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Axon degeneration is a common and often early feature of neurodegeneration that correlates with the clinical
manifestations and progression of neurological disease. Nicotinamide mononucleotide adenylytransferase
(NMNAT) is a neuroprotective factor that delays axon degeneration following injury and in models of neuro-
degenerative diseases suggesting a converging molecular pathway of axon self-destruction. The underlying
mechanisms have been under intense investigation and recent reports suggest a central role for axonal mito-
chondria in both degeneration and NMNAT/WLD® (Wallerian degeneration slow)-mediated protection. We
used dorsal root ganglia (DRG) explants and Drosophila larval motor neurons (MNs) as models to address
the role of mitochondria in Wallerian degeneration (WD). We find that expression of Drosophila NMNAT
delays WD in human DRG neurons demonstrating evolutionary conservation of NMNAT function.
Morphological comparison of mitochondria from WLDS-protected axons demonstrates that mitochondria
shrink post-axotomy, though analysis of complex IV activity suggests that they retain their functional cap-
acity despite this morphological change. To determine whether mitochondria are a critical site of regulation
for WD, we genetically ablated mitochondria from Drosophila MN axons via the mitochondria trafficking pro-
tein milton. Milton loss-of-function did not induce axon degeneration in Drosophila larval MNs, and when axo-
tomized WD proceeded stereotypically in milton distal axons although with a mild, but significant delay.
Remarkably, the protective effects of NVINAT/WLDS were also maintained in axons devoid of mitochondria.
These experiments unveil an axon self-destruction cascade governing WD that is not initiated by axonal mito-
chondria and for the first time illuminate a mitochondria-independent mechanism(s) regulating WD and
NMNAT/WLDS-mediated axon protection.

INTRODUCTION

provide a therapeutic target chronologically upstream of neur-

Neurodegeneration is a hallmark of several inherited and
acquired diseases of the nervous system. Though great atten-
tion in the past has been given to understanding and mitigating
neuron cell body loss in these diseases, efforts at targeting
neuronal death have yielded modest success in preventing or
delaying disease onset (1,2). Often preceding neuronal death,
axon degeneration is a common pathological feature of
many neurodegenerative processes (3), and may therefore

onal loss (4,5). Though formerly believed to be a passive
process, recent observations concerning the highly orche-
strated cascade of molecular events that occur following sep-
aration of an axon from its cell body, known as Wallerian
degeneration’ (WD) (6), suggest axon degeneration is an ac-
tively regulated process akin to, but molecularly distinct
from apoptosis (5,7). Though the precise mechanism(s) gov-
erning axonal self-destruction remain elusive, insights have
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been afforded by the discovery of a naturally occurring mutant
mouse strain in which WD is significantly delayed, the Waller-
ian degeneration slow (WId®) mouse (8,9). The neuroprotec-
tive properties of this strain have been mapped to a chimeric
gene Ube4b/NMNAT producing a fusion, WLD® protein.
Though the precise protective function of WLD® remains con-
troversial (10—13) it is clear that nicotinamide mononucleo-
tide adenylyltransferase (NMNAT) is an important neuronal
maintenance factor (14) and the axon protective moiety of
WLD® (15,16). To date, the mechanisms underlying
NMNAT/WLD-mediated delay of WD are not well under-
stood, however, the role of NMNAT as an NAD™" synthase
has led to the prevailing hypothesis that its axon protective
properties are likely mediated through mitochondria (17).

Mitochondria consume a large proportion of cellular NAD™*
in its reduced form to generate ATP (18). Energy deprivation,
by uncoupling the electron transport chain (ETC) for example,
is sufficient to induce Wallerian-like axon degeneration
(19-21) and depolarization of the mitochondria membrane
potential (MMP) with a precipitous decline in axonal ATP
are early events in degeneration following axotomy (13,22).
Overexpression of NMNAT/WLD? is not only capable of sus-
taining ATP levels and preventing MMP depolarization after
axotomy (13,20,22), but also enhances the basal ATP synthe-
sizing capacity of mitochondria (23). These functional find-
ings, as well as the correlation between axon protection and
the enrichment of WLD® (23) and NMNAT3 (24) with mito-
chondria, suggest that NMNAT/WLD® may exert axon protec-
tion, in part by preventing local energy deprivation (13,20,22).
A recent report has also demonstrated that WLD®-expression
can delay WD potentially through enhanced mitochondria
Ca2+—buffering and motility (25). The ability of NMNAT/
WLDS to prevent energy deprivation and alter the Ca®" hand-
ling dynamics of mitochondria strongly suggests an axon self-
destruction program that converges upon axonal mitochondria.
However, it has yet to be determined whether mitochondria
play a direct role in the sequence of events leading to or
protecting from axon degeneration.

Here, we explore the ability of NMNAT/WLDS to preserve
axonal mitochondria following axotomy, and directly address
whether axonal mitochondria are required for axon-protection
using WD as a model of axon degeneration. Using dorsal root
ganglia (DRG) explants, we analyzed the ability of NMNAT/
WLD?® to protect mammalian DRG neurons and specifically
axonal mitochondria. Using Drosophila larval motor neurons
(MNs) we determined the requirement of axonal mitochondria
for the initiation of WD and NMNAT/WLD®-mediated delay
of WD. Our results unveil an axon self-destruction cascade
not initiated by axonal mitochondria and a mitochondria-
independent mechanism(s) regulating both Wallerian degener-
ation and NMNAT/WLD”-mediated axon protection.

RESULTS

Characterization of mitochondria in WLDS-protected
axons

As changes in mitochondria morphology and function are
early events in axotomy-induced axon degeneration and neu-
rodegenerative diseases (17), we utilized a mammalian

embryonic DRG explant model of WD (10) (Fig. 1 A) to docu-
ment mitochondria morphology and function, specifically in
NMNAT/WLD®-expressing axons. Using lentiviral vector-
mediated transduction, we found that mRFP-tagged Drosoph-
ila melanogaster NMNAT (DmNMNAT) and mCherry-tagged
WLD?® delayed WD in DRG explants derived from either rat
or human embryos compared with mCherry expressing
control cultures (Fig. 1A, Supplementary Material, Fig. S1).
Notably, WD in human DRG cultures was rapid, with axon
fragmentation complete as early as 5h post-axotomy com-
pared with rat DRG in which fragmentation was observed
within 24 h (Supplementary Material, Fig. S1). Despite this
rapid progression, however, both DmNMNAT and WLDS
were capable of delaying WD in human DRG axons through
48 h (Fig. 1A, Supplementary Material, Fig. S1), highlighting
the efficacy and evolutionary conservation of this axon-
protective mechanism (26). We also assayed the axon protect-
ive efficacy of other WLD® and NMNAT transgenes in rat
DRG axons, including a WLD® nuclear localization mutant
(WLDS NSy and Homo sapiens NMNAT1 (HsNMNATI)
and HsNMNAT3. We found that both WLDS “N'S and
HsNMNATS3 significantly delayed WD through 72 h, similar
to that of DmNMNAT and WLDS, while HsNMNATI
delayed degeneration of ~50% of rat DRG axons through
24 h (Fig. 1B, Supplementary Material, Fig. S1), consistent
with previous reports demonstrating that NMNAT-mediated
axon protection occurs via a local mechanism within the
axon inasmuch as HsNMNATI1 is enriched in the nucleus
(27,28). WLD® (23,25) and HsNMNAT3 (24) have
reported mitochondria localization, and we have observed
DmNMNAT to be distributed throughout the cytoplasm of
Drosophila neurons (14). The potent axon protective efficacy
of WLD® and HsSNMNAT?3 and their localization to mitochon-
dria further suggest that mitochondria might be a critical sub-
cellular locale for axon protection.

We next examined whether axonal mitochondria undergo
morphological or functional changes in WLDS-expressing rat
DRG axons following axotomy. Using electron microscopy
(EM), we found that WLD® expression had no impact on mito-
chondria morphology (Fig. 1C1 and D2). In WLDS-protected
axons, mitochondria fell into two morphological classes after
axotomy: those that maintained their morphology, but were
shorter in length compared with those in uninjured axons
(Fig. 1E2, F2 and G2), and those that were round, short and
electron-dense, most likely representing degenerating mito-
chondria (Fig. 1E3). A decrease in median mitochondria
length was observed as early as 24 h post-axotomy and this
shorter length persisted through 120 h (Fig. 1H and Supple-
mentary Material, Fig. S2). Kolmogorov—Smirnov (K-S)
analysis of the distribution of mitochondria lengths revealed
no significant difference between WT and WLD? expressing
uncut axons (K-S P-value = 0.80976; significance level
a>0.01) (Fig. 1H and Supplementary Material, Fig. S1C).
While there was no significant difference in the median mito-
chondria length in WLD® protected axons among 24, 72 and
120 h (Supplementary Material, Fig. S1B), the distribution
of mitochondria length differed in WLDS expressing axons
at 24 h after axotomy from that in WLD® uncut axons (K—S
P =0.000207, significance level a < 0.2), after which the dis-
tribution in WLD® expressing axons at 72 or 120 h was found
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Figure 1. WLD® preserves complex IV activity, but not mitochondria morphology in axotomized DRG axons. (A) E15.5 rat and GW 8—8.5 human DRG
explants 7 days in vitro extend neurofilament-medium positive (NF-M) axons radially from explant heads (white outline) containing Isletl/2-positive (red)
sensory neuron cell bodies. Axotomy is performed via a circumferential cut and removal of the explant head. Scale bar, 500 wm for human and rat immuno-
fluorescence micrographs. Wallerian degeneration of human and rat DRG explant axons was assayed morphologically in phase-contrast micrographs (right
panels). Overexpression of RFP-tagged D. melanogaster NMNAT (mRFP-DmNMNAT) and mCherry-tagged WLD® (mCh-WLDS) delayed fragmentation of
human (top panels) and rat (bottom panels) DRG axons 5 and 24 h post-axotomy, respectively. Scale bar, 100 pm for human and 50 pm for rat phase-contrast
micrographs. (B) Quantification of axon protection in rat DRG axons expressing NMINAT and WLD® fusion proteins 24, 48 and 72 h post-axotomy. n > 3 DRG
for each transgene and timepoint. (C—G) Representative electron micrographs of DRG explant axons from non-axotomized controls (C) and mCh
WLDS-expressing cultures prior to (D), 24 h (E), 72 h (F) and 120 h (G) after axotomy. Mitochondria within non-axotomized control and WLDS axons exhibited
an elongated, spindle-like morphology with organized cristac (C2 and D2, asterisks); no difference in mitochondria morphology was observed between
WLDS-expressing and control cultures. Following axotomy, mitochondria either maintained their spindle shape—though were shorter than non-axotomized con-
trols (E2, F2 and G2, white arrowheads)—or became rounded and electron-dense (black arrowheads) (E3, F2 and G2). Bottom panels are magnified view of
boxed area in the panel above. (H) Frequency histogram of mitochondria length in non-axotomized and axotomized DRG axons. Total number of mitochondria
quantified per group: control, 495; WLDS, 496; WLDS, 24 h, 375; WLDS, 72 h, 214; WLDS, 120 h, 169. The distribution of mitochondria from WLD® axons 24 h
post-axotomy is statistically different from WLD®, no axotomy controls at a < 0.2 (K—S P = 0.000207), K-S test (significance results summarized in Supple-
mentary Material, Fig. S1C). Arrow marks the pool of mitochondria that displayed a transient increase at 24 h post-axotomy. (I) Quantification of mitochondria
complex IV activity from axons (Ax) at 10 min, 24, 48 and 72 h post-axotomy as well as the explant heads containing DRG cell bodies (CB) collected at the time
of axotomy. Mean + SEM is shown, n > 3 sample plates per group. Bars with different superscripts are statistically significant at P < 0.05, one-way ANOVA
with Tukey’s multiple comparison post-test.
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to be no different from that of WLDS, uncut axons (K—S P =
0.87075 and 0.71491, respectively; significance level o >
0.01, Supplementary Material, Fig. S1C). The shift in mito-
chondria distribution in WLD® expressing axons at 24 h
after axotomy came from a transient increase in the frequency
of mitochondria with length <0.5 wm (arrow in Fig. 1H),
likely due to the degeneration and clearance of non-WLD®
protected axons in our culture preparations, as lentiviral
vector transduction efficiency is <100%. To further confirm
the finding of reduced mitochondria length, we used time-
lapse fluorescence microscopy and directly observed the
shrinking of mitochondria 30 min post-axotomy (Supplemen-
tary Material, Video S1). These morphological changes in
mitochondria were similar to those observed in both neurode-
generative disease (29,30) and in isolated neurons following
Ca”"-induced activation of the mPTP (31) or excitotoxic
injury (32,33). This reduction in median mitochondria length
might be due to post-axotomy fission events or an un-tethering
of mitochondria from cellular transport machinery (34,35),
either of which could affect mitochondria function (36). We
therefore tested whether these morphological changes also
reflected changes in axonal mitochondria function by assaying
the enzyme activity of the terminal component in the ETC,
cytochrome ¢ oxidase (complex IV), at several timepoints
post-axotomy (Fig. 1I). The specific activity of complex IV
in mitochondria isolated from rat DRG axons was not signifi-
cantly different between acutely axotomized WLDS-
expressing and control axons, though complex IV activity
was significantly greater in mitochondria isolated from
WLD®-expressing DRG cell bodies. Surprisingly, complex
IV activity was preserved in WLDS-expressing axons up to
72 h post-axotomy. Although we do not discard additional
effects of axotomy on overall respiratory chain and oxidative
phosphorylation (OXPHOS) activities, preservation of
complex IV function suggests that axotomy-induced morpho-
logical changes in mitochondria do not necessarily reflect a
change in the amount and function of mitochondria respiratory
enzymes in WLDS-protected axons.

33-853

milton is a loss-of-function milton allele

We next determined whether preservation of mitochondria in
WLD®-expressing axons was responsible for the overall
delay of WD by testing the axon-protective efficacy of
NMNAT and WLD® in mitochondria-devoid axons in vivo.
To accomplish this, we utilized a loss-of-function mutation
in milton, an adaptor protein linking mitochondria and the
kinesin-mediated anterograde transport machinery (37), to
genetically ablate mitochondria from axons in Drosophila.
Here, we used milton®> 7 an allele generated in a previously
reported EMS mutagenesis screen (38) that phenocopies
several reported milton loss-of-function alleles (Supplemen-
tary Material, Fig. S2). In Drosophila, loss of milton is
lethal at the first-instar/early second-instar larvae stage (L1/
L2) (39); our milton™%°? allele was also homozygous lethal
at the L1/L2 stage and failed to complement two previously
reported milton alleles (milt®” and P{lacW}milt“?*’%?%) as well
as several deficiency (Df) alleles containing genomic deletions
spanning the milton gene (Supplementary Material, Fig. S2A).
To further confirm the mitochondria trafficking defect in

milton®*%%3-mutant neurons, we examined the distribution of

mitochondria by expressing the label mitoGFP under the
motor neuron-specific D42-Gal4 driver (D42-Gal4>-
UAS-mitoGFP) in live (non-fixed) homozygous milton®> %
L2 larvae. As shown in Supplementary Material, Figure S2B,
mitoGFP signal was excluded from homozygous mutant MN
axons and dendrites, in contrast to heterozygous controls, dem-
onstrating the loss of anterograde mitochondria transport
in these mutant neurons. These results demonstrate that
milton™ %% is a loss-of-function allele of milton.

milton®>*% results in the early loss of adult Drosophila

olfactory receptor neurons that cannot be rescued
by WLD*®

To test the axon-protective efficacy of NMNAT/WLD® in the
milton mutant neurons, we first employed a well-established
antenna transection model to study WD of olfactory receptor
neurons (ORNS) in adult Drosophila (Fig. 2A) (15,40). We
used eyeless-flippase (eyFLP)-mediated mitotic recombination
to generate homozygous milton>>*>3 ORNs in the background
of a heterozygous adult fly (41) and used Or22a-Gal4-driven
mCDS8-GFP to label the ORNs that project axons to the
dorsomedial-2 (DM2) glomeruli of the midbrain antenna
lobe (AL). Surprisingly, we found that milfon resulted in the
loss of Or22a ORN cell bodies and axons from the antennae
of adult flies by 10 h post-eclosion (Fig. 2B). In the brain,
we also noticed a complete loss of mCD8-GFP labeling in
the DM2 glomeruli as well as gross anatomical defects of
the AL in which individual glomeruli were poorly formed,
or absent, as revealed by anti-bruchpilot (nc82) staining
(Fig. 2C). This early loss of ORN neurons and lack of
defined AL glomeruli suggest that milton and/or axonal mito-
chondria are likely required for the development of these
sensory neurons, inasmuch as ORN precursor axons are tar-
geted to the AL between 18 and 32 h after puparium formation
(APF) (42). Overexpression of WLD® did not mitigate the loss
of ORN or the anatomical defects caused by milton’ "3
(Fig. 2), indicating that the developmental defects associated
with the loss of axonal mitochondria are regulated by a mech-
anism that is distinct from that of axon degeneration sup-
pressed by WLDS. Interestingly, it has been demonstrated in
both mammalian and Drosophila systems that degeneration
programs activated during neurodevelopment, such as those
governing axon branch pruning or synapse elimination
(9,43,44) are also likely regulated by mechanisms distinct
from that which occur pathologically in a mature nervous
system. These physiological degeneration programs are also
unaffected by the expression of WLDS, as the nervous
system in these animals develop without exuberant or super-
numerary connections (9,43,44). The regulation of develop-
mental axon elimination is therefore likely regulated by a
pathway distinct from pathological, WLD®-sensitive, axon de-
generation. Our findings of milton-induced loss of ORNs dem-
onstrate a potentially novel role of milton and mitochondria in
the development of this sensory neuron population, the aberra-
tion of which was not rescued by WLD”. These results are
similar to recent findings in adult Drosophila wing chemosen-
sory neurons, where WLD® was unable to rescue the die-back
degeneration of axons induced by RNAi-mediated knockdown
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UAS-WLD®

Figure 2. WLD® prevents degeneration of axotomized ORN axons but fails to rescue milfon-induced loss of ORNs. (A) Confocal projections of whole-mount
adult fly brains (1-2 days after eclosion). Or22a-Gal4-driven expression of mCD8-GFP illuminates ORN axons (whlte arrows). Five days following transection
of the left antenna, ORN axons underwent Wallerian degeneration that was suppressed by the expression of WLDS, as has been previously reported (40). (B)
Confocal projections of whole-mount antennae with heterozygous (control), homozygous milton, and homozygous mzlton WLDS-expressing ORNs from adult
flies <10 h after eclosion. mCD8-GFP labeled ORN cell bodies (white arrows) and axons are present in the antennae of control flies (left panel) while ORNs
were absent from homozygous milton antennae (middle panel). Furthermore, milton-induced ORN loss was not suppressed by the expression of WLD® (right
panel). (C) Confocal projections of whole-mount brains revealed gross anatomical defects in the organization of antenna lobe (AL) neuropil (nc82, white outline)

that included the loss of defined glomeruli in milton™
inset in (B).

of milton (45). While an interesting avenue for future investi-
gations, the loss of ORNs induced by milton precluded the use
of ORNSs as a model for investigating the role of mltochondrla
in the regulation and delay of WD by NMNAT/WLD? in these
studies.

milton®** Drosophila 1arva motor neurons develop
normally

We therefore sought to identify a neuron population where dif-
ferentiation and development are not affected by mitochondria
mislocalization, to enable our study of WD in axons devoid of
mitochondria. As the development of MNs is unaffected by

3833 and WLDS-expressing milton®>*>3 ORN flies. Scale bars, 50 wm for (A), (B) and (C), and 25 pm for

the loss of milton (Supplementary Material, Fig. S3A) (39),
we used this neuron population to employ an in vivo segmental
nerve crush model of WD (46). Here, we used the mosaic ana-
lysis with a repressible cell marker (MARCM) method to
generate single MN ‘MARCM clones’ that were either wild-
type (FRT40A4 iso) or homozygous for milton (FRT40A
milton””*%) in the background of a heterozygous larva (47).
This strategy had several advantages including: (ii) bypassing
the early lethality of milton in the whole organism; (ii) afford-
ing single MN resolution in the morphological analysis of
degenerating axons; and (iii) allowing chromosomal recom-
bination with UAS-transgenes to overexpress cell markers,
mitochondria labels and NMNAT proteins in both wild-type
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and milton MN backgrounds. To test the feasibility of this
approach, we first generated milton®>*3 MN clones that
expressed mCD8-GFP under the pan-neuronal driver
C155-Gal4 (C155-Gal>UAS-mCDS-GFP). Similar to wild-
type MNs, we found that milton® > MNs developed cell
bodies, dendrites and axons traceable to synapses at neuromus-
cular junctions (NMlJs) (Supplementary Material, Fig. S3A).
In late third-instar larvae (L3), milton®>*® MNs did not
exhibit morphological signs of die-back degeneration such as
retraction from NMJs or retrograde fragmentation of the
distal axon. Wild-type and milton® >3 MNs both displayed
smooth, continuous mCD8-GFP™ axons often punctuated by
focal varicosities throughout their uninjured length (Supple-
mentary Material, Fig. S3A, insets). While focal axonal swel-
ling has been associated with axon damage (48), we believe
varicosities here are representative of normal axon morph-
ology, as they were commonly observed in both wild-type
and milton> >3 MNs (49), and are likely the result of transient
accumulations of organelles or other transported material.
These experiments confirm that loss of milton had no detri-
mental effects on the development of MNs, and that milton
MNss display normal axon and synaptic morphology.

We next tested whether milton MN clones exhibited the
same mitochondria localization defect as MNs from homozy-
gous milton’> 3 larvae (Supplementary Material, Fig. S2B).
Here, we generated MNs that expressed the cell label
mCDS8-RFP as well as the mitochondria label mitoGFP
under the D42-Gal4 driver (D42-Gal4>UAS-mCDS8-RFP,
UAS-mitoGFP) (Fig. 3). MitoGFP was observed in the cell
bodies (Fig. 3A, arrows), dendritic fields and axons (Fig. 3A
and B, arrowheads) of wild-type MNs, while mitoGFP in
milton®> %3 MNs was restricted to cell bodies (Fig. 3C) and
not observed in distal axons (Fig. 3D) or NMJs (data not
shown). These results confirmed that anterograde trafﬁckin%
of mitochondria was defective specifically in milton®>®
MNs. Furthermore, overexpression of UAS-DmNMNAT
did not rescue the mitochondria localization defect in
milton®> %> MNs (Fig. 3E and F). Collectively, these results
indicate that axonal mitochondria are not required for proper
morphological development of larvae MNs, and that gener-
ation of milton MNs via MARCM was suitable for further
investigating the role of mitochondria in WD in vivo.

Wallerian degeneration is mildly delayed in milton® >

motor neurons

The ability to generate morphologically intact wild-type and
milton®> % MN clones allowed us to use a tractable larvae
nerve crush model of in vivo axotomy (46). Early L3 larvae
containing mCD8-GFP labeled MNs were anesthetized on
CO, and pinched around the ventral cuticle resulting in a
nerve crush injury of segmental nerves distal to the ventral
nerve cord (Fig. 4A). Horseradish peroxidase (HRP), a Dros-
ophila axon membrane marker (50,51), was used to identify
whole segmental nerves in which single MN axons traverse;
axotomy sites were outlined by a reduction in HRP signal,
which enabled the identification of both proximal and distal
axon segments from an axotomized MN within a crushed,
but still continuous segmental nerve (Fig. 4B and G). To
avoid assessing incompletely transected axons, we considered

a crush injury successful if a clear gap in mCD8-GFP signal
>25 pm between the proximal and distal axon stumps could
be observed from the resulting axotomy. To better define the
progression of WD in MNs, we established a method for mor-
phologically categorizing axons as either ‘non-degenerated’
(intact) or ‘degenerated’ in this injury model system (Supple-
mentary Material, Fig. S3B). Following axotomy, distal axons
degenerated anterogradely from the site of injury toward the
NMIJ with mCD8-GFP-labeled axons appearing fragmented
as early as 8 h post-crush in both wild-type and milton®*>
MNs (Fig. 4D and H). As WD occurs rapidly and often asyn-
chronously along a distal axon (52), we based our degener-
ation criterion on the fragmentation status of an axon over a
200 wm length of segmental nerve starting 300 pm away
from the severed distal stump; this distance was sufficiently
far from cellular debris and axon fragments resulting from
either the crush itself or acute axon degeneration (AAD) of
the immediate proximal and distal axon stumps (53). Frag-
mented axons were scored by the presence of ‘breaks’
reflected as gaps in mCDS8-GFP signal >1 um in length.
Axons were classified as either (i) ‘continuous’ (non-
degenerated) if they contained <5 breaks or (ii) ‘fragmented’
(degenerated) if they contained >10 breaks (Supplementary
Material, Fig. S3B) over the 200 pm length of segmental
nerve (Fig. 4B). Over the course of this study, we did not
observe any axons with >5 but <10 breaks pre- or post-
axotomy over the 200 wm nerve segment scored. Following
axotomy, we also noted endbulbs (e.g. Figs 4D1 and 3F1)
and supernumerary branching (e.g. Figs 4C1 and 3J1) of the
proximal axon segments, likely indicative of a regenerative re-
sponse (46). WD followed a similar time course for both wild-
type and milton® %> MN axons, with axon continuity being
maintained at 4 h and a heterogeneous population of continu-
ous and fragmented axons appearing 8 h post-crush. WD in
this model follows a biphasic progression similar to that in
mammalian systems, in which axons remain intact over a vari-
able latent phase and rapidly fragment, or ‘catastrophe,” in an
anterograde, segmental wave (52). Interestingly, a signifi-
cantly smaller fraction of milton’*? axons were fragmented
at 8 h post-crush compared with wild-type axons (P < 0.01),
though all milton®**? and wild-type axons were fragmented
by 16 h (Fig. 4K). This observation has two implications.
First, as the absence of mitochondria does not completely
arrest axon degeneration, mitochondria are not absolutely
required to activate a putative injury-induced axon self-
destruction program, despite mitochondria dysfunction being
an early event following axotomy in wild-type axons (17).
Secondly, the mild axon protective effect caused by the exclu-
sion of mitochondria from distal axons at 8 h suggests that
mitochondria dysfunction following injury may contribute in-
crementally to axon self-destruction, expediting the degener-
ation process.

Axonal mitochondria are not required for NMINAT/
WLD®-mediated delay of Wallerian degeneration

To determine whether axonal mitochondria are required for
NMNAT/WLD®-mediated axon protection, we overexpressed
wild-type Drosophila NMNAT (UAS-DmNMNAT), the sub-
strate binding mutant DmNMNAT™® (UAS-DmNMNAT"®,
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Figure 3. milton®* results in a loss of mitochondrial anterograde transport in larva motor neuron MARCM clones. Third-instar larval MN MARCM clones
and their mitochondria were simultaneously labeled by expressing UAS-mCD8-RFP and UAS-mitoGFP under the MN-specific driver D42-Gal4 (D42-Gal4>-
UAS-mCD8-RFP, UAS-mitoGFP). HRP immunostaining was used to highlight far distal segmental nerves containing mCD8 RFP-expressing axons (B, D, F,
~800 wm from the VNC). MitoGFP was distributed throughout the cell body (A, arrows), dendrites, as well as proximal (A, arrowheads) and distal axons
(B) of wild-type MNSs. In milton®**’? MNs, mitoGFP signal was restricted to MN cell bodies (C, arrows) and absent from dendrites and axon (C and D). Over-
expression of DmNMNAT (D42-Gal4> UAS-DmNMNAT) in milton MNs did not suppress the mitochondria trafficking defect, as mitoGFP was also restricted to
cell bodies (E, arrows) and absent from dendrites and axons (E and F). Scale bars, 50 pm in (E) for (A), (C) and (E), 20 pm in El for A1-A3, C1-C3, and

E1-E3, and 10 pm for (B), (D) and (F).

enzymatic activity <1% of wild-type protein2 (14) or WLDS
(UAS-WLD®) in wild-type and milton®*? MN clones.
DmNMNAT and WLD” protected both wild-type and
33-833 axons at 16 h post-crush, a timepoint at which
control wild-type and control milton™*’? axons were com-
pletely degenerated (Fig. 5A—I). We also found that WLD®
delayed WD in wild-type and milton®>*° axons 24 h post-
crush, indicating that the absence of mitochondria from
axons did not reduce the protective efficacy of WLD®
(Fig. 5J). While the requirement for NAD" (10,11) and
NMNAT enzymatic activity for axon protection remains con-
troversial (15,26,54), here DmNMNAT"® was as neuroprotec-
tive as DmNMNAT and WLD® in both wild-type and
milton® % MN backgrounds. These results further suggest
an additional protective mechanism independent of modulat-
ing axonal NAD™ levels and collectively demonstrate that
the axon protection mediated by NMNAT and WLD® follow-
ing injury are not solely dependent upon the presence of mito-
chondria in the axon.

DISCUSSION

In this report, we find that WLD® has the striking ability to
preserve the functional integrity of mitochondria in

axotomized axons despite minor changes in their morphology.
However, our findings that WD proceeds in axons devoid of
mitochondria with a mild delay, compared with that of
axons with mitochondria, suggest the existence of (i) an
axon self-destruction cascade that is not initiated by axonal
mitochondria and (ii) an NMNAT/WLD®-sensitive pathway
of axon self-destruction that operates in parallel with a puta-
tive mitochondria-mediated pathway.

Increase in intra-axonal Ca”" concentration is both neces-
sary and sufficient for the progression of WD (55) and is
likely the initiation signal for axon destruction. Sources of
this Ca®" include channel-mediated influx (56,57) and poten-
tially release from intra-axonal organelles, such as mitochon-
dria (58). The mild delay in axon degeneration observed in
milton axons in this report could be explained by a reduction
in the axonal Ca”" burden post-axotomy, for example as a
result of mPTP-mediated release of mitochondria Ca*"
stores (58). Avery et al. (25) have recently implicated
enhanced Ca®" buffering by axonal mitochondria as a poten-
tial mechanism behind WLD®-mediated delay of WD, with
WLD® capable of preventing the acute rise in intra-axonal
Ca’* following axotomy. While we show that NMNAT/
WLDS are protective in milton axons, it would be interesting
to know if NMNAT/WLD® are also capable of preventing
the rise in intra-axonal Ca®" in this mitochondria-devoid
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Figure 4. Wallerian degeneration in wild-type and milton MN axons. (A) Anatomical schematic of the larvae segmental nerve crush injury model (early
third-instar larvae, 4 h post-crush). Pinching the ventral cuticle with forceps crushed the segmental nerves within a third-instar larva. The crush site was outlined
by a break or reduction in horseradish peroxidase (HRP) labeling in the segmental nerves containing mCD8-GFP (C155-Gal4)-expressing axons from MN
MARCM clones. Proximal and distal MN axons were readily traceable following axotomy, providing a tractable method of assessing single axon morphology
and degeneration in vivo. (B—F) Montage of wild-type proximal, distal and far distal (300—500 wm from crush) axons at 4, 8, 16 and 24 h post-axotomy. The
numbered panels display images of corresponding boxed areas in (B). Distal axon continuity was maintained at 4 h post-crush (B) with fragmentation of
mCD8-GFP signal beginning 8 h post-crush (C and D, arrowheads demarcate mCD8-GFP axon fragments). By 16 h, all axons observed were fragmented
(E) with a significant reduction in mCD8-GFP signal at 24 h (F). (G—J) Montage of milton***>? proximal, distal and far distal axons at 4, 8, 16 and 24 h post-
axotomy. The numbered panels display images of corresponding boxed areas in (G). Wallerian degeneration followed a time course similar to wild-type MNs,
with axon fragmentation beginning 8 h post-crush following a 4 h period of latency and completed by 16 h post-crush (G—H). (K) Morphological quantification
of Wallerian degeneration in (B—J). Axon fragmentation was mildly delayed by milton®> %, with a smaller fraction of fragmented axons observed 8 h post-
axotomy, though all milton®> %% axons were fragmented by 16 h as observed in wild-type controls. n = total number of MNs quantified per timepoint for
each genotype. **P < 0.01, Fisher’s exact test. Scale bars, 100 wm in (A), 50 wm for (B) and (G) and 20 pm in B3 and G3 for B1-F3 and G1-J3.
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Figure 5. DmNMNAT and WLD® delay Wallerian degeneration independent of axonal mitochondria. (A—H) Expression of DmNMNAT, enzymatically inactive
DmNMNATWR and WLD® preserved axon continuity 16 h post-axotomy in wild-type (A—D) and milton®*** (E—H) MN axons. (I and J) Morphological quan-
tification of Wallerian degeneration in (A—H) 16 h (I) and 24 h post-axotomy (J). n = total number of MNs quantified per genotype. Arrowheads in A2—3 and
E2-3 demarcate mCD8-GFP axon fragments. Scale bars, 50 wm in (E) for (A) and (E), and 20 wm in A3 for A1-D3 and in E3 for E1-H3.
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background. Such studies could clarify the potential role for
mitochondria Ca** buffering and might allude to an alterna-
tive mechanism of NMNAT/WLD®-mitigated Ca>" entry.

The ability of NMNAT/WLD? to delay WD in milton motor
axons suggests a protection mechanism that is independent of
axonal mitochondria. In a concurrent study, Ocampo et al. also
demonstrated that NMA1 and NMA2, the yeast homologs of
NMNAT, are protective against cellular toxicity in models
of Huntington’s and Parkinson’s disease in yeast devoid of
mitochondrial DNA and functional OXPHOS pathways (59).
Both studies have used genetic approaches to ablate either
the OXPHOS function of mitochondria (Ocampo et al.) or
the entire organelle (this report), and revealed the capability
of NMNAT proteins to protect against cellular degeneration
without mitochondria-dependent functions. This mechanism
could be consistent with the previously reported chaperone ac-
tivity of DmNMNAT and human NMNATS3 that confer neuro-
protection in models of spinocereballar ataxia 1 (SCA-1) (60)
and fau-induced neurodegeneration (61). In both models,
NMNAT is capable of binding substrate targets (e.g. ataxin
and tau), preventing their aggregation and mitigating their pro-
teotoxicity. Previous studies have demonstrated that inhibition
of the ubiquitin proteasome system can delay WD in both
mammalian and Drosophila models (44,62,63). An exciting hy-
pothesis is that NMNAT/WLD? protect axons by chaperoning
or shielding critical WD substrates from proteolytic degrad-
ation. Further identification of NMNAT chaperone targets
might therefore provide greater insight into its protection as
well as a better understanding of the proteins that regulate WD.

The ability to preserve mitochondria and protect against
degeneration independent of mitochondrial function raises
the possibility of parallel mechanisms of NMNAT/WLDS-
neuroprotection, especially in neurodegenerative disease
linked to mitochondria dysfunction (64). It will be important
to dissect the mitochondria-preserving properties from other
functional roles of NMNAT/WLD?®, the understanding of
which could provide new avenues for therapeutic design in neu-
rodegenerative disease.

MATERIALS AND METHODS
Plasmids and generation of lentiviral particles

The cDNAs for lentiviral vector-mediated transgene expres-
sion were sublconed into the lentiviral transfer vector pLen-
tiMP2  (pRRLsin.PPT.Th.CMV.MCS.Wpre) carrying the
cytomegalovirus (CMV) promoter (65,66). The following
cDNAs were cloned: a monomeric red fluorescent protein
(mRFP) and D. melanogaster NMNAT (mRFP-DmNMNAT)
fusion, mCherry-WLD®, mCherry-WLD® NS mCherry-
Homo  sapiens NMNATI1, mCherry-HsNMNAT3 and
mitoGFP (GFP-cytochrome ¢ oxidase, GFP-COXx).

For lentiviral particle production, we used the four-plasmid
method as described previously (65,66). Lentivirus was con-
centrated by ultracentrifugation at 21 000 rpm and stored at
—80°C in the presence of phosphate-buffered saline (PBS)
and 0.5% bovine serum albumin (BSA). The viral titers
were determined by ELISA for the HIV Gag capsid protein
p24 (Perkin Elmer, Waltham, MA, USA). Viral titers were

exgressed in transducing units (TU) and ranged from 10% to
10" TU/ml.

DRG explant culture, axotomy protocol and quantification
of axon degeneration

Whole DRG explants were dissected aseptically from E15.5
rat or gestation week (GW) 8—8.5 human spinal cord tissue,
rinsed in cold L15 media, and seeded on poly-p-lysine
(0.1 mg/ml in 0.1 M boric acid, pH 8.0) (Sigma-Aldrich, St
Louis, MO, USA) and laminin-coated (5 pg/ml in 0.1 m
PBS) (Sigma-Aldrich) plates. Cells were grown in a culture
medium consisting of Neurobasal, 2% B-27 serum-free sup-
plement, 0.5% GlutaMAX (Gibco), nerve growth factor
(NGF, 10ng/ml) (PeproTech, Rocky Hill, NJ, USA),
neurotrophin-3 (NT-3, 10 ng/ml) (PeproTech) and 1 um
5-fluoro-2'-deoxyuridine (FudR) (Sigma-Aldrich) at 37°C,
5% CO,. One day after plating, cultures were transduced by
adding concentrated lentivirus directly to the culture medium
at a multiplicity of infection of ~100. Media was refreshed
24 h post-transduction and every 2 days thereafter. Transduced
neurons were examined under a fluorescence microscope to
confirm detectable lentiviral-vector mediated transgene ex-
pression. In Figure 1A, rat and human DRG explants were
immunostained using the primary antibodies rabbit anti-islet1/
2 (Developmental Studies Hybridoma Bank, University of
Iowa) 1:1000, mouse anti-neurofilament medium (NF-M)
(EnCore Biotechnologies, Gainesville, FL, USA) 1:200. Goat
anti-rabbit Alexa 594 and goat anti-mouse Alexa 488 (Invitro-
gen Life Technologies) secondary antibodies were used at
1:1000 as well as a nuclear 4',6-diamidino-2-phenylindole
(DAPI, Invitrogen Life Technologies) counter-stain at 1:1000.

For ex vivo axotomy, DRG explants extend axons 1-week
post-transduction at which point axons were severed using
the sharpened end of a glass capillary tube to remove
explant heads containing the neuronal cell bodies. Cultures
were fixed in 4% paraformaldehyde (PFA) in PBS (pH 7.4)
and embedded at various timepoints post-axotomy in
Kaiser’s glycerol gelatin (8% gelatin, 50% glycerol, 1%
carbolic acid). To quantify axon degeneration, phase-contrast
images were taken from >3 random fields per explant
(n > 3 DRG explants per transgene and time point) at a pos-
ition ~800 wm from the axotomy edge. Images were rando-
mized for non-biased analysis. Axons that were fragmented
or exhibited varicosities greater than twice the diameter of
the axon shaft were scored as ‘degenerated’. The fractions
of intact axons per field were determined by dividing the
total number of non-degenerated axons by the total number
of axons in that field.

EM and quantification of mitochondria morphology

For EM analysis, cultures were prepared as described previ-
ously (67). Briefly, DRG explant cultures were fixed in 2%
glutaraldehyde (in 0.1 M phosphate buffer, PB, plus 100 mm
sucrose) overnight at 4°C and post-fixed in 2% osmium tetrox-
ide (in 0.1 m PB) for 1 h at 4°C. Cultures were rinsed with
0.1 M PB and dehydrated in ethanol. Axons were embedded
in EMbed 812 resin (Electron Microscopy Sciences, Hatfield,
PA, USA) and cured overnight at 64°C. Resin blocks were



thin-sectioned at silver/gold thickness, mounted on copper
grids, and stained with uranyl acetate and lead citrate. EM
images were taken using a Philips CM10 electron microscope
at 60 kV. Axons were imaged at a x 5200 magnification for
comparison of mitochondria morphology.

For quantification of axonal mitochondria length, 20 random
EM fields were imaged per grid for each treatment and time-
point. From these 20 micrographs, mitochondria length was
determined in non-degenerated axons based on the following
criteria: (i) an axon was deemed non-degenerated if it had an
intact microtubule network similar to that of uncut controls,
lacked any breaks or discontinuations in the axolemma
besides those due to axons leaving the plane of the image and
contained no axonal swellings or ‘beads’ greater than twice
the diameter of the axon itself; (ii) structures were classified
as mitochondria based on the presence of a double membrane
and a visible mitochondrial matrix/cristae; (iii) structures
lacking a visible mitochondrial matrix but containing a double
membrane otherwise distinguishable from other organelles,
such as multi-vesicular bodies, were counted as mitochondria;
(iv) mitochondria length was determined by measuring the
longest dimension. Statistical analyses were performed by K—
S test for frequency histogram (Fig. 1H and Supplementary Ma-
terial, Fig. S1C) and Kruskal —Wallis test with Dunn’s multiple
comparison post-test for box plots (Supplementary Material,
Fig. S1B).

Live imaging of mitochondria in DRG axons

DRG co-transduced with pLenti-mitoGFP and
mCherry-WLD® ANLS and imaged live 30 min post-axotomy
on an Olympus IX70 inverted microscope using a x60 oil,
1.40 NA objective in a temperature-controlled chamber
(37°C, 5% CO,). Movies were taken over 5 min and recorded
at 40—60 frames per minute.

Cytochrome c¢ oxidase (complex IV) activity assay

To determine the functional state of mitochondria in
WLDS-protected axons, we directly measured the cytochrome
¢ oxidase (COx, Complex IV) activity from WLD®-infected
DRG explants 10 min, 24, 48 and 72h post-axotomy.
Complex IV activity was determined spectrophotometrically
as the decrease in absorbance at 550 nm resulting from the
oxidation of reduced cytochrome ¢ (68). Cell bodies (explant
heads) and axons from DRG explants were collected in
40 pl of phosphate buffered saline (PBS, pH 7.4) and snap
frozen in liquid nitrogen. Fifteen DRG explants were used
per experiment (n > 3 experiments per group). To disrupt
cell membranes, samples underwent three freeze/thaw cycles
followed by the addition of 2.5 mm lauryl maltoside to per-
meablize outer mitochondrial membranes. To measure
Complex IV activity, samples were subsequently added to a
1 ml solution containing 10 mm KH2PO4 (pH 6.5), 0.25 M
sucrose, 1 mg/ml BSA and 10 pMm of reduced cytochrome ¢
and the absorbance was immediately recorded for 1 min.
Complex IV specific activity was expressed as the pmoles
of cytochrome ¢ oxidized/min/pg of total protein and calcu-
lated by the equation:
AAbs/min x 1/ & x 1/(ug of total protein),
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where & = 18.5, the mm extinction coefficient for cyto-
chrome c. Total sample protein was determined using the
CBQCA fluorescent protein quantitation kit following the
manufacturer’s protocol (Invitrogen Life Technologies, Carls-
bad, CA, USA). Statistical analysis was performed by one-way
analysis of variance (ANOVA) with Tukey’s multiple com-
parison post-test.

Drosophila stocks and complementation assay

All  Drosophila stock strains were maintained on a
cornmeal-molasses-yeast media at room temperature (~22°C)
with 60—65% ambient humidity. The following Drosophila
strains were used in these studies: ,;;Or22a-Gal4, UAS-mCDS-
GFP, P{lacWimil*"*’"  Df(2L)BSC291, Df(2L)ED441 and
Df{2L)spd’ were obtained from Bloomington Drosophila Stock
Center (University of Indiana, Bloomington, IN, USA). AsFLP,
UAS-mCDS8-RFP; FRT40A tub-Gal80/CyO was obtained from
Dr Jay Parrish, PhD (Department of Biology, University of Wash-
ington). ;;D42-Gal4, UAS-mitoGFP and FRT404 milton®>%%
was obtained from Dr Hugo J. Bellen, DVM, PhD (Duncan
Neurological Research Institute, Baylor College of Medicine).
FRT40A4 milton®’/CyO, y+ was obtained from Dr Thomas
Schwarz (Children’s Hospital, Harvard Medical School).
UAS-WLD" was obtained from Dr Marc R. Freeman (Department
of Neurobiology, University of Massachusetts Medical School).
eyFLP; FRT40A cI w'/CyO, UAS-DmNMNAT (wild-type
Drosophila NMNAT) and UAS-DinNMNAT"® (< 1% enzymatic
activity) strains were generated in the laboratory and have been
reported elsewhere (14).

To visualize wild-type and milton adult ORNs or larvae
MNs and at the same time overexpress DmNMNAT,
DmNMNATWYR, WLDS or mitoGFP, we generated the follow-
ing strains by recombination using the stocks listed above:

eyFLP; FRT404 cI” w"/CyO; Or22a-Gal4/TM6, Th, Hu
FRT404 iso/CyO; UAS-DmNMNAT

FRT404 iso/CyO; UAS-DmNMNAT"®

FRT404 iso/CyQ; UAS-WLD®

FRT40A4 milton®>%73/CyO; UAS-DmNMNAT

FRT404 milton®>7/Cy0; UAS- DmNMNAT"®
FRT404 milton®>*7/Cy0; UAS- WLD®

FRT40A4 milton’*3/Cy0; D42-Gal4, UAS-mitoGFP

‘MARCM set’:

hsFLP, C155-Gal4,UAS-mCDS8-GFP; FRT40A4 tub-Gal80/
CyO

‘MARCM set’:

hsFLP,  UAS-mCD8-RFP;
D42-Gal4, UAS-mitoGFP
eyFLP; FRT40A4 cI w+/CyO,' Or22a-Gal4/TM6, Tb, Hu
FRT404 iso/CyO; UAS-DmNMNAT

FRT404 iso/CyO; UAS-DmNMNAT"®

FRT404 iso/CyQ; UAS-WLD®

FRT404 milton® 5% /Cy0; UAS-DmNMNAT

FRT404 milton’> %7 /Cy0; UAS- DmNMNAT"®
FRT404 milton®>*3/Cy0; UAS- WLD®

FRT40A4 milton®*7/Cy0; D42-Gal4, UAS-mitoGFP

FRT404  tub-Gal80/CyO;
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The milton*®>* allele used in this study was generated in a

previously reported EMS mutagenesis screen (38). To charac-
terize this loss-of-function allele and ensure that the larval le-
thality and mitochondria trafficking defects were not the result
of a second-site mutagenesis hit, we performed lethality-based
complementation mapping using a previously reported larvae
lethal milton® allele (39), the loss-of-function p-element in-
sertion line P{lacWmilt“’*’%?, and the deficiency lines
Df(2L)BSC291, Df(2L)ED441, and Df{2L)spd’ containing
genomic deletions spanning the milton gene (Bloomington
Stock Center Deletion Project) (Supplementary Material,
Fig. S3A). milton®>*3/CyO flies were crossed with each of
these flies and lethality was determined by counting the
number of non-balanced progeny flies following eclosion.
milton®> 7 failed to complement all alleles and Df lines
tested.

Imaging of live (non-fixed) whole Drosophila larvae

Early second-instar larvac were mounted alive on a micro-
scope slide using double-sided tape, immersed in glycerol,
and immobilized with a coverslip so that the ventral side of
larvae was facing up. Confocal microscopy was performed
through the cuticle to image the distribution of mitoGFP
signal in the nervous system of control and homozygous
milton™ %% larvae (D42-Gal4> UAS-mitoGFP).

Generation of single MN mosaic analysis with a repressible
cell marker (MARCM) clones

MARCM set flies were crossed with flies previously generated
containing either a wild-type chromosome (FRT40A iso) or a
milton allele (FRT40A milton®>**%). Embryos from this cross
were collected and heat shocked at 38°C for 1 h, 3—5 h after
egg laying. Larvae are allowed to mature at 25°C until early
L3 at which point a nerve crush was performed.

Larvae nerve crush protocol and quantification of axon
degeneration

To axotomize MN MARCM clones, a larvae nerve crush
injury was performed as described previously (46). Briefly,
early third-instar larvae were sorted using a fluorescence
stereomicroscope and those larvae containing mCD8-GFP™*
MARCM clones were briefly anesthetized on a CO, pad.
The ventral nerve cord (VNC) and segmental nerves were
visualized through the translucent cuticle under a standard dis-
section stereomicroscope and the segmental nerves were
crushed by pinching around the cuticle for 5s using a
Dumont number 5 forceps (Fine Science Tools, Foster City,
CA, USA). Larvae were transferred to grape juice plates
with yeast paste and maintained at 25°C until dissection.
Axon degeneration was quantitatively assessed by morpho-
logical categorization following nerve crush injury. Larvae
were immunostained following dissection with the Drosophila
axon membrane marker HRP (50,51) to trace proximal and
distal axons of mCD8-GFP™ MN MARCM clones from
their cell body of origin to their NMJ within segmental
nerves. A successful axotomy contained a clear gap in
mCD8-GFP signal >25 um between proximal and distal

axons. Axon degeneration status was scored in a 200 pm
segment of distal axon starting ~300 pm away from the start
of the distal axon segment. Distal axons were categorized as
either ‘continuous’ (non-degenerated) or ‘fragmented’ (degen-
erated) based on the presence of ‘breaks’ in mCDS8-GFP
signal >1 wm in length; axons were considered fragmented if
they contained >10 breaks, and continuous if they contained
<5 breaks. As varicosities were a feature common to both unin-
jured wild-type and milton axons, this morphological character-
istic was not used in classifying WD in this model system. As the
pan-neuronal driver C155-Gal4 was used to label individual
clones, the following criteria were established to qualify distal
axons for scoring following axotomy: (i) distal axons of MNs
were identified by locating their proximal axons within the
same HRP" segmental nerve and tracing them back to a cell
body within the VNC,; (ii) for ‘mixed’ segmental nerves which
contained mCD8-GFP™ axons from both motor and sensory
neuron clones, distal MN axons were scored only if they could
be distinguished from sensory neurons by tracing proximal
sensory neuron axons to a cell body in the larvae body wall;
(i) segmental nerves containing axons from >5 MN clones
were excluded from scoring owing to the difficulty in distin-
guishing the degeneration status of individual distal axons in
these nerves; and (iv) axons from multiple MNs that traversed
a segmental nerve as a single axon fascicle were scored as a
single axon. Randomized confocal micrographs of distal
axons were scored by an observer blinded to genotype and time-
point post-axotomy. The fraction of fragmented and continuous
axons was organized into a contingency table and statistical ana-
lysis was performed by Fisher’s exact test.

Antenna nerve transection

Axotomy of ORNs was performed as described previously
(15). One week after eclosion, flies were briefly anesthetized
on CO, and the third segment of the antennae was transected
using SuperFine Vannas scissors (World Precision Instru-
ments, Sarasota, FL, USA). Post-axotomy, flies were returned
to food vials and maintained at room temperature until dissec-
tion.

Dissection and immunolabeling

Larvae filet preparations and adult fly brains were dissected in
ice cold phosphate-buffered saline (PBS) and fixed for 20 min
in 4% formaldehyde (pH 7.4) diluted in PBS. Fixative was
removed and larvae/brains were washed/permeablized x3
with 0.4% Triton X-100 (Sigma-Aldrich) in PBS (PBST).
Primary antibodies were diluted in 5% normal goat
serum (NGS)/PBST and used at the following dilutions: rabbit
anti-HRP (Jackson Immunoresearch) 1:1000; mouse anti-nc82
(Developmental Studies Hybridoma Bank, University of
Towa) 1:200. Tissues were incubated in primary antibody over-
night at 4°C, washed x 3 with PBST and incubated in secondary
antibody for 1h at room temperature. Goat anti-rabbit
or goat-anti-mouse Alexa 637 (Invitrogen Life Technologies)
secondary antibodies were used at 1:200. Nuclear 4',6-
diamidino-2-phenylindole (DAPI, Invitrogen Life Technolo-
gies) counter-stain was used at 1:1000. Tissues were washed
x 3 with PBST following incubation in secondary antibodies
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and mounted on microscope slides in Vectashield Mounting
Medium for Fluorescence (Vector Laboratories, Burlingame,
CA, USA).

Confocal microscopy

Images from fluorescently labeled specimens were captured on
an Olympus IX81 confocal microscope using an Olympus
PlanApo N 60x/1.42 NA oil-immersion objective. Images
were processed using FluoView10-ASW (Olympus, Tokyo,
Japan) and Adobe Photoshop CS5 (Adobe Systems, San
Jose, CA, USA).

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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