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Axon Pruning during Drosophila Metamorphosis:
Evidence for Local Degeneration and
Requirement of the Ubiquitin-Proteasome System

receptor isoform B1 (EcR-B1) and Ultraspiracle (USP),
the Drosophila homologs of mammalian retinoic acid
receptors (Lee et al., 2000a).

It is conceivable that the axon pruning machinery
could be used in the adult nervous system for structural
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plasticity of neurons in response to learning and experi-
ence. The pruning machinery also could be used to
cause atrophy of neuronal processes, a hallmark ofSummary
many neurological insults including most neurodegener-
ative diseases (reviewed in Raff et al., 2002). However,Axon pruning is widely used for the refinement of neu-

ral circuits in both vertebrates and invertebrates, and aside from the transcriptional regulations mentioned
above, little is known about the molecular machinery ofmay also contribute to the pathogenesis of neurode-

generative diseases. However, little is known about the axon pruning program.
We use the pruning of Drosophila MB neurons duringthe cellular and molecular mechanisms of axon prun-

ing. We use the stereotyped pruning of � neurons of metamorphosis as a model system to investigate the
cellular and molecular mechanisms of axon pruning. Athe Drosophila mushroom bodies (MB) during meta-

morphosis to investigate these mechanisms. Detailed single MB neuroblast sequentially generates three types
of MB neurons, the �, ��/��, and �/� neurons, eachtime course analyses indicate that MB axon pruning is

mediated by local degeneration rather than retraction exhibiting distinct axonal projections in adult (Lee et
al., 1999). MB � neurons, born in early larvae, initiallyand that the disruption of the microtubule cytoskele-

ton precedes axon pruning. In addition, multiple lines establish a larval projection consisting of a dendritic
tree and an axon peduncle, which bifurcates to give riseof genetic evidence demonstrate an intrinsic role of

the ubiquitin-proteasome system in axon pruning; for to a dorsal and medial branch (Figure 1A); in early pupae,
MB � neurons prune their dendrites and both the dorsalexample, loss-of-function mutations of the ubiquitin

activating enzyme (E1) or proteasome subunits in MB and medial axonal branches while leaving the axonal
peduncle intact (Figure 1B); the medial branch then re-neurons block axon pruning. Our findings suggest that

some forms of axon pruning during development may extends in late pupae to establish an adult-specific axon
projection (Figure 1C). Interestingly, the ��/�� neurons,share similarities with degeneration of axons in re-

sponse to injury. born during a later larval stage, have indistinguishable
axonal projections compared with � neurons in larvae;
yet, they do not prune their axons during metamorpho-Introduction
sis, underscoring the cell type specificity of axon pruning
(Lee et al., 1999).A common strategy in establishing connection specific-

ity of the nervous system is for neurons to develop exu- Axon pruning could utilize one of two distinct cellular
mechanisms or a combination of the two (Figure 1D).berant axonal and dendritic processes, followed by se-

lective pruning of a subset of processes. For example, At one extreme, axons could withdraw their processes
from distal to proximal, a process we term axon retrac-long-distance projection neurons from layer V of the

mammalian cortex send axon branches to both the spi- tion (Figure 1D1). At the other extreme, axon branches
to be pruned could undergo local fragmentation withoutnal cord and the superior colliculus during an early stage

of development. Later in development, motor cortical large-scale retraction, a process we term local degener-
ation (Figure 1D2). In this study, we provide evidenceneurons selectively prune their branches to the superior

colliculus, whereas visual cortical neurons selectively that Drosophila MB � neurons are pruned predominantly
through a local degeneration mechanism. In addition,prune their branches to the spinal cord (reviewed in

O’Leary and Koester, 1993). Similarly, many insect neu- an examination of a battery of markers suggests that
rons undergo specific pruning of axons and dendrites the disruption of the microtubule cytoskeleton precedes
during metamorphosis, so that neurons used in the larval morphological disruption of axons.
nervous system can be reused in the adult (reviewed in Based on the many roles identified for the ubiquitin-
Truman, 1990). proteasome system (UPS) in neurodevelopment and de-

These observations imply the existence of a program generation (reviewed in Hegde and DiAntonio, 2002),
for axon self-destruction that is precisely controlled spa- combined with our findings that axons degenerate dur-
tially and temporally. Indeed, the Otx1 transcription fac- ing development, we investigated the role of the UPS
tor is required for the pruning of the spinal cord branch in axon pruning. We provide multiple lines of genetic
of layer V visual cortical neurons (Weimann et al., 1999). evidence demonstrating an essential role for the UPS in
Likewise, pruning of axons and dendrites of the Dro- axon pruning. Our study reveals insights into the cellular
sophila mushroom body (MB) neurons during metamor- and molecular mechanisms of axon pruning and sug-
phosis requires the cell-autonomous action of a nuclear gests that some forms of developmental axon pruning
hormone receptor complex composed of the ecdysone may share similarities with neurodegeneration, in partic-

ular Wallerian degeneration—fragmentation of distal ax-
ons in response to axon damage.*Correspondence: lluo@stanford.edu
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Figure 1. Axon Pruning in the Drosophila Mushroom Bodies

These and all subsequent images are confocal projections of the left hemisphere of the central brain, with the midline (dashed line) toward
the right and dorsal up. Horizontal and vertical arrows indicate dorsal and medial branches, respectively. Asterisks signify the ends of
peduncular axons and beginnings of the lobes. Scale bar equals 50 �m (except Figures 2J–2L).
(A) A � neuron single-cell clone at a late larval stage has projections in both the dorsal (d) and medial (m) lobes.
(B) A � neuron two-cell clone at 18 hr after puparium formation (APF) has pruned larval-specific dorsal and medial branches (dashed arrows
indicate the absence of the larval branches).
(C) A � neuron single-cell clone in adult has reextended only its medial (solid vertical arrow) but not dorsal (dashed horizontal arrow) branches.
(D) Schematic diagram of two possible cellular mechanisms of axon pruning. Retraction (D1) is shown as branches withdraw from distal ends
of the lobes, while local degeneration (D2) is depicted by fragmentation of axons to be pruned.
Genotype: y,w,hs-Flp,UAS-mCD8::GFP/�;FRTG13,UAS-mCD8::GFP,GAL4-201Y/ FRTG13,tubP-GAL80. Shown as a reference, FasII staining (ma-
genta) labels � neurons weakly and �/� neurons strongly and does not label ��/�� neurons.

Results (Figures 2J–2L, arrows). As an example of the frag-
mented nature of these axons, the axon segment labeled
in Figure 2L (arrowhead) is �3.5 �m from the other frag-Time Course Analysis of MB � Neuron Pruning

in Single/Two-Cell Clones ments in the Z plane. A larger axon fragment can be
observed in the 12 hr APF image (Figure 2F), in whichTo determine if axon pruning in MB � neurons is a result

of retraction or local degeneration (Figure 1D), we per- the dorsal fragment (horizontal arrow) lies �25 �m from
the peduncle (arrowhead). However, the axonal pedun-formed a time course analysis of pruning axons. To

view axons during the remodeling process, we used cle, which also shows signs of blebbing, remains contin-
uous throughout the pruning process (e.g., Figure 2E,the MARCM system to label one to two � neurons per

hemisphere in wild-type animals using the membrane arrowhead).
After 12 hr APF, axon fragments are continuously re-marker mCD8::GFP (Lee and Luo, 1999). Brains from

these animals were dissected and fixed every 2 hr after moved until very few fragments remain at 18 hr APF
(Figures 2G–2I). Notably, the remaining fluorescently la-puparium formation (APF). This allowed for careful anal-

ysis of the morphological changes taking place during beled structures tend to accumulate at the distal ends
of the larval axonal branches that are pruned (Figurethe pruning process.

The first signs of neuronal remodeling are observed 2G). The time course described in Figure 2 is qualitatively
similar among different animals examined (n � 10 forat 4 hr APF when dendrites begin to appear blebbed

(Figure 2B, arrowhead). At 6 hr APF, axon blebs start to each time point). These data strongly support a model
for local degeneration as the primary mechanism of axonappear (Figure 2C, arrows), coinciding with the removal

of stereotypical larval axon terminal branches. In addi- pruning (Figures 1D2 and 2M).
tion, the blebbed dendrites appear to be fragmented
(Figure 2C, arrowhead). Due to their small size, it is Changes of Cell Adhesion, Cytosolic, Synaptic,

and Cytoskeletal Markers during Axon Pruningtechnically difficult to analyze MB � neuron dendrites,
and therefore we mainly focus on axon structures for To further analyze the sequence of events during axon

pruning, we selectively express in MB � neurons a bat-subsequent studies.
The appearance of strongly blebbed axons and the tery of transgenes marking different cellular structures

(Figure 3). In all panels shown, except Figure 3B, trans-first signs of disconnected axon fragments are observed
at the distal tips of the lobes beginning at 8 hr APF genes are expressed using the GAL4-201Y driver, which

at larval and early pupal stages selectively labels � neu-(Figure 2D, arrows). At 10 hr APF (Figures 2E and 2J–2L,
arrows), we observe many axon fragments along both rons that undergo axon pruning (Lee et al., 1999). Figure

3A shows the expression of UAS-mCD8::GFP driven bythe dorsal and medial lobes. At higher magnification,
no connections between labeled fragments are evident GAL4-201Y in the entire population of � neurons. The
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characteristic axon pruning described in Figure 2 is re- quitin ligase (E3). Polyubiquitinated proteins are then
targeted for degradation by the 26S proteasome, whichcapitulated here, albeit with a lower resolution, with the

onset of blebbing followed by fragmentation and re- is composed of two 19S proteasome regulatory particles
and the 20S core. Substrate ubiquitination may also bemoval of axon fragments in the medial and dorsal lobes.

We next examined the expression of an endogenous reversed by ubiquitin proteases (UBP).
To test the hypothesis that the UPS may play a rolecell adhesion molecule, FasII, using an anti-FasII anti-

body (1D4; Figure 3B). FasII is expressed only in � neu- in axon pruning, we used GAL4-201Y to express in MB �
neurons a yeast ubiquitin protease (UBP2), which hasrons during larval and early pupal stages. Later in pupal

development, FasII is strongly expressed in newly born been shown to be effective in Drosophila (DiAntonio
et al., 2001). When examined during late larval stages,�/� neurons and continues to be moderately expressed

in � neurons into adulthood. Thus, FasII serves as a UBP2-expressing MB � neurons exhibit largely normal
growth and guidance of axons (Figure 4E compared withvaluable counter stain for MB axon development (Crit-

tenden et al., 1998; Lee et al., 1999). FasII shows colo- Figure 4B, see legend). However, at 18 hr APF, the peak
of axon pruning, UBP2-expressing MB neurons fail tocalization with the membrane marker mCD8::GFP, re-

vealing morphological changes characteristic of local prune their axons (compare Figures 4F with 4C). As a
consequence, � neurons retain their dorsal lobes in thedegeneration during the pruning process (Figure 3B).

We then investigated other cellular markers in � neu- adult (Figure 4G, horizontal arrow). Thus, UBP2 expres-
sion results in specific defects in axon pruning.rons during axon pruning by driving the expression of

epitope-tagged transgenes with GAL4-201Y. We ob- Notably, we observed no effect on cell proliferation
in brains expressing yeast UBP2 using either GAL4-201Yserved similar expression patterns at each time point

examined for the following subcellular structures: the (a postmitotic driver) or GAL4-OK107 (expressed in both
MB neuroblasts and neurons) (data not shown), sug-cytosol (GFPS65T-T10, Figure 3C), synapses (synapto-

tagmin::HA, Figure 3D; synaptobrevin::GFP, data not gesting that UBP2 does not disrupt ubiquitin-mediated
cell cycle regulation. In addition, expressing a Drosoph-shown), and the actin cytoskeleton (GFP::Actin, Figure

3E). These experiments indicate that the detailed time ila UBP encoded by fat facets (faf) does not inhibit axon
pruning (Table 1), suggesting a certain degree of speci-course analysis performed using a membrane marker

(Figure 2) does not reflect some special properties of ficity. However, since this effect on axon pruning is ob-
served when expressing a yeast protein, we next exam-membrane proteins. These different cellular structures

appear to be turned over with a similar time course ined whether endogenous components of the UPS in
Drosophila are required for axon pruning.during the axon pruning process. The synaptic markers

are particularly noteworthy. Their expression patterns
suggest that � neuron axons form synapses and most A Genetic Requirement of Ubiquitin activating
likely are functional during larval life (Figure 3D1). In addi- enzyme 1 (Uba1) for Axon Pruning
tion, during the pruning process there does not appear A likely explanation for the yeast UBP2 phenotype is
to be a selective removal of synapses preceding the that expression of UBP forces substrates to be deubi-
pruning of axons. quitinated, thereby reversing protein ubiquitination (Fig-

Interestingly, a myc::�-tubulin fusion protein, which ure 4A). This model predicts that loss-of-function muta-
serves as a marker for the microtubule cytoskeleton tions in the enzymes that promote ubiquitination should
(Liu et al., 2000), exhibits an expression pattern during inhibit axon pruning. To test this hypothesis, we system-
pruning that is different from all of the other examined atically searched the Drosophila genome for E1, E2, and
markers. While this myc::�-tubulin is uniformly distrib- E3 enzymes and identified existing mutations either from
uted in the axonal peduncles and in the dorsal and me- published studies or by identifying P element insertions
dial lobes in late larvae (Figure 3F1), it selectively disap- via “FlyBase.” We then tested whether these mutants
pears from the axons to be pruned before the loss of disrupt MB � neuron pruning using the MARCM method
the actual axons (Figure 3F compared with Figure 3A, (Figure 5A; Lee and Luo, 1999). Through this analysis,
both of which are from the same animals double-labeled we found that a mutation in Uba1 inhibits pruning (Figure
for mCD8::GFP and myc::�-tubulin). These results were 5); other mutants showing no observable defects in axon
verified with a stronger GAL4 line (OK107), suggesting pruning are noted in Table 1 (see Discussion for ra-
that disruption of the microtubule cytoskeleton is an tionale).
early step of axon pruning. Uba1 encodes a predicted ubiquitin activating en-

zyme (E1). Our phylogenetic analysis indicates that it is
the sole E1 enzyme encoded in the Drosophila genomeExpression of a Yeast Ubiquitin Protease

Inhibits Axon Pruning (Figure 5B). UBA1 shares much stronger sequence simi-
larities with its mammalian, worm, and yeast orthologsOur observation that axons undergo a destructive pro-

cess during pruning led us to speculate that protein than with its closest related Drosophila protein, UBA2
(Smt3 activating enzyme 2), which is part of a SUMOturnover may be necessary for this process. A major

means of regulated protein turnover occurs via the ubi- (small ubiquitin-like modifier) activating enzyme com-
plex (Donaghue et al., 2001). We identified a P elementquitin-proteasome system (UPS) (Figure 4A; reviewed

in Weissman, 2001). In this pathway, ubiquitin (Ub), a insertion that maps near Uba1 and verified through in-
verse PCR that the insertion occurs in the predicted firstsmall peptide of 76 amino acids, is covalently linked to

a substrate (S) through the activity of three enzymes. intron between two coding exons (Figure 5C). Thus, this
allele represents a loss-of-function mutation. The P ele-These enzymes include an ubiquitin acitivating enzyme

(E1), an ubiquitin-conjugating enzyme (E2), and an ubi- ment mutation was recombined onto the appropriate
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Figure 2. Time Course Analysis of MB � Neuron Pruning

(A) Stereotypic dendrite (arrowhead) and axon (arrows) of MB � neurons examined in late larvae.
(B) The first signs of pruning begin at 4 hr APF with the appearance of dendrite blebbing (arrowhead); the axons still appear larval-like (arrows).
(C) At 6 hr APF, both dendrites (arrowhead) and axons (arrows) appear blebbed, and fine axon terminal branches observed in larvae begin
to disappear. Blebs in the dendrite region appear disconnected while axon blebs still remain continuous.
(D) At 8 hr APF, most dendrite fragments (arrowhead) have disappeared, while axons (arrows) start to appear fragmented, with mCD8-positive
blebs becoming visibly disconnected.
(E) At 10 hr APF, pronounced discontinuities between blebs in the axon branch regions (arrows) are visible, while the peduncular axon
(arrowhead) remains. The medial lobe (boxed) shows axon fragmentation, with localized fragments at the distal tip of the lobe and near the
branch point and with a mCD8 negative gap between these regions. The box is shown at 100� magnification in (K).
(F) At 12 hr APF, many axon fragments (arrows) have disappeared; however, a large fragment (horizontal arrow) remains in the dorsal lobe,
which is approximately 20–30 �m anterior (in the Z plane) of the peduncular axon (arrowhead).
(G) At 14 hr APF, an axon fragment at the distal portion of the dorsal branch is visible (horizontal arrow), and several blebs near the branching
point (asterisk) and distal end of the medial branch (vertical arrow) remain.
(H) At 16 hr APF, few axon fragments remain in lobes (arrows) and tips of pruned axons near branching point still appear blebbed (asterisk).
(I) At 18 hr APF, axons are completely pruned (arrows), and the peduncular axon tip switches from a blebbed to a fine hair-like morphology
(asterisk).
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FRT chromosome so that positively labeled mosaic them to be loss-of-function mutations. These mutations
were recombined onto the appropriate FRT chromo-clones of Uba1	/	 � neurons could be created in an
some for MARCM analysis of clonal phenotypes. Asotherwise heterozygous and unstained animal using
in the case with loss-of-function Uba1	/	 neurons, weMARCM (Figures 5A and 5G–5I). Compared with wild-
observed no gross defect in axon growth and guidance,type neuroblast clones, neuroblast clones homozygous
but a block of axon pruning in both Mov34	/	 and Rpn6	/	mutant for Uba1 exhibit a significant reduction in the
neurons when examined at 18 hr APF (Figures 6D andnumber of neurons when examined in late larvae (com-
6E compared with 6C). As a consequence of failure ofpare Figures 5G and 5D). This phenotype is most likely
axon pruning, adult clones of Mov34	/	 and Rpn6	/	 �caused by an arrest of neuroblast proliferation, consis-
neurons also maintain their dorsal projections (Figurestent with the notion that the UPS is essential for cell
6G and 6H compared with 6F).cycle progression (Weissman, 2001). The fact that Uba1

Similarly to Uba1, both mutants in Mov34 and Rpn6mutant neuroblast clones can still undergo a limited
result in reduction of cell numbers in neuroblast clones,number of divisions is likely due to inherited wild-type
likely caused by a defect in neuroblast proliferation (Fig-UBA1 protein from heterozygous progenitors. The
ures 6D and 6E). However, Rpn6	/	 neurons, and Mov34	/	growth and guidance of axons from these Uba1	/	 neu-
neurons to a lesser extent, show an age-dependent lossrons are grossly normal when examined in late larvae
of cell number and axon projections (Figures 6G and 6H(Figure 5G).
and data not shown).Strikingly, axon pruning in Uba1	/	 neurons is blocked

The specificity of the pruning defects are best re-when examined at 18 hr APF (compare Figures 5H and
vealed in two-cell clones examined 18 hr APF. Wild-5E). While nearly all axons are pruned in wild-type at
type MB � neurons have completely pruned their dorsalthis stage, Uba1	/	 axons remain (arrows). As in the case
and medial axonal branches and their dendrites (Figureof UBP2 expression (data not shown), dendrite pruning
7A), whereas Rpn6	/	 two-cell clones show intact dorsalis also inhibited (Figure 5H, arrowhead). Axons that are
and medial lobes as well as dendrites (Figure 7C). Similarnot pruned during metamorphosis remain into adult-
pruning defects were also observed in two-cell cloneshood (Figure 5I, arrows).
of Uba1	/	 (Figure 7B) and Mov34	/	 (data not shown).Although Uba1	/	 MB neurons survive into adult-
Interestingly, pruning was mostly normal in single-cellhood more than 10 days after clone induction, abnor-
clones of all three mutants (data not shown). These dif-mal morphology of axons, including accumulation of
ferences are presumably a result of differential proteinmCD8::GFP blebs, is clearly visible (Figure 5I, horizontal
perdurance; an extra cell division in two-cell clonesarrow). These phenotypes may reflect the pleiotropic
compared with single-cell clones further dilutes the wild-functions of protein ubiquitination in many aspects of
type protein inherited from the heterozygous parentalneuronal development and maintenance (see Discus-
cell so that two-cell clones have less residual wild-typesion). However, one process that specifically requires
protein (Figure 5A).the function of the E1 enzyme is axon pruning.

We next tested whether endocytosis of target pro-
teins, another major consequence of protein ubiquitina-

Requirement of the Proteasome for Axon Pruning tion (monoubiquitination), is necessary for axon pruning.
Protein ubiquitination has been shown to be used for an We generated MARCM clones homozygous for a strong
increasing number of cell biological processes includ- loss-of-function mutation in Clathrin heavy chain (Chc)
ing proteasome-mediated degradation and endocytosis (Bazinet et al., 1993), as it is thought that monoubiquiti-
(Weissman, 2001). To determine which of these ubiqui- nated proteins may undergo endocytosis via clathrin-
tin-dependent processes is required for axon pruning, mediated processes (Shih et al., 2002); we did not ob-
we tested mutants that disrupt the proteasome. The 19S serve pruning defects in these mutants (data not shown;
proteasome regulatory particle is required for polyubi- see Table 1). The Drosophila shibire (shi) gene encodes
quitinated protein degradation; therefore, we searched the dynamin GTPase essential for endocytosis (Chen et
for possible mutations in subunits of this complex. Our al., 1991). However, expression of a dominant-negative
analysis of the Drosophila databases identified two sub- transgene (Moline et al., 1999), or a dominant tempera-
units of the 19S particle with P element insertions, ture-sensitive shibire (shi) transgene at restrictive tem-
Mov34 and Rpn6. Phylogenetic analysis of these genes peratures (Kitamoto, 2001), also did not inhibit axon
strongly suggests that they are not redundant in the pruning (data not shown; Table 1). These results support
fly genome and are closely related to the proteasomal the notion that monoubiquitination-induced endocyto-
subunits of other organisms (Figure 6A). sis is not required for axon pruning; rather, proteasome-

The P element locations of these mutants were veri- mediated protein degradation after polyubiquitination is
essential for axon pruning.fied and mapped by inverse PCR (Figure 6B), predicting

(J–L) 100� image at 10 hr APF of dorsal (J) or medial lobe (K and L) of degenerating axon branches showing characteristic fragments (arrows),
often extremely bright and sometimes spherical in nature. No connections between fragments in distal tips and branching point regions are
evident. The axon fragment labeled with arrowhead in (L) lies approximately 3.5 �m anterior from other axon fragments in the Z plane.
(M) Summary of the axon pruning process. (1) The larval morphology is characterized by dendritic branching near cell bodies and axon
branches in both the dorsal and medial lobes; (2) dendrites begin to degenerate and fine axon terminal branches are lost; (3) axons begin to
degenerate by fragmentation; and (4) fragments completely disappear and axon is pruned slightly past the larval branching point.
All images are confocal Z projections of single/two-cell wild-type MARCM clones (see Figure 5A) labeled with anti-mCD8. Scale bar equals
10 �m in (J) and (L).
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Figure 3. Characterization of Axonal Markers during MB � Neuron Pruning

(A) Distribution of cell surface marker mCD8::GFP in MB � neuron during pruning shows a progressive degeneration of axons, characterized
by residual mCD8 positive axon fragments (arrows in A4). Genotype: UAS-mCD8::GFP,GAL4-201Y/UAS-myc::�-tubulin.
(B) Distribution of an endogenous cell adhesion molecule, FasII, during axon pruning. FasII-positive axon fragments in MB lobes colocalize
with mCD8 (channel not shown). Many other axon tracts outside the MBs are labeled with FasII during these time points (B2, arrowhead).
MBs are outlined with a dashed line for reference. Genotype: UAS-mCD8::GFP,GAL4-201Y/�.
(C) Distribution of cytosolic GFPS65T-T10 during axon pruning. Distal tips of axons at 18 hr APF (arrows in C4) are less visible relative to distal
tips of mCD8 axons (arrows in A4). Genotype: GAL4-201Y/UAS-GFPS65T-T10.
(D) Distribution of Synaptotagmin::HA during axon pruning. Staining is similar to mCD8, characterized by distal fragments staining at 18 hr
APF (arrows in D4). Genotype: UAS-Synaptotagmin::HA/�;GAL4-201Y/�.
(E) Expression of Actin::GFP during axon pruning. GFP-positive fragments are seen in the distal tips of pruning axons (arrows in E4). Genotype:
GAL4-201Y/UAS-Actin::GFP.
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Figure 4. Expression of Yeast UBP2 in � Neurons Inhibits Axon Pruning

(A) Diagram of the ubiquitin-proteasome system (UPS). See text for description. Orange highlights the components analyzed in this study.
(B–D) Expression of mCD8::GFP in � neurons using GAL4-201Y representing wild-type (wt) remodeling. Note that in adult, GAL4-201Y also
labels a subset of �/� neurons born in late pupae (arrowhead in D). These �/� neurons can be distinguished from the � neurons by their
projection pattern (especially in the Z plane) and staining intensity.
(E–G) Expression of UBP2 in � neurons inhibits axon pruning. Compared to wild-type (B), UBP2-expressing larval � neurons (E) show little
overall morphological difference (arrows), except that UBP2 MBs tend to be slightly larger, likely as a result of synaptic overgrowth (DiAntonio
et al., 2001). However, the larval axonal branches persist in UBP2-expressing neurons examined at 18 hr APF (F, arrows) and in adult (G,
horizontal arrow).
All images are confocal Z projections visualized using anti-mCD8 labeling. n � 20 brains for each time point. Genotype: UAS-mCD8::GFP,GAL4-
201Y/� (B–D) and UAS-mCD8::GFP,GAL4-201Y/UAS-UBP2 (E–G).

Possible Sites of Action for the UPS tously expressed, EcR-B1 is specifically expressed in
MB � neurons but not in ��/�� neurons that do not un-in the Axon Pruning Program

The UPS could act at at least three different steps in dergo axon pruning during metamorphosis (Lee et al.,
2000a). A recent study reported that EcR-B1 transcrip-the pruning program (Figure 8A). One possibility is that it

downregulates the expression of the ecdysone receptor tion in MB � neurons is regulated by the TGF-� pathway
(Zheng et al., 2003). Given that the UPS is implicated inEcR-B1 (step 1 in Figure 8A). We have previously shown

that the nuclear hormone receptor complex consisting regulating TGF- � signaling (e.g., Zhu et al., 1999), it is
conceivable that regulation of EcR-B1 expression is itsof EcR-B1 and USP is cell autonomously required for

MB � neuron pruning. In particular, while USP is ubiqui- target.

(F) Absence of myc::�-tubulin labeling in axon lobes prior to pruning. �-tubulin is present throughout the dendrites and axons of larval �

neurons (F1). By 8 hr APF, �-tubulin labeling is restricted to the peduncle with no labeling in the lobes (arrows in F2). This labeling pattern is
consistent as axon pruning continues (F3–F4). Images for mCD8::GFP (A) are from the same brains as a comparison. Two different �-tubulin
transgenes were tested and gave qualitatively similar results. Genotype: UAS-mCD8::GFP,GAL4-201Y//UAS-myc::�-tubulin.
All images are confocal Z projections of GAL4-201Y expressing transgenes (A and C–F) or endogenous FasII expression (B). �10 brains for
each time point were examined and results are similar.
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Table 1. Mutants Tested with No Obvious Pruning Defects

Gene(s) Molecular/Cellular Function Allele(s) Phenotype

UbcD2 ubiquitin conjugating enzyme (E2) k13206 moderate misguidance (6/15 NBa)
UbcD10 ubiquitin conjugating enzyme (E2) BG00902 severe proliferationb defect (4/4 NB)
cbx ubiquitin conjugating enzyme (E2) 5704 slight prolif. defect (3/19 WBc)
eff (UbcD1) ubiquitin conjugating enzyme (E2) 8, s1782 moderate prolif. defect (18/19 WB, 3/6 NB)
lwr (UbcD9) SUMO conjugating enzyme 5486 severe prolif. defect (3/3 NB)
neurd ubiquitin ligase (E3) IF65, A101 no obvious MB defect
Su(dx) ubiquitin ligase (E3) 2 no obvious MB defect
ari-1d ubiquitin ligase (E3) EP317,e 2 no obvious MB defect
ari-2 ubiquitin ligase (E3) 07768 moderate prolif. defect (5/5 NB)
hiwd ubiquitin ligase (E3) EMS misguidance/branching (34/36 WB)
lmg ubiquitin ligase (E3-APC complex) 03424 severe prolif. defect (15/15 NB)
lin19 (cul-1) ubiquitin ligase complex (E3-SCF) k01207 slight prolif. defect (7/7 NB)
slmb ubiquitin ligase complex (E3-SCF) 00295 punctate labeling (41/41 SCf)
faf ubiquitin protease EP381e MB overgrowth (20/20) misguidance (14/20 WB)
grim, hid, rpr apoptosis activators Df(3L)H99 no obvious MB defect
p35d apoptosis inhibitor UAS-p35e no obvious MB defect
Chc vesicle coat (endocytosis) 1, 3 punctate labeling (37/37 SC)
shid dynamin GTPase (endocytosis) K44A,e UAS-tse no defects (201Y) gross defects (OK107 12/12 WB)

Note: the lack of a phenotype does not constitute the ultimate proof that a specific gene listed above is not involved in axon pruning because
of the following caveats: (1) a particular allele may not be a null, and (2) wild-type proteins inherited from heterozygous parent may persist
for different times after clone generation.
a NB, neuroblast clone, mutants analyzed using MARCM.
b Proliferation (prolif.) refers to a reduced number of neurons in neuroblast clones. In all cases the residual neurons are early-born � neurons,
and thus the phenotype is most likely caused by a block in proliferation or death of the neuroblast.
c WB, whole brain, mutants analyzed are homozygous viable or transgene expression.
d See Experimental Procedures for fly strain information.
e These genes were analyzed by expression of the UAS-transgenes using either GAL4-201Y or GAL4-OK107 or both.
f SC, single-cell clone, mutants analyzed using MARCM.

To test this possibility, we examined expression of croscopic imaging suggests that retraction is the pri-
mary mode for pruning of motor axon terminals (Bern-EcR-B1 in MB neurons expressing yeast UBP2, which

inhibits axon pruning (Figure 4). We found that EcR-B1 stein and Lichtman, 1999; Walsh and Lichtman, 2003).
As a second example, in the establishment of retinotec-is expressed at an apparently similar level in UBP2-

expressing neurons compared with controls (Figures tal map of the vertebrate visual system, axons of retinal
ganglion cells tend to overshoot their final targets. Naka-8B–8D). We also examined EcR-B1 expression in MB

neuroblast clones homozygous for Uba1. Again, EcR- mura and O’Leary (1989) observed fragments of DiI-
labeled axons in the overshooting region, suggestingB1 expression levels within and outside the clones are

comparable (Figures 8E–8G). Lastly, Zheng et al. (2003) that degeneration could be involved in pruning axons
showed that forced expression of EcR-B1 in MB � neu- to their final target. In most other cases, the cellular
rons could rescue pruning defects in mutants of the mechanisms have not been reported. Both modes of
TGF-� signaling pathway. However, we found that axon pruning have their advantages. For instance, axon
forced expression of EcR-B1 could not rescue the prun- retraction allows more complete recovery of materials
ing failure phenotype in UBP2-expressing neurons (data within the pruned axons. Local degeneration allows
not shown). Taken together, these experiments rule out more efficient removal of unwanted axons and discon-
the possibility that the UPS acts primarily by regulating nection with their potential synaptic targets. Different
EcR-B1 expression and suggest that it acts either at mechanisms might be utilized in achieving these two
the initiation or execution steps of the pruning process modes of axon pruning.
(Figure 8A, steps 2 and 3, respectively; see Discussion). In this study, we present evidence for local degenera-

tion as the predominant cellular mechanism for axon
pruning in MB neurons (Figures 2 and 3). By examiningDiscussion
large numbers of single/two-cell clones of � neurons
every 2 hr during early metamorphosis (0–18 hr APF),Cellular Mechanisms of Axon Pruning
we observed a stereotyped pruning process startingAlthough axon pruning has been widely reported in the
from blebbing of dendrites and dendritic pruning, fol-construction of the vertebrate and invertebrate nervous
lowed by blebbing in axons and disintegration into dis-systems, the cellular mechanisms underlying axon prun-
cretely labeled spots (Figure 2M). Importantly, we nevering have been reported in only few cases. In the forma-
observed intact axons retracting from distal ends. Intion of the vertebrate neuromuscular junction, the initial
contrast, fragments of axons along the path are oftenpattern of multiple innervation (one motor neuron in-
observed with a peak frequency at 10–12 hr APF. Innervating multiple muscle fibers) is later converted to a
fact, the most distal ends of larval branches persistsingle innervation pattern (one motor neuron innervating
the longest. We have attempted to image the pruningone muscle fiber) through elimination of extra branches

(reviewed in Sanes and Lichtman, 1999). Time-lapse mi- process in live samples. However, due to the depth of
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Figure 5. Mutation in Uba1 Inhibits Axon Pruning

(A) Schematic of possible MARCM clone types generated in the mushroom bodies (Lee et al., 1999). Abbreviations: NB, neuroblast clone that
labels the neuroblast (NB) and all subsequent progeny when induced during neuroblast division; TC, two-cell clone that labels the ganglion
mother cell (GMC) and subsequent progeny, two neurons, when induced during neuroblast division; SC, single-cell clone that labels a single
neuron (N) when mitotic recombination is induced during ganglion mother cell division.
(B) Dendrogram of proteins related to Drosophila UBA1. Analysis was performed using Clustal W (http://clustalw.genome.ad.jp/) of related
proteins identified by BlastP (http://www.ncbi.nlm.nih.gov/blast).
(C) Schematic diagram of P element insertion in Uba1 showing insertion site relative to predicted exon/intron map. 0 bp indicates the start
of the open reading frame (in gray). Another putative translation start site lies at 	549 bp.
(D–F) Wild-type neuroblast clones showing characteristic pruning of � neuron larval branches (arrows in D) at 18 hr APF (dashed arrows in
E) and absence of dorsal branches in adult (dashed arrow in F).
(G–I) Uba1	/	 neuroblast clones show grossly normal larval axonal projections to both the dorsal and medial lobes (arrows in G); however,
there are fewer cells in Uba1	/	 clones (arrowhead in G) as compared to wild-type. Pruning defects are evident at 18 hr APF, indicated by
the persistence of continuous larval branches (arrows in H). Dendrite pruning is also inhibited in Uba1	/	 clones (arrowhead in H). Axons that
fail to prune in Uba1	/	 NB clones remain in the adult and can be identified by FasII-positive expression and orientation relative to the �/�
lobe labeled with anti-FasII (arrows in I).
All images are confocal Z projections and are double-labeled with anti-mCD8 for MARCM clones (green) and FasII (magenta). Genotype: y,w,hs-
Flp,UAS-mCD8::GFP/�;FRTG13,UAS-mCD8::GFP,GAL4-201Y/ FRTG13,tubP-GAL80 (D–F), y,w,hs-Flp,UAS-mCD8::GFP/�;FRTG13,Uba1s3484,UAS-
mCD8::GFP,GAL4-201Y/ FRTG13,tubP-GAL80 (G–I). n � 10 NB clones for each time point.

the brain inside the pupal case and the presence of copy in intact animals. We also could not faithfully reca-
pitulate the pruning process in cultured brain in theopaque tissues surrounding the brain, we could not im-

age MB axons using confocal or two-photon micros- presence of the metamorphic hormone ecdysone (data
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Figure 6. Mutations in 19S Proteasome Regulatory Particle Subunits, Mov34 and Rpn6, Inhibit Axon Pruning

(A) Dendrograms of proteins related to Mov34 (A1) and Rpn6 (A2). Analysis was performed as described in Figure 5.
(B) Schematic diagram of P element insertions in Mov34 (B1) and Rpn6 (B2) showing insertion sites relative to exon/intron map. 0 bp indicates
the start of the open reading frame (in gray). Green exons in Rpn6 (B2) represent alternative splicing or two separate promoters (two possible
first exons as determined by cDNA sequence).
(C and F) Wild-type NB clones in 18 hr APF (C) or adult (F) show characteristic pruning of � neurons.
(D and G) Mov34	/	 NB clones in 18 hr APF (D) or adult (G) show inhibition of � neuron pruning.
(E and H) Rpn6	/	 NB clones in 18 hr APF (E) or adult (H) show inhibition of � neuron pruning.
Imaging and labeling are as in Figure 5. Genotype: (C) and (F) as described for wt in Figure 5; y,w,hs-Flp,UAS-mCD8::GFP/�;FRTG13,UAS-
mCD8::GFP,GAL4-201Y, Mov34k08003/ FRTG13,tubP-GAL80 (D and G) y,w,hs-Flp,UAS-mCD8::GFP/�;FRTG13,Rpn6k00103,UAS-mCD8::GFP,GAL4-
201Y/ FRTG13,tubP-GAL80 (E and H). n � 10 clones for each time point.

not shown). Despite the lack of live imaging data, this GAP. Bypassing p190 RhoGAP negative regulation
through RNAi inhibition of p190, expression of constitu-detailed time course analysis of fixed samples argues

strongly that fragmentation of axons along their length tively active RhoA or Drok both result in MB axon retrac-
tion (Billuart et al., 2001). However, the MB � neuron(local degeneration) is the predominant mechanism for

MB axon pruning. pruning described in this study is distinct from RhoA-
mediated axon retraction, as null mutations in RhoA,This does not, however, mean that these MB axons are

incapable of retraction. We have previously described a Drok, or spaghetti squash (which encodes the myosin
regulatory light chain) do not inhibit MB � neuron pruningpotent axon retraction pathway in MB neurons. Axon

retraction can be caused by activation of small GTPase during metamorphosis (Billuart et al., 2001; Lee et al.,
2000b; Winter et al., 2001). Moreover, MB � neuron prun-RhoA, signaling through its downstream effector kinase

Drok, which phosphorylates the myosin regulatory sub- ing described here is a natural event that occurs only
during early metamorphosis. In contrast, RhoA-depen-unit, eventually activating myosin II-mediated actomyo-

sin contractility. This pathway is normally inactive due dent axon retraction, at least to a comparable level (re-
moval of an entire lobe), occurs only when this pathwayto the negative regulation of RhoA activity by p190 Rho-
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Figure 7. Two-Cell Clone Analysis

Compared with wild-type two-cell clones showing characteristic pruning of � neurons at 18 hr APF (A), two-cell clones of Uba1	/	 (B) or
Rpn6	/	 (C) fail to prune their larval-specific dorsal and medial branches (horizontal and vertical arrows) as well as their dendrites (arrowheads).
Genotypes are as in Figures 5 and 6, and labeling is the same as in Figure 2. n � 8 clones for each time point.

is abnormally activated; it can occur at any time during ated axon retraction are two entirely different processes
developmentally, cell biologically, and mechanistically.pupal life and even in adult (Billuart et al., 2001). Thus,

MB � neuron pruning described here and RhoA-medi- To explore the sequence of events in axon pruning,

Figure 8. EcR-B1 Expression Is Unaltered in Ubiquitin-Proteasome Mutants

(A) Schematic of possible sites of action of the UPS. See text for details.
(B) Expression of endogenous EcR-B1 in MB expressing UAS-mCD8::GFP driven by GAL4-201Y.
(C and D) Coexpression of UAS-UBP2 and UAS-mCD8::GFP (green) driven by GAL4-201Y shows no noticeable difference of EcR-B1 expression
(magenta) as compared to wt (B). EcR-B1 channel alone is shown in (D).
(E) Expression of endogenous EcR-B1 (magenta) in wild-type (wt) neuroblast (NB) clone (green).
(F and G) The level of endogenous expression of EcR-B1 (magenta) is similar within (arrow) or outside a Uba1	/	 neuroblast clone (NBC,
marked by green). EcR-B1 expression alone in a Uba1	/	 NBC is shown in (G).
All images are single confocal sections. Brains were double-labeled with anti-mCD8 (green) and anti-EcR-B1 (magenta) from late third instar
larvae and imaged under identical conditions. Genotype: UAS-mCD8::GFP,GAL4-201Y/� (B); UAS-mCD8::GFP,GAL4-201Y/UAS-UBP2 (C and
D); y,w,hs-Flp,UAS-mCD8::GFP/�;FRTG13,UAS-mCD8::GFP,GAL4-201Y/ FRTG13,tubP-GAL80 (E); and y,w,hs-Flp,UAS-mCD8::GFP/�;FRTG13,
UAS-mCD8::GFP,GAL4-201Y, Uba1s3484/ FRTG13,tubP-GAL80 (F and G). n � 15 brains (B–D) and n � 5 NB clones (E–G).
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we also examined markers for different subcellular However, given that mutations in three components of
the UPS give virtually identical axon pruning pheno-structures in addition to the mCD8::GFP cell surface

marker (Figure 3). Interestingly, whereas all other mark- types, this possibility is extremely unlikely. To defini-
tively control for this remote possibility would requireers show a time course of distribution similar to that of

mCD8::GFP, an epitope-tagged tubulin marker is absent excising the mutagenic P elements, which for technical
reasons we were not able to perform (see Experimentalat earlier time points in the axon lobes destined to be

pruned, suggesting that disruption of the microtubule Procedures).
Although we ruled out the possibility that the UPS actscytoskeleton is one of the first steps of axon pruning.

Our preliminary observations using electron microscopy upstream of EcR-B1 transcriptional regulation (Figure 8),
we do not currently have definitive evidence to distin-confirm this interpretation (R.J.W., C. Larsen, J. Perrino,

and L.L., unpublished data). guish between the following two broad possibilities (Fig-
ure 8A, steps 2 and 3). The UPS could act at the initiationAn intriguing aspect of axon pruning is its striking

spatial precision. In the same MB neurons, axons are step of axon pruning, by degrading one or more negative
regulators of the pruning machinery. This regulationonly pruned to a specific point: the medial and dorsal

branches are completely pruned, whereas the peduncu- could be downstream of (step 2), or in parallel (step 2�)
with, EcR-B1/USP transcriptional regulation. Alterna-lar section of the axons remains. We do not know how

this subcellular specificity is achieved; however, our tively, the UPS could act at the execution step (step
3) by degrading many proteins, for example structuraltime course analysis provides some insight. We found

that blebs are not restricted to the axons to be pruned; proteins, thus facilitating the actual process of axon
pruning. We favor the “initiation” model over the “execu-they are also distributed along the peduncular axons.

Thus, one possible scenario is that a systemic signal tion” model, because fine structure analysis of mutant
two-cell clones for E1 or proteasome subunits revealsfrom the nucleus (for instance, controlled by EcR-B1/

USP-mediated transcription) instructs the neurons to an almost complete block of axon pruning (Figure 7);
one would predict that if the UPS is used in the executionenter a state competent for pruning, which may include

the formation of blebs. Then an external signal provides step, a partial pruning phenotype might result.
The UPS is widely utilized in nervous system develop-the spatial cue along the portions of the axons to be

pruned. Another possibility is that the spatial selectivity ment and function, including axon guidance, synapse
development, maturation, and plasticity (Hegde and Di-is achieved by a single cut separating the axons to be

pruned from those to be preserved; distal axons then Antonio, 2002). Here we identify a new role for this versa-
tile system—regulation of axon pruning. The specificityundergo fragmentation as a secondary consequence.
of this system in regulating so many processes may rely
on the sizable number of ubiquitin conjugating enzymesMolecular Mechanisms of Axon Pruning
(E2s), and particularly ubiquitin ligases (E3s) found inPrior to our study, proteins known to regulate axon prun-
the genome. We have found at least 30 E2s and 50ing were limited to transcription factors and their up-
E3s in the Drosophila genome; most certainly this is anstream regulators (Lee et al., 2000a; Weimann et al.,
underestimate. We tested 4 E2s and 8 E3s with existing1999; Zheng et al., 2003), implying the existence of a
mutants and found that none of them block axon pruninggenetic program regulating axon pruning. A recent study
(Table 1). Most likely this is because we have not foundidentified semaphorin as an extracellular inducer for ste-
the E2/E3(s) responsible for axon pruning, whereas per-reotyped pruning of hippocampal axon branches (Bagri
turbing the activity of the single E1 (Uba1) or proteasomeet al., 2003). We provide several lines of genetic evidence
subunits blocks the entire UPS. Future identification ofthat the UPS plays an intrinsic role in MB neurons for
specific E2/E3(s) and the substrate(s) essential for axonaxon pruning. First, expression of a yeast ubiquitin pro-
pruning will further elucidate the machinery of axontease, which removes ubiquitin from substrates and
pruning and its regulation; it may also provide a definitivecould reverse UPS-mediated protein degradation (DiAn-
distinction between the initiation and the executiontonio et al., 2001), potently inhibits axon pruning (Figure
models.4). The specificity of this experiment is highlighted by the

fact that no pruning phenotypes were observed when
we examined expression of �1000 random Drosophila Potential Similarity of MB Axon Pruning

and Wallerian Degenerationgenes through an “EP” screen (Rorth, 1996) using the
same driver, GAL4-201Y, or an even stronger MB driver, When an axon is cut, the distal portion undergoes char-

acteristic fragmentation and degeneration, a processGAL4-OK107 (R.J.W., S. Marticke, and L.L., unpublished
results). Second, MB � neurons homozygous for a loss- termed “Wallerian degeneration” (Waller, 1850; Raff et

al., 2002). The resemblance of MB axon pruning de-of-function allele of Uba1, encoding the apparent single-
copy ubiquitin activating enzyme (E1), exhibit strong scribed here to Wallerian degeneration raises the possi-

bility that they may utilize similar molecular mechanisms.pruning defects (Figures 5 and 7B). Third, MB � neurons
homozygous for loss-of-function alleles of two protea- Since Wallerian degeneration involves degradation of

cellular structures in a manner that resembles apopto-some subunits exhibit pruning phenotypes analogous
to loss of E1 (Figures 6 and 7C), indicating that protea- sis, the involvement of caspases has been systemati-

cally investigated in a previous study (Finn et al., 2000).some-mediated protein degradation accounts for the
requirement of protein ubiquitination during axon prun- It was found that caspase inhibitors, while effective in

preventing neuronal death in response to axon severing,ing. In these genetic experiments, a theoretical possibil-
ity exists that background mutation(s) on the same chro- do not affect Wallerian degeneration of distal axons. We

provide two lines of evidence that MB axon pruning doesmosome arm contributes to observed phenotypes.
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not utilize the apoptosis machinery. First, we tested the axon degeneration, yet would be detrimental to long-
term neuronal health. One solution to this paradox is toH99 deletion, which removes three apoptosis activators

in Drosophila (grim, hid, rpr); homozygosity of this dele- identify E2/E3(s) specific for axon pruning, thus provid-
ing potential targets for preventing axon degeneration.tion blocks apoptosis in many developmental processes

examined (Chen et al., 1996; Grether et al., 1995; White
Experimental Procedureset al., 1994). However, we found that axon pruning is

normal in MB neuroblast clones homozygous for the
Fly Strains

H99 deletion (Table 1; data not shown). Second, viral The majority of the mutants analyzed in this study were obtained
protein p35, acting as a caspase inhibitor, has been from the Bloomington stock center (http://flystocks.bio.indiana.

edu/) and were identified through “Flybase” (http://flybase.bio.shown to block apoptosis when expressed in Drosophila
indiana.edu/). The alleles with pruning defects created by P element(Hay et al., 1994). When the UAS-p35 transgene was
insertions in genes are Uba1s3484, Mov34k08003, and Rpn6k00103. Otherexpressed in MB neurons, we did not observe any de-
lines used in this study include UAS-UBP2 (DiAntonio et al., 2001),fects in axon pruning (Table 1). Thus, similar to Wallerian
FRT82B, neurIF65 & A101 (Lai et al., 2001), ari-12 (Aguilera et al., 2000),

degeneration, MB axon pruning does not appear to uti- hiwEMS (Wan et al., 2000), UAS-p35 (Hay et al., 1994), and UAS-shits1

lize the caspase-dependent apoptosis machinery. (Kitamoto, 2001).
While the molecular mechanisms of Wallerian degen-

Clonal Analysis of MB � Neuronseration are largely unknown, the mutant mouse Wal-
To generate MARCM clones in � neurons, embryos were collectedlerian degeneration slow (Wlds) provides some interest-
over an 8 hr time window and aged for 24 hr at 25
C. Newly hatcheding insights. In Wlds mice, degeneration of distal axons
larvae were heat-shocked at 37
C for 1 hr. Brains were then dis-

in response to cutting is greatly slowed (Glass et al., sected at various stages. For time course analysis, white pupae
1993; Perry et al., 1990). The Wlds mutation results in were picked every 2 hr (0–2 hr APF) and aged at 25
C until the

appropriate time for dissection. Candidate gene analysis consistedexpression of a fusion protein consisting of the N-ter-
of recombining mutations onto the appropriate FRT chromosomeminal 70 amino acids of UFD2/E4, an evolutionarily con-
and generating MARCM clones as described above.served protein used in protein polyubiquitination (Koegl

For clonal analysis of Uba1, Mov34, or Rpn6, we did not performet al., 1999), and the nicotinamide mononucleotide ade-
P element excisions to revert the phenotype because of technical

nylyltransferase (Nmnat) (Conforti et al., 2000). Trans- difficulty: at least two additional P elements must be on the same
genic expression of the fusion protein protects distal 2R chromosomal arm (FRTG13 and GAL4-201Y) for phenotypic analy-

sis. The fact that mutations in these three separate genes in theaxon degeneration in a dose-dependent fashion (Mack
UPS gave almost identical pruning phenotypes makes it extremelyet al., 2001). Thus, it has been suggested that perturba-
unlikely that the pruning phenotypes are caused by backgroundtion of the UPS serves as a protective mechanism for
mutations. The following data provide additional support. (1) WeWallerian degeneration in Wlds mice (Coleman and
first recombined these P elements with FRTG13 and the recombina-

Perry, 2002). Additionally, inhibition of the UPS in a Wal- tion rates are consistent with the notion that the phenotypes are
lerian degeneration paradigm delays axon fragmenta- caused by the P elements. Uba1: predicted based on genetic map

position, 3.3%, observed, 3.75% (3/80); Rpn6: predicted, 16.7%,tion (Zhigang He, personal communication). Our finding
observed, 10% (3/30); Mov34: predicted, 50%, observed, 42.9%of a genetic requirement for the UPS in MB axon pruning
(6/14). (2) All three mutants were then recombined with UAS-provides another line of evidence for the similarities be-
mCD8::GFP,Gal4-201Y to specifically label � neurons. For Uba1 andtween a developmentally regulated process of axon
Rpn6 this recombination resulted in removal of the majority of the

pruning and a pathological process of axon degenera- distal portion of original P element chromosome. For Mov34, which
tion in response to injury. lies distal to Gal4-201Y, the majority of the proximal portion of the

original P element chromosome was removed when recombined.
Recombination frequencies observed for these crosses were alsoImplications for the Involvement of the UPS
as predicted. Both lethality and presence of P element always ac-in Neurodegenerative Diseases
companied pruning defects.

The UPS has been implicated in many neurodegenera- In all examples of wild-type and mutant clones shown in this
tive diseases including Alzheimer’s, Parkinson’s, and study, we used the GAL4-201Y driver to express UAS-mCD8::GFP,

a membrane marker, and used tubP-GAL80 to repress the expres-poly-glutamine repeat diseases, a common feature of
sion of this membrane marker in nonclonal cells (Lee and Luo, 1999).which is the abnormal accumulation of proteins (re-
This ensured that all MB neurons viewed before late pupal stagesviewed in Miller and Wilson, 2003). Inhibition of the UPS
were � neurons.may enhance the abnormal accumulation of proteins,

which could in turn further impair the system (e.g., Bence Transgene Expression
et al., 2001). Indeed, several neurodegenerative dis- The GAL4-201Y driver was used for all transgene expression experi-

ments. In the cases of UAS-UBP2, UAS-synaptotagmin::HA, andeases are caused by genetic mutations that likely inhibit
UAS-myc::�tubulin, the membrane marker UAS-mCD8::GFP wasthe UPS (Miller and Wilson, 2003). Thus, a therapeutic
coexpressed with these trangenes. In several other cases, we co-strategy for these neurodegenerative diseases could be
expressed UAS-CD2, another membrane marker (data not shown).to enhance ubiquitin-proteasome activity.
Pupae were aged and dissected at appropriate times as described

Our findings complicate this strategy. While long-term in the previous section.
deprivation of E1 or proteasome subunits results in ab-
normal neuronal morphology or neuronal death (Figures Inverse PCR

To identify the location of inserted P elements, inverse PCR was5 and 6), indicating that the UPS is required to maintain
performed as described (http://www.fruitfly.org/about/methods/neuronal health, we also found a positive role for the UPS
inverse.pcr.html). Flanking sequence was “Blasted” against the Dro-in the initiation or execution of axon pruning through
sophila genome to identify the exact nucleotide insertion site. Exon/

a degenerative mechanism. Thus, enhancing the UPS intron maps and the relative positions of P element insertions were
could lead to aberrant activation of axon pruning. On created by comparing sequenced or predicted cDNAs with pub-

lished genomic sequence.the other hand, inhibiting the UPS could prevent acute
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Immunohistochemistry DiAntonio, A., Haghighi, A.P., Portman, S.L., Lee, J.D., Amaranto,
A.M., and Goodman, C.S. (2001). Ubiquitination-dependent mecha-Brains were dissected, fixed, and processed as previously de-

scribed (Lee et al., 1999; Lee and Luo, 1999). Antibodies used in nisms regulate synaptic growth and function. Nature 412, 449–452.
this study include: rat monoclonal anti-mouse CD8 � subunit, 1:100 Donaghue, C., Bates, H., and Cotterill, S. (2001). Identification and
(Caltag); mouse monoclonal 1D4, 1:100 (anti-FasII, gift of C. Good- characterisation of the Drosophila homologue of the yeast Uba2
man); mouse monoclonal AD4.4, 1:20 (anti-EcR-B1; Talbot et al., gene. Biochim. Biophys. Acta 1518, 210–214.
1993); rabbit anti-GFP, 1:500 (Molecular Probes); mouse monoclonal

Finn, J.T., Weil, M., Archer, F., Siman, R., Srinivasan, A., and Raff,
anti-c-Myc (9E10), 1:50 (Santa Cruz Biotechnology); mouse mono-

M.C. (2000). Evidence that wallerian degeneration and localized
clonal anti-HA.11, 1:1000 (Babco); Alexa-488 conjugated goat anti-

axon degeneration induced by local neurotrophin deprivation do
rat IgG 1:400; Alexa-568 conjugated goat anti-mouse IgG, 1:400

not involve caspases. J. Neurosci. 20, 1333–1341.
(Molecular Probes); and FITC-conjugated goat anti-rabbit IgG, 1:100

Glass, J.D., Brushart, T.M., George, E.B., and Griffin, J.W. (1993).(Jackson). Images were collected using a Bio-Rad MRC 1024 laser-
Prolonged survival of transected nerve fibres in C57BL/Ola mice isscanning confocal microscope and Laser Sharp image-collection
an intrinsic characteristic of the axon. J. Neurocytol. 22, 311–321.software, then processed using ImageJ (http://rsb.info.nih.gov/ij/)

and Adobe Photoshop. Grether, M.E., Abrams, J.M., Agapite, J., White, K., and Steller, H.
(1995). The head involution defective gene of Drosophila melanogas-
ter functions in programmed cell death. Genes Dev. 9, 1694–1708.Acknowledgments
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