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During development, neurons are initially overproduced and
excess neurons are eliminated later on by programmed cell
death. In a more refined developmental process termed
pruning, excess axons and dendritic branches are removed
while the cell body remains intact. In mature animals, axons
that become disconnected as a result of injury are eliminated
through a series of events collectively known as Wallerian
degeneration. Recent evidence points to unexpected
similarities between these three types of obliterative processes,
as they share common regulators. These findings provide new
ideas on how cellular destruction programs are spatially
regulated in neurons.
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Introduction

It is well established that regressive processes are import-
ant for the establishment of accurate neuronal connec-
tions during development [1-3]. However, from a
mechanistic point of view our understating of these
events lags behind our knowledge of progressive
phenomena such as neuronal migration, axon guidance
and synapse formation. Unlike other organs and tissues in
which cell death accounts for almost all regressive events
during development, in many cases, the complex cellular
structure of neurons undergoes a more limited refine-
ment. In these cases, the soma is spared but pruning of
long neuronal processes and synapse elimination allow
the formation of new connections [2,4]. Previous studies
suggested that differential genetic programs are
employed by the neuron for its death or for pruning of
its neurites [2,4,5]. However, recent studies provide evi-
dence indicating that the cell is much more economical,
and that neurite pruning and programmed cell death have

many shared elements. Therefore, the cellular outcome
does not rely on the genetic program that is activated, but
rather on how the cell regulates it spatially.

Naturally occurring neuronal cell death and
neurite pruning

Programmed cell death (PCD) was the first major regres-
sive event that was recognized to shape the nervous
system during development. It is now well established
that neurons die throughout the vertebrate nervous sys-
tem at specific developmental stages, resulting in loss of
up to 75% of the neurons in certain neuronal nuclei [3].
The roles of PCD during development of the nervous
system in multiple model organisms have been exten-
sively reviewed. PCD may act to match the number of
neurons to the target field they innervate or to eliminate
misguided axons. Notably, however, genetic manipula-
tions of the apoptotic machinery in the mouse resulted in
significantly increased numbers of neurons in the CNS,
but did not cause severe behavioral abnormalities [3].
This suggested that other forms of PCD may compensate
for the apoptotic system, or that other mechanisms allow
proper wiring in the face of higher numbers of neurons.

The removal of axonal process and synapses is a wide-
spread developmental phenomenon in vertebrates that
ranges from elimination of axonal arbors in the neuro-
muscular junction (NM]) to the stereotyped pruning of
long axonal projections in the brain [2,4,6]. Interestingly,
several cellular mechanisms have been shown to control
these events. These include axonal retraction, local
degeneration and axosome shedding [7-10]. Most of
these processes are not recapitulated by 7z vitro systems,
hampering elucidation of the molecular mechanisms that
govern them. The most commonly used iz vitro setup to
study axonal pruning is the Campenot chamber. This
allows the selective withdrawal of trophic support, mainly
NGF (nerve growth factor), from the axons, which results
in induction of axonal degeneration without cell death
[11]. Remodeling of the Drosop/hila nervous system during
metamorphosis provides a unique invertebrate system in
which the power of the fly’s genetics can be used to
uncover the mechanisms of axonal and dendritic pruning.
In all of the Drosophila studies so far, neuronal process
pruning is executed by local degeneration [12-14].

The role of the apoptotic system in neurite
pruning

The first indication that the apoptotic system has a role in
neurite pruning in addition to its function in PCD came
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The apoptotic system regulates neurite pruning in mammals and flies. (a) Developmental pruning of sensory neurons dendrites in Drosophila is
regulated by the apoptotic system. Upon pruning induction, the caspase inhibitor DIAP1 is degraded by the proteasome, which leads to activation of
the initiator caspase Dronc. This induces the severing of sensory dendrites from the cell body (arrow heads) and the activation of two effector caspases
(DCP-1 and DRICE) that promote the degeneration of the dendrites (arrows). (b) Apoptotic machinery executes axonal pruning induced by trophic
deprivation and activation of the death receptors DR6 and p75. The pro-apoptotic BAX protein initiates activation of the apoptotic system through
release of mitochondrial cytochrome-C, subsequent activation of the initiator caspase-9 and the effector caspase-3, and caspase-6. The anti-
apoptotic protein BclW, which binds to BAX, and the caspase-3 inhibitor XIAP, negatively regulate this pathway.
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from studies on dendritic pruning of dendritic arborizing
(da) sensory neurons in Drosophila [15,16] (Figure 1a).
These neurons prune their dendrites, but not their axons,
first by severing them from the cell bodies; subsequently
they degenerate. The initiator caspase Dronc is required
for effective dendrite severing and degeneration, while
the effector caspases are needed for efficient degener-
ation [15,17]. Local caspase activity is detected only in
dendrites that are degenerating [15-17]. The regulation
of Dronc is largely achieved by degradation of its inhibi-
tor, DIAP1, through the ubiquitin proteasome system
[15]. The apoptosis protease activating factor 1 (Apaf-
1) homolog, ark, a positive regulator of Dronc, may also
play a role [16]. Overall, these studies provide clear
evidence that the core components of the fly’s apoptotic
machinery are essential for dendritic pruning.

In mammals, cultured sensory or sympathetic neurons in
trophic deprivation models served as platforms to
examine the role of the apoptotic system in axonal prun-
ing [17-19] (Figure 1b). Initially there were some dis-
crepancies about the role of different caspases in axonal
pruning, due to the use of pharmacological and knock-
down approaches [17,18]. These inconsistencies were
recently resolved using genetically modified animals
[20°°,21°°]. The emerging picture is that elements of
the core apoptotic machinery, caspase-9, caspase-3 and
the pro-apoptotic protein BAX are all essential for axonal
pruning [17,18,20°°,21°°]. Caspase-6, which has not been
implicated in PCD, operates downstream of caspase-3
and plays a more minor role [20°°]. As in the case of
Drosophila, it was suggested that XIAP, the mammalian
homolog of DIAP1, functions as a regulator of caspase-3
[17,21°°]. However, the importance of this mechanism is
still not clear [20°°]. By exploiting the stereotyped prun-
ing of RGCs in the mouse during development, it was
further demonstrated that both caspase-3 and caspase-6
are equally required for efficient pruning, iz vive [20°°].
Nonetheless, in the 7z vitro trophic deprivation model
using sensory neurons, caspase-3 plays a more prominent
role in the pruning process than caspase-6 [20°°]. These
differences may be generated by culture conditions or
simply by the fact that these are completely different
neuronal populations. Whatever the case, these studies
highlight the fact that mechanistic extrapolation from one
system to another is not always straightforward.

In addition to intracellular apoptotic regulators, two death
receptors, DR6 and p75, have been implicated in pruning
[18,22,23]. While DR6 is stimulated by N-APP [18], p75
was found to be activated by both BDNF [23] and myelin
[22]. The developmental pruning of RGCs was used to
show the function of DR6 /7 vivo [18]. The role of the
BDNF-p75 pathway has been demonstrated iz vivo by
monitoring the pruning of sympathetic axons that project
to the eye, and by genetic manipulation of neuronal
activity in the olfactory system [23,24]. In both cases,

neuronal activity suppressed the pruning process and
allowed the active axons to eliminate the non-active ones
through stimulation of p75 by BDNF [23,24]. A similar
molecular mechanism has been shown to regulate cell
death of sympathetic neurons [25]. However, in this
system trophic support rather than neuronal activity sup-
pressed cell death. Mathematical modeling of the death
process suggested that combining passive death by
trophic deprivation with death induction through p75
by the living neurons generates significantly more effi-
cient neuronal elimination [25]. Whether this is also true
for pruning processes remains to be tested.

The signaling mechanisms by which these death recep-
tors ultimately lead to activation of the apoptotic system
are still largely elusive [26,27]. Interestingly, it was
suggested that DR6 and p75 form a complex [28]. It
should be noted that death receptors usually operate
through caspase-8 and the extrinsic apoptotic pathway
[29]. However, caspase-8 has not been implicated so far in
pruning and in contrast BAX, which is a key pruning
factor, is a central player in the intrinsic apoptotic path-
way [29]. The mechanisms by which these pruning
receptors activate the intrinsic pathway may be important
for PCD in general and not just in the context of pruning.

Nonapoptotic programmed cell death and
Wallerian degeneration share molecular
mechanisms

Injured axons degenerate in a process termed Wallerian
degeneration, which greatly resembles degeneration
during pruning [30]. Multiple studies have demonstrated
that the apoptotic system has no role in this degeneration
process [17,19,20°°,31]. Instead the Wallerian Degener-
ation Slow (WI1d®)-sensitive pathway was shown to control
this type of axonal degeneration both in vertebrates and
in invertebrates (for extensive review on this pathway see
[32]). Moreover, the WId® sensitive pathway does not
interfere with apoptotic cell death [17,33]. Therefore,
it was postulated that axotomized axons activate a self-
destruction program that is distinct from PCD. Recent
studies in Caenorhabditis elegans, Drosophila and mice
suggest an intriguing link between axon Wallerian
degeneration and non-apoptotic PCD. Genetic screens
in Drosophila identified the Toll receptor adaptor protein
dSarm1 as a key regulator of axonal degeneration after
axotomy [34°°]. This function of Sarm-1 is conserved in
mammals, suggesting that it is part of an ancient axonal
self-destruction program [34°°]. Studies in C. elegans also
showed that the worm homolog of Sarm1 (T'ir1) is essen-
tial to the nonapoptotic cell death of linker cell [35°°].
Tirl extracts its function in PCD through the p38 MAPK
pathway [35°°]. Interestingly, inhibition of p38 in axons
protects against axonal degeneration upon NGF with-
drawal [36°]. An intriguing possibility that arises from
these studies is that WId® may regulate a nonapoptotic cell
death similar to that of the linker cell. This will expand
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Spatial regulation of the apoptotic machinery. (a) Control of pruning versus cell death by threshold of caspase activity. Low (below the threshold)
axonal caspase activity is sufficient to induce pruning but not cell death; once activity levels pass the threshold, death is induced as well. (b) Positive
regulation of pruning versus cell death by local translation. Axonal pruning induction by trophic withdrawal induces the Dleu2/mir15a/16-1 cluster and
the transcription factor Tbx-6. These in turn may activate unknown factors, which are required for pruning but not cell death. The axonal specific
activity of these factors may be achieved through mRNA transport and local translation. (c) Impa1 and Bclw negatively regulate axonal pruning by local
translation. NGF controls transcription of Bclw and translation of Impa; in the presence of NGF their mRNA is transcribed, transported to the axon and
locally translated. Bclw inhibits axonal pruning by preventing activation of the apoptotic system through direct binding to the pro-apoptotic BAX. The
axonal function of Impal is not known but its depletion from axons induces caspase-dependent pruning.

www.sciencedirect.com Current Opinion in Neurobiology 2013, 23:990-996



994 Development of neurons and glia

the function of the WId® sensitive pathway beyond Wal-
lerian degeneration and may help to uncover its physio-
logical role. Another interesting possible regulator of the
linker cell death is the ubiquitin ligase Highwire, which
was recently shown to control Wallerian degeneration in
Drosophila [37].

It is also conceivable that this old destruction program has
a physiological role within axons as well. However, the
relationship between injury-induced axonal degeneration
and developmental pruning is not completely clear. Sev-
eral studies have shown that the two programs share some
elements including the ubiquitin-proteasome system and
the two kinases DLK and GSK3p [12,36°,38-41]. More-
over, WId® was shown to delay dendritic and axonal
pruning [17,42,43]. However, it is clear that not all prun-
ing events are inhibited by the WId® protein or in dSarm/
Sarm1 mutants [34°°,44].

Mechanisms of spatial regulation

The involvement of apoptotic and nonapoptotic cell
death programs in axonal destruction raises the ques-
tion — how does the cell activate these programs without
inducing cell death? It seems that at least part of the
answer is that it exerts tight spatial control on activation of
these systems. One method of spatial control, as demon-
strated in Drosophila da neurons, is physical detachment
of the degenerating neurites from the cell body
(Figure 1a). This clearly confines the active death pro-
gram to the severed neurite [15-17]. In this case, the
critical event is the precise severing of the neurite before
activation of death programs. This is accomplished by
combination of intrinsic regulation of the dendrites cytos-
keleton and extrinsic signal from the surrounding glia
cells [45,46].

When pruning takes place with the degenerating axon
still connected to the cell body, as is true in many
mammalian instances of pruning, other mechanisms of
spatial regulation must take place. Recent study has
demonstrated that Apaf-1 is required for cell death upon
trophic deprivation but not axon pruning [21°°]. Propos-
ing that caspases are activated through different pathways
in the soma and the axons. Work in Drosophila has
suggested that to induce cell death, caspase activity must
exceed a critical threshold [47°°]. If pruning can be
executed by caspase activity below the death threshold,
caspase-dependent pruning could be triggered without
cell death as long as there 1s tight control of expression or
activity levels, even if some active caspase leaks to the
soma (Figure 2a). In support of this model, it was
suggested that much lower level of caspase-3 activity is
required for axonal degeneration upon NGF deprivation
than the activity that is required for neuronal cell death in
the same paradigm [20°°]. Moreover, knockout of the
anti-apoptotic protein Belw generates gradual axonal loss
without cell death, which is consistent with the idea that

axons are much more sensitive than the soma to imbal-
ance in the apoptotic system [48°].

More recently it was suggested that there is differential
transcriptional control on the axonal apoptotic program
versus the cell body. While neuronal cell death is
regulated by the transcription factor c-Jun, the Dleu2/
mirl5a/16-1 cluster and the transcription factor T'bx-6
regulate the degeneration of sensory axons in Campenot
chambers [36°,38] (Figure 2b). How these transcriptional
programs are translated into spatial activation of the
apoptotic machinery is still elusive. One mechanism that
may operate here is mRNA transport and local translation
as it is now well established that both dendrites and axons
contain a rich repertoire of mRNAs, many of which are
translated in response to various stimuli [49]. Although
there is currently no evidence that axonal pruning factors
are locally translated there is evidence that protective
proteins are (Figure 2¢). One such factor may be myo-
inositol monophosphatase-1 (Impal), a key enzyme in the
inositol cycle [50]. Axonal translation of Impal is gov-
erned by NGF, and its ablation, specifically from the
axons of sympathetic neurons, induces caspase-depend-
ent axonal degeneration. More persuasive evidence for
the role of local translation in pruning was discovered
recently, when it was shown that NGF also controls
transcription of the anti-apoptotic protein Belw in sensory
neurons [51°°]. The newly transcribed mRNA of BcIW is
then trafficked to the axon, locally translated and inhibits
pruning through binding to BAX [51°°] (Figures 1b and
2¢).

Conclusions

In summary while evidence for the usage of shared
effectors for cell death, neurite pruning and Wallerian
degeneration is accumulating as additional players are
discovered, key questions remain. Is all neurite pruning
the result of partial or contained activation of cell death
pathways? Here, we discussed only a few examples of
neurite pruning for which at least some of the executing
machinery has been identified. In many other cases,
including axosome shedding, retraction of hippocampal
axons and pruning of mushroom body axons in Drosophila,
the underlying machineries are not yet known, thus their
relationship to cell death programs has not been deter-
mined [2,52]. In addition, there is growing understanding
of additional PCD programs not discussed in this review,
including necroptosis and autophagy [53]. It will be
interesting to test if these programs are involved in
neurite pruning and degeneration as well; both genetic
and pharmacological tools are available to do this. Despite
these caveats, from the available data a picture is emer-
ging of overlapping use of cellular self-destruct programs
for cell elimination and for refinement of cellular con-
nectivity, a remarkable efficiency. The mechanisms by
which cells achieve such precise regulation of these path-
ways are of great interest. Our knowledge of the spatial
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regulation of the cell death programs is still fragmented
and the complete picture is likely to involve interplay
between mechanisms discussed here and others that
remain to be discovered. We anticipate that future studies
that combine robust 7z vitro systems with genetically
modified animals will provide new insights into these
important questions.

Acknowledgements

We are grateful to Zohar Schoenmann for drawing the figures, to Eli Arama
and Oren Schuldiner for critically reading the manuscript. The Legacy
Heritage Biomedical Science Partnership of the Israel Science Foundation
(1004/09), the United States-Israel Binational Science Foundation
supported research related to this review in the laboratory of AY.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1.  Cowan WM, Fawcett JW, O’Leary DD, Stanfield BB: Regressive
events in neurogenesis. Science 1984, 225:1258-1265.

2. Luo L, O’Leary DD: Axon retraction and degeneration in
development and disease. Annu Rev Neurosci 2005, 28:
127-156.

3. Buss RR, Sun W, Oppenheim RW: Adaptive roles of
programmed cell death during nervous system development.
Annu Rev Neurosci 2006, 29:1-35.

4. Saxena S, Caroni P: Mechanisms of axon degeneration: from
development to disease. Prog Neurobiol 2007, 83:174-191.

5. Raff MC, Whitmore AV, Finn JT: Axonal self-destruction and
neurodegeneration. Science 2002, 296:868-871.

6. Low LK, Cheng HJ: A little nip and tuck: axon refinement during
development and axonal injury. Curr Opin Neurobiol 2005,
15:549-556.

7. Bishop DL, Misgeld T, Walsh MK et al.: Axon branch removal at
developing synapses by axosome shedding. Neuron 2004,
44:651-661.

8. Bagri A, Cheng HJ, Yaron A et al.: Stereotyped pruning of long
hippocampal axon branches triggered by retraction inducers
of the semaphorin family. Cell 2003, 113:285-299.

9. Nakamura H, O’Leary DD: Inaccuracies in initial growth and
arborization of chick retinotectal axons followed by course
corrections and axon remodeling to develop topographic
order. J Neurosci 1989, 9:3776-3795.

10. Sugihara I: Organization and remodeling of the olivocerebellar
climbing fiber projection. Cerebellum 2006, 5:15-22.

11. Campenot RB: Development of sympathetic neurons in
compartmentalized cultures, Il. Local control of neurite
survival by nerve growth factor. Dev Biol 1982, 93:13-21.

12. Watts RJ, Hoopfer ED, Luo L: Axon pruning during Drosophila
metamorphosis: evidence for local degeneration and
requirement of the ubiquitin-proteasome system. Neuron
2003, 38:871-885.

13. Williams DW, Truman JW: Cellular mechanisms of dendrite
pruning in Drosophila: insights from in vivo time-lapse of
remodeling dendritic arborizing sensory neurons.
Development 2005, 132:3631-3642.

14. Kuo CT, Jan LY, Jan YN: Dendrite-specific remodeling of
Drosophila sensory neurons requires matrix
metalloproteases, ubiquitin-proteasome, and ecdysone
signaling. Proc Nat/ Acad Sci U S A 2005, 102:15230-15235.

15. Kuo CT, Zhu S, Younger S et al.: Identification of E2/E3
ubiquitinating enzymes and caspase activity regulating

Drosophila sensory neuron dendrite pruning. Neuron 2006,
51:283-290.

16. Williams DW, Kondo S, Krzyzanowska A et al.: Local caspase
activity directs engulfment of dendrites during pruning. Nat
Neurosci 2006, 9:1234-1236.

17. SchoenmannZ, Assa-Kunik E, Tiomny S et al.: Axonal degeneration
is regulated by the apoptotic machinery or a NAD*-sensitive
pathway in insects and mammals. J Neurosci 2010, 30:6375-6386.

18. Nikolaev A, McLaughlin T, O’Leary DD, Tessier-Lavigne M: APP
binds DR6 to trigger axon pruning and neuron death via
distinct caspases. Nature 2009, 457:981-989.

19. Vohra BP, Sasaki Y, Miller BR et al.: Amyloid precursor protein
cleavage-dependent and -independent axonal degeneration
programs share a common nicotinamide mononucleotide
adenylyltransferase 1-sensitive pathway. J Neurosci 2010,
30:13729-13738.

20. Simon DJ, Weimer RM, McLaughlin T et al.: A caspase cascade
ee regulating developmental axon degeneration. J Neurosci 2012,
32:17540-17553.

Through the analysis of multiple knockout animals the authors show that
caspase-9, caspase-3 and, to a lesser extent, caspase-6 are required for
axonal degeneration upon trophic deprivation. In addition, the authors
provide the first in vivo demonstration that both caspase-3 and caspase-6
are required for axonal pruning in the visual system.

21. Cusack CL, Swahari V, Hampton Henley W et al.: Distinct

ee pathways mediate axon degeneration during apoptosis and
axon-specific pruning. Nat Commun 2013, 4:1876.

Through the analysis of knockout animals the authors show that caspase-

9, caspase-3 and caspase-6 are required for axonal degeneration upon

trophic deprivation. In addition, the authors demonstrate that Apaf-1 is

required for caspase-dependent cell death but not axonal degeneration.

22. Park KJ, Grosso CA, Aubert | et al.: p75NTR-dependent, myelin-
mediated axonal degeneration regulates neural connectivity
in the adult brain. Nat Neurosci 2010, 13:559-566.

23. Singh KK, Park KJ, Hong EJ et al.: Developmental axon pruning
mediated by BDNF-p75NTR-dependent axon degeneration.
Nat Neurosci 2008, 11:649-658.

24. Cao L, Dhilla A, Mukai J et al.: Genetic modulation of BDNF
signaling affects the outcome of axonal competition in vivo.
Curr Biol 2007, 17:911-921.

25. Deppmann CD, Mihalas S, Sharma N et al.: A model for neuronal
competition during development. Science 2008, 320:369-373.

26. Charalampopoulos |, Vicario A, Pediaditakis | et al.: Genetic
dissection of neurotrophin signaling through the p75
neurotrophin receptor. Cell Rep 2012, 2:1563-1570.

27. Zeng L, Li T, Xu DC et al.: Death receptor 6 induces apoptosis
not through type | or type Il pathways, but via a unique
mitochondria-dependent pathway by interacting with Bax
protein. J Biol Chem 2012, 287:29125-29133.

28. HuY, Lee X, Shao Z et al.: A DR6/p75(NTR) complex is
responsible for beta-amyloid-induced cortical neuron death.
Cell Death Dis 2013, 4:e579.

29. Jin Z, El-Deiry WS: Overview of cell death signaling pathways.
Cancer Biol Ther 2005, 4:139-163.

30. Wang JT, Medress ZA, Barres BA: Axon degeneration:
molecular mechanisms of a self-destruction pathway. J Cell
Biol 2012, 196:7-18.

31. Whitmore AV, Lindsten T, Raff MC, Thompson CB: The
proapoptotic proteins Bax and Bak are not involved in
Wallerian degeneration. Cell Death Differ 2003, 10:260-261.

32. Coleman MP, Freeman MR: Wallerian degeneration, wid(s), and
nmnat. Annu Rev Neurosci 2010, 33:245-267.

33. Deckwerth TL, Johnson EM Jr: Neurites can remain viable after
destruction of the neuronal soma by programmed cell death
(apoptosis). Dev Biol 1994, 165:63-72.

34. Osterloh JM, Yang J, Rooney TM et al.: dSarm/Sarm1 is required
ee for activation of an injury-induced axon death pathway.
Science 2012, 337:481-484.

www.sciencedirect.com

Current Opinion in Neurobiology 2013, 23:990-996


http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0005
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0005
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0010
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0010
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0010
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0015
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0015
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0015
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0020
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0020
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0025
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0025
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0030
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0030
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0030
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0035
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0035
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0035
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0040
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0040
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0040
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0045
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0045
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0045
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0045
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0050
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0050
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0055
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0055
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0055
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0060
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0060
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0060
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0060
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0065
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0065
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0065
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0065
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0070
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0070
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0070
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0070
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0075
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0075
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0075
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0075
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0080
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0080
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0080
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0085
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0085
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0085
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0085
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0090
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0090
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0090
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0095
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0095
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0095
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0095
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0095
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0100
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0100
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0100
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0105
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0105
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0105
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref1105
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref1105
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref1105
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0110
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0110
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0110
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0115
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0115
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0115
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0120
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0120
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0130
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0130
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0130
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0135
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0135
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0135
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0135
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0140
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0140
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0140
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0125
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0125
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref1130
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref1130
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref1130
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref1135
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref1135
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref1135
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref1140
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref1140
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0145
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0145
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0145
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0150
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0150
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0150

996 Development of neurons and glia

Through a genetic screen in Drosophila, the authors identify dSarm as a
critical regulator of injury-induced axonal degeneration. Moreover, their
analysis of the Sarm-1 knockout mouse demonstrates that the function of
Sarm is conserved in mammals. Interestingly, the authors did not find any
role for dSarm/Sarm1 in axonal pruning. This is the first description of a
loss-of-function mutant that completely blocks Wallerian degeneration.

35. Blum ES, Abraham MC, Yoshimura S et al.: Control of

ee nonapoptotic developmental cell death in Caenorhabditis
elegans by a polyglutamine-repeat protein. Science 2012,
335:970-973.

The authors performed a genetic analysis of non-apoptotic death of the

linker cell in C. elegans. They identified several components of this novel

cell death pathway, among them Tir1, the worm homolog of Sarm1

(discussed in [34°7)).

36. Chen M, Maloney JA, Kallop DY et al.: Spatially coordinated

e kinase signaling regulates local axon degeneration. J Neurosci
2012, 32:13439-13458.

This study identifies specific transcription regulators that are required for

caspase-dependent axonal degeneration, but not cell death.

37. Xiong X, Hao Y, Sun K et al.: The Highwire ubiquitin ligase
promotes axonal degeneration by tuning levels of Nmnat
protein. PLoS Biol 2012, 10:e1001440.

38. Ghosh AS, Wang B, Pozniak CD et al.: DLK induces
developmental neuronal degeneration via selective regulation
of proapoptotic JNK activity. J Cell Biol 2011, 194:751-764.

39. Miller BR, Press C, Daniels RW et al.: A dual leucine kinase-
dependent axon self-destruction program promotes Wallerian
degeneration. Nat Neurosci 2009, 12:387-389.

40. Wakatsuki S, Saitoh F, Araki T: ZNRF1 promotes Wallerian
degeneration by degrading AKT to induce GSK3B-dependent
CRMP2 phosphorylation. Nat Cell Biol 2011, 13:1415-1423.

41. Zhai Q, Wang J, Kim A et al.: Involvement of the ubiquitin-
proteasome system in the early stages of wallerian
degeneration. Neuron 2003, 39:217-225.

42. Tao J, Rolls MM: Dendrites have a rapid program of injury-
induced degeneration that is molecularly distinct from
developmental pruning. J Neurosci 2011, 31:5398-5405.

43. Martin SM, O’Brien GS, Portera-Cailliau C, Sagasti A: Wallerian
degeneration of zebrafish trigeminal axons in the skin is
required for regeneration and developmental pruning.
Development 2010, 137:3985-3994.

44. Hoopfer ED, McLaughlin T, Watts RJ et al.: Wids protection
distinguishes axon degeneration following injury from naturally
occurring developmental pruning. Neuron 2006, 50:883-895.

45. Lee HH, Jan LY, Jan YN: Drosophila IKK-related kinase 1k2 and
Katanin p60-like 1 regulate dendrite pruning of sensory neuron
during metamorphosis. Proc Nat/ Acad Sci U S A 2009,
106:6363-6368.

46. HanC, JanlY, Jan YN: Enhancer-driven membrane markers for
analysis of nonautonomous mechanisms reveal neuron—glia
interactions in Drosophila. Proc Natl Acad Sci U S A 2011,
108:9673-9678.

47. Florentin A, Arama E: Caspase levels and execution efficiencies
ee determine the apoptotic potential of the cell. J Cell Biol 2012,
196:513-527.

In this study, the authors performed deep analysis of the role of two
effector caspases in Drosophila. They found that cell death is induced
only when a certain caspase activity threshold is passed. This may
explain how caspases can regulate cellular remodeling, like axon pruning,
without inducing apoptosis.

48. Courchesne SL, Karch C, Pazyra-Murphy MF, Segal RA: Sensory

e neuropathy attributable to loss of Bcl-w. J Neurosci 2011,
31:1624-1634.

Through the analysis of the Bclw knockout mouse, the authors were the

first to demonstrate that an anti-apoptotic protein is required to preserve

the axonal integrity of sensory neurons. Importantly, the viability of

sensory neurons is not regulated by Bcl-w.

49. Donnelly CJ, Fainzilber M, Twiss JL: Subcellular communication
through RNA transport and localized protein synthesis. Traffic
2010, 11:1498-1505.

50. AndreassiC, Zimmermann C, Mitter R et al.: An NGF-responsive
element targets myo-inositol monophosphatase-1 mRNA
to sympathetic neuron axons. Nat Neurosci 2010,
13:291-301.

51. Cosker KE, Pazyra-Murphy MF, Fenstermacher SJ, Segal RA:

ee Target-derived neurotrophins coordinate transcription and
transport of bclw to prevent axonal degeneration. J Neurosci
2013, 33:5195-5207.

This study demonstrates that the anti-apoptotic Bclw mRNA is trans-

ported to axons where it is locally translated to protect axons from

degeneration, providing the first evidence for that mRNA transport and

specific localization can produce spatial regulation of the apoptotic

machinery in neurons.

52. Riccomagno MM, Hurtado A, Wang H et al.: The RacGAP beta2-
chimaerin selectively mediates axonal pruning in the
hippocampus. Cell 2012, 149:1594-1606.

53. Yuan J, Kroemer G: Alternative cell death mechanisms in
development and beyond. Genes Dev 2010, 24:2592-2602.

Current Opinion in Neurobiology 2013, 23:990-996

www.sciencedirect.com


http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0155
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0155
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0155
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0155
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0160
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0160
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0160
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0165
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0165
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0165
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0170
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0170
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0170
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0175
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0175
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0175
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0180
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0180
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0180
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0185
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0185
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0185
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0190
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0190
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0190
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0195
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0195
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0195
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0195
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0200
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0200
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0200
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0205
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0205
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0205
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0205
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0210
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0210
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0210
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0210
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0215
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0215
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0215
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0220
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0220
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0220
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0225
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0225
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0225
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0230
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0230
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0230
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0230
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0235
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0235
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0235
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0235
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0240
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0240
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0240
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0245
http://refhub.elsevier.com/S0959-4388(13)00126-8/sbref0245

	Neurite pruning and neuronal cell death: spatial regulation of shared destruction programs
	Introduction
	Naturally occurring neuronal cell death and neurite pruning
	The role of the apoptotic system in neurite pruning
	Nonapoptotic programmed cell death and Wallerian degeneration share molecular mechanisms
	Mechanisms of spatial regulation
	Conclusions
	Acknowledgements
	References and recommended reading


