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Abstract

Axon injury can lead to several cell survival responses including increased stability and axon

regeneration. Using an accessible Drosophila model system, we investigated the regulation

of injury responses and their relationship. Axon injury stabilizes the rest of the cell, including

the entire dendrite arbor. After axon injury we found mitochondrial fission in dendrites was

upregulated, and that reducing fission increased stabilization or neuroprotection (NP). Thus

axon injury seems to both turn on NP, but also dampen it by activating mitochondrial fission.

We also identified caspases as negative regulators of axon injury-mediated NP, so mito-

chondrial fission could control NP through caspase activation. In addition to negative regula-

tors of NP, we found that nicotinamide mononucleotide adenylyltransferase (Nmnat) is

absolutely required for this type of NP. Increased microtubule dynamics, which has previ-

ously been associated with NP, required Nmnat. Indeed Nmnat overexpression was suffi-

cient to induce NP and increase microtubule dynamics in the absence of axon injury. DLK,

JNK and fos were also required for NP. Because NP occurs before axon regeneration, and

NP seems to be actively downregulated, we tested whether excessive NPmight inhibit

regeneration. Indeed both Nmnat overexpression and caspase reduction reduced regenera-

tion. In addition, overexpression of fos or JNK extended the timecourse of NP and damp-

ened regeneration in a Nmnat-dependent manner. These data suggest that NP and

regeneration are conflicting responses to axon injury, and that therapeutic strategies that

boost NP may reduce regeneration.

Author Summary

Unlike many other cell types, most neurons last a lifetime. When injured, these cells often

activate survival and repair strategies rather than dying. One such response is regeneration

of the axon after it is injured. Axon regeneration is a conserved process activated by the

same signaling cascade in worms, flies and mammals. Surprisingly we find that this signal-

ing cascade first initiates a different response. This first response stabilizes the cell, and its
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downregulation by mitochondrial fission and caspases allows for maximum regeneration

at later times. We propose that neurons respond to axon injury in a multi-step process

with an early lock-down phase in which the cell is stabilized, followed by a more plastic

state in which regeneration is maximized.

Introduction

The ability of neurons to survive injury, misfolded proteins, hypoxic stress and other deleteri-

ous conditions allows the nervous system to function for a lifetime without large-scale produc-

tion of new neurons. Neuronal survival strategies buy the cells time to maintain or regain

function. For example, neurons may remain non-functional for weeks, months or years after

axonal trauma. Their survival allows axon regeneration to take place, and eventually, if an

appropriate target is reached, the cells may again function.

Preconditioning is a transient survival strategy triggered by a stressful, but sublethal, event.

For example, when blood flow to a region of the brain is transiently reduced, the effects of a

subsequent ischemic stroke are not as severe [1, 2]. Tissue-level preconditioning seems to have

an immediate phase, and then a longer-term transcription-dependent phase [2, 3] and is pro-

posed to be a very general stress response mechanism.

Preconditioning has also been described at a single cell level. In Dorsal Root Ganglion

(DRG) neurons, severing the peripheral axon enables the central axon for regeneration [4].

The initial peripheral lesion triggers transcriptional changes in the cell body that are proposed

to facilitate subsequent regeneration of the central axon [5, 6]. In Drosophila models of condi-

tioning lesion in sensory and motor neurons, axon severing turns on a stabilization pathway

that is measured by resistance to degeneration after a subsequent injury [7, 8]. This single cell

neuroprotection (NP) requires dual leucine zipper kinase (DLK) [7] and c-Jun N-terminal

Kinase (JNK) [8]. DLK is a MAP kinase kinase kinase, and JNK is the downstreamMAP

kinase, which play central roles in the regulatory cascade that initiates axon regeneration in

nematodes, flies and mammals [9–12]. DLK/JNK are therefore implicated in regulation of

both axon regeneration and preconditioning or NP in response to axon injury.

Using the Drosophila sensory neuron model for preconditioning, we investigate the effec-

tors mediating NP downstream of DLK/JNK, and the relationship between NP and axon

regeneration. One hallmark of NP is a dramatic increase in microtubule dynamics [8], a

response that has also been seen in mammalian neurons [13]. Mitochondria have been sug-

gested to play a central role in brain preconditioning [14], and are important for axonal stabil-

ity in C. elegans [15] and in many systems the Wallerian degeneration slow (Wlds) protein

seems to act through mitochondria to stabilize axons [16–19]. We therefore started by investi-

gating the role of mitochondria in NP. Surprisingly, we found that, rather than promoting NP,

mitochondria have an inhibitory role in this process, and caspases share this negative regula-

tory role. Moreover, although regeneration and NP are downstream of the same kinase cas-

cade, NP antagonizes regeneration. These results are unexpected, but fit together into a multi-

step model of axon injury responses downstream of DLK/JNK.

Results

Reducing Miro and milton increases axotomy-induced neuroprotection

In Drosophila sensory neurons, severing an axon with a pulsed UV laser stabilizes the cell such

that if a dendrite is later removed its degeneration is delayed [8]. Dendrites normally
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degenerate completely within 18h (Fig 1A). However, when axons are damaged 8h prior to

dendrite injury, the severed dendrites are stabilized and take more than 18h to fragment [8].

Stabilization is maximal at 8-24h and tapers off at 48h after axon injury [8] (Fig 1A). The tim-

ing of this stabilization correlates with a dramatic increase in the number of growing microtu-

bules, and this increase in microtubule dynamics is required for stabilization [8].

To assess the role of mitochondria in axotomy-induced stabilization or NP, we depleted

mitochondria from dendrites using RNAi-mediated knockdown of the mitochondrial Rho-

GTPase Miro, which is required for mitochondrial transport in neurons [20, 21]. We have pre-

viously shown that Miro RNAi reduces the number of mitochondria in dendrites of ddaE neu-

rons [22]. Because the NP assay uses the speed of dendrite degeneration to probe stability, we

tested whether reduction of mitochondria would affect dendrite degeneration itself, without

prior axon injury. We previously demonstrated that small regions of dendrites with no mito-

chondria degenerate with normal timing [22]. Here, we severed the whole dendrite with nor-

mal numbers of mitochondria (wild-type, WT) or reduced mitochondria (Miro RNAi) and

assayed degeneration at different times after severing. The time course of degeneration in neu-

rons expressing a control (Rtnl2) RNAi or Miro RNAi was similar (Fig 1E) with a few cells

starting to degenerate at 7h after dendrite injury, and most cells degenerating by 11h after sev-

ering. In the standard NP assay we sever an axon, wait 8h, then sever a dendrite. Dendrite

degeneration in this assay is scored 18h after dendrite severing, so the time course we used to

assay dendrite degeneration alone (4h, 7h, 11h) was much finer and should have picked up

any small differences in speed of degeneration without prior axon injury.

As Miro reduction did not change the timing of dendrite degeneration, we performed the

NP assay in control and Miro RNAi neurons. This assay was performed as diagrammed in Fig

1A’. In control neurons, axon injury 8h before dendrite severing results in about 50% of den-

drites remaining at 18h (Fig 1B and 1D and [8]). In Miro RNAi neurons, NP was increased

and 100% of dendrites remained at the 18h timepoint (Fig 1C and 1D). RNAi targeting milton,

which recruits Miro to mitochondria [20, 21], also increased NP (Fig 1D). These results sug-

gest that normal mitochondrial trafficking or dynamics limits injury-induced NP.

Drp1-mediated mitochondrial fission inhibits neuroprotection after
axotomy

To understand howmitochondria might regulate axotomy-induced NP, we compared mitochon-

drial shape in dendrites before and 8h post axon injury (hpa). Mitochondria were labeled with

mito-GFP and membranes with mCD8-RFP. The average length of mitochondria decreased sig-

nificantly after injury (Fig 2A and 2B). Specifically, more short (magenta arrows Fig 2A) and

fewer long mitochondria (orange arrows, Fig 2A) were present at 8hpa (Fig 2C). The total num-

ber of mitochondria in dendrites also increased at 8hpa (Fig 2D).

To determine whether mitochondrial fission was responsible for the changes in mitochon-

dria length after axon injury, we used RNAi to target Drp1, a dynamin-related GTPase that

mediates mitochondrial fission [23]. Drp1 RNAi hairpins were expressed in ddaE neurons

under control of 221-Gal4, together with Dicer2, mito-GFP and mCD8-RFP. One of the Drp1

RNAis (referred to as Drp1 RNAi #2) dramatically elongated mitochondria in dendrites and

led to clustering of mitochondria in the cell body (S1A Fig). Injury-induced changes in mito-

chondria were not visible in this background (S1A Fig). However, mitochondrial shape was so

different in these cells that we looked for an alternate Drp1 RNAi line that would not have

such a strong effect in uninjured neurons. In neurons expressing a different Drp1 RNAi, mito-

chondrial length was fairly normal in uninjured cells (S1B Fig). The only significant difference

was a decrease in the number of mitochondria under 0.5 μm, which is consistent with partial
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reduction of Drp1 protein levels. Although the effects in uninjured cells were subtle, this Drp1

RNAi also completely eliminated the axotomy-induced changes in length and number (Fig

2A’–2D’). Because this RNAi line eliminated injury-induced mitochondrial fission without

dramatically altering baseline mitochondrial length we used it for the subsequent experiments.

Mitochondrial motility was also upregulated in dendrites after axon injury, but this change

was not related to Drp1-mediated fission (S1C Fig).

To determine whether the increase in mitochondrial fission induced by axon injury was

related to downregulation of NP by mitochondria, we assayed NP in Drp1 RNAi neurons. As

in Miro and milton RNAi neurons, Drp1 RNAi increased the level of protection, while overex-

pression of Drp1 had the opposite effect (Fig 2E and 2F). Drp1 RNAi did not influence the

normal time course of dendrite degeneration (Fig 2G), thus Drp1 only affects degeneration

after axotomy in the NP assay, but has no effect on the baseline rate of dendrite degeneration

in the absence of axon injury.

Caspase reduction increases axotomy-induced neuroprotection

Drp1-mediated mitochondrial fission occurs during apoptosis in Drosophila and other organ-

isms [24, 25], and mitochondria and caspases have been linked in a neurodegenerative

response triggered by glial signaling [26]. In mammals and in C. elegans fission is upstream of

caspase activation [27, 28]. Because of this connection between mitochondrial fission and cas-

pase activation, we hypothesized that caspases might also inhibit axotomy-induced NP.

To test this hypothesis we expressed large RNA hairpins to target the initiator caspase

Dronc and assayed both dendrite degeneration and NP. Dendrite degeneration is normally

complete by 18h after severing, and blocking caspases does not alter this [22]. To test whether

caspase reduction might subtly alter the timing of dendrite degeneration, we assayed earlier

timepoints, and again found that the dendrite degeneration proceeded was not influenced by

caspase reduction (Fig 3A). However, Dronc RNAi did result in a significantly higher level of

axotomy-induced NP compared to control cells (Fig 3B and 3C) consistent with a role for

Dronc in negative regulation of NP.

We also tested whether Dcp-1 and Drice, two effector caspases, inhibit axotomy-induced

NP. Indeed, both RNAi and a strong loss-of-function mutant of Dcp-1, Dcp-13 [29], increased

NP (Fig 3C). Drice RNAi and heterozygous Drice17 [30] neurons also had higher NP than con-

trol, but the results were not significantly different. It was not possible to test homozygous

Fig 1. Reducingmitochondria in dendrites increases axotomy-induced neuroprotection. (A-A”) A
schematic of the axotomy-induced neuroprotection/NP assay is shown. (A) Without pre-axon injury, dendrites
degenerate within 18h after injury. (A’) An axon injury 8h prior to dendrite injury induces NP so that dendrite
degeneration is delayed; this timeline is the standard one used to assay NP throughout. (A”) When 48h
elapses between the axon injury and dendrite severing, very little NP is observed and most dendrites are gone
18h after they are removed. Laser-induced injury is indicated by red lightning bolts. The ddaE neuron is drawn
in green and other neurons labeled by 221-Gal4, which was used in most experiments to drive expression, are
drawn in grey. (B and C) The NP assay as illustrated in Fig 1A’ was performed in wide-type (yw indicates
control neurons that do not express an RNAi hairpin, and Rtnl2 indicates neurons that express a control RNAi
hairpin) and Miro RNAi neurons. Neurons were labeled with EB1-GFP under the control of 221-Gal4. In
control conditions half the neurons have a dendrite that remains at 18h, and (top row) and half have a fully
degenerated dendrite (bottom row in B). Red arrows are the site of axon injury; purple arrowsmark the site of
dendrite injury. Green lines indicate stabilized dendrites. The scale bar is 20 μm. (D) Quantification of NP is
shown. The number of neurons analyzed for each genotype is indicated above the bars. A Fisher’s exact test
was used to determine statistical significance. Rtnl2 RNAi was used as a control as it targets a non-essential
gene for which we have never observed phenotypes. * p<0.05. (E) Dendrites in ddaE neurons expressing
EB1-GFP and control or Miro RNA hairpins were severed without prior axon injury. The presence of intact
dendrites (no breaks in continuity) was scored at 4h, 7h and 11h after dendrites were severed. The numbers
above the bars are the numbers of cells analyzed; one cell per animal.

doi:10.1371/journal.pgen.1006503.g001
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Drice17mutants as these animals die, so we introduced one copy of Drice17, into heterozygous

Dcp-13mutant animals, and this significantly enhanced protection (Fig 3C), indicating both

effector caspases are likely to be involved in negative regulation of axon injury-induced

protection.

Although in C. elegans and mammals, mitochondrial fission and Drp1 act upstream of cas-

pases [27, 28], in Drosophila the effector caspase Dcp-1 can regulate mitochondrial shape and

function [31]. To determine whether caspases were required for injury-induced mitochondrial

fission, we assayed fission in Dronc RNAi neurons. Mitochondrial length still decreased in

response to axon injury in Dronc RNAi neurons (Fig 3D), suggesting caspases do not act

Fig 2. Axotomy-inducedmitochondrial fission inhibits neuroprotection. (A and A’) Representative images of dendritic mitochondria in
control (A) and Drp1 RNAi (A’) neurons before and 8h post axon injury (hpa) are shown. mito-GFP and mCD8-RFP were coexpressed in
ddaE neurons under the control of 221-Gal4 in order to visualize mitochondria and the cell membrane, respectively. Orange, blue and
magenta arrows indicate long (>1.5 μm), medium (1–1.5 μm) and short (<1 μm)mitochondria respectively. Scale bars are 10 μm. (B-D’) The
length, length distribution, and total number of mitochondria in control (B-D) and Drp1 RNAi neurons (B’-D’) before and after axon injury were
measured. Statistical significance was determined using a Fisher’s exact test (C and C’), or a t test (B, B’, D and D’). * p<0.05, ** p<0.01,
*** p<0.001, N.S. not significant. Error bars represent SD. (B, B’, D and D’) The numbers of neurons analyzed are indicated above the bars.
(C) 227 and 229 mitochondria from 9 neurons were analyzed for uninjured and 8hpa, respectively. (C’) 173 and 169 mitochondria from 8
neurons were analyzed for uninjured and 8hpa, respectively. (E) The NP assay was performed in Drp1 RNAi neurons labeled with EB1-GFP.
Red arrows indicate the site of axon injury and purple arrows, dendrite injury. Green lines mark stabilized dendrites. Scale bar, 20 μm. (F)
Quantification of NP is shown with control data from Fig 1D for comparison. * p<0.05 and **p<0.01, determined by Fisher’s exact test. The
numbers of neurons are indicated above the bars. For the RNAi experiment, Rtnl2 data is shown as the matched control and yw (no RNAi
hairpin) control data was used for the overexpression comparison. (G) Dendrite injury was performed in Drp1 RNAi neurons without pre-
axotomy. Dendrite degeneration assayed at the indicated times. Control data from Fig 1E is included for comparison. The numbers of cells
analyzed for each condition are shown above the bars.

doi:10.1371/journal.pgen.1006503.g002
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upstream of mitochondrial fission, but may be downstream as in other organisms. However,

we cannot rule out that caspases and Drp1 act independently to dampen NP.

Nmnat is required for axotomy-induced neuroprotection

Thus far we have identified mitochondrial fission and caspases as negative regulators of NP.

We also wished to identify positive regulators. As Nmnat, a conserved NAD+ biosynthetic

enzyme, can protect neurons from degeneration induced by long poly-Q proteins [32] and tau

[33], we tested whether it might also be involved in injury-induced NP. Indeed, Nmnat RNAi

completely eliminated NP induced by axon injury (Fig 4B). To test the specificity of this effect,

we also assayed dendrite degeneration without prior axon injury. We did not find any changes

in the timing of degeneration in the absence of prior axon injury (Fig 4A) despite previous

association of Nmnat with dendrite stability. The previous studies were done in class IV neu-

rons, which have much larger and more complex dendrite arbors than the neurons used here,

and exhibit gradual loss of complexity over time in Nmnat heterozygotes [34]. We did not

observe any differences in arbor structure in ddaE neurons, and the previous degeneration was

observed over days rather than hours.

To confirm a role for Nmnat in injury-induced degeneration, we assayed NP in both

Nmnat heterozygous mutant animals (Fig 4B). The mutant is a previously characterized null

allele of Nmnat [35]. NP was eliminated in this genetic background (Fig 4B), suggesting that

normal levels of Nmnat are required for NP. As the phenotype in the Nmnat RNAi and hetero-

zygous mutant animals was similar, we used an antibody to Nmnat to stain Nmnat RNAi neu-

rons. We observed about 50% reduction in Nmnat signal in these neurons compared to

control (S2A Fig), consistent with partial reduction of Nmnat protein in the RNAi experiment.

To determine whether the elimination of NP in animals with a partial reduction of Nmnat

were due to a general inability to respond to injury, we tested whether Nmnat RNAi neurons

could regenerate axons. When ddaE neurons are axotomized close to the cell body, axon

regeneration proceeds by converting a dendrite into a growing axon [36]. Nmnat RNAi neu-

rons were fully capable growing a new axon from a dendrite after a proximal axotomy, indicat-

ing the cell can mount at least one demanding injury response (S2B Fig). Together, these

results suggest that a partial knockdown of Nmnat in ddaE neurons does not alter the ability of

the cell to sense and respond to axon injury. Therefore the loss of NP in this background is

most likely due to a specific role of Nmnat in injury-induced protection.

We next tested how Nmnat reduction impacts the increased stabilization that occurs when

Miro, Drp1 and Dronc are reduced. We found that Nmnat RNAi completely eliminated the

increase in NP caused by Miro, Drp1 and Dronc RNAi (Fig 4C). This result suggests that nega-

tive regulation of NP by caspases acts upstream of Nmnat.

Fig 3. Caspases inhibit axotomy-induced neuroprotection. (A) Left, images of control and Dronc RNAi
neurons in which dendrites were severed without axon pre-cut are shown. Neurons were labeled with
EB1-GFP. Purple arrows indicate the site of dendrite injury. The scale bar is 20 μm. Right, presence of intact
dendrites was scored at different time points. Control data from Fig 1E is included for comparison. The
numbers of neurons analyzed for each condition are shown above the bars. (B) The NP assay was performed
in Dronc RNAi neurons labeled with EB1-GFP. Red arrows indicate site of axon injury; purple arrows, dendrite
injury; green lines, stabilized dendrites. The scale bar is 20 μm. (C) Quantification of NP is shown. The
numbers on the bars indicate the numbers of neurons analyzed. Control data (Rtnl2 for RNAi and yw for other
genotypes) from Figs 1D and 2F is shown for comparison. A Fisher’s exact test was used to determine
statistical significance. * p<0.05. N.S. not significant. (D) Left, images of mitochondria in the dendrites of
Dronc RNAi neurons before and 8h post axon injury are shown. Orange, blue and magenta arrows indicate
long, medium and short mitochondria respectively. The scale bar is 10 μm. Right, quantification of mito-GFP
length is shown. The numbers of neurons analyzed are indicated above the bars. ** p<0.01, determined with
a t test. Error bars are SD.

doi:10.1371/journal.pgen.1006503.g003
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To try to position Nmnat relative to other regulators of NP, we examined microtubule

dynamics. We previously found that microtubule dynamics, specifically the number of

growing plus ends, is dramatically upregulated in dendrites after axon injury in sensory

neurons [29], and that this increase in dynamics acts to stabilize dendrites against degenera-

tion [8]. To test whether microtubules and Nmnat protect dendrites in the same pathway or

parallel pathways, we labeled the growing ends of microtubules using EB1-GFP in ddaE

neurons. We then compared microtubule dynamics in control and Nmnat RNAi neurons.

Nmnat reduction specifically abolished the increase in microtubule dynamics at 8hpa with-

out influencing the base-line microtubule dynamics (Fig 4D). Thus the upregulation of

microtubule dynamics after axon injury requires Nmnat. It seems unlikely, however, that

microtubule dynamics is the sole effector of Nmnat as dampening microtubule dynamics

does not block injury-induced protection as strongly or consistently as reducing Nmnat

(Fig 4B and 4C and [8]). In summary, our results lead to a model in which Nmnat is a cen-

tral effector of NP acting upstream of microtubule dynamics and downstream of negative

regulation by Drp1 and Dronc (Fig 4E).

Nmnat overexpression is sufficient to stabilize dendrites and increase
microtubule dynamics

As Nmnat seemed so closely linked to NP and was required for both stabilization and

increased microtubule dynamics induced by axon injury, we tested whether it was sufficient to

induce these responses. We therefore expressed GFP-tagged Nmnat-B-delta-N. The delta-N

refers only to a difference from the cDNA used to the annotated cDNA in flybase (see next sec-

tion in results). In the background of Nmnat-B overexpression we severed a dendrite without

prior axon injury and scored its presence 18h later. In control neurons almost no dendrites

remained at this time, while in the Nmnat-expressing neurons almost all were intact (Fig 5A).

Because Nmnat was sufficient to protect dendrites in the absence of axon injury, we also tested

whether it was sufficient to increase microtubule dynamics in uninjured neurons. As a control

we expressed a soluble fluorescent protein, Kaede. Expression of either GFP-Nmnat-B-delta-N

andWlds (mouse Nmnat1 with an additional stretch of amino acids at the N-terminus)

increased the number of growing microtubule ends in dendrites of uninjured neurons (Fig

5B). Thus Nmnat is not only required for injury-induced NP, but is sufficient both for NP and

the associated increase in microtubule dynamics.

Fig 4. Nmnat is required for stabilization of dendrites in response to axotomy. (A) Left, dendrites of Nmnat
RNAi neurons were severed without axon pre-cut. Neurons were labeled with EB1-GFP. The scale bar is 20 μm.
A purple arrowmarks the site of dendrite injury. Right, quantification of dendrite degeneration at various time
points is shown with control data from Fig 1E for comparison. * The numbers above the bars are the number of
cells analyzed for each condition. (B) Left, the NP assay was performed in Nmnat RNAi neurons labeled with
EB1-GFP. A red arrows shows the site of axon injury, a purple arrow, dendrite injury. The scale bar is 20 μm.
Right, quantification of NP is shown, with control data from Figs 1D and 2F. The numbers of neurons analyzed
are indicated on the bars. ** p<0.01, determined by Fisher’s exact test. (C) The NP assay was performed in
neurons expressing Dronc RNAi in conjunction with a control RNAi or Nmnat RNAi in cells labeled with EB1-GFP.
Images of neurons 18hpd are shown. The green line indicates a stabilized dendrite. The scale bar is 20 μm.
Right, quantification of NP is shown. The numbers of neurons analyzed are indicated above the bars. A Fisher’s
exact test was used to determine statistical significance. ** p<0.01, *** p<0.001. (D) Left, kymographs of
EB1-GFP in the dendrites of control and Nmnat RNAi neurons before and 8h after axon injury are shown; the cell
body is off to the right in each image. The trajectory of EB1 comets appears white. The X- and Y- axes represent
distance and time, respectively. Right, microtubule dynamics is quantified. The numbers of neurons analyzed are
indicated above the bars. *** p<0.001, determined by unpaired t test. Error bars are SD. (E) A proposedmodel
that summarizes the finding so far is shown. Steps that cannot be definitely resolved with the data are indicated
by question marks.

doi:10.1371/journal.pgen.1006503.g004
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Dronc tunes Nmnat-mediated neuroprotection to promote regeneration

While increased stability is likely to help neurons to survive after axon damage, the reason for

limiting stability through caspase activity is not intuitive. However, the timing of events trig-

gered by axon injury suggested a hypothesis. Axotomy-induced NP is maximal 8-24h after

axon injury in ddaE neurons (Fig 1A and 1A’ and [8]), while axon regeneration typically

begins 24-48h after injury in these cells [36]. We therefore hypothesized that turning down

early NP might promote subsequent regeneration.

To test whether uncontrolled NP might inhibit regeneration, we compared regeneration in

control and Dronc RNAi neurons. In control neurons the average amount of new axon growth

96h after injury was over 200 microns, but in Dronc RNAi neurons the average growth was

less than half of that (Fig 6A). Dronc activity therefore promotes regeneration, perhaps by lim-

iting axotomy-induced NP.

If reduced regeneration in Dronc RNAi neurons is due to overactive Nmnat, we predict

that Nmnat overexpression should lead to a similar defect in axon regeneration. To test this

idea, we generated transgenic flies that encode GFP-tagged Drosophila Nmnat. Two splice

Fig 5. Nmnat is sufficient to delay dendrite degeneration and increasemicrotubule dynamics. (A)
Dendrites were severed in neurons expressing GFP-Nmnat-B-delta N without prior axotomy. An example of a
cell immediately after dendrite injury and then 18h later is shown with the injury site indicated by a purple arrow
and persistent dendrite with a green line. The scale bar is 20 μm. Quantitation of dendrite degeneration is
shown at the right. In control (yw) and Nmnat overexpressing neurons, the number of intact dendrites was
scored 18h after dendrites were severed. A Fisher’s exact test was used to calculate significance with ***

indicating p<0.001. The number of cells analyzed for each genotype is shown above the bars. (B) Movies of
EB1-GFPwere acquired in the trunk of the ddaE comb dendrite. Neurons expressed a control protein, Kaede,
GFP-Nmnat-B-deltaN or Wlds. Kymographs from a portion of the dendrite are shown with the cell body to the
right. Quantitation of comet number in the different genetic backgrounds is shown at the right. The central line
shows the mean and the error bars are the SD. Numbers of cells analyzed are shown above the plots.
Significance was calculated with an unpaired t test and * indicates p<0.05.

doi:10.1371/journal.pgen.1006503.g005
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Fig 6. Excess Nmnat suppresses axon regeneration. (A) Images of neurons of the indicated genotypes 0h
and 96h after proximal axotomy are shown. The neurons are labeled with EB1-GFP. Red arrows indicate the site
of axon injury. A green star marks the tip of the dendrite that converts to an axon after injury; all neurites that grew
more than 50 microns have a star. Green lines mark cut off axons that have not degenerated. Scale bars are
20 μm. The average amount of tip growth (growth beyond the length increase due to growth of the whole animal)
of the regenerating axon 96h after injury is shown in the graph. The numbers of neurons analyzed are indicated
above the bars. Error bars, SD. See methods for statistics. Error bars represent SD. * p<0.05, ** p<0.01. (B)
Axon regeneration of ddaE neurons co-expressing Dronc RNAi with a control RNAi or Nmnat RNAi was assayed.
Green stars mark tips of the converted dendrites. The scale bar is 20 μm. Statistical significance was determined
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forms of Nmnat exist in Drosophila. Nmnat-A contains a nuclear localization signal (NLS)

while Nmnat-B does not. The Nmnat-B described in flybase has 31 amino acids at its N-termi-

nus that are not encoded in any existing cDNAs; our GFP-Nmnat-B does not have these 31

amino acids, so we refer to it as Nmnat-B-deltaN.

Consistent with our hypothesis, over-expression of either Nmnat isoform suppressed axon

regeneration (Fig 6A). In addition, over-expression of Wlds [37], which includes mouse

Nmnat1 and 70 additional amino acids [38], had the same effect (Fig 6A). HA-tagged Nmnat

[35] had a similar, although not statistically significant, effect (S3A Fig). These results are con-

sistent with previous studies showing that Wlds overexpression can lead to reduced axon

regeneration in a variety of cell types and contexts [39–42].

To determine whether Nmnat might act to dampen regeneration downstream of Dronc, we

paired Dronc RNAi with Nmnat RNAi to see if reducing Nmnat would rescue the Dronc

RNAi phenotype. To control for potential Gal4 dilution effect when expressing many UAS-

driven transgenes together, we paired Dronc RNAi with a control RNAi. Indeed, the addition

of the control transgene reduced the effect of Dronc RNAi on regeneration (Fig 6). However,

in Dronc plus Nmnat double RNAi neurons, regeneration was significantly enhanced com-

pared to the matched control (Fig 6B). This result is consistent with Nmnat acting as a negative

regulator of regeneration downstream of Dronc. Levels of regeneration in this experiment

were higher than in other genetic backgrounds. It is possible that Dronc also targets positive

regulators of regeneration that can increase outgrowth when Nmnat-mediated in inhibition of

regeneration is reduced.

Although we found Nmnat was central to NP, we did not see large changes in amount or

distribution of endogenous Nmnat in ddaE neurons after injury using immunofluorescence

(S3D Fig). This may be because small or transient changes in levels or activity of Nmnat are

sufficient to stabilize dendrites, and because endogenous Nmnat was difficult to detect.

GFP-Nmnat-B-deltaN was evenly distributed in the nucleus and cytoplasm and did not change

its localization in response to injury (S3B Fig). In uninjured ddaE neurons, GFP-Nmnat-A

was detected primarily in nuclei (S3C Fig). At 8h post axon injury, the ratio of nuclear to cyto-

plasmic Nmnat-A signal was significantly decreased (S3C Fig). In contrast, the ratio did not

change in response to axotomy in Dronc RNAi neurons (S3C Fig). Although we do not know

the significance of the decrease in nuclear Nmnat-A relative to cytoplasmic, the fact that it is

dependent on Dronc is consistent with Dronc regulating Nmnat after axon injury.

There are two ways excessive Nmnat could dampen regeneration: either by generating a

persistent stump that blocks regeneration or more directly from within the regenerating cell. A

persistent axon stump could block or repel new axon growth, as has been demonstrated in zeb-

rafish [42]. In the regeneration assay used here, physical block by the stump cannot be impor-

tant as the new axon grows from a dendrite on the opposite side of the cell. To test whether a

persistent stump might influence regeneration in some other way, we expressed the Wlds pro-

tein in ddaC neurons, which are next to ddaE neurons. This approach enabled generation of a

persistent stump near a cell body that did not itself express extra Wlds or Nmnat. When we

severed axons of both theWlds-expressing cell (ddaC) and wild-type ddaE, the ddaC axon per-

sisted as expected, and regrowth of the axon from a dendrite occurred normally in the ddaE

neuron (S3E Fig). Failure of a neighboring persistent stump to reduce regeneration is consis-

tent with excessive Wlds or Nmnat acting cell-autonomously to dampen regeneration.

with an unpaired t test. * p<0.05. Error bar show SD. The numbers of neurons analyzed are indicated above the
bars.

doi:10.1371/journal.pgen.1006503.g006

Turning off Neuroprotection to Regenerate Axons

PLOSGenetics | DOI:10.1371/journal.pgen.1006503 December 6, 2016 13 / 25



Positive and negative regulation of NP occurs downstream of conserved
axon injury signals

Thus far we have shown that Nmnat is required for NP, that caspases limit NP, and that over-

activation of NP dampens regeneration. However, there must also be positive signals that turn

NP on in response to axon injury. Indeed, we previously showed that JNK is required for NP

mediated by increased microtubule dynamics [8]. JNK can act downstream of DLK in initia-

tion of axon regeneration in an injury-induced cascade that results in fos-mediated transcrip-

tion in Drosophila [10]. We therefore tested whether DLK and fos played a role in NP. A

trans-heterozygous combination of wnd alleles (wnd is the name for Drosophila DLK), and a

fos dominant negative (fosDN) transgene have been shown to block injury signaling [10] and

regeneration [43], so we used these tools to test for a role in NP. In both genetic backgrounds

induction of NP by axon injury was completely blocked (Fig 7A). In addition, fosDN blocked

the increased microtubule dynamics in dendrites after axon injury (Fig 7B). We conclude that

the DLK/JNK/fos pathway is required for NP and its associated upregulation of microtubule

dynamics. The NP that protects dendrites in sensory neurons may therefore be similar to the

DLK and fos-mediated axon stabilization induced by crushing motor axons [7].

We also tested whether the fos pathway might be upstream of mitochondrial fission

induced by axon injury. Unlike control neurons (Fig 2A and 2B), no decrease in mitochondrial

length was observed in fosDN neurons (Fig 7C). Thus fos activity is required for injury-

induced mitochondrial fission. This suggests fos is required both to turn on NP and to induce

mitochondrial fission that limits NP.

If fos is a critical regulator of NP, then its overexpression might alter the time course of den-

drite stabilization. Indeed, in control neurons NP is low 48h after axon severing, but in fos

overexpressing neurons it remained high (Fig 7D). This is consistent with previous studies

showing that fos can stabilize axons in other situations [7, 44]. Overexpressing fos also blocked

axon regeneration (Fig 7E). To determine whether the inhibition of regeneration by fos was

due to excessive NP, we co-expressed Nmnat RNAi with fos. As in other experiments with

multiple transgenes we paired fos with a control RNAi so that transgene number was matched.

Nmnat RNAi completely rescued regeneration in the fos overexpression (Fig 7E). We con-

ducted similar experiments with overexpressed bsk, the JNK homolog in Drosophila. Like fos,

bsk overexpression extended protection (Fig 8A), and blocked regeneration in a Nmnat-

dependent manner (Fig 8B). Together these results demonstrate that overexpression of fos or

JNK extends the normal timing of NP and, in a Nmnat-dependent manner, reduces regenera-

tion. Thus Nmnat is a both a positive regulator of NP and a negative regulator of regeneration

that can act downstream of JNK and fos signaling.

Discussion

Our results lead to a model (Fig 8C) in which axon injury triggers opposing responses down-

stream of the initial DLK/JNK/fos signaling cascade. One early output of this conserved injury

response pathway is NP, a global stabilization of the parts of the neuron still connected to the

cell body. The central mediator of NP is Nmnat. One Nmnat effector is the dramatic increase

in microtubule dynamics observed after axon injury. As axon damage is likely to be accompa-

nied by disturbances in the surrounding tissue, making the cell more resistant to degeneration

by turning on NP may help the neuron survive the initial trauma.

Fos injury signaling also triggers Drp1-mediated mitochondrial fission in the first few

hours after axon injury, and this leads to dampening of NP by caspases. We envision positive

and negative regulation of NP balancing one another in different ways through time after

injury. Eventually the negative pathway must outweigh the positive or regeneration is
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Fig 7. DLK/fos signaling coordinates neuroprotection and axon regeneration. (A) Left, the NP assay was performed in
fosDN-expressing neurons labeled with EB1-GFP. Red arrows point to the site of axon injury, purple arrows, dendrite injury.
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dampened by persistent NP (Fig 8D). It is possible that the timing of this balance shift is

controlled by additional signals that report whether the environment is conducive for

regeneration.

This model suggests that rather than DLK/JNK/fos directly regulating regeneration, this

signaling pathway kicks off a multi-step response to axon injury that includes regeneration as

a relatively late event. Indeed, although this pathway is known as the conserved axon regenera-

tion pathway, we find that it first turns on a response that inhibits regeneration. Although this

idea is surprising, this model does make sense in the overall picture of neuronal injury

responses and stabilization. For example, in mammals [45, 46] and flies [10] the AP-1 tran-

scription factor fos is activated soon after axon injury, but its role in regeneration is not as

clear as that of some other transcription factors like jun. Our data suggests that this early acti-

vation could be because fos orchestrates the injury response that precedes regeneration.

Our results also touch on the role of caspases in axon regeneration. A study in C. elegans

demonstrated that caspases are positive regulators of axon regeneration [47], which is surpris-

ing considering their involvement in self-destruct programs like apoptosis and dendrite prun-

ing. We confirm that in Drosophila caspases are pro-regenerative. In addition, our data

suggests that this effect is not through a direct role in regeneration, but because caspases

down-regulate NP, which inhibits regeneration.

A negative role for mitochondria in NP is also intriguing. Mitochondria seem to promote

axonal stability [15], and there are studies in several systems that suggest the neuroprotective

effects of Nmnat or Wlds require mitochondria [17–19]. However, mitochondria can play pro-

degenerative roles in other contexts [26, 48]. More specifically mitochondrial fission can pro-

mote degeneration [49]. Here we demonstrate that mitochondria, Drp1 and caspases all

counteract NP, suggesting that caspase activation may regulate NP downstream of mitochon-

drial fission. This does not mean that mitochondria are not also positive regulators of this type

of NP. Indeed the data in this study combined with others suggests that mitochondria are criti-

cal nodes for control of neuronal stability and both positive and negative regulation likely con-

verge on them.

Like mitochondria, the role of Nmnat in injury responses has been difficult to classify sim-

ply as either positive or negative. Its ability to prevent injury-induced Wallerian degeneration,

as well as to act as an endogenous neuroprotective factor [50] has led to the idea that it has a

purely positive influence on neuronal health. However, the myriad ways in which it can be reg-

ulated [50] suggest that it is useful only in exactly the right dose. Indeed we show that when its

The scale bar is 50 μm. Right, quantification of NP is shown. The numbers of neurons analyzed are indicated above the
bars, and control data is from Fig 2F. Statistical significance was determined with a Fisher’s exact test. * p<0.05. (B) Left,
kymographs of EB1-GFP comets in fosDN-expressing neurons before and 8h after axon injury are shown. The graph at the
right shows the quantification of microtubule dynamics in the ddaE comb dendrite 8h after axon injury. The numbers of
neurons analyzed are indicated above the bars; control data is from Fig 4D. ** p<0.01, determined with an unpaired t test.
Error bars are SD. (C) Left, mitochondria were imaged in the dendrites of fosDN-expressing neurons before and 8h post
axon injury. mito-GFP (mitochondria) and mCD8-RFP (cell membrane) were expressed under the control of 221-Gal4.
Orange and blue arrows indicate long (>1.5 μm) and medium (1–1.5 μm)mitochondria, respectively. The scale bar is 10 μm.
Right, quantification of the average length of mitochondria in fosDN neurons is shown. Control data from Fig 2B is included
for comparison. The numbers of neurons analyzed are indicated above the bars. A t test was used to test for significance.
Error bars are SD. (D) Left, the NP assay was performed in WT and fos-overexpressing (fosWT) neurons as in (A), except
that 48h elapsed between axon injury and dendrite injury rather than the 8h used elsewhere. Red arrows indicate the site of
axon injury and purple arrows, dendrite injury. The green line marks a stabilized dendrite. The scale bar is 50 μm. Right,
quantification of NP with the 48h gap between axon and dendrite injury is shown. The numbers of neurons analyzed are
indicated above the bars. ** p<0.01, determined by Fisher’s exact test. (E) Left, images of neurons that co-express fosWT
with a control RNAi or Nmnat RNAi at 96h post axon injury are shown. The green star marks the tip of the converted
dendrite. The scale bar is 20 μm. Right, the average amount of regeneration was quantified and shown in the graph. The
numbers of neurons analyzed were indicated above the bars. * p<0.05, determined by an unpaired t test. Error bars are SD.

doi:10.1371/journal.pgen.1006503.g007
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regulation is disrupted, Nmnat inhibits a different type of neuronal resilience: axon regenera-

tion. Thus upregulation of Nmnat as a potential therapeutic strategy to counteract neurode-

generation could have negative outcomes due to dampened regeneration.

While our experiments support the idea that endogenous Nmnat is a central regulator of

neuronal stability, the way it exerts this effect remains unclear. Nmnat is an enzyme that uses

ATP and NMN (nicotinamide mononucleotide) to make NAD+. Protective effects of endoge-

nous or overexpressed Nmnat have been proposed to be due to maintenance of high NAD lev-

els [51–53], keeping levels of the precursor NMN low [54], acting as a chaperone [32, 35], and

through maintaining mitochondrial integrity or function [17–19]. We now show that Nmnat

also acts upstream of increased microtubule dynamics after axon injury. This Increased micro-

tubule dynamics in response to axon injury is also seen in mammalian neurons, and so this

part of the NP response is likely to be conserved [13]. Although we have previously shown

increased microtubule dynamics plays a role in NP [8], and now show that Nmnat overexpres-

sion is sufficient to increase microtubule dynamics, it is possible that Nmnat has other effectors

that can mediate NP.

In conclusion, we propose a model in which DLK signaling initiates key injury responses

before axon regeneration begins. These responses include upregulation of Nmnat-mediated

NP, microtubule dynamics and mitochondrial fission. Mitochondrial fission likely counteracts

NP through caspase activation, although it is possible that mitochondria and caspases regulate

NP independently. Although this early response is downstream of the core axon regeneration

kinase cascade, it actually inhibits regeneration if unchecked. This multi-step model of injury

responses downstream of DLK helps explain the function of caspases in promoting regenera-

tion. We anticipate that understanding the transition between early injury responses and

regeneration itself will suggest strategies for promoting axon regeneration without overactivat-

ing NP, which would, in turn, dampen regeneration. A more complete understanding of the

relationship between NP and regeneration is essential to designing any therapeutic approach

to either stabilize neurons or to enhance regeneration.

Materials and Methods

Drosophila stocks

The following RNAi fly strains were used in this study: Rtnl2 (33320) [8], gammaTub37C

(25271) [8], Miro (106683) [22], milton (41508) [55], Dronc (23035) [22], Dcp-1 (107560)

Drice (28065) [56] and Drp1 (44156, referred to as #2) from the Vienna Drosophila RNAi

Center, and Drp1 (27682), Nmnat (29402) [18] from the Bloomington Drosophila Stock Cen-

ter (BDSC). All RNAi transgenes were coexpressed with UAS-Dcr2 to increase knockdown

efficiency [57]. Other lines include 221-Gal4, ppk-Gal4, UAS-mito-GFP (BDSC 8443),

Fig 8. Effects of JNK (bsk) overexpression on NP and axon regeneration, and a summarymodel. (A) A
48h NP assay was performed in bsk-overexpressing neurons. The green line indicates a stabilized dendrite.
Statistical significance was determined by a Fisher’s exact test and the numbers above the bars indicate
numbers of neurons analyzed. *** p<0.001. Control data is from Fig 7D. (B) Axon regeneration assays were
performed in neurons overexpressing bsk paired with either mCD8-RFP or Nmnat RNAi. UAS-mCD8-RFP
was expressed as a control for Nmnat RNAi to keep the number of UAS-controlled transgenes constant and
rule out Gal4 dilution effects. Red arrowsmark sites of axon injury. The green star indicates the tip of the
converted dendrite. Statistical significance was determined by a Mann-Whitney test. Error bars represent SD.
*** p<0.001. (C) A summary model of the results is shown. Axon injury activates the DLK/bsk/fos response
pathway. The AP-1 transcription factor fos turns on early injury responses that include Nmnat-mediated NP
(indicated by darker cell outline in middle image), microtubule dynamics (short green lines in middle image)
and mitochondrial fission. NP is mediated by Nmnat, which, if unchecked dampens subsequent regeneration.
Caspases and mitochondrial fission counteract NP. (D) Reduction of caspases, increased bsk or fos, or
increased Nmnat result in excess or longer than normal NP. Unbalanced NP dampens regeneration.

doi:10.1371/journal.pgen.1006503.g008
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UAS-EB1-GFP, UAS-mCD8-RFP, UAS-Drp1 [58], UAS-Wlds [37], Nmnatdelta4790-8 [35],

Drice17 [30], Dcp-13 [29], UAS-fosWT (BDSC 7213), UAS-bsk-A.Y (BDSC 6407), wnd1,

wnd3, and UAS-fosDN [59].

Live imaging, injury and image processing

Fly embryos were collected at 20C overnight and aged at 25C for 2 or 3 days before imaging.

Two days of aging was used for all axon regeneration assays because these extend 96h, and 3

days of aging were used for all other experiments. Larvae were mounted between a slide coated

with a dry agarose patch and a coverslip, which was held in place with sticky tape. A Micro-

Point pulsed UV laser (Andor Technology) was used to injure dendrites and axons of ddaE

neurons expressing EB1-GFP or mCD8-RFP under the control of 221-Gal4. Confocal images

were acquired using a Zeiss LSM510 with a 63X oil objective (NA1.4) right after injury. Larvae

were then kept in individual food caps at 20C for the indicated time periods and were then

reimaged using an Olympus FV1000 confocal microscope equipped with a 60X oil objective

(NA1.42). Maximum intensity projections were generated using ImageJ software, and were

aligned and processed using Adobe Photoshop software.

Microtubule dynamics

To measure microtubule dynamics in dendrites after injury, we imaged neurons for at least 100

frames (1 frame/2s) using an Olympus FV1000 microscope with a 60X objective at zoom 3, and

counted the total number of EB1-GFP comets in a 10 μm dendrite segment close to the cell

body from 3 in-focus frames. Only comets moving in 3 consecutive frames were included for

quantification. The reslice tool of ImageJ was used to generate kymographs with 1 pixel spacing.

In uninjured neurons, EB1-GFP-expressing neurons were imaged with a Zeiss AxioImager

M2 equipped with LED illumination and an AxioCam 506 camera. A 63x 1.4 NA objective

was used to acquire images every second. After image capture, analysis was performed in Ima-

geJ. In each movie, the length of the comb dendrite of the ddaE neuron that was in focus was

measured. EB1-GFP comets that passed through this region during the 300 seconds of the

movie were counted and this number was divided by the length to get comets per length. The

time (300s, with 1 frame per second) was the same in all movies and so was not included in the

normalization.

Mitochondrial imaging and analysis

Live imaging of mitochondria was performed by expressing UAS-mCD8-RFP and UAS-mito-

GFP under the control of 221-Gal4. Images were taken on a Zeiss LSM510 at 1 frame/s using a

63x objective and 2x zoom. Injury-induced mitochondrial behavior changes were analyzed in

dendrites in a 66.8 μm2 region close to the cell body. The template matching plugin in ImageJ

was used to minimize the effect of larval body movements. Mitochondrial length was mea-

sured along the longest dimension of mito-GFP shapes using the measure tool in ImageJ. The

average length of mitochondria was calculated from at least 8 neurons, each of which con-

tained 13–52 mitochondria in the imaging region. To further analyze changes in length, mito-

chondria were grouped according to the length of mito-GFP, and the percentage of each

group was calculated before and after injury.

Axon regeneration

ddaE neurons expressing EB1-GFP were axotomized close to the cell body and reimaged after

96h. One dendrite usually extends and converts into a new axon by 96h in response to a proximal
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axon injury [36]. using the NeuronJ plugin in the ImageJ software, we measured the length of the

specified dendrite at 0h (R0h) and 96h (R96h), and a nearby non-regenerating dendrite (NR0h

and NR96h) so that normal dendrite expansion as the larva grows could be taken into account.

The formula R96h-R0h�NR96h/NR0h was used to calculate growth of the new axon tip.

Dendrite degeneration

The comb dendrite of ddaE neurons was severed close to the cell body. Degeneration speed

was measured by scoring morphology of the severed dendrite at 4, 7, and 11. Dendrites with

no discontinuities were scored as intact, and any breaks resulted in them being scored as not

intact.

Axotomy-induced neuroprotection (NP) assay

ddaE neurons expressing EB1-GFP were axotomized close to the cell body 8h or 48h before

the dorsal comb-like dendrite was severed. Dendrite status was determined 18h post dendrite

injury. In all the neurons we examined, dendrites either completely degenerate and no rem-

nants are left or remained intact. Example images of both types of result are shown in Fig 1B.

Therefore, NP is measured using the percentage of neurons with intact dendrites at 18hpd.

Quantification and statistics

GraphPad Prism 6 software was used to generate graphs and perform statistical analysis. A

Fisher’s exact test was used to determine significance of neuroprotection assays and length

distribution of mitochondria. Other types of data were tested for normal distribution using

D’Agostino-Pearson normality test. If the data passed the normal distribution test, a t test or in

Fig 6A, a one way ANOVA followed by Dunnett’s multiple comparison test, was used to deter-

mine statistical significance. Otherwise, a Mann-Whitney test was used. Details of the specific

t test performed and sample size for each experiment are described in Fig legends. Data were

plotted as mean ± standard deviation (SD). � p<0.05, �� p<0.01, ��� p<0.001.

Generation of GFP-Nmnat flies

The coding sequence of Drosophila Nmnat isoform A was amplified from a cDNA clone using

forward primer 5’-CCGGAATTCATGATTGTGAAAATCAGCTGGCCCAAG-3’ and reverse

primer 5’-ATATGCGGCCGCCTAAAGTTGCACTTGGGAAATC-3’.

The coding sequence of Drosophila Nmnat isoform B was amplified from the UAS-Nmnat.

HA construct [35] using forward primer: 5’-CCGGAATTCATGTCAGCATTCATCGAGGA

AAC-3’ and reverse primer: ATATGCGGCCGCTCAAGAGTCGCATTCGGTCGGAG.

Both forward primers contain an EcoRI site and reverse primers contain a NotI site. The

amplified sequences were cloned into a pUAST-GFP vector and the resulting constructs were

injected into fly embryos to generate several transgenic flies. UAS-GFP-Nmnat-A4 and

UAS-GFP-Nmnat-B-deltaN8 lines were used in this study.

Supporting Information

S1 Fig. Characterizing mitochondrial length and motility in dendrites after axon injury.

(A) Left, images of mitochondria in Drp1 RNAi #2-expressing neurons before and 8h post

axon injury. mito-GFP and mCD8-RFP mark mitochondria and the cell membrane, respec-

tively. Right, quantification of the average length and number of mitos in Drp1 RNAi #2 neu-

rons is shown. The numbers of neurons analyzed are indicated above the bars. Statistical

significance was determined with a t test. Error bars are SD. (B) The length distribution,
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average length and number of mitochondria are compared between WT and Drp1 (#1) RNAi

neurons. Data of uninjured neurons from Fig 2B–2D’ were regraphed here to give a side-by-

side comparison. (C) Left, kymographs of mito-GFP in the dendrites of wide-type neurons

before and 8h post axon injury are shown. The X- and Y-axes represent distance and time,

respectively. Right, quantification of mitochondrial motility is graphed. The numbers on the

graph bars are the total numbers of mitochondria analyzed. Data were obtained from over six

neurons for each genotype. Statistical significance was determined with a Fisher’s exact test. �

p<0.05, �� p<0.01.

(JPG)

S2 Fig. Phenotypes of Nmnat RNAi neurons. (A) Left, WT larvae and larvae in which Nmnat

RNAi was expressed in several sensory neurons under control of 221-Gal4 were fileted, fixed

and immunostained for endogenous Nmnat; for more information see S1 Methods. EB1-GFP

was used as a cell marker. The squares outline ddaE cell bodies. Right, quantification of Nmnat

intensity is shown. n = 8 neurons from 3 fillets. �� p<0.01, determined by an unpaired t test.

Error bars are SD. (B) Axon regeneration was assayed in Nmnat RNAi neurons after proximal

axotomy. Neurons were labeled with EB1-GFP driven by 221-Gal4. The red arrow shows the

site where the axon was cut. The green stars indicate the tips of the dendrite that was converted

into a regenerating axon after injury. The numbers of neurons analyzed are indicated above

the bars. Statistical significance was determined by an unpaired t test. Error bars represent SD.

(C) Axon degeneration was assayed in neurons expressing a control RNAi (Rtnl2) or Nmnat

RNAi. Axons were severed at 0h, and then their integrity was assayed 6h and 12h later. Statisti-

cal significance was calculated with a Fisher’s exact test and � indicates p<0.05.

(JPG)

S3 Fig. Nmnat localization in uninjured and injured neurons. (A) Left, the axon regenera-

tion assay was performed in UAS-HA-Nmnat and EB1-GFP-expressing neurons. The red

arrow indicates the site of axon injury. The green stars indicate the tips of the dendrite that

was converted to an axon at 96hpa. Right, quantification of the average length of regenera-

tion is shown. The numbers of neurons analyzed are indicated above the bars. An unpaired

t test was used to determine statistical significance. Error bars represent SD. (B) Left,

GFP-Nmnat-B-deltaN was expressed in ddaE neurons under the control of 221-Gal4. The

ratio of fluorescence intensity in the nucleus and cytoplasm was compared right after axot-

omy (0hpa) and 8hpa; see S1 Methods. The numbers of neurons analyzed are indicated on

the bars. Statistical significance was determined by a paired t test. Error bars represent SD.

(C) Left, GFP-Nmnat.A in ddaE neurons was imaged 0hpa and 8hpa. mCD8-RFP was co-

expressed to mark cell membrane. Middle, quantification of the nuclear/cytoplasmic ratio

of GFP intensity in WT neurons is shown. Right, quantification of the nuclear/cytoplasmic

ratio of GFP intensity in Dronc RNAi neurons is shown. The numbers of neurons analyzed

are indicated above the bars. Statistical significance was determined by a paired t test. Error

bars represent SD. � p<0.05. (D) Left, endogenous Nmnat was stained in larval fillets from

animals expressing mCD8-RFP in class I neurons; the ddaE neuron is indicated with

arrows. Uninjured ddaE neurons or neurons 8h after axon severing are shown. Middle,

quantification of the nuclear/cytoplasmic ratio of endogenous Nmnat is shown. Right,

quantification of overall Nmnat intensity in the cell body of ddaE neurons is shown. The

numbers of neurons analyzed are indicated on the bars. Data were obtained from 3 to 4 fil-

lets. An unpaired t test was used to determine if any differences were significant. Error bars,

SD. (E) Left, ddaC and ddaE neurons were labeled with EB1-GFP under the control of

221-Gal4. A persistent axon stump (white line) was generated by severing the axon of ddaC

neuron expressing an RFP tagged-Wlds (red nucleus) under a ppk protomer. Arrows
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indicate sites of axon injury. Stars mark tips of the converted dendrite. The scale bar is

20 μm. Right, quantification of axon regeneration in ddaE neurons is shown. The number

of cells analyzed is shown above the bars. An unpaired t test was used to determine statisti-

cal significance. Error bars show SD.

(JPG)

S1 Methods. Methods used in the Supporting Figures.Methods including Nmnat immuno-

fluorescence, analysis of mitochondrial motility, and generation of ppk-Wlds-td flies are

described.

(DOCX)

Acknowledgments

We are grateful to Dr. Grace Zhai, Dr. KimMcCall, Dr. Andreas Bergmann, Dr. Ming Guo

and Dr. Marc Freeman for providing invaluable fly strains and reagents. We are also grateful

to Dr. Alvaro Sagasti for insightful discussion and the entire Rolls lab for support and to Yan

Hao and the Collins lab for discussions. We are grateful to the Bloomington Drosophila Stock

Center and Vienna Drosophila RNAi Center for providing invaluable resources.

Author Contributions

Conceptualization:MMR LC CACMCS.

Funding acquisition:MMR.

Investigation: LC DMNMCS ATW KWG XX.

Methodology:MCS.

Supervision:MMR CAC.

Validation: DMN.

Visualization: LC.

Writing – original draft:MMR LC.

Writing – review & editing: CAC DMN.

References
1. Stetler RA, Leak RK, Gan Y, Li P, Zhang F, Hu X, et al. Preconditioning provides neuroprotection in

models of CNS disease: paradigms and clinical significance. Progress in neurobiology. 2014; 114:58–
83. PubMed Central PMCID: PMC3937258. doi: 10.1016/j.pneurobio.2013.11.005 PMID: 24389580

2. Dirnagl U, Simon RP, Hallenbeck JM. Ischemic tolerance and endogenous neuroprotection. Trends in
neurosciences. 2003; 26(5):248–54. doi: 10.1016/S0166-2236(03)00071-7 PMID: 12744841

3. Dirnagl U, Meisel A. Endogenous neuroprotection: mitochondria as gateways to cerebral precondition-
ing? Neuropharmacology. 2008; 55(3):334–44. doi: 10.1016/j.neuropharm.2008.02.017 PMID:
18402985

4. Silver J. CNS regeneration: only on one condition. Current biology: CB. 2009; 19(11):R444–6. Epub
2009/06/12. PubMed Central PMCID: PMC2810395. doi: 10.1016/j.cub.2009.04.026 PMID: 19515349

5. Smith DS, Skene JH. A transcription-dependent switch controls competence of adult neurons for dis-
tinct modes of axon growth. The Journal of neuroscience: the official journal of the Society for Neurosci-
ence. 1997; 17(2):646–58.

6. Ylera B, Erturk A, Hellal F, Nadrigny F, Hurtado A, Tahirovic S, et al. Chronically CNS-injured adult sen-
sory neurons gain regenerative competence upon a lesion of their peripheral axon. Current biology: CB.
2009; 19(11):930–6. doi: 10.1016/j.cub.2009.04.017 PMID: 19409789

Turning off Neuroprotection to Regenerate Axons

PLOSGenetics | DOI:10.1371/journal.pgen.1006503 December 6, 2016 22 / 25

http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1006503.s004
http://dx.doi.org/10.1016/j.pneurobio.2013.11.005
http://www.ncbi.nlm.nih.gov/pubmed/24389580
http://dx.doi.org/10.1016/S0166-2236(03)00071-7
http://www.ncbi.nlm.nih.gov/pubmed/12744841
http://dx.doi.org/10.1016/j.neuropharm.2008.02.017
http://www.ncbi.nlm.nih.gov/pubmed/18402985
http://dx.doi.org/10.1016/j.cub.2009.04.026
http://www.ncbi.nlm.nih.gov/pubmed/19515349
http://dx.doi.org/10.1016/j.cub.2009.04.017
http://www.ncbi.nlm.nih.gov/pubmed/19409789


7. Xiong X, Collins CA. A conditioning lesion protects axons from degeneration via theWallenda/DLK
MAP kinase signaling cascade. The Journal of neuroscience: the official journal of the Society for Neu-
roscience. 2012; 32(2):610–5. Epub 2012/01/13. PubMed Central PMCID: PMC3280217.

8. Chen L, StoneMC, Tao J, Rolls MM. Axon injury and stress trigger a microtubule-based neuroprotective
pathway. Proceedings of the National Academy of Sciences of the United States of America. 2012.
Epub 2012/06/27.

9. Shin JE, Cho Y, Beirowski B, Milbrandt J, Cavalli V, Diantonio A. Dual leucine zipper kinase is required
for retrograde injury signaling and axonal regeneration. Neuron. 2012; 74(6):1015–22. Epub 2012/06/
26. doi: 10.1016/j.neuron.2012.04.028 PMID: 22726832

10. Xiong X, Wang X, Ewanek R, Bhat P, Diantonio A, Collins CA. Protein turnover of theWallenda/DLK
kinase regulates a retrograde response to axonal injury. The Journal of cell biology. 2010; 191(1):211–
23. doi: 10.1083/jcb.201006039 PMID: 20921142

11. HammarlundM, Nix P, Hauth L, Jorgensen EM, Bastiani M. Axon regeneration requires a conserved
MAP kinase pathway. Science. 2009; 323(5915):802–6. doi: 10.1126/science.1165527 PMID:
19164707

12. Yan D,Wu Z, Chisholm AD, Jin Y. The DLK-1 kinase promotes mRNA stability and local translation in
C. elegans synapses and axon regeneration. Cell. 2009; 138(5):1005–18. doi: 10.1016/j.cell.2009.06.
023 PMID: 19737525

13. Kleele T, Marinkovic P, Williams PR, Stern S, Weigand EE, Engerer P, et al. An assay to image neuro-
nal microtubule dynamics in mice. Nat Commun. 2014; 5:4827. PubMed Central PMCID:
PMCPMC4175586. doi: 10.1038/ncomms5827 PMID: 25219969

14. Correia SC, Santos RX, Perry G, Zhu X, Moreira PI, Smith MA. Mitochondria: the missing link between
preconditioning and neuroprotection. Journal of Alzheimer’s disease: JAD. 2010; 20 Suppl 2:S475–85.
PubMed Central PMCID: PMC2923830.

15. Rawson RL, Yam L, Weimer RM, Bend EG, Hartwieg E, Horvitz HR, et al. Axons degenerate in the
absence of mitochondria in C. elegans. Current biology: CB. 2014; 24(7):760–5. PubMed Central
PMCID: PMCPMC4018749. doi: 10.1016/j.cub.2014.02.025 PMID: 24631238

16. O’Donnell KC, Vargas ME, Sagasti A. WldS and PGC-1alpha regulate mitochondrial transport and oxi-
dation state after axonal injury. The Journal of neuroscience: the official journal of the Society for Neuro-
science. 2013; 33(37):14778–90. PubMed Central PMCID: PMCPMC3771034.

17. Avery MA, Rooney TM, Pandya JD, Wishart TM, Gillingwater TH, Geddes JW, et al. Wld(S) Prevents
Axon Degeneration through IncreasedMitochondrial Flux and EnhancedMitochondrial Ca(2+) Buffer-
ing. Current biology: CB. 2012. Epub 2012/03/20.

18. Fang Y, Soares L, Teng X, Geary M, Bonini NM. A Novel Drosophila Model of Nerve Injury Reveals an
Essential Role of Nmnat in Maintaining Axonal Integrity. Current biology: CB. 2012. Epub 2012/03/20.

19. Fang C, Decker H, Banker G. Axonal transport plays a crucial role in mediating the axon-protective
effects of NmNAT. Neurobiology of disease. 2014; 68:78–90. PubMed Central PMCID: PMC4106704.
doi: 10.1016/j.nbd.2014.04.013 PMID: 24787896

20. Guo X, Macleod GT, Wellington A, Hu F, Panchumarthi S, Schoenfield M, et al. The GTPase dMiro is
required for axonal transport of mitochondria to Drosophila synapses. Neuron. 2005; 47(3):379–93. doi:
10.1016/j.neuron.2005.06.027 PMID: 16055062

21. Glater EE, Megeath LJ, Stowers RS, Schwarz TL. Axonal transport of mitochondria requires milton to
recruit kinesin heavy chain and is light chain independent. The Journal of cell biology. 2006; 173
(4):545–57. doi: 10.1083/jcb.200601067 PMID: 16717129

22. Tao J, Rolls MM. Dendrites have a rapid program of injury-induced degeneration that is molecularly dis-
tinct from developmental pruning. The Journal of neuroscience: the official journal of the Society for
Neuroscience. 2011; 31(14):5398–405.

23. Westermann B. Mitochondrial dynamics in model organisms: what yeasts, worms and flies have taught
us about fusion and fission of mitochondria. Seminars in cell & developmental biology. 2010; 21
(6):542–9.

24. Goyal G, Fell B, Sarin A, Youle RJ, Sriram V. Role of mitochondrial remodeling in programmed cell
death in Drosophila melanogaster. Developmental cell. 2007; 12(5):807–16. PubMed Central PMCID:
PMC1885957. doi: 10.1016/j.devcel.2007.02.002 PMID: 17488630

25. Wang C, Youle RJ. The role of mitochondria in apoptosis*. Annual review of genetics. 2009; 43:95–
118. doi: 10.1146/annurev-genet-102108-134850 PMID: 19659442

26. Keller LC, Cheng L, Locke CJ, Muller M, Fetter RD, Davis GW. Glial-derived prodegenerative signaling
in the Drosophila neuromuscular system. Neuron. 2011; 72(5):760–75. PubMed Central PMCID:
PMCPMC3313621. doi: 10.1016/j.neuron.2011.09.031 PMID: 22153373

Turning off Neuroprotection to Regenerate Axons

PLOSGenetics | DOI:10.1371/journal.pgen.1006503 December 6, 2016 23 / 25

http://dx.doi.org/10.1016/j.neuron.2012.04.028
http://www.ncbi.nlm.nih.gov/pubmed/22726832
http://dx.doi.org/10.1083/jcb.201006039
http://www.ncbi.nlm.nih.gov/pubmed/20921142
http://dx.doi.org/10.1126/science.1165527
http://www.ncbi.nlm.nih.gov/pubmed/19164707
http://dx.doi.org/10.1016/j.cell.2009.06.023
http://dx.doi.org/10.1016/j.cell.2009.06.023
http://www.ncbi.nlm.nih.gov/pubmed/19737525
http://dx.doi.org/10.1038/ncomms5827
http://www.ncbi.nlm.nih.gov/pubmed/25219969
http://dx.doi.org/10.1016/j.cub.2014.02.025
http://www.ncbi.nlm.nih.gov/pubmed/24631238
http://dx.doi.org/10.1016/j.nbd.2014.04.013
http://www.ncbi.nlm.nih.gov/pubmed/24787896
http://dx.doi.org/10.1016/j.neuron.2005.06.027
http://www.ncbi.nlm.nih.gov/pubmed/16055062
http://dx.doi.org/10.1083/jcb.200601067
http://www.ncbi.nlm.nih.gov/pubmed/16717129
http://dx.doi.org/10.1016/j.devcel.2007.02.002
http://www.ncbi.nlm.nih.gov/pubmed/17488630
http://dx.doi.org/10.1146/annurev-genet-102108-134850
http://www.ncbi.nlm.nih.gov/pubmed/19659442
http://dx.doi.org/10.1016/j.neuron.2011.09.031
http://www.ncbi.nlm.nih.gov/pubmed/22153373


27. Cassidy-Stone A, Chipuk JE, Ingerman E, Song C, Yoo C, Kuwana T, et al. Chemical inhibition of the
mitochondrial division dynamin reveals its role in Bax/Bak-dependent mitochondrial outer membrane
permeabilization. Developmental cell. 2008; 14(2):193–204. PubMed Central PMCID: PMC2267902.
doi: 10.1016/j.devcel.2007.11.019 PMID: 18267088

28. Jagasia R, Grote P, Westermann B, Conradt B. DRP-1-mediated mitochondrial fragmentation during
EGL-1-induced cell death in C. elegans. Nature. 2005; 433(7027):754–60. doi: 10.1038/nature03316
PMID: 15716954

29. Laundrie B, Peterson JS, Baum JS, Chang JC, Fileppo D, Thompson SR, et al. Germline cell death is
inhibited by P-element insertions disrupting the dcp-1/pita nested gene pair in Drosophila. Genetics.
2003; 165(4):1881–8. PMID: 14704173

30. Xu D,Wang Y, Willecke R, Chen Z, Ding T, Bergmann A. The effector caspases drICE and dcp-1 have
partially overlapping functions in the apoptotic pathway in Drosophila. Cell Death Differ. 2006; 13
(10):1697–706. doi: 10.1038/sj.cdd.4401920 PMID: 16645642

31. DeVorkin L, Go NE, Hou YC, Moradian A, Morin GB, Gorski SM. The Drosophila effector caspase Dcp-
1 regulates mitochondrial dynamics and autophagic flux via SesB. The Journal of cell biology. 2014;
205(4):477–92. PubMed Central PMCID: PMC4033768. doi: 10.1083/jcb.201303144 PMID: 24862573

32. Zhai RG, Zhang F, Hiesinger PR, Cao Y, Haueter CM, Bellen HJ. NAD synthase NMNAT acts as a
chaperone to protect against neurodegeneration. Nature. 2008; 452(7189):887–91. PubMed Central
PMCID: PMC3150538. doi: 10.1038/nature06721 PMID: 18344983

33. Ali YO, Ruan K, Zhai RG. NMNAT suppresses tau-induced neurodegeneration by promoting clearance
of hyperphosphorylated tau oligomers in a Drosophila model of tauopathy. HumMol Genet. 2012; 21
(2):237–50. Epub 2011/10/04. PubMed Central PMCID: PMC3276290. doi: 10.1093/hmg/ddr449
PMID: 21965302

34. Wen Y, Parrish JZ, He R, Zhai RG, KimMD. Nmnat exerts neuroprotective effects in dendrites and
axons. Molecular and cellular neurosciences. 2011; 48(1):1–8. PubMed Central PMCID: PMC3152617.
doi: 10.1016/j.mcn.2011.05.002 PMID: 21596138

35. Zhai RG, Cao Y, Hiesinger PR, Zhou Y, Mehta SQ, Schulze KL, et al. Drosophila NMNATmaintains
neural integrity independent of its NAD synthesis activity. PLoS biology. 2006; 4(12):e416. doi: 10.
1371/journal.pbio.0040416 PMID: 17132048

36. Stone MC, NguyenMM, Tao J, Allender DL, Rolls MM. Global up-regulation of microtubule dynamics
and polarity reversal during regeneration of an axon from a dendrite. Molecular biology of the cell. 2010;
21(5):767–77. doi: 10.1091/mbc.E09-11-0967 PMID: 20053676

37. MacDonald JM, Beach MG, Porpiglia E, Sheehan AE, Watts RJ, FreemanMR. The Drosophila cell
corpse engulfment receptor Draper mediates glial clearance of severed axons. Neuron. 2006; 50
(6):869–81. doi: 10.1016/j.neuron.2006.04.028 PMID: 16772169

38. ColemanMP, FreemanMR.Wallerian degeneration, wld(s), and nmnat. Annual review of neurosci-
ence. 2010; 33:245–67. doi: 10.1146/annurev-neuro-060909-153248 PMID: 20345246

39. Bisby MA, Chen S. Delayed wallerian degeneration in sciatic nerves of C57BL/Ola mice is associated
with impaired regeneration of sensory axons. Brain Res. 1990; 530(1):117–20. Epub 1990/10/15.
PMID: 2271939

40. Chen S, Bisby MA. Impaired motor axon regeneration in the C57BL/Ola mouse. The Journal of compar-
ative neurology. 1993; 333(3):449–54. doi: 10.1002/cne.903330310 PMID: 8349851

41. Niemi JP, DeFrancesco-Lisowitz A, Roldan-Hernandez L, Lindborg JA, Mandell D, Zigmond RE. A criti-
cal role for macrophages near axotomized neuronal cell bodies in stimulating nerve regeneration. The
Journal of neuroscience: the official journal of the Society for Neuroscience. 2013; 33(41):16236–48.
PubMed Central PMCID: PMC3792461.

42. 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
(23):3985–94. Epub 2010/11/03. PubMed Central PMCID: PMC2976282. doi: 10.1242/dev.053611
PMID: 21041367

43. Stone MC, Albertson RM, Chen L, Rolls MM. Dendrite injury triggers DLK-independent regeneration.
Cell reports. 2014; 6(2):247–53. PubMed Central PMCID: PMC3954604. doi: 10.1016/j.celrep.2013.12.
022 PMID: 24412365

44. Massaro CM, Pielage J, Davis GW. Molecular mechanisms that enhance synapse stability despite per-
sistent disruption of the spectrin/ankyrin/microtubule cytoskeleton. The Journal of cell biology. 2009;
187(1):101–17. Epub 2009/10/07. PubMed Central PMCID: PMC2762090. doi: 10.1083/jcb.
200903166 PMID: 19805631

45. Soares HD, Chen SC, Morgan JI. Differential and prolonged expression of Fos-lacZ and Jun-lacZ in
neurons, glia, and muscle following sciatic nerve damage. Experimental neurology. 2001; 167(1):1–14.
doi: 10.1006/exnr.2000.7558 PMID: 11161588

Turning off Neuroprotection to Regenerate Axons

PLOSGenetics | DOI:10.1371/journal.pgen.1006503 December 6, 2016 24 / 25

http://dx.doi.org/10.1016/j.devcel.2007.11.019
http://www.ncbi.nlm.nih.gov/pubmed/18267088
http://dx.doi.org/10.1038/nature03316
http://www.ncbi.nlm.nih.gov/pubmed/15716954
http://www.ncbi.nlm.nih.gov/pubmed/14704173
http://dx.doi.org/10.1038/sj.cdd.4401920
http://www.ncbi.nlm.nih.gov/pubmed/16645642
http://dx.doi.org/10.1083/jcb.201303144
http://www.ncbi.nlm.nih.gov/pubmed/24862573
http://dx.doi.org/10.1038/nature06721
http://www.ncbi.nlm.nih.gov/pubmed/18344983
http://dx.doi.org/10.1093/hmg/ddr449
http://www.ncbi.nlm.nih.gov/pubmed/21965302
http://dx.doi.org/10.1016/j.mcn.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21596138
http://dx.doi.org/10.1371/journal.pbio.0040416
http://dx.doi.org/10.1371/journal.pbio.0040416
http://www.ncbi.nlm.nih.gov/pubmed/17132048
http://dx.doi.org/10.1091/mbc.E09-11-0967
http://www.ncbi.nlm.nih.gov/pubmed/20053676
http://dx.doi.org/10.1016/j.neuron.2006.04.028
http://www.ncbi.nlm.nih.gov/pubmed/16772169
http://dx.doi.org/10.1146/annurev-neuro-060909-153248
http://www.ncbi.nlm.nih.gov/pubmed/20345246
http://www.ncbi.nlm.nih.gov/pubmed/2271939
http://dx.doi.org/10.1002/cne.903330310
http://www.ncbi.nlm.nih.gov/pubmed/8349851
http://dx.doi.org/10.1242/dev.053611
http://www.ncbi.nlm.nih.gov/pubmed/21041367
http://dx.doi.org/10.1016/j.celrep.2013.12.022
http://dx.doi.org/10.1016/j.celrep.2013.12.022
http://www.ncbi.nlm.nih.gov/pubmed/24412365
http://dx.doi.org/10.1083/jcb.200903166
http://dx.doi.org/10.1083/jcb.200903166
http://www.ncbi.nlm.nih.gov/pubmed/19805631
http://dx.doi.org/10.1006/exnr.2000.7558
http://www.ncbi.nlm.nih.gov/pubmed/11161588


46. Ben-Yaakov K, Dagan SY, Segal-Ruder Y, ShalemO, Vuppalanchi D, Willis DE, et al. Axonal transcrip-
tion factors signal retrogradely in lesioned peripheral nerve. The EMBO journal. 2012. Epub 2012/01/
17.

47. Pinan-Lucarre B, Gabel CV, Reina CP, Hulme SE, Shevkoplyas SS, Slone RD, et al. The core apoptotic
executioner proteins CED-3 and CED-4 promote initiation of neuronal regeneration in Caenorhabditis
elegans. PLoS biology. 2012; 10(5):e1001331. PubMed Central PMCID: PMC3358320. doi: 10.1371/
journal.pbio.1001331 PMID: 22629231

48. Barrientos SA, Martinez NW, Yoo S, Jara JS, Zamorano S, Hetz C, et al. Axonal degeneration is medi-
ated by the mitochondrial permeability transition pore. The Journal of neuroscience: the official journal
of the Society for Neuroscience. 2011; 31(3):966–78.

49. Grohm J, Kim SW, Mamrak U, Tobaben S, Cassidy-Stone A, Nunnari J, et al. Inhibition of Drp1 provides
neuroprotection in vitro and in vivo. Cell death and differentiation. 2012; 19(9):1446–58. PubMed Cen-
tral PMCID: PMCPMC3422469. doi: 10.1038/cdd.2012.18 PMID: 22388349

50. Ali YO, Li-Kroeger D, Bellen HJ, Zhai RG, Lu HC. NMNATs, evolutionarily conserved neuronal mainte-
nance factors. Trends in neurosciences. 2013; 36(11):632–40. PubMed Central PMCID: PMC3857727.
doi: 10.1016/j.tins.2013.07.002 PMID: 23968695

51. Araki T, Sasaki Y, Milbrandt J. Increased nuclear NAD biosynthesis and SIRT1 activation prevent axo-
nal degeneration. Science. 2004; 305(5686):1010–3. doi: 10.1126/science.1098014 PMID: 15310905

52. Wang J, Zhai Q, Chen Y, Lin E, GuW, McBurney MW, et al. A local mechanismmediates NAD-depen-
dent protection of axon degeneration. The Journal of cell biology. 2005; 170(3):349–55. PubMed Cen-
tral PMCID: PMC2171458. doi: 10.1083/jcb.200504028 PMID: 16043516

53. Sasaki Y, Araki T, Milbrandt J. Stimulation of nicotinamide adenine dinucleotide biosynthetic pathways
delays axonal degeneration after axotomy. The Journal of neuroscience: the official journal of the Soci-
ety for Neuroscience. 2006; 26(33):8484–91.

54. Di StefanoM, Nascimento-Ferreira I, Orsomando G, Mori V, Gilley J, Brown R, et al. A rise in NAD pre-
cursor nicotinamide mononucleotide (NMN) after injury promotes axon degeneration. Cell death and dif-
ferentiation. 2014.

55. Iijima-Ando K, Hearn SA, Shenton C, Gatt A, Zhao L, Iijima K. Mitochondrial mislocalization underlies
Abeta42-induced neuronal dysfunction in a Drosophila model of Alzheimer’s disease. PLoS One. 2009;
4(12):e8310. doi: 10.1371/journal.pone.0008310 PMID: 20016833

56. McGurk L, Bonini NM. Protein interacting with C kinase (PICK1) is a suppressor of spinocerebellar
ataxia 3-associated neurodegeneration in Drosophila. HumMol Genet. 2012; 21(1):76–84. doi: 10.
1093/hmg/ddr439 PMID: 21949352

57. Dietzl G, Chen D, Schnorrer F, Su KC, Barinova Y, Fellner M, et al. A genome-wide transgenic RNAi
library for conditional gene inactivation in Drosophila. Nature. 2007; 448(7150):151–6. doi: 10.1038/
nature05954 PMID: 17625558

58. Deng H, DodsonMW, Huang H, GuoM. The Parkinson’s disease genes pink1 and parkin promote mito-
chondrial fission and/or inhibit fusion in Drosophila. Proc Natl Acad Sci U S A. 2008; 105(38):14503–8.
doi: 10.1073/pnas.0803998105 PMID: 18799731

59. Collins CA, Wairkar YP, Johnson SL, DiAntonio A. Highwire restrains synaptic growth by attenuating a
MAP kinase signal. Neuron. 2006; 51(1):57–69. Epub 2006/07/04. doi: 10.1016/j.neuron.2006.05.026
PMID: 16815332

Turning off Neuroprotection to Regenerate Axons

PLOSGenetics | DOI:10.1371/journal.pgen.1006503 December 6, 2016 25 / 25

http://dx.doi.org/10.1371/journal.pbio.1001331
http://dx.doi.org/10.1371/journal.pbio.1001331
http://www.ncbi.nlm.nih.gov/pubmed/22629231
http://dx.doi.org/10.1038/cdd.2012.18
http://www.ncbi.nlm.nih.gov/pubmed/22388349
http://dx.doi.org/10.1016/j.tins.2013.07.002
http://www.ncbi.nlm.nih.gov/pubmed/23968695
http://dx.doi.org/10.1126/science.1098014
http://www.ncbi.nlm.nih.gov/pubmed/15310905
http://dx.doi.org/10.1083/jcb.200504028
http://www.ncbi.nlm.nih.gov/pubmed/16043516
http://dx.doi.org/10.1371/journal.pone.0008310
http://www.ncbi.nlm.nih.gov/pubmed/20016833
http://dx.doi.org/10.1093/hmg/ddr439
http://dx.doi.org/10.1093/hmg/ddr439
http://www.ncbi.nlm.nih.gov/pubmed/21949352
http://dx.doi.org/10.1038/nature05954
http://dx.doi.org/10.1038/nature05954
http://www.ncbi.nlm.nih.gov/pubmed/17625558
http://dx.doi.org/10.1073/pnas.0803998105
http://www.ncbi.nlm.nih.gov/pubmed/18799731
http://dx.doi.org/10.1016/j.neuron.2006.05.026
http://www.ncbi.nlm.nih.gov/pubmed/16815332

