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Abstract

The shedding of the old exoskeleton that occurs in insects at the end of a molt (a process called
ecdysis) is typically followed by the expansion and tanning of a new one. At the adult molt, these
postecdysial processes include expanding and hardening the wings. Here we describe recent
advances in understanding the neural and hormonal control of wing expansion and hardening,
focusing on work done in Drosophila where genetic manipulations have permitted a detailed
investigation of postecdysial processes and their modulation by sensory input. To place this work
in context, we briefly review recent progress in understanding the neuroendocrine regulation of
ecdysis, which appears to be largely conserved across insect species. Investigations into the
neuroendocrine networks that regulate ecdysial and postecdysial behaviors, will provide insights
into how stereotyped, yet environmentally-responsive, sequences are generated, as well as into
how they develop and evolve.
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l. Introduction

Insects wear their skeletons on the outside of their bodies. While this adaptation shields soft
tissues and prevents dehydration, it presents severe challenges to growth. To grow, insects
must periodically molt to shed their exoskeletons and form new ones. The fact that they
flawlessly and repeatedly perform this feat during development belies its complexity, as it
requires first digesting the exoskeleton from the current stage and producing one for the
next. Shedding the remains of the old exoskeleton during ecdysis involves first breaking the
links between it and the body, and then extricating not only the body—which may have
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multiple, articulated appendages--but also the cuticular linings of the old trachea and parts of
the gut. During this delicate process insects are extremely vulnerable, covered only by the
new exoskeleton, which is typically soft and permeable. Therefore, insect survival generally
requires the rapid hardening and melanization of the new exoskeleton in expanded form. At
the adult molt, wings, if present, must also be expanded prior to imminent hardening. Thus,
successful passage from one developmental stage to the next requires a precise
concatenation of multiple behavioral and physiological events that occur during and after the
shedding of the old cuticle. The behavioral aspects of this progression are collectively
referred to as the “ecdysis sequence.”

Over the course of the last century, the ecdysis sequences of numerous insects have been
characterized in detail (for general reviews see 47, 64). For a given species at a given
developmental stage, the ecdysis sequence is usually quite stereotyped, though it may
include mechanisms for pausing or extending the performance of behavioral steps in
response to sensory input. Although the ecdysis sequences of different species exhibit
considerable diversity, investigation of the underlying hormonal and neural mechanisms of
their regulation has revealed considerable similarity at the molecular and cellular levels. The
effort to understand the hormonal orchestration of ecdysis sequences has been a rich source
of insight into how nervous systems generate and organize their motor output into coherent
steps to achieve adaptive goals.

A relatively comprehensive model of the neuroendocrine basis of larval ecdysis in the
tobacco hornworm, Manduca sexta, emerged from work carried out in the closing decades of
the last century (19). More recent work has focused on understanding the regulation of
ecdysis sequences in Drosophila, which offers a broader palette of tools for molecular
genetic manipulation. While results from Drosophila have revealed both similarities and
differences in the regulation of ecdysis between the fly and Manduca, they have specifically
deepened our understanding of the control of postecdysial behaviors. This is due in part to
the molecular genetic characterization in Drosophila of the hormone bursicon--which is now
recognized to regulate both postecdysial physiology and behavior--and in part to a shift in
focus to the adult molt, where ecdysis and postecdysis behavior assumes what is perhaps its
most spectacular form: following its emergence from the pupal case the metamorphosed
adult completes its transformation by expanding its new wings. Adult ecdysis in Drosophila
also offers an exemplar of how plasticity can be introduced into the execution of a
stereotyped motor program because the onset of wing expansion can be delayed--sometimes
for hours depending on environmental conditions (43).

In this review, we focus on the recent work in Drosophila, with particular attention to studies
of the neuroendocrine network underlying wing expansion. Because the structure and
function of this network can only be meaningfully understood in the context of the broader
network governing the entire adult ecdysis sequence in Drosophila, we also briefly review
what is known about the core molecular and cellular substrates of ecdysis sequences and
their regulation, incorporating recent results from Drosophila and other insects.
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lI- Insect ecdysis

1- Behavioral components of ecdysis sequences

The behavioral sequences used by insects to replace the exoskeleton of one developmental
stage with a new one are typically divided into three major phases (Fig. 1). The first, called
pre-ecdysis, consists of preparatory behaviors, which likely function to loosen the old
exoskeleton; this phase may be accompanied by the swallowing of air (or sometimes water),
which raises internal pressure and stretches the old exoskeleton. Pre-ecdysis is followed
shortly by the ecdysial phase (ecdysis proper), during which the old exoskeleton is shed.
This phase may also be aided by the ingestion of air to expand the new exoskeleton and help
rupture the old, but always includes a burst of anterior-directed peristalses that serve two
purposes. On the one hand, they cause pressure to be exerted on the anterior region of the
old cuticle, leading it to split (or open further, for some species) along a dorsal seam,
partially freeing the animal from its straitjacket. On the other hand, these anterior-directed
peristalses help push the animal out of the old exoskeleton. Depending on the stage and body
plan, this phase may also include an ordered series of individual motor programs for
extricating the animal’s various appendages and trachea. This phase results in the complete
freeing of the insect, and is followed by the postecdysial phase during which the new
exoskeleton is expanded, hardened, and pigmented. The mechanical means of expansion, as
noted before, typically involves air-swallowing, which is often accompanied by abdominal
contractions and serves to swell the body to its greatest size and/or expand the wings before
they are permanently hardened.

Although the subdivision of the ecdysial sequence into these three phases is convenient, we
caution that it hides a number of complexities. First, the phases are rarely discrete and it can
be difficult, if not impossible, to decide where the motor subroutines of one phase end and
those of the next start. Furthermore, phases may overlap: for instance, in the bug, Rhoadnius
prolixus, air swallowing begins during pre-ecdysis at the adult molt, and expansion of the
body and wings (i.e. postecdysis) proceeds concurrently with the shedding of the old
exoskeleton (i.e. ecdysis) (1). Second, a chronologically sequential view of ecdysis
sequences can imply that each neuropeptide hormone involved in the control of a sequence
(see below) functions only during a specific phase, when in fact it is more likely that several
neuropeptides cooperatively cause each phase of motor programs, with some neuropeptides
contributing to several phases. For example in the red flour beetle, 7ribolium, signaling by
the neurohormone bursicon is required to modulate the strength of pre-ecdysis behaviors at
adult emergence as well as to insure proper postecdysial behavior and wing expansion (2,
Fig. 1). Perhaps because of these various complexities, there is little agreement regarding the
precise definition of each phase in different insects, which complicates comparative studies.
Nonetheless, and despite the behavioral differences observed between species, investigation
of the hormonal basis of ecdysis sequences has revealed considerable commonality in the
signaling molecules and cell groups that participate in this process across different insect
species.
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2- The neural and hormonal control of ecdysis sequences

The endocrine control of ecdysis has been extensively reviewed elsewhere, and here we
endeavor to provide only a brief overview, focusing on some recent advances. Readers
interested in comprehensive reviews may refer to those cited above, as well as (52, 62).

Our primary understanding of the endocrine mechanisms that control ecdysis sequences
stems from work done in Lepidoptera (especially the moth, Manduca sexta). More recently,
strong contributions have come from work using insects amenable to genetic manipulations,
principally Drosophila melanogaster, but also the beetle, Tribolium castaneum, and the silk
moth, Bombyx mori. Four hormones have been implicated in the control of Manduca
ecdysis sequences: Ecdysis Triggering Hormones (including Pre-ecdysis Triggering
Hormone, PETH, and Ecdysis Triggering Hormone, ETH), Eclosion Hormone (EH),
Crustacean Cardioactive Peptide (CCAP) and bursicon. Other factors may also play a role,
including kinins, myoinhibitory peptides (MIPs), FMRFamide (31, 32), and corazonin (30),
but the extent to which they do so in different insects, as well as their exact roles, are poorly
understood.

Pre-ecdysis—In Manduca, the initial trigger of the ecdysis sequence is the release of ETH
(and PETH) from peripheral endocrine “Inka” cells. Through a reciprocal positive feedback
loop between ETH and centrally produced EH, both neuropeptides are then massively
released, providing an unambiguous endocrine signal that irreversibly commits the animal to
ecdysis. Interestingly, ecdysis normally occurs only when the old cuticle can be shed and the
new one is ready. This critical coordination of ecdysis with the stage of progression through
the molt is accomplished at least in part by modulating the sensitivity of the nervous system
to ETH, so that it responds only when the molting hormones fall below a threshold level that
is reached at the very end of the molt.

In Manduca, the neuropeptide corazonin first signals the fall in molting hormones (30). This
is not the case in Drosophila, where another, as yet unknown, endocrine signal may
participate in setting ecdysis in motion at the correct developmental time. In addition to
molt-associated factors, other inputs can influence the exact time of occurrence of ecdysis.
These include proprioceptive inputs, as occurs in species such as crickets, where the start of
ecdysis can be delayed until a suitable perch is found. Another important input is the
circadian clock, which, depending on species and stage, can restrict ecdysis to a specific
time of day. How this is accomplished is best understood in the bug, Rhodnius prolixus,
where circadian regulation of molting hormone production causes the molt to end only
within a permitted interval (49).

Ecdysis—Following the surge of ETH, the accompanying release of EH within the central
nervous system (CNS) is believed to cause CCAP release; CCAP then turns on the ecdysis
motor program. The responses of isolated CNS preparations to CCAP support this
interpretation, in that this neuropeptide can turn on the fictive ecdysial motor program when
applied to an isolated CNS /n vitro; it also shuts off the pre-ecdysis motor program if added
after an ETH challenge (24). Following ecdysis, the secretion of bursicon from a subset of
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CCAP-expressing neurons in the abdominal ganglia whose activity is delayed by descending
inhibition, regulates the postecdysial phase (52, 53).

This sequential model, in which ETH, EH, CCAP, and bursicon are released more or less
stepwise and act largely independently to generate different components of the ecdysis
sequence, has considerable explanatory power (Fig. 1). However, it has been challenged by
recent studies that suggest greater complexity. First, in Manduca (31), as well as Drosophila
(32), the ETH receptor (ETHR) is expressed not only in the neurons that produce EH, but
also in those that express CCAP and bursicon and in neurons that express other
neuropeptides implicated in the control of the pupal ecdysis sequence. The staggered release
of these neuropeptides is thus somehow accomplished by the simultaneous activation by
ETH of all these neurons. A mechanism in which inhibitory delay pathways are co-activated
to regulate the pattern of release has been proposed, and anatomical lesions provide some
evidence for such pathways, but none has been identified at the cellular level (23, 63).

In addition, recent results from Drosophila suggest that different neuropeptides may exert
overlapping, rather than strictly sequential, actions. Thus, flies lacking EH- and CCAP-
expressing neurons have ecdysis sequence defects that are more severe than those seen in
animals lacking either the EH or the CCAP neurons alone(8). Similarly, flies lacking the
neuropeptides CCAP and bursicon are more impaired than those lacking either neuropeptide
alone (33). Non-sequential models of neuropeptide action are also consistent with the
observation that some peptides appear to participate in more than one phase of an ecdysis
sequence, as described above for bursicon signaling in 7ribolium (2).

Recent findings also suggest that the mechanisms that regulate ecdysis sequences may vary
across species, with the same neuropeptide playing different roles in different insects. For
example, PETH, which causes only pre-ecdysis in Manduca, can trigger the entire ecdysial
sequence in the silkmoth, Bombyx mori (65).

Postecdysis—The sequential model described above was largely developed to explain the
larval ecdysis sequence in Manduca, which does not end in overt expansion of the new
cuticle and does not depend critically on bursicon function. The inclusion of bursicon in the
model is based instead on evidence that implicates this neurohormone in controlling wing
expansion at adult ecdysis (53). Postecdysis in the adult is, in fact, quite different from that
in the caterpillar, as is the ecdysis phase, which includes, in addition to the core behavior of
anterior-directed peristalses other motor components, such as the “shrugging” that
accompanies emergence (29, 53). These observations raise the question of whether the
hormonal control of the ecdysis sequence remains the same across developmental stages.

Although considerable evidence indicates conserved roles for both ETH and EH across
developmental stages in Manduca (19), the patterns of expression of both CCAP and
bursicon within the nervous system change, suggesting modified roles of these
neuropeptides in ecdysis sequence control (11, 20). Studies from Drosophila provide more
direct evidence for such changes in function. It has been demonstrated that genetically
ablating CCAP-expressing neurons in the fly causes only minor defects at larval ecdyses, but
causes severe defects at pupal ecdysis (41). This developmentally acquired sensitivity to
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CCAP neuron ablation is conferred by the addition of late-differentiating CCAP-expressing
neurons just prior to pupation. Unlike embryonically differentiating CCAP-expressing
neurons, this late-differentiating set is necessary for pupal ecdysis (57). A similar set of
neurons has been described in Manduca (12), suggesting that this mechanism may be
conserved.

As indicated by this brief discussion, research on Manduca has produced a useful model of
the neuroendocrine basis of an ecdysis sequence and of how it might progressively generate
distinct behavioral phases. The control of the postecdysial phase is the least well-developed
element of this model and our emerging understanding of how this phase is controlled, at
least at adult ecdysis in Drosophila, will be taken up in the next section. As should be clear
from the foregoing, however, numerous challenges remain in the effort to achieve a complete
understanding of the neural and hormonal determinants of ecdysis sequences in general.
These will be discussed in the final section of this review.

lll. Insect postecdysis

1. Postecdysial behavior and wing expansion

In insects with a rigid exoskeleton the postecdysial phase invariably requires expansion of
the new cuticle prior to hardening. As noted above, expansion entails swallowing air or
water to increase internal hydrostatic pressure so that the new cuticle hardens at a size that
can accommodate further growth. After adult ecdysis, winged insects must likewise expand
and harden the cuticle of the thorax, in order to provide the rigid supports for flight. More
importantly, the wing pads themselves, which have formed during development, must be
expanded to their full size and hardened to permit flight. Infusion of hemolymph into the
wing pads to expand them relies on the same increase in internal pressure.

The often spectacular nature of wing expansion and the fact that insects perform it while
sedentary—rendering it readily observable—have made this process a commonly-observed
display of postecdysial behavior. Although details of the behavior—and in some cases even
the underlying motor patterns—have been described in numerous insects, the hormonal and
neural basis of wing expansion has been most extensively studied in flies (for a
comprehensive review, see 14), with most of our current knowledge derived from recent
work in Drosophila.

Drosophila is an attractive model for the study of wing expansion for two reasons. The first
is that the powerful genetic tools available in this organism make possible selective
alterations of hormonal and cellular function at the level of single genes and neurons (48,
59). The second reason is behavioral. As described in greater detail below, the program for
wing expansion in the fruitfly is under the control of not only of hormonal factors, but also
environmental conditions: flies in adverse environments will delay expansion to search for
better circumstances (43). Just as in the circadian gating of eclosion described above, the
ability to delay wing expansion in Drosophila is an example in which the nervous system
integrates intrinsic and extrinsic signals to make a simple choice between two behavioral
states (i.e. exploration vs. expansion). Postecdysial behavior in Drosophilathus affords an
opportunity to study both the neuroendocrine mechanisms used to elaborate a behavioral
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sequence, and the plasticity in these mechanisms that allow for behavioral choices within the
sequence, so that the animal can respond flexibly to environmental circumstances.

2. Brief History of Investigations of Postecdysial Processes

Over the course of the last century, adult ecdysis and wing expansion have attracted the
interest of several disciplines, including developmental biology, endocrinology, and
neuroethology. Developmentally-oriented biologists interested in the mechanisms of growth
and metamorphaosis first established the basic phenomenology of adult emergence early in
the 20th century in largely descriptive studies that combined observation with simple
manipulations, such as Eidmann’s demonstration that pricking the air-filled gut of
Drosophila obscura prevents expansion of the wings (17). Fraenkel’s 1935 investigation of
wing expansion and cuticle tanning in the blowfly, Calliphora, set the stage for
endocrinological investigations (21). This study demonstrated that blowflies will delay wing
expansion and cuticle tanning in response to certain environmental manipulations, but that
they will immediately initiate these processes upon brief exposure to ether, an indication that
their execution is inhibited during the delay period. Fraenkel and Hsiao (22), and
independently Cottrell (10), subsequently established that postecdysial processes--with a
principal focus on cuticle tanning—required a blood-borne factor. The appearance of this
“darkening factor” in the hemolymph occurred only after eclosion and was delayed in
response to environmental perturbations. Perhaps most excitingly, the factor—or one
sufficiently similar that it induced tanning in blowflies—could be detected in the blood of
insects of other orders at the time of ecdysis. Fraenkel and Hsiao (22) called this conserved
hormone, “bursicon.”

Although it took an additional four decades to establish the molecular identity of bursicon,
bioassays for this hormone showed that tanning activity was localized to the nervous system
in a variety of insects, with the largest reservoir invariably found in the abdominal ganglia.
The timecourse of bursicon depletion from this region suggested that it was the principal
source of bursicon released into the hemolymph (40, 51). Because decapitation or neck
ligation immediately after eclosion prevented such release, it seemed likely to require a
signal from the head, and more refined brain lesions performed by Fraenkel and Hsiao (22)
on the fleshfly, Sarcophaga, demonstrated that release of bursicon was indeed under neural
control.

The bursicon-containing blood of newly eclosed insects was also used to characterize
bursicon’s physiological functions and mechanism of action (for review of this work see 45).
Several lines of evidence indicated that bursicon acted to tan the cuticle by elevating cAMP
in the epidermis (13). Additionally, various investigators demonstrated that bursicon-
bioactive blood acted not only to initiate the post-expansion processes of melanization and
sclerotization, but also to increase the extensibility of the cuticle prior to expansion (10,
46)--a result that has been confirmed more recently with synthetic bursicon (11). Despite a
strong correlation between bursicon release into the hemolymph and wing expansion,
injections of bursicon-containing hemolymph were generally ineffective in inducing wing
expansion, and the role of bursicon in behavioral control remained speculative. Tellingly, the
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authoritative review by Denlinger and Zdarek (14) of behavioral studies done in higher
Diptera mentions bursicon briefly and only in the context of cuticle tanning.

In parallel with the work in flies, the endocrine study of ecdysis in Lepidoptera was spurred
by the ground-breaking discovery of the “eclosion hormone” (i.e. EH) by Truman and
Riddiford (54) and the subsequent intensive investigation of ecdysis in the tobacco
hornworn, Manduca.(for comprehensive review see 19). The results of this work, which
focused initially on adult ecdysis, strongly paralleled those obtained in flies, suggesting
substantial conservation of the underlying mechanisms. As in flies, Manduca released
bursicon into the hemolymph from sites in the abdominal ganglia after eclosion, and release
could be delayed by environmental perturbation. In addition, bursicon release could be
delayed by confinement and was under descending neural control. Two distinct components
of control were identified, one located in the subesophageal ganglia and the other in the
brain (53). The brain was shown to be the source of EH, and direct evidence that EH
participated in regulating bursicon release came from the finding that bursicon bioactivity
localized to cells in the abdominal ganglia that were EH targets (18). The dependence of
bursicon release on EH thus provided an elegant mechanism for guaranteeing that expansion
and hardening of the new cuticle would strictly follow shedding of the old one.

It was subsequently found that homologs of the neurons targeted by EH, which included
neurons that expressed CCAP in addition to bursicon, could be found in diverse insect
species, where they likewise responded to this hormone (20). This finding again underscored
the generality of the regulatory mechanisms involved, and as indicated in the preceding
section, numerous lines of evidence suggested that the hormonal regulation of ecdysis in
Manduca was similar at all molts, and led to the proposal that it was conserved in many, if
not all insects. A generalized model emerged for the control of ecdysis sequences by the
hormones EH, ETH, CCAP, and bursicon, which provided an elegant neuroendocrine basis
for the temporal progression of these sequences.

A key feature of the work in Manduca, with its elaboration of a detailed cellular as well as
molecular model of ecdysis control, was that it broadened the emphasis of ecdysis research
from studies of development and hormones to the investigation of the neural basis of
behavior. An explicitly neuroethological agenda also motivated the characterization of the
adult ecdysis sequences of two other insects in the late 1970’s, namely the cricket,
Teleogryllus oceanicus, and the desert locust, Schistocera gregaria. The adult ecdysis
sequences of these two insects and the neurophysiological correlates of the underlying motor
patterns were comprehensively characterized by Carlson for the cricket (5) and Hughes for
the locust (27). These studies, which represent the gold standard in the ecdysis field for
quantitative behavioral analysis, revealed the importance of sensory feedback mechanisms in
providing checkpoint control for the progression of the sequence and in regulating the
duration of specific behavioral steps. Of particular interest from the standpoint of
postecdysial behavior was the observation that wing expansion in both insects depends on
the extrication of a specific body part from the old exoskeleton: the head, in the case of the
locust (28), and the cerci in the cricket (4). The identity of the relevant sensory neurons that
signal the completion of extrication remains unknown and despite the richness of behavioral
and neurophysiological detail in the original analyses of locust and cricket ecdysis
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sequences, neither analysis led to subsequent similarly detailed investigation of the cellular
and molecular substrates of behavior, outside of several preliminary studies of the neural and
hormonal basis of air swallowing, which in both animals commences prior to ecdysis (6,
61).

Beginning in the late 1990’s, the investigation of ecdysis sequences began to benefit from
the power of genetic tools available in Drosophila, which was adopted as a new model
organism for ecdysis studies. Research on postedysial processes in Drosophila during the
last decade is the principal focus of the next section.

3. Genetic and Cellular Investigation of the Bursicon Pathway in Wing Expansion and

Tanning

Postecdysial behavior in Drosophila—Although the ecdysis sequences of all
developmental stages have been studied in Drosophila, postecdysis has mostly been studied
following adult ecdysis (also called adult emergence or eclosion). Unlike the ecdysis
sequences of the soft-bodied larva, which do not terminate with an evident expansion or
tanning of the cuticle, the adult ecdysis sequence must conclude with the expansion and
hardening of both the adult cuticle and the wings if the fly is to successfully survive and
reproduce in the wild. The behaviors that follow eclosion are therefore directed at
facilitating this conversion to the hard-bodied adult form, and in this respect the Drosophila
adult ecdysis sequence resembles that of many other insects. In other ways, however, the
Drosophila adult ecdysis sequence is unusual.

Unlike many other insects, including most Diptera, adult Drosophila do not rupture their
pre-adult integument with the aid of swallowed air, but use instead a specialized, balloon-
like structure in the head, called the ptilinum. The emerging insect repeatedly contracts
thoracic and abdominal muscles to force hemolymph into the ptilinum, which rhythmically
expands, thrusting open the anterior end of the pupal case. This creates an exit path for the
adult, which initially moves forward by ecdysial peristalsis and then by walking, as the legs
become free.

The uncoupling of ecdysis from wing and cuticle expansion in Drosophila and other
cyclorraphous Diptera makes possible the second unusual feature of the adult ecdysis
sequence in these flies, which is the intercalation of an environmentally-sensitive
exploratory phase between ecdysis and expansion. That is, depending on the conditions
under which they eclose, these flies may perform an extended locomotor search for an
appropriate perch on which to initiate expansion. If the fly is in a spacious container and is
unperturbed, it often simply perches after eclosing and shortly thereafter initiates expansion.
However, if the fly is confined or perturbed, it will continue to walk about.

In addition to walking, exploring flies that encounter gaps in the walls of their chamber,
engage in a behavior called *“digging,” which consists of two motor patterns. In the fleshfly,
one digging pattern is identical to ecdysial peristalsis; the other is a variant of this behavior
that is useful for moving obstacles and includes bouts of ptilinum extension (44). Digging
behavior is also observed in the fruitfly, and in both blowflies and fruitflies the duration of
the exploratory phase correlates inversely with the size of the confining chamber. In a
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chamber only several times longer than the length of the fly, all Drosophila will eventually
initiate expansion, though often after a delay of hours (43). Even under the extreme
condition of burial in sand, about 25% of blowflies will also initiate wing expansion and
tanning after extended digging (9).

The exploratory phase ends when the fly selects a perch and then remains relatively
sedentary, engaging in intermittent bouts of grooming. In Drosophila, this sedentary phase
shifts to a phase of active expansion with the initiation of two motor patterns. The first is the
activation of the pharyngeal pump and the swallowing of air into the gut, usually
accompanied by an extension of the proboscis; the second is a slowly developing extension
and downward flexion of the abdomen (43, Fig. 2A,B). The tonic abdominal contraction
typically lasts about 15 min and is accompanied by expansion of the thorax and wings. The
wing pads unfold and are briefly groomed by the hindlegs at which time they become angled
slightly to the side and then slowly return to the midline as the phase ends. Pigmentation of
the cuticle then develops slowly after this time and it is generally well-advanced within three
hours after wing expansion is completed (Fig. 2A).

The postecdysial behavioral patterns and accompanying physiological changes just outlined
above for Drosophila have been described in general terms in several studies (3, 34, 43), and
are broadly similar to previous such descriptions for larger cyclorraphous Diptera (14). An
the exception is the mechanism of abdominal constriction, which in blowflies and fleshflies
involves rhythmic longitudinal abdominal pulses, rather than tonic contraction. Despite this
difference, many of the conclusions drawn from studies carried out in blowflies and
fleshflies are likely to apply to the fruitfly as well.

In the larger flies, changes in hydrostatic pressure caused by air swallowing and abdominal
contractions have been measured directly, and experimental abolition of air swallowing and
abdominal contraction have confirmed the requirement of these motor patterns for expansion
(see 14). In addition, the responses of flies to direct manipulations of internal pressure at
different times relative to wing expansion have assayed changes in cuticle plasticity (10),
and behavioral and pharmacological manipulations have been used to examine the
availability of various motor patterns at different points in the ecdysis sequence. Finally, it
has been shown in Sarcophaga, and is likely to be true in Drosophila, that muscles in the
ptilinum are kept contracted during expansion to prevent hemolymph from being pushed
into the head rather than the thorax and wings (60).

Genetic dissection of the bursicon pathway in Drosophila—Drosophila, by virtue
of its sequenced genome, large collection of characterized mutants, and amenability to
genetic manipulation, played a critical role in facilitating the molecular identification and
characterization of bursicon. This work has been reviewed elsewhere (25), and we briefly
summarize here only the chief results. Following the heroic purification of bursicon
bioactive material from nearly 3000 cockroach nervous systems, five short tryptic peptide
fragments were obtained, four with sequences showing credible homology to predicted
coding sequences within a previously unidentified gene from Drosophila. This gene was
originally called bursicon, and has since been called burs and bursicon-a; we refer to it here
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as burs. Five strains of fly with deficits in wing expansion and adult cuticle tanning that were
generated in an earlier mutagenesis screen were found to have mutations in this gene (15).

Identification of the burs gene led, in turn, to the identification of a second, homologous
gene (i.e. partner-of-bursicon, pburs, and bursicon-f-- here called pburs), which had a
sequence motif similar to that of the fifth tryptic peptide from the cockroach (36). Null
mutant alleles of this gene were likewise found to cause wing expansion and cuticle tanning
deficits and failed to genetically complement an existing wing expansion mutant known as
pupall (33). In addition, the protein products of bursand pburs were shown to
heterodimerize to form, bursicon, which binds the G-Protein Coupled Receptor encoded by a
Drosophila gene known as rickets (rk) (36, 38). Consistent with the earlier identification of
cAMP as a second messenger of bursicon signaling, binding of the bursicon heterodimer to
the RK protein stimulated cAMP production in heterologous cells. Flies with mutations in
the rk gene also had expansion and tanning deficits, and Baker and Truman (3) presciently
predicted from their work on these mutants that 7k might encode the gene encoding the
bursicon receptor. Importantly, this latter work demonstrated that r& mutants, in addition to
not tanning, exhibited significant deficits in postecdysial behavior, failing to either swallow
air or execute the sustained contraction of the abdomen characteristic of the expansional
phase.

Identification and characterization of the neural substrates of bursicon action
—During the interval that Drosophila has been used for the genetic characterization of
bursicon, and more generally of ecdysis, it has also grown in power as a model system for
analyzing the neural circuitry underlying behavior. Increasingly sophisticated genetic
techniques available in the fruitfly allow precise targeting of transgene expression to neurons
of interest to alter their properties (56). Such manipulations have been used to identify
neural substrates of ecdysis and wing expansion. The effort to map the neuroendocrine
network underlying wing expansion, in particular, has produced results that support and
extend the conclusions drawn from the analysis of mutants in the bursicon signaling
pathway.

A starting point in the dissection of the wing expansion network was the study by Park et al.
(41), in which a transgene encoding the cell death gene reaperwas specifically targeted to
CCAP-expressing neurons to ablate them during development. This manipulation resulted in
substantial death at pupal ecdysis, and all the animals that survived to adulthood showed
severe defects in wing expansion and post-eclosion tanning. Subsequent analysis showed
that CCAP was dispensable for the production of both phenotypes, a result that is surprising
given the requirement for CCAP in adult ecdysis in 7ribolium (2) and its ability to induce
ecdysial, and terminate pre-edysial, motor output in isolated Manducalarval CNS
preparations (24). However, null mutant alleles for both CCAPand pburs in Drosophila
(33)--as well as targeted ablation of both CCAP- and EH-expressing neurons (8)--suggests
that CCAP may have redundant functions with other factors in ecdysis in the fruitfly.

While CCAP is not required for wing expansion in the fly, bursicon, as noted above, clearly
is, and the observation that ablation of CCAP-expressing neurons impairs wing expansion
derives from the fact that both bursicon subunits are expressed in a subset of CCAP-
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expressing neurons in the newly eclosed adult (35, Fig. 2C). This subset consists of two
anatomically distinct groups, one comprised of a pair of neurons in the labial neuromere of
the subesophageal ganglion (and occasionally a second pair in the maxillary neuromere),
and the other comprised of seven pairs of neurons in the abdominal neuromeres (42). The
abdominal neurons are segmental homologs, and the entire cell group are likely to be
homologous to previously described neurons in Manauca, designated as “Cell 27 homologs
(20). In Drosophila, the bursicon-expressing subsets of CCAP-expressing neurons have been
variably named, but we adopt here the nomenclature of Luan et al. (35) in collectively
calling the 7 pairs in the abdominal ganglion the “Bag,” and the subesophageal pair, the
“Bgsgg.” Interestingly, the co-localization of bursicon and CCAP in segmentally homologous
neurons in abdominal ganglia appears to be broadly conserved in insect orders and has even
been found in crustacea where shedding of the old carapace is accompanied by a surge in
CCAP and bursicon in the hemolymph (58).

Selective inhibition of electrical activity of either the CCAP-expressing neurons, or of only
the subset that co-expresses bursicon, gives rise to phenotypes similar to those obtained by
CCAP cell ablation (35, 42). In both cases, release of bursicon into the hemolymph is
blocked and tonic abdominal contraction and air swallowing are eliminated in most or all
animals. As in blowflies and fleshflies, bursicon release in Drosophilabegins during the
relatively sedentary phase prior to the onset of tonic abdominal contraction (43). The
duration of this phase is sensitive to the level of suppression of CCAP neuron activity, with
graded increases in suppression resulting in incrementally longer delays in the onset of
expansional behaviors. This evidence is thus broadly consistent with the conclusion that
bursicon is critical for initiating the behavioral aspects of wing expansion.

The behavioral changes that support wing expansion are necessarily mediated by the
nervous system, whereas the somatic changes that allow the wings to expand (e.g. cuticle
plasticization) must be mediated by blood-borne hormone. That the blood-borne hormone is
released from the Bag, consistent with results from previously studied insects, is confirmed
by several lines of evidence. First, the Bag, unlike the Bsgg, project their axons to the
periphery through the abdominal nerves, which contain the bulk of bursicon
immunoreactivity. Extensive loss of bursicon-immunoreactivity in these nerves correlates
with the appearance of bursicon in the hemolymph and with wing expansion and tanning
(42). Also, selective electrical suppression of the Bag--a type of manipulation that can
currently only be performed in Drosophila--inhibits bursicon release into the hemolymph,
without however blocking the execution of the wing expansion motor program (Fig. 2D,
top). Under these circumstances, wing expansion is impaired, likely due to ineffective
plasticization of the wing cuticle by blood-borne bursicon (34).

Selective knockdown of pburs expression in the Bag by driving a pburs RNAI transgene in
these neurons similarly causes wing expansion failure, without inhibiting behavior.
Interestingly, both electrical suppression and pburs RNAi knockdown in the Bag can cause
execution of the wing expansion motor program twice, something that has not been
described in wildtype flies. This suggests that the circuitry regulating wing expansion
behavior receives feedback either from the Bag themselves, or from peripheral sensors that
monitor the success of bursicon release and/or expansion.
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In contrast to the effects of Bag suppression, selective inhibition of electrical activity in the
Bseg results in partial or complete loss of the two expansional motor patterns (34),
indicating that the behavioral circuitry itself is regulated by the Bggg. Consistent with such a
role, the processes of these neurons ramify widely in the central nervous system (42).
Interestingly, the effects of Bsgg suppression on wing expansion are profoundly dependent
upon the fly’s environmental situation. Under conditions of confinement, suppression of the
Bseg completely eliminates both tonic abdominal contraction and air swallowing and all
flies fail to expand (34, Fig. 2D, middle). In contrast, flies allowed to expand under
relatively unconfined conditions will expand their wings, but their behavior remains
abnormal (Fig. 2D, bottom). Air swallowing is absent or severely reduced in most flies, and
no flies tonically contract their abdomens. Instead, they execute a range of abdominal
movements, which in conjunction with wing grooming by the hindlegs often successfully
opens and flattens the wings. In these flies, bursicon is also appropriately released into the
hemolymph by the Bag, and the cuticle tans normally after expansion. However, neither
tanning, expansion, nor execution of the alternate behavioral routine for wing expansion is
observed when flies are subjected to even mild perturbation.

Towards a working model for the network controlling postecdysial behavior in
the fly—The results of the suppression experiments just described have a number of
interesting implications for the control of wing expansion in the fly. First, the fact that the
Bag can release bursicon when the Bsgg are suppressed, coupled with the observation that
wing expansion behaviors are executed when the Bag are suppressed, suggests that the two
sets of bursicon-expressing neurons are independently controlled. Because both sets of
neurons are jointly activated under normal circumstances, they are presumably coordinately
regulated by a common upstream activating network (Fig. 2D; “Act”). Second, the
sensitivity to perturbation and confinement of both the neuroendocrine release of bursicon
and behavioral output in Bsgg-suppressed flies suggests that the Bsgg have a role in
modulating environmental input to the wing expansion circuitry.

Luan et al. (34) have speculated that, in addition to activating the motor patterns that
normally support wing expansion, the Bsgg also negatively regulate environmentally-
sensitive sensory signals that inhibit expansion in adverse environments. Such signals (Fig.
2E; “E”) must necessarily feed into the common network that coordinately activates both the
Bseg and Bag. The implication of this model (Fig. 2E, top), then is that the Bgeg
participate in a positive feedback loop to regulate their own activity. An attractive feature of
this model is that it provides a rationale for how the wing expansion decision is made, as
described more fully in the legend of Fig. 2. Consistent with this model, direct and selective
activation of the Bsgg induces full wing expansion under environmental conditions that
normally inhibit it (Fig. 2E, top), while selective activation of the Bag induces only bursicon
release into the hemolymph (34, Fig. 2E, bottom).

The nature of the postulated “activating network” remains an open question. Obvious
candidates for neurons within this pathway are those that regulate eclosion itself, which
immediately precedes the postecdysial sequence. Although the hormone(s) directly
responsible for eclosion in the fly have not been identified, manipulations of the EH-
expressing neurons have been shown to cause wing expansion deficits, and McNabb et al.
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(37) have suggested that these neurons participate in activating the bursicon-expressing
neurons. This proposal is consistent with the observation that in most insects EH appears to
activate CCAP-expressing neurons (20). However, Drosophila appears to be an anomaly in
this regard and currently there is only negative evidence for regulation of bursicon-
expressing neurons by EH. The recent identification of an EH receptor from Oriental
fruitflies (7), which has an ortholog in Drosophila, may help resolve this issue. It is also
possible that CCAP-expressing neurons that do not express bursicon regulate the activity of
the bursicon-expressing neurons. This idea is a feature in models of bursicon release in
Manduca (52).

Finally, ETH also plays a known role in activating bursicon-expressing neurons at pupal
ecdysis (32) and is capable of inducing the adult ecdysis sequence in Drosophila. Given
ETH’s apparent master role in organizing the behavioral steps in ecdysis sequences (64), its
participation in activating the bursicon-expressing neurons at adult ecdysis is likely. Because
ETH release is expected to long precede bursicon release, however, the mechanism by which
it might exert a delayed effect on activating bursicon-expressing neurons remains to be
clarified.

IV. Summary and Future Directions

Progress over the last 10 years has made it clear that the hormone bursicon critically
regulates not only postecdysial cuticle tanning, but also the behaviors that cause wing
expansion in Drosgphila. The neurons that produce this hormone in the fly and their
functional roles in differentially regulating the somatic and behavioral aspects of
postecdysial processes have been largely elucidated. However, as noted above, we do not yet
understand how the bursicon-expressing neurons are regulated, nor how they control the
motor output that underlies expansion. The recent development of a tool for selectively
identifying and manipulating the activity of neurons that express bursicon’s receptor, RK
(16), promises to help identify and characterize the downstream targets of the bursicon
neurons. These targets probably include neurons that either directly or indirectly modulate
the pharyngeal pump as well as motor neurons responsible for tonic changes in abdominal
posture. More interestingly, bursicon targets in the central nervous system should include
neurons that modulate sensory pathways that mediate environmental inhibition of the wing
expansion network. As yet, the sensory systems that mediate environmental cues and the
circuitry that inhibits wing expansion and promotes environmental search all remain to be
identified. Indeed, one of the most interesting open questions from a neurobiological
standpoint is how the decision between engaging in postecdysial search versus perching and
expansion is adjudicated. Because search employs motor patterns that are also used in
ecdysis, it may be that postecdysial search represents an extension of the ecdysis phase into
the postecdysial period. This presents the interesting possibility that in the fly, the
termination of ecdysis has been made dependent on environmental signals rather than
hormonal or proprioceptive cues as appears to be the case in many other insects.

The general question of how the circuitry underlying the adult ecdysis sequence in
Drosophila compares to circuitry underlying other ecdysis sequences is also one of major
interest. As indicated above, the broad conservation of both the hormones and cells involved
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in insect ecdysis suggest that the neuroendocrine networks that mediate ecdysis sequences
will share common features; recent evidence suggests that this conservation may extend not
only to crustacea (58) but also chelicerates (55). The full complement of shared regulatory
factors is likely not yet known, but genetic approaches, such as mutagenesis screens in
Drosophila or RNAI screens in 7ribolium provide the means to discover more.

At the same time, the incredible diversity of ecdysis sequences themselves indicates that
their genetic and neural components are unlikely to be exactly the same. This is true for
ecdysis sequences at different stages within a single species as well as for ecdysis sequences
of different insects at equivalent developmental stages. As noted above, recent work in
Drosophila already has shown how the addition of CCAP-expressing neurons to the ecdysis
circuit between the larval and pupal molts accommodates the changing needs of the animal
as it undergoes metamorphosis. Similarly, comparative studies offer clues about the differing
roles of ecdysis hormones in different animals. Although bursicon was initially identified as
the insect “tanning hormone,” RNAI knockdown studies from both 7ribolium and the
silkmoth indicate that it plays an essential role in wing expansion in these insects, but not in
tanning (2, 26). Whether bursicon always regulates the same motor patterns involved in
expansion is unclear. One of the greatest sources of diversity in insect ecdysis sequences is
when expansion (via air swallowing) is initiated (see Fig. 1). Although current evidence
suggests that expansion is mediated by bursicon in the fly, evidence from locusts (61), where
expansion is initiated prior to ecdysis, and from Manduca (39), implicates the action of other
hormones.

Understanding how the neuroendocrine networks that govern ecdysis sequences are
modified in the course of development and evolution to serve the needs of animals that
diverge widely in body, habitat, and behavior offers a unique opportunity to
comprehensively analyze the essential problems in behavior that were enunciated over a
half-century ago by Tinbergen (50). Tinbergen stated that a complete understanding of an
innate behavior required determining its selective advantage, neurophysiological basis,
development, and evolution. The selective advantage of ecdysis is obvious in an animal that
needs to molt to grow, and, as an adult, often benefits from wings to find food and mates. As
for understanding the neurophysiological control of ecdysis, we already have a reasonably
comprehensive model for this process in the tobacco hornworm. For the fruitfly, we can
anticipate models of comparable sophistication soon for the larval, pupal, and adult molts,
thus offering the opportunity to understand how the ecdysis network in a single animal alters
in form and function over development. Finally, comparative studies, made increasingly
possible by the availability of complete genomic sequences and RNAI technology, should
help elucidate their similarities and differences in the use of conserved factors to mediate
components of ecdysis sequences in insects of diverse orders. This should provide a means
of correlating variations in life history and behavior with differences in hormonal control
and ecdysis network topology. The comparative approach thus promises rich insights into
the way in which evolutionary processes have sculpted ecdysis networks in response to the
constraints of genome and environment. In short, ecdysis studies have reached a level of
maturity at which they are poised to spread their wings and fly.
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Mini-Glossary of Key Terms

Ecdysis

the behavioral act of shedding the exoskeleton of the previous developmental stage. This is
distinct from “molting,” which also includes the physiological processes of dissolving the
old cuticle (i.e. apolysis) and secreting the new one. In Diptera the exchange of cuticle at the
transition from the last larval instar to the pupal stage is called “pupal ecdysis,” even though
the last larval cuticle is kept as a protective casing rather than shed. This is because the
behaviors and neuropeptides that mediate this transition are similar to those found at pupal
ecdysis in other insect orders and because the larval trachea are, in fact, cast off at this time.
Adult ecdysis is also called eclosion

Ecdysis Sequence

the sequence of motor programs used by an insect to shed its cuticle and (often) to then
expand and harden a new one. The nature and order of motor programs varies considerably
depending on the specific developmental transition and insect species, but ecdysis sequences
are generally quite stereotyped for any given molt in a given species

Cuticle

Extracellular layer that covers the insect epidermis. It is made up of chitin (poly N-
Acetylglucosamine) and crosslinked proteins, whose exact composition and chemical
modifications determine the elasticity and flexibility of the exoskeleton. During the molt the
majority of the cuticle is digested and recycled, with the exception of the outermost layer
which is shed as the exuvia at ecdysis

Tanning

a term used to describe the combined processes of sclerotizing (or hardening) and
melanizing (or pigmenting) the new cuticle. In flies and many other insects, these processes
can be induced by the hormone bursicon

Pharyngeal pump

Also called the cibarial pump, this is the set of muscles located at the base of the proboscis
that in adult Drosophila controls the ingestion of food, and during postecdysial expansion
controls the swallowing of air. The rhythmic activity of the pharyngeal pump is presumed to
be under the control of an as yet unidentified central pattern generator

Wing expansion

Several synonymous terms have been used to describe the post-ecdysial unfolding of the
wings by adult insects, including “inflation,” “spreading,” and perhaps most poetically,
“unfurling.” We prefer here the neutral term “expansion,” because it indicates that this
process is part of the more general expansion of the adult cuticle. It also avoids the potential
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confusion of the commonly used term “inflation,” since hemolymph and not air is the
primary medium that fills the wings to unfold them

Classification of insects used for the study of ecdysis sequences

order Diptera: Calliphora, blow-fly; Sarcophaga, flesh-fly; Drosophila, fruitfly; order
Lepidoptera: Manduca, tobacco hornworm/hawkmoth; Bombyx mori, silk moth; order
Hemiptera: Rhodnius, kissing bug; order Coleoptera: 7ribolium, red flour beetle; order
Blattodea: Periplaneta, cockroach. Order Orthoptera: Schistocerca, desert locust;

Teleogryllus, cricket

Important Acronyms Used

CCAP crustacean cardioactive peptide

EH eclosion hormone

ETH ecdysis triggering hormone

PETH pre-ecdysis triggering hormone

CNS Central nervous system

Bseg A pair of bursicon-expressing neurons in the subesophageal ganglion
Bac Seven pairs of bursicon-expressing neurons in the abdominal ganglion
rk rickets, the gene encoding the bursicon receptor
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Summary List Highlighting Central Points

Postecdysial behavior in Drosophilais characterized by two
environmentally-sensitive behavioral programs: an exploratory
locomotor program and a wing expansion program.

The wing expansion program, which is inhibited in adverse
environments, is governed by the hormone bursicon, which was
originally identified as the insect “tanning hormone.”

Bursicon governs both the somatic and behavioral changes underlying
wing expansion in the fruitfly.

Bursicon’s somatic actions are mediated by seven bilateral pairs of
neurons located in the abdominal ganglion, which release the hormone
into the hemolymph, while its behavioral actions are mediated by a
single pair of neurons located in the subesophageal ganglion, which
ramify broadly within the central nervous system.

The subesophageal pair of bursicon-expressing neurons also plays an
essential role in modulating the inhibitory environmental inputs that
delay wing expansion.

Neurons that secrete eclosion hormone and crustacean cardioactive
peptide (but not bursicon) also are necessary for normal wing
expansion in the fly.

In some insect species, bursicon is required for wing expansion, but not
necessarily for cuticle tanning.
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Figure 1. Adult Ecdysis Sequences of Several I nsects
The behaviors and hormones (red) associated with the canonical phases of the adult ecdysis

sequence are shown for the hawkmoth (Manaduca), fruitfly (Drosophila), red flour beetle
(7ribolium), and locust (Schistocerca). Interactions between the key hormones as established
for Manduca are shown above that sequence. While abdominal peristalsis (brown) is
invariably associated with ecdysis proper for all sequences, another critical motor pattern,
namely air swallowing (blue), may occur at different phases, as does wing expansion
(green). Similarly, there is a common requirement for ETH at pre-ecdysis, but the phases at
which other hormones are required appears to vary and their actions may overlap. Arrows
indicate activation; blocked lines indicate inhibition. Based on data from sources referenced
in the text.
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Figure 2. Control of Postecdysial Processes by Bursicon in Drosophila
(A) Comparison of wing morphology and cuticle tanning in a newly eclosed vs. three hour

old adult. (B) Left, the tonic abdominal contraction and extended proboscis characteristic of
a fly in the process of expanding its wings. Right, the exposed bubble of swallowed air in the
gut of a fly that has just expanded. (C) Distribution of subsets of CCAP-expressing neurons
(Nccap) in the nervous system of the fly. Ngyrs, the subset of Nccap that robustly expresses
bursicon; CCAP-Burs, the subset that does not express bursicon; CCAP-PL, a subset that is
required for pupal ecdysis and wing expansion as described by Ververysta and Allan (PNAS,
2012). (D) The effects of targeted suppression of either the Bag (top) or Bsgg (middle,
bottom) in either confined or unconfined environments. Red indicates selective suppression
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of activity; green indicates which cells and pathways are active in the indicated environment.
“Act” represents the putative “activation network” responsible for coordinate activation of
the two sets of bursicon-expressing neuron, as described in the text. In confined
environments, this network is initially inhibited (indicated by black). The consequences of
the manipulation on behavior, bursicon secretion into the blood, and wing expansion are
indicated. As described in the text, flies will generally expand their wings in unconfined
environments when the Bggg are suppressed, despite the impairment of normal wing
expansion behaviors. (E)The effects of targeted activation (yellow) of either the Bggg (top)
or Bag (bottom) in confined environments. As described in the text, Bsgg activation under
these circumstances robustly induces wing expansion and all associated behavioral and
neuroendocrine processes, perhaps by suppressing inhibitory environmental input (E) to the
activation network as suggested by Luan et al. (J Meurosci, 2012). The interactions between
E, Act, and the Bggg constitute a positive feedback loop, which may mediate the decision to
expand in that as a fly moves into a better environment, inhibition from E will attenuate and
activity of the Act network will increase, thus stimulating the Bggg. Increasing Bsgg
activity will further suppress E and the cycle will tend to robustly drive the behavioral
transition to wing expansion.

SEG, subesophageal ganglion; T1-T3, thoracic neuromeres; AG, abdominal ganglion; Bggg,
bursicon-expressing neurons of the SEG; Bag, bursicon-expressing neurons of the AG
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