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Abstract

Axons are the primary transmission cables of the nervous system. In response to injury, a process
of axonal fragmentation, or Wallerian degeneration occurs, often resulting in loss of neural
function. After axon fragmentation, the swift dismantling and clearance of injured axons
contributes to the restoration of nerve function. Degeneration of axons is one of the earliest events
associated with degenerative disorders such as Alzheimer's and Parkinson’s disease. Despite
the importance of persevering axons as therapeutic strategies, very little is known about the
mechanisms underlying axon degeneration. Beyond pathological situations, axon degeneration
is also an important aspect of nervous system refinement during development. Recent studies
have revealed that the absence of sufficient neurotrophic signaling permits prodestructive cues
originating from tumor necrosis factor receptor (TNFR) superfamily members, such as p75
neurotrophic receptor (p75NTR) and death receptor 6 (DR6), to promote axon degeneration in
peripheral nervous system (PNS). Moreover, previous work in our lab has shown that loss of DR6
delays Wallerian degeneration. However, the relative contributions of p75NTR and DR6
specifically to latent and catastrophic phases of axon degeneration in distinct etiologies have
largely been overlooked. The key pathways related to developmental and Wallerian degeneration

are reviewed in Chapter 1 of this thesis.

To identify the hallmarks of axon degeneration in distinct etiologies, | firstly determined the
morphological changes and calcium dynamics in axons after trophic deprivation or axotomy.
Using an in vitro microfluidic culture system and live imaging, | found that after trophic deprivation
or axotomy, intra-axonal calcium increases before catastrophic degeneration. This is
accompanied by the formation of calcium-rich spheroids that grow and then rupture, releasing

their contents (<10 kDa) to the extracellular space while allowing an influx of extracellular



molecules into the intra-axonal space. Additionally, prodegenerative molecules (e.g., calcium)
released into the extracellular space are capable of hastening entry of latent phase into the
catastrophic phase of axon degeneration. Further, | show that in response to trophic deprivation,
p75NTR promotes spheroid formation, intra-axonal calcium rise, and membrane rupture in a Rho-
dependent manner. In contrast, DR6 is required for transition into the catastrophic phase in
response to conditioned media from degenerating axons but not for spheroid formation or rupture.
This finding places p75NTR and DR6 upstream and downstream of spheroidal rupture,
respectively. Furthermore, this work supports the existence of an interaxonal degenerative signal
that promotes catastrophic degeneration. These findings are described in Chapter 2 (published
on J. Neuroscience) and Chapter 3 (published on Scientific Reports). The methods and materials

used for these analyses are listed in Chapter 5 (partially published on Springer Protocols).

In conclusion, this work established the notion that DR6 and p75NTR play separable but
interactive roles in regulating axon degeneration. It also revealed regulatory pathways for the
formation of functionally important axonal spheroids. However, several open questions remain to
be addressed such as, the identity of prodegenerative cues released by spheroid rupture, the in
vivo effects of axonal spheroids in progression of neurodegenerative diseases, and the non-cell
autonomous interaction of DR6 and p75NTR in degeneration. As the universal hallmark of
degeneration, axonal spheroids and their formation mechanisms are critical for investigating the
pathology of neurodegenerative disorders. The significance and future directions are discussed

in Chapter 4.
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Chapter 1'

Introduction

The elimination of axons is both vital and deleterious during development and pathology,
respectively (Luo and O’Leary, 2005). As neurons innervate their targets during development,
they grow exuberant axon collaterals that are either retained or eliminated by degeneration
(Neukomm and Freeman, 2014). In response to axon injury, a similar process of axonal
fragmentation, or Wallerian degeneration (WD) occurs, often resulting in permanent loss of neural
function (Vargas and Barres, 2007; Waller, 1851). Despite intense interest over the last several
decades, very few common molecular pathways have been reported between different
degenerative etiologies. Here, we review major molecular mechanisms and raise important yet
unsolved questions in different degenerative etiologies, emphasizing the roles of calcium

signaling, death receptors and axonal spheroids in axon degeneration.

Developmental axon degeneration

During development, innervating neurons compete for limiting quantities of target-derived survival
promoting neurotrophic factors. Sympathetic and sensory axons that encounter sufficient nerve
growth factor (NGF) survive and stabilize their axon collaterals, while those with low trophic
signaling undergo death and degeneration. NGF promotes expression of its own receptor TrkA
and depolarization in “strong” neurons, which secrete brain-derived neurotrophic factor (BDNF)

and neurotrophin-4 (NT-4) to eliminate “weak” neighbors through p75 neurotrophin receptor

! Additional introductory material was published Y. Yong et al., Glia signaling during neurological damage
and disease. eLS (2017).



(p75NTR) (Deppmann et al., 2008; Singh and Miller, 2005; Singh et al., 2008). Moreover, lack of
NGF-TrkA signaling permits the prodegenerative cues originating from death receptors, including
tumor necrosis factor receptor 1a (TNFR1a), p75NTR and death receptor 6 (DR6), which have
been implicated in developmental axon degeneration in the PNS (Barker et al., 2001; Olsen et

al., 2014; Park et al., 2010; Wheeler et al., 2014).

The molecular mechanism regulating axon degeneration in development has been widely
investigated (Fig.1). Global NGF deprivation on dissociated sympathetic neurons provides initial
insights with de novo RNA and protein synthesis being required for active death programs
(Freeman et al., 2004; Martin et al., 1988, 1992). Loss of NGF-TrkA signaling results in decreases
in pro-survival PI3K-AKT (phosphoinositide 3-kinase-AKT/protein kinase B) and MAPK/ERK
(mitogen-activated protein kinase/extracellular signal-regulated kinase) pathways, and leads to
the activation of pro-death pathways involving DLK (dual leucine zipper kinase) and JNK (c-jun-
N-terminal kinase) (Kristiansen and Ham, 2014). This results in the activation of transcriptional
factors (e.g. Foxo3a, c-jun) that induce the pro-death BH3-only genes including Bim, Bmf,
DP5/Hrk, and Puma, which together inhibit Bcl-2 family and promote activation of Bax (Geden
and Deshmukh, 2016; Simon et al., 2016). Activated Bax then translocates to mitochondria,
leading to release of cytochrome c (Cyt c) into the cytoplasm to drive activation of initiator caspase
9 (Casp9) and effector caspases 3 and 6 (Cusack et al., 2013; Simon et al., 2012). Unlike cellular
apoptosis, apoptotic protease activating factor 1 (Apaf-1) is not required during axonal pruning
induced by local NGF deprivation (Geden et al., 2019). As in vivo NGF signaling primarily occurs
at the axon terminals and the signal is retrogradely transported to the cell body, NGF withdrawal
from distal axons can drive degeneration via retrograde pro-apoptotic signaling as well as an
anterograde degenerative program initiated by Puma in the cell body (Mok et al., 2009; Simon et
al., 2016). Therefore, somatic integration of regressive and progressive signaling is crucial for

selective axonal elimination during development (Maor-Nof et al., 2016). Recently, p75NTR has
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been shown to mediate retrograde pro-apoptotic signaling in response to trophic deprivation or
BDNF binding to p75NTR (Pathak et al., 2018). Whether and how p75NTR and other death
receptors interact with retrograde and anterograde pro-degenerative signals in response to local

NGF deprivation requires further investigation.
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Figure 1: Developmental axon degeneration pathways

When neurons are deprived of NGF, the retrograde pro-apoptotic pathway initiated from p75NTR
is activated, with decreased ERK and AKT signaling and increased DLK/JNK activity. The
upregulation of transcriptional factors leads to increased expression of pro-death BH3-only genes
(Bim, Bmf, Hrk, Puma) and inhibition of Bcl-2 family genes (Bcl-2, Bcl-xL, Bcl-w) in cell body.
Puma induces anterograde pro-degenerative signaling by activating Bax, which promotes the
release of Cyt ¢ from mitochondria. Activation of downstream caspase cascade leads to axon

degeneration.
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Wallerian degeneration

Wallerian degeneration occurs after an axon is cut or crushed and entails the granular
disintegration of the severed axon distal to the injury site (Waller, 1851). This degeneration
process was originally characterized by breaking up of endoplasmic reticulum (ER), swelling and
local accumulation of mitochondria and fragmentation of neurofilaments (Vial, 1958; deF.
Webster, 1962). Careful microscopic analysis has revealed that the axon separated from the
soma goes through a lag/latent phase where its overall morphology remains unchanged, followed
by a execution/catastrophic phase where the axon begins to disassemble (Beirowski et al., 2005).
However, the molecular pathways underlying these distinct phases of axon degeneration have
long remained unknown and the implications of the phases as therapeutic targets for neurological

disorders requires further investigation (Conforti et al., 2014).

WLDS

Despite the importance of nutrients and extra-axonal support for long-term survival, injured axons
are now thought to initiate self-destruction through a regulatable or active process that is distinct
from apoptosis (Finn et al., 2000; Whitmore et al., 2003). This theory has come to light after the
discovery of the slow Wallerian degeneration mutation mouse (WId®), in which distal axons
survive ten times longer than normal in response to injury (Coleman et al., 1998; Lunn et al.,
1989). The protective effect of Wid® is conserved from insects to vertebrates and a variety of
neurodegenerative diseases such as traumatic brain injury (TBI), multiple sclerosis (MS),
Parkinson’s disease (PD), glaucoma, Charcot-Marie-Tooth (CMT), and peripheral neuropathy
(Krauss et al., 2020). Moreover, WId® has no effect on apoptotic death of the cell body, either in
NGF-deprived sympathetic neuronal cultures or in axotomized motor neurons, indicating an axon-

specific regulation (Adalbert et al., 2006; Deckwerth and Johnson, 1993; Hoopfer et al., 2006).
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How does the WId® mutation protect axons from degeneration after injury? The WId® gene
encodes an in-frame fusion protein comprised of full-length nicotinamide mononucleotide
adenylyltransferase 1 (NMNAT1) and N-terminal 70 amino acids of E4-type ubiquitin ligase
(Ube4db) (Coleman and Freeman, 2010; Conforti et al., 2000; Mack et al., 2001). As the NAD*
biosynthetic enzyme, overexpression of Nmnat1 can protect severed axons from fragmentation
but at levels significantly lower than WId®, suggesting that Nmnat1 is necessary but not sufficient
for the severed axon-protecting activity of WId® (Conforti et al., 2007). Partial Ube4b sequence of
Wid?®, on the other hand, lacks the ubiquitin ligase activity but shares protein binding activity (Laser
et al., 2006). Importantly, the N-terminal 16 amino acids (N16) derived from Ube4b interacts with
valosin containing protein (VCP) to potentially redistribute nuclear Nmnat1 activity to mitochondria
or bring Nmnat1 together with VCP-associating proteins that mediate protective effects (Avery et

al., 2009; Coleman and Freeman, 2010).

NMNAT

Nmnat enzymes are found in all organisms, catalyzing NAD* synthesis from adenosine
triphosphate (ATP) and nicotinamide mononucleotide (NMN) that is converted from nicotinamide
(NAM) by nicotinamide phosphoribosyltransferase (NAMPT) (Magni et al., 2004). The three
mammalian isoforms have different subcellular localization: Nmnat1 is localized to the nucleus;
Nmnat2 is found in the cytoplasm and trafficked anterogradely in the axoplasm; and Nmnat3 is
mostly localized to mitochondria, allowing compartmentalization of NAD* metabolic pools for
diverse cellular activities (Di Stefano and Conforti, 2013). Although overexpression of Nmnat1
fails to fully phenocopy Wid® mutation, transgenic mice overexpressing NMNAT3 show delay of
Wallerian degeneration similar to that in WId® mice, suggesting that localization of Nmnat is

important for axonal survival (Avery et al., 2009; Yahata et al., 2009).
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Unlike Nmnat1 and Nmnat3, endogenous Nmnat2 undergoes fast axonal transport and has a
relatively short half-life due to proteasomal degradation. It's been shown that Nmnat2 is depleted
in distal stumps of injured neurites, while exogenous Nmnat2 can protect injured neurites when
expressed at high levels to overcome its short half-life (Gilley and Coleman, 2010). Several
kinases including dual leucine zipper kinase (DLK) and leucine zipper bearing kinase (LZK)
promote Nmnat2 turnover (Milde et al., 2013; Summers et al., 2018; Walker et al., 2017). The
soluble, non-vesicular Nmnat2 is regulated by E3 ubiquitin ligase complex consisting of
PAM/Highwire/Rpm1 (PHR1), S-phase kinase-associated protein 1 (SKP1) and F-box protein 45
(FBXO45) (Figley and DiAntonio, 2020; Summers et al., 2018; Xiong et al., 2012). Interestingly,
removing sterile-a and Toll/interleukin 1 receptor (TIR) motif containing protein 1 (SARM1) in mice
protects Nmnat2 null axons without fully preserving NAD* levels after injury, indicating that Sarm1
acts downstream of Nmnat2 (Gilley et al., 2015). Moreover, Nmnat2 loss triggered by injury or
disruption of mitochondrial membrane potential leads to the increase of substrate-to-product ratio
(NMN/NAD"), which might promote Sarm1 activation to execute downstream degeneration

pathways (Di Stefano et al., 2015; Loreto et al., 2020; Zhao et al., 2019).

SARM1

SARM1 was first identified to be essential for axon degeneration after injury through genetic
screens in Drosophila (Osterloh et al., 2012). Loss of Sarm1 has been shown to block Wallerian
degeneration across species and protect axons from degeneration in various disease model, such
as TBI, amyotrophic lateral sclerosis (ALS), optic nerve crush, chemotherapy-induced and
diabetic peripheral neuropathy (Krauss et al., 2020; Llobet Rosell and Neukomm, 2019).
Examining Sarm1 protein has revealed three functional domains: an N-terminal Heat/Armadillo

(ARM) domain, important for autoinhibition; two central sterile a-motif (SAM) domains, responsible
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for dimerization; and a C-terminal Toll-interleukin-1 receptor (TIR) domain in common with other
Toll-like receptor (TLR) signaling molecule that possesses intrinsic NAD* cleavage activity to
trigger axon degeneration (Essuman et al., 2017; Gerdts et al., 2013; Summers et al., 2016). In
healthy axons, Sarm1 activity is autoinhibited by its N-terminal ARM domain, however, after injury
this autoinhibition is released through an unknown mechanism to promote dimerization of SAM
domains and degeneration via TIR domain-mediated NAD" destruction in response to injury
(Gerdts et al., 2015, 2016)., The mechanism of Sarm1 activation during degeneration remains

poorly understood.

Sarm1 has been considered to be the executioner and gatekeeper of commitment to Wallerian
degeneration (Carty and Bowie, 2019). Supporting this notion, loss of Sarm1 protected axons
more robustly than Wid® mutation and rescues the ectopic degeneration observed in the Nmant2
” neurons for the entire lifespan of the animals (Gilley et al., 2017). As the main factory for NAD*
and ATP synthesis, mitochondrial respiration is crucial for axon survival and maintenance.
Several studies indicate a mitochondrial-interacting sequence at the extreme N-terminus of
Sarm1, which might tether Sarm1 to mitochondria during Wallerian degeneration (Kim et al., 2007;
Panneerselvam et al., 2012). Furthermore, Sarm1” neurons were shown to prevent axonal
degeneration caused by mitochondrial uncouplers, indicating that mitochondrial dysfunction could
induce Sarm1 dependent axonal death (Summers et al., 2014). A recent study revealed that DLK
activation and mitochondrial dysfunction independently decreased the levels of Nmnat2 and
superior cervical ganglion 10 (SCG10), an axonal JNK substrate, resulting in Sarm1 dependent

axon degeneration (Shin et al., 2012; Summers et al., 2020).

Other mediators

MAPK
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The mitogen-activated protein kinase (MAPK) signaling pathway is involved in Wallerian
degeneration. This cascade includes MKK4/7, MLK, DLK, JNK1/3 and SCG10 and represents
the early degenerative response to axonal injury (Ehlers, 2004; Larhammar et al., 2017; Miller et
al., 2009; Shin et al., 2012; Yang et al., 2015). Interestingly, JNK has been shown to
phosphorylate Sarm1 to regulate NAD" cleavage during degeneration, while other studies indicate
that phosphorylated JNK act at the downstream of Sarm1 activation to promote axon

degeneration (Murata et al., 2018; Wang et al., 2018).

UPS and other proteases

Similar to NGF deprived neurons, inhibiting the ubiquitin proteasome system (UPS) by both
pharmacological and genetic means can delay degeneration of transected axons (Zhai et al.,
2003). An E3 ubiquitin ligase, zinc and ring finger 1 (ZNRF1) promotes Wallerian degeneration
by targeting AKT to degrade, thereby increasing the non-phosphorylated active form of glycogen
synthase kinase-3B (GSK3B) which phosphorylates collapsin response mediator protein 2
(CRMP2), which is required for microtubule reorganization in degenerating axons (Wakatsuki et
al., 2011). Another family of calcium-dependent non-lysosomal protease, calpains and their
endogenous inhibitors calpastatin have also been shown to regulate Walleian degeneration as a
terminal event in axon death signaling (Glass et al., 2002; Ma et al., 2013). Moreover, CRMP4
functions in the distal axons where it facilitates Wallerian degeneration through calpain-dependent
formation of harmful CRMP4 fragments (Girouard et al., 2020). As a “self-eating” process of the
cell that sequesters misfolded proteins and dysfunctional organelles, autophagy and its related
pathway has also been implicated in Wallerian degeneration. Vacuolar protein sorting 4 (Vps4),
a component of endosomal sorting complexes required for transport (ESCRT) machinery, is
shown to be rapidly depleted in injured mouse axons, inducing autophagic impediment and

subsequent degeneration (Wang et al., 2019b).
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Cytoskeletal modulation

As one of the characteristics of Wallerian degeneration, the mechanisms of cytoskeleton
breakdown has been investigated. Rho activation was observed in the distal axons after injury,
which triggered downstream Rho-kinase signaling to mediate actin polymerization (Yamagishi et
al., 2005). Mammalian Sir2-related protein 2 (SIRT2), a NAD-dependent tubulin deacetylase, was
also shown to regulate axon degeneration in response to injury. Decreased levels of SIRT2 and
enhanced microtubule acetylation contribute to the resistance to axon degeneration in Wid® mice
(Suzuki and Koike, 2007). Genetic screen in drosophila has recently identified Axundead (Axed)
as a mediator of axon death, acting downstream of Sarm1 on severed axons (Neukomm et al.,
2017). However, the molecular mechanism of how Axed is activated after injury and its

downstream targets remain unclear.

In summary, activation of UPS and MAPK signaling cascade triggered by injury leads to fast
depletion of axonal Nmnat2 and NAD" pools, increasing the NMN/NAD" ratio to destructive
threshold, which somehow activates Sarm1 to further facilitate NAD® loss. Mitochondrial
dysfunction and coupled energy deficits, calpain activation, and other mediators promote
cytoskeleton fragmentation and catastrophic axon degeneration (Fig.2) (Coleman and Hoke,

2020; Ding and Hammarlund, 2019; Freeman, 2014).
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Figure 2: Wallerian degeneration pathways

In response to injury, activation of MAPK signaling cascade and UPS lead to Nmnat2 degradation,
increase of NMN/NAD" ratio, and subsequent Sarm1 activation. Energy depletion along the axons
and the cytoskeleton breakdown mediated by calpain, Axed, Sirt2, SCG10 and CRMP2/4 promote

catastrophic axon degeneration.



Calcium signaling in axon degeneration

Neurons rapidly transfer electrochemical signals in a highly controlled spatiotemporal manner. As
a maijor intracellular messenger, calcium mediates many fundamental functions of neurons,
including neurite outgrowth, synaptic transmission, plasticity, neural survival and death. Disrupted
calcium homeostasis and calcium regulating proteins are common features in aging and
neurodegenerative diseases (Mattson, 2007; Muller et al., 2018). Perturbed axonal calcium due
to calcium flux from outside the axon and lethal release of calcium from intracellular stores like
ER and mitochondria can result in enhanced amyloid plaque formation, neurofibrillary
degeneration, apoptosis, and PD pathogenesis (LaFerla, 2002; Stirling and Stys, 2010; Surmeier
et al., 2017). In addition, studies have shown that mutations associated with aberrant regulation

of calcium responsive proteins leads to neuropathy and CMT disease (Sun et al., 2019).

In vitro and in vivo calcium imaging have been used to investigate the relationship between intra-
axonal calcium waves and the process of axon degeneration in both developmental and
pathological conditions. Interestingly, compartmentalized calcium transients have been shown to
act as temporal and spatial cues to trigger pruning (Kanamori et al., 2013). Moreover, the axonal
calcium increase just prior to catastrophic degeneration, is thought to be a key instructive
component of the degeneration program in response to injury (Adalbert et al., 2012; Vargas et al.,
2015). Extracellular calcium influx has been considered as a major source for the pre-catastrophic
axonal calcium wave since chelating extracellular calcium late in WD or after NGF deprivation
delays fragmentation (Johnstone et al., 2019; Vargas et al., 2015). Blocking calcium-specific
channels or their subunits, such as voltage-gated calcium channels (VGCCs) and sodium-calcium
exchanger (NCX) has been shown to delay axonal degeneration in response to injury or oxidative

stress and improve growth cone formation and axon regeneration (Barsukova et al., 2012;
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Dombert et al., 2017; LoPachin and Lehning, 1997; Ribas et al., 2017; Tabata et al., 2018;
Tedeschi et al., 2016). These studies suggest that calcium influx from the extracellular space via
calcium channels and NCX reversal contribute to axon degeneration. However, the subtypes of
calcium channels involved in the degeneration process may be dependent on neuronal types and
the pathological insults. Despite a good amount of investigation implicating calcium channels in
degeneration, a recent study has revealed a non-selective route for calcium entry across the
axonal plasma membrane via nanoscale ruptures to drive axon degeneration in MS model (Witte
et al., 2019). In addition to the current view of extracellular calcium influx in axon degeneration,
ER and mitochondria-derived calcium can regulate degenerative program as well.
Pharmacological depletion of ER calcium store, blockage of ryanodine and IPs receptors,
disruption in mitochondrial permeability transition pore (mPTP), and inhibition of store-operated
calcium entry (SOCE) have been shown to inhibit the loss of axonal function, cytoskeletal
degradation, and secondary axonal degeneration (Orem et al., 2017, 2020; Staal et al., 2010;
Tian et al., 2020a; Villegas et al., 2014). Taken together, both extracellular calcium and
intracellular stores contribute to axon degeneration, while their spatial regulation and interaction

at different stages of the degeneration program require further investigation.

Calcium signaling plays critical roles in axonal response to pathological insult, including the
disruption of cell membrane and cytoskeleton, and induction of stress response. Rapid calcium
increase after acute injury triggers the fusion of lipid membranes by mediating calcium binding
proteins like synexin to repair torn or ruptured plasma membranes (McNeil and Kirchhausen,
2005; Papahadjopoulos et al., 1990). Calcium overload also activates kinases, phosphatases and
proteases that cooperatively restructure microtubules and actin filaments (Girouard et al., 2018).
Several studies have revealed that calcium-dependent calpain activation promotes cytoskeletal
breakdown by cleaving spectrin near the plasma membrane (Czogalla and Sikorski, 2005; George

et al., 1995). DLK signaling has also been shown to regulate axon regeneration in c.elegans by
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calcium influx after injury (Yan and Jin, 2012). Blocking calcium channels could suppress the
activation of JNK/c-Jun signaling to stabilize axons after optic nerve crush (Ribas and Lingor,
2016). Moreover, calcium dysregulation associated with ER and mitochondria triggers a series of
cell stress pathways including mPTP opening and consequent disruption of ATP production which
is also thought to promote axon degeneration (Lee et al., 2018; Malhotra and Kaufman, 2011).
Interestingly, a recent study showed that incubation of HIV associated toxins result in delayed
accumulation of intracellular calcium coupled with decreased rate of calcium clearance from
neurons, focal swellings and impaired movement of mitochondria in neurites, which could be
suppressed by application of p75NTR ligand (Meeker et al., 2016). This suggests that p75NTR
may function upstream of calcium signaling to modulate neurodegeneration. How p75NTR and
other death receptors might mediate calcium signaling in developmental and pathological axon

degeneration remains unclear.
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Death receptors in axon degeneration

Death receptors are the members of the tumor necrosis factor receptor (TNFR) superfamily
whose cytoplasmic tail contains a conserved death domain (DD). In spite of their name, death
receptors can trigger either cell death or survival. During development, death receptors and their
ligands regulate neuronal expansion, growth, differentiation and regional pattern formation,
important for brain development (Twohig et al., 2011). In neurodegenerative diseases, death
receptor expression and signaling has been shown to mediate neuronal death, axon
degeneration, excitotoxicity and inflammation (Haase et al., 2008). Adapter proteins, along with
other binding partners, are recruited by means of DD interaction to transduce death receptor
signals. For example, Fas, DR4, and DR5 primarily bind Fas-associated DD (FADD), while
TNFR1, DR3 and DR6 primarily bind TNFR-associated DD (TRADD) to promote downstream
signaling events (Mc Guire et al., 2011; Walczak, 2013). Despite a good amount of evidence
suggesting the involvement of death receptors in apoptosis and necroptosis, axon-specific roles

of these receptors during degeneration remain largely unexplored.

p75NTR

p75NTR is widely expressed in the developing nervous system, including sympathetic, sensory,
and motor neurons, as well as glial cells. The expression of p75NTR is diminished in adulthood,
but can be upregulated or re-expressed in response to injury or degenerative insult (Ibafez and
Simi, 2012; Zeng et al., 2011). Similar to other death receptors, extracellular structure of p75NTR
highlighted by conserved cysteine-rich domains (CRDs) is responsible for binding to all the
neurotrophins (NGF, BDNF, NT-3 and NT-4/5) and their pro-forms with similar affinity (Chao,
1994; Teng et al., 2010). Unlike other death receptors, p75NTR does not signal through the

recruitment of adaptor proteins by its DD. Depending on the ligand and co-receptor, p75NTR can
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initiate pro-survival and pro-apoptotic signals, regulate cell cycle entry, axonal elongation and
synaptic transmission (Dechant and Barde, 2002; Meeker and Williams, 2015; Yamashita et al.,

2005).

In the presence of NGF, p75NTR interacts with the TrkA receptor to promote sympathetic neuron
survival through activating PI3K-AKT, Ras-MAPK and NF-kB pathways (Gentry et al., 2004).
However, when sympathetic neurons are maintained with low quantities of NGF or KCI, BDNF
can activate p75NTR and JNK pathway to cause neuronal apoptosis (Bamiji et al., 1998). During
developmental sympathetic axon competition, BDNF secreted from active axons drive activation
of p75NTR on losing axons to cause degeneration (Singh et al., 2008). Moreover, p75NTR also
modulates neural connectivity in the intact mature nervous system. Specifically, myelin triggers
local axon degeneration by p75NTR-dependent sequestration of Rho guanine nucleotide
dissociation inhibitor (Rho-GDI) and downstream activation of Rho and caspase-6 (Park et al.,
2010). Importantly, p75NTR forms disulphide-linked dimers through the highly conserved Cys?*’
in its transmembrane domain. Upon neurotrophin binding, the close association of p75NTR DD
is transiently disrupted by conformational change to allow binding of caspase recruitment domain
(CARD) of RIP2 kinase for activation of the NF-kB pathway, competing with the binding of Rho-
GDI for Rho activation (Lin et al., 2015; Tanaka et al., 2016; Vilar et al., 2009). This “snail tong”
like conformational change of p75NTR provides a protein interaction interface for switching
pathways involved in axon degeneration and elongation. Additionally, proteolysis of p75NTR in
axons by the metalloprotease TNFa-converting enzyme (TACE, also known as ADAM17) and y-
secretase are required for generation of the intracellular domain (ICD) of p75NTR for retrograde
degenerative signal in response to trophic deprivation or oxidative stress (Kraemer et al., 2014;

Pathak et al., 2018).
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Many studies have reported adult re-expression of p75NTR following injury and cellular stress.
In AD models, small molecule p75NTR modulators have been shown to inhibit AB-induced neurite
degeneration in the basal forebrain, hippocampus and cortex, and have been applied in phase 2
clinical trials for mild-moderate AD patients (Knowles et al., 2013; Simmons et al., 2014; Yang et
al., 2008). Moreover, AB-induced tau hyperphosphorylation, synaptic disorder and neuronal loss
were alleviated by genetic knockout of p75NTR, revealing the therapeutic potential of p75NTR in
AD and other tauopathies (Shen et al., 2019). However, the molecular mechanisms that
upregulate p75NTR during neural injury and neurodegeneration remain unclear (Ibafez and Simi,
2012). Therefore, the specific roles of p75NTR in developmental and pathological axon

degeneration requires further analysis.

DR6

Death receptor 6 (DR6) is a single pass transmembrane receptor, possesses four extracellular
TNFR-like CRDs, a transmembrane domain and a cytoplasmic DD related to those of all known
death receptors (Pan et al., 1998). DR6 is expressed in most human tissues and abundant
transcript is detected in heart, brain, placenta, pancreas, thymus, lymph node and several non-
lymphoid cancer cell lines (Pan et al., 1998). Studies have shown that DR6 associates with
TRADD but not FADD to couple to downstream caspases to induce apoptosis and activation of

NF-kB and JNK (Kasof et al., 2001; Pan et al., 1998).

DR6 did not receive much attention in the field of degeneration until the identification of APP as
potential ligand for DR6 in axonal pruning. Trophic factor deprivation could trigger the B-secretase
(BACE)-dependent shedding of surface APP, which binds DR6 and activates caspase 6 to
promote axon degeneration (Nikolaev et al., 2009). However, further genetic and biochemical

analysis revealed that although APP and DR6 work in the same pathway to control pruning, the
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high-affinity binding to DR6 requires more C-terminal portion of the APP ectodomain, independent
of BACE (Olsen et al., 2014). Structural analysis of DR6 indicated that unlike p75NTR, a positively
charged surface patch on DR6 could interact with a negatively charged surface feature on the
ligand responsible for the exclusive recognition, but the proposed model of the APP/DR6 complex
did not obey the electrostatic surface binding mode between ligand and receptor (Kuester et al.,
2011). Alternatively, a working model of APP-induced dimerization of DR6 was proposed whereby
dimeric APP brings two DR6 molecules together to allow activation of downstream signaling
associated with the DD (Xu et al., 2015). Given the link between APP, developmental axon
pruning and AD, it’s likely that DR6 contributes to neurodegeneration in AD and other axon
degeneration paradigms. However, genetic deletion of DR6 failed to alter the formation of amyloid
plaques, gliosis, synaptic loss, or cognitive behavioral deficits in AD mouse models (Kallop et al.,
2014). In addition, APP cleavage, caspase 6 and DR6 activation are not involved in axonal
degeneration induced by mechanical or toxic insults in sensory neuronal cultures and retinal
ganglion cells (Fernandes et al., 2018; Vohra et al., 2010). However, DR6 and caspase 6 were
shown to mediate axonal degeneration induced by the prion peptide in spinal cord neurons (Wang
et al., 2015). Previous work in our lab also reported that DR6 is required for the activation of
classic WD degeneration pathways (Gamage et al., 2017). Interestingly, in addition to the cell
autonomous function of DR6 in axon degeneration, a recent study has revealed a non-cell
autonomous function of DR6 in Schwann cell proliferation (Colombo et al., 2018). As a novel
substrate for a disintegrin and metalloprotease 10 (ADAM10) and y-secretase, neuronal DR6
was found to be cleaved and act in frans on Schwann cells to mediate their proliferation and
myelination during development, independently of its cytoplasmic DD (Colombo et al., 2018).
Given the diverse function of DR6 in degeneration, it's important to determine the specific

mechanisms for DR6 activation in different cell types and degeneration models.
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Stages of axon degeneration

Axon degeneration is an evolutionary conserved process that can be activated by different stimuli
including trophic factor deprivation, mechanical damage, oxidative stress and toxic drug
incubation. After injury, desomatized axons undergo three distinct stages of WD: 1. an acute local
phase with degeneration proximal to lesion site (Kerschensteiner et al., 2005), 2. a latent phase,
which lasts for 1-2 hours in vitro and up to 48 hours in vivo, and 3. a rapid and near synchronous
“catastrophic’/execution phase, in which the cytoskeleton disintegrates (Beirowski et al., 2005;
Rosenberg et al., 2012; Wang et al., 2012). Initial channel-mediated calcium influx of extracellular
calcium is critical for triggering the acute axonal degeneration (Kerschensteiner et al., 2005; Wang
et al., 2012). The local increase of the calcium close to the injury site promotes the re-seal of the
membrane, which allows the distal axon to exhibit a period of structural quiescence and maintain
physiological functions in latent phase (Eddleman et al., 1998; Ziv and Spira, 1995). In the
catastrophic phase, molecules related to cytoskeleton breakdown, such as calpain, drive the
final stage of axon disintegration (Ma et al., 2013; Salvadores et al., 2017). Degeneration induced
by trophic deprivation consists of the final two stages but not the first. The degradation of
calpastatin and activation of calpain have been implicated in the common downstream pathways
shared by both developmental degeneration and WD (Yang et al., 2013). However, the vast
majority of the molecular mechanisms mentioned above have not been assigned to particular
phases of degeneration (i.e. latent versus catastrophic phase). Importantly, re-supplementation
of NGF in previously trophically deprived axons in the early latent phase but not in the late
catastrophic phase was able to reverse the degeneration progress, suggesting the existence of
“point of no return” in axon and neuronal death (Deckwerth and Johnson, 1993). But the
mechanisms that regulate the degeneration of axons transitioning from latent phase into

catastrophic phase remain unclear. Interestingly, we observed axonal spheroid formation on
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axons with morphologically intact cytoskeleton in both NGF deprived and injured neuronal
cultures during the transition phase of degeneration (Fig.3). The regulation and function of the

spheroids will be discussed in chapters 2 and 3 of this thesis.
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Figure 3: Stages and morphological hallmarks of degeneration in response to injury and
NGF deprivation

Axons are intact and continuous during latent and transition phases, then fragmented in
catastrophic phase, as indicated in Tuj1 (anti-Blll-tubulin) immunostained images. In the transition
phase, axons develop spheroids with flipped phosphatidylserine on the outer surface of the

membrane, indicated by Annexin V staining. Scale bar = 5um.
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Axonal spheroids

Many insults can trigger axon degeneration, often accompanied by the emergence of axonal
spheroids. The formation of spheroid or process of beading was observed in spinal cord distal to
a site of injury by Ramon y Cajal, who indicated that “the voluminous balls along the nerves were
the seat of destructive process”, as they appeared earlier than nerve fragmentation (Ramoén y
Cajal, 1928). Similar to injury in the CNS, crushed peripheral nerve fibers swell, causing a beaded
spherical morphology (Gershenbaum and Roisen, 1978). Axonal spheroids have also been
observed in the aging brain (Bridge et al., 2009), TBI (Newell et al., 1999), and many
neurodegenerative diseases including AD (Stokin et al., 2005), PD (Galvin et al., 1999), and ALS

(Carpenter, 1968).

As the hallmark of axon pathology, it remains unclear whether spheroids in so many different
neural disorders arise by a common mechanism. The slow Wallerian degeneration gene, Wid®,
inhibits axonal spheroid formation in injured CNS and PNS nerves, as well as disease model like
gracile axonal dystrophy mice (Beirowski et al., 2005, 2010; Mi et al., 2005). The consistent
suppression of spheroids in WId® mice reveals a mechanistic link for convergent axon
degeneration mechanisms in diverse modules. Focal blockage of axonal transport often leads to
accumulation of organelles and disorganized cytoskeleton in axonal varicosities. Importantly,
axonal spheroids show accumulation of kinesin co-localized with highly phosphorylated
neurofilaments in motor neuron disorder (Toyoshima et al., 1998) and APP in many CNS
disorders (Coleman, 2005), indicating that failure of axonal transport may contribute to spheroid
formation. However, early injury-induced spheroids in the optic nerve did not contain large
accumulations of mitochondria that would have been expected if impaired mitochondrial transport

caused focal dilation of the axons (Beirowski et al., 2010). These studies address the question
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regarding whether axonal spheroids are a cause or consequence of impaired axonal transport, or
both. Moreover, reactive oxygen species (ROS) triggered increase of axoplasmic calcium levels,
accumulation of calcium channel and actin at the sites of spheroids (Barsukova et al., 2012),
suggesting that rather than being a passive consequence of blocked axonal transport, axonal

spheroids could be an active programmed response to damage.

Despite a good amount of morphological evidence about axonal spheroids in pathological
condition, whether the axonal spheroid is an early or late event in degeneration remains unclear.
The function of axonal spheroids in degeneration has been largely overlooked. Additionally, it is
unknown whether the characteristics of axonal spheroids in disease stay the same in axon death
during development. Molecular mechanisms governing formation of spheroids must be

investigated for better understanding of degeneration and intervention of disease.
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Chapter 22

p75NTR and DR6 regulate distinct phases of axon degeneration demarcated by

spheroid rupture
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Significance statement

Developmental pruning shares several morphological similarities to both disease- and injury-
induced degeneration, including spheroid formation. The function and underlying mechanisms
governing axonal spheroid formation, however, remain unclear. In this study, we report that axons
coordinate each other’s degeneration during development via axonal spheroid rupture. Before
irreversible breakdown of the axon in response to trophic withdrawal, p75 neurotrophic factor

receptor-RhoA signaling governs the formation and growth of spheroids. These spheroids then

rupture, allowing exchange of contents <10 kDa between the intracellular and extracellular space

to drive death receptor 6 and calpain-dependent catastrophic degeneration. This finding informs
not only our understanding of regressive events during development but may also provide a

rationale for designing new treatments toward myriad neurodegenerative disorders.
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Abstract

The regressive events associated with trophic deprivation are critical for sculpting a functional
nervous system. After nerve growth factor withdrawal, sympathetic axons derived from male and
female neonatal mice maintain their structural integrity for 11~18 h (latent phase) followed by a
rapid and near unison disassembly of axons over the next 3 h (catastrophic phase). Here we
examine the molecular basis by which axons transition from latent to catastrophic phases of
degeneration following trophic withdrawal. Before catastrophic degenera- tion, we observed an
increase in intra-axonal calcium. This calcium flux is accompanied by p75 neurotrophic factor
receptor-Rho-actin- dependent expansion of calcium-rich axonal spheroids that eventually
rupture, releasing their contents to the extracellular space. Conditioned media derived from
degenerating axons are capable of hastening transition into the catastrophic phase of
degeneration. We also found that death receptor 6, but not p75 neurotrophic factor receptor, is
required for transition into the catastrophic phase in response to conditioned media but not for the
intra-axonal calcium flux, spheroid formation, or rupture that occur toward the end of latency. Our
results support the existence of an interaxonal degenerative signal that promotes catastrophic

degeneration among trophically deprived axons.
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Introduction

Throughout nervous system development, axons, synapses and even entire neurons are initially
overproduced and then refined through a period of organized culling (Hamburger and Oppenheim,
1990; Kantor and Kolodkin, 2003; Purves and Lichtman, 1980). Sympathetic neurons in the
peripheral nervous system (PNS) rely on NGF-TrkA neurotrophic signaling to stabilize these
components (Campenot, 1977; Gamage et al., 2017; Hendry and Campbell, 1976; Purves et al.,
1988; Yan et al., 2010). The absence of sufficient neurotrophic signaling permits pro-destructive
cues originating from tumor necrosis factor receptor superfamily (TNFRSF) members, such as
p75 neurotrophin receptor (p75NTR), death receptor 6 (DR6) and tumor necrosis factor receptor
1a (TNFR1a), to promote regressive events like cell death, synapse restriction or axon
degeneration in the PNS (Gamage et al., 2017; Nikolaev et al., 2009; Olsen et al., 2014; Singh et
al., 2008; Wheeler et al., 2014). Axon degeneration is critical for proper nervous system wiring
during development, but it's also a hallmark of several neural pathologies like Alzheimer’s
disease, amyotrophic lateral sclerosis (ALS), and injury (Saxena and Caroni, 2007). Both
developmental and pathological degeneration occur in 2 phases: latent and catastrophic

(Kristiansen and Ham, 2014; Wang et al., 2012).

During latent phase, axons are morphologically indistinguishable from those receiving trophic
support (Deckwerth and Johnson, 1993). Re-addition of trophic factor or mild depolarization
during the latent phase is capable of rescuing degeneration (Edwards et al., 1991). After latency,
the catastrophic/ execution stage of degeneration occurs in a rapid and near synchronous
manner. During this period, axonal transport ceases, axons develop swellings, neurofilaments
become fragmented, the cytoskeleton disintegrates, and debris is removed by recruited
phagocytes (Luo and O’Leary, 2005; Saxena and Caroni, 2007). Importantly, this stage of

degeneration represents the point of no return where re-introduction of neurotrophic factors do
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not rescue degeneration (Edwards et al., 1991). Although we and others have shown that in the
absence of NGF-TrkA signaling, p7SNTR and DR6 mediate axon degeneration (Bamii et al.,
1998; Gamage et al., 2017; Nikolaev et al., 2009; Olsen et al., 2014; Singh et al., 2008), the
relative contributions of p75NTR and DR6 specifically to latent and catastrophic phases of

degeneration have largely been overlooked.

How do axons transition from latent to catastrophic phases? It was shown that calcium signaling
in degenerating axons promote activation of calpain, the calcium sensitive protease required for
the disassembly of cytoskeletal elements (Avery et al., 2012; George et al., 1995; Vargas et al.,
2015). During development, it is thought that compartmentalized calcium transients act as
temporal and spatial cues to trigger dendrite pruning (Kanamori et al., 2013). Moreover, it was
recently shown that axoplasmic calcium increases before the emergence of gross morphological
changes in NGF deprived DRG cultures (Johnstone et al., 2019), suggesting that intra-axonal
calcium signaling could play a role in all phases of degeneration. However, whether death
receptors act permissively to allow calcium dependent irreversible fragmentation in response to

trophic withdrawal remains an open question.

In this study, we demonstrate that after trophic deprivation, intra-axonal calcium increases prior

to catastrophic degeneration. This is accompanied by the formation of calcium-rich spheroids that

grow and then rupture, releasing their contents (<10 kDa) to the extracellular space while allowing

an influx of extracellular molecules (e.g., calcium) into the intra-axonal space. The pro-
degenerative molecules released into the extracellular space are capable of hastening entry of
trophically deprived axons into the catastrophic phase of degeneration. We show that p75NTR
promotes spheroid formation, intra-axonal calcium rise, and membrane rupture in a Rho-

dependent manner. In contrast, DR6 is not required for spheroid formation and rupture. Moreover,
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DR6 is required to hasten entry into the catastrophic phase of degeneration in response to
conditioned media from degenerating axons, whereas p75NTR is dispensable. Taken together,
these data place p75NTR and DR6 upstream and downstream of spheroidal rupture, respectively.
This is consistent with separable roles for these receptors in early and late phases of degeneration

induced by trophic withdrawal.
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Results

Intra-axonal calcium increases in trophic factor deprived axons and accumulates in

spheroids prior to catastrophic degeneration

To study the kinetics of degeneration induced by trophic withdrawal, we cultured sympathetic
neurons from PO-P2 mice in microfluidic devices, which separate soma and axons (Fig.1A). After
establishment in 45ng/mL of NGF for 5-7 days in vitro (DIV), wild-type sympathetic neurons were
globally or locally deprived of NGF with media containing anti-NGF function blocking antibody for
indicated times. After global NGF deprivation, the majority of axons remain intact for roughly 18
hours as measured by microtubule integrity (83-tubulin staining). This period of sustained axonal
integrity is referred to as the latent phase of degeneration (Coleman, 2005). At the conclusion of
the latent phase, the majority of axons rapidly degenerate from 4.411.5% to 90.4+2.2% of
degeneration within 3 hours (Fig.1B,C). This is referred to as the catastrophic or execution phase

of degeneration (Wang et al., 2012).

What are the molecular events that signal the transition from latent to catastrophic phase? Axonal
calcium waves have been reported to be critical in promoting axon degeneration after axotomy
(Vargas et al., 2015). Given the importance of the calcium dependent protease, calpain, in
developmental axon degeneration, we speculated that calcium waves may occur at the transition
between latent and catastrophic phases (Yang et al., 2013). We examined axonal calcium
dynamics using Fluo4-AM imaging of axons that were withdrawn from NGF. Multiple small
calcium peaks were detected during the first 12 hours, while the largest axoplasmic calcium flux
that we observed occurred between 17-19 hours after global trophic withdrawal (Fig.1D), a time
reflecting the transition window between latent and catastrophic phases (Fig.1C). Notably, axonal

calcium increases up to 3 fold over baseline by 17hr50min after global NGF deprivation (Fig.1F).
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After this initial increase, axonal calcium levels decrease approximately 1.5 fold. We hypothesize
that axonal calcium increase may be a hallmark of the transition between latent and catastrophic

degeneration phases.

In addition to axonal apoptosis induced by global NGF deprivation, pruning is critical for
refinement of the nervous system during development. To examine whether axon pruning has
similar calcium dynamics in relation to degeneration kinetics, we selectively deprived NGF in the
axon compartment of sympathetic neurons grown in microfluidic devices (Fig.1A). The majority of
axons remain intact until 46 hours after local NGF deprivation, indicating the delayed latent phase
compared to global NGF deprivation, which is consistent with previous reports (Chen et al., 2012)
(Fig.1B,C). Calcium levels in locally NGF deprived axons spiked prior to entry into the catastrophic
phase of degeneration (Fig.1D). This relationship between calcium spike and catastrophic
degeneration is similar to what we observed in neurons globally deprived of NGF, albeit with an

overall delay in degeneration kinetics.

Upon closer inspection of calcium dynamics within the entire axon, we observed that much of this
calcium is concentrated in nascent spheroids on NGF deprived axons (Fig.1E). The formation of
axonal spheroids/beads has been observed in not only trophic withdrawal models of
developmental degeneration but also in pathological scenarios (Beirowski et al., 2010; Griffiths et
al., 1998; Mejia Maza et al., 2018; Probst et al., 2000; Takahashi et al., 1997). However, whether
these beads/spheroids have a function as degeneration progresses remains an open question.
Interestingly, after observing the initial formation of calcium rich spheroids, these structures
increase in size from 4.1+0.5um?to 19.6+2.7um? (roughly 500%) within one hour (Fig.1G). In
addition to the increase in average spheroid size, the number of spheroids increased from 1 to 13
per 100pm between 17 and 18 hours after trophic withdrawal (Fig.1H). Spheroidal calcium levels

had a roughly 1.7 fold increase by 17 hours and 50 minutes after NGF deprivation (Fig.1G).
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However, the spheroidal calcium levels varied depending on spheroid size. This value likely
underestimates the increase in calcium since the spheroidal area measured increases with time.
As such, we also normalized the areas used for the region of interest (ROI) to quantify the

spheroidal calcium density and found the same trend (Fig.1/).

To determine whether intra-axonal calcium elevation is required for the formation of spheroids,
we depleted axoplasmic calcium by BAPTA-AM and examined the morphological changes of NGF
deprived axons by live imaging. We find that axons retain their capacity to form spheroids in the
absence of intra-axonal calcium elevation (Fig.2A,B). These data indicate that while intra-axonal
calcium flux may correlates with entry into the catastrophic phase of degeneration, it is not

required for spheroid formation.
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Figure 1: Axoplasmic calcium dynamics and formation of spheroids prior to catastrophic
degeneration in response to NGF deprivation

A, Schematic representation of NGF deprivation paradigm in microfluidic devices. Cell bodies
(CB) and distal axons (DA) are separated. For global NGF deprivation, sympathetic neurons were
maintained in NGF-deficient media containing 1pug/mL anti-NGF antibody. For local NGF
deprivation, sympathetic distal axons were maintained in 80uL per well of NGF-deficient media
containing 1ug/mL anti-NGF antibody. Cell bodies were maintained in 150uL per well of media
containing 45ng/mL NGF. B, Representative images of (3-tubulin immuno-stained distal
sympathetic axons before treatment (Ohr), 12, 24, 36, 48 and 72 hours after global and local NGF
deprivation. Scale bar = 50um. C, Degeneration time course after NGF deprivation. Latent and
catastrophic phases of degeneration are noted. Nonlinear regression curve was drawn according
to Hill equation. n=3 for each time point. D, Normalized calcium fluorescence change of global
(black, left y axis) and local (blue, right y axis) NGF deprived axons over time. Total number of
n=6 (global NGF deprivation) and n=11 (local NGF deprivation) axons from 3 independent litters
were quantified. E, Fluo4-AM calcium imaging of sympathetic axons at the indicated times after
global NGF deprivation. For the “NGF deprivation” condition, neurons were globally deprived of
NGF for 17 hours, and then incubated with Fluo4-AM for calcium imaging. For the “Control”
condition, no NGF deprivation was performed. Yellow box indicates the individual axon as a
region of interest. Red box indicates axonal spheroid as a region of interest. White arrowheads
indicate the formation and growth of spheroid. Scale bar = 10um. F, Calcium fluorescence change
of control or NGF deprived axons over time. Grey vertical dotted line indicates the onset of
catastrophic phase (18 hours after NGF deprivation). Black horizontal dotted line indicates the
baseline without any calcium change. Total number of n=8 (NGF deprivation) and n=18 (control)
of axons from 3 independent litters were quantified. G, Calcium fluorescence and size change of
axonal spheroid after 17 hours of global NGF deprivation. Total number of n=18 axonal spheroids

from 3 independent litters were quantified. p=0.0452 (17:30), p=0.0059 (17:35), p<0.0001 (17:40,
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17:45, 17:50, 17:55, 18:00), p=0.0037 (18:05), p=0.0380 (18:10), p=0.0293 (18:15), two-way
ANOVA with Sidak’s multiple comparisons test. H, Quantification of axonal spheroid number per
100um of axon at the indicated times after NGF deprivation. Nonlinear regression curve was
drawn according to the Hill equation. Total number of n=11 axons from 3 independent litters were
counted. I, Quantification of normalized calcium fluorescence of axonal spheroids from 17.5 to
18.5 hours of global NGF deprivation. Individual axonal spheroids were quantified: n=18

spheroids from 3 independent replicates. Data are reported as meantSEM, *p<0.05, ***p<0.0001.
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Transcriptional induction of caspase activation is upstream of spheroid formation

Global NGF deprivation initiates apoptotic pathways to drive degeneration of axons and soma
(Deckwerth and Johnson, 1993; Geden et al., 2019). Because caspases and calpain have been
proposed to be involved in axon degeneration (Cusack et al., 2013; Ma et al., 2013; Simon et al.,
2012, 2016; Yang et al., 2013), we next examined the requirement of these proteases in the
formation of spheroids after NGF deprivation. Application of the pan-caspase inhibitor Z-VAD-
FMK but not calpain inhibitor 11l blocked spheroid formation (Fig.2A). Less than two spheroids per
100um of axons were observed in NGF deprived cultures treated with Z-VAD-FMK, while the
numbers of spheroids reached 10.2+0.4 and 8.8+0.2 per 100um after 19 hours of NGF deprivation
in the DMSO and calpain inhibitor lll treatments, respectively (Fig.2B). Taken together, these data
indicate that caspase activation is upstream of spheroid formation occurring at the transition

between latent and catastrophic phases.

It has been suggested that transcriptional upregulation of proapoptotic proteins (e.g. PUMA) are
required for axon degeneration after trophic withdrawal (Maor-Nof et al., 2016; Simon et al., 2016).
To determine whether inhibition of early prodegeneration transcriptional events could delay
spheroid formation, we treated cell bodies with a transcription inhibitor, Actinomycin D, at the
same time cells were deprived of NGF and examined spheroid formation between 17 and 19.5
hours after trophic withdrawal. Interestingly, Actinomycin D significantly diminished spheroid
formation compared to the DMSO control (Fig.2A,B). Based on previous reports, we speculate
that a transcriptional program induced by NGF withdrawal is permissive for the activation of
caspase pathways, which in turn promotes spheroid formation (Maor-Nof et al., 2016; Simon et

al., 2016).
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Once cells become apoptotic, plasma membrane phosphatidylserine (PS) asymmetry is lost and
membranes undergo blebbing. Importantly, PS enrichment on the outer leaflet of the plasma
membrane is read as an ‘eat-me’ signal for phagocytes to aid apoptotic cell recognition and
clearance (Poon et al., 2014; Zhang et al., 2018). After NGF deprivation, the formation of axonal
spheroids were detected by live imaging. We next assessed PS exposure on the extracellular
surface of axonal spheroids by Annexin V staining, which fluoresces upon binding to PS (Fig.2C,
Movie 1,2). After 18 hours of NGF deprivation, about 60% of spheroids, but not the rest of the

axon, are Annexin V-positive (Fig.2D), suggesting PS flipping to the outer leaflet on the spheroid

membrane.
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Figure 2: Transcription and caspase activation are required for formation of spheroids

A, B, Fluo4-AM calcium imaging (A) and quantification of axonal spheroid number per 100um of
sympathetic axons (B) at the indicated times after NGF deprivation in the presence of DMSO,
10uM BAPTA-AM, 50uM V-ZAD-FMK, 20uM Calpain inhibitor 1ll, and 1ug/mL Actinomycin,
respectively. Scale bar = 10um. Nonlinear regression curves were drawn according to the Hill
equation. Total number of n=26 (DMSO), n=26 (BAPTA-AM), n=25 (Z-VAD-FMK), n=20 (Calpain
inhibitor 1lI), n=17 (Actinomycin) axons from 3 independent litters were counted. C,
Representative images of axonal spheroids after 18 hours of NGF deprivation. Fluo4-AM (green)
indicates intra-axonal calcium, and Annexin V (magenta) indicates exposure of
phosphatidylserine on the outer leaflet on the spheroid membrane. Scale bar = 5um. D,
Quantification of the percentage of fluorescent Annexin V positive spheroids after 17 to 19.5 hours
of NGF deprivation. Total number of n=15 axons from 3 independent litters were counted. Data

are reported as meanSEM.
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Axonal spheroids develop membrane ruptures after NGF deprivation

Whereas Annexin V staining is consistent with PS flipping to the outer leaflet of the plasma
membrane, it is also formally possible that the membrane integrity of growing spheroids is
disrupted, allowing access of the 45 kDa Annexin V protein to the inner leaflet of the plasma
membrane. To test this, we bathed control or NGF deprived axons in neutral fluorescent dextrans
of different sizes (3, 10, 70 kDa). If there were any ruptures on the membrane after NGF
deprivation, the dextran would immediately diffuse to the axoplasm (Fig.3A). The exclusion of
dextran was maintained until 17 hours and 40 minutes after NGF deprivation, however by 17
hours and 50 minutes the axoplasm began to fill with 3 kDa fluorescent dextran (Fig.3B, Movie
3,5). The fraction of labeled spheroids decrease with increasing size of fluorescent dextran, and
no significant spheroidal uptake was observed with 70 kDa dextran (Fig.3D), indicating that
ruptures occur on a nano-scale and are permeable to molecules less than 10 kDa. Moreover, we
observed non-punctate dextran positivity of spheroids simultaneously as Fluo4-AM dye was lost
(Fig.3C), consistent with membrane rupture. We do observe some spheroids that have punctate
dextran labeling, consistent with macropinocytosis, however the events that we consider rupture
are quite distinct and involve rapid and complete filling of the spheroid (Movie 4). If the labeling of
Annexin V on spheroids was due to entry of the dye through membrane rupture, the number of
spheroids filled with dextran of similar or smaller sizes should be no less than the number of
Annexin V positive spheroids. However, only 6.5+£3.1% of 10 kDa dextran positive spheroids were
observed after 18 hours of NGF deprivation, significantly less than 45 kDa Annexin V labeled
spheroids (Fig.2D,3C), suggesting that the flipping of PS occurs prior to the entry of dextran or

membrane rupture.
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Figure 3: Axonal spheroids develop membrane rupture after NGF deprivation
A, Schematic representation of the experimental paradigm to assess membrane rupture model

using fluorescent dextran. At 17 hours and 20 minutes of NGF deprivation, fluorescent dextran
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(red) is not taken up by the axon (black, negative space). However, by 18 hours of NGF
deprivation, as the plasma membrane loses integrity and ruptures, fluorescent dextran (red) can
diffuse into spheroids, turning them red. Spheroids with intact membrane remain black. B,
Representative images of dextran 3 kDa (red) entry to axonal spheroids (black) from 17 hours
and 20 minutes to 18 hours and 30 minutes of NGF deprivation (left column), and dextran
exclusion in untreated axons (right column). White arrowheads indicate that dextran 3 kDa enter
axonal spheroids after 18 hours of NGF deprivation. C, Examples of individual spheroidal tracing
on NGF deprived axons labeled with Fluo4-AM and bathed in 3 kDa (left) and 10 kDa (right)
dextrans, respectively. Right y-axis is the mean grey level intensity of dextran fluorescence
(megenta) after background subtraction, while left y-axis is the mean grey level intensity of Fluo4-
AM (green) after background subtraction. Spheroids showing the red/green transition are
captured. D, Quantification of the percentages of fluorescent 3 kDa (red), 10 kDa (magenta), and
70 kDa (blue) dextran positive spheroids 20 to 90 minutes after 17 hours NGF deprivation. Black
line (control) indicates the percentages of fluorescent 3 kDa dextran positive spheroids in the
presence of NGF. Total number of n=15 (3 kDa), n=15 (10 kDa), n=12 (70 kDa), and n=9 (control)
axons from 3 independent litters were counted. E, Measurement of extracellular calcium expelled
from axons into calcium free, FBS free media. All axons were grown in regular DMEM then
switched to calcium free, FBS free media prior to NGF deprivation. In the “Control CM” group,
media was collected from axons grown in the presence of NGF. In “NDCM” groups, medium were
collected at 12, 18, and 24 hours after NGF deprivation. Values were analyzed from n=7 (Control
CM), n=5 (12hrs NDCM), n=6 (18hrs NDCM), and n=7 (24hrs NDCM) independent replicates.
Compared to Control CM, p=0.0591 for 18hrs NDCM, p=0.0003 for 24hrs NDCM, one-way
ANOVA with Dunnett’s multiple comparisons test. F, Measurement of extracellular calcium
concentration of untreated and NGF deprived conditioned media. Values were analyzed from n=7
(Control CM), n=4 (12hrs NDCM), n=6 (18hrs NDCM), and n=8 (24hrs NDCM) independent

replicates. Compared to Control CM, p=0.0227 for 18hrs NDCM, p=0.0026 for 24hrs NDCM, one-
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way ANOVA with Dunnett’s multiple comparisons test. G, Measurement of extracellular calcium
extruded from axons into FBS free, 1S21 supplemented DMEM with or without 18 hours of NGF
deprivation. All axons were grown in FBS free, 1S21 supplemented media prior to NGF
deprivation. n=8 (Control CM) and n=3 (18hrs NDCM) independent replicates, p=0.0022,
unpaired t-test. H, Measurement of extracellular calcium concentrations in Control CM and 18hrs
NDCM in the absence and presence of NCX blocker 10uM Bepridril or PMCA blocker 0.5mM
Caloxin 2A1. n=4 for Control CM; p=0.0038, n=4 for 18hrs NDCM, --; p=0.0058, n=3 for 18hrs
NDCM, Bepridril; p=0.0079, n=3 for 18hrs NDCM, Caloxin 2A1, one-way ANOVA with Tukey’s
multiple comparisons test. I, Measurement of extracellular calcium concentration of untreated and
NGF deprived conditioned media in the presence and absence of intracellular calcium chelator
BAPTA-AM (10uM, 1hr incubation before NGF deprivation), SERCA inhibitor Thapsigargin
(100nM, overnight treatment before NGF deprivation), and mitochondrial mPTP blocker
Cyclosporin A (20uM, 1 hour treatment before NGF deprivation). n=3 for each group. p=0.0375
for No treatment; p=0.7952 for BAPTA-AM; p=0.8897 for Thapsigargin; p=0.9863 for CysA, two-
way ANOVA with Sidak’s multiple comparisons test. Data are reported as mean+SEM, n.s.=not

significant, *p<0.05, **p<0.001. Scale bar = 10um.

48



Rupture of axonal spheroids disrupts the electrochemical gradient and allows expulsion

of axoplasmic material

Just as membrane rupture allows free diffusion of molecules under 10 kDa to enter spheroids, we
predicted that these ruptures would allow small molecules to freely diffuse out of spheroids.
Indeed, once spheroids reach approximately 400% of their original size, we observe a diminution
of calcium signal, which we speculate is a function of diffusion of Fluo4-AM and calcium out of
the spheroid. We sought to use calcium release to the extracellular space as a surrogate to test
the hypothesis that small molecules may be released after spheroid rupture. We bathed axons in
microfluidic devices in 100uL of calcium free media and measured extracellular calcium before
and after spheroid formation using a Fluo4 spectrophotometric assay. Sympathetic neurons were
cultured in media containing FBS and 1.8mM calcium, then switched to calcium free, FBS free
media. We found that 24hrs NDCM contained approximately 4-fold higher calcium
(215.50+37.68uM) compared to Control CM (43.88+4.97uM) (Fig.3E). Additionally, we were also
able to observe an increase in extracellular calcium after spheroid rupture when experiments were
performed using regular culture media containing FBS and 1.8mM calcium. We found that at
18hrs NDCM displayed a roughly 50% increase in calcium (2.24+0.08mM) over Control CM
(1.53+£0.03mM) (Fig.3F). To rule out the effect of FBS in regular culture media prior to calcium
measurements, neurons were cultured in FBS free, 1IS21 supplemented DMEM media. Calcium
level in 18hrs NDCM (1858.08+59.23mM) was significantly higher than calcium concentration in
Control CM (1623.26+£26.66mM) (Fig.3G), suggesting that this calcium release occurred

regardless of the presence or absence of FBS in the media.

Beyond membrane rupture, it's formally possible that calcium release could be in part due to
enhanced permeability of plasma membrane Ca®* ATPase (PMCA) and/or reversal Na*/Ca?*

exchanger (NCX) (Bano et al., 2007; Brini and Carafoli, 2011). To test this possibility, we treated
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NGF deprived axons with PMCA inhibitor caloxin 2A1 or NCX inhibitor bepridil to test their ability
to block elevation of extracellular calcium concentration. Axons deprived of NGF for 18 hours and
treated with caloxin 2A1 or bepridil retained their ability to release calcium to the extracellular
space (Fig.3H). Thus, spheroidal calcium is released to extracellular space independent of PMCA

or NCX.

The observation that calcium in the media is elevated after membrane rupture is curious because
the calcium concentration outside of the cell (1.8mM) is known to be much higher than in the
axoplasm (100nM) (Clapham, 2007; LaFerla, 2002). How the axoplasm would have sufficient
quantities of free calcium to appreciably elevate calcium levels in the media is unclear. To gain
insight into this, we sought to determine the source of expelled intra-axonal calcium. We began
by chelating all intracellular calcium with 10uM BAPTA-AM added 1 hour before NGF deprivation,
which prevented calcium release to the extracellular space 18 hours after trophic deprivation
(Fig.3/). Intracellular calcium is buffered and stored by a contiguous network of ER and
mitochondria, and calcium flux is thought to contribute to axon degeneration (Mattson, 2007;
Villegas et al., 2014). Depletion of ER or mitochondria calcium, by treating neurons with 100nM
thapsigargin or 20uM cyclosporine A for 12 hours prior to NGF deprivation also blocked calcium
increase in the extracellular space (Fig.3/). These results suggest that the elevated extracellular

calcium come from intracellular calcium stores.

We expect that in physiological scenarios, membrane rupture would also allow disruption of the
calcium electrochemical gradient between the inside and outside of the cell. In this way, elevated
calcium level in the extracellular space may represent a surrogate for the release of other small
molecules as well as a sustained elevation of intracellular calcium, which may lead to activation

of calpain. Importantly, we are unable to observe sustained elevation of axoplasmic calcium after
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rupture (Fig.1D) because the calcium indicator, Fluo4-AM, used in the above experiments would

also diffuse out of the axon.
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Expelled axoplasmic prodegenerative molecules hasten entry of axons into catastrophic

phase

We speculated that contents released from ruptured spheroids may induce entry into the
catastrophic phase of degeneration. To examine this, we collected media surrounding distal
axons after 24 hours of NGF deprivation (24hrs NDCM) and incubated intact NGF deprived axons
for 5 hours in 24hrs NDCM (Fig.4A). Importantly, in this paradigm the total time that recipient
axons are incubated without NGF are 11 hours and 17 hours for “-NGF 6hrs” and “NGF 12hrs”
groups, respectively, prior to stereotypical morphological changes associated with degeneration.
Neurons treated with control CM (from untreated axons at time 0 of NGF deprivation) displayed
minimal degeneration, which is consistent with the kinetics of the trophic deprivation time course
presented in Fig.1C. However, we found that intact axons treated with NDCM displayed
74.5+25.1% and 76.0+6.8% degeneration at 11 hours and 17 hours time points, respectively
(Fig.4B,C). Additionally, in the presence of NGF, NDCM failed to promote degeneration in 5 hours
of incubation (Fig.4B,C), indicating that loss of NGF pro-survival signal is necessary to drive

catastrophic axonal degeneration.
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Figure 4: Calcium and calpain activation are required for NDCM-induced catastrophic axon
degeneration

A, Conditioned media degeneration paradigm. WT sympathetic neurons were globally deprived
of NGF for 6 hours or 12 hours followed by addition of conditioned media to the axons for 5 hours.
NGF deprivation conditioned media (NDCM) was collected from degenerated axons after 24
hours of NGF deprivation. B, C, Representative images (B) and quantification (C) of $3-tubulin
immuno-stained distal sympathetic axons after treatment with Control CM and NDCM for 5 hours
in the presence and absence of NGF, Chelex beads and EGTA (6mM). n=4 or more for each
group. For each repeat, at least 100 axons were scored for degeneration. Compared to Control
CM, p=0.0212 for -NGF 6hrs, NDCM; p<0.0001 for -NGF 12hrs, NDCM; p=0.0021 for -NGF 12hrs,
Chelex, NDCM. Compared to -NGF 12hrs, NDCM, p=0.0002 for -NGF 12hrs, Chelex, NDCM,;
p<0.0001 for -NGF 12hrs, EGTA, NDCM, two-way ANOVA with Sidak’s multiple comparisons
test. D, E, Representative images (D) and quantification (E) of B3-tubulin immunostained distal
sympathetic axons after 24 and 48 hours of NGF deprivation in media with calcium (DMEM) and
calcium free media. Axons were cultured in regular media (DMEM) and then switched to calcium
free media at the time of NGF deprivation. n=3 for each group. For each repeat, at least 100
axons were scored for degeneration. p<0.0001 for 24 hours, p=0.4766 for 48 hours, two-way
ANOVA with Sidak’s multiple comparisons test. F, G, Representative images (F) and
quantification (G) of B3-tubulin immunostained distal sympathetic axons after treatment with
NDCM for 5 hours in the presence of DMSO, 50uM Z-VAD-FMK, and 20uM Calpain inhibitor Il
respectively. All cultures were globally deprived of NGF for 12 hours prior to NDCM incubation.
Compared to DMSO (n=7), p=0.5328, n=9 for Z-VAD-FMK; p=0.0080, n=8 for Calpain inhibitor
[ll, one-way ANOVA with Dunnett’s multiple comparisons test. Data are reported as mean+SEM,

n.s.=not significant, *p<0.05, **p<0.001, ***p<0.0001. Scale bar = 50 um.
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Extracellular calcium and calpain activation are required for entry into the catastrophic

phase of degeneration

Small pro-degenerative molecules may be released to extracellular space and re-enter
axoplasma via membrane rupture to promote degeneration. If sustained elevation of intracellular
calcium is required for axons to trigger catastrophic degeneration, we would expect that blocking
the pro-degenerative positive feedback step by depleting extracellular calcium would delay
catastrophic degeneration. To this end we performed trophic deprivation using calcium free
DMEM. NGF deprived wild-type axons maintained in DMEM with 1.85mM calcium, showed
classic degenerative hallmarks like beading, blebbing and fragmentation by 24 hours (Fig.4D).
Remarkably, when neurons were grown in calcium free media, their rate of degeneration slowed.
After 24 hours of NGF deprivation only 38% of axons were degenerated in calcium free media,
however maximal degeneration was observed 48 hours after NGF deprivation (Fig.4D,E).
Moreover, both chelex resin which sequesters all divalent cations and EGTA which depletes
calcium from NDCM suppressed the ability of NDCM to promote degeneration in recipient axons
(Fig.4B,C). Thus, extracellular calcium is required to promote catastrophic degeneration in
trophically deprived sympathetic axons. This is consistent with observations in trophically
deprived sensory neurons and enucleated sympathetic neurons (George et al., 1995; Johnstone

et al., 2019).

To explore the downstream effector of calcium influx during developmental axon degeneration,
we applied NDCM to recipient axons in the presence of calpain inhibitor Il or Z-VAD-FMK.
Interestingly, after 5 hours of incubation, only 21.6+5.0% of axons were degenerated in cultures
treated with calpain inhibitor Ill, significantly less than the DMSO group (66.6+13.3%), while axons

bathed in Z-VAD-FMK displayed 79.7+9.6% of degeneration (Fig.4F,G). These results indicate
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that calpain, instead of caspase, acts downstream of spheroid rupture and sustained calcium

influx to promote catastrophic degeneration.
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p75NTR but not DR6 regulates the timing of spheroid formation and axoplasmic content

expulsion to the extracellular space

Based on the above results, we have identified three events prior to catastrophic axon
degeneration: 1. An intra-axonal calcium increase; 2. Calcium independent spheroid formation
and membrane rupture; and 3. Triggering of catastrophic degeneration by NDCM. What are the
pathways upstream and downstream of these events? To address this we examined the role of
two TNFR family members, DR6 and p75NTR, which we and others have implicated in axon
degeneration following trophic withdrawal (Gamage et al., 2017; Olsen et al., 2014; Park et al.,

2010; Twohig et al., 2011).

We first examined whether p75NTR or DR6 act upstream of spheroid formation and membrane
rupture. To this end, we performed intra-axonal calcium imaging in NGF deprived DR6” and
p75NTR’ sympathetic axons. Both wild-type and DR6™ axons displayed up to a 5 fold increase
of spheroidal calcium levels, however, p75NTR” sympathetic axons did not display a significant
increase in spheroidal calcium even after 20 hours and 30 minutes of NGF deprivation (Fig.5A,B).
We next examined the role of p75NTR and DR6 in the accumulation of spheroids and the change
in their size as a function of time after NGF deprivation. 18 hours after NGF deprivation, wild-type
and DR6”neurons display 12.0+1.0 and 6.1+0.7 spheroids per 100um of axons, respectively
(Fig.5A,D). However, p75NTR neurons displayed an approximately 2 hour delay in spheroid
formation (Fig.5D), which is consistent with delayed onset of catastrophic degeneration (Gamage
et al., 2017). We also observed that loss of DR6 displayed a roughly 800% increase in spheroid
size after trophic deprivation similar to wild-type controls, whereas p75NTR” neurons displayed
a delayed accumulation of spheroids with a total size increase of less than 300% (Fig.5C). If
spheroid formation is a prerequisite for membrane rupture, NGF deprived neurons isolated from

p75NTR’ mice would show diminished extracellular calcium expulsion whereas DR6” would
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display normal calcium release, a surrogate for membrane rupture. Indeed, p75NTR” axons
showed no difference in extracellular calcium levels before or after 18 hours of NGF deprivation,
while DR6” neurons displayed a modest but significant increase (Fig.5E). We next examined
whether NGF deprived conditioned media from p75NTR” or DR6” neurons was capable of
inducing degeneration of WT axons (Fig.5G). Consistent with calcium release phenotypes, we
found that NDCM derived from p75NTR” axons was incapable of inducing degeneration in WT
axons (Fig.5H,/). In contrast, NDCM from DR6”neurons contains prodegenerative activity
(Fig.5H, /). Taken together, these data suggest that p75NTR but not DR6 is upstream of spheroid

formation and membrane rupture.
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Figure 5: Depletion of p75NTR delays formation of spheroids and prodegenerative
molecules exclusion after NGF deprivation
A, Fluo4-AM calcium imaging of wild-type, DR6” and p75NTR” sympathetic axons 18 hours of

NGF deprivation. Scale bar = 10um. B, C, Spheroidal calcium fluorescence (B) and size change
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(C) of wild-type, DR6” and p75NTR’ sympathetic axons after indicated time of NGF deprivation.
Black horizontal dotted line in (B) indicates the baseline without any calcium change. Lower x-
axis labeled with blue correlates with time of NGF deprivation in p75NTR” sympathetic axons.
Individual axonal spheroids were quantified: n=32 (wild-type), n=30 (DR67), and n=22 (p75NTR
) spheroids from cultured neurons harvested from 3 independent litters. D, Quantification of
axonal spheroid number per 100um of wild-type, DR6” and p75NTR’ sympathetic axon at the
indicated times after 17 hours of NGF deprivation. Individual axonal spheroids were counted:
n=20 (wild-type), n=29 ((DR6™), and n=22 (p75NTR”) axons from cultured neurons harvested
from 3 independent litters. E, Measurement of extracellular calcium concentration of +NGF
(Control CM), 18 hours and 24 hours NGF deprived conditioned media (NDCM) collected from
wild-type, DR6”and p75NTR” sympathetic axons. n=4 or more for each group. Compared to WT,
18hrs NDCM, p<0.0001 for DR6”, 18hrs NDCM; p<0.0001 for p75NTR”, 18hrs NDCM.
Compared to WT, 24hrs NDCM, p=0.0026 for DR6™, 24hrs NDCM; p<0.0001 for p75NTR”", 24hrs
NDCM. Compared to DR6™, Control CM, p=0.0045 for DR6”, 18hrs NDCM, two-way ANOVA
with Dunnett’s multiple comparisons test. F, Quantification of degeneration of wild-type, DR6™
and p75NTR” sympathetic axons with or without 24 hours of NGF deprivation. n=3 or more for
each group. For each repeat, at least 100 axons were scored for degeneration. Compared to WT,
24hrs, p<0.0001 for DR6™, 24hrs; p<0.0001 for p75NTR”, 24hrs, two-way ANOVA with Dunnett’s
multiple comparisons test. G. Catastrophic axon degeneration paradigm to test the pro-
degenerative effect of mutant NDCM. Wild-type sympathetic neurons were globally deprived of
NGF for 12 hours followed by addition of conditioned media derived from mutant axons for 5
hours. Mutant NDCM was collected from degenerating p75NTR” or DR6” axons 24 hours after
NGF deprivation. H, I, Representative images (H) and quantification (/) of wild-type distal
sympathetic axons immunostained for $3-tubulin after treatment with Control CM and NDCM
collected from p75NTR” and DR6” axons for 5 hours. Scale bar = 50 ym. Left two columns

represent percentages of degeneration of wild-type sympathetic axons treated with wild-type
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NDCM and Control CM, respectively. Compared to WT, NDCM (n=10), p<0.0001, n=7 for
p75NTR”, NDCM; p=0.0010, n=7 for DR6”, NDCM, two-way ANOVA with Dunnett's multiple
comparisons test. Compared to Control CM, p<0.0001 for WT, NDCM; p=0.8980 for p75NTR”,
NDCM; p=0.0014 DR6”, NDCM, two-way ANOVA with Sidak’s multiple comparisons test. Data

are reported as mean+SEM, n.s.=not significant, *p<0.05, **p<0.001, ***p<0.0001.
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p75NTR-Rho signaling is necessary and sufficient for spheroid formation and entry into

catastrophic phase

How does p75NTR regulate spheroid formation prior to the catastrophic phase of degeneration?
Previous work has shown that neurotrophins regulate growth cone dynamics by suppressing
RhoA activation that occurs through p75NTR signaling (Gehler et al., 2004). p75NTR promotes
RhoA activation to mediate sympathetic axonal degeneration in response to degenerative triggers
like myelin (Park et al., 2010; Yamashita and Tohyama, 2003). The major downstream target of
Rho activation is actin remodeling. We observed actin and B3-tubulin enrichment in axonal
spheroids (Fig.6A), similar to previous observations (Beirowski et al., 2010). Active Rho in axonal
spheroids was detected by incubation with GST-rhotekin Rho binding domain (RBD) fusion
protein after 18 hours of NGF deprivation but not in cultures treated with Rho inhibitor C3
transferase (CT04) (Fig.6B). Moreover, inhibiting Rho family members using CT04 (1ug/mL, 2
hours prior to 17 hours NGF deprivation) prevented spheroid formation in wild-type axons
(Fig.6C,D). We next tested whether actin remodeling is required for spheroid formation. Indeed,
the actin polymerization inhibitor cytochalasin D (10ug/mL) inhibited spheroid formation
(Fig.6C, D). Consistent with this, axons treated with CT04 or cytochalasin D delayed degeneration
for up to 24 hours after NGF deprivation (Fig.6E,F). Taken together, these data suggest that
activation of Rho and actin remodeling is necessary for spheroid formation and entry into the
catastrophic phase of degeneration. Another downstream effector of Rho is the Rho-associated
protein kinase 1 (ROCK?1). During apoptosis, ROCK1 has been shown to be cleaved by caspase-
3, resulting in constitutive kinase activity to promote phosphorylation of myosin light chain (MLC)
and membrane blebbing (Coleman et al., 2001; Sebbagh et al., 2001). This may explain our
finding of suppressed spheroid formation after NGF deprivation in the presence of caspase

inhibitor (Fig.2A,B).
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If Rho is downstream of p75NTR, ectopic activation of Rho would promote spheroid formation
and axon degeneration in the absence of p75NTR. To test this, we incubated NGF deprived
p75NTR’ axons with Rho activator, CNO3 (1ug/mL, 2 hours prior to 17 hours NGF deprivation).
CNO3 rescued the diminished spheroid formation and extracellular calcium release through
membrane rupture in p75NTR” axons 18 hours after NGF deprivation (Fig.6G-/). We also found
that CNO3 could rescue the timing of degeneration in the absence of p76NTR (NGF deprived for
12 hours with CNO3 for the final 5 hours) (Fig.6J,K). Taken together these data suggest that
p75NTR-Rho signaling is necessary and sufficient to promote spheroid formation and entry into

the catastrophic phase of degeneration.
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Figure 6: p75NTR-Rho signaling is required for axonal spheroid formation

A, Representative axons/spheroids visualized for 33-tubulin (Tuj1), Phalloidin and DIC after 18
hours of NGF deprivation. Scale bar = 5 ym. B, Representative images of wild-type sympathetic
axons immunostained for GST tag with or without NGF deprivation. All images except the first
one show axons incubated with Rhotekin-RBD GST-fusion protein that binds active Rho proteins
after fixation. Axon in the bottom image was NGF deprived and treated with 1ug/mL Rho inhibitor
CTO04 for 3 hours. Scale bar =5 uym. C, Fluo4-AM calcium imaging of wild-type sympathetic axons
with or without drug treatment. For the “CT04” group, wild-type axons were incubated in SCG
media containing 1ug/mL Rho inhibitor CT04, for 2 hours prior to 17 hours of NGF deprivation.
For the “Cytochalasin D” group, wild-type axons were incubated in SCG media containing
10pg/mL actin polymerization inhibitor for 2 hours prior to 17 hours of NGF deprivation. Scale bar
= 10pum. D, Quantification of axonal spheroid number per 100um of wild-type sympathetic axons
at indicated time points after 17 hours of NGF deprivation in the absence and presence of CT04
or Cytochalasin D. Total number of n=9 (Control), n=8 (CT04), n=22 (Cytochalasin D) axons from
cultured neurons harvested from 3 independent litters were quantified. Nonlinear regression
curves were drawn according to Hill equation. E, F, Representative images (E) and quantification
(F) of wild-type distal sympathetic axons immuno-stained for p3-tubulin in the absence and
presence of CT04 or Cytochalasin D. Scale bar = 50um. Compared to Ohr, p<0.0001, n=3 for
Control, 24hrs; p=0.9256, n=7 for CT04, 24hrs; p=0.1058, n=6 for Cytochalasin D, 24hrs, two-
way ANOVA with Sidak’s multiple comparisons test. Compared to Control, 24hrs, p<0.0001 for
CTO04, 24hrs; p<0.0001 for Cytochalasin D, 24hrs, two-way ANOVA with Dunnett's multiple
comparisons test. G, Fluo4-AM calcium imaging of p75NTR” sympathetic axons grown in the
presence or absence of NGF with or without CNO3 treatment. For “CN03” group, p75NTR” axons
were incubated in SCG media containing 1ug/mL Rho activator CNO3 for 2 hours before 17 hours
of NGF deprivation. Scale bar = 10um. H, Quantification of number of spheroids per 100um of

p75NTRsympathetic axons at indicated time points after 17 hours of NGF deprivation in the
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absence and presence of CNO3. Individual axons were counted: n=16 (p75NTR”, Control) and
n=12 (p75NTR”, CN03) axons from 3 independent replicates. Nonlinear regression curves were
drawn according to Hill equation. I, Measurement of extracellular calcium concentration of
untreated and NGF deprived conditioned media in the presence and absence of CT04 or CNO3
collected from wild-type (black) and p75NTR” (blue) sympathetic axons. Compared to WT,
Control CM (n=4),p<0.0001, n=4 for WT, NDCM; p=0.4701, n=6 for WT, NDCM CT04. Compared
to WT NDCM, p=0.0004 for WT, NDCM CT04. Compared to p75NTR” , Control CM (n=4),
p>0.9999, n=5 for p75NTR”, NDCM; p=0.0088, n=3 for p75NTR”, NDCM CNO03. Compared to
p75NTR”, NDCM, p=0.0055 for p75NTR”~, NDCM CNO3, one-way ANOVA with Tukey’s multiple
comparisons test. J, K, Representative images (J) and quantification (K) of p75NTR” distal
sympathetic axons immuno-stained for 33-tubulin after treatment with or without CNO3 for 5 hours.
All cell cultures were pre-treated with 12 hours of NGF deprivation. Scale bar = 50um. p=0.0006,
n=3 for CNO3 and n=7 for control, unpaired t test. L, M, Fluo4-AM calcium imaging (L) and
spheroid number per 100um of wild-type and p75NTR”sympathetic axons (M) after 18 hours of
NGF deprivation in the absence and presence of 20ug/mL anti-BDNF, 2ng/mL p75NTR
ligand/functional blocker LM11A-31, or 9650 immune serum (1:100). Scale bar = 10um. Individual
axons were counted: n=15 (WT, Control), n=16 (WT, anti-BDNF), n=37 (WT, LM11A-31), n=22
(WT, 9650), n=16 (p75NTR", Control), n=19 (p75NTR", anti-BDNF), n=18 (p75NTR”, LM11A-
31), and n=16 (p75NTR”, 9650) axons from 3 independent replicates. Significance is determined
by two-way ANOVA with Dunnett’'s multiple comparisons test. Data are reported as mean+SEM,

n.s.=not significant, *p<0.05, **p<0.001, ***p<0.0001.
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p75NTR dependent spheroid formation is ligand dependent

We next sought to determine whether p75NTR requires ligand to induce spheroid formation.
Application of LM11A-31, a small nonpeptide p75NTR modulator (Massa et al., 2006; Simmons
et al., 2014), suppressed spheroid formation on wild-type sympathetic axons after NGF
deprivation (Fig.6L,M). Since there have been conflicting reports about whether LM11A-31
specifically blocks ligand binding (Massa et al., 2006; Xie et al., 2019), we also used the ligand-
blocking antibody 9650 specific for p75NTR extracellular domain (Kraemer et al., 2014).
Compared to control serum, 9650 significantly inhibited spheroid formation on wild-type
sympathetic axons after NGF deprivation, and did not show additive effect on p75NTR” axons
(Fig.6L,M). However, blocking brain-derived neurotrophic factor (BDNF), which has been shown
to activate p75NTR apoptotic signaling (Kohn et al., 1999), failed to inhibit development of
spheroids on NGF deprived axons (Fig.6L,M). These results suggest that p75NTR mediated

spheroid formation can be activated by binding pro-degenerative ligands other than BDNF.
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DR6, but not p75NTR, gates entry into the catastrophic phase of degeneration in response

to NDCM

We next asked whether DR6 or p75NTR are downstream of the prodegnerative activity of NDCM
using the paradigm described in Fig.4A. We applied NDCM collected from wild-type axons to
recipient neurons derived from DR6” and p75NTR” mice. After a 5 hour treatment of NDCM,
p75NTR’” axons showed 71.6+5.8% degeneration, while DR6” axons displayed minimal
degeneration (Fig.7A,B). These data suggest that DR6 but not p75NTR is downstream of the

prodegenerative effects of NDCM.
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Figure 7: DR6 is required for catastrophic degeneration induced by NDCM

A, B, Representative images (A) and quantification (B) of distal sympathetic axons from DR6™
and p75NTR”’ animals immuno-stained for B3-tubulin after treatment with NDCM and Control CM
collected from wild-type neurons for 5 hours, respectively. All cultures were NGF deprived for 12
hours prior to the addition of CM. Left two columns represent percentages of degeneration of wild-
type sympathetic axons treated with wild-type NDCM and Control CM, respectively. Compared to
NDCM, p<0.0001, n=10 for WT, Control CM; p=0.5437, n=3 for DR6™, Control CM; p<0.0001,
n=7 for p75NTR”, Control CM, two-way ANOVA with Sidak’s multiple comparisons test.

Compared to WT, NDCM (n=10), p<0.0001, n=9 for DR6”, NDCM; p=0.5422, n=11 for p76NTR
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~, NDCM, two-way ANOVA with Dunnett’'s multiple comparisons test. Data are reported as

mean+SEM, n.s.=not significant, ***p<0.0001. Scale bar = 50 pym.
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Discussion

By investigating calcium dynamics during the transition from latent to catastrophic phases of
degeneration after trophic withdrawal, we identified several novel events: 1. Intra-axonal calcium
rise and spheroid formation between latent and catastrophic phases of degeneration. This
spheroid formation is triggered by p75NTR-Rho signaling, caspase activation and actin
remodeling. The timing of p75NTR-Rho-actin signaling and upregulation of pro-degenerative
transcriptional programs may define the duration of the latency phase. 2. The membranes of
growing spheroids rupture, leading to expulsion of axoplasmic material to the extracellular
environment. This may represent a novel mechanism by which pro-degenerative molecules are
released to influence neighboring cells. 3. The material expelled from ruptured spheroids triggers
catastrophic degeneration. DR6 is required for responding to this prodegenerative signal thereby

gating entry into the catastrophic phase of degeneration (Fig.8).

Formation of axonal spheroids has been reported in many neurological disorders, including
Alzheimer’s disease, ALS, and neurocysticercosis (Beirowski et al., 2010; Griffin and Watson,
1988; Mejia Maza et al., 2018). After injury or oxidative stress, spheroids arise along the length
of axons with accumulation of cytoskeleton degradation products and calcium overload (Beirowski
et al., 2010); (Barsukova et al., 2012). While spheroids have been extensively described in the
literature, whether they have a function in promoting degeneration has remained unknown. We
propose that the function of these spheroids is to trigger catastrophic degeneration by releasing
pro-degenerative molecules into the extracellular environment. Here, we report localized annexin
V positivity (i.e. PS flipping) (Fig.2C), which suggests that they are marked for phagocytic
engulfment reminiscent of apoptotic bodies (Ravichandran, 2010; Segawa et al., 2014). Indeed,

we observed several instances of spheroids detaching from the axon, which is a unit that

70



presumably would be phagocytosed (Movie 4). Importantly, the exposure of PS on the outer
leaflet of the spheroid membrane but not the axon shaft indicates that spheroids might be ‘hot-
spots’ on degenerating axons to recruit nearby glia or macrophages, clearing damaged
components. In correlation with the growth of spheroids, we also observe 3 kDa and 10 kDa
fluorescent dextran entering the cytosol, consistent with disrupted or ruptured plasma membrane
(Fig.3B-D). It is unclear where membrane integrity is disrupted; it may be at the belly of the
spheroid and/or at axon/spheroid junctions. Whether or not spheroid rupture also occurs in

aforementioned neurodegenerative disorders remains an open question.

What signaling pathways are upstream of spheroidal rupture? We found that disrupting caspase
activation, p75NTR, Rho or actin polymerization delays spheroid formation after NGF deprivation
(Fig.2A,B; Fig.6C,D). The intracellular domain (ICD) of p75NTR has been shown to modulate
RhoA activation by interacting with Rho GDP-dissociation inhibitor (RhoGDI) to inhibit axonal
outgrowth and promote axon pruning (Park et al., 2010; Yamashita et al., 1999, 2002). In the
presence of NGF, the interaction of p75NTR with RhoGDI-RhoA complex is disrupted, leading to
RhoA inactivation and neurite outgrowth (Mathew et al., 2009). Consistent with these findings, we
show that activation of RhoA in the absence of p75NTR promotes entry into catastrophic phase
by triggering spheroid formation (Fig.6 G-K). Proneurotrophin activation of p75NTR in the absence
of Trk signaling leads to caspase mediated neuronal death(Gentry et al., 2004; Troy et al., 2002).
Sublethal executioner caspase activity plays an important role in nervous system development
(Unsain and Barker, 2015). Interestingly, inhibition of caspases suppressed spheroid formation,
but failed to protect axons from NDCM induced catastrophic degeneration (Fig.4F,G). Thus, in
the absence of NGF, spheroid formation is induced by p75NTR, caspase, RhoA and actin

remodeling, which are all requisite for transitioning from latent to catastrophic degeneration.
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Our findings are consistent with the notion that p75NTR controls the window of latency prior to
catastrophic degeneration. What is the molecular basis for the putative timer controlling the
window of latency after trophic withdrawal? Classically, biological timers have been associated
with transcriptional programs that form feedback loops (Mitrophanov and Groisman, 2008; Santos
and Ferrell, 2008). Inhibition of transcription by applying actinomycin D to the soma during NGF
deprivation blocked spheroid formation and degeneration (Fig.2A,B), indicating the involvement
of a degenerative transcriptional program. This pathway has been shown to up-regulate TNFa-
converting enzyme (TACE), which is necessary for p75NTR cleavage (Kenchappa et al., 2010).
Liberation of the p75NTR ICD retrograde degenerative signal is accompanied by secondary
activation of JNK and up-regulation of proapoptotic factors like p53-upregulated modulator of
apoptosis (Puma) (Kenchappa et al., 2010; Pathak et al., 2018; Simon et al., 2016). The time it
takes to engage this transcriptional program and cleave p75NTR by TACE and y-secretase may
represent a molecular timer governing the duration of the latency window (Pathak and Carter,
2017). This molecular timer may account for the delay of spheroid formation in NGF deprived

p75NTR” axons (Fig.5D).

What signaling pathways are downstream of spheroidal rupture? Similar to p75NTR, DRG6 is
required for axon degeneration after trophic withdrawal (Gamage et al., 2017; Olsen et al., 2014).
Does DR6 regulate the same signaling events as p75NTR after trophic factor deprivation? We
conclude that this is unlikely given that these TNFR family members govern distinct phases of
degeneration. Unlike p75NTR”, DR6” axons are capable of expelling prodegenerative
axoplasmic materials to the surrounding environment via membrane rupture after NGF
deprivation (Fig.5H,/). DR6” axons are protected from entry into catastrophic phase in response
to a 5 hour incubation of NDCM (Fig.7A,B). These findings suggest that DR6 is downstream of
spheroidal rupture and the destructive factor(s) found in NDCM, however whether there is a direct

or indirect interaction between these factors and DR6 remains to be determined. DR6 was
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previously shown to interact with B-amyloid precursor protein (APP) to regulate developmental
axonal pruning and synapse restriction (Kallop et al., 2014; Nikolaev et al., 2009). Given the fact
that depletion of APP could partially protect sensory axons from degeneration after NGF
withdrawal (Olsen et al., 2014), it's possible that DR6 promotes developmental catastrophic
degeneration via an APP dependent pathway. Previous findings show that DR6 potently activates
NF-kB and JNK to induce apoptosis (Benschop et al., 2009; Hu et al., 2014). Consistent with this,
loss of DR6 suppressed phosphorylation of JNK after injury (Gamage et al., 2017). Thus, we
speculate that direct or indirect activation of DR6 by the prodegenerative factor emanating from
ruptured spheroids may promote the activation of JNK and calpain, which are known to trigger
catastrophic degeneration (Fig.8). It is also possible that activation of DR6 independently

activates catastrophic degeneration by engagement of receptor mediated caspase pathways.

While the calcium dependent protease, calpain, is known to be required for catastrophic
degeneration (Fig.4F,G), it is unclear why the initial intracellular wave of calcium prior to
catastrophic degeneration is insufficient to trigger this event. One clue may come from Tessier
Lavigne and colleagues who suggest that depletion of the calpain inhibitor, calpastatin, is required
for catastrophic degeneration (Yang et al., 2013). The membrane ruptures that we observe at the
onset of catastrophic degeneration is likely to cause equilibration of external and internal calcium
concentrations. Post-rupture, intraxonal calcium levels are likely to be persistently high. However,
depletion of calpastatin is likely a prerequisite for calcium dependent catastrophic degeneration.
Recent studies show that chelation of extracellular calcium by EGTA in late but not early phases
of degeneration rescues axons from trophic deprivation induced degeneration (Johnstone et al.,
2019). Additionally, the transient receptor potential vanilloid family member 1 (TRPV1) cation
channel is required for calcium influx to promote developmental sensory axon degeneration, while
plasma membrane nanoruptures allow entry of extracellular calcium to drive axon degeneration

in multiple sclerosis (Johnstone et al., 2019; Witte et al., 2019). Thus, extracellular calcium may
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enter the axoplasma via calcium channels like TRPV1 or spheroidal ruptures. Both routes of

sustained intracellular calcium elevation converge on calpain to trigger catastrophic degeneration.

In summary, our data reveal novel signaling emanating from two different death receptors to
govern latent and catastrophic phases of degeneration. After NGF deprivation, prodegenerative
transcription, caspase activation and p75NTR-Rho dependent actin remodeling promote
formation of axonal spheroids. Axoplasmic materials containing prodegenerative molecules like
calcium are then released to the extracellular space via membrane rupture, which may act as a
positive feedback loop to hasten the entry of axons into catastrophic phase degeneration. Entry
into the catastrophic phase of degeneration appears to be gated by DR6 (Fig.8). Whether or not
this represents a mechanism whereby axons might coordinate their degeneration requires further
study. Nevertheless, the notion of destructive spheroids and subsequent inter-axonal
communication during degeneration facilitates our understanding of neural refinement during
development and presents intriguing possibilities with respect to therapeutic intervention to

alleviate bystander degeneration in disease.
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After NGF deprivation, prodegenerative transcription is upregulated. Axoplasmic calcium is

increased and enriched in spheroids prior to catastrophic phase. Spheroid formation is regulated

by p75NTR, Rho activity, and caspase activation. The calcium electrochemical gradient across

the membrane is disrupted by spheroidal rupture, which may also lead to the release of intra-

axonal prodegenerative molecules to extracellular space, acting as extrinsic factors to promote

degeneration in a paracrine or autocrine manner. We speculate that p75NTR plays an important
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role in calcium dynamics during the latent phase, while DR6 can be activated by prodegenerative
NDCM to mediate downstream catastrophic degeneration pathways (e.g. DLK/JNK, calpastatin,

calpain).
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Abstract

Neuronal injury leads to rapid, programmed disintegration of axons distal to the site of lesion.
Much like other forms of axon degeneration (e.g. developmental pruning, toxic insult from
neurodegenerative disorder), Wallerian degeneration associated with injury is preceded by
spheroid formation along axons. The mechanisms by which injury leads to formation of spheroids
and whether these spheroids have a functional role in degeneration remain elusive. Here, using
neonatal mouse primary sympathetic neurons, we investigate the roles of players previously
implicated in the progression of Wallerian degeneration in injury-induced spheroid formation. We
find that intra-axonal calcium flux is accompanied by actin-Rho dependent growth of calcium rich
axonal spheroids that eventually rupture, releasing material to the extracellular space prior to
catastrophic axon degeneration. Importantly, after injury, Sarm1”-and DR6™, but not Wid® (excess
NAD") neurons, are capable of forming spheroids that eventually rupture, releasing their contents
to the extracellular space to promote degeneration. Supplementation of exogenous NAD" or
expressing WLD® suppresses Rho-dependent spheroid formation and degeneration in response
to injury. Moreover, injured or trophically deprived Sarm1” and DR6™, but not WId® neurons, are
resistant to degeneration induced by conditioned media collected from wild-type axons after
spheroid rupture. Taken together, these findings place Rho-actin and NAD*upstream of spheroid
formation and may suggest that other mediators of degeneration, such as DR6 and SARM1,

mediate post-spheroid rupture events that lead to catastrophic axon disassembly.
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Introduction

Axons are the primary information conduits of the nervous system. Failure to maintain the integrity
of axons is a feature of many neurological disorders. In response to injury, a process of axonal
fragmentation, or Wallerian degeneration (WD) occurs, often resulting in permanent loss of neural
function (Waller, 1851). Immediately after injury, the severed axon goes through a latent phase
where its overall morphology remains unchanged for 1-2 hours in vitro and up to 48 hours in vivo
(Beirowski et al., 2005; Wang et al., 2012). Intracellular calcium increases transiently during the
latent phase, followed by a second global calcium wave just prior to axon fragmentation (Vargas
et al., 2015). Elevation of intracellular calcium through L-type calcium channels and sodium-
calcium exchanger (NCX), together with impaired mitochondrial motility and calcium buffering
capacity, results in activation of the calpain protease and irreversible disassembly of the axon
(Adalbert et al., 2012; Avery et al., 2012; George et al., 1995; Ma et al., 2013; Yang et al., 2013;
Yong et al., 2019). In addition to calcium flux, severed axons display cessation of axonal transport,
formation of axonal swellings called spheroids, fragmentation of neurofilaments and removal of
debris by recruited phagocytes. This rapid and near synchronous axonal disintegration period is
called the catastrophic/execution phase of degeneration and can also be observed in
developmental and other pathological regressive contexts (Coleman, 2005; Llobet Rosell and

Neukomm, 2019; Saxena and Caroni, 2007).

The field’s first insight into the non-passive nature of WD signaling came from the Wid®* mouse
which harbors a neomorphic gain of function mutation and displays axon degeneration that is 10
times slower after injury compared to wild-type neurons (Brown et al., 1992; Lunn et al., 1989).
The WId® gene encodes a chimeric fusion protein, consisting of the full-length nicotinamide
mononucleotide adenyltransferase 1 (NMNAT1), which synthesizes NAD" from its substrate

nicotinamide mononucleotide (NMN), and a fragment of the ubiquitination factor UBE4B (Conforti
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et al., 2000). The perdurance of high NAD" levels in axons is sufficient to delay Wallerian
degeneration (Sasaki et al., 2006). As such, depletion of NAD" is known to be an important trigger
for WD and is achieved in several ways after injury: 1. Turnover of NMNAT2 regulated by the
ubiquitin proteasome system (UPS), palmitoylation of cysteines in NMNAT2 for membrane
targeting and mitogen-activated protein kinase (MAPK) signaling (Gilley and Coleman, 2010;
Milde et al., 2013; Summers et al., 2018; Walker et al., 2017) and 2. Activation of sterile alpha
and armadillo motif (SARM1), which has intrinsic NAD* cleavage activity (Essuman et al., 2017;
Gerdts et al., 2015; Osterloh et al., 2012). Beyond proteins that influence NAD" levels, several
other factors have been implicated in promoting Wallerian degeneration including death receptor
6 (DR6), calpain, Phr1 E3 ubiquitin ligase, dual leucine zipper kinase (DLK), c-jun n-terminal
kinase (JNK), and axundead (Axed) (Babetto et al., 2013; Gamage et al., 2017; George et al.,
1995; Larhammar et al., 2017; Murata et al., 2018; Neukomm et al., 2017; Yang et al., 2015; Zhai
et al., 2003). Whether these factors all converge on similar signaling hubs such as NAD* remains

to be determined.

Because the cytoskeleton is crucial for maintaining axon integrity, signaling pathways that
promote disassembly of microtubules and actin filaments likely contribute to axon degeneration.
The Rho/Rac/Cdc42 family of small G-proteins are well known for their effects on reorganization
of actin, which affect cell survival, migration and vesicle trafficking (Ridley, 2001). In neurons,
RhoA and its downstream effector Rho-associated protein kinase (ROCK) has been shown to
regulate axon retraction, degeneration, regeneration and neural death in both developmental and
pathological conditions (Koch et al., 2014; Luo and O’Leary, 2005; Stankiewicz and Linseman,
2014). Importantly, RhoA/ROCK has been shown to be activated in injured axons and its
pharmacological inhibition delays degeneration (Dubreuil et al., 2003; Yamagishi et al., 2005).

Moreover, we recently found that Rho activation is required in axonal spheroid formation and
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degeneration triggered by trophic deprivation (Yong et al., 2019). Whether Rho also regulates

WD through mechanisms similar to developmental degeneration requires further investigation.

Formation and growth of axonal spheroids has been identified in various models of degeneration,
including optic nerve injury, Alzheimer's disease, Parkinson’s disease and amyotrophic lateral
sclerosis (Coleman, 2005; Mi et al., 2005; Sasaki et al., 2005). Recently, we found that these
spheroids are not merely a morphological hallmark of degeneration induced by trophic withdrawal
but are also functionally consequential, mediating the transition from latent to catastrophic phase
(Yong et al., 2019). Additionally, axonal spheroids arised after injury has been shown to be
blocked by Wid® (Beirowski et al., 2010). Despite a handful of descriptive reports about the content
of these spheroids (Coleman, 2005), whether spheroid formation is influenced by the

aforementioned regulators of WD (e.g. NMNATs, SARM1, DR6) remains unresolved.

Here, we demonstrate that prior to catastrophic degeneration, intra-axonal calcium increases and
decreases corresponding to growth and rupture of axonal spheroids. We further demonstrate that
Rho activation and changes to the actin cytoskeleton are required for spheroid formation after
injury. We also find that consistent with previous observations, neurons derived from Wid® mice
display impaired spheroid formation and rupture after injury (Beirowski et al., 2010). We show that
upstream of Rho activation, both exogenous supplementation of NAD* and the presence of a
more stable axonally targeted NMNAT, such as WLD?®, suppress spheroid formation. In contrast,
loss of DR6 or SARM1 has minimal effect on spheroid formation and rupture after injury.
Moreover, we find that SARM1 and DR6, but not WLD®are required for responding to spheroid-
derived pro-degenerative cues to promote catastrophic degeneration. These findings indicate a
separable role of classic Wallerian degeneration effectors with respect to spheroid formation after

axotomy.
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Results

Intra-axonal calcium increases in enucleated axons and accumulates in spheroids prior

to catastrophic degeneration

We first sought to determine whether calcium accumulates in spheroids after injury as we have
observed previously for degeneration associated with trophic deprivation. To this end, we cultured
mouse sympathetic neurons in microfluidic devices, which separate soma and axons (Fig.1a).
Cell bodies of sympathetic neurons were enucleated by aspiration of the cell body chamber in
PBS, which leaves axons residing in the distal axon chamber and microgrooves intact. After injury,
these axons remain intact for roughly an hour as measured by microtubule integrity (83-tubulin
staining). At the conclusion of the latent phase, the majority of axons rapidly degenerate, going
from 7.5£2.08% to 82.75+3.9% of degeneration within 90 minutes (Fig.1b,c). This is referred to
as the catastrophic or execution phase of degeneration (Conforti et al., 2014). We applied the
Fluo4-AM calcium dye to axons 30 minutes prior to imaging and recorded the calcium dynamics
for 90 minutes after injury (Fig.1d). For injured axons, intra-axonal calcium had a roughly 2-fold
increase from baseline prior to onset of the catastrophic phase (Fig.1e). Much of this calcium was
concentrated in nascent spheroids (Fig.1d), consistent with previous in vivo and in vitro injury
studies (Barsukova et al., 2012; Beirowski et al., 2010) and similar to our recent findings in the
context of trophic withdrawal (Yong et al., 2019). After observing the initial formation of calcium
rich spheroids, these structures increase in size from 3.2+0.4um?to 13+1.2um? (roughly 400%)
between 20 and 80 minutes after injury. Spheroidal calcium levels increased by roughly 5-fold at
1 hour after injury (Fig.1g). Interestingly, spheroidal calcium levels decrease as spheroids
increase in size. Besides the increase in size and calcium level in individual spheroids, the number
of spheroids increased from 0.5410.14 to 6.8+0.53 per 100um of axon between 5 and 60 minutes

after injury (Fig.1f). We also examined spheroidal calcium as a function of spheroidal area and
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found the same trend (Fig.1h). Taken together, these results indicate that the formation of calcium
rich axonal spheroids is a morphological hallmark that occurs prior to entry into the catastrophic

phase of degeneration after injury.

83



3 P
-
80+ Max degeneration I
s Jol}
K= 2]
60 g
) Q
g 40+ QQ
EN 2
20 ,{;”
@)
| | | | 1] 1
0 2 4 6 8 10
Time after injury (hr)
d
Injury Control

=®- Injury
-~ Control

a
’ )
S "/
Microfluidic system
b
0 hr || 2 hrs
>
—
=2
£
e
3= *k*
S 2+
x
©
]
(=%
(=]
L
%5
o 1 1 | 1 1
0 15 30 45 60 75 90
Time after injury (min)
g .
== Ca?* level == Size
=600
z
o
2
£ =400
(2]
@
Q.
o
w
[T
< 200

azis piroiayds jo abueys 9,

20 30 40 50 60 70 80
Time after injury (min)

01:30{ 01:10 |oo:50||oo:30||00:10||oo:oo|

10=-

8=

6=

2w

Number of spheroids/100um

I

Normalized AF/FO0 per spheroid

| 1 1 1 1 1
15 30 45 60 75 90

Time after injury (min)

| 1 1 1 1 J
30 40 50 60 70 80 90

Time after injury (min)

84



Figure 1: Axoplasmic calcium dynamics and formation of spheroids prior to catastrophic
degeneration in response to injury

(a) Schematic representation of injury paradigm in microfluidic devices. Cell bodies (CB) and
distal axons (DA) are seperated. All the cultures were maintained in the presence of 45ng/mL
NGF. For the “injury” condition, neurons were enucleated by aspiration in PBS. (b) Representative
images of B3-tubulin immuno-stained distal sympathetic axons before treatment (Ohr), 2, 4 and 6
hours after injury. Scale bar = 50um. (c) Degeneration time course after injury. Catastrophic phase
and maximum of degeneration are noted. Nonlinear regression curve was drawn according to the
Hill equation. n=3 for each time point. (d) Fluo4-AM calcium imaging of sympathetic axons at the
indicated times after injury. For the “injury” condition, neurons were enucleated by aspiration in
PBS and then incubated with Fluo4-AM for calcium imaging. For the “Control” condition, no injury
was performed. Red box indicates the individual axon as a region of interest. Yellow box indicates
axonal spheroid as a region of interest. White arrowheads indicate the formation and growth of
spheroid. Scale bar = 10um. (e) Calcium fluorescence change of control or injured axons over
time. Total number of n=76 (injury) and n=30 (control) of axons from 3 independent litters were
quantified. (f) Quantification of axonal spheroid number per 100um of axon at the indicated times
after injury. Total number of n=47 axons from 3 independent litters were counted. (g) Calcium
fluorescence and size change of axonal spheroid at the indicated times after injury. Total number
of n=14 axonal spheroids from 3 independent litters were quantified. (h) Quantification of
normalized calcium fluorescence of axonal spheroids from 20 to 90 minutes after injury. Individual
axonal spheroids were quantified: n=14 spheroids from 3 independent replicates. Data are

reported as mean+SEM, *p<0.05, ***p<0.0001, two-way ANOVA with Sidak’s multiparisons test.
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Formation of axonal spheroids requires Rho activation and actin remodeling

What signaling pathways trigger axonal spheroid formation after injury? Given the dramatic
outgrowth of membrane, we speculated that spheroid formation may involve cytoskeletal
remodeling, similar to what we observed after trophic deprivation (Yong et al., 2019). To examine
actin and B3-tubulin abundance in spheroids we stained enucleated axons with phalloidin and
Tuj1 1 hour after injury. We found that actin accumulated in 47.5+3.9% of the spheroids examined,
while B3-tubulin accumulated in 32.1+4.4% of spheroids (Fig.2a). We next sought to determine
whether the formation of spheroids involves actin remodeling. To examine this, cultures were pre-
treated (3hrs prior to injury) with the actin polymerization inhibitor cytochalasin D (10ug/uL), which
delayed spheroid formation (Fig.2b,c). Rho activation is known to influence actin assembly (Hall,
1998), and may serve as a molecular switch to govern spheroid formation. Indeed, inhibiting Rho
family members using the C3 transferase, CT04 (1ug/mL, 2hrs prior to injury), also suppressed
spheroid formation (Fig.2b,c). Interestingly, pretreatment with cytochalasin D or CT04 delayed

degeneration for up to 4 hours after injury (Fig.2d,e).
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Figure 2: Rho activation and actin remodeling are required for axonal spheroid formation
in response to injury

(a) Representative axons/spheroids visualized for bright field, Phalloidin and 3-tubulin (Tuj1) 1
hour after injury. Scale bar =5 um. Percentages of Phalloidin positive and Tuj1 positive spheroids
were quantified next to the images, respectively. Total number of n=10 axons were quantified. (b)
Fluo4-AM calcium imaging of wild-type sympathetic axons with or without drug treatment. For the
“CTO04” group, wild-type axons were incubated in SCG media containing 1ug/mL Rho inhibitor
CTO04, for 2 hours prior to injury. For the “Cytochalasin D” group, wild-type axons were incubated
in SCG media containing 10ug/mL actin polymerization inhibitor for 2 hours prior to injury. Scale
bar = 10um. (c) Quantification of axonal spheroid number per 100um of wild-type sympathetic
axons at the indicated times after injuryin the absence and presence of CT04 or Cytochalasin D.
Total number of n=50 (Control), n=28 (Cytochalasin D), n=32 (CT04) axons from cultured neurons
harvested from 3 independent litters were quantified. (d) Representative images and (e)
quantification of degeneration of wild-type distal sympathetic axons immuno-stained for $3-tubulin
in the absence and presence of CT04 or Cytochalasin D. Scale bar = 50pm. Compared to Control,
4hr post-injury (n=4), p<0.0001, n=6 for Cytochalasin D, 4hr post-injury; p<0.0001, n=5 for CT04,
4hr post-injury, two-way ANOVA with Dunnett’s multiple comparisons test. Data are reported as

meanzSEM, *p<0.05, ***p<0.0001.
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Axonal spheroids develop membrane rupture after injury

We and others have shown that the electrical chemical gradient can be disrupted through
membrane rupture on axonal spheroids in models of developmental degeneration and multiple
sclerosis (Witte et al., 2019; Yong et al., 2019). To determine whether the axonal spheroids that
we observed on injured sympathetic axons develop ruptures, we bathed axons in neutral
fluorescent dextran beginning 20 minutes after injury, which is sufficient time for the initial site of
lesion to re-seal (Eddleman et al., 1998). If there were any ruptures on the membrane after injury,
the 3 kDa red dextran would immediately diffuse to the axoplasm (Fig.3a). As expected, the
exclusion of dextran was maintained for 40-50 minutes after injury, however after 50 minutes, the
axoplasm begins to fill with fluorescent dextran (Fig.3b). An additional movie file shows the
dextran filling axonal spheroids in more detail [see Supplementary video 1]. We also examined
the size of ruptures using different sized dextrans. We observed that 70, 10, and 3 kDa dextran
filled 11.5£2.6%, 3316.6% and 63.61£7.1% of axonal spheroids by 90 minutes after injury,
respectively (Fig.3c). This indicates permeability of small to medium sized molecules and
suggests the same physiology of spheroidal rupture in WD as other degeneration paradigms. To
determine whether dextran diffusion correlates with the size of spheroids, we counted the
numbers and sizes of 3 kDa dextran positive and negative spheroids 30, 60, and 90 minutes after
injury, respectively (Fig.3d). Most of the axonal spheroids are 5-10um? in size. However,
regardless of their sizes, more spheroids develop membrane rupture at later times after injury

suggesting that the probability of rupture is more impacted by time than size of spheroid.

Based on the diminution of spheroidal calcium signal 1 hour after injury and the permeability of
the spheroidal membrane, we speculate that intra-axonal calcium may diffuse to the extracellular
space after spheroidal rupture. To test this hypothesis, we bathed axons in microfluidic devices

in 100puL of regular culture media or calcium free, serum free media and measured extracellular
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calcium before and 1 hour after injury using a Fluo4 spectrophotometric assay (Yong et al., 2019).
For the cultures maintained in regular SCG media, calcium levels in conditioned media taken from
injured axons (ICM) (2409.51+212.17uM) was significantly higher than calcium concentration in
Control CM (1578.16+275.57uM) (Fig.3e). Additionally, we were able to observe an increase in
extracellular calcium after spheroidal rupture when experiments were performed using calcium
free, FBS free media (Fig.3e). Whether or not this calcium extrusion is physiologically relevant
remains to be determined. However, in this in vitro system it represents a complementary

paradigm to the aforementioned dextran assay for assessing membrane integrity.
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(a) Schematic representation of the experimental paradigm to assess membrane rupture model
using fluorescent dextran. 20 minutes after injury, fluorescent dextran (red) is not taken up by the
axon (black, negative space). However, by 1 hour after injury, as the plasma membrane loses
integrity and ruptures, fluorescent dextran (red) can diffuse into spheroids, turning them red.
Spheroids with intact membrane remain black. (b) Representative images of dextran 3 kDa (red)
entry to axonal spheroids (black) from 20 to 90 minutes after injury (left column), and dextran
exclusion in untreated axons (right column). White arrowheads indicate that dextran 3 kDa enter
axonal spheroids 1 hour after injury. Scale bar = 10 um. (c) Quantification of the percentages of
fluorescent 3 kDa (red), 10 kDa (green), and 70 kDa (blue) dextran positive spheroids 20 to 90
minutes after injury. Black line (control) indicates the percentages of fluorescent 3 kDa dextran
positive spheroids without injury. Total number of n=12 (3 kDa), n=12 (10 kDa), n=9 (70 kDa),
and n=27 (control) axons from 3 independent litters were counted. (d) Histogram of 3 kDa dextran
negative (black) and positive (red) spheroids 30, 60, and 90 minutes after injury. (e)
Measurements of extracellular calcium expelled from axons into regular SCG culture media
(DMEM, left) and calcium free, FBS free media (right). In the “Control CM” group, media was
collected from uninjured axons. In the “ICM” group, media was collected 1 hour after injury. For
DMEM groups, compared to Control CM (n=4), p=0.0414, n=4 for ICM; For calcium free, FBS
free groups, compared to Control CM (n=3), p=0.0185, n=3 for ICM, unpaired t test. Data are

reported as meantSEM, *p<0.05, ***p<0.0001.
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Spheroid formation in WD deficient mutants

We next examined the spheroid formation in genotypes reported to have impaired Wallerian
degeneration: WId®, DR6” and Sarm17. Calcium imaging revealed that Wid® did not display a late
stage calcium wave, and had a greatly diminished capacity to form spheroids in response to injury
(Fig.4a-c). This is consistent with previous observations demonstrating that mitochondria in Wid®
neurons have increased calcium buffering capacity and a delay in spheroid formation (Adalbert
et al., 2012; Avery et al., 2012; Beirowski et al., 2010; Vargas et al., 2015). Interestingly, neurons
from DR6” and Sarm1” mice also had attenuated spheroidal calcium compared to wild-type but
significantly higher than Wid® neurons (Fig.4c). We also examined the Fluo4-AM signals in the
inter-spheroidal regions of wild-type and WD mutant axons after injury. No obvious calcium wave
was detected in the axons outside of spheroids after injury, suggesting that spheroids are the
predominant contributor to axoplasmic calcium change (Fig. 4d). We next examined the role of
WLD?®, DR6 and SARM1 in the change in spheroid size and the accumulation of spheroids as a
function of time after injury. 1 hour after injury, we observed that loss of DR6 or SARM1 displayed
a roughly 100% increase in spheroid size (Fig.4e). Moreover, wild-type, DR6”, and Sarm1”
neurons displayed 7.5+0.8, 9.11£0.5, and 9.7+0.7 spheroids per 100pm of axons, respectively,
whereas WId® neurons only displayed 1.4+0.5 spheroids per 100um of axons 1 hour after injury
(Fig.4b). We next examined spheroid rupture and calcium extrusion in sympathetic axons from
Wic®, DR6” and Sarm1” mice. WT, DR6” and Sarm1” all displayed similar levels of 3 kDa
dextran spheroid filling after injury, however WId® axons displayed negligible filling indicating a
lack of spheroid rupture (Fig.4f,g). Consistent with this, WId® axons showed no difference in
extracellular calcium levels before or 1 hour after injury, while DR6” and Sarm1” displayed
elevation in extracellular calcium levels (Fig.4h). Taken together, these findings suggest that
WLDS/NMNAT is upstream of spheroid formation while the other players tested have minimal roles

in this process.
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Figure 4: DR6” and Sarm1” develop axonal spheroids and spheroidal rupture after injury,
while WIid® does not

(a) Fluo4-AM calcium imaging of wild-type, Wid®, DR6”, and Sarm1” sympathetic axons 1hr after
injury. Scale bar = 10um. (b) Quantification of numbers of axonal spheroids, (C) spheroidal
calcium level, (d) interspheroidal calcium level, and (e) size change of axonal spheroids on the
wild-type, Wic®, DR6”, and Sarm1” axons 1 hour after injury, respectively. Total number of n=29
(WT), n=17 (WId®), n=57 for (DR6™), and n=54 (Sarm17") axons from 3 independent litters were
counted. (f) Representative images of dextran 3 kDa (red) entry to axonal spheroids (black) on
wild-type, WId®, DR6™, and Sarm1” axons 1 hour after injury. Scale bar = 10um. (g) Normalized
numbers of 3 kDa dextran negative (black) and positive (red) axonal spheroids on wild-type, Wid®,
DR67, and Sarm1” axons 1 hour after injury. Compared to WT, Dextran*, p<0.0001, n=21 for
Wid*, Dextran®. Compared to WT, Dextran’, p<0.0001, n=22 for WId®, Dextran’; p=0.0003, n=17
for Sarm1”, Dextran, two-way ANOVA with Dunnett's multiple comparisons test. (h)
Measurement of extracellular calcium concentration in media surrounding injured and uninjured
Wid®, DR6”and Sarm1” axons. All injured conditioned media was collected from distal axon
chamber 1hr after injury. Compared to Control CM, p=0.9982, n=3 for WId®, ICM; p=0.1440, n=6
for DR6”, ICM; p=0.0141, n=3 for Sarm1”, ICM, two-way ANOVA with Sidak’s multiple

comparisons test. Data are reported as meantSEM, *p<0.05, **p<0.001, ***p<0.0001.
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NAD* acts upstream of Rho activation to suppress spheroid formation

The WId® protein stably targets NMNAT1 to axons to maintain high NAD" levels for prolonged
periods following injury, which is known to protect axons from degeneration (Di Stefano et al.,
2015). To test whether NAD" contributes to the formation of axonal spheroids, we treated
sympathetic axons with 1mM exogenous NAD" overnight prior to injury. Supplementation of NAD*
to wild-type sympathetic axons suppressed spheroid formation after injury (Fig.5a,b), and
phenocopied observations in Wid® axons (Fig.4a,b). We next examined whether NAD" is
upstream of Rho activation with respect to regulating spheroid formation. To this end, axons were
incubated with the Rho activator, CNO3 in the presence of exogenouse NAD®. Activation of Rho
is able to promote spheroid formation even in the presence of exogenous NAD*(Fig.5a,b). NAD*
levels are known to decline in injured axons and nerves, due to both turnover of NMNAT2 and
SARM1-dependent NAD* degradation (Gilley and Coleman, 2010; Sasaki et al., 2016; Wang et
al., 2005). However, loss of SARM1 failed to inhibit spheroid formation, whereas Sarm1” neurons
pre-treated with NAD* or Rho inhibitor CT04 displayed only 1.16+0.52 and 0.85+0.31 spheroids
per 100pm of axons 1 hour after injury, respectively (Fig.5c,d). Moreover, activation of Rho by
CNO3 in Wid®*neurons increased the number of spheroids to 3.59+0.87 per 100um of axons 1 hour
after injury (Fig.5e,f). We further examined the protection effects of NAD* in the presence and
absence of Rho activation. 4 hours after injury, wild-type sympathetic axons treated with
exogenous NAD* remained intact, but degeneration was partially rescued (41.7+0.3%) by CN03
incubation (Fig.5g,h). 8 hours after injury, Wid® axons treated with CNO3 displayed 60.5+3.4%

degeneration, significantly higher than control Wid® cultures with 13.8+7.1% degeneration

(Fig.5g,h).
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Figure 5: NAD" acts on upstream of Rho activation to suppresses spheroid formation after
injury

(a) Fluo4-AM calcium imaging of wild-type sympathetic axons 1hr after injury with or without drug
treatment. Scale bar = 10um. (b) Quantification of axonal spheroid number per 100um of wild-
type sympathetic axons at the indicated times after injury in the absence and presence of NAD"
or CNO3. Total number of n=23 (Control), n=13 (NAD*), n=21 (NAD", CN03) axons from cultured
neurons harvested from 3 independent litters were quantified. (c) Fluo4-AM calcium imaging of
Sarm1” sympathetic axons 1hr after injury with or without drug treatment. Scale bar = 10um. (d)
Quantification of axonal spheroid number per 100um of Sarm1” sympathetic axons at the
indicated times after injury in the absence and presence of NAD* or CT04. Total number of n=30
(Control), n=16 (NAD*), n=25 (CT04) Sarm1”axons from cultured neurons harvested from 3
independent litters were quantified. (e) Fluo4-AM calcium imaging of Wid® sympathetic axons 1hr
after injury in the presence and absence of CN03. Scale bar = 10um. (f) Quantification of axonal
spheroid number per 100um of Wid® sympathetic axons at the indicated times after injury in the
absence and presence of CNO3. Total number of n=25 (Control), n=24 (CNO3) WId® axons from
cultured neurons harvested from 3 independent litters were quantified. (g) Representative images
and (h) quantification of degeneration of wild-type and WId® distal sympathetic axons immuno-
stained for B3-tubulin with different treatments. Scale bar = 50um. For the “NAD*” group, axons
were incubated in SCG media containing 1mM NAD* supplement overnight prior to injury. For the
“CNO03" and CT04” groups, axons were incubated in SCG media containing 1ug/mL Rho activator
CNO03 and Rho inhibitor CT04 for 2 hours prior to injury, respectively. Data are reported as
meantSEM, *p<0.05, **p<0.001, ***p<0.0001, two-way ANOVA with Tukey’s multiple

comparisons test.
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DR6 and SARM1 act downstream of spheroid formation

How could injured Sarm1” and DR6” axons remain resistant to degeneration even though they
are competent to form and rupture spheroids? We recently showed that loss of DR6 in trophically
deprived axons could prevent catastrophic degeneration downstream of spheroid rupture (Yong
et al., 2019). Therefore, we hypothesize that SARM1 and DR6 acts downstream of spheroid
rupture to promote catastrophic degeneration instead of gating exit from the latent phase of
degeneration. To examine this, we collected media surrounding injured distal axons from Wid®,
DR67 and Sarm1”cultures and applied this injured conditioned media (ICM) to uninjured trophic
deprived wild-type axons (Fig.6a). These morphologically intact recipient wild-type axons
underwent complete degeneration within 5 hours of incubation with ICM derived from Sarm1”
and DR6” axons (Fig.6b,c). However, ICM collected from injured WId® axons didn’t hasten
catastrophic axon degeneration in trophic deprived wild-type neurons (Fig.6b,c), consistent with

the diminished spheroid formation and rupture in these mutants (Fig.4).

To determine whether SARM1, DR6 or WLD® are downstream of spheroid rupture to regulate
degeneration, we applied ICM collected from wild-type axons to intact recipient trophic deprived
neurons derived from Wid®, DR6” and Sarm1” mice (Fig.6d). Remarkably, in this paradigm Wid®
axons showed 78.4+5.8% degeneration, while DR6” and Sarm1” showed 16.3+5.9% and
12.71+1.4% degeneration when exposed to ICM from wild-type axons, respectively (Fig.6e,f). We
next performed a similar experiment on injured recipient axons. We applied wild-type ICM to
mutant axons 4 hours after injury and then incubate for another 4 hours (Fig.6g). Consistent with
the delayed WD in these mutants (Gamage et al., 2017), injured Sarm1”", DR6” and Wid® axons
displayed less than 20% degeneration 8 hours after injury with the final 4 hours in the presence
of Control CM incubation (Fig.6h,i). Remarkably, injured WId® axons displayed 42.5+9.7%

degeneration after WT ICM incubation (Fig.6h,i). Injured DR6” and Sarm1” axons only showed
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16.51£3.5% and 2.01£0.6% when exposed to WT ICM, respectively (Fig.6h,i). These results raise
the possibility that Sarm1”- and DR6™ protects axons from WD by perturbing pathways required
for the catastrophic degenerative response to spheroid contents, while Wid® delays WD by

suppressing the development of axonal spheroids thereby delaying exit from latency.
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Figure 6: DR6” and Sarm1” suppress ICM induced axon degeneration, while Wid® does not
(a) Wild-type and (d) mutant sympathetic neurons were globally deprived of NGF for 12 hours
followed by addition of conditioned media collected from distal axons for 5 hours, respectively. (b)
Representative images and (c) quantification of 3-tubulin immunostained trophic deprived distal
sympathetic axons from wild-type animals after treatment with ICM and Control CM collected from
DR67, Sarm1” and WId® neurons. Compared to Wid®, Control CM (n=4), p=0.9811, n=5 for Wid°,
ICM. Compared to DR6™, Control CM (n=3), p<0.0001, n=5 for DR6”, ICM. Compared to Sarm1
. Control CM (n=3), p<0.0001, n=5 for Sarm1”, ICM. (e) Representative images and (f)
quantification of B3-tubulin immunostained trophic deprived distal sympathetic axons from DR6™,
Sarm1” and WId® animals after treatment with ICM and Control CM collected from wild-type
neurons. Compared to Control CM, Wid® (n=5), p<0.0001, n=5 for ICM, WId°. Compared to Control
CM, DR6™ (n=3), p=0.8921, n=4 for ICM, DR6”. Compared to Control CM, Sarm1” (n=7),
p=0.9988, n=6 for ICM, Sarm1”. (g) Mutant neurons were injured for 4 hours in the presence of
NGF followed by addition of conditioned media collected from wild-type axons for 4 hours. (h)
Representative images and (i) quantification of B3-tubulin immunostained injured distal
sympathetic axons from DR6”, Sarm1” and Wid® animals after treatment with ICM and Control
CM collected from wild-type neurons. Compared to Control CM, Wid® (n=7), p<0.0001, n=11 for
ICM, Wid®. Compared to Control CM, DR6” (n=2), p=0.9983, n=4 for ICM, DR6”. Compared to
Control CM, Sarm1” (n=7), p=0.9951, n=8 for ICM, Sarm1”. In the “Control CM” group, media
was collected from uninjured axons. In the “ICM” group, media was collected 4 hours after injury.
Data are reported as mean+SEM, *p<0.05, ***p<0.0001. Significant difference is determined by

two-way ANOVA with Sidak’s multiple comparison test. Scale bar = 50um.
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Discussion

Here we describe the regulated formation of calcium rich axonal spheroids as injured axons
transition from latent to catastrophic phase of degeneration. Importantly, among three WD
deficient mutants, only Wid® suppresses spheroid formation, suggesting that depletion of axonal
NMNAT/NAD" acts upstream of spheroid formation during the latent phase, whereas SARM1 and
DR6 activation might promote degeneration during catastrophic phase (Fig.7). This is somewhat
surprising given that the mechanism of SARM1 action is thought to be through NAD* degradation
(Essuman et al., 2017; Gerdts et al., 2015). This sets up a scenario whereby NAD* may be acting
at different points in the degeneration timeline after injury. It is known that the initial decay of NAD"
after injury is independent of SARM1 and we suggest that this reduction is sufficient for the
disinhibition of Rho induced spheroid formation. After spheroid rupture, we suggest that DR6 and
SARM1 are activated by an as yet unknown mechanism to further drive down the level of NAD*

and promote catastrophic axon degeneration (Fig.7).

Axonal spheroids have been characterized as a common morphological hallmark during axon
degeneration (Coleman, 2005). These spheroids arise continuously in axons and show different
degrees of swelling in response to a range of molecular triggers, including the focal blockage of
axonal transport, ROS mediated actin aggregation, and NMNAT deficiency (Barsukova et al.,
2012; Mi et al., 2005; Sasaki et al., 2005). Here, we report the formation of calcium rich spheroids
on severed sympathetic axons in vitro(Fig.1). Similar to our observations in developmental
degeneration models (Yong et al., 2019), we find that spheroid formation requires Rho dependent
actin remodeling. Inhibition of this pathway not only blocks spheroid formation but also delays
injury induced degeneration (Fig.2). However, pharmacological manipulations of actin dynamics

or Rho may affect degeneration events other than spheroid regulation, such as remodeling of the
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actin-spectrin-based membrane associated periodic skeleton, axon transport or ERK signaling
(Lorenzo et al., 2019; Wang et al., 2019a; Zhong et al., 2014; Zhou et al., 2019). Therefore, it's
likely that spheroid formation is the phenotypic result of actin remodeling and Rho activation

during axon degeneration, and perhaps an indirect driver of catastrophic fragmentation.

By comparing axoplasmic calcium dynamics of WD deficient mutants with wild-type sympathetic
axons, we demonstrated that neurons from Wid® animals display minimal axonal calcium flux from
20 to 90 minutes after injury, significantly fewer and smaller axonal spheroids formed, and no
calcium extrusion to the extracellular space (Fig.4). These findings suggest that injury induced
NMNAT2 depletion is likely an upstream trigger for calcium rich spheroid formation and rupture.
SARM1 has been proposed to be in the same pathway as WId*/NMNAT1 in promoting axon
degeneration due to its intrinsic NAD* cleavage activity (Coleman and Hoke, 2020; Essuman et
al., 2017; Gerdts et al., 2015, 2016). Surprisingly, unlike Wid®, Sarm1” axons are capable of
forming axonal spheroids after injury suggesting that at least in the context of spheroid formation
and rupture, these pathways operate independently. Importantly, this finding is not in conflict with
reports that NMNAT/NAD* depletion is involved in catastrophic degeneration (Sasaki et al., 2016).
Studies in mouse dorsal root ganglion (DRG) neuron cultures have shown that there is slow NAD*
decline loss for roughly 2 hours after transection likely owing to NMNAT2 degradation, followed
by a fast SARM1-dependent NAD" decay (Sasaki et al., 2016, 2020; Wang et al., 2005). To
explain the different phenotypes of Sarm1” and Wid® with respect to spheroid formation after
injury, we propose a working model by which SARM1 is inactive during the latent phase and then
becomes active after spheroidal rupture to accelerate NAD*depletion during the catastrophic

phase of axon degeneration.

The mechanism by which NAD" inhibits Rho activity and spheroid formation remains unknown

and will be the subject of future inquiry. We envision a few possibilities: 1. The replenished axonal
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NAD" pool might inhibit the calcium release from intracellular stores, which contributes to the
formation of calcium enriched spheroids. NAD" depletion after injury leads to the increase of
relative concentrations of calcium-mobilizing agents including cADPR and ADPR over axonal
NAD®, stimulating intra-axonal calcium rise by activation of ryanodine receptors on ER and
calcium channels on plasma membrane, respectively (Guse, 2015). In addition, blocking ER
calcium channels has been shown to protect injury-induced axonal degeneration in DRG cultures
and secondary degeneration of severed CNS axons (Orem et al., 2017; Villegas et al., 2014).
However, whether blocking intracellular calcium stores would suppress spheroid formation on
injured sympathetic axons must be investigated in the future. 2. Depletion of NAD* pools after
injury alters axonal redox state and ATP synthesis (Nikiforov et al., 2015) which may contribute
to spheroid formation and rupture by regulating Rho GTPase activity (Fig.7). Studies have shown
that the cellular oxidation state mediates activation of Rho GTPase via a redox-sensitive cysteine
at the end of p-loop motif (Heo and Campbell, 2005; Mitchell et al., 2013). Moreover, application
of Rho activator CNO3 is able to promote spheroid formation on injured axons in the presence of
NAD" supplementation (Fig.5a,b). The disruption of redox state or NAD*/NADH balance caused
by NMNAT2 degradation may therefore activate Rho to mediate actin remodeling and spheroid

formation.

The mechanism by which SARM1 is activated after spheroid rupture remains unclear, but the
recent finding that NMN analogue can activate SARM1 to induce non-apoptotic cell death appears
to provide one possible answer to this question (Zhao et al., 2019). In a neuroinflammatory model,
activation of mixed lineage kinase domain-like pseudokinase (MLKL) can induce loss of axonal
survival factors NMNAT2 and SCG10/STMN2 to trigger SARM1 NADase activity, which indicates
that necroptotic pathways could disinhibit SARM1 to activate pathological axon degeneration (Ko
etal., 2020; Llobet Rosell and Neukomm, 2019). Activation of SARM1 has been shown to promote

phosphorylation of JNK to trigger neuronal immune response after axon injury (Wang et al., 2018).
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Moreover, phosphorylation of SARM1 by JNK regulates NAD" cleavage to inhibit mitochondrial
respiration in response to oxidative stress (Murata et al., 2018). Therefore, SARM1 may also be
activated by JNK to promote further NAD" depletion (Fig.7). Both overexpression of NMNATs and
knocking out SARM1 have been shown to decrease injury-induced degradation of the calpain
inhibitor, calpastatin, which protects neurons from degeneration (Galindo et al., 2017; Yang et al.,
2013). It is possible that NAD* depletion and further energy deficits lead to calpastatin
degradation, which would disinhibit calpain to promote catastrophic degeneration. Similar to the
phenotype of Sarm1”, injured DR6” axons showed formation of spheroids and spheroidal
calcium accumulation (Fig.4). Indeed, we’ve shown in the past that DR6 is also required for JNK
activity after injury (Gamage et al., 2017). Because of our previous work examining the role of
DRG6 in trophic withdrawal induced degeneration, it is tempting to speculate that DR6 gates entry
into the catastrophic phase WD by activating SARM1 (Yong et al., 2019). Injured Sarm1”- and
DR6” axons are competent for spheroid formation and rupture yet still degenerate much later
than injured wild-type axons (Fig.4). Remarkably, Sarm1”- or DR6” neurons, but not Wid® neurons
are resistant to degeneration induced by ICM collected after spheroidal rupture (Fig.6). Based on
these results, we propose that SARM1 and DRG6 are likely to promote WD by regulating signaling
pathways downstream of spheroid formation and rupture. However, whether and how DR6 and

SARM1 would work together to do this is unclear (Fig.7).

Spheroid formation is a common hallmark for many neurodegenerative disorders including
Alzheimer’s disease (AD), glaucoma, amyotrophic lateral sclerosis (ALS) (Adalbert et al., 2007;
Conforti et al., 2014; Howell et al., 2007; Kanaan et al., 2013; Sasaki et al., 2005). Our previous
work suggests that these spheroids play a functional role as axons transition from latent to
catastrophic phases of degeneration (Yong et al., 2019). Recently, overactivation of calcium influx
in neurons has been shown to trigger degeneration in Sarm1” zebrafish in vivo, suggesting that

calcium could be one of the effectors downstream of Sarm1 to drive degeneration (Tian et al.,
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2020b). However, we only observed minor attenuation of spheroidal calcium flux in injured Sarm1-
and DR6™ axons (Fig.4), indicating that SARM1 and DR6 likely promotes WD independent of
calcium signaling. While the pathways downstream of spheroid formation require further
investigation, it is intriguing to speculate that the rupture of these spheroids and release of their
contents may recruit macrophages and/or modulate Schwann cell injury response. Interestingly,
Sarm1” and WId failed to affect macrophage recruitment after injury, while macrophages in
injured WId® nerve stump showed ‘nerve scanning’ behavior, elongating and extending their
process along the distal nerve before fragmentation (Rosenberg et al., 2012; Tian et al., 2020a).
Lack of spheroids along Wid® axons might contribute to macrophage scanning behavior as they
are looking for the potential targets to engulf. Whether the formation and rupture of axonal
spheroids mark the location for phagocytic cells to react or trigger other immune responses during
WD remains unclear. As such, understanding the regulation and consequence of these spheroids

may help to rationalize therapeutic targets for a range of degenerative disorders.

In summary, this study demonstrates that: 1) severed sympathetic axons develop calcium rich
spheroids and membrane ruptures prior to catastrophic degeneration. 2) Mechanistically, we
show that sufficient NAD" pool is able to suppress the formation of axonal spheroids and delay
WD after injury through a Rho-dependent pathway. 3) DR6 and SARM1 do not regulate spheroid
formation, but are required for catastrophic degeneration downstream of spheroidal rupture.
Based on our results and recent findings, we propose that 4) NMNAT degradation-dependent
NAD" depletion contributes to spheroid formation, while SARM1 activation-dependent NAD*
hydrolysis executes axon degeneration after spheroidal rupture in response to injury. Our findings

contribute to further understanding of protective NAD*mechanisms in regulating the development
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of axonal spheroids that aid in the application of WD-blocking therapies for neurodegenerative

disorders.
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Figure 7: Proposed model for events associated with injury induced axon degeneration of
sympathetic neurons

After injury, axoplasmic calcium is increased and enriched in spheroids prior to catastrophic
phase. Spheroid formation is regulated by Rho activity and actin remodeling, which is suppressed
by NAD*. The calcium electrochemical gradient across membrane is disrupted by spheroidal
rupture. We speculate that axonal NAD" level decreases via SARM1 independent catalysis while
SARM1 stays inactive prior to spheroidal rupture. DR6 and SARM1 can be activated to promote
further NAD" depletion and catastrophic degeneration. However, how DR6 and SARM1 get
activated downstream of spheroid rupture remains unclear. The schematic representation of the

model was drawn in Adobe lllustrator.
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Chapter 4*

Discussion

Axonal spheroids and neurodegeneration

Abstract

The emergence of axonal spheroids is a universal pathological hallmark of neurodegeneration.
Most of them are stationary, while few of them can move and fuse as they grow (see Appendix
1). They are often filled with calcium, NF, membrane bound vesicles, and organelles. Depending
on the pathological insult, they sometimes co-localize with disease-related proteins like APP and
motor proteins. Initial formation of axonal spheroids depends on the disruption of axonal and
membrane tension governed by cytoskeleton and membrane skeleton. Various degenerative
triggers, such as injury, oxidative stress, inflammatory factors, and neurotoxic molecules promote
the development of axonal spheroids through either convergent pathways regulating cytoskeleton
and membrane skeleton (e.g. Rho activation) or positive feedback mechanisms associated with
impairment of axonal transport. Axonal spheroids have PS exposure, becoming the hotspots for
macrophage engulfment. Axonal spheroids are degenerative because they could rupture,

providing the gateway for pro-degenerative factor transmission across the membrane.

4y, Yong & C. Depmann. Axonal spheroids and neurodegeneration, in prep.

109



A primary and early effect of dynamic deformation of axons during neurodegeneration is the
formation of axonal swellings that appear in a periodic arrangement along axons. These axonal
“varicosities”, “spheroids”, or “swellings” have been likened to beads on a string or branches
bearing fruit, and are nearly universal (Ramon y Cajal, 1928; Sasaki et al., 1989). They not only
have been found in developmental degeneration and the aging brain but also appear in injury,
neuropathy, neuroaxonal dystrophy and many neurodegenerative diseases (Kikuchi et al., 1990;
Kilinc et al., 2008; Lauria et al.,, 2003; Luo and O’Leary, 2005; Stokin et al., 2005). Cajal
hypothesized that these voluminous balls were often the seat of destructive processes, autolytic
in nature (Azmitia, 2002; Ramoén y Cajal, 1928). Although spheroids are a common hallmark in

degeneration, their characterization, regulation and function have been scarcely examined in the

100 years since Cajal’s initial description.

Recently, we’ve revealed that axonal spheroids are important for damaged axons transitioning
from latent phase to catastrophic phase of degeneration in response to trophic deprivation or
injury (Yong et al., 2019, 2020). Live and electron imaging, together with biochemical analysis
and biophysical modeling have shed light on the mechanism and functional roles of spheroid
formation in neurodegeneration. In this review, we summarize the features of axonal spheroids in
different degeneration etiologies, propose a potential working model for the regulation of spheroid
formation, and emphasize the degenerative roles of axonal spheroids in disease progression and

phagocyte recruitment.
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Contents within axonal spheroids

Accumulation of cytoskeletal elements in spheroids

Because axoskeletal changes correlate with morphological changes in degenerating axons, it is
perhaps intuitive that cytoskeleton elements accumulate in many axonal spheroids. As a
significant feature of the pathology of motor neuron disease, axonal spheroids with accumulation
of neurofilaments have been observed in ALS cases (Delisle and Carpenter, 1984).
Immunohistochemical studies of the post-mortem brains and spinal cords of patients indicate that
these spheroids are strongly positive for neurofilament (NF), kinesin and phosphorylated
neurofilament and weakly positive for ubiquitin and synaptophysin (Takahashi et al., 1997;
Toyoshima et al., 1989, 1998). Similarly, mouse models of neuroaxonal dystrophy and nerves
obtained from patients with gracile axonal dystrophy (GAD) showed neurofilament rich axonal
spheroids (Prineas et al., 1976; Shinzawa et al., 2008). High levels of tubulin and actin was also
detected in spheroids of live cortical neurons treated with hydrogen peroxide as well as
mechanically injured chick forebrain neurons (Barsukova et al., 2012; Kilinc et al., 2008). We also
found accumulation of tubulin and actin in spheroids of the injured and NGF deprived sympathetic

axons (Yong et al., 2019, 2020).

Accumulation of organelles in spheroids

Although distant from the nucleus, axons have constant synthesis, processing, and turnover of
proteins and lipids to support neural function. This is achieved through an ER network and a
steady stream of mitochondria and vesicles throughout the extent of axonal and dendritic
processes (Hollenbeck and Saxton, 2005; Wu et al., 2017). This organelle distribution is
maintained by active retrograde and anterograde transport. In response to degenerative triggers,

accumulated organelles are often found in axonal spheroids, indicating the disruption of axonal
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transport at the site of spheroid formation. Indeed, electron dense bodies, multivesicular bodies,
mitochondria, and double membrane bound vesicles are observed in spheroids across a range
of degenerative triggers (Kilinc et al., 2008; Griffiths et al., 1998; Beirowski et al., 2010).
Importantly, some of the organelles present in spheroids are swollen or deformed, consistent with
their behavior in degenerative etiologies (Ferreirinha et al., 2004). In addition, ER and
mitochondria are the primary sources of intracellular calcium, which could contribute to the
increase of spheroidal calcium level and disrupted calcium homeostasis during axon

degeneration.

Accumulation of pathological proteins in spheroids

Impaired axonal transport also affects protein distribution in the axon. As such, many pathological
proteins are often found in axonal spheroids in various neurological disorders. In parasitic brain
diseases like neurocysticercosis, axonal spheroids were observed across species and
demonstrated increased immunoreactivity to APP and ubiquitin (Mejia Maza et al., 2018).
Moreover, accumulated APP and ubiquitin in axonal spheroids were shown in various models of
AD, hereditary spastic paraplegia (HSP), tramatic brain injury (TBI) (Dawson et al., 2010;
Ferreirinha et al., 2004; Griffiths et al., 1998; Johnson et al., 2013; Ohgami et al., 1992; Wirths et
al., 2006). In some cases of neuroaxonal dystrophy and PD, a-synuclein immunoreactivity was
also present in axonal spheroids (Martin et al., 2006; Newell et al., 1999). Additionally, the
microtubule associated protein (MAP), tau and its phosphorylated form have been linked to AD
and other neurodegenerative diseases. Similar to APP, phospho-tau has been shown to
accumulate in spheroids in a mouse model of AD (Stokin et al., 2005). However, not all axonal
spheroids are filled with pathological protein aggregates, some spheroids on injured nerves
remain “empty” as lucent cavities under electron microscopy (Beirowski et al., 2010). Interestingly,

enrichment of calcium in spheroids has been shown on trophic deprived, injured, stretched, or
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toxin-treated axons by us and other groups (Barsukova et al., 2012; Gu et al., 2017; Yong et al.,

2019).

Different contents within axonal spheroids have been observed in neurodegeneration. However,
how these contents vary as a function of degenerative triggers is unknown. Whether the disrupted
cytoskeleton, organelles, and pathological proteins are randomly distributed in spheroids, or they
are dependent on the specific signaling pathway remains unclear. Moreover, whether these
contents are functionally significant with respect to the formation of spheroids or progression of

neurodegeneration needs further investigation.
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Regulation of axonal spheroids

The role of the cytoskeleton in spheroid formation

Despite an abundance of evidence correlating axonal spheroids with degeneration, the
mechanisms that regulate the formation and growth of these spheroids remain largely unknown.
Because these structures represent a significant disruption in the architecture of the axon, it
stands to reason that cytoskeletal rearrangements underlie their formation. Indeed, shifting from
a uniform cylindrical shape into a “beads on a string” configuration involves localized constriction
and bulging due to changes in membrane skeleton and the subaxolemmal network comprised of
spectrin/fodrin, actin, ankyrin, integrins, and other transmembrane proteins (Budde and Frank,
2010; Ochs et al., 1997). Moreover, spheroids emerged at regions of cytoskeleton disruption
following injury or toxic insult, which could be suppressed by pre-incubation of cytoskeleton
stabilizers (Kilinc et al., 2008; Tang-Schomer et al., 2012; Barsukova et al., 2012). Consistently,
We also found that actin-stabilizing drug cytochalasin D was able to delay spheroid formation on
NGF deprived or injured axons (Yong et al., 2019, 2020). In addition, the membrane periodic
skeleton (MPS) composed of actin rings and spectrin tetramers has been shown to regulate axon
diameter, swellings and degeneration (Costa et al., 2018; Wang et al., 2019a). Thus, regulation

of the cytoskeleton is likely to contribute to the formation of axonal spheroids during degeneration.

Regulation of the cytoskeleton prior to spheroid formation

Actin remodeling is one of the early responses to NGF deprivation and injury, prior to axonal
fragmentation (Unsain et al., 2018). Rho GTPases are essential regulators of the cytoskeleton
remodelling, which contributes to several aspects of neuronal development and degeneration
(Govek et al., 2005). Accumulating evidence suggests an increase in RhoA/ROCK signaling in

WD, neuroinflammation and neurodegenerative diseases such as AD, ALS and SCI (Stankiewicz
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and Linseman, 2014). RhoA/ROCK may be relevant to axonal deformation since it is known to
change the properties of the F-actin cytoskeleton from promoting protrusive activity to generating
contractile forces in response to retraction cues (Gallo, 2006). Importantly, we detected RhoA
activation in axonal spheroids. Inhibition of RhoA by CT04 suppressed spheroid formation, while
activation of RhoA by CNO3 promotes spheroid formation in axons that are normally refractive to
degenerative cues, suggesting that Rho activation is both necessary and sufficient to drive the

formation of axonal spheroids (Yong et al., 2019, 2020).

Disruption of axonal transport

The axonal transport system is a unique and important feature of neurons, allowing efficient, long-
distance signal transduction, trafficking of axonal building blocks, and delivery of organelles
throughout the axon (Roy et al., 2005). In the anterograde direction, the slow transport system
conveys the bulk of the axoplasmic constituents, including cytoskeletal elements. In contrast, the
fast transport system functions bidirectionally and carries small vesicles and other organelles
(Griffin and Watson, 1988). Many neurological disease-linked genes have been identified as
motor proteins, adaptor proteins, and microtubule network proteins, indicating that disrupted
axonal transport may be causative and not simply a non-specific by-product of neurodegeneration
(Guedes-Dias and Holzbaur, 2019; Sleigh et al., 2019). In fact, there has been a long debate
about whether axonal spheroids in neurological disorders is a consequence of impaired axonal
transport, or whether it causes the transport defect, or both (Mi et al., 2005). Both light and
electron microscopy imaging have revealed focal accumulation of APP, tau, motor proteins and
some membrane-bound organelles like mitochondria in the axonal spheroids in various
pathological conditions (Ferreirinha et al., 2004; Gétz et al., 2006; Kilinc et al., 2008; Tang-
Schomer et al.,, 2012). However, impaired axonal transport in axonal spheroids does not
demonstrate causality. Direct evidence comes from a study in a mouse model of AD where

impairing axonal transport by reducing the dosage of kinesin-lI enhanced the formation of axonal
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spheroids and increased amyloid deposition (Stokin et al., 2005). This argues that axonal
transport defects could cause spheroid formation, at least in the case of AD. However, in models
of trophic deprivation, stretch injury and axotomy, the formation of axonal spheroids is unlikely a
result of traffic jams based on the following observations: 1. Continuous microtubule tracks were
seen in a large fraction of spheroids (Tang-Schomer et al., 2012). 2. No accumulation of vesicles
or mitochondria were seen in axonal spheroids at early stages (Beirowski et al., 2010). 3. Axonal
spheroids were not fixed and they could migrate and fuse along the axon as they form (Yong et
al., 2019). 4. The spheroid shapes (lemon like at early stages and clamshell or ball like at late
stages) are typical of a surface maintained under tension as opposed to a shape defined by a
collection of organelles (Datar et al., 2019). Overall, the formation of axonal spheroids is often
associated with the disruption of axonal transport, while its mechanism is not solely dependent

on transport blockage.

Transition in size and shape of spheroids

As we described early, axonal spheroids are not fixed in size and shape. The pathways involved
in the volume regulation are likely to regulate spheroid growth and related pathology. Osmolarity
change at the sites of axonal spheroids is considered to be a major player because that elastic
stresses in the cytoskeleton would provide the driving force for water and ions to leak through
channels on the membrane to effect volume regulation (Fernandez and Pullarkat, 2010; Pullarkat
et al., 2006). Additionally, mechanical stress could induce spheroid formation by activating
transient receptor potential cation channel subfamily V. member 4 (TRPV4). The resulting
persistent calcium influx brought in water to cause volume expansion and also reduced the
microtubule stabilizing binding protein STOP by calmodulin to promote further spheroid formation
(Gu et al., 2017). Consistent with the idea of osmolarity shock driven by calcium flux, focal
aggregation of the NCX and VGCC subunits was found at the sites of spheroids in stressed axons

(Barsukova et al., 2012). Although accumulated calcium in axonal spheroids has been shown in
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many degeneration models across species, we found that depleting intracellular calcium by
BAPTA-AM failed to suppress the generation axonal spheroids but decreased their average size
(maintaining a lemon-like shape instead of clamshell or ball like shape) (Yong et al., 2019). This
does not argue against the importance of calcium in spheroid formation, but supports the
hypothesis that calcium flux and attendant osmolarity changes likely contribute to growth and

maturation of pre-existing axonal spheroids.

Biophysical model for spheroid formation

The morphological changes and formation of spheroids we observed on degenerating axons is
known as “pearling instability” in the physics community. Theoretical models and computational
simulations of this axonal behavior have been established suggesting that spheroid formation is
a tension-driven shape instability, dependent on axonal tension and membrane surface energy
(Datar et al., 2019; Shao et al., 2020). Based on the pathogenesis analysis and biophysical
measurements of axonal spheroids, we propose a model of spheroid formation (Fig.1).
Specifically, in response to pathological insult, minor changes of membrane skeleton and
cytoskeleton, such as the breakage of few but not all microtubules and actin remodeling by Rho
activation, lead to localized release of axonal tension and reduction of membrane tension, driving
the initial formation of axonal spheroids. The expanding membrane and cytoskeletal stress near
spheroids then induces ion and water flow to drive growth of these spheroids. Calcium flux, axonal

transport impairment, and energy deficits due to initial spheroid formation further promote
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development of these spheroids along the axons at later stages. This positive feedback loop
eventually drives irreversible spheroid formation that contributes to neurodegeneration.

Figure 1: Proposed model of axonal spheroid in neurodegeneration

In the latent phase of degeneration, no morphological change is observed in axons. NGF
deprivation (indicated in violet) triggers de novo synthesis of pro-degenerative molecules,

caspase activation, p75NTR and Rho activation, while injury (indicated in red) leads to
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NMNAT/NAD" depletion and Rho activation. These upstream events promote the formation of
axonal spheroids in the transition phase. Early changes in membrane skeleton and cytoskeleton
promote the release of membrane tension and emergence of the lemon-like shape of spheroids.
Subsequent disruption of axonal transport, calcium dysregulation, and energy deficit further
promote the growth of axonal spheroids, becoming clamshell or ball-like shape. These spheroids
have PS exposure on the outer surface of the membrane and develop membrane rupture that
allows the transmission of prodegenerative molecules across the membrane. Ruptured axonal
spheroids, together with the activation of calpain, JNK, DR6 and SARM1 promote cytoskeleton
breakdown and catastrophic axon degeneration. Other molecules, such as UPS, Bax, Axed,
MAPK signaling cascade, have not been assigned to particular phases of degeneration. And their

roles in regulating spheroid formation remain unclear.
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Rupture of axonal spheroids

As the early phenotypic representation of dying neurons, axonal spheroids also share similar
features with neuron death. Plasma membrane rupture that is commonly seen in necrotic cell
death is also observed in axonal spheroids, which appeared more frequently at later stages of
axonal degeneration. Fluorescent neutral dextrans less than 10 kDa are able to enter the
spheroids via membrane rupture, indicating that the pores on the spheroidal membrane are likely

non-selective (Yong et al., 2019, 2020; Zhang et al., 2018).

Beyond membrane rupture, there is also evidence for regulated pore formation in axon
degeneration. Recent studies have revealed the involvement of necroptosis activation in axon
degeneration. Pharmacological inhibition of the necroptotic kinase RIPK1, knockdown of the key
necroptotic regulator RIP3 or the downstream effector MLKL (mixed lineage kinase domain like
pseudokinase) delayed axonal degeneration on sensory neurons after mechanical and toxic
insults (Arrazola et al., 2019). As the final executioner of necroptosis, MLKL translocates to the
plasma membrane creating pores capable of allowing molecules less than 10kDa to exchange
between the axoplasm and extracellular space (Heckmann et al., 2019; Ros et al., 2017). Whether
MLKL pores contribute to spheroidal membrane rupture remains an open question. Interestingly,
although MLKL is transiently activated after axonal damage, MLKL does not induce membrane
rupture and calcium influx in axons as its function in cell bodies. Instead, it has been proposed
that MLKL may stimulate SARM1 dependent axon degeneration (Arrazola et al., 2019; Ko et al.,
2020). Additionally, it has been shown that necroptosis is dispensable in motor neuron
degeneration in ALS (Wang et al., 2020). While the contribution of necroptotic mediators in axon
degeneration varies in different neuronal types, the membrane rupture on axonal spheroids might

be regulated by MLKL independent mechanisms. Another pathway to induce membrane rupture
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in dying cells is the activation of the pore-forming protein gasdermin D (GSDMD) in pyroptosis
(McKenzie et al., 2020). Emerging evidence suggest the formation of GSDMD pores in microglia,
macrophages, and oligodendrocytes in neurodegeneration (McKenzie et al., 2018). Interestingly,
neurons with little or low GSDMD expression seem to be susceptible to caspase-1 mediated but
GSDMD independent cell death (Tsuchiya et al., 2019). However, whether the spheroid rupture
is driven by the formation of GSDMD pores or simply the result of disrupted membrane tension

requires further investigation.
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Function of axonal spheroids

Evolutionarily speaking, why do organisms develop spheroids in the nervous system? Are they
merely decorative or are spheroids functionally significant for axon degeneration and regeneration
allowing the system to defend against harmful environmental stress? Similar to WD in the distal
nerves after transection, axonal spheroids might promote localized degeneration and clearance
of debris of an axon without influencing the main neurite and cell body (Coleman, 2005; Luo and

O’Leary, 2005).

Phosphatidylserine exposure and clearance

Similar to the phosphatidylserine (PS) exposure on the outer surface of cell membrane during
apoptosis, PS exposure was also observed on the membrane of degenerating DRG axons after
NGF deprivation or vincristine treatment (Shacham-Silverberg et al., 2018). Interestingly, studies
have shown that PS is exposed on non-apoptotic degenerating neurites in a specific
spatiotemporal pattern, which causes phagocytes to engulf the neurites (Sapar et al., 2018;
Shlomovitz et al., 2019). Consistently, we showed the PS flip specifically on the spheroids of SCG
axons after NGF deprivation (Yong et al., 2019), suggesting that PS exposure can be targeted to
selective parts of the cell membrane. As a well defined phagocytotic signal, PS externalization is
promoted by phospholipid scramblases mediated by calcium or capsease (Nagata et al., 2016;
Segawa et al.,, 2014). Interestingly, blocking extracellular calcium influx did not prevent PS
exposure, while inhibiting caspase activity suppressed PS exposure only in apoptotic dependent
axon degeneration (Shacham-Silverberg et al., 2018). Moreover, transected axons of retinal
ganglion cells isolated from Wid® rats with suppressed axonal spheroid formation showed a delay
of PS exposure and lower speed of PS exposure spread compared to injured wild-type axons

(Almasieh et al., 2017). And PS exposure on injured dendrites depended on NAD" depletion, not
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caspase activity (Sapar et al., 2018). Local ATP production through autophagy could also promote
PS exposure on injured DRG axons (Wakatsuki and Araki, 2017). These results suggest that
while localized perturbation of PS asymmetry is common in degenerating axons, the trigger of PS
exposure on axonal spheroids or different axon domains is context dependent. As a neuronal
“‘eat-me” signal, localized externalization of PS mediates developmental synaptic pruning by
microglia in mouse hippocampal neurons, while PS exposure on damaged axons acts as a “save-
me” signal to promote axonal fusion after injury in C. elegans (Abay et al., 2017; Scott-Hewitt et
al., 2020). Therefore, It is possible that axonal spheroids with PS exposure function as the trash

cans laid out on the curb of damaged axons to promote phagocytosis and clearance.

In vivo studies of degenerating nerves and staining of postmortem brain slices revealed that
axonal spheroids were detected throughout the white and gray matter in disease-specific regions
in some cases, but are particularly abundant in non-myelinated regions and and where small-
diameter, lightly myelinated axons reside (Griffiths et al., 1998; Ochs et al., 1997). Additionally,
numerous axonal spheroids were observed in proximity to macrophages (Takahashi et al., 1997),
indicating that axonal spheroids may affect macrophage infiltration. Supporting this notion, PS
exposure on axonal spheroids could act as the “eat-me” signal to recruit macrophages in
response to pathological insult (Shacham-Silverberg et al., 2018; Yong et al., 2019). However,
macrophage recruitment was not impaired in Wid® expressing zebrafish, which did not develop
axonal spheroids after injury. A novel “nerve scanning” behavior of macrophages was observed
in these animals (Rosenberg et al., 2012), indicating that macrophage engulfment, instead of
recruitment may be associated with axonal spheroids. We also examined the behaviors of
macrophages near injured axons and found the formation of phagocytic cups around the axonal
spheroids (see appendix 2). These suggest that axonal spheroids with PS exposure might be the

hotspots for macrophage engulfment to promote clearance and regeneration.
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Rupture and progression of degeneration

Membranes compartmentalize the cell and organize cellular processes, whose perturbation has
been shown in many neurodegenerative diseases (de Groot and Burgas, 2015). Membrane
rupture in dying neurons allow the release of intracellular contents to trigger inflammatory
response and damage to neighboring cells (Fricker et al., 2018). It also allows the influx of
pathological molecules like calcium from extracellular space to drive axon degeneration (Witte et
al., 2019). Interestingly, we found the development of membrane rupture on axonal spheroids,
which led us to speculate that disrupted electrochemical gradient across membrane and diffusion
of pro-degenerative factors via spheroidal rupture could promote catastrophic axon degeneration.
Indeed, treatments of both NDCM and ICM collected after spheroidal rupture were able to hasten
the entry of catastrophic phase of degeneration in recipient axons that were originally in latent
phase in vitro (Yong et al., 2019). Thus, ruptured axonal spheroids could be the gateway for pro-
degenerative factor transmission across the membrane to coordinate degeneration of nearby

vulnerable axons or axon fragments.

However, the identity of these pro-degenerative factors have yet to be identified. We detected
increased calcium levels in conditioned media after spheroidal rupture, which promoted
catastrophic degeneration of injured or NGF deprived axons (Yong et al., 2019, 2020).
Importantly, depleting intracellular calcium stores suppressed the increase of extracellular
calcium after membrane rupture. Chelating calcium in conditioned media by EGTA or chelex was
able to suppress the pro-degenerative effect (Yong et al., 2019). These results suggest that
calcium could be one of the pro-degenerative factors transmitted via spheroidal rupture. However,
the intracellular calcium level is usually kept relatively low with respect to extracellular space
(Maravall et al., 2000). Spatiotemporal patterning of calcium contributes to neuronal function and
signaling transduction (Bagur and Hajnéczky, 2017). How intracellular calcium gets released into

the extracellular environment against overall electrochemical gradient is unknown. It's possible
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that localized spheroidal calcium concentration is higher than the extracellular calcium level prior
to membrane rupture. But whether the ruptured spheroids are sufficient to drive the calcium-

dependent catastrophic degeneration remains an open question.

Moreover, the downstream receptors of prodegenerative ligands derived from ruptured axonal
spheroids have not been characterized. We showed that DR6 was likely to act downstream of
spheroidal rupture to coordinate catastrophic degeneration in response to NGF deprivation and
injury (Yong et al., 2019, 2020). However, no calcium binding site or sensitive motif in DR6 has
been identified. Interestingly, DR6 can be cleaved by a-secretase ADAM10 (a disintegrin and
metalloproteinase 10) that plays important role in neuronal homeostasis and pathology (Endres
and Deller, 2017). Increased calcium, together with surface-exposed PS, trigger ADAM10
sheddase function (Bleibaum et al., 2019). Whether accumulated spheroidal calcium and PS
exposure promote the ADAM10-dependent DR6 cleavage and whether cleaved DR6 activate

downstream death signaling to coordinate axon degeneration require further investigation.
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Concluding remarks

Although the field is making headway in elucidating the regulation and function of axonal
spheroids in neurodegeneration, a number of questions remain unanswered. First, how do axonal
spheroids develop in the context of a myelin sheath? Most evidence related to the regulation of
spheroid formation comes from in vitro studies of pure neuronal cultures. Histological analysis of
brain slices and nerve sections reveal uneven distribution of axonal spheroids across regions
(Beirowski et al., 2010; Kikuchi et al., 1990). It's possible that spheroids are only relevant in
degenerating unmyelinated or pre-myelinated axon tracts. Alternatively, they may have a role in

coordinating glial response in developmental and pathological degeneration.

Second, is the formation and rupture of axonal spheroids a conduit for disease progression? For
example, disease related molecules such as tau, APP, and a-synuclein accumulate in some
axonal spheroids, which could potentially be exposed to extracellular environment and
contaminate “by-stander” neurons via spheroid rupture (Newell et al., 1999; Ohgami et al., 1992;
Tang-Schomer et al., 2012). Since the spheroidal rupture is non-selective, neurotoxic factors in
the extracellular space could also enter the axon segments to speed up the degeneration process.

Further identification of spheroid-derived degenerative molecules is required.

Third, many features of the axonal spheroids, such as PS exposure, NF accumulation, RhoA
activation, actin remodeling and cation channel aggregation, point to cytoskeleton reorganization
and signaling domains distinct from non-spheroidal regions of the axons. What are the membrane
and cytoskeleton coupled signaling complexes in the axonal spheroid? Does spheroidal signaling

complexes contribute to the progression of degeneration?
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As a convergent point common to all degenerative processes, axonal spheroid represents a
worthwhile target for therapeutic consideration. Characterization of axonal spheroids with various
contents and functions in axon degeneration has shed new light in the development and
progression of neurodegeneration. Moreover, further understanding of these axonal spheroids

will help provide great therapeutic perspectives for neurodegenerative disorders.
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Chapter 5°

Materials and Methods

Mice

All experiments were carried out in compliance with the Association for Assessment of Laboratory
Animal Care policies and approved by the University of Virginia Animal Care and Use Committee.
All mice are on a C57BL/6J.129S mixed background except for WId® mice, which were FVB/NJ
background. Wid®, p75NTR” and Sarm1” animals were purchased from the Jackson labs. DR6™

animals were a generous gift from Genentech. Males and females were mixed in all experiments.

Primary Sympathetic neuronal cultures

Sympathetic neuron cultures were established as described previously (Deppmann et al., 2008).
Briefly, neurons were obtained by dissociation of PO-P2 mouse superior cervical ganglia. These
neurons (from each litter of pups) were plated in compartmentalized microfluidic devices in DMEM
supplemented with 10% FBS, penicillin/streptomycin (1U/mL), and 45 ng/mL of NGF purified from
mouse salivary glands. Glia are removed from cultures using 5 uM cytosine arabinofuranoside
(Ara-C) (Sigma) for 48-72 hours. For NGF deprivation, cultures were washed three times with
media lacking NGF and then maintained in NGF- deficient media containing a neutralizing

antibody (1ug/mL anti-NGF antibody, Millipore) through designated time points at 37°C.

Axotomy experiments in vitro
Neurons from each litter of pups were allowed to project their axons to the axonal chamber (3-7

DIV) after plating. After the axons had grown into the axonal chamber, neurons were enucleated

® Published in partin Y. Yong et al., A microfluidic culture platform to assess axon degeneration. In Babetto
E (Ed.). Axon degeneration: methods and protocol. Springer publishers (2020).
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by aspirating 3mL of 1x PBS through the cell body chamber leaving the axons intact in their
respective chamber. Unless otherwise indicated, both compartments were replaced with DMEM
supplemented with 10% FBS, penicillin/streptomycin (1U/mL) and 45 ng/mL of NGF and
incubated at 37°C and 10% CO; for indicated times. For technical consistency, we used
encleation in microfluidic chambers for injury. In our experimental system, axons originating from
wild-type dissociated SCG neurons degenerate within 2 hours after injury, while neurites
originating from SCG explant degenerate within 8 hours after scalpel cut (Loreto et al., 2015). The
difference in axon degeneration time window could be due to dissociation procedure and time in
culture. We suspect that the most likely explanation for this difference is in the media volume of
these cultures, where spheroid derived pro-degenerative molecules are more concentrated in the
200uL volume of an MFD as opposed to the 1-3mL volume bathing explants. Nevertheless, the
morphological changes from latent to catastrophic phase, as well as the calcium wave in “physical

cut method” remain the same as what we observed in our model (Loreto et al., 2015).

Fabrication and use of microfluidic devices
Microfluidic devices were generated as described previously (Park et al., 2006). These chambers

were affixed to coverglass coated with poly-D-lysine (50ug/mL) and laminin (1ug/mL).

Macrophage axon co-culture

SCG neurons were cultured in microfluidic devices for 6-7 days. Bone marrow drive macrophages
(BMDMs) were harvested from hCD68-GFP mice and maintained in IMDM media supplemented
with heat inactivated FBS, L929 cell conditioned media, non-essential amino acids, and penicillin-
streptomycin in 150mm plates for 5-6 days. BMDMs were then collected from plates and seeded
in the distal axon channels of the SCG microfluidic cultures (6000 cells/plate for live imaging).

Live imaging and other experiments were performed 1 day after the co-culture.

129



Immunocytochemistry

Immunocytochemistry was carried out as previously described (Singh et al., 2008). Briefly, at the
indicated times, axons were fixed in 4% paraformaldehyde (w/v)/ phosphate buffered saline (PBS)
at room temperature for 20 minutes, washed 3x5min with 1x PBS, and blocked/permeabilized
(5% goat serum, 0.05% Triton-x-100 in PBS) for 1 hour at room temperature. Axons were then
incubated overnight at 4°C with primary antibody diluted in blocking buffer. Cells were then
washed 3x5 min with 1x PBS and incubated with fluorescent secondary antibody for 1 hour at
room temperature. Cells were again washed with 1x PBS three times and imaged using a
fluorescent inverted microscope. The antibodies used in this study are mouse anti-Tuj1 (1:1000,
Covance), and goat anti-mouse Alexa 488 (1:800, Life Technologies). For active Rho staining,
axons were incubated with 50ug/mL of GST-Rhotekin-RBD fusion protein in blocking solution for
1 hour at room temperature, washed 3x5min with 1x PBS. Cells were then incubated with anti-
GST (1:800, Sigma G1160) diluted in blocking buffer for 1 hour, washed 3x5min with 1x PBS and
incubated with fluorescent secondary antibody for 1 hour at room temperature. All in vitro
experiments were performed in triplicate with at least two microfluidic devices used for each

condition.

Live imaging

Sympathetic neuron cultures were washed 3 times with DMEM/F-12, Phenol Red free, and
incubated for 30 minutes at 37°C and 10% CO2 with live imaging dyes diluted in DMEM/F-12,
Phenol Red free. Cells were then imaged under Leica SP5 X confocal microscope in W.M. Keck
Center at the University of Virginia. Axons in grooves of microfluidic chamber were imaged after
NGF deprivation or injury. For assessing flipping of phosphatidylserine on axonal spheroids,
Annexin V red reagent (IncuCyte, 4641) was diluted in DMEM/F-12, Phenol Red free (1:200) after
NGF deprivation. For membrane rupture, dextran dyes diluted in DMEM/F-12, Phenol Red free

were added to the microfluidic chamber after 17 hours of NGF deprivation or 20 minutes after
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injury. The dyes used in this study are Fluo-4 AM (1uM, F14201) and Dextran Texas Red, neutral,
3 kDa (50pM, D3329), 10 kDa (50uM, D1828) and 70 kDa (50uM, D1830). All dyes were
purchased from Thermo Fisher Scientific. Drugs used for manipulating spheroid formation are Z-
VAD-FMK (50uM, Enzo, ALX-260-020), Calpain inhibitor 1l (20uM, Millipore, 208722),
Actinomycin D (1pg/mL, Sigma, A9415), CT04 (1ug/mL, Cytoskeleton Inc), Cytochalasin D
(10upg/mL, Sigma, C2618), CNO3 (1ug/mL, Cytoskeleton Inc), LM11A-31 (2ng/mL, Cayman
Chemicals, 21982), anti-BDNF (20ug/mL, Millipore, AB1779SP). 9650 immune serum was a gift
from Bruce Carter in Vanderbilt University. For macrophage-axon co-culture, plates were imaged
under the Zeiss 980 confocal airyscan microscope in W.M. Keck Center at the University of

Virginia.

Image Processing and analysis

Axon degeneration in culture was quantified from B3-tubulin stained fluorescence images by
counting the number of individual axons at the leading edge that had at least three beads/blebs
as described (Zhai et al., 2003). A blinded investigator counted ten representative pictures of the
axons, in two microfluidic chambers per condition/time point. On each image 10 50um boxes were
randomly assigned to single axons. The investigator took care not to box bundles of axons, which
may confound analysis. Then the number of boxes, which had 3 or more beads/blebs were
counted and categorized as degenerating axons. Equal to or more than 80% degeneration was
considered maximum degeneration and equal to or less than 10% degeneration of axons was
considered as minimum degeneration. The percentage of the total number of degenerating axons
was calculated using Microsoft Excel. At least 300 total axons were counted for each condition.
The standard error of the mean was considered as error. In live imaging, Ca?* intensity (AF/F0),
the size (S/S0) and number of axonal spheroids were quantified in selected ROI (single axon or
axonal spheroid) by Fiji software (Schindelin et al., 2012). Each experiment was repeated at least

3 times with separate litters of mouse pups of the same genotype. For quantification of
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macrophage protrusions, cell edge and protrusions were isolated by the FiloQuant plug-in in Fiji

software. Center of the macrophage was manually set in each movie.

Conditioned media experiments

Established compartmentalized recipient neuron cultures were deprived of NGF by washing with
NGF free DMEM three times and incubating at 37°C with a neutralizing anti-NGF antibody for 12
hours. To collect NGF deprivation conditioned media (NDCM), donor neuron cultures were
washed with NGF free DMEM three times and treated with a neutralizing anti-NGF antibody at
37°C for 24 hours. To collect injury conditioned media (ICM), donor neuron cultures were injured
by PBS aspiration in the cell body chamber at 37°C for 4 hours. For each device, a volume of
~100uL of NDCM was collected, including the media in the wells of the device on the axonal side
and the media in the axonal channel. NDCM or control conditioned media was applied on recipient

axons for 5 hours. ICM was applied on recipient axons for 4 hours.

Calcium measurement

Conditioned media was diluted to milliQ water (1:20) and mixed thoroughly. 100uL of reaction
mixture was made with 1yL HEPES, 2uL 1mM Fluo-4 (20mM working concentration, Life
Technologies), 10uL diluted conditioned media, and 87uL water. Black 96 well plate was used in
Spectrophotometric assay. Eight CaCl, standards (2.54uM, 4.87uM, 9.75uM, 19.5uM, 39uM,
78uM, 156uM, and 313uM) were used to calculate standard curve for analyzing Ca?

concentration in conditioned media.

Exogenous Calcium assay
Sympathetic neuron cultures were washed three times with DMEM supplemented with 10% FBS,
penicillin/streptomycin (1U/mL), and then incubated in NGF deficient media containing a

neutralizing antibody (1ug/mL anti NGF antibody, Millipore) for 12 hours. For exogenous calcium
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concentration below 1.8mM (DMEM), cells were washed 3 times with DMEM Ca?* free media.
CaCl, was added to DMEM Ca?* free media to indicated final concentrations, which was then

applied to cultures 37°C and 10% COfor 5 hours.

Experimental design and statistical analysis

Statistical analysis was performed in Prism 8.0 software (GraphPad). All measurements are
shown as mean + SEM. For samples defined by one factor, data were compared by unpaired two-
tailed t tests for two samples or one-way ANOVA with Tukey’s post hoc multiple comparisons test
for three or more samples. For samples defined by two factors, data were compared by two-way
ANOVA with Sidak’s post hoc multiple comparisons test. Sample size (n) was defined as the
number of axons or axonal spheroids counted in the live imaging experiment, or the number of
independent cultures that were quantified in each experiment. The null hypothesis was rejected
at the 0.05 level. P values <0.05 are considered significant and represented by asterisks. The

statistical test, sample size (n), and the p values are reported in the figure legends.
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Appendix 1

Growth and movement of axonal spheroids

Live imaging of injured or stressed axons have revealed that axonal beading or varicosity starts
at the early stages of degeneration, which grow bigger and become spheroids at later time yet
prior to axon fragmentation (Barsukova et al., 2012; Beirowski et al., 2010; Yong et al., 2019). As
we described in both trophic deprived and injured axons grown in microfluidic devices, calcium
rich axonal spheroids could grow 4-fold bigger than their initial size within an hour in the transition
from latent to catastrophic phase of degeneration. Moreover, we developed a negative staining
strategy where the fluorescent neutral dextran dye was added in the culture media to allow us to
visualize and trace individual axonal spheroids over time. Importantly, we found that most of the
spheroids were stationary in response to NGF deprivation or injury. Only 2.9+1.4% and
10.4146.0% of spheroids moved anterogradely and retrogradely after NGF deprivation,
respectively. Interestingly, 17.8+3.6% and 7.1+3.3% of spheroids moved anterogradely and
retrogradely after injury, respectively (Fig.1A,C). Our observation that moving spheroids favor
anterograde direction on injured axons might indicate the direction of degeneration, consistent
with previous reports about anterograde WD in transected distal nerves (Beirowski et al., 2005).
Additionally, few fusion events in multiple axonal spheroids were observed in our recordings
(Fig.1B), suggesting dynamic membrane remodeling in these spheroids. Nevertheless, we still

don’t know what mechanisms drive the movement of axonal spheroids during degeneration.
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Appendix figure 1: Movement of axonal spheroids
(A) Representative images, (B) kymographs, and (C) quantification of the movement of axonal
spheroids after NGF deprivation or injury. White arrows indicate the movement and fusion of

spheroids. Scale bar = 10um. Data are reported as mean+SEM, *p<0.05, two-way ANOVA with

Tukey’s multiple comparison test.
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Appendix 2

Macrophage engulf axonal spheroids

To determine whether axonal spheroids are the sites of phagocytosis, we examined the behaviors
of macrophages near axonal spheroids by co-culturing GFP labeled bone marrow derived
macrophage (BMDMs) with injured axons. Interestingly, we found that nearby macrophage sent
processes towards axonal spheroid and formed a phagocytic cup near it, while some
macrophages seated on the regions with clusters of axonal spheroids and used them as anchors
for engulfment (Fig.2A, B). Moreover, BMDM protects distal axons from catastrophic degeneration
in response to injury, which is partially diminished in cultures after incubation of annexin V that
masks PS exposure on axonal spheroids (Fig.2C, D). These data suggest that axonal spheroids
might be the hotspots for macrophage targeting and engulfment to promote clearance and

regeneration.
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Appendix figure 2: Macrophage send protrusions toward axonal spheroids and suppress
degeneration

(A) Representative images of GFP-BMDM and axonal spheroids after injury. White arrow in the
left panel indicates the phagocytic cup of macrophage near the axonal spheroid, while the white
arrows in the right panel mark the anchor points of macrophage along the axon. Scale bar = 10um
(B) Color coded temporal representation of extracted protrusions (upper right) of the macrophage,
distribution of the maximum extension (lower right), and quantification of the protrusion numbers
in different direction zones over time (left). (C) Representative images and (D) quantification of
percentages of degeneration in pure neuronal cultures and co-cultures of axons and BMDMs in
response to injury with or without Annexin V incubation. For axon-BMDM co-cultures, BMDMs

were plated in the distal axon chamber 1 day prior to injury. Annexin V was applied to distal axon
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chamber immediately after injury. Scale bar = 50um. Data are reported as mean+SEM, n.s.=not
significant, *p<0.05, ***p<0.0001. Significant difference is determined by two-way ANOVA with

Tukey’s and Sidak’s multiple comparison tests.
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Appendix 3

Distinctive roles of DR6 and p75NTR in degeneration

Death receptors are members of TNFRSF characterized by the presence of a conserved
intracellular death domain and are able to trigger cell death. In the nervous system, death
receptors regulate neurite growth and apoptosis in physiological condition, and contribute to
pathology of neurodegenerative disease (Mc Guire et al., 2011). Here, we focus on two death
receptors widely expressed by neurons and required for axon degeneration, DR6 and p75NTR,
whose expressions are developmentally regulated, showing high expression in early development
or pathological conditions (Haase et al., 2008; Meeker and Williams, 2014). As a orphan receptor,
DRG6 stimulation by APP binding or prion peptide resulted in caspase 3-dependent neuronal cell
death and caspase 6-dependent axonal degeneration (Nikolaev et al., 2009; Wang et al., 2015;
Zeng et al., 2012). p75NTR, on the other hand, binds to all neurotrophins and initiates survival or
destructive signaling cascade depending on the trigger and condition (Ibafiez and Simi, 2012). In
this thesis, we’ve characterized distinctive roles of DR6 and p75NTR in axonal degeneration in
vitro. In response to trophic deprivation, p75NTR” axons showed extended latent phase of
degeneration and diminished spheroid formation. DR6” axons were resistant to NDCM-induced
degeneration (Gamage et al., 2017; Yong et al., 2019). We found that p75NTR regulates spheroid
formation by activating RhoA, while DR6 acts downstream of spheroid formation and rupture to
gate catastrophic axon degeneration (Yong et al., 2019). Interestingly, in response to injury,
knocking out p75NTR axons did not protect axons from developing axonal spheroids or
degeneration. Moreover, DR6 was required for coordinate ICM induced degeneration
downstream of spheroid rupture. Collectively, these data suggest that p75NTR acts on upstream
of axonal spheroid formation in developmental degeneration, while DR6 regulates pathways

downstream of axonal spheroids in both developmental and Wallerian degeneration. However,
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the molecular mechanisms of DR6 activation and downstream signaling related to degenerative

players including calpain, JNK, and SARM1 require further investigation.

Neurons are not the only player in the nervous system. Axons are often wrapped by myelin sheath
and surrounded by Schwann cells in vivo. During development, neurotrophins and cell adhesion
molecules guide the axo-glial contact. The Schwann cells that are closely associated with the
axon then myelinate, extending the myelin process around target axons and forming segments
and nodal regions (Rao and Pearse, 2016; Sherman and Brophy, 2005). Studies have shown that
endogenous BDNF activates p75NTR to enhance myelin formation and inhibit Schwann cell
migration by Src kinase dependent activation of RhoA, whereas NT-3 inhibits myelin formation by
TrkC receptors (Bentley and Lee, 2000; Cosgaya et al., 2002; Yamauchi et al., 2004). In addition,
asymmetrical localization of polarity protein Par-3 in Schwann cells recruits p75NTR to the axo-
glial junction, forming a complex necessary for myelination (Chan et al., 2006). In contrast to the
pro-myelin effect of p75NTR during development, DR6 is a negative regulator of oligodendrocyte
maturation. Blocking DR6 promotes precocious myelination in CNS (Mi et al., 2011; Popko, 2011).
Interestingly, DR6 is not expressed in Schwann cells, but has similar effect in myelination in PNS.
Neuronal DR6 was found to be cleaved by ADAM10, releasing soluble DR6 ectodomain to inhibit
Schwann cell proliferation and myelination during early development (Colombo et al., 2018). We
also co-cultured DRG axons derived from E14.5 DR6™ animals with p75NTR positive Schwann
cells in microfluidic devices (Fig.3A). Consistent with the previous finding, we found that
application of DR6 ectodomain in the co-cultures lead to aberrant myelination as indicated by the
myelin ovoid in immunostaining (Fig. 3B). However, whether neuronal DR6 acts in frans on
Schwann cells to regulate myelination during development via p75NTR dependent or independent

pathway remains unclear.
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In pathological condition, p75NTR not only mediates axon degeneration, but also plays important
roles in demyelination and remyelination. The expression of p75NTR and NGF genes is
upregulated after axotomy, which could lead to schwann cell death (Ferri and Bisby, 1999; Hall
et al., 1997; Soilu-Hanninen et al., 1999; Syroid et al., 2000). And NGF accelerates Schwann cell
autophagy-mediated myelin debris clearance via p75NTR/AMPK/mTOR signaling pathway to
promote demyelination after injury (Li et al., 2020). In neurodegenerative diseases, expression of
p75NTR is considered as a marker of demyelinating Schwann cells (Kim et al., 2019). The
intracellular domain of p75NTR was shown to localize at nucleus in Schwann cells to promote
proliferation, preparing for nerve remyelination and regeneration (Akassoglou et al., 2002;
Provenzano et al.,, 2011; Scott and Ramer, 2010). Indeed, knockout of p75NTR impaired
remyelination of injured sciatic nerves and showed decreases in myelin sheath thickness in
regenerating nerves (Song et al., 2006; Tomita et al., 2007). However, previous work in our lab
showed that p75NTR” did not suppress axon degeneration nor demyelination in sciatic nerves
two weeks after transection (Gamage et al., 2017). This discrepancy is likely due to the different
time windows after injury (4-10 weeks after transection in their studies). Because p75NTR is
expressed in both axon and schwann cells, it's important to delineate the relative contributions of
axonal and glial p75NTR in neurodegeneration by using conditional knockout animals in future
studies. Unlike p75NTR, much less is known about the roles of DR6 in demyelination induced by
injury. Our lab found that knockout of DR6 protected axons from degeneration in transected sciatic
nerve, which had less or thinner myelin sheath than WD deficient mice (Gamage et al., 2017).
The perseverance of axons and axo-glial contact in DR6” mice might contribute to incomplete
myelin degradation after injury, but the specific mechanism is unknown. Interestingly, we found
that double knockout of DR6 and p75NTR in female mice displayed significant protection against
demyelination in sciatic nerves 1 week after transaction, maintaining about 35% of intact myelin
sheath (Fig.3C,D). This result suggests potential functional interaction between DR6 and

p75NTR in regulating demyelination during degeneration, at least in female animals. Additionally,
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previous study showed that CRD in ectodomain of DR6 interacts with p75NTR in cis to promote
cortical neuron death in response to AB (Hu et al., 2013). Based on our observation of axon and
myelin degeneration in DR6”, p75NTR”, and DR6”; p75NTR’ animals, we propose that in
response to injury, axonal DR6 might be cleaved by calcium sensitive protease like ADAM10 to
release its ectodomain, which act as a de-myelin signal via p7S5NTR on Schwann cells to
coordinate axon-myelin degeneration (Fig.3E). The working model, as well as the mechanisms
underlying gender differences in axon degeneration and demyelination requires further

investigation.
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Appendix figure 3: Distinctive roles of DR6 and p75NTR in demyelination

(A) Schematic diagram of axon-Schwann cell co-culture in microfluidic device. DRGs from E14.5
DR6” embryos were plated in the cell body (CB) channel of the device. Schwann cells from P4
WT mice were harvested from sciatic nerves, purified via p75NTR positive magnetic cell sorting
(MACS), and plated in the distal axonal (DA) channel of the device. (B) Representative images of
axon-Schwann cell co-culture with or without the incubation of ectodomain of DR6 (sDRG6) for 2
weeks. Scale bar = 50um. (C) Representative images of toluidine blue staining of cross sections
of sciatic nerves from male and female WT, p75NTR”, DR6” and DR6™; p75NTR’- mice without
or 1 week after injury, respectively. Scale bar = 10um. (D) Quantification of percentages of intact
myelin sheath in sciatic nerves from male and female WT, p75NTR”, DR6” and DR6™"; p75NTR
” mice 1 week after injury, respectively. Data are reported as mean+SEM, *p<0.05, two-way
ANOVA with Tukey’s multiple comparison test. (E) Proposed model for the interaction of axonal
DR6 and Schwann cell p75NTR in regulating demyelination in response to injury. Injury induced
axonal calcium increase activates membrane bound secretase ADAM10, which cleaves and
releases the ectodomain of DR6 (sDR6). sDR6 could interact with p75NTR CRDs in trans on
Schwann cells to promote the transition from mature myelinating state into repair demyelinating

state via JNK pathway.
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Appendix 4

Transcriptional analysis of schwann cell plasticity in degeneration

During degeneration, mature Schwann cells dedifferentiate and migrate into the lesion site after
injury, which then reacquire their maturity and remyelinate axons at a later stage (Nagoshi et al.,
2011). Transcriptome and immunostaining analysis of transected nerves have revealed that
myelinating and Remak Schwann cells activate a dedifferentiation program with dramatic
downregulation of myelin genes and upregulation of markers of immature Schwann cells like c-
jun, Sox2 and p75NTR (Boerboom et al., 2017; Wong et al., 2017). c-Jun dependent
reprogramming converts these Schwann cells into “repair cell” state, activating trophic factors and
surface proteins for support, forming regeneration tracks (Bungner bands) for axon guidance, and
activating cytokines and autophagy for myelin breakdown (Brosius Lutz et al., 2017; Jessen and
Mirsky, 2016, 2019). After axonal repair, these Schwann cells then re-differentiate into myelinating
or mature Schwann cells by upregulating remyelination-related genes, such as Sox10, Krox20,
NF-kB, and Ngr1/ErbB2 (Nocera and Jacob, 2020). Based on the plasticity of Schwann cell state
in degeneration, we decide to use single-nuclei RNAseq (sNuc-Seq) on sham and injured sciatic
nerve samples to determine the transcriptional changes in degeneration. We were able to identify
four clusters of cells in unlabeled sham nerve samples, including adipocytes, fibroblasts, Schwann
cells, and transcripts from axon fragments (Fig.4). To focus on the changes in Schwann cells,
FACS incorporated with transgenic labelling of schwann cell nuclei will be used. And neuronal
and glial conditional knockout of DR6 and p75NTR will be generated. Importantly, This provides
a great platform to investigate the roles of DR6 and p75NTR in regulating Schwann cell
transcriptome in response to injury, revealing downstream and potential therapeutic targets for

neurodegenerative and demyelinating diseases.
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Appendix 4 figure: sNuc-Seq of sciatic nerves of WT mice

(A) Schematic diagram of process for sciatic nerve sNuc-Seq. (B) Heat map, (C) Feature plot and

(D) Umap of WT uninjured sciatic nerve transcriptome analysis. Four clusters were identified,

including adipocytes with high expression of lipid metabolism related genes, axonal transcripts
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with neuronal markers, fibroblasts with high level of adhesion molecules and extracellular matrix

related genes, and Schwann cells with high expressions of myelin proteins.
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