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A Conditioning Lesion Protects Axons from Degeneration
via the Wallenda/DLK MAP Kinase Signaling Cascade
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Axons are vulnerable components of neuronal circuitry, and neurons are equipped with mechanisms for responding to axonal injury. A
highly studied example of this is the conditioning lesion, in which neurons that have been previously injured have an increased ability to
initiate new axonal growth (Hoffman, 2010). Here we investigate the effect of a conditioning lesion on axonal degeneration, which occurs
in the distal stump after injury, and also occurs in neuropathies and neurodegenerative disorders (Coleman, 2005). We found that
Drosophila motoneuron axons that had been previously injured had an increased resiliency to degeneration. This requires the function of
a conserved axonal kinase, Wallenda (Wnd)/DLK, and a downstream transcription factor. Because axonal injury leads to acute activation
of Wnd (Xiong et al., 2010), and overexpression studies indicate that increased Wnd function is sufficient to promote protection from
degeneration, we propose that Wnd regulates an adaptive response to injury that allows neurons to cope with axonal stress.

Introduction
When the continuity of an axon is disrupted, the distal stump
degenerates through a regulated self-destruction process called
Wallerian degeneration, whose cellular mechanism is poorly un-
derstood. Recent studies suggest that a conserved dileucine zip-
per kinase, DLK, plays a role in this degeneration process (Miller
et al., 2009; Ghosh et al., 2011). However, this kinase has also been
found to promote regenerative growth of injured axons (Ham-
marlund et al., 2009; Itoh et al., 2009; Yan et al., 2009; Ghosh-Roy
et al., 2010; Xiong et al., 2010).

To further understand the relationship of these pro-
degenerative and pro-regenerative functions, we investigated the
role of the Drosophila homolog of DLK, Wallenda (Wnd) in Wal-
lerian degeneration of Drosophila motoneurons and synapses.
We have previously described how Wnd, which is localized in
axons, becomes activated after axonal injury and regulates a nu-
clear signaling cascade whose action promotes new axonal
growth in the proximal stumps of injured motoneuron axons
(Xiong et al., 2010). Here, we describe the role of Wnd in the
distal stump of these same neurons.

Contrasting to previous observations in other neurons (Miller
et al., 2009; Ghosh et al., 2011), we find that Wnd does not pro-
mote degeneration of Drosophila motoneuron axons. Instead,

Wnd acts as an inhibitor for Wallerian degeneration of these
neurons. Because Wnd becomes acutely upregulated in axons
after injury (Xiong et al., 2010), we hypothesized that Wnd pro-
motes an adaptive response in these neurons that is protective
against further damage. Using a conditioning lesion assay, we
found that motoneuron axons that had been previously injured
have an increased resilience to degeneration, and this requires the
cell-autonomous function of Wnd and the transcription factor
Fos. These findings implicate conserved axonal signaling mole-
cules in a mechanism that controls remarkable plasticity in the
axonal degeneration process.

Materials and Methods
Genetics. The following strains were used in this study: Canton-S (wild-
type), BG380-Gal4 (Budnik et al., 1996), m12-Gal4 (P(GAL4)5053A)
(Ritzenthaler et al., 2000), wnd1, wnd2, and UAS-wnd (Collins et al.,
2006), UAS-FosDN (Fbz) (Eresh et al., 1997), UAS-Bsk(JNK)DN (Weber et
al., 2000), and UAS-Wlds (Hoopfer et al., 2006). UAS-Dcr2 was gift from
Stephan Thor (Linköping University, Linköping Sweden), and UAS-wnd-
RNAi was acquired from the Vienna RNAi Center (Construct ID 13786)
(Dietzl et al., 2007). Male larvae were used for all experiments using the
BG380-Gal4 driver. For other experiments, larvae of both sexes were used.

Immunocytochemistry. Larvae were dissected in PBS and fixed in either
4% paraformaldehyde in PBS or Bouin’s fixative for 15–30 min, depend-
ing on the antibodies used. Antibodies were used at the following dilu-
tions in PBS with 0.3% Triton X-100 and 5% normal goat serum: mouse
anti-Futsch, 1:100; mouse anti-Brp, 1:50; rabbit anti-GluRIII, 1:1000;
rabbit anti-DVGLUT, 1:5000; Cy3-goat anti-HRP (Jackson ImmunoRe-
search), 1:500; A488-rabbit anti-GFP (from Invitrogen), 1:1000. For sec-
ondary antibodies, Cy3 and A488-conjugated goat anti-rabbit and
anti-mouse (Invitrogen) were used at 1:1000.

Nerve crush assay. The segmental nerves of third instar larvae were
subjected to nerve crush injury as previously described (Xiong et al.,
2010). For the conditioning lesion assay, larvae were injured at segment
A4 for the first injury and at segment A2 for the second injury. The larvae
were kept at 25°C on a grape plate after or between injuries.

Imaging and quantification. Confocal images were collected at room
temperature on an Improvision spinning disk confocal system
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(PerkinElmer). Similar settings were used to collect all compared geno-
types and conditions.

To quantify the extent of degeneration of the neuromuscular junction
(NMJ), we measured disappearance of Futsch from NMJ boutons. This
MAP1B homolog binds stable microtubules, which in uninjured axons
extend through all but the most terminal boutons (Hummel et al., 2000;
Roos et al., 2000). The NMJ degeneration index is defined as the length of
NMJ without Futsch staining divided by the total length of the nerve
terminal, which is determined by HRP staining [which is coincident with
postsynaptic markers (data not shown)]. Total lengths were measured
using the simple neurite tracer plugin of ImageJ software. All quantifica-
tions shown represent the average from �40 NMJs from �10 animals.

To quantify axonal degeneration, we scored while blind to genotype
the fragmentation of m12-Gal4, UAS-mCD8:GFP labeled axons within
segmental nerves according to one of five categories (described in Fig.
1 E). All measurements indicate the average from �100 axons.

Results
Wallerian degeneration at the Drosophila NMJ and in
motoneuron axons
The facile genetics and highly characterized neuroanatomy of
Drosophila make it a powerful model organism to study degener-
ation mechanisms. We have recently developed a nerve crush
assay in which the segmental nerves of third instar larvae are
pinched with forceps, resulting in acute transection of motoneu-
ron and sensory neuron axons (Xiong et al., 2010). After nerve
crush, Wallerian degeneration can be observed in both axons and
nerve terminals (NMJs) distal to the site of transection (Fig. 1).

At the NMJ, synaptic boutons from injured neurons became
disconnected from one another, and then devoid of presynaptic

proteins, including cytoskeletal proteins, active zone compo-
nents and synaptic vesicles components (Fig. 1A–C and data not
shown). This disappearance occurred in a distal-to-proximal
manner: at 12 h after injury, the most distal boutons were
fragmented and empty, and by 24 h after injury, all presynaptic
components had completely disappeared from the NMJ. We ex-
ploited this distal-to-proximal disappearance to quantify the ex-
tent of NMJ degeneration over a time course (Fig. 1C) by
measuring the length of the NMJ nerve terminal that did not
contain the MAP1B homolog Futsch (described in Materials and
Methods, above). The disappearance of Futsch is synchronous
with other presynaptic markers (data not shown). In contrast,
postsynaptic proteins did not disappear, even 24 h after injury
(Fig. 1B). This process is quite distinct from the way in which the
NMJ becomes dismantled during metamorphosis (Liu et al.,
2010).

Within segmental nerves, endogenous Futsch became frag-
mented into spherical structures within 12 h after injury (Fig.
1D), which were less abundant by 24 h, suggesting clearance
(data not shown). To quantify axonal degeneration, we assessed
the continuity of single motoneuron axons, labeled by expression
of mCD8::GFP using the Gal4/UAS system (Fig. 1D,E). For both
axonal and synaptic degeneration, we observed a temperature-
dependent lag phase followed by a rapid degeneration phase (Fig.
1C) that is synchronous throughout the axon.

Both axonal and synaptic degeneration were inhibited by
expression of the mouse WldS mutant protein (Fig. 1C,F), em-
phasizing that the degeneration program shares mechanistic sim-
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Figure 1. Characterization of degeneration at the Drosophila NMJ and in motoneuron axons after injury. A, The axonal membrane (red) at muscle 4 NMJ synapses is labeled by immunostaining
with anti-HRP antibodies. The MAP1B homolog Futsch (green) disappears most rapidly from distal boutons and concentrates within proximal boutons (12 h, arrow). By 24 h, Futsch has completely
disappeared from boutons and forms sphere-shaped fragments in segmental nerves (arrowheads) and HRP staining becomes discontinuous (inset). B, Presynaptic active zones, stained by anti-Brp
antibodies (red) also disappear from NMJ boutons in a distal-to-proximal manner (12 h, arrow). Postsynaptic receptors, detected by GluRIII staining (green) become diffuse but do not disappear (24
h). C, The time course of NMJ degeneration was quantified by measuring the length of muscle 4 NMJ nerve terminus (defined by HRP staining), which does not contain Futsch (as described in
Materials and Methods). The onset of degeneration is significantly delayed at the lower temperature (dotted line), and inhibited by expression of the WldS mutation (blue line). D, In segmental
nerves distal to the injury site, Futsch (red) and mCD8::GFP-labeled single axons, using the m12-Gal4 driver (green), are extensively fragmented by 12 h after injury. Nerves are oriented with the side
proximal to the injury on the left. E, F, To quantify the time course of axonal degeneration, axons were scored by researchers blind to genotype using a scale ranging from completely continuous (0%)
to continuous with varicosities (25%) to partially discontinuous (50%) to mostly fragmented with a few segments of continuity (75%) to completely fragmented (100%). Scale bars, 25 �m.
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ilarities from vertebrates to invertebrates (Hoopfer et al., 2006;
MacDonald et al., 2006). Based on these observations, motoneu-
ron axons and synapses in Drosophila larvae can be used as a
model system to study the cellular mechanisms of degeneration
after injury.

The Wnd/DLK kinase protects axons from
Wallerian degeneration
A previous study in mice and Drosophila olfactory neurons has
implicated a role for the Wallenda/DLK kinase in promoting the
process of Wallerian degeneration (Miller et al., 2009). However,
our assay for Wallerian degeneration in Drosophila motoneurons
reveals no requirement for Wnd in either synaptic or axonal de-
generation after injury (Fig. 2A,B,D). In contrast, we observed
that overexpression of wnd caused a dramatic delay in both syn-
aptic and axonal degeneration (Fig. 2). When wnd was overex-
pressed, synaptic boutons and axons remained significantly
intact (33.2% and 85.8%, respectively) even 24 h after injury; in
comparison, wild-type synapses and axons had completely de-
generated in this time. Overexpression of a kinase-dead version
of wnd had no effect on degeneration (data not shown). These
observations suggest that the action of this kinase has a protective
effect in motoneuron axons and synapses.

Previous studies indicate that Wnd regulates synaptic growth
and the initiation of new axonal growth after injury via a nuclear

signaling cascade (Collins et al., 2006; Yan et al., 2009; Xiong et
al., 2010). Similar to previously described wnd overexpression
phenotypes (Collins et al., 2006; Xiong et al., 2010), we find that
the protection from degeneration by Wnd is inhibited by overex-
pression of a dominant-negative Fos transgene (Fos DN) in mo-
toneurons (Fig. 2B–D). This finding suggests that the protective
action of Wnd involves changes in gene expression.

Wnd/DLK is thought to function as an upstream regulator of
the JNK MAP kinase (Nihalani et al., 2001; Hirai et al., 2002;
Collins et al., 2006; Xiong et al., 2010; Ghosh et al., 2011; Nix et
al., 2011). While JNK is required for nuclear signaling by Wnd
(Xiong et al., 2010), we could not address the role of JNK in
protection by Wnd, because inhibition of JNK alone also led to
protection from axonal degeneration (Fig. 2B,D, yellow line).
This observation parallels observations in vertebrate axons
(Miller et al., 2009; Barrientos et al., 2011; Yoshimura et al.,
2011). However, because mutation or knockdown of wnd did not
delay degeneration, we hypothesize that additional and indepen-
dent regulators of JNK may function in promoting degeneration
of the distal stump after injury.

A previous injury protects axons from
Wallerian degeneration
Our findings indicated that activation of Wnd signaling in mo-
toneurons could increase their resiliency to axonal degeneration.
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Figure 2. The Wallenda/DLK kinase inhibits Wallerian degeneration. A, Representative muscle 4 NMJs are shown for wild-type (Canton S), wnd mutant (wnd1/wnd2), and overexpressed wnd
(BG380-Gal4; UAS-wnd/�) 12 h after injury. B, Quantification of the NMJ degeneration index (defined by absence of Futsch staining) over a time course for different genotypes. wnd mutant
(magenta) and Fos DN (BG380;;UAS-Fos DN/�; green) degenerate with a similar time course as wild-type axons. NS, No significant difference from wild-type. However, overexpression of wnd (blue)
dramatically delays degeneration. This inhibition of degeneration is strongly reduced when Fos DN is coexpressed (BG380;UAS-wnd/�; UAS-Fos DN/�; red). **p � 0.01, compared with wnd O/E.
An additional phenotype of wnd overexpression is a reduction of Futsch in terminal boutons, which results in a higher degeneration index in uninjured animals. However, this phenotype is not
suppressed by coexpression of Fos DN. C, Representative images of single axons in wild-type axons (UAS-mCD8::GFP/�; m12-Gal4/�) that degenerated within 12 h of injury, compared with axons
that remained intact 24 h after injury when wnd was overexpressed (UAS-wnd/UAS-mCD8::GFP; m12-Gal4/�). This protection from degeneration is inhibited by coexpression of Fos DN

(UAS-wnd/UAS-mCD8::GFP; m12-Gal4/UAS-Fos DN). D, Quantification of axon degeneration in different genotypes. **p � 0.01, ***p � 0.001 compared with wnd O/E. Scale bars, 25 �m.
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While Wnd is normally kept at very low levels in larval motoneu-
rons (Collins et al., 2006), recent studies suggest that Wnd pro-
tein becomes upregulated and activated in axons after axonal
injury (Xiong et al., 2010). These observations led us to hypoth-
esize that endogenous Wnd protein may promote a protective
response in neurons that have sustained an injury. Studies in
vertebrate neurons suggest that a conditioning lesion can dra-
matically alter the response of a neuron to subsequent injuries
(Hoffman, 2010). We hypothesized that Wnd function, which
becomes activated by axonal injury in the PNS, allows for neu-
rons that have been previously injured to have an increased resil-
iency to degeneration. To test this, we conducted a conditioning
lesion assay (Fig. 3A) in which the proximal stump after an initial
injury was injured a second time. Degeneration was then mea-
sured in the middle stump distal to the second injury site. We
found that if an axon had been injured at least 6 h previously, then
degeneration after the second injury was significantly delayed
(Fig. 3B,C). Similar to the effect of conditioning lesion on regen-
eration in vertebrate neurons (Hoffman, 2010), the protective
effect of the conditioning lesion required time; in this case, 6 h to
reach partial effect and 12 h to reach maximal effect (Fig. 3C). We
conclude that a conditioning injury to axons induces changes in
the cell that lead to protection of axons from degeneration after
future injuries.

The Wallenda signaling cascade mediates an adaptive
response in neurons
Importantly, the time requirement for the protective effect of the
conditioning lesion matches other cellular events that have been
previously characterized in this nerve crush injury assay (Xiong et

al., 2010). For instance, phosphorylated JNK is induced in the cell
body �6 h after injury, and transcriptional changes can be de-
tected in the nucleus �8 h after injury. All of these events are
preceded by an increase in the levels of Wnd protein within 4 h of
injury. We therefore tested whether the protective effect of the
conditioning lesion requires Wnd function (Fig. 4). When we
examined axons in the middle stump after the conditioning le-
sion assay, axons from wnd1/wnd2 mutants degenerated similarly
to axons that had received the control (unconditioned) double
lesion (Fig. 4A), suggesting that the conditioning lesion had no
effect in wnd mutants. Furthermore, expression of wnd RNAi or
Fos DN specifically in the mCD8::GFP-labeled motoneurons (Fig.
4B,C) abolished the protective effect of the conditioning lesion
(Fig. 4C). The neighboring axons that did not express the
transgenes were still protected from degeneration (Fig. 4 B),
demonstrating the cell autonomy of the pathway. We con-
clude that a signaling cascade downstream of the Wnd kinase,
which becomes activated by axonal injury, promotes a protec-
tive response in axons that inhibits Wallerian degeneration
after injury (Fig. 4 D).

Discussion
Our findings suggest that the Wnd kinase plays a protective role
in Drosophila motoneuron axons. Wnd protein is normally kept
at a low level in these axons, but becomes rapidly induced by
axonal injury (Xiong et al., 2010). This leads to activation of a
nuclear signaling cascade that promotes an increased resiliency of
axons to degeneration after a second injury. The requirement for
Wnd in the protective effect of a conditioning lesion leads us to
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propose that Wnd regulates a stress response pathway that allows
neurons to adapt to axonal injury.

A pathway that inhibits axonal degeneration would be very
advantageous in instances where the integrity of the axon is com-
promised but not completely lost, such as anoxia, loss of myeli-
nation, or defects in axonal transport. Such problems are a
concern not only for neuronal injuries, but also neurodegenera-
tive disorders, whose onset may be influenced by neuronal stress
(Mattson and Magnus, 2006). Along these lines, mutations that
lead to activation of Wnd/DLK signaling can suppress a synaptic
retraction phenotype in Drosophila (Massaro et al., 2009).

The conditioning lesion is classically studied for its role in
facilitating axonal regeneration, although it has been noted that a
conditioning lesion can also attenuate degeneration of motoneu-
rons in a rat model of ALS (Franz et al., 2009). In vertebrates, a
conditioning injury of axons in the PNS induces widespread cel-
lular changes, including chromatolysis and changes in gene ex-
pression, translation, trafficking, cytoskeleton, and physiology
(Cragg, 1970; Hoffman, 2010). Studies in multiple model organ-
isms have already implicated Wnd/DLK in nuclear signaling (Yan
et al., 2009; Xiong et al., 2010; Ghosh et al., 2011), translation
(Yan et al., 2009), axonal transport (Horiuchi et al., 2007), and
cytoskeletal dynamics (Eto et al., 2010; Bounoutas et al., 2011;
Hirai et al., 2011); hence, this kinase may function as an upstream
regulator of multiple downstream responses to axonal injury.
The exact cellular events that lead to protection from degenera-
tion and their relationship to the regenerative response remain to
be determined.

Importantly, the action of Wnd/DLK is not always beneficial.
In contrast to motoneuron axons, Wnd is unable to protect ol-
factory neuron axons in the adult. Instead, Wnd plays a modest
role in promoting degeneration in these neurons (Miller et al.,

2009). Also in contrast, the vertebrate homolog DLK plays a pro-
degenerative role in DRG neurons, both after injury (Miller et al.,
2009) and after nerve growth factor withdrawal (Ghosh et al.,
2011). The distinct downstream outcomes may depend on dis-
tinct features of downstream signaling events in different cell
types, developmental contexts, and cellular location. For in-
stance, the protective role of Wnd requires time, the neuronal cell
body, and downstream gene expression, while the distal stump of
injured axon would be unable to receive the benefits of a nuclear
signaling cascade induced by injury. However, even the nuclear
signaling cascade in the proximal stump is not always beneficial:
in cultured DRG neurons, DLK promotes apoptosis after nerve
growth factor withdrawal (Ghosh et al., 2011). This negative out-
come of DLK action shares mechanistic similarities with the ben-
eficial outcome of Wnd for regeneration in that both depend on
retrograde signaling to the nucleus after an axonal stimulus
(Xiong et al., 2010; Ghosh et al., 2011).

Similar to previous studies (Miller et al., 2009; Barrientos et al.,
2011; Yoshimura et al., 2011), our findings suggest that JNK plays a
pro-degenerative role in Drosophila motoneuron axons; however,
this action may occur independently of Wnd regulation. Indeed, a
Wnd-independent pool of phosphorylated JNK has been described
in Drosophila axons (Xiong et al., 2010). While JNK plays an impor-
tant role in the regenerative response to injury (Xiong et al., 2010), it
is not clear whether JNK functions in the injury-induced protection
from degeneration. An equally likely candidate mediator, based on
studies in C. elegans (Nakata et al., 2005; Nix et al., 2011), is the other
stress-activated MAPK, p38. Future characterization of the mecha-
nism of Wnd/DLK signaling, including the cofactors and effectors
for its different functions in different contexts, will be important for
delineating the molecular differences between positive and negative
responses to axonal damage.
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Notes
Supplemental material for this article is available at www.mcdb.lsa.
umich.edu/labs/collins/files/suppfigures112.docx. Figure 1: Wnd does
not protect all neurons from degeneration after injury. This figure shows
that overexpression in adult olfactory neurons and larval class IV sensory
neurons does not inhibit Wallerian degeneration after injury. Figure 2:
Additional manipulations in JNK, p38b, and Jun that do not lead to
protection from degeneration. This material has not been peer reviewed.
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