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Abstract

During development, neural circuits are initially generated by exuberant innervation and are
rapidly refined by selective preservation and elimination of axons. The establishment and
maintenance of functional circuits therefore requires coordination of axon survival and
degeneration pathways. Both developing and mature circuits rely on interdependent mitochondrial
and cytoskeletal components to maintain axonal health and homeostasis; injury or diseases that
impinge on these components frequently cause pathologic axon loss. Here, we review recent
findings that identify mechanisms of axonal preservation in the contexts of development, injury,
and disease.
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Establishing and maintaining circuits

Functional neural circuits depend on proper interconnections formed by long range axonal
projections. As the fundamental connective unit of neural circuits, axons must be protected
and maintained in the face of multiple potential threats. Axonal maintenance is particularly
important because most neurons cannot be replaced and must therefore be preserved
throughout the life of the organism. Axon degeneration is a broad term applied to various
modes of axon death, with distinct instigators but similar final morphology of axon
fragmentation. Though much progress has been made toward elucidating the mechanisms
underlying axonal degeneration, a complete understanding requires study of the mechanisms
opposing degeneration. Axon regeneration, the recovery and regrowth of axons following
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acute or chronic trauma, is not the opposite of axon degeneration, but rather a response to it.
In reality the opposite of axon degeneration is the process of axonal survival.

It was classically thought that axons degenerate as a result of cell body death, due to a lack
of support from the cell body. This theory was first challenged by the discovery of the
Wallerian degeneration slow (WIdS) mutant mouse (see Glossary), where neuronal
expression of the WIdS fusion gene delays degeneration of severed axons for weeks. More
recent studies have provided direct evidence for active axonal death mechanisms, such as
the pro-degeneration molecule dASARM/SARML1 [1,2], as well as for pro-survival
mechanisms, such as the Bcl-2 family member Bcl-w (Bcl212) [3-5]. Thus, it is now
apparent that the axonal compartment relies on distinctive pathways for survival and
degeneration, and these exhibit similarities to and differences from cell body survival and
death mechanisms [5-13]. In this review, we first examine mechanisms of developmental
axon survival and pruning. We then discuss pathways promoting lifelong axonal
maintenance and health, and the opposing degenerative processes triggered by injury and
disease. Recent reviews have addressed axon regeneration [14,15] and dendritic
degeneration [11].

Developmental axon preservation

A common theme in neural development is overproduction followed by elimination and
refinement. This mechanism allows for great flexibility in potential circuit configuration [7].
In both the central and peripheral nervous systems, neurons initially extend excess axonal
connections, and refinement into a mature circuit requires coordinated pruning of
inappropriate connections and preservation of appropriate connections. Pruning must
therefore be induced in a selective subset of axons while the remaining axons are protected
and maintained. Further, the scale of axonal elimination must be closely regulated. Pruning
can remove segments as small as axon terminals or as large as whole axons, and can even
include subsequent apoptosis of the cell body.

Extracellular cues

Extracellular cues from other neurons within a circuit or from nearby glial or target cells
often determine which axons will initiate intracellular axon pro-survival pathways and
which will be removed. Critical cues that have been identified include network activation
and secretion of growth factors. During early postnatal development of the neuromuscular
junction (NMJ), muscle cells are initially innervated by multiple motor neuron terminal
arbors. These overlapping inputs compete for survival in an activity-dependent manner.
Inputs delivering stronger and more correlated activity are strengthened, and the remaining
inputs are eliminated, such that each muscle cell is ultimately innervated by a single motor
neuron [7]. A similar activity-dependent mechanism is used in the developing cerebellum to
select for survival of a single climbing fiber input onto a single Purkinje cell [16]. Activity
regulated mechanisms including changes in transcription as well as cytoskeletal and
morphological adaptation, enable maintenance of axons connected within a functional
circuit.
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Neurotrophins, nerve growth factor (NGF), brain derived growth factor (BDNF), and
neurotrophin 3 and 4 (NT3 and NT4), constitute the most well recognized growth factor
family that promotes axonal and neuronal survival. In the peripheral nervous system,
survival of sympathetic and sensory neurons depends on successful competition for a limited
supply of target-derived neurotrophins. Furthermore, local stimulation with neurotrophins
regulates axonal growth, branching, and terminal arborization [8,17-20]. Neurotrophins
secreted by target cells bind to tropomyosin-receptor-kinase (Trk) receptors located on
innervating axon terminals and initiate both local and retrograde signaling events in the
axon. This paradigm has been studied in vitro through the use of various compartmented
culture platforms that spatially and fluidically isolate cell bodies and distal axons, and so
replicate the separation between axon terminals and cell bodies that occurs within normal
neuronal circuits. In these compartmented culture platforms, cell bodies and axons can be
independently deprived of or stimulated with neurotrophins, and changes within cell bodies
and axons can be assayed separately. In pioneering studies using sympathetic neurons grown
in compartmented cultures, Campenot first demonstrated that local axonal neurotrophin
stimulation, a correlate of in vivo target-derived neurotrophin stimulation, is required to
promote axonal survival, whereas cell body survival is supported by either somatic or axonal
neurotrophin stimulation [21].

Inhibitors of axonal apoptosis

Until recently, the involvement of the apoptotic cascade in developmental axon degeneration
was largely discounted [22]. Seminal work from several groups has since described an
apoptotic caspase cascade within axons that is induced by neurotrophin withdrawal, and
identified anti-apoptotic proteins that promote developmental axon survival by inhibiting
this specialized cascade (Figure 1).

Anti-apoptotic Bcl-2 family members Bcl-2, Bcl-x,_ (also known as Bcl2lI1), and Bcl-w
(Bcl2l2) avert somatic apoptosis by binding and sequestering pro-apoptotic Bcl-2 family
members, thus preventing mitochondrial release of cytochrome ¢ and subsequent activation
of caspases. Of these closely related family members, only Bcl-w mRNA and protein are
enriched in axons [4,5]. Bcl-w expression can be detected in late embryonic and early
postnatal development as axon terminals reach their peripheral targets, and expression
continues throughout adulthood [4]. Moreover, target-derived neurotrophins selectively
stimulate a pathway that relies on the MAP kinase ERKS5 to induce transcription of Bcl-w
and of a set of retrograde response genes [3,23]. Bcl-w binds and inhibits the anti-apoptotic
Bcl-2 family member Bax, thus preventing changes in the mitochondrial membrane
potential, cytochrome c release, and subsequent initiation of the axonal caspase cascade [5].
Genetic studies indicate Bcl-w functions within the axon to promote axon survival and
prevent degeneration [3,5].

In contrast to Bcl-2 proteins, the inhibitor of apoptosis (IAP) proteins prevent initiation of
the apoptotic cascade by direct inhibition of caspases, as they bind to activated, cleaved
caspase-3 [24,25]. Thus, X-linked inhibitor of apoptosis protein (XIAP) provides a second
mode of control that restrains axonal caspase activity and subsequent axonal pruning.
Cultured sensory neurons lacking XIAP degenerate more rapidly when deprived of
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neurotrophin, and embryonic XIAP~~ mice show decreased epidermal sensory innervation
without a concomitant loss of cell bodies [25,26]. Furthermore, XIAP~~ neurons grown in
compartmented cultures exhibit increased somatic levels of active caspase-3 when
neurotrophins are withdrawn only from axons, suggesting a role for XIAP in spatially
restricting apoptotic cascade activation to the axon [26].

The caspase cascade activated in axonal degeneration involves an initial and essential
catalytic function for caspase-3, followed by activation of caspase-6 [13,25,27-30]. The
roles of these two caspases in axonal degeneration have been demonstrated by analysis of
genetic models. The calcium-activated calpain family constitutes a second set of proteases
implicated in both developmental and pathological axon degeneration. In neurotrophin-
supported axons, calpastatin inhibits calpain activation. Upon neurotrophin deprivation,
calpastatin is degraded by activated caspase-3, allowing downstream activation of calpain
and subsequent cleavage of calpain targets such as neurofilaments [30].

Although primarily regarded as mediating pathological axon degeneration, there is also
some evidence that an NAD*-sensitive pathway operates in parallel with the caspase
cascade during axon pruning [13,31]. Combined treatment with NAD* and caspase
inhibitors completely protects wildtype axons from neurotrophin withdrawal, while the
individual inhibitors alone only exert incomplete protective effects [13]. These results
suggest that NAD™ can promote survival of neurotrophin-deprived axons, but it is not yet
known whether an NAD™-sensitive pathway is endogenously activated during axon pruning,
and how it might interact with the axonal apoptotic cascade.

Regulating protein levels

Regulation of axonal degenerative cascades requires precisely controlled localization and
quantities of protective factors. New axonal proteins are supplied by anterograde
microtubule-dependent transport as well as by local translation. Inhibition of axonal protein
synthesis with local cycloheximide treatment abolishes the axon survival effect of
neurotrophins, suggesting that neurotrophins rely in part on locally synthesized factors to
mediate axon survival [5]. Two such factors have been recently identified: Bcl-w and
IMPAL (myo-inositol monophosphatase-1). As indicated previously, Bcl-w plays a role in
local inhibition of the caspase cascade, and also regulates mitochondrial morphology and
function [5]. IMPAL is a key enzyme of the inositol cycle and therefore necessary for proper
induction of phosphoinositide pathways triggered by neurotrophin signaling [32]. Given the
thousands of MRNAs identified in embryonic axons, it is likely additional protective factors
are locally translated to stabilize axons connected within a circuit [33].

Protein turnover is frequently regulated by the Ubiquitin Proteasome System (UPS). Global
inhibition of the proteasome with pharmacological agents or genetic mutations have yielded
conflicting results, with some studies finding it prevents axon pruning [30,34] and others
finding it accelerates pruning [26]. One mechanism by which proteasome inhibition may be
protective is by preventing degradation of pro-survival molecules. Axonal XIAP and
calpastatin are both degraded upon neurotrophin withdrawal, resulting in loss of axon
viability [25,30]. XIAP is degraded by the UPS, thus releasing caspase-3 and allowing
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induction of the axonal apoptotic cascade [13,25] and activation of calpain [30]. Conversely,
the UPS may also promote axonal survival by degrading pro-apoptotic proteins.

Developmental axon pruning

AXxons or axonal segments that are not selected to survive can be eliminated by three distinct
mechanisms (Figure 2A-B). The most well studied is axon degeneration, which culminates
in cytoskeletal degradation, axon fragmentation, and removal of debris by glia and possibly
epidermal cells (Figure 2A) [6-8,11,12,35]. In contrast, both axon retraction (Figure 2B) and
axosome shedding (Figure 2C) have only been observed during small-scale pruning of
synapses or terminal branches. Axon retraction is the pulling back and absorption of small
segments of axon [7,8], and axosome shedding involves axon tip swelling and shedding of
membrane-bound axonal remnants called axosomes [6,7,36]. While axon remnants are
absorbed by the neuron itself during retraction, axosomes are engulfed by adjacent cells,
such as the surrounding Schwann cells [36].

Extracellular signaling

Intracellular

Some cells in a circuit promote axon survival, while others actively induce axon pruning. In
sympathetic neurons, competition results in the more active axons eliminating their
competitors. NGF-TrkA and activity dependent signaling cascades maintain the winning
axons. Meanwhile, the winning axons release proBDNF, which binds to p75 neurotrophin
receptor (p75NTR) in losing axons and induces axon degeneration [37]. A similar
mechanism of p75NTR- mediated axon degeneration and Trk-mediated axon survival is
critical for correct circuit connectivity in adult septal cholinergic neurons [38]. Several
guidance molecules secreted in target regions are also known to induce axon pruning. These
include Semaphorin 3F and its receptor Plexin3A, which is involved in pruning of
hippocampal mossy fiber collaterals [39], and Ephrins and their receptor Ephs, which
mediate RGC topographical mapping [7] and axon retraction [40,41].

Luo and colleagues demonstrated that ecdysone hormone signaling instigates axon pruning
of mushroom body (MB) y neuron during Drosophila metamorphaosis. Ecdysone hormone
stimulates ecdysone receptor B1 (EcR-B1) expressed selectively on y neurons and induces
axon pruning [42]. Glial cells control neuronal expression of ECR-B1 by secreting the TGF-
B ligand myoglianin, activating TGF- signaling pathways in y neurons [43,44].

Neurotrophin deprivation engages additional pathways to mediate axonal destruction. In
particular, TNF family receptors such as DR6 contribute to axonal degeneration via
downstream activation of caspase-6 [27,45]. This cascade may be particularly relevant in
Alzheimer’s disease.

signaling

Several intracellular signaling mechanisms play a role in axon pruning. As discussed, the
apoptotic cascade mediates developmental axon degeneration and is controlled by both
negative (XIAP, Bcl-w) and positive (TNF-receptor DR6) regulators. Neurotrophin
withdrawal pathways converge on the pro-apoptotic Bcl-2 family member Bax, which
causes cytochrome c release from mitochondria [26,27]. Interestingly, while cytochrome ¢
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binds Apaf-1 to activate caspase-9 in cell soma apoptosis, apparently Apaf-1 is not required
for axon degeneration, and so the mechanism for activation of caspase-9 in axons is not yet
clear [26]. Following activation of caspase-9, caspase-3 is cleaved and activated, and
caspase-3 directly activates caspase-6 and indirectly activates calpain via calpastatin
cleavage [29,30]. Together these results suggest that there are both similarities and
distinctions between the axonal and somatic apoptotic cascades that will be important to
decipher. Furthermore, while the apoptotic machinery is involved in some types of
developmental axon degeneration (neurotrophin deprivation-induced degeneration,
retinocollicular axon pruning) [13,25,27-30], it does not appear to be involved in others
(MB v neuron pruning) [34]. These findings suggest there may be multiple mechanisms of
developmental axon degeneration that converge on a common pathway of cytoskeletal
breakdown.

Developmental axon degeneration can be initiated by the mammalian Toll receptor adaptor
SARM1 [2]. SARML is activated in parallel with the caspase cascade during neurotrophin
deprivation and appears to function primarily at an early stage of degeneration [2]. The
mechanism by which SARM1 mediates axon degeneration is unknown, but its Toll
interleukin-1 receptor and sterile a motif domains are necessary for its destructive function
[2]. Like the caspase cascade, the Drosophila ortholog dSARM does not appear to play a
role in MB vy neuron axon pruning [1], but both SARM1 and dSARM promote injury-
induced axon degeneration [1,2].

Cytoskeletal breakdown is a common, late feature of axon degeneration and does not seem
to be involved in the more restricted processes of axosome shedding or axon retraction.
Recent advances have provided some insight into the mechanisms of cytoskeletal
breakdown during degeneration. The Kinesin superfamily protein 2A (KIF2A), a
microtubule depolymerizing protein, is a key executor of microtubule breakdown and axonal
degeneration during neurotrophin withdrawal-induced axon pruning, and so mice lacking
KIF2A exhibit delayed degeneration of sensory neurons innervating the skin [46]. In the
future it will be important to ascertain how KIF2A is regulated to selectively depolymerize
the microtubule cytoskeleton in degenerating axons.

Lifelong axon maintenance

Numerous mechanisms control the health and homeostasis of axons throughout life, and
oppose stressors such as excitation and aging. Injury and disease induce axon degeneration
both by compromising maintenance mechanisms and promoting active self-destruction
pathways. Expression of the Wallerian degeneration slow (WIdS) mutant protein, a chimeric
fusion of the NAD™ biosynthetic enzyme NMNAT1 and a fragment of the ubiquitination
factor E4B (UBE4B), delays axonal degeneration induced by numerous pathological insults
(see Conforti et. al. 2014 for an extensive summary of the effects of WIdS/NMNAT on
various axon pathologies [47]) [48-50]. Study of the WIdS protein and its constituents has
provided great insight into mechanisms of axonal viability that rely on the interrelated
processes of metabolic homeostasis, calcium buffering, axonal transport, and protein
synthesis.
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Metabolic maintenance

Proper metabolism is integral to axon viability and functionality. Axons require large
amounts of energy and metabolites to support membrane depolarization and synaptic
transmission [51], and thus the NAD* biosynthetic NMNAT enzymes are essential in axon
maintenance [48-50]. Mammalian NMNAT isoforms include the nuclear NMNAT1, the
golgi-associated NMNAT?2, and the mitochondrial NMNAT3 [50]. WIdS is a chimeric
version of NMNAT1, and its ability to delay axon degeneration requires NAD™ synthetic
activity in the cytoplasm, and possibly in the axon [52-54]. While overexpression of either
NMNAT2 [55-57] or NMNAT3 [54] delays degeneration of injured axons, only
endogenous NMNAT? is required for maintenance of healthy axons [55,58-60]. WIdS may
confer its protection by directly substituting for the more labile NMNAT2, as NMNAT2 is
rapidly degraded following injury while WIdS is degraded more slowly [55,59].
Furthermore, mutant forms of NMNAT2 with prolonged half-life exhibit a level of axon
protection comparable to WIdS [59].

While NMNAT enzymatic activity is necessary for axon viability, it is less clear whether
this effect requires the enzymatic product NAD* [52-54]. Injured axons exhibit a dramatic
decrease in NAD™ prior to morphological degradation, and degeneration is mitigated in vitro
by exogenous NAD* [61,62]. However, protection by exogenous NAD™ requires supra-
physiological levels [52,61,63,64], increasing cellular NAD™* levels by inhibiting NAD*-
consuming enzymes does not protect injured axons [65], nor does the inhibition of NAD*
biosynthesis abolish WIdS-mediated protection [52]. Furthermore, WIdS does not detectably
increase overall cellular levels of NAD* [65,66]. A possible explanation that reconciles
these disparate results is that W1dS and NMNATSs induce a local increase in NAD*, perhaps
at mitochondria, rather than increasing total cytoplasmic content of NAD™ [12,54]. This
hypothesis is supported by evidence that cytoplasmic WIdS copurifies with mitochondria
[53,54,67].

If NAD™ is a pro-survival factor, how does it act to protect axons? Axonal energy is
primarily supplied by mitochondria, which use NAD* to produce ATP. Axonal injury
decreases both NAD™ and ATP levels even before morphological degeneration [61].
Exogenous application of NAD* or expression of WIdS sustains both NAD* and ATP levels
and delays subsequent degeneration [61]. In addition, WIdS mitochondria exhibit enhanced
ability to generate ATP, suggesting that NMNAT/WIdS may therefore protect axons by
maintaining mitochondrial bioenergetics (Figure 3) [54].

Calcium homeostasis

Calcium, an important regulator of synaptic transmission, mitochondrial transport and
function, and of diverse signaling cascades [51,68], also activates pro-degenerative axonal
components [30,69]. Traumatic injury elevates intra-axonal calcium by impairing both
extracellular calcium efflux and mitochondrial calcium sequestration, and thereby promotes
axon degeneration [12,70,71]. Mitochondria normally control calcium levels by cytosolic
calcium uptake (Figure 3) [72]. However, excess intracellular calcium levels can cause
mitochondrial overloading, formation of the mitochondrial permeability transition pore
(mPTP), and subsequent release of calcium from intra-mitochondrial stores [68]. Therefore,
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inhibiting mPTP activation or decreasing intracellular calcium prevents degeneration of
injured axons [73].

NMNAT/WIdS functions upstream of increased intra-axonal calcium, since inhibition of
mPTP does not further delay degeneration of WIdS axons [73] and exogenous calcium
treatment abolishes WIdS-mediated axon protection [74]. A recent study demonstrated that
WIdS suppresses injury-induced axonal calcium elevation, and that WIdS mitochondria have
increased calcium buffering capacity [67]. Given that mitochondrial ATP production,
membrane potential, and calcium buffering are highly interrelated [68], it is possible that
NMNAT/WIdS increases mitochondrial calcium buffering as a result of increasing ATP
synthesis [67]. However, detailed temporal and spatial examinations of mitochondrial ATP
and calcium levels are needed to test this theory.

Mitochondrial quality control and localization

Given the importance of mitochondria in metabolism and calcium buffering, maintaining a
population of healthy mitochondria is essential for axon viability. Numerous mechanisms
promote mitochondrial health and remove dysfunctional mitochondria; impairment of these
processes is central to many neurodegenerative diseases (Figure 3) [75].

Several proteins contribute to the health of axonal mitochondria. Bcl-w is necessary for
axonal maintenance in mature animals, in addition to its function in development [4]. Mice
lacking Bcl-w exhibit elongated axonal mitochondria together with adult-onset degeneration
of peripheral sensory axons [4]. Axonal Lamin B2, a nuclear skeleton protein, is essential
for axon viability in Xenopus retinal ganglion cells [76]. In the absence of Lamin B2, axonal
mitochondria are elongated and exhibit impaired membrane potential [76]. As previously
discussed, NMNAT/WIdS promotes mitochondrial function, enhancing mitochondrial ATP
synthesis [54], calcium buffering capacity [67], and motility [67,77]. Mitochondrial fusion
and fission are opposing processes whose balance maintains mitochondrial morphology and
function [78]. Mutations in components controlling fusion and fission are responsible for
several axon degenerative diseases. Notably, mutations affecting the mitochondrial fusion
protein optic atrophy 1 (OPAL) or the mitochondrial fission protein GTPase dynamin-related
protein 1 (DRP1) result in atrophy of optic nerve axons [79,80]. In addition, mutation of the
mitochondrial fusion protein Mitofusin 2 suppresses both mitochondrial fusion and transport
and causes Charcot-Marie Tooth Disease [81].

Axonal transport both delivers new mitochondria and removes dysfunctional mitochondria,
and so disruptions in mitochondrial transport contribute to multiple neurodegenerative
diseases [75,82]. Mitochondria are actively transported to regions with high energetic
demands, such as synapses, in order to maintain proper circuit connectivity [75,82].
Mitophagy, or mitochondrial autophagy, which removes damaged mitochondria from axons,
also relies on axonal transport [75,83]. While axon injury causes cessation of mitochondrial
movement, WIdS prevents mitochondrial stalling after injury and increases basal
mitochondrial motility in uninjured axons [67]. The ability of WIdS to enhance
mitochondrial motility correlates with improved calcium buffering capacity by mitochondria
[67]. Similarly, cytoplasmically-targeted NMNAT1 partially protects against chemotoxic
injury-induced deficits in mitochondrial transport [84]. Mitochondrial motility is essential
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for WIdS or NMNAT1 to protect axons after injury, highlighting the essential role of
mitochondrial transport in axon viability [67,84]. Mitochondrial transport is closely tied to
cytoskeletal balance, as demonstrated by a recent study in C. elegans showing that loss of
the a-tubulin acetyltransferase MEC-17 causes microtubule destabilization, reduced axonal
mitochondria numbers, and spontaneous axon degeneration [85].

Cytoskeletal stability

The axonal cytoskeleton consists of microtubules, actin, and neurofilaments. Microtubules,
the main highway for long-range retrograde and anterograde transport, are in a constant state
of dynamic instability, with continuous depolymerization and repolymerization [86].
Pharmacological hyperstabilization [87] or destabilization [88] of axonal microtubules
causes degeneration. Furthermore, injured [89], MEC-17 mutant [85], or neurotrophin-
deprived [46] axons, which typically undergo microtubule destabilization, can be protected
by the microtubule stabilizing agent paclitaxel. Thus, paclitaxel, which is toxic to healthy
axons [87], may act to restore cytoskeletal balance in degenerating axons. These results
suggest that carefully balanced microtubule stability is critical for axon health (Figure 4).

Cytoskeletal stability is regulated by several protective or degenerative molecules. For
example, superior cervical ganglion 10 (SCG10) is a microtubule destabilizing protein that
promotes axonal health. SCG10 is rapidly degraded following axon injury, and maintaining
SCG10 levels preserves mitochondrial motility and delays axon degeneration [90]. While
SCG10 knockdown does not cause spontaneous axon degeneration, it does accelerate injury-
induced degeneration [90]. Conversely, inhibition of microtubule destabilizing proteins can
protect axons with pathological microtubule instability. Progressive motor neuronopathy
(pmn) mice have a mutation in the tubulin chaperone Thce gene that impairs microtubule
polymerization and causes motor axon degeneration [91]. The transcription factor STAT3
locally inhibits axonal stathmin, a microtubule destabilizing protein in the same family as
SCG10, and rescues axonal pathology in cultured pmn motor neurons [92]. Microtubule
stabilizing proteins have also been shown to be necessary for axon health. The collapsin
response mediator protein 2 (CRMP2) promotes microtubule stability. Axon injury causes
CRMP?2 degradation, and maintaining CRMP2 levels delays degeneration [93].

Accumulating evidence suggests that balanced cytoskeletal stability regulates the pro-
degeneration molecule duel leucine zipper kinase (DLK) and its Drosophila ortholog
Wallenda. Genetic loss of the cytoskeletal stabilizing protein spectraplakin short stop (Shot)
or the tubulin chaperone TCP1 leads to cytoskeletal instability and DLK activation [94].
DLK/Wallenda mediates a degenerative response by activating the c-Jun N-terminal kinase
(JNK) [95]. Notably, DLK function is context dependent and can promote both axon
regeneration [96-99] and presynaptic bouton development [100].

Maintaining protein levels

As in developmental axon preservation, axonal maintenance requires supply, localization,

and turnover of protein. Axonal transport and local translation provide maintenance factors
to the axon. Conversely, UPS-mediated protein degradation promotes axon degeneration by
reducing levels of several axonal maintenance factors [101-104]. While local translation is
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required for mitochondrial function and axon viability [105], only the protective factor
Lamin B2 is known to be translated locally in mature axons [76]. In contrast, the
maintenance factors NMNAT2 and SCG10 are rapidly degraded in axons by the UPS and
must be constantly renewed by anterograde transport from the cell body [55,59].

Pathological axon degeneration

Axons damaged by injury or disease must be actively eliminated. In some cases, removal of
damaged axons enables axon regrowth and maintains neural circuitry, such as following
lesions of peripheral axons. However, when axon trauma is more widespread or axons are
not capable of regenerating, pathological axon degeneration compromises neural circuit
functionality.

Following nerve transection, axons undergo Wallerian degeneration (Figure 2D). During an
initial latency stage, the injured axon remains intact and electrically functional; this is
followed by a rapid degenerative phase involving swelling, cytoskeletal degradation, and
axon fragmentation. Because the precise timing and location of injury can be controlled,
nerve transection is commonly used as a simple model of axon degenerative diseases. In
Wallerian degeneration, transport is interrupted by the physical severing of the axon,
resulting in a loss of labile pro-survival factors such as NMNAT2 [59,60,103,104] and
SCG10 [90]. Axonal ATP levels rapidly decline [61], axonal mitochondria stall [67], and the
innate calcium buffering capabilities of the axon fail [12,70,71]. Future studies will be
needed to define the exact temporal and causal relationships among these events. Many
neurodegenerative diseases also exhibit axon loss, with a distal to proximal gradient of
swelling and fragmenting that resembles Wallerian degeneration, described as a dying-back
axonopathy (Figure 2E). Impaired axonal mitochondrial integrity, function, and transport are
common pathologies of neurodegenerative diseases, including Alzheimer’s Disease,
Huntington’s Disease, Parkinson’s Disease, Amyotrophic Lateral Sclerosis, and others [75].

Concluding remarks and future directions

The establishment and functionality of neural networks requires precise control of axon
survival and elimination in development and throughout life. Recent studies describe core
mechanisms that preserve connections between cells in a circuit and eliminate surplus or
damaged connections. The mechanisms that govern axon survival and elimination have
similarities to and differences from cell soma viability and death. In particular,
interdependent mitochondrial and cytoskeletal processes are central to axon survival, and
impairment of these processes by injury or disease leads to pathological axon degeneration.

The field of axonal survival and death has been very active recently, including studies across
multiple organisms and multiple types of neurons. These studies have benefited from
improved in vivo methodologies as well as improved spatially compartmented culture
systems that will now enable future studies to address the critical questions that remain (Box
1). A major question is the degree of overlap between developmental and mature axon
survival pathways as well as their opposing developmental and pathological axon
destruction mechanisms. In identifying key players in these processes, recent studies have
already defined some commonalities and differences. Another major question is whether
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pro-degeneration factors or other pro-survival factors are translated locally in the axon.
Despite the abundance of mRNAs in both developing and mature axons [34], few pro-
survival factors are known to be locally synthesized. Investigations into these questions and
others will elucidate mechanisms that maintain healthy axons within neural networks.
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Glossary

Apaf-1 (Apoptotic
protease activating factor
1)

Bcl-w (Bcl-2-like protein
2)

Calpains

Calpastatin

Caspases (cysteine-
aspartic proteases)

DLK (dual leucine zipper
kinase)

DR6 (death receptor 6)

IMPA1 (myo-inositol
monophosphatase-1)

Lamin B2

MEC-17

A key constituent of the apoptotic machinery that binds
cytochrome ¢ and subsequently activates caspase-9.

A pro-survival Bcl-2 family member that binds pro-
apoptotic Bcl-2 family members to prevent initiation of the
axonal apoptotic caspase cascade [4].

A family of calcium-activated cysteine proteases that
degrade cytoskeletal components and are activated in both
developmental and pathological axon degeneration [30].

An endogenous calpain inhibitor, which is degraded during
developmental and pathological axon degeneration [30].

A family of cysteine proteases essential for cell body
apoptosis and developmental axon degeneration. Caspases
are first synthesized as inactivate pro-caspases, which are
activated upon cleavage.

A mitogen-activated protein kinase kinase kinase involved
in axon degeneration and regeneration [94-99]. Its
Drosophila ortholog is Wallenda.

A tumor necrosis factor (TNF) receptor whose activation
induces apoptosis and axon degeneration [27,45]

An enzyme involved in synthesis of myo-inositol and
therefore essential for phosphophatidylinositol signaling
pathways such as neurotrophin signaling.

A component of the nuclear skeleton that also localizes to
axons and is essential for axon maintenance [76].

An enzyme that catalyzes tubulin acetylation, a
posttranslational modification, and which also stabilizes
microtubules and preserves axons independent of its
acetyltransferase activity [85].
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Neurotrophins

NMNAT (nicotinamide
mononucleotide
adenylyltransferase)

NAD* (nicotinamide
adenine dinucleotide)

MPTP (mitochondrial
permeability transition
pore)

SARML1 (sterile a-motif-

Page 12

A family of secreted growth factors that promote axonal
and neuronal survival by binding to transmembrane
tropomyosin-receptor-kinase (Trk) receptors.

A family of NAD* biosynthetic enzymes involved in axon
maintenance, and a component of the WIdS fusion gene.

An essential coenzyme for cellular metabolism and
signaling, which functions in ATP metabolism and as a
substrate for several protein-modifying enzymes [48]

A protein pore formed in the inner membrane of the
mitochondria under pathological conditions, allowing
mitochondrial release of calcium stores and reactive
oXxygen species.

A Toll-like receptor adaptor essential for axon

degeneration by an unknown mechanism [1,2]. Its
Drosophila ortholog is dSARM.

containing and armadillo-
motif containing protein)

A microtubule destabilizing protein that promotes axonal
health. It is degraded in a INK-dependent manner
following axon injury [90].

SCG10 (superior cervical
ganglion 10)

UPS (Ubiquitin
Proteasome System)

The major non-lysosomal mechanism by which the cell
degrades proteins. Proteins are targeted for degradation by
the small protein tag ubigituin via ubiquitin ligase
enzymes, and tagged proteins are subsequently degraded
by the proteasome complex.

A form of axon degeneration resulting from focal nerve
transection wherein the axon distal to the injury site swells
and fragments.

Wallerian degeneration

WIdS (Wallerian
degeneration slow)

A chimeric fusion gene of the NAD* biosynthetic enzyme
NMNAT1 and the ubiquitination factor E4B, whose
expression delays various forms of pathological axon
degeneration.

XIAP (X-linked inhibitor
of apoptosis protein)

An inhibitor of apoptosis protein that binds to and inhibits
caspases to prevent initiation of cell body apoptosis and the
axonal apoptotic cascade [25,26].
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Figure 1.
Developmental axon survival and degeneration pathways. Following trophic withdrawal,

parallel pro-degenerative cascades converge on a common pathway of cytoskeletal
degradation to induce axon degeneration. Pro-survival molecules (blue) actively inhibit pro-
degenerative molecules (green). The neurotrophins NGF and BDNF stimulate TrkA and
TrkB receptors on the growing axon and induce axonal expression of the anti-apoptotic
Bcl-2 family member Bcl-w. Bcl-w inhibits the pro-apoptotic Bcl-2 family member Bax,
preventing activation of the axonal apoptotic cascade [3,5]. The endogenous inhibitors XIAP
and calpastatin also inhibit the degenerative proteases caspase-3 and calpain respectively,
preventing downstream cytoskeletal degradation [25,26,30]. In the absence of neurotrophins,
Bax elicits mitochondrial release of cytochrome ¢ and activation of the protease caspase-9
by an unknown mechanism [26,27]. Caspase-9 cleaves and activates caspase-3, which itself
activates caspase-6 and the calcium-sensitive protease calpain [13,25,27-30]. In addition,
the receptor DR6 can initiate activation of caspase-6 [27,45]. The proteins KIF2A [46] and
SARML1 [2] also induce cytoskeletal degradation in the absence of trophic support, though it
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is unknown how they are regulated. Abbreviations: Bcl-w, Bcl-2-like protein 2; BDNF,
brain derived growth factor; DR6, death receptor 6; KIF2A, Kinesin superfamily protein 2A;
NGF, nerve growth factor; TrkA, tropomyosin-receptor-kinase A receptor; TrkB,
tropomyosin-receptor-kinase B receptor; SARM1, sterile a-motif-containing and armadillo-
motif containing protein; XIAP, X-linked inhibitor of apoptosis protein.
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Figure 2.
Modes and mechanisms of axon elimination. Schematics of neurons during developmental

pruning (A-C) and pathological axon loss (D-E). (A) Developmental axon degeneration, as
occurs with trophic deprivation, results in cytoskeletal degradation and axon fragmentation.
Degeneration is prevented by Bcl-w, XIAP, and/or calpastatin and driven by caspases,
calpain, KIF2A, and SARML1 [2-5,13,25-30]. (B) Retraction involves pulling back and
absorption of small axon segments, such as axon terminal branches. It can be driven by
Ephrin/Eph [40,41] or Sema3F/Plexin3A [39] signaling pathways. (C) Axosome shedding
also removes small axon segments, with swelling of the axon tip and shedding of
membrane-bound axon remnants called axosomes. The underlying molecular mechanisms
are still unknown. [36]. (D) Wallerian degeneration is a type of pathological axon
elimination induced by axon severing (indicated by a dotted red line). Following a latency
phase, the axon distal to the injury site undergoes swelling, cytoskeletal breakdown, and
fragmentation. Various NMNAT isoforms, the WIdS fusion protein, and calpastatin prevent
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degeneration, while SARM1, DLK, and calpain drive degeneration [1,2,30,95]. (E) In many
neurodegenerative diseases axons are eliminated by a dying-back process that involves axon
swelling and fragmentation beginning distally and propagating in a proximal direction.
Various NMNAT isoforms, the WIdS fusion protein, and Bcl-w can oppose this process [4].
Abbreviations: Bcl-w, Bcl-2-like protein 2; DLK, duel leucine zipper kinase; KIF2A,
Kinesin superfamily protein 2A; NMNAT, nicotinamide mononucleotide
adenylyltransferase; Sema3F, semaphorin 3F; SARM1, sterile a-motif-containing and
armadillo-motif containing protein; WIdS, Wallerian degeneration slow protein; XIAP, X-
linked inhibitor of apoptosis protein.

Trends Neurosci. Author manuscript; available in PMC 2015 October 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Pease and Segal Page 24

Metabolism Ca%*
Buffering
NMNAT/WIdS
ll Ca?%*
NAD* ATP

|

OPA1 Bel-w
Mitofusin 2 Lamin B2
DRP1
. . . Mitofusin 2 MEC-17
Fusion/Fission Health

Trafficking

Figure 3.
Mitochondria are central to axon health and homeostasis. The interdependent mitochondrial

processes of metabolism and calcium buffering maintain axonal health and are impaired by
injury and disease. WIdS, a chimeric fusion of the enzyme NMNAT1 and the ubiquitination
factor E4B, delays axonal degeneration induced by injury and disease. NMNAT/WIdS
produces NAD*, which is used by mitochondria to produce ATP. NMNAT/WIdS may
promote axonal survival by preventing injury-induced loss of NAD* and ATP [61]. Innate
mitochondrial calcium buffering maintains calcium homeostasis and is overwhelmed by
axon injury, resulting in formation of the mPTP and increased axoplasmic calcium levels
[12,70,71,73]. NMNAT/WIdS increases the calcium buffering capacity of axonal
mitochondria [67], possibly by increasing ATP synthesis [61]. Several processes are
necessary for mitochondrial function and localization, including fusion and fission,
mitochondrial trafficking, and maintenance of mitochondrial health by the proteins Lamin
B2 [76] and Bcl-w [4]. Mutations in the a tubulin acetyltransferase MEC-17 and the fusion
and fission proteins OPA1, Mitofusin2, and DRP1 are implicated in axon degenerative
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diseases [79-81]. Abbreviations: ATP, adenosine triphosphate; CaZ*, calcium ion; DRP1,
GTPase dynamin-related protein 1; mPTP, mitochondrial permeability transition pore;
NAD™, nicotinamide adenine dinucleotide; NMNAT, nicotinamide mononucleotide
adenylyltransferase; OPAL, optic atrophy 1; WIdS, Wallerian degeneration slow protein.
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Balanced cytoskeletal dynamics are essential for axon maintenance. Microtubules are in a
constant state of depolymerization and polymerization. Genetic and pharmacological insults
that either stabilize microtubules (such as the chemotherapeutic paclitaxel or loss of the
microtubule destabilizing protein SCG10) or destabilize microtubules (such as the
chemotherapeutic vincristine, loss of MEC-17, or loss of microtubule stabilizing proteins
CRMP2, TBCE, TCP, or Shot) cause axon degeneration [87,88,90,91,93,94]. Axons with
pathologically destabilized microtubules can be protected by treatment with the microtubule
stabilizing agent paclitaxel [46,85,89] or inhibition of the microtubule destabilizing protein
stathmin [92]. Abbreviations: CRMP2, collapsin response mediator protein 2; SCG10,
superior cervical ganglion 10; TBCE, tubulin-specific chaperone E; TCP, T-complex
protein; Shot, short stop.
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