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Abstract

The elimination of large portions of axons is a widespread event in the developing and diseased
nervous system. Subsets of axons are selectively destroyed to help fine tune neural circuit
connectivity during development. Axonal degeneration is also an early feature of nearly all
neurodegenerative diseases, occurs after most neural injuries, and is a primary driver of functional
impairment in patients. In this review, we discuss the diversity of cellular mechanisms by which
axons degenerate. Initial molecular characterization highlights some similarities in their execution,
but also argues that unique genetic programs modulate each mode of degeneration. Defining these
pathways rigorously will provide new targets for therapeutic intervention after neural injury or in
neurodegenerative disease.
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Axon degeneration: natural versus pathological

Early in development neurons initially generate many more axonal connections with
postsynaptic target cells than are necessary for the mature brain to function. At later
developmental stages connectivity is fine-tuned such that the most appropriate axonal
connections are retained and superfluous axonal connections are destroyed [1,2]. This over-
wiring followed by the selective elimination of exuberant axons is referred to as axon
pruning (Glossary), and represents an important mechanism to maximize the efficiency of
mature neural circuits. There are a number of distinct modes of developmental axon pruning,
and these can be characterized based on morphological changes that occur during axon
disassembly. In some cases axons are clipped off from the parent neuron, undergo
widespread granular fragmentation, and then are cleared by local phagocytes; in other
situations axon simply retreat backwards and withdraw from an area while apparently
remaining completely intact. Many axons are destroyed or remodeled without death of the
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parent neuron, which points to the existence of molecular pathways that can promote axonal
disassembly in highly restricted cellular compartments.

Pathological axon loss occurs after nervous system injuries such as nerve crush or traumatic
brain injury [3-5] and is an early pathological feature in many neurodegenerative diseases
including Parkinson’s disease, Alzheimer’s disease, and Huntington’s disease [6-9]. The
similarities in the morphology of axon disassembly are striking when one compares
developmental axon pruning and degeneration after injury or in disease—Dbut are these
similar at the molecular level? Here we review three well-characterized cellular mechanisms
by which axons degenerate during development and compare these with our current
understanding of axonal degeneration after axotomy (i.e. Wallerian degeneration), a well
characterized model for acute axonal degeneration. While it appears there are significant
similarities in the morphology of axonal breakdown in these different modes of axon
degeneration, emerging evidence suggests the underlying molecular pathways may be
surprisingly distinct.

Pruning of axons during development

During the development of the nervous system, immature neurons are generated in excess,
and their neurites grow out and establish an exuberant number of connections. Later in
development, regressive events help refine connectivity of the mature neural circuit. Whole
neurons are removed through activation of programmed cell death (PCD) in the cell body
and corresponding degeneration of attached neurites [10-12]. At the same time, a more
subtle and compartmentalized refinement of nervous system connectivity occurs through the
selective, and often activity-dependent, pruning of axons, dendrites, or synapses. Below we
describe three types of developmental axon pruning—simple axon retraction, shedding of
axosomes and presynaptic debris, and local degeneration—which are discriminated by the
morphology of axon breakdown, and more recently by the initial characterization of
molecular pathways governing their execution. While we focus specifically on axonal
pruning, similar mechanisms likely govern dendrite and synapse elimination [13,14].

Simple axon retraction

During axon retraction, axonal projections retract from the target area they have innervated
in a distal to proximal manner (arrows, Figure 1a, b). In contrast to other types of axon
degeneration, axons undergoing retraction remain morphologically intact and do not show
signs of fragmentation [15]. Axonal tips involute their membrane distally, resulting in the
formation of enlarged, vesicle-filled terminal axonal shafts, the bulbous tip of which is
referred to as a retraction bulb. Internalized vesicles move in a retrograde manner up the
axon, and, along with other intra-axonal contents in the retracting branch, are likely recycled
to other parts of the neuron [16]. Retrograde involution of the terminal portion of the axon
continues until it is completely resorbed into the parent arbor. This type of degenerative
event is found primarily in axons undergoing local, short distance pruning.

A limited number of signaling pathways modulating simple axonal retraction have been
defined, some of which were first characterized for their repulsive effects on growth cones
of growing axons [17]. Among these signaling proteins, Semaphorins and Plexins potently
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repel axon growth cones and act, at least in part, by modifying the activity of downstream
small GTPases including Rac [18]. However, they also appear to drive axon retraction in the
mammalian brain during neural circuit refinement. In the hippocampus of a neonatal mouse,
Dentate Gyrus (DG) granule cells project their axons (mossy fibers) through both the main
and the infrapyramidal tracts (MT and IPT, respectively) to terminate on CA3 pyramidal
dendrites (Figure 2a). Within 1-2 postnatal months, the IPT is pruned by simple retraction
rather than axonal fragmentation based on morphological studies [15] (Figure 2b). Plexin A3
(PlexA3) receptors cell-autonomously induce the retraction of IPT axons in response to
Semaphorin 3F (Sema3F), which is likely supplied by local interneurons in the stratum
oriens [15].

The observed role for PlexA3/Sema3F in axon retraction might inspire one to draw parallels
to the mechanisms of repulsive axon turning or dendritic spine reorganization, however the
situation appears more complex with respect to molecular regulation. In the context of
postnatal IPT axonal retraction, once Sema3F ligands reach critical threshold levels, they
induce retraction through binding to Neuropilin-2 (Npn-2) receptors, which recruits the Rac-
GAP B2-Chimaerin (32Chn) to intracellular axonal membranes, thereby inhibiting Rac-
dependent axoskeletal reorganization (Figure 2a’, inset, bottom). By contrast, during growth
cone guidance, p2Chn is dispensable for signaling through Sema3F/PlexA3/Npn-2 (Figure
2b’, inset, bottom). Thus, different cytoplasmic effectors mediate PlexA3 signaling events to
generate remarkably different outcomes (i.e. repulsion versus retraction) for the axon,
despite significant overlap in key receptors and ligands.

Ephrins are cell-surface tethered guidance cues that bind to Eph receptor tyrosine kinases in
trans on opposing cells, and this signaling module controls contact-mediated attraction or
repulsion of axonal growth cones [19]. The Eph/Ephrin signaling cascade also mediates
axon retraction in mouse hippocampal mossy fibers. Ephrin B signaling can promote axon
retraction through a Grb4/Pak/Dock180-dependent signaling cascade which—like the
PlexA3 signaling pathway described above—is ultimately upstream of Rac-mediated
changes in cytoskeletal dynamics [20]. It remains unclear how Eph/Ephrin and Sema3F/
Npn-2/82Chn signaling are coordinated to promote axon retraction. However it has been
proposed that Rac might spatially restrict endocytosis of repulsive axon guidance receptors
at the axon terminal, thereby promoting a continuous collapse of the distal segment of the
axon and ultimately retraction [21-23].

Shedding of axosomes and presynaptic debris at the neuromuscular junction

Muscle fibers in adult mammals are innervated at neuromuscular junctions (NMJs) by a
single motorneuron (MN) axon, but this one-to-one relationship is the product of intense
remodeling during NMJ formation. During development NMJs are initially innervated by
axons from several MNs. These MNs compete for space on muscles, and eventually,
“winner” MNs become stabilized whereas “loser” MNs are eliminated until a single MN
remains. During elimination the loser MN axons recede from NMJs in a distal to proximal
direction. Initially this regression was thought to be similar to simple axonal retraction since
it showed no obvious signs of degenerative events: end bulb-like structure formed, and
movement was in a proximal direction. However, ex vivo imaging of MN retraction at high
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resolution followed by correlative light-electron microscopy studies revealed something
quite different — axon terminals in fact shed small vesicles (termed “axosomes”) that are
internalized by surrounding Schwann cells [24] (Figure 1c). Axosomes shed by axons
contain intact organelles and cytoskeletal elements similar to those seen in retraction bulbs,
which are then internalized and degraded through lysosome-associated mechanisms [25].

The close association of Schwann cells with this regressing process and their highly
dynamic nature during retraction implies that Schwann cells might be a driving force in
retraction. Thus the cell biology of axosome shedding is quite different from simple axon
retraction, where retreating axons internalize and reuse materials, and local axon
degeneration where entire axon branches undergo wholesale granular degeneration (below).
It may represent an example of axon retraction driven primarily by extrinsic mechanisms
(i.e. the Schwann cell). To date the molecular signaling events underlying axosome shedding
remain elusive, as does the precise relationship between the axon and Schwann cell.

A similar type of presynaptic shedding of neuronal debris has been described in both
actively growing and retracting Drosophila NMJs [26]. NMJs undergo massive expansion
during larval stages in Drosophila to maintain balance with the growing muscles of the
larva. MNs constitutively generate new synaptic boutons, some of which become stabilized
and form postsynaptic structures, while others (termed “ghost boutons”) fail to assemble
postsynaptic elements, and are then shed from the parent arbor [26]. At the same time,
significant amounts of presynaptic membrane is shed from the MN and appears as debris
that remains reactive for neuronal epitopes [26]. Blocking engulfment activity in
surrounding cells (e.g. in draper mutants) leads to the accumulation of large amounts of
presynaptic material (shed debris and ghost boutons), indicating that glial or muscle cell
engulfment is required for the clearance of presynaptic debris or ghost boutons, but not for
the shedding by MNs [26]. Drosophila MNs also exhibit a pattern robust withdrawal from
the NMJ when the larva transitions to the adult stage at metamorphosis. At metamorphosis
larval muscles are destroyed, NMJs are dismantled, axon arbors retract, and retreating axons
shed significant presynaptic material [27]. How this material is generated and cleared is not
known, but this observation argues that the shedding of presynaptic material is a widespread
event in MN remodeling.

Local axon degeneration

Unlike axonal retraction and axosome shedding, pruning through local axon degeneration is
characterized by the locally restricted granular disintegration of axons and the degradation
of their contents by other cells (Figure 1d). The entire portion of the axon destined for
removal initially blebs, microtubule disassemble, axons swell locally, neurofilaments
fragment (in mammals), most components of the axoplasm (e.g. mitochondria and vesicles)
are destroyed, and then axon shaft degenerates in a synchronous manner. Once initiated this
process takes typically only a few hours to complete, and surrounding glia then engulf and
digest the remnants of these pruned axons [7]. This type of axon degeneration occurs more
frequently during the regression of long axonal projections, while short projections are more
likely to undergo simple retraction. This has been examined in detail in the mammalian
neocortex where it is clear there is a correlation between the length of axonal projections and
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whether they undergo simple retraction or local degeneration — if a postnatal thalamocortical
axon is less than 200um it tends to retract, but if it is longer than 200um it preferentially
undergoes local degeneration and fragments [28]. Similar studies must be performed in other
parts of the CNS to determine how widely this 200um rule holds in other brain regions.
However it seems reasonable to assume that the degeneration and subsequent clearance of a
long axonal projection may be more efficient than expending the energy necessary to
transport back all the axonal contents of a long axon to allow for simple retraction.

A simple and convenient experimental system in which to induce axon degeneration in
neuronal cultures is through compartmentalized trophic factor deprivation of peripheral
nervous system (PNS) ganglia in Campenot chambers [29], or the use of microfluidic
chambers for neurons of the central nervous system (CNS) [30] (Figure 3a). In the presence
of Nerve Growth Factor (NGF), neuronal cell bodies housed in one compartment extend
their long axons to a second, isolated compartment. Depriving NGF solely from axonal
compartments results in axon degeneration, whereas NGF withdrawal from compartments
housing cell bodies leads to neuronal death and axon degeneration. NGF-induced axon
degeneration has been used widely as a model for developmental axon pruning, and these
approaches have revealed that components of the core apoptotic machinery are important for
both the execution of neuronal cell death after trophic factor withdrawal, as well as axon
degeneration itself.

PCD in neurons is initiated by the upregulation of pro-apoptotic family members containing
multiple Bcl-2 homology (BH) domains (e.g. Bax), which oligomerize and insert into the
outer mitochondrial membrane to mediate mitochondrial damage and Cytochrome ¢ (Cyt c)
release. Cyt c, together with apoptotic protease-activating factor-1 (Apaf-1) and initiator
Caspases (e.g. Casp9), subsequently lead to the oligomerization and activation of the
effector Caspase 3 (Casp3) to initiate cell death (reviewed in [11]). Exciting recent work has
demonstrated that pruning of axons requires Bax, the initiator Casp9, and two effector
caspases (Casp3 and 6, respectively)(Figure 3b); however, Apaf-1 is dispensable for pruning
[31-33]. Since Cyt c is crucial for cell survival, it remains technically challenging to discern
whether Cyt ¢ is involved in axonal pruning, nevertheless a core pathway resembling the
apoptotic caspase cascade has been implicated.

Careful restriction of caspase activation to the compartment of the cell destined to be
eliminated (i.e. the axon but not the cell body) is crucial for retention of the parent neuron.
Somatic protection is ensured through upregulation of X-linked inhibitor of apoptosis
protein (XIAP), which leads to the binding and inhibition of activated initiator and effector
caspases in the soma [34]. A similar IAP-based mechanism of neurite protection has been
shown to function during dendrite pruning in the dendritic arborizing (DA) sensory neuron
ddaC in Drosophila, where caspase activity is activated throughout dendrites, and the soma
is protected by the Drosophila XIAP homologue DIAP (Drosophila inhibitor of apoptosis
protein) [35,36]. Could such local suppression of caspases be used as a mechanism to save
specific neurites? Intriguingly, a recent study has shown in DRG cultures that mammalian
XIAP is indeed present in axons, XIAP levels drop sharply in axons after NGF withdrawal
prior to degeneration, and that overexpression of XIAP can suppress NGF withdrawal-

Trends Cell Biol. Author manuscript; available in PMC 2015 September 01.



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

1duosnuely Joyny vd-HIN

Neukomm and Freeman Page 6

induced degeneration [37]. It will be exciting to determine in the future whether this type of
local caspase suppression is important for axon branch-specific protection in vivo.

Could there be additional checkpoints for caspase activation that are used in a local manner?
While developing neurons are highly susceptible to PCD, circuit-integrated mature neurons
are resistant to PCD and employ redundant strategies to prevent it, likely to ensure neuronal
circuit stability over the life of the animal [12]. Blockade of PCD can certainly occur at
several molecular checkpoints. Bax translocation to mitochondria can be inhibited by Bcl-2
family members [38] or by microRNA-29 (miR-29), which can modulate the translation of
several BH3-only proteins required for Bax activation [39]. After Bax translocation to the
mitochondrion, the blockade of PCD can still occur through transcriptional silencing of
Apaf-1 and Casp3 in several neuronal tissues [40]. Whether these are also involved in the
modulation of local axonal degeneration remains and exciting question for the future.

Extrinsic factors also appear capable of indirectly modulating caspase signaling in axons.
For instance axonal transport of the messenger RNA (mRNA) for the anti-apoptotic gene
bclw occurs in axons, where its local synthesis appears to enable axonal survival through
suppression of caspase signaling. Specifically, Bclw interacts with Bax and suppresses
Caspase-6 activity, which would otherwise result in axonal degeneration [41]. Lamin B2
(LB2) is normally associated with nuclear membranes, however, when triggered by
guidance cues (mediated by the homeobox-containing gene Engrailed-1), lamin B2 mRNA
is also transported into axons where it is locally translated. LB2 associates with axonal
mitochondria, where it regulates mitochondrial function in order to meet the high metabolic
demands of these axons [42]. While loss of LB2 does not affect axon guidance, it causes
axon degeneration through mitochondrial dysfunction and defects in axonal transport. Thus,
the translational control of axonal MRNAS seems an important mechanism for regulation
axonal survival.

Drosophila has proven a valuable genetic model for identifying molecules that modulate
local axon degeneration in vivo. During Drosophila metamorphosis, mushroom body (MB)
v heurons prune their axons and dendrites through local degeneration while the cell body
and proximal axon shaft remain intact [43]. The first step in this process appears to be
priming the neuron to prune through TFG-f signaling and the ecdysteroid receptor EcR
(recently reviewed in [44]. The second step involves changes very similar to those in
mammalian pruning: dramatic changes in axon ultrastructure including the disruption of the
microtubule cytoskeleton, synaptic degeneration, and ultimately catastrophic axon
fragmentation [45]. A limited number of signaling pathways have been described that act in
the pruning event proper (rather than establishing competence to prune through EcR),
including components of the ubiquitin-proteasome system (UPS) and cytoskeletal
modulators. For example, overexpression of the yeast ubiquitin protease UBP2, which
removes ubiquitin side chains from targets, potently suppresses MB y neuron axon pruning,
as does loss of ubiquitin activating enzyme 1 (Ubal) or the Drosophila proteasome
regulatory particle subunits Mov34 or Rpn6 [45]. More recently Cullin-1, a core component
of the RING E3 ligase SCF E3 ligase (Skp1-Cullin-F-box) was identified as a key E3 ligase
required for axonal and dendritic pruning in Drosophila. The SCF E3 ligase has been
proposed to function at least in part through inactivation of the InR/PI3K/TOR pathway
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[46]. However defining the precise role of the UPS pathway in driving axonal pruning
remains an important unmet goal for the field.

In considering how axons are pruned we generally envision pathways that are activated at
the right time to promote degeneration. However recent studies indicate that axon stability
may in fact result from constitutive blockade of an endogenous degenerative program, and it
appears this can be regulated very locally. RNAi-mediated knockdown of p190 RhoGAP
(GTPase activating proteins) led to unexpected, early and robust retraction of the dorsal
axonal branches of MB vy neurons [47]. In stable MB vy neuron axons, p190 activity is
normally thought to drive RhoA to a GDP-bound (inactive) state, thereby suppressing
downstream signaling. However inhibition of p190, led to the activation of RhoA through
Drok signaling, enhanced phosphorylation of the myosin regulatory light chain, and
ultimately axonal retraction of dorsal, but not medial axon branches [47]. These
observations are intriguing for a number of reasons. First, they suggest that at least in some
neurons a “silent” axon retraction signaling pathway is constitutively present, which is
repressed during times of axonal stability, and de-repressed at the initiation of retraction.
Second, the changes in axon retraction were specific to the dorsal branches of MB y neuron
axons and did not affect medial branches (which are normally pruned along with dorsal
branches). These data therefore provide some of the first evidence that different axon
branches attached to the same neuron may be differentially sensitive at the molecular level
to signals activating degeneration [47].

Axon degeneration after injury: Wallerian degeneration

Axonal degeneration is also a widespread feature of nervous system injury or disease and is
thought to be a primary cause of functional loss in patients. Axotomy, perhaps the most
severe axonal insult, results in catastrophic fragmentation of the portion of the axon distal to
the injury site [48,49]. A similar morphological fragmentation has been observed in
Parkinson’s disease, Huntington’s disease, and Multiple Sclerosis [50]. In addition, many
peripheral neuropathies present with an axonal “dying back” pathology, whereby the axon
gradually degrades in a retrograde fashion from its tip over time [51]. Whether these types
of pathological axon degeneration are molecularly similar to axon degeneration during
development remains unclear, but is now a possibility that can be directly explored.

Axotomy serves as a simple model study axonal degeneration. After an axon is severed, the
portion of the axon distal to the injury site exhibits (after a defined latent phase) widespread
breakdown of the axonal cytoskeleton and destruction of internal organelles, and ultimately
granular disintegration (Figure 4a). This degradative process, which is referred to as
Wallerian degeneration (WD), was thought to result from the passive wasting away of axons
due to lack of trophic support from the soma [52]. However the discovery of the
spontaneous mouse mutant strain C57BL/WdS (Wallerian degeneration slow), where
severed axons remain morphologically intact for weeks after axotomy, radically changed our
views on the autonomy of the axonal compartment (Figure 4b).

The WIdS mutation, resulting in the production of a chimeric fusion protein consisting of the
first 70 N-terminal amino acids of the E4 ubiquitin ligase Ube4b and the NAD* scavenging
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enzyme Nmantl, functions cell-autonomously and protects severed axons in a dominant
manner [53-55]. The Nmnat1 component in WIdS appears to be the critical component and
protects axons through gain-of- function mechanism (i.e. overexpression/mislocalization of
Nmnatl activity) which is clearly non-nuclear and likely axonal [56-58]. While the
mechanistic action of WIdS remains to be clearly defined, its protective effects are
conserved across diverse species [59,60]. Interestingly, the ability of WIdS to block axonal
degeneration in vivo is specific to WD, as WIdS does not block developmental axonal or
dendritic pruning [61], and has no measureable effect on neuronal cell death [62]. Thus,
WIdS serves as a useful genetic tool with which to classify axon degenerative events—if the
degenerative event is suppressed by WIdS expression, it is characterized as “Wallerian-like”.

Once axons are severed, the earliest effector of WD is likely signaling via changes in axonal
calcium (Ca2*) [63] (Figure 4b). Extracellular Ca2* entry is both necessary and sufficient to
induce WD, and ultimately leads to the activation of Ca%*-activated proteases of the calpain
family [63]. These proteases execute the proteolysis of severed axons in WD, and their
normal activation is constitutively inhibited by the calpain inhibitor calpastatin, which
appears to be degraded in preparation for degenerative events [64,65]. Subsequent changes
in mitochondria including the production of reactive oxygen species (ROS) and formation of
the mitochondrial permeability transition pore (mPTP) ultimately precede and may drive
axonal degeneration [66]. WIdS seems to be upstream of all of these events since it can
block immediate changes in Ca2* signaling [67], mPTP and ROS production [68]. Bursts of
Ca?* signaling in dendrite branches is predictive of pruning in Drosophila [69], arguing for
arole for dynamic Ca%* changes in pruning, but whether ROS production or mPTP is
important for driving dendritic pruning events is unknown.

Recent forward genetic approaches in Drosophila have begun to identify endogenous genes
whose normal function is to promote Wallerian degeneration. Osterloh et al. recently
identified the kinase scaffolding molecule dSarm (Drosophila sterile a/Armadillo/Toll-
Interleukin receptor homology domain protein) as essential for axon degeneration.
Remarkably, dsarm null alleles block axonal degeneration for the lifespan of the fly, and
loss of the mammalian ortholog Sarm1 suppressed axon degeneration for up to two weeks
after sciatic nerve lesion (while control axons degenerated within ~48 hrs). Sarm1 likely acts
very early in the degeneration program since loss of Sarm1 led to robust preservation of the
axonal cytoskeleton, and Sarm1 is required broadly in the nervous system to drive axon
degeneration since Wallerian degeneration was delayed in multiple types of cultured
mammalian CNS and PNS neurons in Sarm1~/~ mutants [70] (Figure 4b). Pro-degenerative
Sarml signaling in vitro requires the SAM and TIR domains of Sarm1 [71], but precisely
how dSarm/Sarm1 promotes axonal degeneration remains to be determined. In C. elegans,
TIR-1 (the worm homologue of Sarm1) is activated downstream of a CaZ* signaling cascade
[72], which suggests that dSarm/Sarm1 might be capable of directly responding to axotomy-
induced increases in axonal Ca2* to activate axon degeneration. dSarm provides further
genetic evidence that local axon degeneration during pruning and Wallerian degeneration
are molecularly distinct, since dSarm is dispensable for proper developmental axonal and
dendritic pruning [70].
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Flies lacking the E3 ubiquitin ligase Highwire (Hiw) have also recently been shown to
exhibit robust morphological and functional preservation of severed axons [73]. Mouse
mutants lacking the mammalian homologue Phr1l also exhibited a strong delay in axon
degeneration after axotomy [74], again arguing for a strong evolutionary conservation of the
axon death machinery. The proposed mechanism for Hiw/Phrl-mediated protection of axons
provides an intriguing potential molecular link with WIdS, as Hiw/Phr1 may normally act to
degrade Nmant2, a cell body-derived axonal survival factor [75]. Briefly, several studies
have clearly shown that the functional domain of WIdS essential for axonal protective
function is the NAD* biosynthetic enzyme Nmnatl [73,74,76,77]. It was proposed that the
Nmnat activity of WIdS substitutes for endogenous Nmnat2, which is a labile isoform of
Nmnat that is actively transported down axons from the cell body, and whose elimination
results in spontaneous axon degeneration in the absence of injury [75,78]. Hiw/Phr1 has
been proposed to fine-tune Nmnat protein levels through degradation, and presumably the
lack of Hiw/Phr1 leads to stabilization of axons due to perdurance of Nmant2 (Figure 4b).
Consistent with this notion Nmnat levels are increased in severed mutant axons lacking Hiw/
Phri [73,74].

How could injury lead to the activation of a Hiw/Phrl-dependent degradative event? Recent
work found that axonal injury resulted in stabilization of DLK/MAP3K12, which was
dependent on c-Jun N-terminal Kinase (JNK) and Hiw/Phr1 [79]. One possible explanation
could be that the loss of Hiw/Phrl blocks DLK stabilization. However, previous studies
have argued that loss of DLK in Drosophila and mouse lead to stabilization of axons [80],
which would seem to argue against this model. Future work to clarify the interaction
between DLK, Hiw/Phrl, JNK, and Nmnat will be essential, as will be exploring the
potential roles for Hiw/Phr1 in different types of axonal pruning.

Concluding remarks

Work over the past decade has led to a much clearer understanding of the cellular and
molecular basis of axon degeneration during development and in some neurological
conditions (most notably axotomy). A number of morphologically distinct modes of axon
degeneration exist—those discussed here include simple retraction, axosome/debris
shedding, pruning via local degeneration, and Wallerian degeneration—and that these are
well-characterized makes them excellent models for rigorous genetic and molecular
analysis. Initial molecular characterization seems to suggest that despite remarkable
similarities in the cell biology of axonal self-destruction (e.g. local axon degeneration and
Wallerian degeneration), the underlying molecular pathways are surprisingly dissimilar.
That said, it must be pointed out that our understanding of these events are in their infancy, a
broader analysis of many of these pathways in each mode of axon pruning and Wallerian
degeneration remains to be performed, and as the field moves forward examples of
molecular convergence might appear. The overlap between axon degeneration pathways, or
their unique attributes, need to be considered and their delineation a key goal for the field
(Box 1). Gaining a firm molecular grasp on how axons drive their own degeneration in these
distinct contexts will be critically important to both understand why axons degenerate in
neurological disease, and for the identification of new targets for therapeutic intervention in
neurological conditions involving axon, dendrite, or synapse loss.
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Box 1
outstanding questions
Why do axons degenerate?

What molecular pathways dictate the necessity of axonal degeneration? Is axon
degeneration activity-dependent, and if so is this true in all cases? What determines a
“loser” versus a “winner” axon at the mammalian NMJ, and how is the retraction of the
loser executed? How much is intrinsic to the axon versus driven by the Schwann cell?
Could there be a non-autonomous trigger coming from the muscle cell? Synapses are
susceptible to a wide array of neurodegenerative stimuli (physical trauma, infectious
agents or in disease) [81]. Is synaptic degeneration an early event that inevitably triggers
axonal “dying back™? How similar, or different, are the molecular pathways of axon
degeneration during development versus disease?

How do axons degenerate?

Why are there distinct morphological types of axon degeneration? Can we tie specific
programs of degeneration to specific types of retraction? Do we already know all existing
morphological processes featuring “degeneration”, or are there additional degenerative
events? Why do some axons undergo simple retraction, thereby keeping their axoplasm
within the parent neuron through involution, whereas other axons gradually shed
axosomes to surrounding glia? Why do some axons choose to undergo catastrophic
fragmentation, where whole axons are lost, and resulting debris engulfed by surrounding
glia? Is there in vivo cross talk between the recently identified modulators of axon
degeneration? Do axon degenerative pathways converge on a common Nmnat-sensitive
pathway as suggested previously [82]?

What are axon non-autonomous triggers for axon degeneration?

Glia, besides their role of providing myelin for rapid impulse propagation, are also
required for the long-term survival of (long) axons [83]: surrounding glia support axons
either by metabolites to increase survival [84,85], or by exosomes to increase stress-
resistance [86]. These fundamental roles for glia add another level of complexity to our
approach to understanding axonal survival and degeneration. Understanding the precise
supportive roles for glia and their effect on axonal maintenance is a critical question for
the field and carries tremendous therapeutic potential.
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Glossary

Pruning an umbrella term of different cellular mechanisms used by
neurons for the reduction of established synapses

AXxon retraction axon branches retract in a distal to proximal manner, where
axonal contents are recycled to other axonal/cellular
compartments

Axosome shedding a cellular mechanism where retreating axons shed remnants,
termed axosomes, containing the same organelles as observed in
the bulb of the retreating axon

Local axon “catastrophic” self-destruction of whole axon branches

degeneration

Axotomy applying mechanical injury to axons by cutting the shaft
Wallerian occurs upon injury of an axon shaft, where the distal axon,
degeneration (WD) separated from the neuron’s cell body, degenerates

Neuronal apoptosis a genetic program driving the self-destruction of a whole neuron
or programmed cell including its neurites

death (PCD)
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(b) Axon retraction (c) Axosome shedding

(d) Local degeneration (e) Wallerian degeneration

==/ = J

v W
— —~—r) o
[]|veoe J ) 7
— v 0Ou
Q. o -

.o::'.. :'“ @ 00 00 0_..:’ ecccoaneos?
coP®e» EY- I 1

° o o v

‘.0 .. Y e © .': ® o0 @09 ©

Figure 1. Morphologically distinct modes of axon degeneration
(a) Schematic neuron (soma including nucleus on the right) containing branched axons and

two synapses (towards the left); dendrites are not shown. The synapse and its axon
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highlighted in the box will undergo various axon degenerative events over time, as shown in

b — e. (b) During axon retraction, synapses & axons retract without the loss of axonal
integrity. (c) While synapses and axons retract, they shed intact axoplasm-containing

axosomes that are cleared by the surrounding glia in a process known as axosome shedding.

(d) During local degeneration of axons, the synapse and its axon undergo catastrophic

fragmentation, resulting in the removal of the axonal debris by surrounding glia. (e) During
Wallerian degeneration, the distal axon separated from the soma undergoes catastrophic
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fragmentation. The surrounding glia then clears the resulting debris. Note that axon pruning
and Wallerian degeneration share similar cellular qualities.
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(a) newborn mouse

(b) adult mouse
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Figure 2. Axon retraction in the Dentate Gyrus
(@) In neonatal mice, granule neurons (orange) located in the Dentate Gyrus (DG) project

their axons (so called mossy fibers) into both the main and the infrapyramidal tracts (MT
and IPT, respectively) to terminate on CA3 pyramidal dendrites (dark grey). (b) After two
months, the IPT is remodeled through stereotyped retraction (red arrow) to generate adult
structures. (a” & b”) At the molecular level, Sema3F expression correlates with the
regressive time period: in neonatal mice, Sema3F is not detectable (— Sema3F), however,
shortly after birth, Sema3F expression is upregulated (+ Sema3F). Sema3F binds to the
Neuropilin-2 (Npn-2) receptor, which in turn releases 2-Chimaerin (32Chn) to axonal
membranes where it triggers the hydrolysis of GTP to GTP + P; in Racl, thereby leading to
axon retraction. By contrast, growth cone repulsion occurs independently of $2Chn.

Trends Cell Biol. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyny vd-HIN 1duosnue N Joyny vd-HIN

1duosnuel Joyiny vd-HIN

Neukomm and Freeman Page 18

(@)

NGF withdrawal

(b)

extra-cellular

intra-axonal

local
, \ r degecr)miarlation
@

Figure 3. NGF-deprived local axon degeneration
(a) Nerve Growth Factor (NGF) withdrawal induces local degeneration of axons. Axon

degeneration can be monitored in vitro upon local NGF withdrawal in neurons of the PNS
using Campenot chambers [29], or in neurons of the CNS using microfluidic chambers [30].
(b) Molecular pathways mediating local axonal degeneration. Trophic factor deprivation
leads to the activation of tumor necrosis factor (TNF) receptor family members such as
death receptor 6 (DR6) or p75 neurotrophin receptor (p75NTR, also known as NGFR). They
trigger the activation of specific members of the apoptotic signaling cascade, which results
in pruning of axons. Receptor signaling leads to the upregulation and release of pro-
apoptotic Bax from mitochondria, which triggers the activation of initiator caspase 9 and
effector caspases 3 and 6. Bclw prevents pruning by inhibiting Bax. The role of Cytochrome
c release from mitochondria in local axon degeneration remains unclear.
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Figure 4. Molecular pathways mediating Wallerian degeneration
(a) Upon injury, the distal — from the soma separated — axon will undergo Wallerian

degeneration (WD), which results in catastrophic axon self-destruction and clearance of
resulting axonal debris by surrounding glial cells. WD can be attenuated, either by loss-of-
function mutations of genes required for WD (green) or by over-expression of genes that
inhibit it (red). (b) Factors that mediate WD are extracellular Ca2* ions, dSarm/Sarm1 and
the E3 ubiquitin ligase Highwire/Phrl. Loss of those candidates result in defective WD. In
contrast, genes that antagonize WD are the neomorphic WIdS and dNmnat/Nmnat2. Over-
expression of those genes will lead to the inhibition of WD.
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