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During metamorphosis in holome-
tabolous insects, the nervous sys-

tem undergoes dramatic remodeling as 
it transitions from its larval to its adult 
form. Many neurons are generated 
through post-embryonic neurogenesis 
to have adult-specific roles, but perhaps 
more striking is the dramatic remodeling 
that occurs to transition neurons from 
functioning in the larval to the adult 
nervous system. These neurons exhibit 
a remarkable degree of plasticity during 
this transition; many subsets undergo 
programmed cell death, others remodel 
their axonal and dendritic arbors exten-
sively, whereas others undergo trans-
differentiation to alter their terminal 
differentiation gene expression profiles. 
Yet other neurons appear to be devel-
opmentally frozen in an immature state 
throughout larval life, to be awakened 
at metamorphosis by a process we term 
temporally-tuned differentiation. These 
multiple forms of remodeling arise from 
subtype-specific responses to a single 
metamorphic trigger, ecdysone. Here, 
we discuss recent progress in Drosophila 
melanogaster that is shedding light on 
how subtype-specific programs of neu-
ronal remodeling are generated during 
metamorphosis.

The mechanisms underlying cellular sta-
bility and plasticity have recently received 
increasing attention in large part spurred 
by discoveries showing that adult “stable” 
cells can be trans-differentiated to other 
specific cellular subtypes1-6 or even driven 
toward an induced pluripotent stem 
cell state by the addition of a few choice 
transcription factors.7,8 These studies 
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demonstrate that cells can display spec-
tacular plasticity in the presence of the 
right combination of modulatory factors, 
findings that have profound implications 
for therapeutic approaches to human dis-
orders. An important goal in neuroscience 
has been to induce neuronal plasticity in 
mature dysfunctional neurons in order to 
restore function. In the majority of the 
nervous system, dysfunctional neurons 
cannot be replaced by newborn neurons, 
and therefore individual neurons must 
last a lifetime. Mature neurons typically 
only possess a limited degree of plastic-
ity that is largely restricted to modulation 
of synaptic contacts. Thus, a longstand-
ing challenge has been how to reactivate 
plasticity in otherwise stable neurons. 
Studying mechanisms that underlie such 
dramatic neuronal plasticity as observed 
during insect metamorphosis is a rational 
approach to identifying potential thera-
peutic approaches.

Metamorphosis in holometabolous 
insects and amphibians represents a pro-
found alteration of the body plan and of 
behavior, which both require dramatic 
nervous system remodeling. In insects, a 
surge of steroid hormone 20-hydroxyecdy-
sone (ecdysone) at the end of the 3rd larval 
stage initiates a diversity of metamorphic 
responses in neuroblasts and postmitotic 
neurons.9 First, ecdysone triggers post-
embryonic neurogenesis that accounts 
for a tremendous increase in the num-
ber of neurons within the nervous sys-
tem.10 Second, many postmitotic neurons 
remodel to generate adult circuits (Fig. 1).  
Dependent upon the neuronal sub-
type, this may involve programmed cell 
death,11-13 radical alteration in axonal and 
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org/10.1073/pnas.1114710109
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Hormonal and Transcriptional 
Cascades of Insect  

Metamorphosis

Ecdysone signaling and the resulting 
nuclear receptor transcriptional cas-
cades direct and coordinate the phases 
of Drosophila metamorphosis.17-19 Critical 
players in the initial hormonal signals that 
drive commitment to metamorphosis are 
juvenile hormone (JH), insulin signal-
ing and ecdysone. Juvenile hormone is a 
generic term for a class of sesquiterpenoids 
secreted by the corpora allata (CA) gland 
that acts to maintain a larval character 
through developmental transitions known 
as ecdyses.20,21 In numerous insect species, 
experimental manipulation of JH shows 
that it prevents larval-pupal transforma-
tion and its removal can lead to precocious 
pupariation.22 Work in numerous insects 
has indicated that the onset of metamor-
phosis, rather that re-entry into another 
larval stage, occurs due to a decline in JH 
titer coupled to the attainment of a criti-
cal weight (signaled by insulin signaling23) 
that ensures sufficient nutritional support 
for the entire process of metamorphosis.21 
Both mechanisms contribute to elevated 
synthesis and secretion of ecdysteroids by 
the prothoracic gland.23,24 JH has been 
shown to interact with multiple pathways 
including the insulin pathway; however, 
neither its exact mechanism of action nor 
any instructional role in neuronal remod-
eling during metamorphosis are well 
understood.21

Ecdysteroids are secreted by the pro-
thoracic gland and thereafter converted by 
peripheral tissues into its bioactive form, 
20-hydroxyecdysone (20E) or ecdysone, 
which drives the onset of metamorpho-
sis.25 Ecdysone binds its nuclear receptor, 
ecdysone receptor (EcR), which mediates 
transcriptional responses as a heterodi-
meric receptor complex with Ultraspiracle 
(Usp).9,19,26 EcR has three isoforms  
EcR-A, -B1 and -B2 that differ in their 
N-termini but share the same ecdysone 
and DNA binding domains. These iso-
forms mediate different temporal and 
spatial outcomes from ecdysone signaling 
by virtue of differences in their expression 
and transcriptional activity.27,28

Ecdysone signaling mediates many of 
its effects through a cascade of nuclear 

that differentially interpret this signal. 
In this review, we discuss gene-regulatory 
cascades that operate within postmitotic 
neurons to direct their specific programs 
of metamorphic remodeling, with a focus 
on processes and mechanisms that provide 
evidence for subtype-specific gene regula-
tory control.

dendritic arbors,14 trans-differentiation 
from one stable cell identity into another15 
or the terminal differentiation of develop-
mentally frozen neurons.16

Although metamorphosis is ultimately 
triggered by a hormonal surge of ecdysone, 
the great diversity of neuronal responses 
points to subtype-specific mechanisms 

Figure 1. Major forms of neuronal remodeling during ecdysone-driven metamorphosis in Dro-
sophila. Developmental stages of Drosophila melanogaster are shown (at 25°C). During embryonic 
development (24 h), the embryonic neurons are born and their axons and dendrites subsequently 
grow to their targets and connect into appropriate circuits for function during larval stages. Most 
differentiate at this time into mature functional neurons. During larval stages, most neurons un-
dergo expansional growth to accommodate the increasing animal size. Throughout larval stages, 
subsets of post-embryonic neuroblast lineages (not shown in figure) undergo division to produce 
new postmitotic neurons. This peaks during the final 48 h of larval life. Ecdysone signaling in-
creases prior to pupariation and prompts metamorphosis (in combination with a drop in juvenile 
hormone titer and the attainment of critical weight). Ecdysone titers fluctuate throughout meta-
morphosis (not shown here). Ecdysone signaling prompts four major forms of neuronal remod-
eling that occurs during metamorphosis in the pupa; Programmed cell death (PCD), structural 
remodeling, transdifferentiation or temporally-tuned differentiation. The exact time of remodel-
ing differs between neuronal subsets. Programmed cell death kills specific neuronal subsets with 
high segmental and subtype specificity. Structural remodeling is neuronal subtype-specific and 
remodels larval arbors into adult-specific circuits. Certain neurons remodel only axons, or only 
dendrites, or both. The first step is pruning of branches back to proximal projections, followed 
by re-targeting, often to distinct targets. Transdifferentiation is rare and involves the changing of 
effector gene expression so that the neurons adopt a novel function. Temporally-tuned differ-
entiation has been observed for numerous neuronal populations, involving the developmental 
freezing of neurons at earlier stages of development prior to mature effector gene expression and 
axo-dendritic arbor outgrowth.
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PCD in early pupae, their well-defined 
developmental transcriptional codes pro-
vides a list of candidates that may act in 
concert with ecdysone-triggered nuclear 
receptor cascades to drive their subtype-
specific PCD. A putative role for such 
“cell fate” transcription factors is sup-
ported by studies of embryonic PCD in 
specific neuronal lineages of C. elegans 
and Drosophila. In such cases, newly born 
postmitotic neurons utilize transcription 
factors mostly associated with subtype 
fate determination to regulate hard-wired 
PCD.42 These include transcription fac-
tors that direct lineage- and/or segment-
specific cell fates.43,44 As the metamorphic 
PCD of specific vCrz and RP2 neurons is 
highly subtype- or segment-specific11,12 we 
would predict that integration of subtype-
transcription factor codes with ecdysone-
triggered cascades of nuclear receptors 
determines which neuronal subtypes 
undergo metamorphic PCD.

Specific examples of fate-determining 
transcription factors in regulating sub-
type-specific PCD in embryonic neurons 
have been uncovered (reviewed in ref. 42).  
The sensory-neuron determinant tran-
scription factor senseless has been impli-
cated in the protection of a subset of 
Bolwig’s organ photoreceptor neurons 
from PCD at pupariation.15 Also, dMP2 
neurons undergo segment-specific PCD 
in late embryos, with anterior dMP2 
neurons dying and posterior abdominal 
segment A6-A8 dMP2 neurons surviv-
ing.45 The A5/A6 transition is marked 
by Abdominal-B (Abd-B) expression in 
only the surviving A6-A8 dMP2 neurons. 
Remarkably, overexpression of Abd-B 
in all early anterior and posterior dMP2 
neurons using the selective odd-GAL4 pre-
vented PCD of anterior dMP2 neurons.45 
In contrast, another study demonstrated 
a lack of anterior dMP2 neurons PCD in 
either Hb9 or Fkh mutants. Restoration 
of the pertinent transcription factor in 
either mutant in early dMP2 neurons 
(using odd-GAL4) rescued PCD.43 Thus, 
the cell-fate-determinants HB9, Fkh and 
Abd-B combinatorially determine seg-
ment-specific PCD of dMP2 neurons in 
embryos. These examples indicate a role 
for subtype transcription factors in sub-
type PCD (reviewed in ref. 42), but we 
have yet to determine how such factors 

studies of ecdysone-induced PCD of other 
Drosophila tissues offer potential clues for 
how PCD may be activated.13 Direct bind-
ing of EcR-B1 to EcR-response elements 
(EcR-RE) in the cis-regulatory regions 
of reaper and dronc is required for their 
expression and subsequent PCD of sali-
vary glands.33,34 As only cells programmed 
to die express reaper or dronc, key regu-
latory steps must occur upstream of cell 
death gene trans-activation. This makes 
subtype transcription factor codes, which 
act with EcR-B1 to induce reaper and dronc 
expression, a candidate mechanism. BR-C 
and the nuclear receptors E74 and E93 are 
required with EcR for reaper and dronc 
expression, and early ftz-f1 induction can 
also promote precocious salivary gland 
death.35 Direct binding of BR-C proteins 
to cis-regulatory sequences of dronc has 
been confirmed;33,35 however, cross-regula-
tory relationships between BR-C and these 
nuclear receptors complicate an interpre-
tation of direct vs. indirect regulation of 
cell death gene expression. Chromatin 
regulation by the arginine-histone  
methyltransferase Art4 (also CARM1 
or CARMER) is also required for dronc 
expression in a Drosophila cell line, l(2)
mbn cells.36 However, as this is recruited to 
the EcR-RE of dronc upon EcR-B1 induc-
tion, to methylate Histone3R17 (H3R17) 
to promote transcription,37 it would 
appear that this is permissive rather than 
instructive for subtype-specific expression.

Is this combination of factors suffi-
cient for the subtype-specificity of PCD? 
After all, these factors are co-expressed in 
cells undergoing many different forms of 
metamorphic change. Cells have differ-
ent combinations of transcription factors, 
non-coding RNA’s and genome accessibil-
ity, all of which may contribute to cell-spe-
cific gene expression. Genomic approaches 
in salivary glands that have identified 
genes that change during metamorphosis 
have listed many transcriptional regula-
tors, some of which may direct a PCD fate 
for the salivary gland.38,39 These candi-
dates now provide a directed approach to 
identify such regulators. With respect to 
vCrz and RP2 neurons, both have served 
as models for transcriptional assignment 
of developmental neuronal subtype iden-
tity.40,41 Although less is known about 
their subtype transcription profile during 

receptors.17-19,27 First identified as primary 
response genes within ecdysone-induced 
polytene chromosomal puffs in the sali-
vary gland,29 these include the nuclear 
receptors, Drosophila hormone receptor 
DHR3, DHR4 and DHR39, Ecdysone-
induced protein E74, E75, E78 and E93, 
Ftz transcription factor 1 (Ftz-f1) and the 
zinc-finger transcription factor isoforms 
that comprise the Broad Complex (BR-C). 
These are each expressed in complex tem-
poral and spatial patterns that are shaped 
by ecdysone signaling and also their own 
elaborate cross-regulatory relationships. 
In turn, the combinatorial spatiotemporal 
expression patterns of these nuclear recep-
tors guide each step of metamorphosis at 
both the global and cell-subtype-specific 
level, as will be discussed in detail.17-19,27

Programmed Cell Death

Numerous larval neuronal subtypes 
are not utilized in adults and undergo 
ecdysone-triggered programmed cell 
death (PCD) during metamorphosis.13,30 
Well-characterized models for metamor-
phic PCD in Drosophila are the ventral 
corazonin-expressing peptidergic neu-
rons (vCrz),31 RP2 motoneurons,11 and 

a population of ~300 neurons known as 
type II neurons.32 In all three cases, the 
timed activation of PCD is mediated by 
caspases and the pro-apoptotic gene reaper 
(and in the case of type II neurons also 
grim) in a highly subtype-specific man-
ner.11,12,31,32 Work in vCrz neurons, which 
die shortly after pupariation, demonstrates 
that ecdyone signaling induces subtype-
specific expression of reaper, the initiator 
caspases dronc and strica as well as the 
effector caspases dcp-1 and ice.31

How is metamorphic neuronal PCD 
triggered in only specific neuronal sub-
sets? The regulatory steps between 
ecdysone signaling and cell death gene 
expression in neurons are poorly defined. 
It is curious that EcR-B1 and B2 mediate 
PCD of vCrz and RP2 motoneurons in 
early pupa,11,12 but that the PCD of type 
II neurons soon after eclosion is corre-
lated with high EcR-A expression (in the 
absence of EcR-B1).32 Nevertheless, dif-
ferential expression of specific EcR iso-
forms is not on its own sufficient to drive 
a neuron into PCD. Insights derived from 
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TGFβ-signaling is required for EcR-
B1 expression in MB γ-neurons. Glia 
that infiltrate the MB, prior to pruning, 
secrete the TGFβ-ligand myoglianin, 
which triggers TGFβ-signal transduc-
tion within the MB γ-neurons. Glial-
specific RNAi-mediated knockdown of 
Myoglianin blocked EcR-B1 expression 
and axon pruning of MB γ-neurons.61 
Likewise, MB γ-neuronal clones mutant 
for TGFβ receptors or their signal trans-
ducer, dSmad2, failed to express EcR-B1 
and failed to prune, and this was rescued 
by restoration of EcR-B1.50,62

A recent study has pointed to parallel-
acting TGFβ and ftz-f1/Hr39 pathways in 
the pruning of other neurons.55 Within the 
first 12 h of puparium formation, moto-
neurons prune back from their larval mus-
cle targets. Motoneuron retraction fails in 
ftz-f1 mutants, is inhibited by overexpres-
sion of Hr39, but is reestablished by Hr39 
and EcR-B1 co-expression. Motoneuron 
pruning also requires extrinsic signal-
ing from the muscles they target, much 
as MB γ-neurons require glial signaling. 
In muscle, ftz-f1 is required to shut off 
Hr39 and this is believed to be upstream 
of a muscle-derived TGFβ signal that the 
motoneurons require for their expression 
of EcR-B1, and ultimately pruning.55

Events downstream of EcR-B1 expres-
sion that result in an axon pruning 
response are poorly defined. It should first 
be mentioned that not all arbors prune in 
the same way; it can occur by retraction 
(motoneuron axons55), fragmentation and 
degeneration (MB γ-neuronal axons63) 
or a combination of the two (da sensory 
neuronal dendrites53). Intriguingly, the 
few detailed studies performed have found 
that degenerative mechanisms correlate 
with microtubule dismantling,63 while 
retractive mechanisms correlate primar-
ily with the initial removal of actin-orga-
nizing proteins.55 Numerous studies have 
started to identify genes and pathways 
that are induced by EcR and contribute to 
pruning, most notably a genomic analy-
sis of EcR-dependent gene expression in 
remodeling MB γ-neurons.64 The ubiq-
uitin-proteasome protein pathway (UPS), 
which mediates protein degradation, is 
required for pruning in MB γ-neurons63 
and peripheral sensory neurons,65 and 
an analysis of EcR-B1-dependent gene 

it is evident that EcR-B1 is expressed in 
many neurons during metamorphosis, 
its expression appears to be under strict 
subtype-specific control. For example, 
EcR-B1 expression in the mushroom body 
is selectively upregulated only in the sub-
set of neurons destined to remodel, the 
γ-neurons.56 Recent studies have pointed 
to two parallel pathways that act non-
redundantly to induce subtype-specific 
EcR-B1 expression in remodeling neu-
rons: Extrinsic TGFβ-signaling and an 
intrinsic interplay between the nuclear 
receptors Ftz-f1 and Hr39.49,55

ftz-f1 is essential for EcR-B1 activation 
and axon pruning in MB γ-neurons.49 ftz-
f1 null mutant MB neuron clones fail to 
express EcR-B1 and retain a larval phe-
notype into adulthood that is rescued 
by restoration of EcR-B1.58 Prompted 
by evidence for functional antagonism 
between ftz-f1 and Hr39, in part medi-
ated through competition at the same 
DNA motif,59,60 the authors examined 
a potential relationship between ftz-f1 
and Hr39. Intriguingly, Hr39 mutants 
did not affect MB γ-neuron remodeling 
but its overexpression reduced EcR-B1 
expression and inhibited pruning. This, 
too, was rescued by co-overexpression of 
EcR-B1.58 Detailed epistatic analysis clari-
fied the relationship between ftz-f1 and 
Hr39. First, the expression of Hr39 was 
increased in ftz-f1 mutant clones. Second, 
the loss of pruning in ftz-f1 mutants was 
partially restored in Hr39/ftz-f1 double 
mutant clones, commensurate with a res-
cue of EcR-B1 expression. Thus, a key role 
for ftz-f1 appears to be the downregula-
tion of Hr39. Competition between the 
two at the level of EcR-B1 regulation was 
further uncovered by showing that prun-
ing and EcR-B1 expression, observed 
upon Hr39 overexpression, was rescued by 
co-overexpression of UAS-ftz-f1. As Ftz-
f1 and Hr39 compete for binding to the 
same DNA motif in cis-regulatory regions 
for numerous genes,59,60 these data suggest 
that Ftz-f1 likely plays a triple-assurance 
role to increase EcR-B1 expression: It 
represses Hr39 expression, activates EcR-
B1 by out-competing the repressive-acting 
Hr39 and acts as a trans-activator itself.

The importance of extrinsic context 
in selecting neurons for remodeling has 
been illuminated by studies showing that 

regulate PCD and how they function-
ally intersect with ecdysone signaling to 
direct metamorphic PCD. Toward this 
end, noteworthy are studies that have per-
formed global and tissue-specific micro-
arrays for genes that are altered around 
pupariation in specific tissues,46,47 or are 
globally affected by EcR knockdown.47 
Moreover, the modENCODE project is 
expanding the number of transcription 
factors for which genome-wide binding 
sites are being determined.48 In this way, 
one could identify genes that are regulated 
by EcR and whose cis-regulatory regions 
are chromatin immunoprecipitated by 
other transcription factors. Such compari-
son of available data sets would likely pro-
vide novel genes and hypotheses to explore 
the mechanisms that direct subtype-spe-
cific programs of metamorphosis.

Morphological  
Remodeling–Pruning

Many larval neurons that persist in the 
adult nervous system undergo extensive 
re-structuring and re-wiring of their axo-
nal and dendritic arbors at metamorpho-
sis. This spectacular form of neuronal 
plasticity has been the focus of intense 
analysis for several decades.14,49 In most 
neurons, larval arbors first prune back 
through retraction and/or degeneration, 
and this is followed by arbor regrowth 
and re-targeting. Particularly instructive 
models include mushroom body (MB) 
γ-neurons,49,50 thoracic ventral Tv4 neu-
rons,28,51,52 peripheral dendritic arborizing 
(Da) sensory neurons53 and motoneu-
rons.54,55 A number of common principles 
have emerged from these studies that 
define core transcriptional and cellular 
mechanisms of morphological plasticity. 
Best defined are the elaborate mechanisms 
for subtype-specific induction of EcR-B1 
expression in these neuronal subtypes, 
which is required to initiate pruning. 
However, how EcR activation in these 
neurons promotes arbor remodeling as 
opposed to PCD or trans-differentiation 
is not well established.

EcR-B1 function is required for axo-
nal or dendritic pruning of Tv4 neurons,51 
MB γ-neurons,56 dendritic arborizing 
(Da) sensory neurons53,57 and motoneu-
rons55 during early pupariation. While 
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growth in development, but not to affect 
growth itself.70 We would anticipate that 
such subtype-specific transcription factors 
act within MB γ-neurons to direct guid-
ance of Tor-stimulated regrowing axons. 
However, it will be particularly interest-
ing to determine why these transcription 
factors would act in an UNF-dependent 
manner. Are they regulated transcription-
ally by UNF, or is UNF required to act 
cooperatively with these transcription 
factors?

Olfactory circuits provide a powerful 
model to decipher subtype-specific mech-
anism of neuronal remodeling. Olfactory 
projection neurons (PNs) are second-order 
olfactory neurons that receive input from 
olfactory receptor neurons (ORNs) and 
relay this to the MB and lateral horn. 
PN dendrites synapse with ORN axons 
within one or a few of the 50 antennal 
lobe glomeruli. Subsets of embryonic-
born PNs have been identified that con-
nect to larval ORNs in glomeruli of the 
larval olfactory lobe. During metamor-
phosis, the larval ORNs undergo PCD 
and the larval antennal lobe degenerates. 
However, the PNs persist; they retract 
their dendrites and then regrow them into 
specific glomeruli of the newly forming 
adult antennal lobe to receive axonal con-
tact from incoming newly generated adult 
ORNs.71 This pruning is under the direc-
tion of ecdysone and TGFß signaling, as 
are MB γ-neurons and motoneurons (see 
above).69 Important to furthering our 
understanding of the subtype-specific 
mechanisms of neuronal remodeling, 
the lineage, birth order and an elaborate 
combinatorial code of transcription fac-
tors that differentiate PN subtype identity 
and their specific connectivity has been 
characterized.69,72,73 Primarily by mutant 
analysis in MARCM clones, a combina-
tion of transcription factors, acj6, drifter,74 
lola,73 islet, lim1, squeeze, cut,75 Chinmo76 
and empty spiracles,77 have been shown to 
control precise dendritic targeting of PNs. 
However, details of the downstream genes 
targeted by such combinatorial transcrip-
tional codes awaits discovery. With such 
detailed information regarding the trigger 
for remodeling (TGFß signaling and EcR-
B1), as well as the subtype-specific tran-
scriptional codes that determine selective 
axodendritic targeting, we anticipate this 

is understood regarding the mecha-
nisms of regrowth, however studies in 
FMRF-expressing Tv4 neurons,28,51 MB 
γ-neurons68 and olfactory projections 
neurons69 have proven illuminating. 
Pruning of Tv4 neurons is lost in EcR 
mutants, in which the B isoforms are not 
expressed, and this is rescued by a Tv4-
specific GAL4 driving expression of either 
B1 or B2, but not EcR-A isoforms.28,51 
Interestingly, while Tv4 pruning was 
inhibited by overexpression of two domi-
nant negative forms of EcR (F645A and 
W650A) that block transcriptional activa-
tion, Tv4 regrowth was inhibited only by 
the W650A form, which, unlike F645A, 
is thought to lack ligand-dependent tran-
scriptional de-repression. These results 
led the authors to propose that Tv4 axon 
pruning is directed by ligand-mediated 
transcriptional activation and regrowth is 
mediated by transcriptional de-repression. 
Results such as these demonstrate the 
complexity of EcR activity and the care 
that must be taken in interpreting the 
results of EcR manipulation.

MB γ-neurons undergo regrowth fol-
lowing their pruning (detailed above). A 
MARCM screen for piggyBac insertional 
mutants that disrupted MB γ-neuron 
remodeling identified the nuclear recep-
tor UNF (also Hr51) as specifically block-
ing regrowth.68 Further analysis showed 
that UNF selectively regulated regrowth 
but neither developmental growth nor 
pruning, even though UNF is expressed 
throughout all these stages. Taking a lead 
from mouse studies that identified genes 
regulated by the mouse UNF ortholog, 
Nr2e3, the authors explored a potential 
role for TOR signaling in UNF-dependent 
regrowth. In confirmation of their hypoth-
esis, MARCM clones for TOR mutant 
alleles specifically blocked regrowth, and 
expression of UAS-TOR in UNF mutant 
clones rescued axon regrowth. Further 
detailed analysis provided evidence for 
the role of the Tsc1/Rheb/TOR/S6K 
pathway in stimulating regrowth down-
stream of UNF, yet remarkably, not 
the appropriate guidance of regrowing 
γ-neurons. These results demonstrate that 
UNF coordinates growth and guidance 
through distinct molecular mechanisms. 
Many subtype-specific transcription fac-
tors have been identified to direct guided 

expression in MB γ-neurons demonstrated 
that most genes within the UPS are upreg-
ulated by EcR-B1.64 Other genes that play 
functional roles in pruning are implicated 
in cytoskeletal-remodeling including Ik2 
kinase, Katanin p60-like 1 (Kat-60L1)66 
and Mical.57

What regulatory mechanisms exist 
downstream of or in parallel to EcR-B1 
expression to coordinate the induction 
of these effector genes? Surprisingly, cer-
tain effector pathways that would a priori 
appear to be logical players, such as the 
BR-C genes, E74, E75 and Kr-H1, all 
classically-defined EcR targets and ecdy-
sone signaling effectors,9 are not essential 
for MB γ-neuron pruning, even though 
they are induced by EcR-B1 in these 
neurons.56,64,67 An important clue came 
from an RNAi screen for genes previously 
shown to be EcR-dependent in numer-
ous tissues.57 The authors found that the 
transcription factor Sox14 is upregulated 
by EcR-B1 in peripheral sensory neurons 
and is necessary for pruning. Importantly, 
forced early expression of sox14 induced 
precocious pruning, showing it to be a 
sufficient step in pruning. It is interest-
ing to note that sox14 is upregulated in an 
EcR-B1-dependent manner in remodeling 
MB γ-neurons.64 The authors also provide 
a robust link from EcR-B1 through Sox14 
to an effector of cytoskeletal organization. 
They show that Sox14 upregulates Mical, 
an actin-filament interacting protein, that 
is also required for pruning. Moreover, the 
loss of pruning, due to disruption of Sox14 
or EcR-B1 function, can be rescued by res-
toration of Mical expression.57

These data fill important gaps in 
our understanding of intrinsic neuro-
nal cascades that direct subtype-specific 
responses yet much has yet to be learnt. 
For example, Sox14 is also upregulated by 
EcR-B1 at metamorphosis in another sub-
set of sensory neurons and is required for 
them to undergo PCD, but Mical is not 
required for PCD of those neurons.

Morphological  
Remodeling–Regrowth

Following pruning, neuronal arbors are 
re-grown and re-targeted to form func-
tional adult specific neuronal networks. 
Compared with pruning, relatively little 
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everted early in metamorphosis to estab-
lish the adult’s body plan. We found that 
a late differentiating subset of 12 CCAP-
ENs are sufficient (after the ablation of 
48 early-differentiating CCAP-neurons) 
for the proper execution of pupal ecdysis. 
These neurons become postmitotic and 
start to express a CCAP-EN subtype-
specific combination of markers in the 
embryo, but remain immature through-
out larval development. Beginning in 
late L3 larva and proceeding through the 
first 12 h of pupariation, they terminally 
differentiate; they initiate expression of 
CCAP, Bursicon-α and Bursicon-β and 
project their axon out of the CNS via 
peripheral segmental nerves. By expres-
sion of dominant negative (W650A) EcR 
receptors, EcR-A or -B1 were found to 
be non-redundantly required for termi-
nal differentiation and that forced early 
expression of Ftz-f1 in mid-stage larvae 
preciously induced expression of all pep-
tide hormones.

Studies described in detail above show 
that Ftz-f1 induces EcR-B1 expression in 
MB γ-neurons and motoneurons in part 
through repression of Hr39 expression.55,58 
It will be intriguing to examine whether 
this relationship exists to differentiate late 
CCAP-ENs and, moreover, how Ftz-f1 
acts in a sufficient manner. Further work 
to identify the subtype transcription fac-
tor code acting in CCAP-neurons would 
also allow a dissection of the intersection 
of nuclear receptor function with subtype 
transcription networks to generate such 
precise temporally-tuned terminal differ-
entiation programs.

Another regulator of temporally-
induced differentiation is TGFβ sig-
naling. A subset of ~40 atonal-positive 
neurons known as the Dorsal Cluster 
(Dc) neurons is born in early larval stages 
and retains an immature morphology 
until metamorphosis.62 TGFβ signaling 
is required within these neurons for dif-
ferentiation of a mature arbor, where it 
appears to act permissively, as precocious 
activation of TGFβ signaling failed to 
induce early remodeling.

Concluding Remarks

Tremendous progress has been made 
in identifying mechanisms that direct 

mechanisms that underlie the Rh5 to Rh6 
switch are unknown.

Aside from the simple possibility that it 
may not be a widespread phenomenon, the 
rarity of reported cases of trans-differenti-
ation may reflect the technical challenges 
associated with identifying neurons that 
undergo trans-differentiation. Such stud-
ies require establishing the expression of 
a perdurant or permanent marker from a 
subtype-specific promoter that can then be 
tracked at later stages. In Drosophila, this 
can be achieved using a subtype-specific 
promoter to drive tagged histone proteins 
that perdure through the trans-differen-
tiation period15 or the activation of Flp 
recombinase in specific cells prior to trans-
differentiation that excises a FRT-flanked 
stop cassette to bring a reporter under 
the control of a ubiquitous promoter.16,82 
Other approaches such as MARCM 
(mosaic analysis with a repressible cell 
marker56) can be used to study trans-dif-
ferentiation assuming that specific neu-
rons can be reproducibility labeled, as has 
been performed for embryonic-born olfac-
tory projection neurons that remodel their 
arbors at metamorphosis.69

Temporally-Tuned Differentiation

Numerous neuronal subtypes become 
postmitotic in early development, either 
in the embryo or early larval stages, but 
remain in a developmentally-frozen state 
until their eventual terminal differen-
tiation around the time of pupariation.16 
This process that we term “temporally-
tuned differentiation”16 has been observed 
in mesothoracic motoneuron 5 (MN5),83 
FMRFa-expressing Tv3 (Tva) neurons,84,85 
the giant fiber neurons86 and a subset 
of CCAP-expressing efferent neurons 
(CCAP-EN).16 In each case, neurons 
appear to be morphologically and/or 
molecularly undifferentiated until pupari-
ation, at which time they functionally 
mature and are incorporated into adult 
networks.

Recent analysis of the CCAP-neuronal 
network by our group has provided insight 
into the underlying mechanisms. CCAP-
neurons and their peptide hormone battery 
of CCAP, Bursicon-α and Bursicon-β are 
required for the execution of pupal ecdy-
sis, wherein the head and appendages are 

model to provide tremendous advances 
in our understanding of how these inter-
sect to coordinate remodeling, and per-
haps also provide insight into why these 
neurons undergo arbor remodeling, as 
opposed to any other form of metamor-
phic change.

Trans-Differentiation

Developmental trans-differentiation in 
postmitotic neurons has been reported 
in vertebrates; zebrafish dorsal root gan-
glia (DRG) sensory neurons trans-differ-
entiate into sympathetic ganglia neurons 
upon migration from the DRG to a new 
environment.78 Also, opsin gene expres-
sion in rainbow trout and Pacific pink 
salmon photoreceptors changed from UV- 
to blue-sensing in response to maturation 
and lifestyle change.79,80 However, it is in 
the realm of cellular reprogramming that 
the mechanisms of trans-differentiation 
might be most gainfully understood. For 
example, adult cells can be forcibly trans-
differentiated in a directed manner by 
adding a limited cocktail of key transcrip-
tion factors,5,6,81 presenting novel avenues 
to cellular replacement as a therapy.2 Thus, 
analysis of metamorphic trans-differenti-
ation will likely reveal basic mechanisms 
that may prove useful to understanding 
how to manipulate trans-differentiation 
in a therapeutic setting.

To our knowledge, only one clear 
case of neuronal trans-differentiation 
in a functioning postmitotic neuron has 
been described in Drosophila. In larvae, 
each Bolwig’s organ (a larval light-sens-
ing organ) comprises 12 photoreceptors; 
8 green-sensitive (expressing Rhodopsin 
Rh6) and 4 blue sensitive (expressing 
Rh5). During metamorphosis, the Rh6-
photoreceptor neurons undergo PCD, 
but Rh5-photoreceptors trans-differenti-
ate into Rh6-expressing photoreceptors. 
Functionally, this switches these neu-
rons from blue to green light sensitiv-
ity. Both PCD and trans-differentiation 
require cell-autonomous EcR function, 
as Rh5-neuron trans-differentiation 
and Rh6 neuron death can both be pre-
vented by cell-autonomous blockade of 
EcR. However, whereas there is evidence 
indicating that senseless may act to spare 
Rh6-photpreceptors from PCD, the 
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