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A fly’s view of neuronal
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Developmental neuronal remodeling is a crucial step in sculpting the final and
mature brain connectivity in both vertebrates and invertebrates. Remodeling
includes degenerative events, such as neurite pruning, that may be followed by
regeneration to form novel connections during normal development. Drosophila
provides an excellent model to study both steps of remodeling since its nervous
system undergoes massive and stereotypic remodeling during metamorphosis.
Although pruning has been widely studied, our knowledge of the molecular and
cellular mechanisms is far from complete. Our understanding of the processes
underlying regrowth is even more fragmentary. In this review, we discuss recent
progress by focusing on three groups of neurons that undergo stereotypic prun-
ing and regrowth during metamorphosis, the mushroom body γ neurons,
the dendritic arborization neurons and the crustacean cardioactive peptide pepti-
dergic neurons. By comparing and contrasting the mechanisms involved in
remodeling of these three neuronal types, we highlight the common themes
and differences as well as raise key questions for future investigation in the field.
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INTRODUCTION

Neuronal remodeling is an essential step in the
formation of the adult nervous system. This

conserved process is crucial in order to form the pre-
cise connectivity required for the organism to prop-
erly function and survive. For the sake of this review,
we will define developmental neuronal remodeling as
the phenomenon in which exuberant connections
that were formed during early developmental stages
are eliminated at later stages and often further refined
by regrowth to adult specific targets. The initial dis-
covery that normal development involves regressive
events that do not include cell death occurred only
about 40 years ago,1 identified in insects,2 and in
mammals3,4 at around the same time. Since then its

relevance has been appreciated in many systems ran-
ging from invertebrates such as flies and worms to
mammalian model organisms and even humans.5–7

There are several mechanisms by which the nervous
system can ‘tweak’ its connectivity throughout devel-
opment, usually in tightly regulated and perfectly
timed processes. These regressive events occur on dif-
ferent scales, from single synapses and up to the elim-
ination of entire dendritic trees or long stretches of
axons in which the cell body remains intact.6,8 The
picture emerging from studying various vertebrate
and invertebrate models is that small scale pruning
occurs via retraction while large scale pruning occurs
via localized degeneration of axons and dendrites.9

In retrospect, developmental neuronal remodel-
ing was already identified by Ramon y Cajal at the
turn of the 20th century. He, among his many dis-
coveries relating to nervous system development,
found that spinal motor neurons, as well as Purkinje
and granule cells, initially form a large dendritic tree
that is pruned in what he called ‘process resorp-
tion.’10 Remarkably, he also noticed that subsequent
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to the pruning process, the dendrites regrow to form
the mature connections.

Defects in remodeling are expected to result in
excessive and improper neuronal connections.
Indeed, dysregulated pruning has been suggested to
underlie several neuropsychiatric diseases such as
schizophrenia and autism,11–15 at least in part due to
the disruption of the balance between excitatory and
inhibitory pathways, but the molecular and physio-
logical mechanisms are not well understood. One fas-
cinating phenomena that is thought to arise from
improper pruning is synesthesia, in which the activa-
tion of one sense causes the involuntarily stimulation
of another sense. Grapheme-color synesthetes, for
example, see certain letters in specific colors while in
chromesthesia people associate sounds with colors.
One of the most prevalent hypotheses for explaining
synesthesia, which affects up to 5% of the popula-
tion, is that we are all born with cross connectivity
between cortical areas that is pruned during postna-
tal remodeling, but this does not occur properly in
synesthetes.16,17 Finally, because neuronal remodel-
ing is essentially developmentally regulated neurite
degeneration followed by developmentally regulated
regeneration, understanding the mechanisms that reg-
ulate neuronal remodeling could provide a broader
insight into the mechanisms of axon degeneration
during development, disease and following injury
and increase our knowledge on the mechanisms that
limit regeneration following injury.

Although there has been much progress in deli-
neating the molecular mechanisms and chronological
progression of axon and dendrite pruning in several
systems, our knowledge is far from being complete.
For example, it is still unclear which genes and path-
ways are globally required for remodeling and which
are cell or perhaps even compartment specific. We
also don’t understand how the temporal and spatial
specificity of remodeling is achieved. Finally, the
interactions between neurons and other cells, such as
glia, are just beginning to be uncovered. While prun-
ing has been studied in several systems, the subse-
quent regrowth to mature targets has remained a
‘black box’, most likely because it was assumed to
utilize the same molecular mechanisms as initial
neurite outgrowth. Until recently, it was not clear
whether developmental regrowth following pruning
is genetically encoded or whether it occurs naturally
after the pruning pathway is arrested. Studies in the
fly now highlight developmental regrowth as a
unique and central process that occurs during neu-
ronal remodeling.

Drosophila melanogaster has emerged as a
leading model system to understand the molecular

and cellular mechanisms of axon and dendrite
remodeling in both the CNS and the PNS.7 Among
the many reasons that make Drosophila a unique
model system is the fact that it undergoes stereotypic
remodeling during metamorphosis. Additionally, the
cutting edge genetic tools that are routinely available
in Drosophila allow the visualization and manipula-
tion of small and identifiable populations of neurons
in vivo. In this focus article, we will outline the cur-
rent state of the neuronal remodeling field in the fly,
focusing on three neuronal systems, and use the
insights gained in these systems to raise open
questions.

THREE MAJOR DROSOPHILA
SYSTEMS UNDERGO STEREOTYPIC
NEURONAL REMODELING
DURING METAMORPHOSIS

The Drosophila mushroom body (MB) is a central
nervous system (CNS) structure involved in learning
and memory of olfactory cues in both larvae and
adults.18 It provides an attractive model to study
remodeling as it undergoes stereotypical remodeling
during metamorphosis that involves pruning of
axons and dendrites followed by developmental
regrowth to form adult specific connections. The MB
is comprised of three types of neurons, γ, α0/β0 and
α/β, that are born sequentially from four identical
neuroblasts per hemisphere, out of which only the γ
neurons undergo remodeling.19 Initially, the γ neu-
rons extend bifurcated axons to form a dorsal and a
medial lobe (Figure 1). During the early stages of
pupation, the dendrites prune completely and the
axons prune up to a stereotypic branch point. Axon
fragmentation is usually complete by 18 h after
puparium formation (APF). By 24 h APF axon
regrowth is evident and at 48 h APF, the γ neurons
have re-extended their axons to form a new, adult
specific, medial lobe and a new dendritic tree is
apparent.

Dendritic arborization (da) neurons are another
popular model for studying neuronal remodeling in
the peripheral nervous system (PNS).20 These neu-
rons extend stereotypic and highly branched den-
drites underneath the epidermis that forms the larval
body wall. By precise tiling between individual neu-
rons of the same type, they form a network that
innervates the entire body wall. The da neurons are
classified into four classes, I–IV, according to their
increasing complexity of dendritic morphology. Both
class I (ddaD/ddaE) and class IV (ddaC) neurons
completely prune their larval dendrites, but not
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axons, by localized degeneration during metamor-
phosis (class IV depicted in Figure 2). In contrast,
class II and III da neurons undergo developmentally
regulated apoptosis.21,22 Dendrite pruning of da neu-
rons occurs in a similar time window as that of MB
neurons, with dendrites being completely pruned by
20 h APF. These neurons begin to regrow their den-
dritic arbor at about 36 h APF for class I21 and 24 h
APF for class IV.21,23

Crustacean cardioactive peptide (CCAP)
expressing neurons (called CCAP or Bursicon neu-
rons because they also express the Bursicon peptide)

are mostly located in the ventral nerve cord and also
undergo massive neuronal remodeling during meta-
morphosis. CCAP is a peptide conserved in crusta-
ceans and insects where it was found to affect the
function of cardiac and reproductive systems as well
as promote ecdysis.24 CCAP neurons in Drosophila
are important for pupal development and adult mat-
uration, and their proper function and connectivity
was found to affect wing expansion and cuticle tan-
ning.24,25 There are two major types of CCAP neu-
rons in the ventral nerve chord: interneurons and
efferent neurons, both of which undergo remodeling
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FIGURE 1 | Mushroom body (MB) γ neurons undergo stereotypic remodeling: at larval stage, MB γ neurons project a single axon that
branches to form dendrites (den), a tightly fasciculated axon peduncle (p) that bifurcates to form the dorsal (d) and medial (m) lobes. Cortex glia
(yellow) instruct MB axon pruning by secreting the TGF-β ligand Myoglianin. At 6 h after puparium formation (APF), MB γ dendrites are mostly
eliminated and axons begin to undergo defasciculation, allowing the astrocytes (green) to infiltrate the dorsal and medial lobes. The role of the
remaining unidentified glia or cortex glia during this and later time points is not known (gray). At 12 h APF, axon fragmentation and blebbing are
apparent. At 18 h APF, fragmentation is complete and axonal fragments are being engulfed mainly by astrocytes. At 24 h APF, the MB γ neurons
begin to regrow toward the adult targets, forming the adult γ lobe. [Reprinted with permission from Ref 7. Copyright 2014]
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FIGURE 2 | Dendrite remodeling of da class IV during metamorphosis: at the white prepupal stage (0 h APF), da class IV neurons extend a
complex dendritic arbor (green) as well as a single axon projecting ventrally to the ventral nerve cord (purple). Dendrites undergo blebbing,
thinning, and proximal severing at about 5 h APF, followed by fragmentation (12 h APF). By 16–18 h APF, all dendrites have been fragmented
and debris are engulfed and degraded largely by epidermal cells (background open brown silhouettes) but also by phagocytic hemocytes (brown).
At 24 h APF, the dendrite begins to regrow by extending primary branches. By 72 h APF, the entire elaborate dendritic tree has regrown. Arrows
point to areas of proximal severing of the dorsal dendrite branches or of dendrite thinning.
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during metamorphosis (Figure 3). Pruning of both
axons and dendrites, almost up to the cell body, is
first apparent at 3 h APF, with the peak of pruning
occurring at 9–12 h APF.25,26 The first signs of neur-
ite regrowth appear at 18 h APF with adult connec-
tions being fully apparent by 60 h APF.26 In
addition, developmental changes are also seen in cell
size and position. The somata of the CCAP neurons
located in the abdominal segments more than double
in size and the cells migrate to or are pushed down
to the tip of the ventral nerve cord when the abdo-
men reorganizes itself during metamorphosis.26

Drosophila motoneurons (MNs) also undergo
extensive remodeling which takes place at different
stages of development. Unlike the mammalian MNs,
where neuronal competition drives pervasive branch
removal to give rise to monosynaptically innervated
muscles,3,27 remodeling of the fly NMJ appears to
be developmentally regulated and no evidence for
competition has yet been identified.28,29 In the
Drosophila MNs, remodeling occurs via distinctive
mechanisms at different developmental stages. In the
late embryo/early larva, ectopic connections undergo
selective elimination in an activity dependent manner,
mediated by repulsive factors.30 During metamor-
phosis further remodeling of the MN occurs: the
elaborate dendritic tree of MN 1–4 is refined via the
pruning and regrowth of the dendrites.31 In addition,
the connections between the MN and the muscle are
remodeled when some MNs eliminate their axons

presumably by retraction,32 concomitant with dis-
mantling of synapses.33 Later, MNs form new con-
nections via regrowth.34 In essence, the remodeling
of different MNs at different stages of development
likely involves distinct mechanisms and therefore
warrants a dedicated review due to the complexity of
the system. Here, we will not focus on MN remodel-
ing but will relate to this process for the sake of com-
parison and contrasting with other remodeling
systems.

The emerging theme from the three neuronal
systems that we have described is that they all
involve pruning followed by regrowth and that both
of these processes globally occur at similar time
frames throughout the animal (Figure 4).

However, the three systems that we have
decided to focus on in this article are not a compre-
hensive list. In fact, a recent study looking at the
active zone protein Bruchpilot suggested an entire
erasure of the larval synaptic connectivity during
metamorphosis,35 consistent with previous assump-
tions.36 For example, embryonic born projection neu-
rons (PNs), which relay olfactory information from
the antennal lobe to the MB and the lateral horn,
undergo stereotypic remodeling during metamorpho-
sis in a similar time frame as the other neurons
described here.37 However, it is also important to
mention that not all axons are remodeled during met-
amorphosis, even within the same neural structure—
e.g., MB α0/β0 neurons extend axons toward the end
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FIGURE 3 | Remodeling of CCAP/Bursicon neurons during metamorphosis: in the larval and prepupal stage, CCAP expressing neurons line the
entire ventral nerve cord (VNC) and form an intricate network. There are two major types of neurons, efferent neurons, and interneurons. Efferent
neurons (one example highlighted in red) send projections from the cell bodies, that are located on both sides of the VNC, cross to the midline
where they then exit the VNC through the dorsal part of the VNC. The neurites of the interneurons (one example highlighted in blue) cross the
midline and then bifurcate to send projections to both the anterior and posterior areas of contralateral side of the VNC. At 6 h APF pruning begins
with the neurites in the center of the VNC disappearing first followed by the longitudinal tracts. At the onset of regrowth (36 APF), cell somas are
also beginning to migrate to the abdominal area of the VNC. At the adult stage, cell somas are up to twice the size of larval somas and they send
projections through the adult VNC. By 60 h APF, the CCAP neurons have acquired their final adult connectivity with the unipolar neurons sending
their dendrites up along the VNC while their axons enter the VNC at the midline and exit from the ventral side of the VNC to innervate their
targets. Labels are major time occurances of processes. For more detailed time analysis, see Figure 4 (based on Refs 25 and 26).

WIREs Developmental Biology Neuronal remodeling: a fly’s view

Volume 5, September/October 2016 © 2016 The Authors. WIREs Developmental Biology published by Wiley Periodicals, Inc. 621



of larval life and retain their axonal connections
throughout metamorphosis. Furthermore, da neurons
retain their axon while the dendrites are remodeled.
Therefore, it appears that we are just looking at the
tip of the iceberg and future studies will likely
uncover new neurons that undergo remodeling and
also highlight neurons that retain their processes. A
comparison between such neurons should provide
additional insights into what commits a neuron to
remodeling.

Neuronal remodeling had also been shown in a
variety of vertebrates ranging from mice to humans.
For example, large-scale pruning of murine layer V
corticospinal axons is responsible for segregating the
connections of motor and visual cortical neurons.6

Defects in pruning have been associated with several
neurological abnormalities, such as autism, in which
it has been hypothesized that there is over-pruning.11

NEURONAL REMODELING
INVOLVES DISTINCT
MORPHOLOGICAL CHANGES

As mentioned, all of the aforementioned systems
undergo neurite pruning and regrowth within a simi-
lar developmental time frame (Figure 4), and also
share several morphological attributes during
remodeling.

One of the first morphological signs of pruning
in all three systems is neurite blebbing followed by
degeneration. In both the MB and in da neurons, the
degeneration is preceded by a loss of microtubules
(MTs). In the MB, dendrite pruning precedes axon
pruning that begins with the disappearance of MTs,
likely leading to the subsequent axon blebbing and
fragmentation.38 Similarly, proximal severing of the
dendritic tree in da neurons also occurs following
MT disappearance.39 However, how MT elimination
is regulated and whether this elimination is required

or sufficient to induce pruning is less understood,
especially in MB neurons.

The careful morphological characterization of
da neuronal remodeling has been easier to study than
MB remodeling, due to the ease in which live ima-
ging can be conducted. da neurons are easy to visual-
ize because they innervate the body wall and can be
imaged through the epidermis using time-lapse ima-
ging even during the early stages of metamorphosis.
Furthermore, da neurons do not grow in clusters and
rather tile the entire body wall so that each neuron
occupies its own domain and it is therefore easy to
achieve single cell resolution. Using such time-lapse
imaging, Lee and colleagues (2009) have demon-
strated that the pruning of da dendrites begins with
several cuts close to the cell body by which the proxi-
mal branches are severed all at once.39 This is fol-
lowed by degeneration of the entire dendritic arbor,
although it remains unclear whether the degeneration
propagates from the proximal arbor out or rather the
rest of the arbor disintegrates at once. The loss of
MTs precedes axon severing and begins close to the
future cut site in the proximal arbor and afterward
propagates outward toward more distal branches.39

This destabilization of MTs in proximal dendrites is
mediated, at least in part, by Katanin p60-like
1, which belongs to the Katanin family of MT sever-
ing proteins.39 So, in theory, the spatial control of da
neuron dendrite pruning might be achieved by this
initial severing event that divides the cell to arbors
that will and will not undergo pruning. In the case of
MB axon pruning, the picture of how the spatial
specificity is achieved is much less understood. While
the entire dendritic tree of MB γ neurons prune, the
axons prune only up to their original branching
point, while the pedunclar axon remains intact
(Figure 1). By following the distribution of tagged
tubulin molecules during developmental axon prun-
ing, Watts and colleagues (2003) have shown that
tubulin disappears mainly from the axonal areas that
will subsequently undergo pruning but remains
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FIGURE 4 | Remodeling of MB γ neurons, da dendrites and CCAP neurons occur on similar time scales. Pruning (orange) of MB γ axons, da
dendrites, and CCAP neurites all begin close to pupation onset and ends by 20 h APF. Regrowth (green) begins around 24 h APF and lasts
between 24 and 48 h.
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localized to the axon peduncle.38 These data high-
light MT disruption as an early morphological distin-
guisher between domains that will and will not be
eliminated and suggest that MT disassembly might
function as a mechanism to differentiate between the
two axonal compartments. Since the disappearance
of MTs precedes pruning in both the MB and da neu-
rons, this implies a conserved mechanism among dif-
ferent cell types. The identity of MT severing or
destabilizing proteins has not yet been shown in the
MB or in the CCAP neurons and should be further
investigated. Furthermore, MT disassembly has not
been shown to be required for axon pruning of MB
neurons and has not been shown to be sufficient to
induce pruning in any of the systems discussed here.
Interestingly, MT disassembly is also evident in prun-
ing of cultured mammalian neurons in response to
trophic deprivation40 and the stabilization of MT
protects axon fragmentation.41 In an elegant study,
Maor-Nof and colleagues found that the MT destabi-
lizing protein kinesin 2A (KIF2A) is at least partially
responsible for MT destabilization followed by prun-
ing of cultured neurons due to trophic deprivation
and also in vivo for normal sensory axon
patterning.41

Unlike in the da neurons, following the progres-
sion of pruning in the MB has not been explored by
live imaging because the pupa is encased in a dark
cuticle and more importantly the brain itself is sur-
rounded by opaque fat bodies. Therefore, the cellular
mechanisms of MB neuronal remodeling have not
been explored in great depth. In order to address this
limitation, we have recently developed an ex vivo cul-
turing system in which pupal brains can be dissected
and cultured. Remarkably, in the right culture condi-
tions pupal brains continue to develop and undergo
axon pruning in a similar time scale as in vivo. Live
imaging of MB γ neuronal pruning has revealed that
axon blebbing precedes the formation of 1–2 cuts in
each of the dorsal and medial parts of the axon.42

Interestingly, the location of the axonal nicks does
not appear to correlate with the future tip of axon
fragmentation. Similarly, these 1–2 nicks occur at dif-
ferent times in different axons arguing against an
extracellular signal that initiates the program with a
precise location and time. This ex vivo culture system
should be powerful in further understanding the cel-
lular mechanism of MB remodeling by examining,
the dynamics of tagged proteins and organelles such
as MTs and mitochondria.

In both the MB and the da neurons, the final
adult morphology following regrowth is dramatically
different than the initial larval morphology. The
regrown MB γ axons form only an adult medial lobe

that is in a distinct location from the larval medial
lobe (Figure 1). The reformed MB dendritic calyx is
organized in a different manner than the larval one.
While in the larva the dendrites of cells originating
from different neuroblasts are intermingled, follow-
ing remodeling these dendrites are segregated with
each group of γ neurons related by lineage occupying
only one area of the calyx.43 In addition, the adult
dendrites are more complex, usually extending three
or more primary dendrites and a spread out dendritic
tree, while the larval neurons usually only extend one
primary dendrite which forms a small dendritic
tree.43 These massive changes in morphology and
connectivity between the larva and the adult make
sense when we think about the different olfactory
roles in these stages. The regrowth of da dendrites
depends upon the class of neurons. While the total
branch length in class IV neurons is the same in larva
and in the adult, the shape of the dendritic tree
changes dramatically from a radial projection to a
lattice-like structure (Figure 2).44 However, the den-
dritic arbors in class I are actually smaller in the
adult than in the larva but are more complex, having
more than tripled the number of terminals.44

CCAP neurons are the least studied of this
group, although they present a much more intricate
process of remodeling that includes not just pruning
and regrowth but also the migration and enlargement
of the soma.26 Live imaging of this process has been
hindered by the same issues as live imaging of the
MB. Modifying the brain culturing protocol that we
have developed42 to include the CCAP neurons in the
ventral nerve cord will allow better time resolution of
the remodeling process and allow for the investiga-
tion of basic questions as to the morphological
changes during remodeling.

ECDYSONE SIGNALING IS A MAJOR
GATEKEEPER OF PRUNING

The first key regulator of pruning was discovered in
a large mosaic forward genetic screen. Focusing on
the X chromosome, Lee and colleagues (2000)
screened for genes that affect axon pruning of MB
neurons. The screen involved generating MARCM
(Mosaic Analysis with a Repressible Cell Marker)
clones mutant for randomly generated EMS muta-
tions and searching for clones in which pruning was
defective. Two lethal alleles mapped to the same
gene—Ultraspiracle (usp), the ortholog of retinoic
acid receptor.45 USP is part of a heterodimer of
nuclear receptors that bind the steroid molting hor-
mone 20-hydroxyecdysone (ecdysone). Ecdysone is a
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master regulator of various biological changes neces-
sary for proper development such as morphogenesis,
apoptosis and reproduction.46 An ecdysone pulse
induces the transition between the three larval instar
stages and another is required for pupation. The
nuclear receptor complex that binds ecdysone con-
sists of USP and one of the Ecdysone receptor
isoforms—EcR-A, −B1, and -B2. Indeed, inhibiting
EcR function within MB neurons by expressing its
dominant negative version (EcRDN) inhibits neurite
pruning, suggesting that the USP/EcR complex is
required for axon and dendrite pruning of MB neu-
rons in a cell autonomous manner (Figure 5). Fur-
thermore, by performing detailed immunostaining
combined with isoform specific rescue experiments,
the authors found that EcR-B1 expression within the
MB is restricted to neurons at the onset of pruning,
suggesting that it provides a key regulatory aspect.45

Following the discovery that ecdysone signaling
was required for MB axon pruning, it was discov-
ered that remodeling of da dendrites also requires
ecdysone and the activation of EcR-B122,47 in a cell
autonomous manner. In the case of remodeling of
CCAP neurons, our knowledge is very sparse. In fact,
the signal to induce pruning has yet to be identified.
Since CCAP neurons are themselves crucial for
ecdysis,24 it is technically difficult to ascertain
whether ecdysone exerts a feedback mechanism to
induce pruning. A possible way to separate these two
processes is to knock down the expression of the
ecdysone receptor in CCAP neurons only after

pupation, assuming that this will not interfere with
normal pupal development. Alternatively, testing
putative EcR-B1 targets (see more below) can also
determine whether the EcR-induced pruning program
is relevant for CCAP remodeling too. The involve-
ment of ecdysone in developmental pruning has also
been identified in an additional Drosophila system
that undergoes dendrite pruning during metamor-
phosis, the thoracic ventral (Tv) neurosecretory
cells36,48 as well as in MNs.32 In the TVs, EcR has
also been shown to be cell autonomously required for
pruning,49 further supporting the key role of ecdysone
as a major regulator of pruning in Drosophila,
regardless of the system studied.

The paramount role of EcR in regulating prun-
ing is also evident by the fact that its transcription is
tightly regulated by at least three independent path-
ways in the context of MB axon pruning (Figure 5).
EcR-B1 expression was found to be regulated by the
Cohesin complex,50 a complex usually involved in
maintaining sister chromatid cohesion during meio-
sis. The mechanism by which the Cohesin complex
regulates expression of EcR-B1 and how the Cohesin
complex itself is regulated during development is not
yet understood. EcR expression was also shown to
be regulated by the orphan nuclear receptor Ftz-F1,51

initially thought to function downstream of EcR, sug-
gesting that a complicated regulatory loop might still
need to be uncovered. Ftz-F1 is thought to induce the
expression of EcR-B1 both directly and indirectly by
inhibiting the expression of another nuclear receptor,
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FIGURE 5 | Mechanisms of ecdysone receptor B1 (EcR-B1) signaling to trigger pruning in MB γ and da neurons. In da neurons, EcR-B1
triggers dendrite pruning via Sox-14 and Hdc. Sox-14 promotes pruning via Mical and Cullin1-based SCF E3 ligase (see text for more information).
In MB neurons cortex, and perhaps also astrocyte-like, glia secrete Myoglianin (Myo) a TGF-β ligand that binds to neuronal TGF-β receptors that
induce the expression of EcR-B1 in MB γ neurons. Cell autonomous functions of Cohesin and Ftz-F1 include the activation of EcR-B1. EcR-B1
activates Sox-14, which functions in a non-Mical dependent pathway, and probably other pathways, to induce pruning. Green indicates common
factors in both systems and red are targets that were tested and found not to be involved.
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HR39, that inhibits EcR-B1 expression.51 Finally, the
expression of EcR-B1 is also tightly regulated by
extrinsic signals that culminate in the activation of
the TGF-β pathway that was found to be cell autono-
mously required for EcR-B1 expression and pruning
in the MB.52 In an elegant paper Awasaki and collea-
gues (2011) have demonstrated that the TGF-β
ligand, Myoglianin (Myo), is secreted by cortex glial
cells53 and induces TGF-β signaling by binding to the
TGF-β receptor type I Baboon (Babo) and either one
of the type II receptors Punt (Put) or Wishful think-
ing (Wit).52,53 We have recently shown that, in addi-
tion to classical TGF-β receptors, MB γ neurons also
express an immunoglobulin (Ig) superfamily trans-
membrane receptor, Plum, that facilitates TGF-β sig-
naling, EcR-B1 expression, and the induction of
pruning.54 Interestingly, the participation of TGF-β
in pruning appears to be conserved. Drosophila
MNs undergo various types of remodeling, including
the elimination of ectopic synapses during early larva
and remodeling during metamorphosis. Although ini-
tially thought to be unrelated to pruning of longer
stretches of axons, we found that the removal of
ectopic synapses is also regulated by the TGF-β path-
way, mediated by Plum and acting upstream of the
EcR.54 Similarly, NMJ dismantling during metamor-
phosis appears to depend upon the expression of
EcR-B1 in both the presynaptic MN and the postsy-
naptic muscle, with TGF-β inducing neuronal EcR-
B1 expression in a mechanism likely involving the
Ftz-F1 nuclear receptor.32 Likewise, TGF-β released
from mammalian astrocytes has been identified as a
key regulator in synaptic pruning in retinal ganglion
cells although in this case TGF-β signaling appears to
regulate the expression of C1q.55

Although the function of EcR-B1 is essential to
induce pruning in all system tested so far,22,37,45,47

its expression is not sufficient to induce pruning, at
least in the MB. Overexpressing any of the Ecdysone
receptors in the MB has no effect on MB morphol-
ogy, such as early or more extensive axon fragmenta-
tion45 but whether this is sufficient to induce
intracellular signaling is not known.

Many targets of EcR-B1 transcriptional activity
have been proposed in the fly, but in the context of
remodeling we only know a few (Figure 5). In da
neurons EcR-B1 was found to activate the transcrip-
tion factor Sox-14 that, in turn, induces the expres-
sion of Mical, a cytoskeletal regulator which is
important for pruning of da dendrites.56 Recently, it
was shown that splicing of mical by Valosin-
containing protein (VCP) is required for its expres-
sion and for dendrite pruning of da neurons.57 Sox-
14, but not Mical, also appears to participate in MB

pruning.56 What are the downstream targets of
Sox14 that regulate pruning in the MB and whether
it represents the major EcR target driving MB prun-
ing is currently unknown. Headcase (Hdc) is an addi-
tional downstream target of EcR-B1 that regulates da
dendrite severing but not MB pruning.58 Interest-
ingly, Hdc functions in a Sox-14 independent
pathway,58 thus illustrating that there are at least
two separate pathways activated by EcR-B1 in da
neurons that induce pruning. The full extent of the
EcR targets that are required for pruning of MB or
da neurons is not yet fully appreciated. Furthermore,
it is not known whether EcR-B1 might also play a
role in regrowth following pruning. While the levels
of EcR-B1 in the CNS are very low at the onset of
regrowth,59 perhaps such a rapid decrease in the MB
is instrumental in signaling to the cells to begin
regrowth. One way in which this could happen is by
freeing up USP and allowing it to dimerize and func-
tion with a different NR, at least two of which, hor-
mone receptor 38 (HR38) and Seven-up (Svp), have
been identified.60,61

UPREGULATION OF DEGRADATION
PATHWAYS IS NECESSARY FOR
EFFICIENT PRUNING

One common aspect to all systems undergoing prun-
ing is that they involve local degeneration of neurites.
Since this includes the active destruction of cellular
machinery in a tightly regulated temporal and spatial
manner, a significant question is how this occurs
mechanistically.

A major mechanism by which the cell regulates
protein half-life and protein turnover is via the
ubiquitin-proteasome system (UPS).62 Proteins that
are to be degraded become ‘tagged’ with ubiquitin
through the actions of three enzymes, the ubiquitin-
activating E1, the ubiquitin conjugating E2 and the
ubiquitin ligating E3. By over-expressing the yeast
ubiquitin carboxyl-terminal hydrolase 2 (UBP2) in
MB neurons, essentially functioning to reverse the
function of the UPS in these neurons, Watts and col-
leagues (2003) showed that the UPS system was
required for axon pruning (Figure 6). By performing
mosaic analyses for mutants in the sole Drosophila
E1, uba1, or in different subunits of the proteasome,
they also showed that the UPS was cell autono-
mously required for pruning.38 Likewise, inhibiting
UPS function by overexpressing Ubp2 or by mutating
uba1 inhibited dendrite pruning in da neurons.47 By
extracting RNA from laser-captured cells at different
times during development, Hoopfer and colleagues
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(2008) found that the levels of various UPS compo-
nents are upregulated within the MB neurons during
metamorphosis,63 suggesting an activation of broad
program for destruction of cellular components.

How does the activation of the UPS system pro-
mote pruning? In da neurons, there are at least two
UPS-dependent processes that were shown to pro-
mote dendrite pruning (Figure 6): By conducting a
screen of E2 and E3 molecules, Kuo and colleagues
(2006) found that the UbcD1 E2 is required for the
ubiquitin mediated degradation of Drosophila Inhibi-
tor of Apoptosis-1 (DIAP1), a caspase antagonizing
E3 ligase. Degradation of DIAP results in the accu-
mulation and local activation of caspases, which sub-
sequently promote dendrite pruning.64,65 It was also
suggested that VCP, a ubiquitin-dependent ATPase,
is also required for da pruning. Two mechanisms
have been suggested for VCP actions: the degrada-
tion of DIAP166 and the correct splicing of the prun-
ing inducer Mical,57 but how VCP is activated and
how this relates to the core UPS machinery is not yet
clear. Additionally, an RNAi screen has also high-
lighted the role of another E3 ubiquitin ligase, the
SCF complex that comprises Cullin1, Roc1a, SkpA,
and Slimb.67 This complex was shown to negatively
regulate the insulin/Target of Rapamycin (InR/PI3K/
TOR) pathway, whose activity was found to inhibit

dendrite pruning.67 Whether these are the only UPS
dependent processes that promote pruning and what
is the relationship between them is not currently
understood.

In the MB, however, the UPS targets for degra-
dation have not yet been identified. Current data
does not support a role for caspases in the induction
of pruning since overexpression of either of caspase
inhibitors p35 or DIAP-1 does not inhibit prun-
ing.38,68 Furthermore, no active caspases have been
detected in the MB γ neurons during pruning.68

However, it is not possible to rule out the possibility
that caspases do function during MB axon pruning
but their effect is masked by redundant pathways.
The insulin pathway does not appear to participate
in γ neuron pruning since overexpressing TOR does
not affect pruning.69 The UPS system has also been
shown to be required for Wallerian degeneration in
Drosophila and in mammals.40,70 In the Drosophila
system, it was suggested that the E3 ligase Highwire/
phr1 is required to downregulate the levels of
NMNAT, an inhibitor of axon degradation follow-
ing axotomy, in both mammals and Drosophila71,72

and additionally downregulate the levels of Wallenda
(Wnd, the fly ortholog of DLK). However, current
data does not support a role for Highwire, NMNAT
or Wnd in axon pruning of MB neurons.38,63,70
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FIGURE 6 | Degradation pathways inducing da dendrite and MB γ neurons pruning: in da neurons, Uba1, the sole Drosophila E1, activates
the E2 UbcD1, which then activates the E3 ligase DIAP-1 and causes it to undergo self-promoting degradation. The degradation of DIAP-1
disinhibits the expression of the caspase Dronc and allows the subsequent elevation of caspase activity, which in turn promotes dendrite pruning
by unknown mechanisms. At the same time a Cullin1 (Cul1)-based E3 complex is activated by an unknown E2 and promotes pruning by inhibiting
the insulin pathway. In addition, Valosin-containing protein, a ubiquitin sensitive chaperone, promotes the degradation of DIAP-1 and in parallel
allows for the correct splicing of mical mRNA. In the MB, Uba1 is required to for axon pruning but the relevant E2 complexes are largely unknown.
The Cul1-based SCF E3 ligase complex promotes axon pruning in the MB by an unknown mechanism. Green indicates common factors in both
systems and red are targets that were tested and found not to be involved.
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Therefore, the identity of the E2/E3 and targets for
degradation in the context of MB axon pruning
remains unknown.

Endocytosis represents an additional mechan-
ism by which membrane-bound proteins are removed
and then recycled or targeted for degradation. A for-
ward genetic screen has led to the discovery that the
fly UV radiation resistance-associated gene (UVRAG)
is required for MB axon pruning.73 UVRAG was pre-
viously shown to participate in a variety of com-
plexes, among them the phosphatidylinositol 3-
kinase class III (PI3K-cIII) complex, which promotes
both autophagy and endocytosis. The PI3K-cIII com-
plex was shown to phosphorylate phosphatidylinosi-
tol lipids on endocytic membranes to give rise to
PI(3)P which subsequently recruits a wide variety of
proteins containing an FYVE domain. Genetic ana-
lyses showed that MB pruning is an autophagy-
independent process, suggesting a role for endocyto-
sis.73 Indeed, the FYVE containing ESCRT-0
(Endosomal Sorting Complex Required for Trans-
port) complex was also required for pruning, sug-
gesting that endosome maturation resulting in the
attenuation of a membranal signal is a crucial step in
pruning promotion. By performing a suppressor
screen, Issman-Zecharya and colleagues (2014) have
shown that UVRAG functions, at least in part, by
mediating the endolysosomal degradation of Patched
(Ptc), that appears to inhibit pruning in a Smooth-
ened (Smo) and Hedghog (Hh)-independent man-
ner.73 How Ptc inhibits pruning and whether it is the
only inhibitory membranal protein that is targeted
via the endolysosomal pathway remains to be further
explored.

Interestingly, the endocytic machinery has also
been implicated in dendrite pruning of da neurons.
An RNAi screen in these neurons has revealed that
Rab5-mediated endocytosis is required for dendrite
pruning by downregulating the L1-cell adhesion mol-
ecule (CAM) ortholog Neuroglian (Nrg).74 Indeed,
overexpression of Nrg was sufficient to inhibit den-
drite pruning, suggesting that its removal from the
membrane is essential for dendrite pruning. While
these two studies have shown that ESCRT complexes
are required for pruning because of their role in
the maturation of endosomes to multivasicular
bodies,73,74 it has also been suggested that the
ESCRT-3 complex might play an independent role as
a membrane remodeling complex within the den-
drites themselves.75 Finally, localized endocytosis has
also been suggested to play an additional role in
directly regulating dendrite thinning.76 In essence,
dendrite thinning allows the compartmentalization of
the dendrites, allowing for localized calcium

signaling, which has been shown to play a crucial
role in dendrite pruning by activation of calpain.77

Interestingly, elevated calcium and calpains have also
been implicated in axon degeneration mediated by
trophic deprivation.78 How dendrite thinning helps
to activate calcium signaling is not understood. Like-
wise, the relationship between the endocytosis
mediated dendrite thinning and dendrite severing,
which is thought to be initiated by IK239 is not yet
resolved. Finally, whether calcium signaling plays a
role in MB or CCAP neurite pruning has yet to be
determined.

Taken together, studies have shown that degra-
dation of cytoplasmic targets by the UPS system as
well as the attenuation of membranal derived signals
by endocytosis play important roles in promoting
pruning. The cross talk between the UPS and endocy-
tic machinery is an important aspect of the regulation
of pruning, which merits further exploration.

DESTABILIZING ADHESION AS A
MECHANISM TO INDUCE PRUNING

The regulation of adhesion molecules has recently
been implicated in remodeling of both da and MB
neurons. As discussed above, endocytosis mediated
downregulation of the adhesion molecule Nrg has
been shown to be required for dendrite pruning of da
neurons.74 Remarkably, while overexpression of
Nrg, or disruption of endocytosis, prevents proper
pruning, mutating Nrg results in precocious prun-
ing.74 Although the exact function of Nrg has not yet
been shown, it stands to reason that it mediates an
interaction between the da neurons and the extracel-
lular matrix or neighboring cells and that this inter-
action, or adhesion, must be disrupted for pruning to
occur. Finding the binding partner of Nrg as well as
its source will provide important insights into how
cell-cell interactions regulate da pruning. Likewise, a
structure function analysis of the required domains
in Nrg should provide an insight into the intracellu-
lar signaling pathways that inhibit pruning.

By performing a large-scale mosaic forward
genetic screen, it was recently discovered that Dro-
sophila c-Jun N-terminal Kinase (dJNK, also known
as Basket, Bsk) mediated destabilization of Fasciclin
II (FasII), the ortholog of neural CAM (NCAM) is
required for MB pruning.79 In the MB, FasII med-
iates homophilic interactions between adjacent γ
axons, causing them to fasciculate and form an
axonal bundle. Interestingly, overexpression of FasII
was sufficient to inhibit pruning.79 Furthermore,
expression of FasII lacking its intracellular domain or
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even overexpression of other cell adhesion proteins
was sufficient to inhibit axon pruning, suggesting
that pruning depends on the destabilization of cell
adhesion and not necessarily FasII signaling.79

Remarkably, mutations in dJNK, or overexpression
of FasII affected only axon but not dendrite pruning.
This is the first example of a gene differentially
affecting axon and dendrite pruning within the same
neuron, suggesting the existence of distinct mechan-
isms to regulate the pruning of different neurites.
Additionally, the fact that reduction of adhesion is
required during the pruning of both da dendrites and
MB axons raises a speculative hypothesis that differ-
ent parts of the neurons might depend on different
adhesion molecules. Thus, differential localization of
distinct CAMs to different compartments, localized
destabilization of cell adhesion, or both, could pro-
vide a spatial regulation of neurite pruning. It will
thus be interesting to uncover the ‘adhesion code’ for
different parts of the neuron. Finally, how dJNK reg-
ulates the membrane stability of FasII is only par-
tially understood. Whether dJNK regulates the
stability of other adhesion molecules remains to be
determined.

NEURONS INTERACT WITH
SURROUNDING CELLS THROUGHOUT
THE PRUNING PROCESS

Neuronal remodeling occurs in a complex tissue that
comprises many cell types. Therefore, neuron-neuron
as well as glia-neuron and epithelial cell-neuron inter-
actions could be instrumental at different stages of
remodeling.

Glial cells play at least two important roles in
MB pruning. First, they are the major source of TGF-
β that activates the pruning program within MB neu-
rons.53 Second, they act to clear axonal debris fol-
lowing pruning. Glial cells recognize and engulf
cellular debris68,80 in a mechanism that depends on
the engulfment receptor Draper (CED-1 homo-
log).70,81 Debris is then internalized and degraded by
the lysosomal pathway.68,80 Although many types of
glial cells surround the MB, astrocytes are specifically
recruited to the degenerating lobes and play a major
role in debris clearance.35,82 Interestingly, maturation
of astrocytes so that they infiltrate the MB γ lobe is
also dependent upon ecdysone signaling.82 Whether
neuron–glia interactions play additional roles in axon
pruning such as providing spatial information as to
where pruning should stop, remain to be determined.

In the context of da neurons, epidermal cells,
and not glia, have been identified to act as the

primary phagocytes to clear neuronal debris.83 How-
ever, glia in the da system may still play an important
role. A study in Drosophila embryos has identified
an interaction between da neurons and glia both
expressing Nrg that controls da sprouting and
branching.84 Since Nrg must be downregulated in
order for da pruning to occur,74 perhaps this homo-
philic physical interaction between the dendrites and
glia has to be disrupted to allow for pruning. Fur-
thermore, glial cells appear to enwrap the cell body
and axon of da neurons. It was previously suggested
that these glial cells might provide a signal that is
required for dendrite severing85 but the possibility
that glia actually protect the cell body and axon has
not been fully explored. Interestingly, both microglia
and astrocytes, have been shown to actively partici-
pate in mammalian synaptic pruning through phago-
cytosis suggesting that the role of glia as phagocytic
cells is conserved.86,87

REGROWTH FOLLOWING PRUNING

In all three systems described here, neuronal remodel-
ing involves pruning of dendrites or axons followed
by developmental regrowth (Figure 7). How is this
regrowth following pruning regulated? Theoretically,
the cessation of a pruning program might be suffi-
cient to allow regrowth in some sort of tug-of-war
between opposing forces of growth and
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MB γ neurons CCAP neurons
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FIGURE 7 | Regrowth in MB γ and CCAP neurons requires TOR
signaling: in the MB, nitric oxide synthase (NOS) inhibits the formation
of a stable E75/UNF complex. Under low nitric oxide conditions, the
nuclear receptors E75 and UNF function together to induces regrowth
via the TOR and S6K pathway. In CCAP neurons, unknown signals
inhibit the transcription factor FOXO and activate the transcription
factors Cabut (Cbt). The downregulation of FOXO allows derepression
of the insulin/TOR pathway, which, in turn, induces regrowth. Cbt
functions via an unknown mechanism. Green indicates common
factors in both systems.

Focus Article wires.wiley.com/devbio

628 © 2016 The Authors. WIREs Developmental Biology published by Wiley Periodicals, Inc. Volume 5, September/October 2016



degeneration. However, the first clue that develop-
mental regrowth is regulated by a distinct genetic
program came from our finding that the orphan
nuclear receptor UNF is required for developmental
axon regrowth of MB neurons.69 While UNF was
previously implicated in axon growth of MB
neurons,88,89 detailed MARCM analysis, which dis-
tinguishes between cell autonomous and non-cell
autonomous roles of UNF, has revealed that UNF is
cell-autonomously specifically required for the
regrowth of MB neurons following pruning but not
for the initial growth of any MB neuron type.69 Since
nuclear receptors function as ligand activated tran-
scription factors, a transcriptional program likely
underlies axon regrowth following pruning, and
since UNF is only required for regrowth, that this
program is distinct from that underlying initial axon
growth. By exploring known targets of the mamma-
lian UNF ortholog, photoreceptor specific nuclear
receptor (PNR, also known as Nr2e3), we found that
UNF positively regulates the Target of Rapamycin
(TOR) pathway, although the precise mechanism
remains to be uncovered. Mutating the TOR inhibi-
tor Tuberous Sclerosis 1 (Tsc1) suppressed the UNF
mediated regrowth defect as did expressing a consti-
tutively active version of the downstream TOR target
S6 kinase (S6KCA).69 Surprisingly, TOR is also spe-
cifically required for developmental axon regrowth
but not for the initial axon outgrowth of any MB
neuron type. This was especially unexpected since
TOR had been implicated in a wide variety of
growth paradigms. Because mammalian TOR
(mTOR) was shown to be required in axon regenera-
tion following injury in mice,90,91 these findings sug-
gest that regrowth following pruning is not only
distinct from initial axon outgrowth but might also
share molecular mechanisms with regeneration fol-
lowing injury. By combining mosaic genetics and pri-
mary cell culture to explore neurite sprouting of
isolated MB neurons we have further demonstrated
that initial axon outgrowth, developmental regrowth
and sprouting after injury share some mechanisms
but each process also utilizes distinct mechanisms.92

By further delving into the mechanism by which
UNF regulates MB γ axon regrowth we found an
additional nuclear receptor, Ecdysone inducible pro-
tein at 75B (Eip75, hereafter referred to as E75), that
also cell autonomously regulates regrowth following
pruning without affecting initial axon regrowth.
Furthermore, E75, like UNF, exerts its’ function via
the TOR pathway.93 This, together with genetic epis-
tasis experiments and co-immunoprecipitation stud-
ies, have led us to propose that UNF and E75
function as nuclear receptor dimers in order to

promote axon regrowth.93 The identity of the full
spectrum of UNF downstream targets as well as the
pathways functioning downstream of the TOR path-
way that induce regrowth have yet to be discovered.
However, recent work has identified IGF-II mRNA-
binding protein (Imp) as a regulator of profilin
mRNA transport and localization during regrowth.94

Profilin is know to play a major role in actin
polymerization,95 suggesting that altering actin
dynamics may promote regrowth.

While very little is known about the pruning
phase of CCAP neurons, more information is availa-
ble regarding neurite regrowth. Zhao et al (2008) con-
ducted an extensive gain-of-function screen, using
defective wing expansion as an output for improper
CCAP wiring. Among the genes identified in this gain
of function screen were the transcription factor Cabut
(Cbt) and the kinesin binding protein Klarsicht
(Klar).26 In another, loss of function screen, Chen and
colleagues found that downregulation of the RNA
binding protein Alan shepard (Shep) resulted in spe-
cific defects in metamorphic growth, without affecting
larval growth or neurite pruning.96 How these three
proteins affect metamorphic growth or whether they
are important for axon regrowth following pruning of
MB neurons is currently not known.

Defects in CCAP neurite regrowth and soma
size increase during neuronal remodeling have also
been observed following perturbations in the insulin
signaling pathway.97 An increase in insulin signaling
promotes neuronal growth as well as axon branching
following pruning. This effect is mediated by the
TOR pathway and, at least partially, by the FOXO
transcription factor, a negative effector of the insulin
pathway.97 This result is especially interesting since it
was previously shown that axon regrowth in the MB
is also mediated by the TOR pathway.69 Further-
more, one of the most well-defined phenotypes in
adult flies due to disruption of CCAP neurons is a
defect in wing expansion. A similar phenotype has
been observed for homozygous mutants of UNF98

but the neuronal defect for this was not explored. It
is therefore plausible to that UNF may also regulate
the regrowth of CCAP neurons, thus explaining the
lack of wing expansion. Together, these results sug-
gest that remodeling of CCAP neurons and of MB
neurons may share molecular mechanisms and collec-
tively highlights the TOR pathway as required for
developmental regrowth and not initial outgrowth.

The only identified regulator of da dendrite
regrowth and guidance following pruning to the best
of our knowledge is ecdysone-induced cysteine-
proteinase 1 (Cp1).23 Cp1 is responsible for the
cleavage and activation of the transcription factor

WIREs Developmental Biology Neuronal remodeling: a fly’s view

Volume 5, September/October 2016 © 2016 The Authors. WIREs Developmental Biology published by Wiley Periodicals, Inc. 629



Cut and promotes the formation of higher order den-
drites during the regrowth phase. da neurons mutant
for Cp1 undergo pruning normally but during
regrowth only extend a primary branch that does not
elaborate into high-order branches or adhere to the
pupal body wall.23 It is unclear whether failure to
adhere to the epidermal cells results in lack of den-
drite growth or vice versa and therefore this needs to
be further examined.

Since several transcription factors have been
implicated in the regrowth of MB, da and CCAP
neurons, it would be interesting to compare a list of
putative targets of UNF, Cut, and Cbt, and find com-
monalities that may pinpoint proteins or pathways
important for regrowth and for increasing the intrin-
sic growth ability of neurons.

SWITCHING BETWEEN PRUNING
AND REGROWTH MUST
BE TIGHTLY REGULATED

In all of the systems we describe here, the switch
between pruning and regrowth occurs quite rapidly
(Figure 4). Is this switch achieved by a changing bal-
ance between two competing and contradicting pro-
cesses? Or is it an active switch between two distinct
growth programs? If the net outcome would result
from a balance between growth and fragmentation
then one would expect to see increased growth in all
mutants in which pruning is defective and likewise
excessive pruning in all mutants in which regrowth is
defective. This has not been described in any of the
studies focusing on remodeling of MB neurons.
Strengthening this notion is the fact that both steps
in remodeling—pruning and regrowth—are regulated
by nuclear receptors that in essence function as
ligand dependent transcription factors. Thus, it will
be interesting to uncover the entire repertoire of
genetic targets for the nuclear receptors EcR-B1 and
UNF in the MB, and for other identified transcription
factors in the other systems. The recent advances in
RNA-seq suggest that advances in this direction are
just a matter of time.

Nitric oxide (NO) levels were recently identified
as a possible switching mechanism between pruning
and regrowth of MB neurons. As previously men-
tioned, the NRs UNF and E75 both promoted
regrowth via the TOR pathway.69,93 E75 is the clo-
sest fly ortholog to the mammalian Rev-erb-α and
has been shown to bind a heme moiety that may
function as a sensor for monovalent gases, such as
NO.99,100 Indeed, previous work has shown that E75
functions differentially in distinct NO environments

by altering its’ affinity to binding partners.101,102

This, together with the fact that UNF has also been
shown to bind heme,103 suggests a role of NO in
axon regrowth of MB γ axons. Indeed, a rapid reduc-
tion in the levels of NO, generated by neuronal NO
synthase (NOS), is required to promote axon
regrowth. Lowering NO levels facilitates the forma-
tion of a stable UNF/E75 complex which, presuma-
bly, results in the activation of a set of genes that
promote regrowth.93 However, high NO levels, gen-
erated by neuronal NOS together with calmodulin,
are required for normal progression of axon pruning.
The decrease in NO levels from pruning to regrowth
is developmentally regulated and occurs rapidly in a
highly timed and regulated way.93 However, the pre-
cise regulation of the activity of NOS and how high
levels of NO promote pruning are open questions
that remain to be further investigated.

Since all three neuronal systems discussed here
undergo remodeling during similar time frames, it is
likely that similar switching mechanisms might also
be involved. Although it would be extremely interest-
ing to test the role of NO in switching between prun-
ing and regrowth in these other systems, other
mechanism might also play a role.

CONCLUDING NOTES

It is quite apparent that the field of developmental
axon pruning and regrowth is still in its infancy.
Drosophila presents an excellent model to study the
various stages of neuronal remodeling since the nerv-
ous system undergoes sterotypic remodeling during
metamorphosis. Most of what we know about
remodeling in Drosophila comes from two neuronal
systems—MB axon and da dendrite pruning. Studies
in the last decade have revealed common players
such as ecdysone signaling, protein degradation via
the ubiquitin proteasome system, and destabilization
of cell adhesion. However, several important differ-
ences have also been highlighted. Most notably,
while caspases have been implicated in da dendrite
remodeling, there is still no evidence for their role in
MB axon pruning. While it is plausible that caspases
do not play a role in MB remodeling, it is also possi-
ble that parallel and redundant pathways exist
thereby masking the importance of the apoptotic
machinery. Similarly, while ecdysone signaling has
been shown to be required in both MB and da neu-
rons, the full spectrum of the downstream targets of
EcR and their precise role is not yet fully appreciated.
Likewise, our knowledge about developmental
regrowth emerged from studies in MB and CCAP
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neurons, in both of which TOR signaling appears to
play a central role, although how this pathway is
regulated might differ. Therefore, we believe that it is
important to study more neuronal systems in Dro-
sophila to allow a more comprehensive comparison
that will allow us to highlight genes and pathways
that are globally required for neuronal remodeling
and those that are specific to the CNS or PNS, to
axon versus dendrite or to specific cell types. Obvi-
ously, extensive knowledge in Drosophila will allow
us to make comparisons with what is known about
neuronal remodeling in vertebrates. Not in all cases
these comparisons are straightforward—e.g., ecdy-
sone signaling is specific to invertebrates but the role
of nuclear hormone receptors might actually be
conserved.104

Our knowledge of both stages of neuronal
remodeling, pruning and regrowth, is still fragmen-
tary. While we know quite a bit about the regulation
of these processes, the downstream machinery of how
axons dismantle themselves or regrow is not well
understood. The further exploration of MT and actin

stability and dynamics should provide us with impor-
tant clues to these questions. Likewise, the interaction
between neurons and their surrounding cells is likely
to yield more interesting insights into the spatial and
temporal regulation of remodeling. Finally, the recent
discovery that cell adhesion plays a role in axon prun-
ing offers an opportunity to link extracellular signals
to changes in cytoskeleton dynamics.

Drosophila genetics has been the driving force
of recent progress in the field. We envision that geno-
mic strategies will likely soon be added to the discov-
ery toolbox, due to recent advances in cell isolation
and RNA-seq from small quantities of RNA. Like-
wise, live imaging of intact pupae or ex-vivo cultured
brains will allow the field to focus on dynamic
aspects of neuronal remodeling.

Research into the mechanisms underlying neu-
ronal remodeling will not only allow us to further
understand the development and refinement of the
nervous system but may also allow us to delineate
mechanisms underlying neuron degeneration during
disease and following injury.
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