium au niveau de I’axone conduisant

a sa dégénération durant le développement embryonnaire.
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Chapter 1. General introduction and background from literature

1.1 Developmental neurodegeneration of sensory neurons of the dorsal root ganglia

1.1.1 NGF activates a TrkA/p75 TR complex to signal neuronal survival in the developing sensory
system

Neurodegeneration occurs normally during embryonic development to establish and refine the
maturing nervous system. Genetically-encoded components of the same destructive signaling
pathways (including apical tumor necrosis factor receptors (TNFRs), Bax, caspases and microtubule-
associated proteins) also appear to underlie neurodegenerative diseases such as Alzheimer’s,
Parkinson’s and amyotrophic lateral sclerosis (ALS) when they are aberrantly reactivated in adulthood
due to interactions between genetic and environmental factors that are only partially understood (1—
4). The emerging overlap between developmental and pathological mechanisms of neurodegeneration
suggests that understanding the sequence of molecular events comprising physiological neurite
degeneration and cell death programs during development will reveal therapeutic opportunities that
interrupt disease.

Initially, greater numbers of sensory neurons of the dorsal root ganglia (DRG) are generated
early in development than will persist in the mature nervous system. Surviving neurons are those that
arrive at their targets and receive adequate neurotrophic support from a limited pool secreted from
their targets (schematic of the neurotrophic support hypothesis of NGF/TrkA signaling shown in
Figure 1 A, and DRG explants provided with or deprived of NGF for 24 hours are shown in B) (1,5).
A majority of DRG axons respond to trophic support from target-derived nerve growth factor (NGF),
which binds to its high-affinity surface receptor tropomyosin related kinase A (TrkA) on axons to
activate its cytoplasmic tyrosine kinase domain, initiating a pro-survival signaling cascade that
depends on retrograde signaling (8,9). Besides NGF, neurotrophins NT-3 (TrkC) and BDNF and NT-

4 (TrkB) mediate diverse effects in the developing and adult central and peripheral nervous systems

13



(6,7). Upon NGF binding to TrkA a survival signal is generated; three possible mechanisms were at
one time proposed to accomplish this retrograde signal: 1) activated NGF-TrkA complexes are
endocytosed to form signaling endosomes that are transported retrogradely via microtubule
association, and signal throughout their lifespan, ii) activated TrkA generates signaling endosomes
even if NGF is no longer associated and iii) and NGF signal may be transduced without transport of
either NGF or TrkA (10). It has now been well-established that the active NGF-TrkA complex is
endocytosed dependent on clathrin and dynamin to generate retrogradely-transported signaling
endosomes that activate the Ras-MAP kinase pathway resulting in Erk1/2-mediated activation of pro-
survival transcription factors Elk and CREB (8,11,12). NGF-TrkA survival signaling depends on
direct interaction with the tumour necrosis factor receptor (TNFR) superfamily member and
neurotrophin receptor p75 (p75N™), which possesses relatively low affinity for NGF on its own, but
enhances NGF binding and signal transduction when complexed with TrkA (Figure 1.1 C) (9,13). It
was long assumed that the degeneration of those axons that fail to reach their targets and acquire
sufficient access to a limited neurotrophin pool was due simply to a deficiency in survival signaling
initiated by NGF, but it is now clear that degeneration is an active, regulated process, and is reversible
at several stages upstream of a commitment to cysteine-dependent aspartate-directed protease
(caspase) activation and fragmentation and/or retraction of axons (14). Intriguingly, TrkA expression
in engineered embryonic stem (ES) cell-derived neurons was reported to induced caspase-3 activation
and neurite degeneration in the absence of NGF, yet control neurons not expressing TrkA survive,
indicating that death following NGF withdrawal from TrkA is not due simply to lack of survival signals
from the receptor but also depends on some yet-unknown death-inducing activity of unliganded TrkA
(15). Mouse embryos derived from TrkA-overexpressing ES cells generate a peripheral nervous

system by E11.5 but this is almost entirely lost by degeneration two days later; interestingly,
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sympathetic neurons deprived of NGF largely survive when lacking TrkA expression (15). In this
study TrkA was overexpressed from the Tau promotor (mapt) and thus the system may be vulnerable
to unintended effects of accumulation of overexpressed protein in Golgi, and it will be valuable to
learn whether TrkA expressed at endogenous levels also generates this effect. The apical molecular
mechanism by which TrkA induces death when NGF is withdrawn remains one of the key open

questions in the field.

1.1.2 NGF deprivation activates prodegenerative signaling via JNK, Bax and caspase activation
Though it is unclear how NGF deprivation from TrkA is transduced to downstream effectors, it is
established that the latter phases of the pathway require c-Jun kinase (JNK) activation, Bax-dependent
pore formation and mitochondrial outer membrane permeabilization, cytochrome c release and caspase
cascade activation (Figure 1.1C) (16—19). Neurons that normally degenerate in the absence of NGF-
TrkA survival signaling are rescued from apoptosis by genetic knockout of Bax (19), and Bax requires
activation by JNK to activate mitochondrial-mediated programmed cell death (17,20). Release of
cytochrome ¢ from mitochondria in response to NGF withdrawal, a prerequisite for caspase activation,
is also blocked in Bax null sympathetic neurons (16,18). Although Bax knockout blocks peripheral
neuron loss, cutaneous innervation is severely deficient in these animals, highlighting the importance
of NGF signaling in establishing proper innervation of targets in addition to survival (19). Following
Bax- and mitochondria-dependent release of cytochrome c, a caspase activation cascade initiated by
caspase-9 ultimately results in effector caspase activation (16,21-23). Although caspases had
originally been overlooked or discounted in neurite degeneration, more recent work has firmly
established that caspase-3 is a major effector of destructive events downstream of NGF deprivation

signaling (16,21,24,25). Caspase-3 null DRGs derived from embryonic mice are strongly protected

15



from NGF withdrawal-induced degeneration, and degeneration is suppressed by overexpression of its

endogenous inhibitor X-linked inhibitor of apoptosis protein (XIAP) (25).

1.1.3 Non-lethal executioner caspase activity is emerging as a core regulator of neural plasticity
and disease

For decades, caspase activation was viewed as a cell-wide, catastrophic event occurring chiefly during
cell death, but mounting evidence places non-lethal caspase activity at the center of essential non-
apoptotic cytoskeletal remodeling events in neural plasticity (26-28). Intriguingly, signals and
effectors of apoptosis, from receptor to caspase, appear to have been co-opted during evolution to
allow for remodeling or removal of distinct neuronal subdomains (synapses, spines, and neurites) to
regulate developmental pruning and learning & memory (Figure 1.2) (25,28-30). Normal development
and adult functioning of the nervous system requires caspase activity to remodel the cytoskeleton
supporting fine and course neural structures. However, dysregulated protease activity by caspases
leads to a loss of structural responsiveness to normal plasticity-inducing stimuli when underactive, or
degeneration and apoptosis. In this paradigm, knowledge of the molecular machinery of apoptosis
gained by decades of study may be leveraged to generate hypotheses in order to understand normal
synaptic and developmental plasticity, and thus the earliest events of neurodegenerative disease that

begin at the finest neural structures and spread to destroy entire neurites, neurons and networks.

1.1.4 NGF withdrawal from DRG explants is an in vitro model of developmental degeneration

Developmental degeneration can be modeled in vitro by removal of NGF from cultured ex vivo DRG
(Figure 1.1 B). Ganglia from embryos, typically isolated between 12 and 14 embryonic days, extend
an array of axons onto the culture substrate in the presence of NGF that degenerate asynchronously
within 15-40 hours of NGF withdrawal from the growth media (31). This in vitro system allows

experimental dissection of the molecular pathway that underpins developmental degeneration by
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pharmacological inhibition and genetic deletion of candidate proteins, using axonal membrane and
cytoskeletal integrity and biochemical markers of degenerative signaling as quantifiable experimental
outputs. Although the in vitro neurotrophic support phenomenon was first reported by Nobel laureate
Rita Levi-Montalcini in 1951, many aspects of the signaling process underlying degeneration remain

obscure (Figure 1.1 C) (32,33).

1.1.5 Ca?* stress is a hallmark of neurodegeneration but its role in developmental degeneration
of DRG neurons is unreported

Chronic Ca®" stress and toxicity, amplified by feedback loops with sources of cellular oxidative stress,
is established as a key mediator of synapse loss, neurite degeneration and apoptotic neuron death in
neurodegenerative disease (Figure 3) (34-42). Recently, axonal Ca** influx has gained attention as a
key mediator of injury-induced degeneration of sensory axons, but the role of Ca** in developmental
degeneration has been unclear (43-46). This thesis explores the previously unreported role of Ca**
influx via the transient receptor potential vanilloid family member 1 (TrpV1) during developmental

degeneration in the sensory system.

1.2 TrpVl1 is a tetrameric cation channel with complex polymodal activation

The founding member of the Trp (transient receptor potential, sometimes transient response potential)
superfamily of cation channels was first described in 1969 as a Drosophila mutant that displayed time-
dependent desensitization of photoreceptors during sustained light exposure and decay of Ca** tone
(47,48). Subsequently, 7 vertebrate Trp subfamilies were identified that have physiological roles in
sensing and processing temperature, pain, pressure, stretch, osmolarity, acidity, taste, olfaction, vision
and hearing information, and that function in memory and learning (49). The first characterized
member of the vanilloid subfamily of channels (TrpV) was TrpV 1, identified by an expression cloning

quest by a group led by David Julius to identify the gene product underlying the Ca?* influx-response
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to the pungent compound capsaicin, produced by some plants, used by riot police, and responsible for
the heat-like sensation of hot peppers (50). This study, published in Nature in 1997, found that TrpV 1
is activated by noxious heat above ~42°C. In the intervening 20 years, TrpV1 has been confirmed to
also be activated by protons, reactive oxygen species and oxidized lipids, ethanol, an array of noxious
pest-defence compounds produced by vipers, spiders, scorpions and plants, as well as endogenous
compounds N-arachidonoyl dopamine (NADA) and anandamide (51-54). Extensive mutant analyses
have identified key regulatory residues within TrpV1, some which are multimodal while others are

activation mode-specific (55-57).

1.3 TrpV1 structure

Functional TrpV1 channels are homotetrameric protein complexes formed by four subunits each with
6 membrane-spanning helices that assemble to form a central pore (though heterotetrameric complexes
have also been described formed by TrpV1 and other Trp family members, suggesting potential for
nuance of activation and function not fully understood) (58—60). The highest-resolution structural
models of TrpV1 homotetramers, recently generated via cryo-EM, have provided insight into the rich
versatility of activation modes of TrpV1 (61-63). A central ion-permeable pore is controlled by two
gates: an upper selectivity filter and a lower gate (58). The channel was resolved in its closed
conformation in the absence of activating compounds, but no single activator ligand tested stably
maintained both the extracellular selectivity filter and the intracellular lower gate in an open
conformation in these studies; the spider-derived double-knot toxin (DkTx) opened the latter while the
former was dilated by resiniferatoxin (RTX) upon binding to the vanilloid binding site (shared by
capsaicin) in the intracellular portion proximal to the membrane interface (61,62). When both
compounds were complexed with TrpV1 simultaneously, both the selectivity filter and lower gate were

found to be maintained in an open position with a wider diameter than either compound alone (61,62).
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Intriguingly, capsaicin alone failed to provide a stable structural conformation of TrpV1, though it is
has potent effects on cell systems expressing TrpV1 and is a bona fide activator, suggesting that its
binding to TrpV1 may induce an unstable “flickering” effect of pore opening that technically
confounds cryo-EM which requires stable conformations to estimate protein structure with confidence
(61). A stable, open lower gate conformation was established by capsaicin with simultaneous
maintenance of an open state of the selectivity filter by DkTx (61). New evidence indicates that the
vanilloid binding site recognized by agonists capsaicin and RTX, as well as antagonist capsazepine, is
a site of endogenous regulation by lipids, with functional consequences for physiological activation by

heat, and exogenous oxidation and enzymatic lipid products (37,47-49).

1.4 Redox regulation of TrpV1

Multiple lines of evidence indicate that reactive cysteine residues in multiple TrpV1 domains
contribute to its sensitization and activation. Allicin, a pro-oxidant molecule that gives pungency to
onions and garlic, activates TrpV1 entirely via cysteine 157 (in rat TrpV1), while the C157A mutation
did not impact activation by capsaicin (66,67). Mutation of this residue (C158 in human TrpV1)
significantly reduced the pool of homocomplexed TrpV1 versus monomer, suggesting an important
role for disulphide linkages in assembling TrpV1 monomers and creating functional pores (68).
Intraplantar injection of H20: increased TrpV1-dependent pain sensitivity, indicating that elevated
oxidative status sensitizes TrpV1 activation (69,70). In HEK293 cells expressing TrpV1, H>O»
potentiated the capsaicin response in whole-cell electrophysiological recordings, and H>O; dose-
dependently induced TrpV1-mediated Ca*" influx (71). Oxidized lipids are emerging as key
physiological activators of inflammatory pain that work by targeting specific residues with TrpV1
(72,73). Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), an established regulator of apoptosis,

binds directly to TrpV1 and agonizes Ca** flux (74). The naturally-occurring omega-9 oleic acid
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competitively attenuated TrpV1 activation by capsaicin in vitro, while cyclic phosphatidic acid and
lysophosphatidic acid (LPA), a bioactive lysophospholipid, directly activated the channel, arguing that
the binding site exploited for pharmacological agonism and antagonism is directly involved in lipid-

mediated redox regulation (75,76).

1.4.1 Nox complex-derived ROS are intimately linked to TrpV1 activation

Reactive oxygen species (ROS) were once thought of primarily as a toxic consequence of aerobic
respiration, but a large number of studies published in the past two decades have firmly established
ROS as second messengers that transduce signals from activated cytokine receptors (77-81). Since
ROS are highly reactive small molecules capable of modifying a vast range of macromolecules, its
usefulness as a specific signal requires that it be spatially restricted and attenuatable (82). These
requirements are met by NADPH oxidase (Nox) complexes, membrane-associated protein complexes
that reduce NADPH to generate superoxide from molecular oxygen, have been found to be a major
source of signaling ROS in a wide range of signaling contexts, including the immune response by
neutrophils, control of vascular tone and regulation of survival, plasticity and degeneration in the
nervous system (83-85).

Seven mammalian NADPH oxidase catalytic subunits are known: Nox1-5 and Duox 1 & 2.
Nox1-3 depend on regulation by cytosolic activators including Racl GTPase, p67°"* and core Nox
complex organizer p47°"*, allowing for strict regulation of ROS production in response to upstream
signaling events (80,86). Because ROS react with a vast range of biological macromolecules, spatial
restriction of signaling ROS is believed critical for its functional specificity. A growing body of
evidence, in particular from a group led by John Engelhardt, suggests that receptor activation of Nox
complexes occurs within redox-active signaling endosomes, or “redoxosomes” (86). In a series of

studies, the Engelhardt group fractionated endosomes and identified a high-oxidative status fraction
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containing Rab3, an early endosome marker, but lacked Rab11, and downstream signaling to NF-kB
and IKK required Nox complex activity (78,82,86). Nox-dependent redoxosomes have been best
characterized in response to tumour necrosis factor receptor 1 (TNFR1) and interleukin-1 receptor (IL-
1R1) activation by their respective cytokine ligands; inhibition of Racl or the Nox complex organizer
p47P"* prevents H,Oa production and downstream signaling (80,87-89).

Post-natal sympathetic neurons were reported to be rescued from apoptosis in vitro by
treatment with diphenyleneiodonium (DPI), a pharmacological Nox complex inhibitor that prevents
NADPH (the electron source for superoxide production) from binding to the activated Nox complex
(90). The same study also reported that neurons derived from NOX2 null mice were protected from
apoptosis following NGF deprivation. DPI treatment reduced ROS production induced by NGF
withdrawal in these cells, which like DRG sensory neurons depend on NGF for survival, implicating
Nox complex activation as a major source of oxidative signaling in NGF deprivation- induced
degeneration (90). However, it has not been reported whether degeneration of sensory neurons is Nox-
dependent following NGF withdrawal.

Nox complexes are stimulated to produce a ROS burst upon phosphorylation of the core
complex organizer p47°'°* by protein kinase C (PKC) in response to direct activation by endogenous
diacylglycerol or pharmacological activator phorbol 12-myristate 13-acetate (PMA) (91). In isolated
Nox1-null DRG neurons treated with PMA, the Ca®" influx response after capsaicin addition was
attenuated compared to the wild-type, indicating that Nox complexes downstream of PKC modulate
TrpV1 sensitivity in this model (77). In a model of mechanical inflammatory hyperalgesia in DRG,
inhibition of Nox1 and Nox4 reduced cytosolic oxidative status, while TrpV1 antagonist SB366791
and antioxidant N-acetylcysteine (NAC) reduced intracellular free calcium during challenge by pro-

inflammatory oxidized protein products, indicating that Ca*" influx downstream of Nox complex
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activation depends on TrpV1 (73). TrpV1 expressed on DRG neurons innervating the renal pelvis was
reported to be involved in mechanosensation for monitoring of urine production, which was defective
upon Nox complex inhibition by apocynin, or sensitized by exogenous H>O» in rat (92). It has not been
reported whether PKC and Nox complexes have a role in developmental degeneration of sensory

neurons after NGF deprivation, and this topic is explored further in this thesis.

1.6 TrpV1: More than just a pain

1.6.1 TrpV1 is widely expressed outside of nociceptors

Research into TrpV1 has largely focused on its role in pain transduction, particularly as interest in
developing non-opioid anti-pain therapeutics has grown with an addiction epidemic. But as TrpV1
expression has been revealed also in non-nociceptive neurons, in glial cells in both the central and
peripheral nervous systems, in keratinocytes, adipose tissue, epithelium, in vasculature in heart, and in
kidney. It has become clear that TrpV1 regulates Ca** entry required for downstream functions as
diverse as immune response, energy metabolism and memory and learning (70,93-97). In sensory
neurons of the DRG, TrpV1 expression detectable by immunohistochemistry is restricted chiefly to
the nociceptive subset of sensory neurons of the DRG in adults, but during embryonic development its
expression is widespread in DRG neurons regardless of ultimate functional fate as nociceptors (98). A
study of the expression pattern of TrpV1 in DRG neurons found that earliest detectable expression
begins at embryonic day 12.5 and increases over the next two days before decreasing, a window of
expression that has particular relevance to this thesis as it coincides with the phase of programmed

death of sensory neurons that normally occurs during development (98,99).

1.6.2 TrpV1 in synaptic plasticity
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TrpV1 is implicated in plasticity and cytoskeletal dynamics in response to Ca>" (100). TrpV1 knockout
mice were reported to display decreased anxiety-linked behaviour during an elevated maze and light-
dark test, and reduced freezing response to a tone after fear-conditioning training, implicating TrpV'1
in hippocampal learning in both innate and learned fear contexts (101). In this study, TrpV1 knockout
was found to reduce long-term potentiation (LTP) in the Schaffer collateral-commissural pathway to
CA1 hippocampal neurons. TrpV1 is widely expressed in hippocampus (102), and enriched at dendritic
post-synaptic spines (103). The effect of TrpV1 activation by capsaicin on long-term depression
(LTD) and LTP was investigated in CA1 hippocampal slices, and the authors reported enhanced LTP
but defective LTD upon TrpV1 activation, which was reversed in the presence of TrpV1 inhibitors
capsazepine and SB366791, consistent with published genetic data using TrpV1-null rodents
(104,105). This effect appears to depend, in part, on the GABAergic system in hippocampus (97) and
glutamate receptor GluA1 in LTP in the amygdala (106). TrpV1 stimulation by capsaicin in sensory
neurons induced increased glutamate release and action potentials in post-synaptic neurons, indicating
that plasticity mediated by TrpV1, when taken together with evidence in the CNS, occurs in diverse

neuron types in both peripheral and central nervous systems (107).

1.6.3 Non-physiological TrpV1 activation can be pro-degenerative

Capsaicin application to sensory neuron endings induces a degeneration phenotype. Ablation of
innervating fibres using capsaicin is of interest as a potential treatment for chronic pain and itch caused
by hyperalgesia or hyper-innervation (108—114). In cultured embryonic rat DRG neurons, capsaicin
application induced Ca** influx and degeneration that was accompanied by mitochondrial Ca** stress
and fission (115). While exogenous TrpV1 activation can induce degeneration of neurons in vivo and
in vitro, it has not been reported whether TrpV1 does so under physiological conditions in

developmental degeneration.
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1.6.4 TrpV1 in models of neurodegenerative disease

A growing number of published studies have investigated the role of TrpV1 in neurodegenerative
disease (discussed below). Evidence is sporadic and comes from studies in disparate models, and
experimentally reversing hypo- or hyperactivation of TrpV1 appears to either ameliorate or worsen
degenerative phenotypes depending on the disease modeled; no clear mechanistic model of TrpV1
function on neurons or neuroimmune cells has yet emerged. Studies in vivo using TrpV1 genetic
knockout or pharmacological ant/agonists have been difficult to integrate and interpret due to
apparently simultaneous and possibly opposing roles of distinct pools of TrpV1 in neurons and
neuroimmune cells, as well as system-wide effects of thermoregulation on the rate of progression of
disease (reviewed below). To make matters more complicated, studies that rely on TrpV1 agonism
with capsaicin can be difficult to interpret since activation of TrpV1 can lead to desensitization and
removal from the membrane, so the biological effects of chronic TrpV1 activation may actually result
from loss of TrpV1 function rather than the hyperactivation often assumed in some models of how
TrpV1 contributes mechanistically to disease (116). Nevertheless, a growing body of evidence

implicates TrpV1 in both healthy and diseased nervous system function.

In Alzheimer’s disease models

Alzheimer’s disease has been modeled in mice by injection of amyloid B-protein 1-42 (AB42) to induce
AD-like behavioural and cognitive deficits and synapse loss (117). In a recent study, defective spatial
learning and memory accompanied by hippocampal synapse loss and impaired hippocampal long-term
potentiation (LTP) was confirmed in mice two weeks after AB42 injection; however intraperitoneal
injection of TrpV1 agonist capsaicin significantly reduced behavioural deficits in the Morris water
maze and in a novel object recognition test (118). Electrophysiological assessment of LTP in

hippocampal slices and rescued synapse density showed that capsaicin ameliorated the effect of Ap42
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(118). It is unclear whether this protection is due to increased TrpV 1 activity stimulated by its agonist,
or underactivity of TrpV1 due to subsequent desensitization of the channel that accompanies its
chronic activation.

Defective insulin signaling in the brain is a consequence of type-II diabetes and is a risk factor for
Alzheimer’s disease. In a rat model of diabetes (119), the TrpV1 agonist capsaicin, provided orally,
reduced Alzheimer’s-associated tau phosphorylation It is impossible without further study to
reasonably claim that neuronal TrpV1 is responsible for the effect since somatic TrpV1 inhibition has
effects on insulin resistance independent of the CNS (95) and it is not known whether TrpV1 expressed

by neurons contributes to Alzheimer’s disease-associated neurodegeneration.

In Parkinson’s disease models

Parkinson’s disease has been modeled in rat by intracerebroventricular injection of 6-
hydroxydopamine (6-OHDA) to induce degeneration of dopaminergic neurons of the substantia nigra.
In one study, motor and cognitive function was partially restored by injection of TrpV1 antagonist
AMGI810 early after 6-OHDA injury, but chronic TrpV1 inhibition worsened its effect(120). Thus,
TrpV1 may contribute to disease progression but may also be required for normal maintenance of
motor and cognitive function (120). In a Parkinson’s-like rat model (injection of neurotoxin precursor
I-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, MPTP), systemic injection of capsaicin improved
dopaminergic neuron survival and behavioural deficits via astrocyte-expressed TrpV1 (121). In this
model, stimulation of astrocyte-expressed TrpV1 enhanced release of ciliary neurotrophic factor
(CTNF) from astrocytes, promoting survival of CTNF receptor expressing neurons (121,122). In
another study using the same experimental model, nigrostriatal dopaminergic neurons were also

rescued from excitotoxic death and microglial oxidative and neuroinflammatory statuswas reduced
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(123).Whether TrpV1 expressed by neurons themselves contributes to degeneration of dopaminergic

neurons cell-autonomously remains unknown.

In optic nerve degeneration and glaucoma models

Several studies have investigated TrpV1 in ocular hydrostatic pressure-induced degeneration of retinal
ganglia cells (RGCs), a sensory neuron type, though conclusions drawn in vivo and in vitro appear
contradictory. Cultured RGC neurons underwent apoptosis when subjected to high hydrostatic
pressure (an in vitro glaucoma model), but were rescued from apoptosis by TrpV1 inhibitor
capsazepine (124). The same group reported that while TrpV1 mRNA is enriched in rat retina in
response to elevated intraocular pressure, RGCs in TrpV 17" rats displayed accelerated degeneration of
the optic projection to the superior colliculus, a result replicated by pharmacological TrpV1 inhibition
in wild-type rats, contradicting in vitro data suggesting TrpV1 inhibition to be neuroprotective
(124,125).

These reports may be reconciled if TrpV1 has opposing roles in neurons themselves versus
non-cell autonomous effects on neurons mediated by astrocytes in the retina and optic nerve, adding
complexity that is not yet understood. For example, a role for TrpV1 in CNS neurodegeneration may
be due in part to a contribution, as a Ca®" channel, to Ca**-mediated cytoskeletal remodeling necessary
for astrocyte migration to lesions after injury; TrpV1 inhibition with capsazepine or Ca®" chelation
with EGTA was reported to significantly slow astrocyte motility in vitro, while its activator capsaicin
had an opposite effect (126). It remains unknown whether an analogous neuroinflammatory response
of Schwann cells in the PNS is similarly influenced by TrpV1 activity during physiological or

pathological sensory neurodegeneration.
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In models of hypoxic-ischemic stroke

While clinically-induced hypothermia offers bona fide reduction in the ischemic umbra after stroke if
applied within the appropriate therapeutic window, there are unintended consequences to the patient
such as cold-induced tissue damage (127). Systemic TrpV1 activation has been reported to induce
“pharmacological hypothermia” via dysregulation of its role in thermoregulation in rodents, thus
achieving lowered temperature in the brain while avoiding the need for exposure of the animal to
external cooling systems (128). TrpV1 activation by capsaicin-derivative dihydrocapsaicin reduced
the size of the brain infarct in a rat model of hypoxic ischemia, though not necessarily via action on
pro-degenerative TrpV1 activation itself but rather by confounding somatic temperature sensing and
regulating systems (128,129).

Hippocampal and DRG neurons isolated and cultured from rats after middle cerebral artery
occlusion-induced stroke showed reduced Ca®" influx upon application of the TrpV1 activator
capsaicin when rats were also injected with antioxidant, linking elevated oxidative status after injury
to TrpV 1 sensitivity (130). The study did not explore the effect of inhibiting TrpV1 in vivo after injury,
and the precise effect of cerebral occlusion (which severely reduces blood flow to the brain ipsilateral

to injury) on peripheral sensory neurons like DRG is difficult to interpret.

In axon regeneration after axotomy

Surgical transection or crush of sciatic nerve is a model of mechanical axon injury in rodents. In the
days and weeks following injury, distal axon segments no longer connected to cell bodies degenerate
through a process termed Wallerian degeneration, followed by limited regeneration of new fibres (24).
It has been reported that sciatic nerve crush in rats induced an upregulation of TrpV1 expression in
injured axons, but that injection of TrpV1 inhibitor AMG517 significantly increased the number of

axons present in the nerve two weeks after injury compared to controls without TrpV'1 inhibition (131).
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The authors concluded that the increased axonal density in distal nerve is due to improved regenerative
capability when TrpV1 is inhibited, i.e. enhanced regrowth of new axons after injury, but neglected to
test the possibility that axons existing prior to injury are rescued from Wallerian degeneration in the
first place by hypoactive TrpV1. Whether distal axons are protected from degeneration by TrpV1
antagonism remains to be reported. Since TrpV1 inhibitors resulted in lowered TrpV1 expression in

longitudinal sections of nerve prepared for immunofluorescence, it remains a distinct possibility (131).

1.7 Research rationale and original contribution to knowledge

A major gap remains in our understanding for how TrkA/p75N™ prodegenerative signaling is
transduced to downstream events ultimately leading to JNK/Bax activation, mitochondrial
permeabilization and cytochrome c-dependent effector caspase activation (Figure 1.1 C).
Understanding the molecular events linking early and late events is key to understanding degenerative
signaling and identifying strategies to impede its progression in disease states. No definitive model for
the role of TrpV1 in neurodegeneration has yet emerged. We hypothesize that developmental
degeneration is mediated by Ca*" toxicity via activation of TrpV1 downstream of ROS generated by
Nox complexes activated by PKC.

The in vitro developmental degeneration model utilized in this work provides several advantages not
available to those in the disease-model studies summarized above; DRG explant morphology provides
fields of essentially pure axons for biochemical and morphological analysis separated from
neuroimmune or myelination-related-factors. In this setting, neurite degeneration can be objectively
quantified without interference from cell bodies, and it does not depend on the inherently imperfect

rodent models of human neurodegenerative disease in animals or in vitro.
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Major original contributions of this thesis are:

1.

ii.

iii.

the development of a novel method for objective, automated quantification of
neurodegeneration of DRG axons in vitro,

the determination that developmental degeneration of DRG neurons requires the
TrpV1 Ca*' channel during NGF withdrawal-induced degeneration of sensory
neurons, and

that TrpV1 is activated by a PKC > Nox > ROS axis during developmental
neurodegeneration.
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1.8 Figures and figure legends
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Figure 1.1. Neurodegeneration normally occurs during embryonic development but remains

poorly understood.

Axons of the DRG extend during development to establish connectivity between peripheral tissues and
the central nervous system. Target-derived nerve growth factor (NGF) activates its receptor TrkA in
concert with p75N™® and perhaps other members of the tumor necrosis factor receptor (TNFR) family

on the neurite plasma membrane to transduce a pro-survival signal via internalization and retrograde
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transport; those axons which fail to reach their targets within the normal developmental window
degenerate (A). Developmental degeneration is modeled in vitro with explanted DRG either provided
with NGF to promote survival, or NGF deprivation using an anti-NGF antibody to induce degeneration
(B; scale bar indicates 1 mm). Early and late signaling events have been identified during several
decades of study, yet major gaps in our understanding of how NGF deprivation from TrkA and
associated TNFRs is transduced to catastrophic mitochondrial outer membrane permeabilization and

caspase activation (C).
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Figure 1.2. Structural plasticity in the healthy nervous system requires a regulated balance
between maintenance and remodeling of the cytoskeleton.

Structural plasticity occurs at all levels of neural organization, from changes at minute synaptic
structures in response to activity or disease, to pruning of neurites and removal of entire neurons and
networks (A). Normal development and adult functioning of the nervous system requires regulated
caspase activity to disassemble and remodel cytoskeleton with a high degree of spatial and temporal
regulation, but over- or under-activity of the protease outside the normal physiological range and locale
leads to either a loss of structural responsiveness to normal plasticity-inducing stimuli or overzealous

dissolution of the cytoskeleton resulting in disease states (B).

32



Axotomy

Traumatic Alzheimer's
Brain Injury Disease
e N
o N
Stroke/H-I .,/ DCLEND BITERE \\ Parkinson’s
( Disease
Toxic Ca2+ overload
Huntington'’s ALS
Disease
Multiple Sclerosis Developmental
Neurodegeneration”?

Figure 1.3. Oxidative stress and Ca”" toxicity have emerged as hallmarks of neurodegenerative
disease.

Pathological structural changes during diverse neurodegenerative diseases, whether due to chronic and
progressive dysregulation (Alzheimer’s, Parkinson’s and Huntington’s diseases, ALS and multiple
sclerosis) or acute (stroke and hypoxic-ischemia, traumatic brain injury, axotomy), are accompanied
by elevated oxidative and Ca*" stress. Evidence for a role for toxic Ca** overload has not been reported
during developmental degeneration of DRG, an established model system for pathological axon

degeneration, and is explored in this thesis.
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Chapter 2. A novel method of quantifying axon degeneration

2.1 Abstract

Axons normally degenerate during development of the mammalian nervous system, but dysregulation
of the same genetically-encoded destructive cellular machinery can destroy crucial structures during
adult neurodegenerative diseases. Nerve growth factor (NGF) withdrawal from dorsal root ganglia
(DRG) axons is a well-established in vitro experimental model for biochemical and cell biological
studies of developmental degeneration. However, definitive methods for measuring axon degeneration
have been lacking and here we report a novel method of axon degeneration quantification from bulk
cultures of DRG that enables objective and automated measurement of axonal density over the entire
field of radial axon outgrowth from the ganglion. As proof of principal, this new method, written as
an R script called Axoquant 2.0, was used to examine the role of Ca®" influx in the execution of
cytoskeletal disassembly during degeneration of NGF-deprived DRG axons. This method can be easily
applied to examine degenerative or neuroprotective effects of gene manipulations and pharmacological

Interventions.
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2.2 Introduction to Chapter 2

In vitro, explanted DRG ganglia extend axons onto the culture substrate in the presence of NGF and
these can be induced to degenerate by NGF withdrawal and/or by application of a function-blocking
antibody against NGF (Figure 1.1 B) (31). Although the neurotrophic support of DRG neurons (and
their degeneration and death following trophic support withdrawal) was discovered by Nobel laureate
Rita Levi-Montalcini in 1951, key aspects of the signaling process underlying degeneration remain
obscure and mechanistically incomplete (32,33).

Effective use of the DRG & NGF withdrawal system to dissect degenerative signaling in vitro
relies on objective quantification of axon degeneration. The challenge is heightened by variability in
axon length, density and morphology that open the possibility of sampling biases that mask or amplify
bona fide biological effects. To address this, we have developed the first automated method for
quantifying neurodegeneration from micrographs of whole DRG explants. Unlike currently existing
strategies for quantifying degeneration, Axoquant 2.0 reports the degree of axon degeneration over the
entire radial growth field from soma to growth cone. It avoids variability introduced by random
sampling from within axon fields and circumvents the need to generate dissociated neuron cultures or
any manual, subjective quantification based on qualitative criteria that are time consuming and
vulnerable to bias. Axoquant 2.0 is written in R, a programming language familiar to computational
biologists, bioinformaticians and statisticians, but easily accessible to the first-time user when
deployed with the open-ware graphical user interface, R-Studio (http://www.rstudio.com).

As proof-of-principle, we show that Axoquant 2.0 reveals striking preservation of the tubulin

cytoskeleton in DRG axons by cation chelator EDTA.
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2.3 Materials and methods

2.3.1 Dissection, culturing and NGF deprivation of DRG explants

DRG explants were dissected from pregnant CD1 mice with litters of E13.5 embryos (Charles River).
Explants were seeded on 6-well plastic cell culture plates (Greiner) coated in a three-step process with
I mg/ml poly-D-lysine (Sigma-Aldrich), 10 pg/ml laminin-entactin complex (Corning) and PurCol
bovine collagen 0.1 mg/ml (Advanced Biomatrix). Explants were cultured in Neurobasal medium
(Invitrogen) supplemented with 2% B-27 serum-free supplement (Invitrogen), 1% L-glutamine
(Wisent), 1% penicillin/streptomycin (Wisent), and 10 pM 5-Fluoro-2’-deoxyuridine (FDU, Sigma-
Aldrich) with 12.5 ng/ml NGF (Alomone). NGF deprivation was achieved using fresh media as
described above but lacking NGF and containing 2.8 pg/ml rabbit anti-NGF antibody for the durations

stated in each experiment.

2.3.2 Fixation, cytoskeletal immunostaining and imaging

DRG cultures were fixed in 4% paraformaldehyde in PBS for 15 minutes at room temperature and
permeabilized and blocked for immunostaining in TBS-T, 5% skim milk, and 0.3% Triton X-100 for
15 minutes at room temperature. Immunostaining was performed in TBS-T with 5% skim milk and
0.3% Triton X-100 with mouse anti-B-III tubulin (Millipore; 1:10 000) primary antibody and anti-
mouse secondary antibody conjugated to Alexa Fluor 488 (ThermoFisher; 1:5000). Cultures were
imaged at 5x magnification using a Zeiss Axioscope2 inverted epifluorescence microscope with an
automated, motorized stage. Images were stitched automatically with Zen 2 software from Zeiss to
produce a master image of all explants on the entire 6-well plate. From this master image, quarter-

DRG fields were cropped using NIH ImageJ (FIJI build) to create an image set for quantification.

2.3.3 Axoquant 2.0 workflow
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Quarter-field images of DRG explants were cropped and saved (indicated by a dashed-square “v” in
Figure 2.1 A; example regions disqualified for analysis because of interference from
neighbouring DRG explants are indicated by a red checkmark “X”). As many DRG explants as
possible per embryo were plated to reduce variability among embryos during analysis, and a
minimum of three embryos per treatment were utilized in order to move forward with statistical
analyses of effect sizes. Prior to analysis, images of DRG quarter-fields were organized in subfolders
(one subfolder per well) named by embryo ID number, treatment name and repetition number within
a single parent (experiment) folder (Figure 2.1 B). The R script was directed towards the parent
experiment folder by changing the directory path in line 2 of the code designated
“experiment.folder,” and the code was executed through to the end of the script. As images are
processed, the R Studio console displays an ascending image count to indicate progress. When finished
with analysis, Axoquant 2.0 automatically exports a *.csv data file to the parent folder that can be
opened in spreadsheet and in statistical analysis software (Prism 6, GraphPad).

R can be freely downloaded and installed from the R Project for Statistical Computing

(https://www.r-project.org/). Additionally, users will download R Studio, a graphical interface for

editing and running R packages freely available for download at https://www.rstudio.com. The

Axoquant 2.0 script can be downloaded at https://github.com/BarkerLabUBC/Axoquant2.0 and

opened in R Studio.

2.3.4 Ca** chelation

After 60h of growth in NGF, cultures were either maintained in NGF or were deprived of NGF and
exposed to anti-NGF antibody (2.8 pg/ml) in the presence of EDTA 6 mM (Sigma-Aldrich) for either
the entire 24-hour duration of NGF withdrawal or for the final 12 hours before fixation with

paraformaldehyde 4% in PBS and imaged.
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2.4 Results

2.4.1 Axoquant 2.0 automated image processing workflow

The R script automatically detects the location of the neuronal cell bodies in quarter-field images
(indicated in Figure 2.1 A; folders are crawled in the organization shown in B) by detecting the most
brightly stained corner, and each image is rotated to place the ganglion at the image origin to create a
consistently organized image set (Figure 2.2 A with auto-rotated example shown in B). A binary
threshold is applied to each image; the default threshold is set at the mean pixel intensity of a given
image plus the standard deviation of pixel intensity to create a mask of stained axons (Figure 2.2 C).
This threshold value delineates well-stained axons from the substrate, but can be manually changed by
users who wish to apply a higher or lower threshold to accommodate suboptimal stains. The density
of binary-masked axons is then measured in bins (with a user-adjustable default of 50 pixels per bin)
radiating outwards from the ganglia centre (Figure 2.2 D). Axoquant 2.0 automatically creates and
saves a master comma separated file (*.csv) for import into spreadsheet software in the parent folder
containing the experiment images. This data file contains individual measurements for each DRG, but
also the mean of all DRGs within the same well, which is utilized for statistical analysis to compare
treatment effects (Figure 2.2 E). The axon density profile can be plotted as a function of distance from
the soma in ganglia, and clearly reveals a rapid loss in density with distance, highlighting the
imprudence of randomly sampling axons at multiple distances (example individual embryo means

shown in Figure 2.2 E, with treatment means and standard error shown in F).

2.4.2 Proof of principal: Ca" chelation rescues axons from degeneration
To validate Axoquant 2.0 in an experimental setting, DRG cultures were either maintained in NGF
(Figure 2.3 A 1), deprived of NGF for 24 hours (i1), deprived of NGF in the presence of EDTA for the

entire duration of the withdrawal phase (ii1), or with EDTA only for the final 12 hours of NGF
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withdrawal (iv). NGF deprivation for 24 hours induced robust axonal loss that was partially rescued
by incubation with EDTA for the entire deprivation period of 24 hours, but essentially completely
protected when EDTA was added for the final 12 hours of the withdrawal period (Figure 2.3 B; axon
density curves generated by Axoquant 2.0 shown in Figure 2.3 C). A one factor ANOVA performed
on the axon density reported at the bin at 500 um from soma indicated a significant effect of treatment,
F (3,32)=42.13,P <0.0001, n =9 embryos from 3 experiments). Tukey’s post hoc pairwise contrasts
revealed significant reduction in axonal density upon NGF deprivation compared to healthy, NGF-
supplied control (p < 0.0001), while inclusion of EDTA either for the entire 24 hour NGF deprivation
period or for the final 12 hours significantly rescued axon density (ps <0.0001). EDTA added only for
the final 12 hours rescued axonal density significantly above the rescue by EDTA applied for 24 hours
(p < 0.01) indicating that long-term disruption of pro-survival roles of Ca?>" by EDTA counteracts
protective effects over time. The robust protection by EDTA added only after 12 hours of deprivation
indicates that the pro-degenerative role of calcium does not occur during the early hours of NGF

deprivation and represents a late-phase event.
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2.5 Discussion

In DRG cultures, axonal density decreases as distance from the cell bodies in the ganglia increases and
variations in the culture substrate can alter axon density within and between DRG and from experiment
to experiment. Objective, automated quantification of neurodegeneration is essential in the DRG
system to test the effect of gene knockouts and chemical treatments on axon loss. Axoquant 2.0
accommodates the distinctive radial growth pattern of DRG axons to collect data at all distances from
the neuron bodies, providing a global view of axon integrity, and negating the variability introduced
by randomly sampling fields over regions that are intrinsically more or less dense as a function of
outgrowth distance.

Users image the entire growth surface of 6-well plate, and organize cropped images of quarter-
fields of DRG explants by embryo and treatment (Figure 2.1). When directed towards the parent
experiment folder, the R script automatically detects the ganglia and re-orients the image if necessary
(Figure 2.2 A and B). A binary threshold mask of axons is generated by an automatic threshold value
(mean pixel intensity plus one standard deviation is default, Figure 2.2 C). The area occupied by axons
is measured in bins with increasing distance from cell bodies, D). Axoquant 2.0 auto-saves a comma
separated file (*.csv) containing individual image measurements and embryo mean values, which can
be opened by spreadsheet or statistical software (plotted in Figure 2.2 E and F).

Pathological Ca** stress is emerging as a key factor in diverse neurodegenerative disease states
(34,36,37,39,132), but studies from more than 20 years ago examined the role of Ca** in the death of
NGF-dependent neurons and concluded that Ca®>" does not play a significant role in degenerative
signaling with these cells (45,46,133), prompting us to revisit this issue in DRG. Intriguingly, Figure
1.3 shows that the Ca®" chelator ethylenediaminetetraacetic acid (EDTA) rescues axons from

degeneration. DRG cultures were either maintained in NGF (Figure 1.3 A 1), deprived of NGF for 24
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hours (ii), deprived of NGF in the presence of EDTA for the entire duration of the withdrawal phase
(ii1), or with EDTA only for the final 12 hours of NGF withdrawal (iv). NGF deprivation for 24 hours
induced axonal degeneration that was partially rescued by EDTA during the deprivation period of 24
hours, but more strongly protected when EDTA was added for only the final 12 hours of the withdrawal
period (Figure 2.3 B; quantified by Axoquant 2.0 in Figure 2.3 C).

Early studies that failed to report Ca*"-dependent death of trophic factor-deprived sensory
neurons utilized cultures maintained for up to 12 days (133,134). However, work published more
recently has shown that sensitivity to NGF deprivation is reduced as embryonic cultures age beyond
2-3 days, and established that sensitivity is reduced in DRGs from older embryos (25). Thus, the
protective effect of Ca®" chelation that we observed, versus the lack of effect in earlier studies, likely
reflects sensitivity of the bioassays employed. Our study has revealed that Ca*" chelation provides
clear and robust protection of the tubulin cytoskeleton during the late phase of NGF withdrawal. This
provides validation of Axoquant 2.0 as a useful analytical tool and indicates that Ca*" fluxes play a

crucial role in developmental degeneration.
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Figure 2.1. Axoquant 2.0 quantifies neurite degeneration from quarter-field images of DRG
explants.

To quantify neurodegeneration using Axoquant 2.0, DRG explants are dissected from E13.5 mouse
embryos and seeded on 6-well plates (two wells shown in A; NGF (top) & anti-NGF 24h (bottom),
scale bar=1 mm for 5x images and 10 um for 40x images). To quantify the degree of degeneration
following a phase of NGF withdrawal and to assess the effect of pharmacological or genetic
manipulations on its progression, the entire culture is imaged (after fixation and tubulin cytoskeletal

immunostaining) by tile-scanning on a motorized microscope stage and automated stitching, and
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quarter-fields are cropped and saved according to embryo and treatment (A; fields containing axons
from only a single DRG are chosen, indicated by dotted box and green checkmark). The user directs
Axoquant 2.0 to the experimental parent folder, where subfolders organized by treatment and embryo

are crawled and quantified automatically (B).
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Figure 2.2. Axoquant 2.0 image processing workflow.

The R script automatically crawls folders and opens each quarter-field image (A; scale bar indicates 1
mm) and if necessary, auto-orients the explant centre to the origin (B). Images are converted to binary
masks with adaptive thresholding (C), and the area of the substrate occupied by axons is measured in
bins radiating from the explant centre (stylized in D). Axoquant 2.0 automatically saves a comma
separated file (*.csv) to the experiment parent folder for import into graphing and statistical analysis
software. For illustration, example axon density curves are shown as embryo means (E) and treatment

means with standard error, n = 8 embryos (F; indicated are mean and SEM).
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Figure 2.3. Axon degeneration following NGF withdrawal is rescued by calcium chelator EDTA.
Experimental design (A); explant ganglia were cultured in NGF and then either maintained in NGF
(i), deprived of NGF (ii) or deprived of NGF in the presence of EDTA 6 mM added at time of
deprivation (iii) or only for the final 12 hours (iv). Cultures were fixed and immunostained with
antibody against B-1II tubulin, imaged at 5x and stitched; scale bar indicates 500 um. EDTA present
during the late phase of NGF withdrawal robustly rescued axons from degeneration. Plotted in C are
mean embryo values and SEM reflecting the proportion of the culture substrate occupied by tubulin-
stained axons as a function of distance from the soma and presented as boxplot are median, 25 & 75

percentile and min & max of all embryos per condition at a single bin including 500 pm from soma in
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D. p<0.0001, one-way ANOVA with Tukey post-hoc multiple comparison. n=9 embryos per condition

pooled from 3 independent litters performed in biological triplicate).
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Chapter 3. Developmental neurodegeneration requires axoplasmic
Ca’"influx via TrpV1

3.1 Abstract

Ca?" toxicity is associated with progressive neurodegenerative disease states (35,38,41,135) as well as
promoting degeneration after acute neuronal injury (43,136), but reports made over 20 years ago
concluded that DRG sensory neurons deprived of NGF do not require Ca®" entry for the degeneration
program (44,46,134). We revisited this and found that axons exhibit robust Ca** influx revealed by
live and end-point Ca®" imaging with fluo-4 and within GCAMP6f-expressing neurons. Cation
chelation by EDTA rescued axons from degeneration, indicating that the observed Ca?" influx was
required for degeneration, while axons degenerated normally during Na® channel inhibition. We
identified pharmacological TrpV1 inhibitor capsazepine as an inhibitor of cytoskeletal degeneration in
a screen of pharmacological Ca*" channel inhibitors, and found capsazepine inhibits Ca** influx in
NGF deprived axons. In cultures of DRG neurons derived from TrpV1-knockout embryos, axonal
degeneration is impaired compared to wild-type axons isolated from littermates. Taken together, these

results support of a model of TrpV1-dependent Ca®" influx underlying developmental degeneration.
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3.2 Introduction to Chapter 3

A series of studies performed more than 20 years ago concluded that Ca?* influx is not a feature of
developmental degeneration of sensory neurons, and argued that apoptotic death of these neurons is
actually accompanied by a decrease in intracellular Ca®" (46,133,137). However, it has become
increasingly clear that elevated Ca®" and resulting activation of destructive proteases and
mitochondrial stress is a hallmark of progressive neurodegenerative diseases and in mechanical or
hypoxic injury-induced axonal degeneration (38,41-43,132,138-140). This disparity prompted us to
revisit the role of Ca** in developmental degeneration.

Rodent and in vitro studies have raised the prospect that Ca®" influx via TrpV1, a cation
channel widely expressed in neurons and neuroimmune cells in the CNS and PNS, and in a vast array
of cell types in every organ outside the nervous system, underlies the pathogenesis of Alzheimer’s and
Parkinson’s diseases, ALS, stroke and axotomy, as well as in normal physiological maintenance of
memory and learning systems (70,97,104,119-121,125,128,141-143). However, results of these
studies are difficult to reconcile into a single model for TrpV1 involvement in degeneration and it
uncertain whether it plays neuroprotective or neurodegenerative role. For example, TrpV1 genetic
knockout rescued RGC sensory axons in an in vitro model of glaucoma, but subsequent work from the
same group demonstrated that systemic loss of TrpV 1 actually accelerates optic nerve degeneration in
an in vivo rodent model of glaucoma, suggesting a divergence in the role of TrpV1 in neuroprotection
via neuron autonomous and non-autonomous mechanisms (124,125). Other studies have utilized
experimental approaches using TrpV1 agonist capsaicin and a series of pharmacological TrpV1
antagonists to implicate the channel in physiological and disease states, but interpretation of these
results is complicated by the fact that TrpV1 activation leads to desensitization and removal from

membrane, so downstream effects may be due either to an increase or a decrease in active TrpV1 in
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neurons or other cell types (106,110,116,123). It is clear that TrpV1 activation by exogenous activator
capsaicin induces degeneration of sensory nerve endings but whether degeneration is mediated TrpV'1
in physiological settings is unknown (108,114,115).

In this chapter, we re-examined the role of Ca*" in developmental neurodegeneration of sensory
neurons, and found that axoplasmic free Ca®" rapidly increases prior to degeneration, and this influx
is required for cytoskeletal fragmentation. A screen of Ca®* channel inhibitors identified TrpV1 as a
candidate mediator of NGF deprivation-induced Ca?* influx, and the physiological important of rescue
of axonal cytoskeletal integrity was confirmed by genetic knockout. The placement of TrpV1 within
the degenerative signaling pathway downstream of NGF deprivation raises the prospect of TrpV1 as a

therapeutic target in neurodegeneration.
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3.3 Materials and methods

3.3.1 Dissection, culturing and NGF deprivation of DRG explants
DRG cultures were prepared as described in section 2.3.1. In cytoskeletal degeneration assays, DRG
were seeded on plastic 6-well culture plates (Greiner bio-one). For endpoint and time-course Ca**

imaging, DRG were seeded on 4-well glass-bottom imaging dishes (CellVis).

3.3.2 Fixation, cytoskeletal immunostaining and imaging

Cultures were processed as described in section 2.3.2.

3.3.3 Pharmacological Ca?* and Na* channel inhibition

All pharmacological channel inhibitors (nifedipine, ZD7288, capsazepine, ruthenium red, suramin,
SKF96365 and tetrodotoxin, Tocris) were prepared in DMSO and delivered to cultures at 10 uM with
DMSO not exceeding 0.1%. All inhibitors were added at time of NGF deprivation for the full 24 hour

withdrawal period.

3.3.4 Generation of mixed-genotype +/-TrpV1 DRG cultures for cytoskeletal degeneration
analysis

TrpV17- C57BL6 mice carrying the TrpV 1™ (targeted mutation 1, David Julius) knockout allele in
homozygosity were obtained from Jackson Laboratories and crossed with wild-type C57BL6 mice to

generate TrpV 17

animals, and these heterozygotes were bred in timed pregnancies to produce mixed-
genotype litters of wild-type, TrpV1-/+ and TrpV1-/- E13.5 embryos. Embryos were dissected,

cultured and NGF-deprived for 24 hours as described in section 2.3.1 and processed as in 2.3.2.
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3.3.5 End-point Ca?*" imaging with Fluo-4

30 minutes prior to imaging, cultures were incubated with 5 uM fluo-4 (Invitrogen) in
dimethylsulphoxide (DMSO, Sigma, final concentration in media did not exceed 0.1%) for 15 minutes
at 37 C and then allowed to equilibrate in fresh, room-temperature HBSS (Wisent) supplemented with
2 mM CaCl, for another 15 minutes. Imaging was performed in fresh HBSS with 2 mM CaCl, with a
Leica DMi8 confocal microscope and LAS X software with a 488 nm laser in 0.3 micrometer z-
increments with 63x objective to capture at least two fields of axons per ganglia. Background was
corrected from images of sum-z-stacks by averaging the mean pixel intensities within four background
regions and subtracting this value from each pixel in the image using ImageJ (FIJI build, NIH). The
2D area occupied by axons in each image was then measured using a binary mask of all axons, and the
mean pixel intensity value for each image was divided by the area occupied by axons to provide a
measure of fluo-4 fluorescence intensity per unit axon area. Field images of DRGs from the same
embryo were averaged to produce the embryo mean value. In each experiment, measurements were
standardized to the NGF control value of 1.0 and the size of the treatment values expressed as fold-

change from NGF control.

3.3.6 Live Ca*" imaging with GCaMP6f

At time of seeding, DRG cultures were infected with HSV-hEF1-GCaMP6f (Massachusetts Institute
of Technology Viral Core Facility) followed by 24 hours to allow for neurite growth and GCaMP6f
expression. Images of NGF-supplied or deprived axons were acquired at a rate of one every 10 minutes
on a Zeiss ObserverZ.1 inverted epifluorescence microscope. Multiple saved field positions were
imaged with an automated stage and atmosphere-controlled incubation chamber (Pecon) controlled by
ZEN2 software, and 40x objective using a 470 nm Colibri LED light source (Zeiss). Axons were

cropped from these movies and background was corrected on each frame using ImageJ (FIJI build,

51



NIH) by averaging two background regions immediately adjacent to either side of the axon and
subtracting this value from each pixel of the uncorrected frame. To standardize fluorescence intensity
to the time of morphological degeneration, the frame where axon collapse accompanied by spheroid
membrane blebbing was observed was considered time = 0, and time-course values were then
standardized to the corrected intensity value of the frame acquired 180 minutes prior and expressed as

fold-change from 1.0.
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3.4. Results

3.4.1 Axoplasmic Ca?' increases upon NGF deprivation

To determine whether NGF deprivation induces axoplasmic Ca" influx, DRG neurons were grown in
NGF and then either maintained in NGF or deprived of NGF for 15 hours, then loaded with the Ca**
sensor fluo-4 and imaged by confocal microscopy. NGF withdrawal induced a significant increase in
fluo-4 signal in axons (p < 0.0001, two-tailed t-test, n=16 embryos in each condition pooled from
independent experiments, Figure 3.1 B).

To understand the kinetics of the Ca*" increase relative to the timing of membrane blebbing and
degeneration, axons were infected with herpes simplex virus (HSV) harbouring the genetically-
encoded Ca®* sensor GCaMP6f and live imaged during NGF deprivation to record the timing and rate
of Ca®" rise before the catastrophic degenerative event (Figure 3.1 C). Axons in culture degenerate
asynchronously beginning ~15 hours of NGF deprivation and degeneration of the culture is essentially
complete by 40 hours, so to examine the rate of Ca?" influx, movies were standardized to the frame in
which axons were observed to collapse between membrane blebs. Dunnett’s post hoc comparison of
fluorescence intensity between each time point versus the fluorescence intensity 180 minutes before
degeneration indicated significant increase only within the final 40 minutes before degeneration (p <
0.0001, Figure 3.1 D), indicating that Ca** influx occurs proximal to time of gross morphological

change (E).

3.4.2 Ca** chelation by EDTA is only necessary during the late phase of NGF deprivation to
rescue axons from degeneration

Since NGF deprivation induced a significant axoplasmic Ca?" influx prior to the time of membrane
blebbing (Figure 3.1), we hypothesized that this influx is necessary for the degenerative disassembly

of the tubulin cytoskeleton that occurs as a consequence of NGF withdrawal (Figure 3.2). Figure 3.2
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A shows representative images of cultures of DRG neurons grown in NGF and then either maintained
in NGF (i) deprived of NGF (ii) or deprived of NGF in the presence of EDTA added at the beginning
of the deprivation phase (EDTA 24h, (iii)), or only for the final 12 (iv), 9 (v), 6 (vi) or 3 (vii) hours
post-deprivation). The experiment was terminated by fixation at 24h post-deprivation and processed
for immunofluorescence microscopy with anti-B-III tubulin antibody (A). Axon density vs distance
was quantified using Axoquant 2.0 in Figure 3.2 B (two factor ANOVA, F(525, 4408)=47.79, P <
0.0001). Axons were rescued from degeneration when EDTA was added for the full 24 hours of NGF
withdrawal, or added for the final 12, 9 or 6 hours of deprivation (all ps < 0.0001, Tukey’s post hoc
multiple comparison following one factor ANOVA comparing axonal density at 500 pm from soma,
F (6,56)=166.8, p <0.0001, n=9 embryos from 3 litters). Axon density was not significantly rescued
by EDTA added during the final 3 hours of NGF deprivation, a window during which massive axon

degeneration was already underway (P > 0.05).

3.4.3 Ca*' channel inhibitors rescue axons from developmental degeneration in vitro

Since Ca?" chelation rescued axons from degeneration (Figure 3.2), we asked whether pharmacological
inhibition of Ca** channels prevents loss of cytoskeletal integrity (Figure 3.3). DRG cultures were
grown in NGF and then either maintained in NGF, deprived of NGF, or deprived of NGF in the
presence of nifedipine (L-type voltage-gated Ca®" channels), ZD7288 (HCN), capsazepine (TrpV1),
ruthenium red (broad Trp, broad RyR), suramin (P2X) or SKF96365 (TrpC). After 24 hours of
treatment, samples were fixed and processed for tubulin immunofluorescence microscopy using anti-
B-IIT tubulin primary antibody and imaged (Figure 3.3 A, quantified in Figure 3.3 B). One-way
ANOVA performed at 500 um from soma revealed a significant effect of treatment, F (7, 63) = 19.76
(p <0.0001, n=9 embryos). A post hoc Dunnett’s analysis comparing each treatment to the anti-NGF

control indicated significant protection of axon density by capsazepine, ruthenium red (ps < 0.001),
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nifedipine as well as ZD7288 (ps < 0.0001), demonstrating that the pro-degenerative Ca** influx is

channel-dependent. Suramin or SKF96365 did not significantly rescue axons (ps > 0.05).

3.4.4 Developmental degeneration is not activity dependent

To determine whether voltage-gated Na* channels contribute to axonal degeneration following NGF
withdrawal, DRG neurons were cultured in NGF and then either maintained in NGF or changed to
NGF deprivation media, in the presence or absence of tetrodotoxin (TTX) for 24 hours before fixation
and immunostaining for fluorescence microscopy using anti-B-III tubulin primary antibody and
quantified (axon density at 500 um from soma shown in Figure 3.4). A two factor ANOVA revealed
no significant interaction between TTX and NGF dose, F (1, 32) = 0.1363 (p=0.7144, n=9 embryos
each condition from 3 experiments), supporting specificity of Ca?* channel activity required for

developmental degeneration in vitro.

3.4.5 TrpV1 antagonist capsazepine rescues axons from Ca" influx following NGF deprivation

While several of the Ca** channel inhibitors conferred neuroprotection (capsazepine, nifedipine,
ZD7288 and ruthenium red, Figure 3.3), we chose to delve into the role of TrpV1 and its inhibitor
capsazepine due to recent reports implicating TrpV1 in degeneration in other model systems (see
section 1.6.4 for review) and the amenability of TrpV 1 to genetic experimental approaches not offered
by the other positive hits in our screen (L-type Ca?" channels and HCN channels belong to families
with overlapping function). We investigated whether NGF deprivation-induced Ca®" entry into axons
is blocked by TrpV 1 inhibition (A). Following growth in NGF, cultures were either maintained in NGF
or deprived of NGF in the presence or absence of capsazepine for 15 hours before loading with Ca?*
indicator fluo-4 and imaged (representative images shown in Figure 3.5 B). NGF deprivation induced

the formation of membrane spheroids characteristic of degenerating axons (B, top panel). Capsazepine
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significantly rescued axons from Ca?" influx compared to axons subjected to NGF deprivation alone
(quantified in panel C, p < 0.001, Tukey’s post-hoc test following two factor ANOVA, F (1, 24) =
13.52, p < 0.01, n=7 embryos from 4 experiments). NGF-deprived axons treated with capsazepine

were not significantly different from healthy axons continuously provided with NGF (p > 0.05).

3.4.6 TrpV1 antagonist capsazepine rescues axonal cytoskeletal integrity during developmental
degeneration in vitro

Cultures of embryonic DRG neurons were grown in NGF and then either maintained in NGF, changed
to NGF-deprivation media, or changed to NGF-deprivation media containing the TrpV1 antagonist
capsazepine to assess the role of TrpV1 in cytoskeletal degeneration (Figure 3.5). After 24 hours of
treatment, cultures were fixed and processed for immunofluorescence microscopy with anti-B-II1
tubulin primary antibody (representative images are presented in Figure 3.5 D). A post hoc Dunnett’s
multiple comparison between NGF deprived samples and NGF deprived samples treated with
capsazepine indicated a significant rescue of axonal density by TrpV1 inhibition during NGF
withdrawal (p <0.0001, Figure 3.5 E; one factor ANOVA, F(2, 35)=34.28, p <0.0001, n=12 embryos
from 3 experiments).

3.47 Genetic TrpV1l knockout rescues axonal tubulin cytoskeletal integrity during
developmental degeneration in vitro

To assess the role of TrpV 1 in developmental degeneration in vitro, DRG neurons were cultured from
mixed-genotype litters of wild-type, heterozygous and null TrpV1 embryos and cultured in NGF, and
then either maintained in NGF or changed to deprivation media (with anti-NGF antibody) for 24h
followed by fixation and cytoskeletal immunostaining with anti-B-III tubulin primary antibody (Figure
3.6 B). Tukey’s post hoc pairwise comparison performed on axonal density 500 pum from soma

reported a significant difference between wild-type axons grown in NGF and wild-type axons deprived
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of NGF (p < 0.001), but no significant difference in density between TrpV 1-null axons provided with
NGF versus deprived null axons (p > 0.05). Wild-type, NGF-deprived axons were significantly less
dense than TrpV1-null axons deprived of NGF, indicating a pro-degenerative role for TrpV1 during
developmental degeneration (Figure 3.6 C; two factor ANOVA, F (2, 58)=4.69, p <0.05, n= 10 wild-

type, 10 heterozygotes and 12 null embryos pooled from 4 independent litters).
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3.5 Discussion

Recent reports have highlighted the essential role of acute Ca®" influx in the axotomy-induced
degeneration of DRG axons, and chronically elevated Ca®* has a clearly established role in toxic stress
underlying neurodegenerative disease (40,43,46,132,136,137,144—146). However, evidence for a role
of Ca?" in developmental degeneration has been contradictory or indirect. An early study reported that
there is no increase in intracellular Ca>" in apoptotic DRG neurons deprived of NGF (133). Another
study from the same group reported rescue of NGF-deprived DRG neurons in vitro by
diphenylpiperazine Ca** channel inhibitors, but the authors explicitly concluded that these compounds
rescued by an unknown mechanism other than inhibition of Ca*" entry, since Ca** imaging performed
on the cultures found that neurons committed to die 24 hours after NGF withdrawal exhibited a decline
in intracellular Ca** before apoptotic membrane alterations and degeneration, and the compounds did
not alter the profile of intracellular Ca®" flux over time versus NGF deprivation alone (137). Indirect
evidence for a role for Ca>" in developmental degeneration was raised by the finding that loss of
calpastatin, an endogenous inhibitor of Ca**-activated proteases, calpains, promotes degeneration
(147).

We addressed the lack of clarity by Ca®" imaging in NGF-deprived axons loaded with the dark-
to-light Ca®" sensing dye fluo-4 (Figure 3.1). NGF withdrawal from DRG cultures plated on glass
imaging dishes for 15 hours displayed spheroid membrane protrusions, or blebs, characteristic of
apoptosis-associated decoupling of membrane from underlying cytoskeletal structural support,
accompanied by elevated axoplasmic free Ca®" concentration compared to controls continuously
provided with NGF (Figure 3.1 A, quantified in B). The influx of axoplasmic Ca** occurred proximal
to the time of frank degeneration axons and appearance of membrane blebs and collapse of the axon

(Figure 3.1 C and D), suggesting an acute role for Ca®" in cytoskeletal disassembly following a lag
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phase from the initiation of NGF deprivation (Figure 3.1 E). The lag phase prior to rapid Ca>" influx
is reminiscent of the kinetics of axotomy-induced degeneration, in which there is a lag of several hours
between the injury event and the terminal Ca** influx; molecular and signaling events that correlate
with the lag phase are not yet understood (43).

To test whether this late Ca®" influx event was causative of cytoskeletal fragmentation and
axonal degeneration, DRG cultures were deprived of NGF for 24 hours, and free Ca*>* was sequestered
from biological functions by the addition of EDTA into the culture media (Figure 3.2). EDTA was
added either at the time of deprivation, or only for the final 12, 9, 6 or 3 hours of the death stimulus
period in order to test the importance of Ca*" during early and late phases of NGF withdrawal.
Consistent with a late role for Ca** influx in degeneration, removal of free Ca®>" from the system only
for the final 12, 9 or 6 hours significantly rescued axonal density (axon density as a function of distance
form soma shown in Figure 3.2 B; axonal density within the bin surrounding 500 pum from soma is
presented in C). The axon rescue effect of EDTA was lost when added only for the final 3 hours of the
24-hour NGF deprivation period, before which widespread axonal degeneration has already begun.

Since axonal degeneration was preceded by Ca*" influx (Figure 3.1) and Ca** influx was found
necessary for cytoskeletal degeneration (Figure 3.2), we hypothesized that Ca®" channels are activated
in response to NGF deprivation signaling. To test this, we applied a panel of Ca** channel inhibitors
with diverse targets to DRG cultures and compared axonal density following 24 hours of NGF
deprivation (Figure 3.3). We found a significant protective effect on the tubulin cytoskeleton by TrpV1
inhibitor capsazepine, L-type Ca®" channel inhibitor nifedipine, hyperpolarization-activated, cyclic
nucleotide-gated (HCN) channel inhibitor ZD7288, and broad Trp channel and ryanodine receptor
inhibitor ruthenium red (representative images shown in Figure 3.3 A and quantification of axonal

density at 500 um from soma is shown in B). Suramin, a p2x-receptor inhibitor, and TrpC inhibitor
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SKF96365 were ineffective (B). Inhibition of Na" action potentials by TTX also failed to rescue axons,
supporting a specific role for Ca?" influx in promoting degeneration (Figure 3.4). Since nifedipine,
ZD7288 and ruthenium red inhibit large families of structurally related proteins, we chose to
investigate further the role of capsazepine target TrpV'1 because it is amenable to genetic experimental
approaches and due to sporadic reports of its role in animal models of neurodegenerative disease
(70,118,119,141). Intriguingly, there is evidence elsewhere for interplay between TrpV1 and
nifedipine-targeted Ca>" channels, as capsaicin-induced degeneration of cultured cortical neurons was
rescued by both capsazepine and nifedipine, suggesting that voltage-gated Ca®" channels are activated
downstream of TrpV 1-mediated Ca®" influx in these cells (141).

Since TrpV1 inhibitor capsazepine rescued axons from cytoskeletal degeneration (Figure 3.5
D and E), we hypothesized that it does so by blocking Ca?* influx induced by NGF withdrawal (Figure
3.5 B and C). 15 hours of NGF deprivation from DRG explants cultured on glass-bottom imaging
dishes showed membrane bleb formation characteristic of degeneration and enriched axoplasmic Ca*"
as determined by fluo-4, but inclusion of capsazepine during deprivation significantly blocked Ca®"
influx and protected against the appearance of membrane blebbing (Figure 3.5 B; quantified in C).
Axonal swellings were observed on some axons in capsazepine-treated samples (B, bottom right
panel), suggesting either that TrpV1 activity is required for maintenance of normal axon morphology
or that parallel non-TrpV1-mediated pathways are at least partially intact.

We then hypothesized that genetic TrpV1 knockout is neuroprotective during NGF deprivation
(Figure 3.6 A). To test this, litters of mixed-genotype TrpV1 embryos were generated by heterozygote
parent crosses and DRGs were isolated, cultured and either maintained in NGF or deprived for 24

hours (Figure 3.6 B). While NGF deprivation resulted in significant loss of axonal density in wild-type
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axons, TrpV1 knockout axons were significantly more dense after the withdrawal period than were
wild-type axons (Figure 3.6 C).

Taken together, these results indicate that NGF-deprivation induced degeneration of embryonic
sensory neurons induces a rapid, late Ca>" influx via TrpV1 required for cytoskeletal fragmentation
within axons. The molecular signaling and regulatory mechanisms by which NGF deprivation is

transduced to activate TrpV1 are explored by experiments in chapter 4.
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3.6 Figures and figure legends
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Figure 3.1. NGF deprivation induces an increase in axoplasmic free Ca*",
DRG neurons were grown in NGF and then either maintained in NGF or deprived of NGF for 15 hours,
then loaded with the fluorescent Ca** sensor dye fluo-4 and imaged by confocal microscopy (A; scale

bar indicates 10 um). NGF withdrawal induced a significant increase in fluo-4 intensity in axons
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indicated by a two-tailed t-test versus standardized NGF-provided controls (p <0.0001, n=16 embryos
in each condition pooled from independent experiments, B). Ca®" influx occurs proximal to time of
membrane blebbing and axon collapse in axons expressing the genetically-encoded Ca?" sensor
GCaMPo6f (C; scale bar indicates 10 um). Movies generated by live-imaging were standardized to the
frame in which axons were observed to bleb and collapse (a one factor ANOVA found a significant
effect of time prior to degeneration on fluo-4 intensity, F (9, 54) = 13.95, P = 0.0001). Dunnett’s post
hoc multiple comparisons between fluorescence intensity at each time point and intensity 180 minutes
before degeneration indicated significant increase only by the final 40 minutes before degeneration (p
<0.0001, D; indicated are mean and SEM). Axons within cultures degenerate asynchronously after a
lag phase of between ~15 and 40 hours followed by rapid Ca** influx (E). Box plots indicate median,

25%, 75% percentile, and min/max.
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Figure 3.2. Ca?" influx is required for developmental degeneration in vitro but not during the
early phase of NGF withdrawal.

Neurons grown in NGF and then either maintained in NGF (i) or deprived of NGF (ii) in the presence
of EDTA added at the beginning of the deprivation phase (EDTA 24h, (iii)), or only for the final 12
(iv), 9 (v), 6 (vi) or 3 (vii) hours post-deprivation (A; scale bar indicates 1 mm). Axon density curves
reported by Axoquant 2.0 are shown in B. A one factor ANOVA comparing axonal density at 500 pm
from soma (indicated as dotted line in B; indicated are mean and SEM) revealed significant treatment

effect F (6, 56) = 166.8, p <0.0001 (n =9 embryos from 3 experiments, quantified in Figure 3.2 C).
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Tukey’s post hoc multiple comparisons indicated a significant rescue of axonal cytoskeleton integrity
by EDTA when added at the time of NGF deprivation, or added for the final 12, 9 or 6 hours of
deprivation (p < 0.0001 at each timepoint), but not when added for the final 3 hours (p > 0.05)
supporting the hypothesis that Ca’*" plays a pro-degenerative role proximal to the timing of

degeneration. Boxplots indicate median, 25%, 75% percentile, and min/max.
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Figure 3.3. Pharmacological inhibition of Ca?* channel proteins rescues axons from
degeneration.

DRG cultures grown in NGF and then either maintained in NGF, deprived of NGF, or deprived of
NGF in the presence of nifedipine (inhibitor of L-type voltage-gated calcium channels), ZD7288
(HCN), capsazepine (TrpV1), ruthenium red (broad Trp, broad RyR), suramin (P2X) or SKF96365
(TrpC) to examine the role of diverse Ca>" channels in developmental degeneration (scale bar indicates

1 mm). After 24 hours of treatment, samples were fixed and processed for tubulin immunofluorescence
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microscopy and imaged (A; quantified in B). One factor ANOVA performed 500 um from soma
revealed a significant treatment effect F (7, 63) = 19.76, p <0.0001, n=9 embryos each treatment from
3 experiments. A post hoc Dunnett’s analysis comparing each treatment to the anti-NGF control
indicated significant neuroprotection by capsazepine and ruthenium red (ps < 0.001), nifedipine and
ZD7288 (ps < 0.0001,) demonstrating that the pro-degenerative Ca®" influx is channel-dependent.
Suramin or SKF96365 did not significantly rescue axons (ps > 0.05). Boxplots indicate median, 25%,

75% percentile, and min/max.
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Figure 3.4. Voltage-gated sodium channels are not required for developmental degeneration.

DRG neurons were cultured in NGF and then either maintained in NGF or changed to NGF deprivation
media in the presence or absence of sodium channel inhibitor tetrodotoxin (TTX) for 24 hours before
fixing and immunostaining for fluorescence microscopy. A two factor ANOV A revealed no significant
interaction between TTX and NGF-state, F (1, 32) = 0.1363, P= 0.7144 with n = 9 embryos each
condition from 3 experiments, indicating that while Ca®" channel activity is required for developmental

degeneration in vitro, voltage-gated Na" channel activation is dispensable for the effect.
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Figure 3.5 Pharmacological TrpV1 inhibition by capsazepine rescues axons from Ca?* influx
and cytoskeletal degeneration.
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Pharmacological inhibitor capsazepine was used to investigate the role of TrpV1 in degeneration (A).
Axons deprived of NGF for 15 hours displayed membrane spheroid formation and significantly
elevated free Ca®" determined by imaging with Fluo-4 (representative micrographs shown in B with
scale bar indicating 10 pm). Treatment with TrpV1 inhibitor capsazepine during NGF deprivation
significantly blocked Ca®" influx versus deprivation alone (panel C; p < 0.001, Tukey post-hoc
analysis, n=7 embryos). NGF-deprived axons treated with capsazepine were not significantly different
from healthy axons continuously provided with NGF (p > 0.05). TrpV1 inhibition rescues axons from
cytoskeletal disassembly (D and E). Samples were fixed after 24 hours of treatment and processed for
immunofluorescence microscopy with anti-f tubulin III primary antibody (representative images are
presented in D; scale bar indicates 1 mm). Following a one-factor ANOVA, a post hoc Dunnett’s
multiple comparison between NGF deprived samples and NGF deprived samples treated with
capsazepine indicates a significant rescue of axonal density by TrpV1 inhibition (panel E, p <0.0001,

n=12 embryos). Boxplots indicate median, 25%, 75% percentile, and min/max.
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Figure 3.6. TrpV1-null axons are rescued from degeneration.

Mixed-genotype litters of TrpV 1 knockout mice were used to assess the role of TrpV'1 in degeneration
(A). Cultures were either maintained in NGF or changed to deprivation media (containing anti-NGF)
for 24h (B) and quantified (axon density reported at 500 pm from soma shown in C). TrpV 1-null axons
were significantly more dense than wild-type after 24 hours of NGF withdrawal (p < 0.05, Tukey post-

hoc analysis following two factor ANOVA, F (2, 58) = 4.69, p < 0.05; n = 10 wild-type, 10

71



heterozygotes and 12 null embryos pooled from 4 mixed-genotype litters. Boxplots indicate median,

25%, 75% percentile, and min/max).
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Chapter 4. Ca** influx is mediated by a PKC > Nox complex > ROS >
TrpV1 axis

4.1 Abstract

Our data indicates a key role for TrpV 1-mediated Ca*" influx during developmental axon degeneration.
Mutually-enhancing interplay between Ca’*" and reactive oxygen species (ROS) is a hallmark of
physiological and disease-associated degeneration and is among the earliest measured phenomena in
its progression, and TrpV 1 is understood to be regulated by redox chemistry (38,41,135,145,148,149).
Thus, we hypothesized that during developmental degeneration of DRG sensory neurons deprived of
NGF, ROS activate TrpV1-mediate Ca®" influx. Caspase-3 maturation was impaired in the presence
of ROS scavenger NAC during NGF withdrawal, and NAC rescued axons from Ca*' influx and
cytoskeletal degeneration, while acute oxidative challenge by peroxide robustly activated Ca®" influx.
Nox complexes are a major source of enzymatically-generated ROS for intracellular signaling
(81,83,86,90,150) and pharmacological Nox inhibition with VAS2870 rescued axons both from Ca?*
influx and cytoskeletal degeneration. Assembly and activation of Nox complexes is activated by PKC-
mediated phosphorylation of Nox subunits (88,91,151,152), and we find that PKC inhibition rescues
axons from Ca?’ influx and degeneration, and that acute PKC activation by its direct agonist PMA
induces robust Ca** influx in live-imaged axons. This influx was ROS and Nox complex-dependent,
and completely ablated by pharmacological and genetic TrpV1 inhibition. Taken together, our data
indicates that a PKC>Nox complex>ROS>TrpV1>Ca®" signaling axis underlies developmental
degeneration. We also report the generation of novel imaging tools to examine direct activation of

TrpV1 by ROS.
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4.2 Introduction to Chapter 4

DRG neurons deprived of NGF undergo Ca?’- mediated axon degeneration contributed to by Ca*"
channel TrpV1 (Chapter 3). Although sporadic reports have suggested a role for TrpV1 in diverse
neurodegenerative diseases, its context in degenerative signaling pathways is not understood (reviewed
in Chapter 1). In other systems, TrpV1 can be regulated by protons, temperatures exceeding ~43 C,
exogenous noxious compounds produced by some plants and invertebrates, and endogenous
compounds NADA and anandamide, lipids, oxidized protein products and reactive oxygen species
(ROS) (51-55,68,73-76,103,149,153). Since elevated intracellular oxidation state is a hallmark of
apoptotic-like neurodegenerative signaling (16,42,84,145,154) and TrpV1 contains reactive cysteine
residues essential for activation by oxidative modification (68,75,96,149,155), we explored whether
NGF deprivation-induced prodegenerative Ca?" influx via TrpV1 is ROS-dependent.

Redox regulation of TrpV'1 is supported by several studies employing mutant analysis. Allicin,
an oxidizing molecule responsible for the noxious effect of onions and garlic on mucous membranes,
activates TrpV1-mediated Ca®>" current via a reactive cysteine at amino acid position 157 (63).
Mutation of this residue significantly reduced the pool of assembled TrpV 1 channels versus monomer,
revealing an important role for disulphide linkages in subunit assembly to form the functional pore
(68). Injection of H>,O> in mouse footpads increased TrpV 1-dependent pain sensation, suggesting that
oxidation sensitizes TrpV1 (69,70). In HEK293 cells, H>O; has been reported to dose-dependently
induce TrpV1-mediated Ca** influx (71).

A major intracellular source of endogenous ROS for signal transduction from surface receptors
are Nox complexes, large proteinaceous membrane-associated oxidases that generate superoxide via
electron transfer from NADPH (83,88,157-159). Nox complexes are activated by phosphorylation of

the core activator subunit p47°"* by members of the PKC family of structurally-related kinases, which

74



are activated endogenously by diacylglycerol (DAG) generated by phospholipase C, or by
pharmacological DAG mimetic PMA (11,77,88,151,153,160). There is evidence from other cell
systems that signaling cassettes comprised of PKC > Nox complexes > ROS > TrpV1 > Ca*" transduce
changes in the extracellular environment sensed by surface receptors to alterations in intracellular Ca>*
concentration (73,77,92,152).

We aimed to place TrpV1 into a signaling context in NGF deprivation-induced, Ca?*-dependent
degeneration of DRG neurons. In a series of experiments described in this chapter, we obtained
evidence that developmental degeneration depends on ROS in vitro, generated by Nox complexes
downstream of active PKC. Live Ca** imaging experiments indicated that PKC stimulation induces
Ca?" influx that is sensitive to antioxidant and Nox complex inhibition, and that PKC-induced Ca**
influx is sensitive to pharmacological and genetic TrpV1 loss-of-function. Finally, we developed a set

of tools for investigating the direct role of ROS in TrpV 1-mediated Ca*" influx.
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4.3 Materials and methods

4.3.1 Dissection and culturing of DRG explants

DRG cultures were prepared as described in section 2.3.1.

4.3.2 Fixation, cytoskeletal immunostaining and imaging

Cultures were processed for cytoskeletal immunostaining as described in section 2.3.2.

4.3.3 Pharmacological PKC and Nox complex inhibitors
PKC inhibitors G66976 and G66983 and Nox complex inhibitors apocynin and VAS2870 (all obtained
from Tocris) were prepared in DMSO and delivered to cultures at 10 uM with the exception of

apocynin which was delivered at 100 uM. DMSO did not exceed 0.1% in final culture in any case.

4.3.4 End-point Ca?* imaging with Fluo-4

End-point Ca?" imaging with Fluo-4 was performed as described in section 4.3.3.

4.3.5 Live Ca*" imaging with Fluo-4 in wild-type CD1 axons

30 minutes prior to imaging, cultures were incubated with 5 puM Fluo-4 (Invitrogen) in
dimethylsulphoxide (DMSO, Sigma, final concentration in media did not exceed 0.1%) for 15 minutes
at 37 C and then allowed to equilibrate in room-temperature, fresh HBSS (Wisent) supplemented with
2 mM CaCl; for another 15 minutes. Fields of >100 axons each were acquired at 40x at a rate of one
frame every 5 seconds on a Zeiss ObserverZ.1 inverted epifluorescence microscope controlled by
ZEN?2 software with an atmosphere-controlled incubation chamber (Pecon) and 470 nm Colibri LED
light source (Zeiss). Before injection of stimulus (capsaicin 100 nM, PMA 100 nM or H,0, 800 uM)
baseline fluorescence was recorded for 1 minute (12 frames). Background was corrected from each

frame individually in each movie by averaging the pixel intensity value of 4 background regions and
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subtracting this value from the mean pixel intensity of the uncorrected frame (NIH ImageJ, FIJI build).

Fluo-4 responses were standardized for each run as fold-change from the initial frame (set to 1.0).

4.3.6 Generation of mixed-genotype +/-TrpV1 DRG cultures and live Ca*" imaging with Fluo-4
Wild-type and null TrpV1 E13.5 embryos were generated as described in section 3.4.7 and cultured as
in section 2.3.1. Imaging was performed as in section 4.3.5 with one frame captured every 6 seconds,
and PMA 100 nM was injected after capturing baseline (5 frames). Background correction and

standardization was performed as described in section 4.3.5.

4.3.7 Ca*" imaging with TrpV1-GECO fusion proteins

HEK293T cells were cultured on 4-well glass-bottom imaging dishes (CelVis) and infected with HSV
harbouring either wild-type TrpV1-R-GECO, C157A-R-GECO or Ap-loop-G-GECO followed by a
24 hour expression period. Prior to imaging, cells were switched to fresh HBSS supplemented with 2
mM CaCl,. Cells were imaged as described in 4.3.5 at 3-second intervals and H2O2 800 uM was
injected after 1 minute of baseline collection (15 frames). Background correction was performed by
obtaining the mean pixel intensity of 4 background regions this value was subtracted from the mean
intensity of each cell region of interest on a frame-by-frame basis (NIH ImageJ, FIJI build). GECO

responses were standardized as fold-change from GECO intensity at frame 1 (set to 1.0).
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4.4 Results

4.4.1 ROS promote maturation of prodegenerative protease caspase-3 during NGF deprivation

The major executioner caspase-3 is initially produced as a precursor that undergoes cleavage to become
mature in response to NGF deprivation (Figure 4.1 A). To investigate whether caspase-3 activation is
dependent on ROS generated during NGF withdrawal, the effect of antioxidant NAC on caspase-3
maturation in NGF-deprived DRG neurons was assessed by Western blot (representative experiment
shown in Figure 4.1 B and quantified in C). Tukey’s post hoc multiple comparison indicated a
significant induction of mature caspase-3 by 15 hours of NGF withdrawal versus control axons
continuously provided with NGF (p <0.0001). However, NGF-deprived axons treated with antioxidant
NAC during NGF deprivation (Figure 4.1 C) displayed significantly less caspase-3 maturation (p <
0.001), indicating caspase-3 maturation is ROS-dependent (two factor ANOVA, F (1, 32) =10.30, P

=0.003; n=9 embryos from 3 experiments).

4.4.2 Axonal Ca*" influx is activated by acute oxidative stress

We hypothesized that acute oxidative stress is an activator of axoplasmic Ca®" influx, since blockade
of ROS using antioxidant NAC prevented the maturation of caspase-3 in NGF-deprived axons (Figure
4.1). To test this, H2O2 or buffer control was added to fluo-4-loaded axons during live-imaging and
the fluorescence response was compared (representative frames shown in Figure 4.2 A). The quantified
time-course of fluo-4 response shown in B with significant indicated during the final 1.5 minutes of
recording, p < 0.05, Sidak’s post hoc, two factor ANOVA, F (120, 720) = 5.363, P < 0.0001 (n=4
embryos). A two-tailed unpaired t-test comparing maximum fluo-4 responses indicated significant

calcium entry into axoplasm (p < 0.05) upon oxidative challenge by peroxide (Figure 4.2 C).

78



4.4.3 ROS derived from NADPH-oxidase (Nox) complexes activate Ca?* influx after NGF
deprivation

Since axoplasmic Ca?" influx can be activated by acute oxidative stress induced by peroxide (Figure
4.2), we asked whether the physiological Ca*" influx during NGF deprivation is stimulated by ROS
generated by the NADPH oxidase (Nox) complex. As shown schematically in Figure 4.3A-B, Nox
complexes activated by phosphorylation produce highly-reactive superoxide from O2 upon enzymatic
electron transfer from NADPH. In Figure 4C, healthy axons or axons deprived of NGF for 15 hours
in the presence or absence of antioxidant NAC or Nox complex inhibitor VAS2870 were loaded with
fluo-4 and imaged. A one factor ANOVA revealed significant interaction between NGF-state and
compound treatment, F (3, 8) = 13.43, P = 0.0017 (n=3 embryos each treatment). Tukey’s post hoc
pairwise comparisons indicated a significant blockade of Ca*" influx by the antioxidant (p <0.01) and
by Nox complex inhibition (p < 0.05). Treatment by either compound restored fluo-4 intensity to a

level not significantly different from healthy, NGF-provided axons (all p values > 0.05).

4.4.4 Axonal tubulin cytoskeleton is rescued from degeneration by pharmacological Nox
complex inhibition or antioxidant NAC

Consistent with our finding that Nox complex inhibition or inclusion of an antioxidant rescues axons
from NGF deprivation-induced Ca** influx, an axonal degeneration assay performed on tubulin-
immunostained axons (Figure 4.3 E) revealed that Nox complex inhibitors had a significant effect on
NGF withdrawal-induced axonal density loss (one factor ANOVA, F(5, 12) =10.29, P = 0.0005, n=3).
Tukey’s post hoc multiple comparison indicated that inhibition of the Nox complex with VAS2870 or
inclusion of the antioxidant NAC in NGF-deprived axons restored axonal density to a degree not
significantly different from the healthy control, regardless of whether the compounds were added at
the time of deprivation, or 12 hours into the 24-hour deprivation period, indicating a late-phase role

for Nox complex signaling after NGF deprivation consistent with the timing of Ca®" influx (Figure

79



3.2) (all ps > 0.05). NGF deprivation alone induced degeneration significantly greater than that

observed when axons are deprived but treated with NAC or VAS2870 (all ps <0.01).

4.4.5 PKC activation induces axonal Ca" influx

Nox complexes are stimulated to produce ROS upon phosphorylation by PKC in diverse neuronal and
other cell models, and thus we hypothesized that the pro-degenerative, Nox-derived ROS that activate
calcium influx during NGF deprivation (Figure 4.3) are activated by PKC. First, we tested whether
stimulation of PKC with diacylglycerol-mimetic phorbol 12-myristate 13-acetate (PMA) is capable of
inducing calcium influx into axons (Figure 4.4 A). Live-imaged fluo-4-loaded axons were treated
either with fresh HBSS or PMA (representative frames shown in Figure 4.4 B, quantified in C).
Significant effect of PMA on Ca*' influx was indicated by two-way ANOVA, F (178, 4654) = 3.073,
P < 0.0001 (n=14 embryos). A comparison of maximum fluo-4 fluorescence intensity responses
between PMA- and HBSS-treated axons (D) with a two-tailed unpaired t-test indicated significant

calcium influx upon PKC activation by PMA (p < 0.0001).

4.4.6 PKC inhibitors rescue axons from Ca?* influx following NGF deprivation

Since PKC stimulation is capable of activating Ca?’ influx (Figure 4.4), we hypothesized that
antagonizing PKC during NGF deprivation can rescue axons from Ca®" influx (Figure 4.5 A). PKC
promotes assembly of Nox complex subunits via direct phosphorylation, activating ROS production
(B). DRG cultures were either supplied with NGF or deprived for 15 hours in the presence or absence
of pharmacological inhibitors of PKC G56976 and G66983, then loaded with Ca®" sensor fluo-4 and
imaged (Figure 4.5 C). Tukey’s post hoc pairwise test indicated that NGF deprivation induced a
significantly increased axoplasmic concentration of free Ca®" as reported by fluo-4 (p < 0.0001, D).

Axons deprived of NGF but provided with PKC inhibitors G66976 and G66983 showed no significant
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fluo-4 intensity above the NGF-supplied healthy control axons, indicating blockade by PKC inhibition
(both ps > 0.05). NGF deprived axons showed significantly greater fluo-4 intensity than deprived
axons subjected to PKC inhibition (ps < 0.0001, one factor ANOVA, F(3, 20) = 19.74, P < 0.0001

with n=6 embryos from 4 experiments).

4.4.7 PKC inhibition prevents disassembly of the tubulin cytoskeleton in NGF-deprived axons

Since pharmacological PKC inhibitors rescued axons from Ca*" influx, we asked whether the tubulin
cytoskeleton is rescued from disassembly by PKC inhibition by G66976 (representative images are
shown in Figure 4.5 E and quantified at I mm from soma in F). A two factor ANOVA indicated a
significant interaction between NGF-state and presence/absence of the drug, F (1, 24) = 47.81, P <
0.0001 with n=6 embryos from 3 experiments, on axonal density as reported by anti-tubulin
immunostaining. Axons provided with G66976 are significantly more dense following a 24-hour phase
of NGF deprivation versus axons deprived in the absence of inhibitor, indicating a pro-degenerative
role for PKC in this setting (p < 0.0001, Tukey’s post hoc contrast). NGF deprived axons treated with

G066976 were not significantly different from healthy NGF controls (p > 0.05).

4.4.8 Ca*" influx activated by PKC depends on ROS via Nox complex

Since oxidative stress activates Ca®’ influx (Figure 4.2), promotes pro-degenerative caspase-3
activation (Figure 4.1), and PKC inhibition rescues axons degeneration and inhibits Ca** influx during
NGF deprivation (Figure 4.5), we investigated whether the Ca?" influx activated by PKC described in
Figure 4.4 is dependent on Nox-derived ROS (Figure 4.7). To assess the role of ROS in PKC-induced
Ca”' influx, axons were loaded with fluo-4 and live-imaged during stimulation of PKC by PMA in the
presence or absence of antioxidant NAC (hypothesis and approach summarized by Figure 4.7 A). The
time-course of fluo-4 response is shown in B over a 15-minute recording period, and the increased

fluorescence intensity induced by PMA stimulation is negated in the presence of NAC (two factor
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ANOVA, F (537, 3580) = 3.644, P < 0.0001, n=6 experiments, B). Tukey’s post hoc comparison of
maximum fluo-4 responses (C) between PMA-stimulated axons and axons treated with HBSS buffer
alone indicated a significant calcium influx upon PKC activation (p < 0.05), but PMA in the presence
of antioxidant NAC did not significantly increase fluo-4 intensity compared to buffer only control (p
> 0.05), arguing that the Ca®" concentration increase observed upon PMA application is ROS-
dependent (two factor ANOVA, F (1, 20) =5.123, P = 0.0349).

Nox complexes have emerged as key intracellular sources of signaling ROS downstream of
PKC in diverse models, and we thus hypothesized that the ROS generated in response to PKC activator
PMA (Figure 4.7 B & C) is derived from activated Nox complexes (D). Fluo-4-loaded axons were
live-imaged during PKC stimulation by PMA in the presence or absence of the Nox complex inhibitor
apocynin (E; two factor ANOVA F (537, 2864) = 1.989, P <0.0001). Maximum fluo-4 responses from
the experiment (F) were compared with Tukey’s post hoc method, and indicated a significant Ca®"
influx by PKC stimulation versus buffer-only control (p < 0.01), while axons stimulated with PMA
but in the presence of apocynin displayed no greater Ca®" influx than unstimulated axons (p > 0.05,
two factor ANOV A between PMA dose (0, 100 nM) and apocynin dose (0, 100 uM), F (1, 16) =4.963,
P = 0.0406), indicating PMA-induced ROS produced by Nox complexes are sufficient to activate

significant Ca" influx.

4.4.9 TrpV1 mediates Ca*' influx downstream of PKC activation

We hypothesized that the Ca*" influx observed downstream of PKC activation occurs via opening of
the TrpV 1 channel. Chemical and genetic loss-of-function approaches were used to test whether PMA -
induced Ca®" influx is impaired by TrpV1 deficiency (Figures 4.8 & 4.9). First, a pharmacological
approach to TrpV1 inhibition was taken (Figure 4.8 A); axons loaded with fluo-4 were treated either

with PMA or HBSS buffer (supplemented with 2mM Ca*"), in the presence or absence of the TrpV 1
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inhibitor capsazepine during live imaging (representative frames before and after PMA application are
shown in Figure 4.8 B, and quantified in C). A pairwise multiple comparison of maximum fluo-4
responses (D) using Tukey’s post hoc method indicated a significant increase in fluo-4 fluorescence
intensity in response to PMA (p < 0.01) that is abolished in the presence of capsazepine as compared
to buffer-only control, indicating a key role for TrpV1 in transducing Ca*" influx downstream of PKC
(p > 0.05, Tukey’s post-hoc two factor ANOVA, F (1, 20) = 6.418, P =0.0198, n=7 embryos from 4
experiments)

We next took a genetic approach to investigate the role of TrpV1 in transducing PKC activation
into Ca?" influx (Figure 4.9 A). Cultures of wild-type and TrpV1-null axons were generated from
mixed-genotype littermate embryos; TrpV 1-null axons were confirmed to be insensitive to its specific
and potent agonist capsaicin (Figure 4.9 B; representative trace shown in C). Next, the contribution of
TrpV1 to PKC-induced Ca** influx was examined by live-imaging of fluo-4-loaded axons stimulated
with PMA (Figure 4.9 D; n=6 pooled embryos of each genotype). Sidak’s pairwise multiple
comparison indicated significantly greater Ca*" influx in wild-type versus TrpV 1-null axons following
PMA addition between 5 and 15 seconds after application (p < 0.0001; two factor ANOVA, F (25,
260) =5.044, P <0.0001, D). A two-tailed t-test performed on the maximum fluo-4 responses of each
genotype indicated a significant ablation of the Ca*" response to PKC activation via TrpV 1 knockout

(p <0.0001, E).

4.4.10 Development of reagents for TrpV1 mutant analysis to investigate activation by ROS

Since our data indicate that ROS generated by Nox complexes downstream of PKC activates Ca®"
influx via TrpV1, we hypothesize that TrpV1 is directly activated by ROS during NGF withdrawal.
To investigate whether reactive cysteine modification mediates TrpV1 activation, we developed a set

of recombinant imaging tools for delivery by viral vector comprised of a genetically-encoded calcium
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indicator for optical imaging (GECO) fused to wild-type TrpV1 (Figure 4.10 A), or a TrpV1 mutant
lacking reactive cysteine 157 (C157A-R-GECO), along with a negative control lacking the pore
domain (Ap-loop-G-GECO). TrpV1-GECO reports activation by capsaicin (a representative
experiment and trace is shown in Figure 4.10 B & C). To validate whether TrpV1 C157A mediates
ROS-dependent calcium influx under idealized conditions (Figure 4.10 D), HEK293T were infected
with modified herpes simplex virus (HSV) harbouring wild-type TrpV1 or mutant C157 and pore-
defective (p-loop) GECO fusions, and challenged with H2O> (800 uM) during live-imaging (two factor
ANOVA performed on mean responses from 3 pooled independent experiments indicated significant
interaction between time and construct, F (292, 876) =8.610, P <0.0001). A comparison of maximum
GECO responses with Tukey’s pairwise method (one factor ANOVA, F (2, 6) = 32.36, P = 0.006)
indicated that wild-type TrpV1 stimulated by peroxide induces significantly greater Ca** influx than
TrpV1 lacking the pore domain (p < 0.001) or lacking cysteine residue 157 (p <0.01), validating a key
role for oxidation in TrpV1 activation, and justifying its use for future experiments in TrpV1-null

axons to assess the importance of C157A and ROS in NGF-deprivation induced neurodegeneration

(E).
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4.5 Discussion
Oxidative intracellular status and elevated Ca®" tone are causatively associated in physiological,
regulatory settings and in disease states (40,41,132,140,145,146,161,162). Evidence supports the
existence of a signaling cassette comprised of ROS-generating Nox complexes in association with
redox-regulated Trp Ca®" channels to achieve Ca®* flux in other models (73,77,92,123,163). Since our
data indicates TrpV1 mediates Ca®" influx required for developmental degeneration (Figures 3.5 and
3.6), we hypothesized that ROS generated by Nox complexes activate TrpV1 in this context.

Cleavage of pro-caspase-3 into a mature, proteolytically-active form is required to cleave
peptide targets resulting in fragmentation of the axonal cytoskeleton during developmental
degeneration in vivo and in vitro (25,164—166). Caspase-3 activation has been reported to depend on
upstream ROS generation during NGF withdrawal in cultured sympathetic neurons and PC12 cells,
both of which depend on NGF for survival like DRG neurons (167—169). We thus utilized caspase-3
maturation as a downstream marker of pro-degenerative signaling to test our hypothesis that ROS
mediate developmental degeneration of sensory neurons (Figure 4.1 A). NGF deprivation induced
robust generation of the ~17 kDa subunit of active caspase-3 after 15 hours of NGF deprivation (a
representative Western blot from one of three pooled experiments is shown in Figure 4.1 B and
quantified in C). Application of antioxidant and reducing agent NAC to cultures significantly reduced
the pool of cleaved, mature caspase-3 induced by NGF deprivation, indicating a key role for ROS in
transduction of TrkA/TNFR-mediated degenerative signing to downstream disintegration of the axonal
cytoskeleton.

Since Ca*" (Figures 3.1 and 3.2) and ROS (Figure 4.1) were both required for degenerative
signaling after NGF withdrawal, we hypothesized that ROS are upstream activators of Ca?" influx in

these axons. Fluo-4-loaded axons were live-imaged during oxidative challenge by hydrogen peroxide,
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which induced a significant increase in axoplasmic free Ca>* compared to axons mock-stimulated with
HBSS buffer alone (Figure 4.2). More importantly, NAC also inhibited the Ca** influx observed in
axons after 15 hours of NGF deprivation (Figure 4.3 C). We tested our hypothesis that the
physiological sources of ROS generated during developmental degeneration are Nox complexes
(Figure 4.3 A and B). To test this hypothesis, axons were incubated with triazolo-pyrimidine
VAS2870, a Nox complex inhibitor without intrinsic antioxidant properties, nor inhibitory effects on
xanthine oxidase or nitric oxide synthase, two other major catalysts of reactive species generated for
cell signaling (Figure 4.3 A) (170—-172). Nox complex inhibition by VAS2870 during 15 hours of NGF
deprivation significantly inhibited axoplasmic Ca" influx (representative image shown in Figure 4.3
C, quantified in D). Both NAC and VAS2870 rescued axons from cytoskeletal degeneration when
present in NGF-deprived cultures for the full 24-hour deprivation period, or only for the final 12 hours
of deprivation (Figure 4.3 E), indicating that Nox complex activity is not required during the early
phase of withdrawal for its protective effect on the axonal tubulin cytoskeleton, as we also observed
by Ca?* chelation (Figure 3.2). Elsewhere, an siRNA approach to identifying specific Nox complexes
was reportedly successful in identifying Nox2,3,4 and DUOX2 as having a role in axotomy-induced
axon degenerationwhile DUOX1 knockdown was ineffective; a similar genetic approach may bolster
the pharmacological approach taken here (173).

Nox complexes are activated by PKC-dependent phosphorylation of the core regulator Nox
subunit p47phox (83,159,174), and thus we hypothesized that direct PKC activation by PMA is sufficient
to induce axoplasmic Ca®" influx (Figure 4.4 A). PMA injection into cultures during live imaging
resulted in significantly enriched axoplasmic free Ca*" compared to injection of HBSS buffer alone
(representative images before and after injection are shown in Figure 4.4 B and the time course of

activation and maximum Fluo-4 responses are shown in C and D, respectively). PMA-stimulated axons
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2+ “spike” that recovers partially before a steady increase,

displayed a distinctive immediate Ca
ultimately resulting in Ca**-rich axons with membrane spheroid formation (Figure 4.4 C). Since acute
PKC stimulation by its pharmacological activator PMA induced Ca?" influx, we hypothesized that a
PKC activates Ca®" influx during NGF deprivation and tested this by inhibiting PKC with potent and
specific bisindolylmaleimides G66976 and G66983 during NGF withdrawal (Figure 4.5 A and B).
Both PKC inhibitors significantly blocked Ca** influx and membrane blebbing induced by 15 hours of
NGF deprivation (representative images shown in Figure 4.5 C and quantified in D). PKC inhibition
was also highly effective in rescuing the axonal cytoskeleton from degeneration in cultures deprived
of NGF for 24 hours (representative images shown in Figure 4.5 E and axon density is quantified at 1
mm from soma in F). Since PKC is a large superfamily of structurally-related proteins, a genetic
approach to identifying the specific isoform(s) responsible for pro-degenerative signaling downstream
of NGF withdrawal using siRNA knockdown should be taken in future experiments to

Since our data indicated that PKC, Nox complexes, ROS and TrpV1 all lie upstream of Ca**
influx and axonal degeneration during developmental degeneration, we sought to identify whether
these events occur in sequence to comprise a signaling axis (Figure 4.6). In other cell models, PKC-
dependent stimulation of ROS via Nox complexes and TrpV1 activation by ROS has been reported
(66,67,73,91,153). Thus, we hypothesized that a PKC > Nox complex > ROS > TrpV 1 signaling axis
achieves axonal Ca®" influx in these axons. To test this logic, PKC was stimulated acutely by
exogenous PMA during Ca?" imaging, and we utilized a suite of pharmacological inhibitors to test the
requirement of downstream components for Ca®" influx (Figure 4.6 A; schematic of the cassette shown
in B). First, we tested the hypothesis that PKC-induced Ca®* influx is ROS-dependent (Figure 4.7 A).
PMA application induced a significant increase in axoplasmic free Ca’>" but the response was

completely blocked by ROS scavenging by antioxidant NAC (time course presented in Figure 4.7 B,
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and maximum Fluo-4 responses are shown in C). Since ROS blockade prevented the PKC-induced
Ca?" influx, we tested whether these ROS originate from activated Nox complexes with the Nox
complex inhibitor apocynin (Figure 4.7 D). PMA-induced PKC stimulation induced a significant
increase in Fluo-4 fluorescence intensity, but pre-incubation and co-application of apocynin restored
the response to a level not significantly different from buffer-only control (time courses presented in
E and maximum Fluo-4 responses compared in F). Apocynin, an inhibitor of Nox complex core
activator assembly and activation, was used in this assay due to an apparent photosensitizing effect of
VAS2870 on axons that precluded live-imaging under these conditions. siRNA knockdown of Nox
complexes may provide another venue to identify the specific isoforms responsible for mediating the
effect.

Next we hypothesized that TrpV1 mediates PKC-induced Ca** influx and tested this by
stimulating PKC with PMA in the presence or absence of capsazepine (Figure 4.8 A), which we found
earlier to block Ca*" influx and cytoskeletal degeneration during NGF deprivation (Figure 3.5). The
activation of Ca?" influx typical of PKC stimulation was essentially entirely blocked by TrpV1
inhibition (representative images before and after PMA injection are shown in Figure 4.8 B, and time
courses and maximum Fluo-4 responses are presented in C and D, respectively). This pharmacological
result was then confirmed genetically in TrpV1-null axons generated from mixed-genotype litters of
embryos (Figure 4.9). Axons lacking the TrpV1 gene were completely unresponsive to the specific
TrpV1 activator capsaicin (Figure 4.9 A; representative images taken before and after capsaicin
injection on wild-type and TrpV1” axons are shown in B and a representative trace of the Fluo-4
response to free Ca" is presented in C). PMA stimulation induced the characteristic immediate Ca®*
spike in wild-type axons but was entirely absent in axons lacking TrpV1 (time course of Fluo-4

responses after injection of PMA are shown in Figure 4.9 D and maximum responses are presented in
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E). Taken together, these experiments demonstrate that PKC-dependent axonal Ca" influx requires
ROS generation via Nox complexes, and subsequent opening of the TrpV1 Ca?* channel.

We developed a suite of novel imaging tools to explore direct activation of TrpV1 by ROS
(Figure 4.10). Wild-type TrpV1 was recombinantly fused at its C-terminus to R-GECO, a genetically-
encoded calcium sensor (Figure 4.10 A) (175). The resulting TrpV1-R-GECO protein responded to
capsaicin application when expressed via HSV viral vector (GECO fluorescence response shown in
Figure 4.10 B, and a TrpV 1-R-GECO-expressing DRG neuron is shown in C before and after capsaicin
stimulation of TrpV1-mediated Ca®>" influx). To create an imaging tool for investigating ROS-
dependence of TrpV1 activation, the cysteine residue at position 157 in wild-type TrpV1, reported
elsewhere to be a key redox-sensitive residue for TrpV1 subunit assembly and activation, was mutated
to alanine (68,149). A third construct was generated for use as a negative control, and lacks the pore-
loop domain essential for functional cation pore formation (designated Ap-loop-G-GECO) (176). To
compare the activation profiles of these 3 recombinant TrpV1-based Ca’" sensors in response to
oxidative conditions, each was expressed in HEK293T cells and challenged with hydrogen peroxide
during live imaging (time courses of GECO activation are presented in Figure 4.10 D). We chose to
validate these constructs in HEK293T cells because this line does not express TrpV1 (177), or show
Ca?" influx response to challenge by H,O, (178). Wild-type TrpV1 mediated an increase in free
cytoplasmic Ca*" that was significantly higher than cells expressing either the negative control (Ap-
loop-G-GECO) or TrpV1 lacking cysteine 157 (Figure 4.10 E). These constructs are amenable to
expression in primary neurons via viral vectors and future experiments will utilize them to investigate
whether TrpV 1-mediated Ca** influx is impaired by mutation of regulatory cysteine C157 during NGF
deprivation. They will also be used to test whether the C157A mutation results in a dominant-negative

TrpV1 mutant that can rescue axons from degeneration during NGF deprivation in future experiments.
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Taken together, our data support a model of TrpV 1-mediated Ca** influx downstream of PKC-
dependent Nox complex activation and ROS generation in DRG axons during developmental

degeneration.
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4.6 Figures and figure legends
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Figure 4.1. Maturation of the pro-degenerative protease caspase-3 is ROS dependent in
developmental degeneration in vitro.

The major executioner caspase-3 is initially produced as a precursor that undergoes cleavage to become
mature in response to NGF deprivation (A). To investigate whether caspase-3 activation is dependent
on ROS generated during NGF withdrawal, the effect of antioxidant NAC on caspase-3 maturation in
NGF-deprived DRG neurons was assessed by Western blot (B). A two factor ANOVA performed on

the data revealed a significant interaction between NGF-state and NAC dose (0 and 20 mM)), F (1, 32)
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= 10.30, P = 0.003 (n=9 embryos from 3 experiments, Figure 4.1 C). Tukey’s post hoc multiple
comparison indicated a significant induction of mature caspase-3 by NGF withdrawal (p < 0.0001),
and a significant reduction in capase-3 maturation in deprived axons treated with antioxidant NAC
versus axons deprived of NGF without antioxidant (p < 0.001). Boxplots indicate median, 25%, 75%

percentile, and min/max.
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Figure 4.2. Oxidative stress induces Ca?" influx.

Oxidative stress was induced by application of H2O2 800 uM onto fluo-4-loaded axons during live-
imaging and the fluorescence intensity response was compared to a buffer-only control (representative
images before and after injection shown in A, scale bar = 10 um). A two factor ANOVA revealed a
significant interaction between time and peroxide dose (0 and 800 uM) on fluo-4 response, F (120,
720) =5.363, P <0.0001 (time course of fluo-4 response is shown in B, n=4 embryos each condition,

mean and SEM *p<0.05, **p<0.01, ***p0.001). A two-tailed unpaired t-test comparing maximum
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fluo-4 responses indicated significant Ca>" entry into axoplasm (p < 0.05) upon oxidative challenge by

peroxide (C). Boxplots indicate median, 25%, 75% percentile, and min/max.
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Figure 4.3. ROS derived from the Nox complex promote Ca?* influx and axon degeneration.
Anti-oxidant NAC and Nox complex inhibitor VAS2870 were used to investigate whether ROS

generated by Nox complex activation contributes to Ca’?* influx and axon degeneration
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(pharmacological approach illustrated in A; Nox complexes generate reactive superoxide by catalyzing
electron transfer from NADPH, B). Healthy, NGF-supplied axons or axons deprived of NGF for 15
hours in the presence or absence of antioxidant NAC or Nox complex inhibitor VAS2870 were loaded
with fluo-4 to compare axoplasmic calcium levels (representative images shown in Figure 4.3 C).
Tukey’s post hoc pairwise comparisons indicated a significant blockade of Ca?" influx by the
antioxidant NAC (p < 0.01) and by Nox complex inhibition (p < 0.05, D). Treatment by either
compound restored fluo-4 intensity to a level not significantly different from that observed in healthy,
NGF-provided axons (ps > 0.05, one factor ANOVA, F (3, 8)=13.43, P=0.0017, n= 3 embryos each
treatment). A cytoskeletal degeneration assay with Axoquant 2.0 and analyzed at 500 um from soma
(E) revealed a significant interaction between NGF-state and compounds on axonal density (one factor
ANOVA, F(5, 12) = 10.29, P = 0.0005 n = 3 embryos each condition). Tukey’s post hoc multiple
comparison indicated that inhibition of the Nox complex with VAS2870 or inclusion of the antioxidant
NAC in NGF-deprived axons restored axonal density to a degree not significantly different from the
healthy control, regardless of whether the compounds were added at the time of deprivation, or 12
hours into the 24-hour deprivation period, indicating a late-phase role for Nox complex signaling after
NGF deprivation consistent with the timing of calcium influx explored in Figures 3.1 and 3.2, all ps >
0.05). NGF deprivation alone induced degeneration significantly greater than that observed when

axons are deprived but treated with NAC or VAS2870 (all ps <0.01). Indicated are mean and SEM.
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Figure 4.4. PKC activation induces Ca?" influx.

PKC is directly activated by diacylglycerol-mimetic phorbol 12-myristate 13-acetate (PMA), and is
capable of inducing Ca?" influx into axons (A). Live-imaged, fluo-4-loaded axons were treated with
PMA or HBSS buffer (B, quantified in C, mean and SEM) and a two-way ANOVA revealed a
significant interaction between the PMA dose (0 or 100 nM) and time, F (178, 4654) = 3.073, P <
0.0001 (n=14 embryos, Figure 4.4 C). PMA induced a significantly greater fluo-4 intensity response

than HBSS alone as revealed by a two-tailed unpaired t-test performed on maximum responses over
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the 15 minute recording period, indicating significant Ca*" influx upon PKC activation (p < 0.0001,

D). Boxplots indicate median, 25%, 75% percentile, and min/max.
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Figure 4.5. PKC inhibition rescues axons from cytoskeletal Ca?" influx and degeneration.
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Pharmacological PKC inhibitors were used to test the hypothesis that Ca®" influx and the resulting
cytoskeletal degeneration induced by NGF deprivation is PKC-dependent (A), since active PKC
promotes assembly of ROS-producing Nox complexes via phosphorylation (B). Ca?" influx was
blocked by PKC inhibitors G66976 and G66983 15 hours after NGF withdrawal (representative images
shown in C). NGF deprivation induced a significantly increased axoplasmic concentration of free Ca>"
as reported by fluo-4 (p < 0.0001, Tukey’s post-hoc comparison, D), but axons deprived of NGF and
provided with PKC inhibitors G66976 and G66983 showed no significant fluo-4 intensity above the
NGF-supplied healthy control axons, indicating blockade by PKC inhibition (both ps > 0.05, one factor
ANOVA, F(3, 20) = 19.74, P < 0.0001 with n = 6 embryos). Axons provided with G66976 are
significantly more dense following a 24-hour phase of NGF deprivation versus axons deprived in the
absence of PKC inhibitor (representative images shown in E with scale bar indicating 1 mm; quantified
in F), indicating a pro-degenerative role for PKC (p <0.0001). NGF deprived axons treated with were
not significantly less dense than healthy NGF controls (p > 0.05, two factor ANOVA, F (1, 24) =
47.81, P <0.0001 (n= 7 embryos each condition; boxplots indicate median, 25%, 75% percentile, and

min/max.).
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Figure 4.6. Pharmacological approach to investigating a PKC > Nox > ROS > TrpV1 axis
regulating Ca?* influx in axons of DRG neurons.

A suite of pharmacological inhibitors were deployed to investigate the sequence of molecular events
leading to Ca*" influx by TrpV1 downstream of PKC in PMA-stimulated axons (A). Based on data
from neuronal and other model systems, we tested the hypothesis that TrpV1 channel activation lies

downstream of ROS generated by Nox complexes stimulated by active PKC (B).
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Figure 4.7. Ca?" influx is activated by Nox complex-derived ROS downstream of PKC.

The ROS-dependence of the Ca?" influx activated by PKC stimulation was tested by Ca*>" imaging in

the presence of antioxidant NAC (A). Live-imaged, Fluo-4-loaded axons were stimulated with PMA
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100 nM in the presence or absence of NAC 20 mM (mean responses and SEM from n=6 experiments
are shown in B; two factor ANOVA, F (537, 3580) =3.644, P <0.0001). Tukey’s post hoc comparison
performed on maximum fluo-4 responses indicated that PMA induced a significant Ca?" influx versus
buffer control (p < 0.05), but NAC co-incubation negated the effect of PMA to a level not different
from control (C, p>0.05; one factor ANOVA, F (1,20)=5.123, P=0.0349). Nox complexes were
hypothesized to be the source of ROS activating Ca®" influx (D). Fluo-4-loaded axons were live-
imaged during PKC stimulation by PMA in the presence or absence of the Nox complex inhibitor
apocynin 100 uM (E; two factor ANOVA, F (537, 2864) = 1.989, P <0.0001, n=5 embryos, indicated
are mean and SEM). A comparison of maximum fluo-4 responses (F) were analyzed via two factor
ANOVA and revealed a significant interaction between PMA dose (0, 100 nM) and apocynin dose (0,
100 uM), F (1, 16) = 4.963, P = 0.0406). Tukey’s post hoc multiple comparison vs buffer control
indicated that the significant effect of PMA on fluo-4 intensity (p < 0.01) is lost in the presence of
apocynin when compared to buffer only control (p > 0.05) indicating PMA-induced ROS produced by
Nox complexes are sufficient to activate axonal Ca** influx. Boxplots indicate median, 25%, 75%

percentile, and min/max.
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Figure 4.8. PKC-mediated Ca?* influx is impaired by pharmacological TrpV1 inhibition.

Capsazepine was used to test the hypothesis that TrpV1 mediates Ca*" influx induced by PKC
stimulation (A). Fluo-4-loaded axons were stimulated with PMA during live imaging in the presence
or absence of capsazepine (B, time course of activation quantified in C, indicated are mean and SEM).

PMA application significantly increased fluo-4 intensity versus buffer control (D; p < 0.01, Tukey

104



post-hoc analysis), an effect that was abolished in the presence of capsazepine as compared to buffer
only control, indicating a key role for TrpV1 in transducing Ca** influx downstream of PKC (p > 0.05;
two factor ANOVA, F (1, 20) = 6.418, P = 0.0198, n = 6 embryos from 4 experiments). Boxplots

indicate median, 25%, 75% percentile, and min/max.
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Figure 4.9. PKC-mediated Ca*' influx is TrpV1-dependent.

PKC-dependent Ca** influx response was lost in DRG axons derived from TrpV1-null embryos (A).
Axons were confirmed to be TrpV1-null by capsaicin application, which induced a robust fluo-4
response in wild-type axons (B, representative experiment shown in C). Mixed-genotype TrpV1
cultures were generated and axons were stimulated with PMA during live imaging with fluo-4 (D,

mean and SEM, n=6). Significantly greater Ca*>* influx was observed in wild-type versus TrpV1-null

106



axons following PMA addition (p < 0.0001, Sidak’s post-hoc comparison, two factor ANOVA, F (25,
260) = 5.044, P < 0.0001. A two-tailed t-test performed on the maximum fluo-4 responses of each
genotype indicated a significant ablation of the Ca?" response to PKC activation via TrpV1 knockout

(p <0.0001). Boxplots indicate median, 25%, 75% percentile, and min/max.
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Figure 4.10. Development of novel imaging tools to investigate TrpV1 activation by oxidative
cysteine modification.

TrpV1-R-GECO is a novel genetic fusion of the TrpV1 Ca®" channel and red fluorescent genetically-
encoded calcium indicator for optical imaging (R-GECO) to study Ca®" influx via TrpV1 and the

relationship between cellular oxidative status and its activity (A). Wild-type axons infected with HSV
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harbouring TrpV1-R-GECO reports activation by capsaicin (representative experiment shown in B
and C; scale bar indicates 10 um). Compared to wild-type, the TrpV1-R-GECO redox mutant lacking
reactive cysteine 157 (C157A-R-GECO) responded less upon stimulation with H>O> 800 uM during
live-imaging of infected HEK293T cells along with an inactive negative control lacking the pore
domain (Ap-loop-G-GECO; time-course of activation shown in D). Wild-type TrpV1 activated by
oxidation induces significantly greater Ca>" influx than TrpV1 lacking the pore domain (p < 0.001) or
lacking cysteine residue 157 (p < 0.01; Tukey’s post-hoc comparison following one factor ANOVA F
(2, 6) = 32.36, P = 0.006, E.) Indicated are mean and SEM (D) or median and min/max (E). n=3
experiments, 72 wild-type TrpV1-R-GECO expressing cells, 59 C157A-R-GECO and 47 Ap-loop-G-

GECO.
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Figure 4.11. An updated model of NGF deprivation signaling integrating evidence from this

thesis.

Apical and late signaling events transducing NGF deprivation to catastrophic mitochondrial outer

membrane permeabilization (MOMP) and caspase activation have been identified over decades of



study, but the molecular mechanism transducing the unliganded TrkA signal to degenerative execution
events remains one of the key gaps in our understanding (A). Evidence from this thesis work supports
a model of NGF deprivation signaling whereby active PKC downstream of TrkA promotes subunit
assembly and activation of Nox complexes by phosphorylation, resulting in ROS generation and
activation of Ca?’ channel TrpV1. Toxic stress resulting from Ca** influx induces MOMP, caspase

activation and degeneration of axonal cytoskeletal integrity (B).
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Chapter 5. General Discussion and Conclusions

Plasticity of neural structures, over orders of organization from synapses to neurites to entire neurons
and networks, depends on tightly regulated equilibrium between cytoskeleton polymerization and
depolymerisation mediated by caspase activity (Figure 1.1) (27,28,166,179). The emerging
conservation of signaling pathways raises the prospect that understanding of apoptotic-like pathways
can be leveraged to guide hypotheses exploring non-lethal sub-neuronal plasticity events in both the
normal physiological functioning of the nervous system, and also in the earliest changes during
neurodegenerative disease to halt their progression (28).

Neurons possess the genetic means to degenerate and subpopulations normally do so during
embryonic development to establish the mature nervous system (Figure 1.2) (19,180,181). Using a
novel method for objective quantification of developmental axon degeneration in cultures of primary
DRG sensory neurons (Figures 2.1 and 2.2), we investigated the role of Ca®" influx in developmental
degeneration. This quantification method assesses the entire area of axonal growth to avoid variability
that can be introduced by sampling only small regions within the axonal fields. This contribution
improves the sensitivity and reliability of cytoskeletal degeneration assays using the DRG system. Our
data indicates that NGF-deprived DRG axons become Ca®'-rich prior to membrane blebbing and
degeneration, and cation chelation rescued these axons from degeneration (Figures 3.1 and 3.2).
Capsazepine, an inhibitor of Ca** channel TrpV1, rescued axons from degeneration, while inhibition
of Na* currents had no effect, indicating specificity of Ca®" influx in this process (Figures 3.3, 3.4 and
3.5). TrpV1 inhibition also blocked Ca*" influx induced by 15 hours of NGF deprivation (Figure 3.5)
and axons generated from TrpV1 knockout embryos show impaired cytoskeletal fragmentation after

24 hours without NGF (Figure 3.6).
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We next explored how TrpV1 is activated in order to place it in signaling context. We
hypothesized that reactive oxygen species (ROS) mediate the activation of TrpV1 in this setting and
consistent with this, ROS scavenging inhibited caspase-3 maturation in NGF-deprived cultures (Figure
4.1), and acute oxidative challenge by peroxide induced robust Ca®" influx (Figure 4.2). ROS
scavenging and Nox complex inhibition rescued axons from Ca®" influx and degeneration (Figures
4.3). Nox complexes are typically activated by PKC and we show that PKC inhibitors block Ca*"
influx and degeneration (Figure 4.5) whereas PMA, a PKC activator, induces potent NOX-and ROS-
dependent activation (Figures 4.4 and 4.6) of TrpV1-dependent Ca®" currents in DRG axons (Figure
4.7). We conclude that a PKC>Nox>ROS>TrpV1 axis induces toxic Ca®" overload to drive
developmental axon degeneration. Since PKC isoforms belong to large superfamilies of structurally
related kinases, a genetic approach should be taken to identify those isoforms that are activated by
NGF deprivation upstream of TrpV1 activation. Future experiments using novel imaging tools
generated by genetic fusion of GECO fluorescent Ca®" sensor with TrpV 1 and a TrpV 1 mutant lacking
key redox-regulated residue C157 will be used to test whether NGF deprivation-induced Ca®" influx
is impaired when this ROS-sensitive site is absent.

How the loss of NGF from its receptor TrkA leads to activation of prodegenerative PKC
upstream of Nox complexes and TrpV1 remains unknown. While NGF-bound TrkA activates survival
pathways, degeneration after NGF withdrawal is not due simply to a lack of survival signaling, but
appears to require activation of a pro-degenerative signal by TrkA (15). In experimental settings that
investigated TrkA-TrpV1 interaction in survival and in nociception contexts, a clear linker appears to
be the enzyme phospholipase C (PLC), which generates lipid products as second messengers in
signaling downstream of receptor activation (11,182). There are several indicators that PLC may link

NGF deprivation signaling from TrkA to the downstream PKC > Nox complex > ROS > TrpV1
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cassette described in this thesis. Active PLC consumes PIP2 to generate 1,4,5-triphosphate (IP3) and
diacylglycerol (DAG) (183). DAG is a potent and direct activator of PKC, like its mimetic PMA, and
stimulates ROS production by Nox complexes as a consequence (91,152). Though published studies
disagree whether PIP2 is a TrpV1 activator or inhibitor, its action may depend on context (184); if
PIP2 is indeed a TrpV 1 inhibitor, as argued by a group led by David Julius, a scenario can be imagined
whereby TrkA-mediated PLC activation has a two-pronged effect mediated 1) by the consumption of
PIP2 (removing TrpV1 inhibition), and ii) generation of DAG and subsequent PKC activation
upstream of Nox complexes and TrpV1 (184,185). However, others have shown that PIP2 can directly
activate TrpV1; TrpV1-mediated currents induced by exogenous PIP2 were almost entirely blocked
by capsazepine in inside-out patches from HEK293T cells, and PIP2 depletion impaired TrpV1,
arguing for an activating role for PIP2 (182). TrkA also signals via phosphoinositide 3-kinase (PI3K),
which has been shown to directly interact with TrpV1 to mediate NGF-stimulated TrpV1 trafficking
to the membrane (182). It will be particularly enlightening to dernd whether NGF deprivation of DRG
neurons stimulates PIP2 production, or whether PIP2 is depleted during NGF deprivation, and
fluorescent sensors (eg PH-GFP) exist to directly monitor intracellular PIP2 level. Similarly, whether
exogenous PIP2 accelerates or delays axon degeneration in our experimental context will shed light
on whether a TrkA-PLC-PKC axis links NGF withdrawal to TrpV1 activation.

Acute activation of TrpV1 in DRG neurons by capsaicin induced degeneration induced by
mitochondrial Ca** stress, loss of potential, and fission, and it is likely that preventing the TrpV1-
mediated Ca’" influx may rescue mitochondria from toxic Ca®>" overload and loss of potential
(114,115). It is well established that ROS generated by dysfunction of the electron transport chain in
mitochondria are a major contributor to apoptotic cell death (39,42,115,148,186). However, since Nox

complex inhibition rescued axons from Ca®" influx and degeneration, our data indicate that ROS
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initially activating TrpV1 are derived from Nox complexes. It remains possible, and even likely, that
mitochondrial-derived ROS are activated downstream of TrpV1-mediated Ca*" influx to comprise a
feedback loop between ROS and Ca?* following mitochondrial Ca®* stress via PKC > Nox > ROS >
TrpV1 > Ca?". Mechanistically linking the PKC > Nox > ROS >TrpV1 signaling cassette within the
context of NGF deprivation signaling by TrkA, perhaps via PLC, and downstream events including
mitochondrial dysfunction are next steps in understanding the continuous signaling pathway mediating

NGF-withdrawal induced neurodegeneration and plasticity in the developing nervous system.
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