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Summary

Axon pruning by degeneration remodels exuberant

axonal connections and is widely required for the de-
velopment of proper circuitry in the nervous system

from insects to mammals. Developmental axon degen-
eration morphologically resembles injury-induced

Wallerian degeneration, suggesting similar underly-
ing mechanisms. As previously reported for mice, we

show that Wlds protein substantially delays Wallerian
degeneration in flies. Surprisingly, Wlds has no effect

on naturally occurring developmental axon degenera-
tion in flies or mice, although it protects against injury-

induced degeneration of the same axons at the same
developmental age. By contrast, the ubiquitin-protea-

some system is intrinsically required for both develop-
mental and injury-induced axon degeneration. We also

show that the glial cell surface receptor Draper is re-
quired for efficient clearance of axon fragments during

developmental axon degeneration, similar to its func-
tion in injury-induced degeneration. Thus, mechanisti-

cally, naturally occurring developmental axon pruning
by degeneration and injury-induced axon degenera-

tion differ significantly in early steps, but may con-

verge onto a common execution pathway.

Introduction

Selective pruning of exuberant axons and axon
branches occurs widely from insects to mammals and
plays an essential role in the proper wiring of the nervous
system (Luo and O’Leary, 2005). A major form of devel-
opmental axon pruning occurs via degeneration, quali-
tatively characterized by axon fragmentation and the
subsequent removal of fragments by other cells. Axon
degeneration was first reported in the large-scale re-
modeling of the retinotopic map in the optic tectum/
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superior colliculus (SC) (Nakamura and O’Leary, 1989).
Recently, pruning of Drosophila mushroom body (MB)
g neuron axons was also demonstrated to occur via de-
generation, as shown by axon fragmentation and glial
engulfment of axon fragments (Watts et al., 2003, 2004;
Awasaki and Ito, 2004). Developmental axon pruning
can also be achieved by a distal-to-proximal retraction
of the axon. Axon retraction is used in the stereotyped
pruning of the infrapyramidal bundle of hippocampal
mossy fibers (Bagri et al., 2003; Liu et al., 2005), and
has been directly observed for short branches of Cajal-
Retzius and thalamocortical axons in the developing ce-
rebral cortex (Portera-Cailliau et al., 2005). In the same
study, pruning of long branches of thalamocortical
axons was found to occur via degeneration, supporting
the general trend that pruning of long portions of primary
axons or their collateral branches occurs via degen-
eration (Luo and O’Leary, 2005). Additionally, synapse
elimination at the developing neuromuscular junction
in mammals occurs via an ‘‘axosome shedding’’ mecha-
nism: motor axon terminals appear to undergo a distal-
to-proximal retraction, but shed membrane-enclosed
axosomes at the distal ends, which are engulfed by sur-
rounding Schwann cells (Bishop et al., 2004). Thus, al-
though multiple mechanisms exist, axon degeneration
is commonly used for developmental pruning, particu-
larly for longer axon segments.

Axon degeneration during developmental pruning in
flies and mammals occurs within a short period of time
along the entire length of the axon segments to be
pruned (Nakamura and O’Leary, 1989; Watts et al.,
2003; Portera-Cailliau et al., 2005). This resembles frag-
mentation of distal axons in response to axon severing,
a process known as Wallerian degeneration (Waller,
1850). Wallerian degeneration is characterized by the
rapid breakdown of the cytoskeleton and fragmentation
along the entire length of axon segments distal to the in-
jury, usually occurring after a variable waiting period af-
ter the initial insult (Griffin et al., 1995). Indeed, the pro-
gression of axonal fragmentation occurs with such
rapidity that most axons appear either fully intact or
completely fragmented at a given time postinjury (Beir-
owski et al., 2005). Axon fragmentation is followed by
a series of responses from surrounding cells, including
recruitment of microglia and macrophages to the sev-
ered axons (Griffin et al., 1995). These morphological
similarities between axon degeneration during develop-
mental pruning and after injury raise the possibility that
they share similar mechanisms (Raff et al., 2002).

Studies of Wallerian degeneration slow (Wlds) mice
have provided major mechanistic insights into Wallerian
degeneration. Compared to the rapid degeneration of
severed axons within days in wild-type (wt) mice, Wlds

mice exhibit much slower Wallerian degeneration: distal
parts of severed axons persist for one to two weeks
without obvious signs of fragmentation (Lunn et al.,
1989). Wlds is a dominant mutation resulting in the over-
expression of a fusion protein of the first 70 amino
acids of UFD2/E4, an evolutionarily conserved protein
used in protein polyubiquitination, and the full-length
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nicotinamide mononucleotide adenylyltransferase
(Nmnat), an enzyme that facilitates NAD synthesis
(Conforti et al., 2000). The effect of Wlds is autonomous
to injured neurons (Glass et al., 1993), and neuronal ex-
pression of Wlds protein protects against the degenera-
tion of severed distal axons in a dose-dependent man-
ner (Mack et al., 2001). In vitro studies suggest that the
Nmnat part of the fusion protein is responsible for its
protective effect (Araki et al., 2004; Wang et al., 2005).
Remarkably, Wlds also has protective effects in a variety
of disease models, including motor axon ‘‘dying back’’
caused by a tubulin chaperone mutation (Ferri et al.,
2003), axon atrophy caused by demyelination (Samsam
et al., 2003), axonal spheroid pathology in gracile axonal
dystrophy mice (Mi et al., 2005), and axon degeneration
in a Parkinson’s disease model (Sajadi et al., 2004).

Given its widespread protective effect against injury-
and disease-induced axon degeneration, can Wlds in-
terfere with developmental axon pruning that occurs
by degeneration? How similar are the mechanisms in-
volved in axon degeneration during developmental
pruning and after injury? Here we report that in Wlds

mice, pruning of both the retinocollicular and Layer 5
subcortical projections occur normally, indistinguish-
able from wt mice in the extent and timing. By contrast,
Wlds protects axons of developing retinal ganglion cells
(RGCs) from degeneration following complete transec-
tion of the optic nerve in the first postnatal week, the
same developmental age at which Wlds has no effect
on the naturally occurring developmental degeneration
of these same axon projections. We further show that
the expression of mouse Wlds protein has no effect on
developmental Drosophila MB g axon pruning, despite
its potent effect in protecting fragmentation of severed
axons in a Drosophila injury model (see also MacDonald
et al., 2006, this issue of Neuron). By comparing axon
degeneration during developmental pruning and after
injury, we find that they share similarities in the neu-
ron-intrinsic requirement of the ubiquitin-proteasome
system (UPS) and Draper-mediated clearance of degen-
erating axon fragments by glia, but differ substantially in
early steps that trigger axon fragmentation. These data
provide insights into both developmental axon pruning
and Wallerian degeneration.

Results

Wlds Does Not Prevent the Developmental
Degeneration of RGC Axon Segments during

Pruning of the Retinocollicular Projection
In mice, the formation of a retinotopic map in the SC, the
major midbrain target of RGC axons, involves the estab-
lishment of an initial coarse map, which subsequently
undergoes large-scale pruning to generate a refined
map (McLaughlin and O’Leary, 2005; Figure 1A). Arbors
are established by primary branches that form in a topo-
graphically biased manner interstitially along parent
RGC axons, all of which overshoot their correct termina-
tion zone (TZ) along the anterior-posterior axis of the SC.
Previous studies of retinotectal projection development
in chicks indicate that the large-scale pruning of over-
shooting axons and ectopic arbors occurs via degener-
ation (Nakamura and O’Leary, 1989). We confirmed that
the topographic remodeling of the mouse retinocollicu-
lar projection also occurs primarily through axon degen-
eration (Figure 1B).

To compare axon pruning of retinocollicular projec-
tions between wt and Wlds mice, we focused on the pro-
jections of RGCs in temporal retina, because their axons
exhibit the greatest overshoot of their appropriate TZ
and thus undergo the most substantial amount of prun-
ing. Single, similarly sized, small injections of the anter-
ograde axon tracer DiI were made in similar locations in
peripheral temporal retina of wt (Figures 1C–1E) and
Wlds (Figures 1F–1H) mice between P0 and P7, which
are ages that span the postnatal development of the ret-
inocollicular projection. In mice analyzed between P1–
P2 (wt, n = 8; Wlds, n = 10), we find that essentially all pri-
mary RGC axons initially extend posteriorly across the
SC, well beyond the correct anterior-posterior location
of their future TZ (Figures 1C and 1F, circles; quantified
in Figure 1I).

By P3–P4, a substantial degree of remodeling has
taken place in both wt (Figure 1D; n = 13) and Wlds

mice (Figure 1G; n = 15), although a proportion of the
original population of overshooting primary RGC axons
persists (Figure 1I). By this age, branches of RGC axons
have begun to arborize densely around the correct loca-
tion of their TZ, though they cover a larger domain than
at later ages. In wt mice, the large-scale remodeling of
the retinotopic map is complete by P7 (Figure 1E; n = 8),
where essentially all axon segments beyond the correct
TZ have been eliminated, leaving a refined projection
characterized by a densely labeled, focal TZ (Figure 1I).
We find that the appearance of the projection in P7 Wlds

mice (Figures 1H and 1I; n = 6) is indistinguishable from
that in wt mice at this and earlier ages. Thus, both the ini-
tial development and large-scale remodeling of the reti-
nocollicular projection occur in a normal manner in Wlds

mice.

Wlds Protects against Injury-Induced Degeneration
of Developing RGC Axons

To rule out the possibility that the lack of an effect on
naturally occurring developmental axon degeneration
of developing RGCs in Wlds mice is age-related, we
tested whether the injury-induced degeneration of de-
veloping RGC axons is protected in Wlds mice. We com-
pared in wt and Wlds mice the effect of completely trans-
ecting RGC axons by unilateral enucleations and
analyzed the RGC axon projections during the first post-
natal week—the same developmental stage at which
naturally occurring degenerative axon pruning of devel-
oping RGC axons occurs.

We find that developing RGC axons prelabeled with
DiI exhibit rapid degeneration following unilateral enu-
cleations that transect all RGC axons, consistent with
previous studies (Pak et al., 2004). In our study, RGC
axons were labeled with large DiI injections at P1; the in-
jected eye was either left intact or later removed at P3,
and the optic pathway was analyzed at P5 or P7–P8 (Fig-
ure 2). When the eye was left intact, RGC axons are well
labeled throughout the optic pathway (Figures 2B and
2B0; n = 4). In the unilaterally enucleated cases, residual
spots of DiI are seen distributed throughout the region of
the optic tract (OT) and SC in wt mice, consistent with
debris from the prelabeled RGC axons in the process
of degeneration; importantly, we did not observe any
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Figure 1. Degenerative Remodeling of the

Retinocollicular Projection Is Normal in Wlds

Mice

(A) Retinal ganglion cell (RGC) axons initially

(P0–P2) overshoot their future termination

zone (TZ; circle) in the superior colliculus

(SC). They then extend branches biased for

the anterior (A)-posterior (P) position of their

future TZ. Branches extend (P3–P6) to the fu-

ture TZ and arborize. Inappropriate axon seg-

ments are eliminated through degeneration

(dotted line axons). Box indicates the location

of photos in (B). At P7 a remodeled TZ resem-

bling its mature form is evident. (B) Photo-

montages of degenerating RGC axons at P3

after focal injection of DiI at P1. RGC axons

and interstitial branches (arrow) are discontin-

uous and fragmented. These images are ap-

proximately 1 mm posterior to the nascent TZ.

(C–H) Similarly sized and positioned focal in-

jections of DiI in temporal (T) retina in wild-

type (wt) (C–E) and Wlds (F–H) mice. (C and

F) At P1 an initial coarse projection with all

RGC axons extending well posterior (arrows)

to the future TZ (circle) in anterior SC (arrow-

heads) in wt (C) and Wlds (F) mice. (D and G)

By P3–4 the projection refines to a diffuse TZ

in anterior SC. Most RGC axons have elimi-

nated overshooting axon segments to the

point of a sustaining arbor, though some

RGC axons are evident in mid SC and poste-

rior SC (arrows) in both wt and Wlds mice. (E

and H) At P7 a dense, focal TZ is evident in an-

terior SC, resembling its mature form. Few

RGC axon segments persist in posterior loca-

tions in either wt or Wlds mice.

(I) (Left) Number of RGC axons present poste-

rior to the future TZ, expressed asa percentage

of the totalnumberof RGC axons present at the

anterior border of the SC. Error bars indicate

SEM. There are no significant differences at

any stage between wt and Wlds mice (t test,

p > 0.5). (I) (Right) Average maximum overshoot

for RGC axons past the future TZ. Average po-

sition of the posterior-most RGC axon growth

cone expressed as a percentage of the dis-

tancefrom theposterioredgeof thedeveloping

TZto theposterioredgeof theSC. Error bars in-

dicate SEM. There are no significant differ-

ences at any stage between wt and Wlds mice

(t test, p > 0.6). n for each condition (number

of axons and number of animals analyzed, re-

spectively) are as follows: P1: wt (n = 270, n =

4), Wlds (n = 310, n = 4); P3: wt (n = 348, n = 6),

Wlds (n = 488, n = 9); P7: wt (n = 407, n = 8),

Wlds (n = 296, n = 6).

D, dorsal; L, lateral; M, medial; N, nasal; V, ven-

tral.Scalebars,10mmfor (B); 300mmfor (C)–(H).
intact RGC axons at 2 days (n = 5) or 4–5 days (n = 3) after
unilateral enucleation (Figures 2C, 2C0, and 2F). By con-
trast, in Wlds mice many intact RGC axons and fascicles
are present in the SC and OT at both 2 days (Figures 2D
and 2D0; n = 5) and 4–5 days (Figure 2E; n = 5) postenu-
cleation, even in the posterior extreme of the SC
(Figure 2E0). These qualitative differences indicate that
Wlds protects RGC axon degeneration after injury.

To determine the extent of protection by Wlds, we
quantified the frequency of intact axons in the OT before
axons enter the SC, since degenerative pruning of exu-
berant RGC axon segments does not occur in this area
(Figure 2F). We found that in Wlds mice there is a signif-
icant decrease of intact axons at 4 days compared to 2
days postenucleation; furthermore, DiI-labeled spots
are evident in Wlds mice after injury (Figures 2D0 and
2E0). Together, these data suggest that Wlds most likely
delays rather then prevents injury-induced axon degen-
eration during this period.

Wlds Does Not Prevent Developmental Degeneration
of Axon Segments during Pruning of Cortical Layer 5

Projections
We next analyzed the development of Layer 5 projec-
tions of the neocortex to their major subcortical targets,
focusing on the projections of Layer 5 neurons in visual
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Figure 2. Injury-Induced Axon Degeneration in Developing RGC

Axons Is Delayed

(A) Schematic depicts dorsal midbrain; posterior superior colliculus

(SC) is at the top, the optic tract (OT) is at the bottom, and the midline

is to the right. The optic pathway is delineated by RGC axons (gray)

marked with a b-gal reporter (Pak et al., 2004). The box and brackets

specify the imaged areas for the indicated panels (dashed line indi-

cates plane of section).

(B) Wt P7 brain after a large injection of DiI at P1; dorsal view of the

OT from the intact eye (B) shows fascicles and individual brightly la-

beled RGC axons (arrows). (B0) Section of the brain in (B) at the an-

terior border of the SC (white arrowhead) reveals large fascicles

(black arrowhead) and individual brightly labeled RGC axons

(arrow).

(C–E) Wt (C) and Wlds mouse ([D] and [E]) brains after large injections

of DiI into nasal retina at P1, enucleation at P3 of the injected eye,

and fixation at the ages indicated. RGC axonal labeling was con-

firmed in enucleated retinas. (C) At P5 in wt mice, 2 days postenu-

cleation (d.p.e.), spotty labeling reminiscent of large numbers of de-

generated axons is seen in the OT. Residual labeling of midbrain

cells is visible, but no intact axons are found. (C0) Sections of the

brain in (C) at the anterior border of the SC (arrowhead) reveal resid-

ual cellular labeling reminiscent of large-scale axonal degeneration

(asterisk), with no intact axons. (D) At 2 d.p.e. in Wlds mice, large fas-

cicles of DiI-labeled RGC axons as well as individual well-labeled

RGC axons and branches (arrows) are seen in the OT. (D0) Sections

of the brain in (D) reveal, in anterior SC (white arrowhead), large fas-

cicles (black arrowhead) and individual well-labeled axons (arrow)

similar to the control-labeled wt mice (B0). (E) In Wlds mice at 5
cortical areas. During development, all primary Layer 5
axons from visual areas grow well past their posterior-
most adult target, the basilar pons, and many extend
into the spinal cord (Figure 3A). Later, portions of the pri-
mary axon and all of its collateral projections posterior
to the basilar pons are eliminated, while the proximal
portion of the primary axon, as well as branches to the
basilar pons and more proximal targets, are maintained
(O’Leary and Terashima, 1988; O’Leary et al., 1990).
Previous studies in rats indicate that this pruning of
exuberant Layer 5 projections occurs via degeneration
(B. Reinoso and D.D.M. O’Leary, 1989, Soc. Neurosci.,
abstract); we have confirmed this observation in mice
(Figure 3B).

We find that the development of Layer 5 projections is
indistinguishable between wt and Wlds mice. Injections
of DiI were made in comparable locations in the occipital
(visual) cortex of wt and Wlds mice at various postnatal
ages spanning the development of Layer 5 projections.
In P16 mice, the branched projection to the basilar
pons is well developed, though many of the primary
Layer 5 axons that overshoot this posterior-most target
still have axon segments posterior to it in both wt
(Figure 3C; n = 4) and Wlds mice (Figure 3D; n = 3) (quan-
tified in Figure 3G). By the end of the third postnatal
week (P21–P22), when the Layer 5 projection in wt
mice achieves its mature appearance, again the projec-
tion patterns are indistinguishable between wt (Fig-
ure 3E; n = 3) and Wlds mice (Figure 3F [n = 5] and
Figure 3G): all segments of primary Layer 5 axons within
the corticospinal tract posterior to the basilar pons are
eliminated. These analyses indicate that in Wlds mice
the completeness and timing of the large-scale pruning
of Layer 5 projections, including the degeneration of
several millimeters of primary Layer 5 axons distal to
the basilar pons, is indistinguishable from wt mice.

Wlds Expression Does Not Affect Drosophila
MB g Axon Pruning

Developmental pruning of MB g neuron axons occurs
via spatially localized axon degeneration (Watts et al.,
2003; Figure 4A). To determine whether Wlds expression
could block pruning of MB g axons, we made transgenic
flies expressing the mammalian Wlds fusion protein

d.p.e., RGC axons and individual brightly labeled RGC axons and

branches in the OT (arrow) are evident. (E0) Sections of the brain in

(E) reveal, in posterior SC, intact RGC axons and branches (arrow)

as well as signs of residual labeling of midbrain cells reminiscent

of RGC axon degeneration and DiI fluorescent debris. Sections in

panels (B0)–(E0) are 100 mm thick.

(F) (Left) Average DiI injection size, calculated as a percentage of the

surface area of the retina. There are no significant differences be-

tween wt and Wlds mice within or between conditions (t test, p >

0.5). (F) (Right) Average number of fascicles of intact RGC axons

present in the optic tract (OT). Error bars indicate SEM. Brackets

with single asterisk indicate significance of p < 0.05; double aster-

isks, p < 0.01. Abbreviations: d.p.e., days post enucleation; d.p.m.,

days post mock-enucleation. n for each condition (number of

fascicles or axons and number of animals analyzed, respectively):

2 d.p.e.: wt (n = 0 axons, n = 5), Wlds (n = 179 fascicles, n = 5);

4 d.p.e.: wt (n = 0 axons, n = 3), Wlds (n = 81 fascicles, n = 5);

4 d.p.m.: wt (n = 114 fascicles, n = 4).

Scale bars, 1200 mm for (A); 200 mm for (B)–(E); and 100 mm for

(B0)–(E0).
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Figure 3. Degenerative Pruning of Layer 5

Subcortical Projections Occurs Normally in

Wlds Mice

(A) Layer 5 neurons from visual cortex (V) ini-

tially project to appropriate targets (i.e., bas-

ilar pons [BP]; superior colliculus, [SC]) and

inappropriate targets (i.e., inferior olive, [IO])

(left panel; square indicates area shown in

panels [C] and [D]). Axon segments to inap-

propriate targets are later eliminated through

degeneration (dashed axons) to the point of

a sustaining arbor (right panel; square indi-

cates area shown in [E] and [F]; rectangle in-

dicates area shown in panel [B]). (B) Layer 5

neurons from visual cortex labeled with DiI

as they appear posterior to the IO at P9 in

mouse (arrowheads) and P5 rat (upper right

panel). In both mouse and rat, inappropriate

corticospinal axons are discontinuous with

many breaks and a fragmented appearance.

Branches associated with inappropriate

axon segments, such as those to the IO (ar-

row, left), are eliminated concurrently with

the primary axon. (C and D) At P16 in wt (C)

and Wlds (D) mice, an injection of DiI in visual

cortex labels Layer 5 axons with arbors (ar-

rowheads) in the basilar pons (BP). By this

age, in both wt and Wlds mice, many Layer

5 axons have eliminated their overshooting

axon segments to the point of a sustaining ar-

bor, though a proportion of Layer 5 axons are

still evident posterior to the BP (arrows) in the

corticospinal tract (cst). (E and F) By P21–P22

in wt (E) and Wlds (F) mice, an injection of DiI

in visual cortex reveals Layer 5 axons inner-

vating the BP. Axon segments posterior to

the BP have been eliminated to the point of

a sustaining arbor (arrows) in both wt and

Wlds mice.

(G) Number of cortical Layer 5 axons with

segments posterior to the basilar pons at

the times indicated, expressed as a percent-

age of the total number of axons at the ante-

rior border of the pons. There are no signifi-

cant differences between wt and Wlds mice

at either age (p > 0.4). n for each condition (number of axons and number of animals analyzed, respectively) are as follows: P16: wt (n = 298,

n = 4), Wlds (n = 218, n = 3); P20: wt (n = 104, n = 3), Wlds (n = 188, n = 5). Error bars = SEM.

Abbreviations: DCN, dorsal column nuclei; ic, internal capsule; L5, Layer 5; Mes, mesencephalon; SpC, spinal cord. Scale bars, 20 mm for (B);

150 mm for (C)–(F).
(Mack et al., 2001) under the control of Gal4/UAS. We ex-
pressed Wlds using 201Y-Gal4, which is specifically ex-
pressed in g neurons during larval and early pupal
stages. In wt MBs, each larval g neuron extends two
axon branches from the peduncle (Figure 4A), collec-
tively forming a dorsal and a medial lobe (Figure 4B).
By 12 hr after puparium formation (12h APF), both
axon branches have degenerated up to the peduncle
(Figure 4C), leaving behind sparse axon fragments
(dashed arrows in Figure 4C), which are mostly cleared
by 18h APF (Watts et al., 2003).

Expression of Wlds in g neurons does not affect axon
growth or branching of larval MB neurons (Figure 4D,
compare with Figure 4B), nor does it block g neuron
pruning as evidenced by the extensive fragmentation
of g axons at 12h APF (dashed arrows in Figure 4E).
We have performed this experiment with multiple UAS-
Wlds transgenic inserts, multiple copies of the trans-
gene, a stronger MB-Gal4 line OK107, at a higher tem-
perature, and in various combinations of the above, all
to increase Gal4-driven transgene expression level—
but none of these conditions inhibit MB g axon pruning
(data not shown).

Wlds Expression Inhibits Axon Degeneration

after Injury in Drosophila
To address whether mammalian Wlds has activity in
Drosophila, we tested whether its expression could pro-
tect transected axons from degeneration. The Drosoph-
ila olfactory circuit provides an ideal system to study
axon degeneration due to its well-characterized anat-
omy and the molecular tools available to label specific
subsets of neuronal classes (Berdnik et al., 2006). Dro-
sophila olfactory receptor neurons (ORNs), whose cell
bodies are located in the antenna and maxillary palp,
project axons to the antennal lobe in the central brain.
ORNs that express the same olfactory receptor project
axons both ipsilaterally and contralaterally to the same
glomeruli (Vosshall et al., 2000; Stocker et al., 1990;
Figure 5A). In a companion manuscript, MacDonald
and colleagues have shown that cutting ORN axons by
surgically removing the third antennal segments of the
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antennae in adult leads to Wallerian-like degeneration
of severed axons within 1 day of cutting. Strikingly, ex-
pression of the same UAS-Wlds transgene described
above potently delays the degeneration of two exam-
ined classes of ORN axons after their cell body removal
(MacDonald et al., 2006).

We confirmed and extended these findings in a third
class of ORNs by using Or47b-Gal4 to drive expression
of a membrane-bound GFP (mCD8::GFP) and various
other transgenes (see later). Or47b ORN axons target
the VA1lm glomerulus (Vosshall et al., 2000; Figure 5C1).
One day after antennae removal, severed wt ORN axons

Figure 4. MB g Neuron Pruning Is Not Affected by Wlds Expression

(A) Schematic illustrating pruning of a MB g neuron during metamor-

phosis. Larval g neurons have a dorsal (d) and medial (m) axon

branch and dendrites in the MB calyx (c). By 18h after puparium for-

mation (APF), dendrites and axons have degenerated back to the

primary axon (peduncle, p), which remains intact.

(B and C) Wt g neurons in third-instar larvae (B) have intact axon

lobes, which are mostly pruned by 12h APF ([C], dashed arrows).

(D and E) Expression of Wlds in g neurons does not affect axon

growth and branching in larvae ([D], arrows), nor does it inhibit prun-

ing of axon branches as shown by axon fragments in 12h APF pupal

MB ([E], dashed arrows).

(F and G) MB g neurons expressing a dominant-negative ecdysone

receptor (EcR-DN) (F) or yeast UBP2 (G) show intact axon branches

at 12h APF (arrows).

MB g neuron specific 201Y-Gal4 was used to drive expression of

mCD8::GFP and other transgenes; dashed lines delineate the mid-

line. For each experiment, n R 10. Scale bar, 50 mm.
appear fragmented, especially where axons cross the
midline (Figure 5C2 and 5C2

0). Axons are no longer
detectable by 5 or 10 days after severing (Figures 5C3

and 5G; see also Figure S1 in the Supplemental Data),
although sparsely dispersed GFP+ fragments are still
visible in or around VA1lm. Wlds expression in Or47b
ORNs markedly delays degeneration of severed ORN
axons (Figure 5D). No fragmentation is apparent at 1 or
10 days after antennae removal (Figures 5D2, 5D2

0, and
5D3), with a thick axon bundle crossing the midline
clearly visible in each brain (Figure 5G; Figure S1).

To further confirm the protective effect of Wlds in in-
jured fly axons, we examined ORN axon degeneration
after injury at the ultrastructural level. We expressed
the genetically encoded electron microscopy (EM)
membrane marker HRP::CD2 (Watts et al., 2004) in
Or47b ORNs in the absence or presence of Wlds coex-
pression and compared HRP-labeled Or47b commis-
sural axons near the midline before and 1 day after an-
tennae removal (Figure 6). Guided by HRP-labeling
visualized in light microscopy, we systematically exam-
ined EM sections throughout the ORN axon commissure
(equivalent to boxed region in Figure 5C1). In uncut sam-
ples (n = 2 flies), intact commissural ORN axon bundles
connect the two brain hemispheres—a fraction of which
are HRP-labeled, thus representing Or47b ORN axons
(Figure 6A). However, in wt flies 1 day after the cut (n =
3) we rarely find intact axons, HRP-labeled or unlabeled,
in the area where ORN axons cross the midline
(Figure 6B1). In fact, HRP-labeled membranes of any
type are rarely found (for one example, see arrowheads
in Figure 6B2). Instead, we find clear signs of axon de-
generation, such as the presence of multilamellar bodies
(MLBs; asterisks in Figure 6B2). Thus, 1 day after cutting,
most ORN axons are fragmented and debris appears to
be engulfed by neighboring cells, analogous to MB g
axon developmental pruning (Watts et al., 2004). By con-
trast, when Wlds is coexpressed with HRP::CD2 in
Or47b ORNs (n = 2), intact, labeled ORN commissural
axons are abundant 1 day after the cut (Figures 6C1

and 6C2), with intact microtubules evident in some
HRP-labeled axon profiles (Figure 6C2, arrowhead).
However, these intact axons are in the midst of unla-
beled areas containing degenerating profiles such as
MLBs (asterisk in Figure 6C3), likely due to degeneration
of axons from other classes of ORNs not expressing
Wlds. These findings demonstrate at the ultrastructural
level that 1 day after cutting, fragmentation of wt ORN
axons at the midline is complete, and that Wlds expres-
sion potently prevents axon fragmentation.

Taken together, these data indicate that expression of
mammalian Wlds fusion protein potently protects de-
generation of severed ORN axons in Drosophila, but
does not affect axon degeneration during developmen-
tal pruning of MB g neurons. The establishment of an
axon injury model in Drosophila allowed us to further
compare axon degeneration during developmental
pruning and after injury in the same organism.

Ecdysone Receptor Inactivation Blocks g Axon

Pruning but Not Axon Degeneration after Injury
Developmental pruning of g neurons requires the cell-
autonomous activity of the nuclear hormone receptor
complex composed of the ecdysone receptor isoform
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Figure 5. Effect of Various Manipulations on

Wallerian Degeneration of ORN Axons after

Injury

(A) ORNs expressing Or47b (in green) have

cell bodies in the third antennal segment

(blue) and project axons to the antennal lobes

in the brain (magenta), where they target to

the ipsilateral and contralateral VA1lm glo-

merulus, forming a commissural axon bun-

dle. Removal of both third antennal segments

severs ORN axons, and degeneration of their

projections in the antennal lobe can be

observed.

(B) Immunostaining of adult antennal sec-

tions with an antibody against ecdysone re-

ceptor (EcR, magenta) shows widespread ex-

pression of EcR in ORN nuclei, including

Or47b ORNs.

(C–F) Degeneration of severed ORN axons af-

ter injury. Wt uncut Or47b ORNs (C1) show in-

tact axon projections to VA1lm glomeruli

(dashed outline) and a thick bundle of com-

missural axons (solid arrow). Uncut Or47b

ORNs expressing Wlds (D1), EcR-DN (E1), or

UBP2 (F1) are similar to wt (C1). Degeneration

of severed wt or EcR-DN-expressing ORN

axons is evident 1 day ([C2] and [E2]) or 10

days ([C3] and [E3]) after cut, with a high-mag-

nification view ([C2
0]; rectangle indicates

magnified region) showing fragmentation of

commissural axons at 1 day after cut. Sev-

ered Wlds axons persist 1 day ([D2] and

[D2
0]) and 10 days (D3) after antennae removal.

Expression of UBP2 delays axon degenera-

tion at 1 day ([F2] and [F2
0]) and 10 days (F3)

after axon severing. However, a high-magnifi-

cation view of severed axons at 10 days (F3
0)

shows increased fragmentation.

(G) Quantification of ORN axon degeneration.

Progression of axon degeneration at 1, 5, and

10 days after antennae removal was quanti-

fied by calculating the percentage of brains

for each genotype in which contralateral

axon projections could still be detected.

(See Figure S1 for additional quantifications.)

Or47b-Gal4 was used to label ORN axons

with mCD8::GFP (green) and express speci-

fied transgenes. Glomeruli of the antennal

lobe were visualized by staining for the pre-

synaptic marker nc82 (magenta), and VA1lm

glomeruli were traced from corresponding stacks (dashed lines). For each genotype’s uncut experiment, n > 10. The number of brains for

each time point (1, 5, and 10 days, respectively) is as follows: wt (23, 20, 19); Wlds (16, 13, 16); EcR-DN (22, 27, 20); UBP2 (15, 27, 35). Scale

bar, 50 mm for (C)–(F); 25 mm for (C2
0), (D2

0), (F2
0), and (F3

0).
B1 (EcR-B1) and Ultraspiracle (USP), the Drosophila ho-
molog of the mammalian retinoic acid receptor (Lee
et al., 2000). Expression of dominant-negative ecdysone
receptor (EcR-DN; Cherbas et al., 2003) in g neurons us-
ing 201Y-Gal4 strongly inhibits axon pruning (Figure 4F;
Awasaki and Ito, 2004). Ecdysone/EcR appears to be
a general regulator of developmental pruning during
Drosophila metamorphosis, as cell-autonomous block-
ade of ecdysone signaling inhibits developmental prun-
ing of neuropeptidergic neurons in the ventral nerve
cord (Schubiger et al., 2003), persistent olfactory projec-
tion neurons (Marin et al., 2005), and sensory neurons
(Kuo et al., 2005; Williams and Truman, 2005).

Is ecdysone/EcR also essential for axon degeneration
after injury? We found that adult ORNs express ecdy-
sone receptor and are thus capable of mediating ecdy-
sone signaling (Figure 5B). To determine if ecdysone
signaling is required for the degeneration of severed
ORN axons, we expressed UAS-EcR-DN in Or47b
ORNs. Axon morphology and targeting of Or47b ORNs
expressing EcR-DN is normal (Figure 5E1). In contrast
to its effects on MB g neuron pruning, expression of
EcR-DN in ORNs does not prevent degeneration of sev-
ered axons (Figure 5E; quantified in Figure 5G and
Figure S1). These data indicate that ecdysone signaling,
which initiates developmental pruning of MB g neurons,
is not required for degeneration of axons after severing.

UPS Inhibition Interferes with MB g Axon Pruning
and ORN Axon Degeneration after Injury

Previously we have shown that the ubiquitin-protea-
some system is required cell-autonomously for axon
pruning (Watts et al., 2003). In particular, expression of
the yeast deubiquiting enzyme UBP2, which removes
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Figure 6. Ultrastructural Analysis of ORN Axon Degeneration after Injury

(A) Ultrastructure of ORN axons at the commissure in uninjured fly brains. (A1) Low magnification of ORN commissural axons at the midline (re-

gion shown is indicated by yellow box in Figure 5C1) shows longitudinal sections of axons. Electron dense deposits mark the membranes of in-

tact Or47b ORNs visualized by HRP::CD2 expression (arrow), surrounded by intact but unlabeled ORNs of other classes. (A2) High magnification

of a subset of labeled intact axons (arrows), surrounded by unlabeled ORN axons.

(B) Wt ORN axons (with Or47b axons expressing HRP::CD2) 1 day after cutting. (B1) Low magnification of an analogous area as in (A1) shows

highly disorganized ultrastructure of wt commissural axons that is indicative of degeneration. (B2) High magnification of the commissural axons

at the midline shows a lack of intact axons. Signs of axon degeneration are evident, such as multilamellar bodies (MLBs, asterisks) and few re-

maining labeled membranes (arrowheads). (Note: darkly labeled circular structures in low-magnification views are mitochondria, which cross-

react in the HRP substrate reaction.)

(C) Wlds-expressing ORN axons 1 day after cutting. (C1) Low magnification shows a bundle of intact HRP-labeled axons (arrows) crossing the

midline, surrounded by degenerating axon debris. (C2) High magnification micrograph showing HRP-labeled axons that contain microtubules

(arrowheads). (C3) HRP-labeled intact axons (dashed outline) can be seen adjacent to unlabeled regions that appear highly disorganized and

contain unlabeled MLBs (asterisk).

Scale, 2 mm for (A1)–(C1); 1 mm for (A2)–(C3).
ubiquitin from a subset of tagged substrates, inhibits
axon pruning of MB g neurons, as evidenced by the in-
tact axon branches at 12h APF (Figure 4G, compare
with Figure 4C), which persist into adulthood (Watts
et al., 2003). Expression of UBP2 also inhibits dendritic
pruning of sensory neurons (Kuo et al., 2005), suggest-
ing a general role of the UPS in diverse developmental
pruning paradigms in Drosophila.

We expressed UBP2 in Or47b ORNs to test its effect
on axon degeneration after injury. Or47b ORNs express-
ing UBP2 appear morphologically indistinguishable
from wt neurons prior to axon severing (Figure 5F1).
One day after severing, UBP2-expressing ORNs show
little signs of degeneration (Figure 5F2). They still form
a thick and continuous tract of commissural axons (Fig-
ure 5F2

0), which appear qualitatively more similar to
Wlds-expressing ORN axons (Figure 5D2

0) than to the
fragmented wt axons (Figure 5C2

0). UBP2-expressing
axons are still visible 10 days after severing (Figure 5F3);
however, axon fragments are now apparent (dashed
arrows) and the commissure appears thin and frag-
mented (Figure 5F3
0). We quantified the number of brains

in each experimental condition in which we could detect
commissural axons, regardless of the thickness of the
remaining tract (Figure 5G). We also quantified fluores-
cence intensity of residual axons at the midline after an-
tennae removal (Figure S1). Both analyses indicate that
UBP2 has a similar protective effect as Wlds 1 day after
the cut; however, the protective effect of UBP2, al-
though still significant, is much less pronounced than
that of Wlds at 5 and 10 days after the cut. Thus, UBP2
expression delays axon degeneration, albeit to a lesser
extent than Wlds expression.

Efficient Clearance of g Neuron Axon and Dendrite

Fragments Requires Draper
At a late phase of MB g axon pruning, axon fragments
are engulfed by glia, likely for endosome-lysosome me-
diated degradation (Watts et al., 2004; Awasaki and Ito,
2004). In an accompanying manuscript, ORN severing is
shown to induce a robust glial reaction around the
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Figure 7. Draper in Glia Is Required for Timely Clearance of Axon Fragments

(A and B) Developmental time course of MB g axon pruning in control flies ([A]; drprD5/+) or draper mutants ([B]; drprD5/drprD5). Draper mutants

show more GFP-labeled g axons and axon fragments (arrows) at both 18h ([B1]; n = 12) and 24h ([B2]; n = 18) APF compared with controls ([A1] and

[A2], respectively; n > 50 for both) (see Figure S2 for quantification). Insets below (A1) and (B1) are close-up views of the dorsal lobe showing

Draper protein staining surrounding g axons labeled with mCD8::GFP at 18h APF. Axon fragments (arrows) are visible in draper mutant adults

1–2 days after eclosion ([B3]; n = 12), but have been cleared in control animals ([A3]; n = 44). In the normal adult, 201Y-Gal4 labels g neurons, which

only make projections to the medial lobe, and a subset of a/b neurons, contributing to the central core of the dorsal a lobe (insets in [A3] and [B3]).

The entire dorsal a lobe is strongly stained with FasII (magenta).

(C–D) RNAi knockdown of Draper in glia (C) but not in MB g neurons (D) delays clearance of axon fragments, similar to whole animal draper null

mutants. Insets show Draper protein expression surrounding the dorsal lobe at 18h APF. Draper expression is strongly reduced when draper is

knocked down in glia compared with g neurons (insets in [C1] and [D1], respectively). Glial knockdown of Draper results in extensive FasII-labeled

axon fragments remaining at 18h and 24h APF ([C1] and [C2], respectively; n = 24 and n = 20), as compared with normal axon pruning in g neuron

knockdown ([D1] and [D2], respectively; n = 24 and n = 13). In young adult flies, FasII-labeled axon fragments are apparent at the tips of the dorsal

and medial lobes in glial (arrows in [C3]; n = 14), but not g neuron ([D3]; n = 7) knockdown of Draper.

Quantifications are shown in Figure S2. Scale bar, 50 mm.
antennal lobes and to recruit Draper to glial membranes
near the axon fragments (MacDonald et al., 2006).
Draper is the Drosophila homolog of C. elegans CED-
1, a cell-surface receptor required for cell corpse engulf-
ment (Zhou et al., 2001; Freeman et al., 2003). Clearance
of severed axon fragments is defective in homozygous
draper mutant flies (MacDonald et al., 2006). These find-
ings raise the possibility that axon degeneration during
developmental pruning and after injury may share simi-
lar clearance mechanisms mediated by glia.
To test the function of Draper in MB g axon pruning,
we first compared pruning in draper heterozygous ver-
sus homozygous animals (Figures 7A and 7B). The null
allele (drprD5; Freeman et al., 2003) is predicted to elim-
inate protein expression, which is supported by anti-
body staining in the insets of Figure 7 and quantified in
Figure S2. In control brains, the majority of g axon
branches are pruned by 18h APF, with some fragments
left at the tips of the axon lobes (Figure 7A1). By 24h
APF, axon pruning is mostly complete (Figure 7A2).
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Figure 8. Comparing Axon Degeneration

during Developmental Pruning and after

Injury

(A) Schematic summary of mechanisms of

axon degeneration during developmental

pruning. Data are primarily derived from stud-

ies of Drosophila MB g axon pruning (Lee

et al., 2000; Watts et al., 2003, 2004; Awasaki

and Ito, 2004; this study), but aspects also

apply to other developmental pruning para-

digms (Schubiger et al., 2003; Marin et al.,

2005; Williams and Truman, 2005; Kuo et al.,

2005).

(B) By comparison, axon degeneration in re-

sponse to injury or as a result of degenerative

diseases differ in their triggers and early

steps leading to axon fragmentation, as indi-

cated by their different responses to Wlds ex-

pression. The execution steps, including

axon fragmentation and fragment engulfment

by phagocytic cells (MacDonald et al., 2006;

this study), appear to be shared.
By contrast, in drprD5 homozygous mutants, there is
a marked increase of GFP-labeled fragments at the
tips of the axon lobes at 18h and 24h APF (Figures 7B1

and 7B2; quantified in Figure S2). This defect in fragment
clearance is also evident in the calyx, where many den-
drite fragments remain in all draper mutants examined
at 18h APF (Figure S2C), as compared to control animals
in which no fragments remain (Figure S2D). By contrast,
g neurons expressing EcR-DN maintain intact axons and
dendrites at 18h APF with no fragments detectable
(Figure 4F and Figure S2E). In draper mutants, some re-
sidual g axon fragments even persist into the young
adult (arrows in Figure 7B3; compare insets in Figures
7B3 and 7A3).

Draper has been reported to be expressed predomi-
nantly in glia (Freeman et al., 2003), including those
that infiltrate MB g axon segments (Awasaki and Ito,
2004). We expect that glial but not neuronal inhibition
of Draper function is responsible for this fragment clear-
ance defect. To confirm this prediction, we expressed
UAS-draper RNAi specifically in glia or MB g neurons us-
ing pan-glial Repo-Gal4 or 201Y-Gal4, respectively (Fig-
ures 7C and 7D). Glial expression of UAS-draper RNAi
drastically reduced the Draper protein expression in
the brain compared to g neuron knockdown of Draper
(insets of Figures 7C1 and 7D1; Figure S2). We then ex-
amined the effect of glial or neuronal knockdown of
Draper on MB g axon pruning by following FasII staining.
In early pupae, FasII is expressed in MB g neurons that
undergo axon pruning, but not in a0/b0 neurons, which
do not undergo pruning; it is also highly expressed on
axons of pupal-born a/b neurons (Lee et al., 1999). Neu-
ronal inhibition of Draper function did not result in any
defects at 18h or 24h APF, or in adults (Figure 7D; com-
pare Figure 7D3 with magenta in Figure 7A3). By con-
trast, glial inhibition of Draper resulted in a marked
increase of FasII-positive axon fragments (arrows in
Figures 7C1–7C3). These axon fragments are similar in
appearance and location to those found in draper
homozygous null animals (compare Figure 7C and 7B).
Taken together, these results demonstrate that draper
acting in glia is required for the timely clearance of MB
g neuron dendrite and axon fragments.
Discussion

A major cellular mechanism used in naturally occurring
developmental pruning of axons from insects to mam-
mals is the localized degeneration of inappropriate
axon segments, which morphologically closely resem-
bles injury-induced Wallerian degeneration of axons in
adults. We show here that these two processes share
some molecular mechanisms as well: they both depend
on UPS action in neurons and axon fragment clearance
by the cell corpse engulfment receptor Draper in glia.
However, our analysis also revealed fundamental differ-
ences between developmental and injury-induced axon
degeneration. Whereas expression of Wlds protein po-
tently delays axon degeneration after injury in adult flies
and in both developing and adult mice, it does not affect
axon degeneration in three developmental axon-pruning
paradigms in either organism. We propose that axon
degeneration during developmental pruning and after
injury differ in the early steps leading to axon fragmen-
tation but may later converge onto a common pathway
(Figure 8).

Common Features of Developmental Axon Pruning

and Wallerian Degeneration
Beyond the morphological features of axon fragmenta-
tion and engulfment of fragments by extrinsic cells,
axon degeneration during developmental pruning and
after injury share additional similarities. Both processes
require cell-autonomous programs, neither requires
caspase-dependent apoptotic machinery, and microtu-
bule fragmentation/disappearance is an early sign of
axon degeneration in both cases (Raff et al., 2002; Watts
et al., 2003; Zhai et al., 2003). By systematically compar-
ing developmental and injury-induced axon degenera-
tion in Drosophila, we find additional mechanistic
similarities that likely extend to vertebrate systems
(compare Figures 8A and 8B).
UPS in Axon Degeneration

MB g axon pruning requires the intrinsic activity of the
UPS (Watts et al., 2003). We now find that UPS inhibi-
tion significantly delays injury-induced axon degenera-
tion. At least at early stages, UPS inhibition appears to
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delay axon fragmentation (Figure 5F2). This is similar to
an in vitro Wallerian degeneration model in mammals,
in which inhibition of UPS by application of a protea-
some inhibitor or expression of UBP2 delays axon
fragmentation (Zhai et al., 2003). These studies sug-
gest that UPS action in facilitating axon fragmentation
after injury is a conserved feature from flies to
mammals.

Although UPS inhibition can block developmental
axon pruning completely under appropriate conditions
(Watts et al., 2003), it cannot prevent injured axons
from eventual degeneration (Figures 5F3 and 5G;
Figure S1). One possible explanation for this difference
could be because of the short window of time in which
developmental pruning occurs: if pruning is delayed be-
yond this ‘‘critical period,’’ neurons may no longer be in
a competent state to carry out the degenerative pruning
program. Consistent with this notion is the recent find-
ing of a critical period for large-scale axon degeneration
of the retinocollicular projection coincident with the
brief time window during which the projection normally
undergoes pruning (McLaughlin et al., 2003). In the case
of Wallerian degeneration after complete axon transec-
tion, since the injury physically separates the axons
from their cell bodies, the most that can be done is to
prolong the inevitable onset of fragmentation of the al-
ready severed axon. However, many neurodegenerative
disease models exhibit Wallerian-like axon degenera-
tion, which can be ameliorated by Wlds expression
(see Introduction). Thus, understanding the mecha-
nisms that trigger axon fragmentation may lead to ther-
apeutic strategies to stop axon degeneration before it
begins.
Glial Clearance of Axon Fragments
In an accompanying manuscript, MacDonald and col-
leagues demonstrate a role for glia in the clearance of
axon fragments in a Drosophila model of Wallerian de-
generation. In particular, they identify a requirement of
the cell corpse engulfment receptor Draper in glia for
this function (MacDonald et al., 2006). We find that re-
moval of Draper in glia markedly delays clearance of
axon fragments during MB axon pruning. In addition, ul-
trastructural analysis of degenerating axons after injury
reveals degenerating profiles similar to what we find
during MB axon pruning (Watts et al., 2004). These sim-
ilarities strongly suggest that mechanisms for this late
phase of axon degeneration and clearance are shared
between developmental pruning and Wallerian degener-
ation (Figures 8A and 8B).

Glial function has not been systematically explored in
developmental axon pruning in mammals. However, the
transient appearance in early postnatal cats of clusters
of macrophages contiguous to the corpus callosum dur-
ing the period of callosal axon pruning (Innocenti et al.,
1983a, 1983b) suggests that these cells might serve
a phagocytic function in vertebrate developmental
axon pruning analogous to that of Draper-expressing
glia in flies.

Wlds Protection Distinguishes Mechanisms of Axon

Degeneration during Developmental Pruning
and after Injury

An important finding of this study is that developmental
axon degeneration and Wallerian degeneration can be
clearly distinguished mechanistically by their differential
sensitivity to the protective effect of Wlds. Remarkably,
this mouse fusion protein can also potently protect
axon degeneration after injury in flies. Despite the phylo-
genetically conserved function of Wlds in protecting in-
jured axons, we show in three diverse developmental
degeneration paradigms in mice and flies that Wlds ex-
pression has no effect on naturally occurring develop-
mental axon pruning. In particular, we show that the in-
jury-induced degeneration of transected RGC axons is
markedly protected in Wlds mice at the same age
when naturally occurring degenerative pruning of the
same developing RGC axons is not protected. This find-
ing demonstrates unequivocally the fundamental differ-
ence between axon degeneration during developmental
pruning and after injury in the same type of neuron at the
same developmental stage. Similarly, Wlds protects
young motor axons from degeneration after injury while
having no effect in the remodeling of neuromuscular
junction (Parson et al., 1997), although such remodeling
uses a distinct mechanism (see Introduction).

What might be the reasons behind this difference be-
tween developmental and injury-induced axon degener-
ation? The trigger for naturally occurring developmental
axon degeneration and injury-induced Wallerian degen-
eration differs, as do their respective roles. Wallerian de-
generation is triggered extrinsically by axonal insult. Be-
cause degeneration is restricted to the portion of the
axon distal to the injury site, it must be executed without
new transcription or transport from the cell body. These
properties suggest that the effectors of the program are
continuously present along the entire length of axons.
The function of Wallerian degeneration could be to re-
move the damaged axons as a step in facilitating regen-
eration and repair.

In contrast to Wallerian degeneration, the role of de-
velopmental axon degeneration is to remodel initially
exuberant neuronal connections into a functionally
appropriate adult circuit. It is likely triggered by diverse
mechanisms including cell-autonomous transcriptional
regulation, patterned neuronal activity, the local envi-
ronment of the axon, or their combination (Figure 8A).
For example, MB g axon pruning is triggered by activa-
tion of the steroid hormone receptor EcR to cell-auton-
omously regulate gene expression (Lee et al., 2000). In
the case of the retinocollicular projection, spatial control
of pruning is instructed by the distribution and levels of
EphA receptors along the length of RGC axons, which is
controlled in part by transcriptional regulation autono-
mous to the RGC. Non-RGC autonomous mechanisms,
including the level of ephrin-As to which an RGC axon
segment is exposed within the target and correlated
patterns of RGC activity generated by networks of
RGCs and cholinergic amacrine cells that produce
spontaneous retinal waves, are also essential factors
for the pruning of inappropriate axon segments
(McLaughlin and O’Leary, 2005).

It remains a future challenge to investigate mechanis-
tically how diverse triggers in developmental pruning,
injury, and disease lead to similar late stage execution
of axon degeneration. Our findings of both a differential
effect of Wlds in these processes and similar roles for the
intrinsic activity of UPS and glial clearing of fragmented
axons provide an essential step toward this goal.
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Experimental Procedures

Axon Tracing and Enucleations in Mice

Wlds mice (CJ57/Bl6 background) were purchased from Harlan (UK)

and genotyped as described (Samsam et al., 2003). Labeling and

analyses of the retinocollicular projection and cortical Layer 5 pro-

jections were done as described by McLaughlin et al. (2003) and

O’Leary and Terashima (1988), respectively. Briefly, focal injections

of DiI (Molecular Probes) were made into temporal retina and con-

firmed in retinal wholemounts. After fixation with 4% paraformalde-

hyde (PF), sections of the SC were cut at 100 mm on a vibratome and

analyzed. DiI injections were made into occipital cortex, and later the

mice were fixed as above; sections were cut at 100 mm on a vibra-

tome and examined for distribution of labeled axons and to verify

that the injections were appropriately restricted. Cases examined

for evidence of degeneration were perfused with chilled 4% PF

and 10% sucrose in PBS to protect against artifactual beaded axo-

nal morphology (Portera-Cailliau et al., 2005). Enucleations were

done as described by Pak et al. (2004). Injections of DiI, substantially

larger than those shown in Figure 1, were made into nasal retina, and

the injected eye was either left intact or removed 2 days later. Enu-

cleated eyes were removed completely, thereby assuring transec-

tion of all RGC axons, and examined for fluorescently labeled RGC

axons. Only cases with substantial numbers of labeled RGC axons

were processed further. Quantification of overshooting RGC axons

in SC, as well as axons in the enucleation experiments, was per-

formed on dorsal views of wholemounts blind to genotype and con-

dition. In some cases sagittal vibratome sections were analyzed to

determine maximum posterior overshoot. Quantification for the cor-

ticospinal tract (cst) was performed on two randomly selected vibra-

tome sections for each case and examined blind to genotype and

age. Layer 5 axons were counted at the anterior and posterior edges

of the pons. Axons and injection sizes were quantified in Adobe Pho-

toshop and NIH Image. In most cases images were digitally manip-

ulated to maximize the signal.

Transgenic Flies

For expression of UAS transgenes in MB g neurons, Or47b ORNs, or

glia, we used 201Y-Gal4, Or47b-Gal4, or Repo-Gal4, respectively.

The following transgenic lines were used: UAS-mCD8::GFP (to label

neurons in all experiments for light microscopy), UAS-HRP::CD2 (for

EM), UAS-EcR-W650A (Cherbas et al., 2003), UAS-UBP2B (DiAnto-

nio et al., 2001), and UAS-Wlds.

The Wlds coding sequence (from a plasmid kindly provided by

M. Coleman) was PCR amplified with primers designed to add a con-

sensus Drosophila Kozak sequence upstream of the start codon

and flank the gene with EcoRI and XbaI restriction sites, which

were used for cloning into the pUAST vector. The primers are as fol-

lows: 50-GGAATTCGCCGCCACCATGGAGGAGCTGAGCGCTGA-30

and 50-GCTCTAGATCAGCGCTCAGCTCCTCCAT-30. Transgenic

flies were generated by standard procedures.

The drprD5 mutant (Freeman et al., 2003) and UAS-draper RNAi

(MacDonald et al., 2006) was kindly provided by M. Freeman.

Fly Immunostaining and Electron Microscopy

Fly brains were dissected, fixed, and processed for wholemount im-

munostaining as previously described (Lee and Luo, 1999). For im-

munostaining of adult antennal ORNs for ecdysone receptor, anten-

nae were cryosectioned at 12 mm and processed as described by

Stockinger et al. (2005). The following antibodies were used: rat

monoclonal anti-mouse CD8 a subunit, 1:100 (Caltag); mouse mono-

clonal 1D4, 1:50 (Developmental Studies Hybridoma Bank), mouse

monoclonal anti-nc82, 1:30 (kind gift of E. Buchner, U. of Wuerz-

berg); mouse monoclonal anti-rat CD2 (MCA154G), 1:50 (Serotec,

Oxford, UK); mouse monoclonal anti-EcR-C (Ag10.2), 1:10 (Develop-

mental Studies Hybridoma Bank); rabbit polyclonal anti-Draper pre-

absorbed against w embryos, 1:500 (kind gift of M. Freeman, U. of

Massachusetts). Electron microscopy labeled with genetically en-

coded HRP::CD2 marker was performed as previously described

(Watts et al., 2004).

Supplemental Data

The Supplemental Data for this article can be found online at http://

www.neuron.org/cgi/content/full/50/6/883/DC1/.
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