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Abstract

The transition from juvenile to adult is a fundamental process that allows animals to allocate

resource toward reproduction after completing a certain amount of growth. In insects, growth to a

species-specific target size induces pulses of the steroid hormone ecdysone that triggers

metamorphosis and reproductive maturation. The past few years have seen significant progress in

understanding the interplay of mechanisms that coordinate timing of ecdysone production and

release. These studies show that the neuroendocrine system monitors complex size-related and

nutritional signals, as well as external cues, to time production and release of ecdysone. Based on

results discussed here, we suggest that developmental progression to adulthood is controlled by

checkpoints that regulate the genetic timing program enabling it to adapt to different

environmental conditions. These checkpoints utilize a number of signaling pathways to modulate

ecdysone production in the prothoracic gland. Release of ecdysone activates an autonomous

cascade of both feedforward and feedback signals that determine the duration of the ecdysone

pulse at each developmental transitions. Conservation of the genetic mechanisms that coordinate

the juvenile-adult transition suggests that insights from the fruit fly Drosophila will provide a

framework for future investigation of developmental timing in metazoans.

1. INTRODUCTION

The timing of insect metamorphosis is not a simple function of chronological age, but

instead adjusts itself depending on environmental conditions. Holometabolous insects

develop through a series of larval stages called instars, each punctuated by a molt in which

the old cuticle is shed and replaced by a new larger one. After a series of molts, the number

of which is species-specific, a terminal larval phase is reached during which extensive

growth occurs until a predetermined target size is reached. At this point, the larva enters the

pupal stage and undergoes metamorphosis to form the reproductively mature adult (Mirth &

Riddiford, 2007). The processes of metamorphosis has fascinated classical entomologist for

almost a century in part because it touches upon a fundamental biological question: how are

developmental transitions controlled? Answering this question has implications beyond just

© 2013 Elsevier Inc. All rights reserved.
1Corresponding authors: Kim.Rewitz@bio.ku.dk; moconnor@umn.edu.

NIH Public Access
Author Manuscript
Curr Top Dev Biol. Author manuscript; available in PMC 2014 June 17.

Published in final edited form as:
Curr Top Dev Biol. 2013 ; 103: 1–33. doi:10.1016/B978-0-12-385979-2.00001-0.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



understanding developmental timing mechanisms in insects. It also will help us understand

how growth and maturation processes are coordinated such that reproductively mature

organisms are reliably produced despite potentially different environmental conditions

encountered by each individual during development.

In insects growth and maturation are distinct processes with growth being restricted

primarily to the larval stages (although some growth occurs during metamorphosis:

Okamoto et al., 2009; Slaidina, Delanoue, Gronke, Partridge, & Leopold, 2009), which

means that the size of the larva at the onset of metamorphosis largely determines the final

size of the adult (Edgar, 2006; Mirth & Riddiford, 2007). Final body size is determined by

the rate of mass accumulation and the duration of growth. Interestingly, recent studies show

that members of the evolutionarily conserved insulin-like growth factor family coordinate

both growth rate and duration by impinging on the endocrine system that controls onset of

metamorphosis (Caldwell, Walkiewicz, & Stern, 2005; Colombani, Andersen, & Leopold,

2012; Colombani et al., 2005; Garelli, Gontijo, Miguela, Caparros, & Dominguez, 2012;

Mirth, Truman, & Riddiford, 2005; Ou, Magico, & King-Jones, 2011; Walkiewicz & Stern,

2009). At the cellular level, two things determine body dimensions: the number of cells and

their size. It is clear that the great size diversity among animals is largely determined by

differences in cell number rather than cell volume. However, insects utilize both strategies to

grow as many larval tissues sustain their rapid growth and metabolic activity by

endoreplication cycles, a process of chromosomal replications without cell division (Edgar

& Orr-Weaver, 2001; Lee, Davidson, & Duronio, 2009; Smith & Orr-Weaver, 1991).

Increasing the DNA content allows cells to dramatically increase in volume without dividing

and is responsible for most of the size increase during larval growth. During metamorphosis,

the breakdown of obsolete endoreplicated larval tissues provides nutrients for growth and

differentiation of mitotic neuroblasts and imaginal disk tissues that form the adult body.

Unlike the well-characterized genetic control of embryonic development, we are only now

beginning to understand the developmental timing system that ensures unidirectional

progression of developmental transitions. Recent genetic studies in the fruit fly Drosophila

have provided new insight into how the developmental timing system evaluates larval

growth and energy stores and integrates external cues such as photoperiod to time the onset

of metamorphosis (Caldwell et al., 2005; Colombani et al., 2005, 2012; Garelli et al., 2012;

Layalle, Arquier, & Leopold, 2008; McBrayer et al., 2007; Mirth et al., 2005). All of these

signals are eventually communicated to the endocrine system responsible for producing the

pulses of the steroid hormone 20-hydroxyecdysone (for simplicity, hereafter referred to as

ecdysone) that triggers molting and metamorphosis (Gilbert, Rybczynski, & Warren, 2002).

In Drosophila, a single pulse of ecdysone triggers each of the first two larval molts (Warren

et al., 2006). During the terminal third instar stage, three low-level pulses followed by a

high-level peak of ecdysone initiate the physiological and behavioral changes necessary to

transform a food seeking larva into a nonfeeding immobile pupa. Although the roles of the

initial low-level ecdysone peaks are not completely understood, the final major high-level

peak triggers pupariation and the onset of metamorphosis.

Ecdysone is produced in the prothoracic gland (PG) by a series of reactions mediated by a

Rieske oxygenase and enzymes encoded by the Halloween family of genes that include
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several cytochrome P450s and one dehydrogenase/reductase (Niwa et al., 2010; Ono et al.,

2006; Petryk et al., 2003; Warren et al., 2002, 2004; Yoshiyama, Namiki, Mita, Kataoka, &

Niwa, 2006; Yoshiyama-Yanagawa et al., 2011). Once released into circulation, ecdysone is

taken up by several peripheral tissues including the gut, fat body and Malphigian tubules

where it is converted to the active hormone 20-hydroxyecdysone by the P450 enzyme

product of the shade gene (Petryk et al., 2003). Circulating 20-hydroxyecdysone then

induces a systemic genetic response in multiple tissues by binding to a complex of the

ecdysone receptor (EcR) and ultraspiracle, both members of the nuclear receptor family

(King-Jones & Thummel, 2005). Peripheral tissues interpret the ecdysone signal in a cell-

type specific manner, determined by the combination of specific EcR isoforms and cofactors

expressed in the target tissue (Yamanaka, Rewitz, & O’Connor, 2013). The response to

ecdysone includes the destruction of obsolete larval tissues by induction of cell death

activators and the morphogenesis and differentiation of the imaginal disk tissues to adult

structures (Baehrecke, 2000; D’Avino & Thummel, 2000; Siaussat, Porcheron, &

Debernard, 2009).

The mechanisms timing the production and release of ecdysone are key to understanding

developmental timing of metamorphosis. These are intimately linked to size cues because

growth beyond a characteristic size triggers ecdysone release (Edgar, 2006; Mirth &

Riddiford, 2007; Mirth & Shingleton, 2012). Here, we discuss progress from Drosophila

studies that examine how the rates of ecdysone synthesis and inactivation/removal are

regulated and illustrate how these studies provide insight into the mechanisms that time

ecdysone pulses and their duration (Caceres et al., 2011; Caldwell et al., 2005; Colombani et

al., 2005; Gibbens, Warren, Gilbert, & O’Connor, 2011; Layalle et al., 2008; McBrayer et

al., 2007; Mirth et al., 2005; Ou et al., 2011; Rewitz, Larsen, et al., 2009; Rewitz,

Yamanaka, Gilbert, & O’Connor, 2009; Rewitz, Yamanaka, & O’Connor, 2010).

2. CHECKPOINT CONTROLS FOR PROGRESSION OF DEVELOPMENT

2.1. Increasing complexity for control of ecdysone production and release

Early studies in Lepidoptera led to the development of a key concept known as “critical

weight” that appears to switch larvae between a nutrition-dependent growth phase and a

nutrition-independent timing program (Beadle, Tatum, & Glancy, 1938; Nijhout &

Williams, 1974a, 1974b). Starvation before larvae reach critical weight suspends growth and

delays developmental progression (Fig. 1.1). However, in larvae that have attained the

correct target size, starvation prevents further growth but does not delay pupariation. Before

attaining critical weight, larvae must pass another checkpoint called minimal viable weight,

which is the minimal size at which sufficient nutrient storage has occurred to enable the

larva to survive through metamorphosis without further feeding (Mirth & Riddiford, 2007;

Mirth & Shingleton, 2012). Starvation before minimal viable weight results in larval death

without an attempt to undergo metamorphosis. Minimal viable weight should not be

mistaken for critical weight, which is the size where starvation no longer delays

metamorphosis. In Drosophila minimal viable weight and critical weight are attained almost

simultaneously, making the distinction difficult.
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Several classical studies using lepidopteran insects suggest that attainment of critical weight

is followed by a drop in juvenile hormone (JH) levels, which is permissive for

prothoracicotropic hormone (PTTH) release at a certain time defined by the photoperiod.

According to this scheme, the release of PTTH from the brain is the principal event

committing the PG to ramp up ecdysone production and release to trigger metamorphosis

(Nijhout & Williams, 1974a, 1974b). Although the decline in circulating JH levels following

attainment of critical weight is believed to be the key determinant for PTTH release in

lepidopterans, a role for JH titer drop in triggering PTTH release from the PG neurons in

Drosophila is less clear since ablation of the corpus allatum, the organ responsible for JH

synthesis, does not appear to alter critical weight or accelerate the timing of pupariation in

this species (Riddiford, 2011; Riddiford, Truman, Mirth, & Shen, 2010). Instead, a body of

recent evidence shows that, although PTTH release is an important event, other factors

converge on the PG to coordinate ecdysone synthesis and release. For example, recent

studies have demonstrated the importance of insulin/TOR signaling in the PG for critical

weight assessment and final body size determination (Caldwell et al., 2005; Colombani et

al., 2005; Gibbens et al., 2011; Layalle et al., 2008; Mirth et al., 2005), while other factors

such as myosuppression appear to act negatively to reduce PG activity (Yamanaka et al.,

2005; Yamanaka et al., 2010; Yamanaka et al., 2006; see Marchal et al., 2010 for a review

of factors regulating PG synthesis of ecdysone). Together these studies place the PG in a

more central position compared to the classical scheme that focuses on the PTTH-producing

neurons.

Starvation does not change critical size, showing that it is genetically determined and

unaffected by environmental factors (Beadle et al., 1938). For example, genetic reduction of

insulin signaling before critical weight slows larval growth rate and delays the attainment of

critical weight and pupariation (Shingleton, Das, Vinicius, & Stern, 2005). However, it does

not change the critical weight, which means that it does not alter final adult body size. On

the other end, reducing insulin signaling after attainment of the critical weight reduces final

adult size but does not delay pupariation. This defines another concept important for

attainment of final body size which is the “terminal growth period” (also known as the

interval to cessation of growth). The terminal growth period is the time interval between

attainment of critical weight and the cessation of feeding that occurs when larvae transition

to the wandering stage (Edgar, 2006; Warren et al., 2006). It is important to note that after

critical weight is achieved, development proceeds on a fixed temporal schedule that is

independent of nutritional status. However, nutrients can still have a strong influence on

final body size during this time. If nutrient levels are high for instance, a normal body size is

produced, while if they are low a small adult is formed.

At least two size-related checkpoints, one mediated by growth and energy status of the

larval-specific tissues and the other mediated by the maturation and patterning of adult

precursor tissues, known as the imaginal disks, regulate timing of metamorphosis (Edgar,

2006; Poodry & Woods, 1990). Starvation delays development in animals that lack imaginal

disks, suggesting that the mechanism which coordinates growth and ecdysone release with

the nutritional status resides in the nonmitotic larval cells.
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2.2. Linking nutrition to developmental timing

Insects undergo a tremendous amount of growth from the embryo to the final larval stage

that is ready to initiate metamorphosis (Britton & Edgar, 1998). Because the environment

affects growth rate, but not critical weight, the larva must coordinate cellular growth and

nutrient storage with the timing of metamorphosis. Nutrients absorbed by the gut are not the

only signals that trigger cell growth in most organs. Instead, systemic growth in Drosophila

is regulated by seven insulin-like peptides known as Dilp1–7 that signal through a single

conserved insulin receptor (InR) (Rulifson, Kim, & Nusse, 2002; Wu & Brown, 2006). The

insulin-producing cells (IPCs) in the brain are major sites for Dilp production and release.

However, insulin signaling must be coordinated with nutrient availability which is sensed by

the fat body (analogous to adipose and liver tissues of vertebrates). In a growth permissive,

nutrient-rich environment, the fat body non-cell-autonomously regulates growth through the

release of fat body-derived signals (FDSs) (Colombani et al., 2003; Geminard, Rulifson, &

Leopold, 2009; Rideout, Marshall, & Grewal, 2012). In the fat body, TOR acts as a sensor

of nutrients from the gut and responds cell-autonomously to amino acids and ATP levels.

Amino acids are crucial dietary components for growth and developmental progression.

Although growth of some tissues is largely decoupled from nutrients, the fat body responds

rapidly to changes in the internal milieu (Britton & Edgar, 1998). Inhibiting amino acid

transport, and thus, TOR signaling in the fat body is sufficient to delay metamorphosis and

nonautonomously reduce insulin signaling and systemic growth (Colombani et al., 2003).

Recently, it was found that nutrient mediated inhibition of Maf1, a repressor of RNA

polymerase III-dependent tRNA transcription, in the fat body nonautonomously increases

growth and accelerates pupariation (Rideout et al., 2012). Inhibition of Maf1 is TOR

dependent and promotes transcription of tRNAMet which is a limiting factor for protein

synthesis in the fat body that controls organismal growth and timing of pupariation.

Together, these results suggest that normal timing of metamorphosis is dependent on a

positive signal from that fat body which is a central tissue for coordinating nutrient

availability with organismal growth and timing of maturation.

The FDS appears to be a humoral factor(s) that conveys the fat body amino acid status to the

IPCs in the brain to regulate Dilp release (Geminard et al., 2009; Rideout et al., 2012).

Combined with observations that insulin regulates ecdysone release from the PG (Caldwell

et al., 2005; Colombani et al., 2005; Mirth et al., 2005), it provides a mechanism for

coupling nutrient status information with ecdysone release (Fig. 1.2). Consistent with this,

increasing insulin signaling from the IPCs is sufficient to induce premature ecdysone release

and pupariation (Walkiewicz & Stern, 2009). These studies agree with the fact that

bombyxin, an insulin-like peptide from the silkworm Bombyx mori, was originally

characterized for its ability to stimulate ecdysone synthesis (Kiriishi, Nagasawa, Kataoka,

Suzuki, & Sakurai, 1992; Nagasawa et al., 1986; Rybczynski, 2005). Although insulin

stimulates PG cell growth, the effect on ecdysone synthesis appears to be specific as growth

inducers such as dMyc and cyclin D/Cdk4 increase PG cell size, but not ecdysone synthesis

(Colombani et al., 2005). Ecdysone produced in the PG also feeds back on the fat body to

regulate organismal growth (Colombani et al., 2005; Delanoue, Slaidina, & Leopold, 2010).
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The TOR-dependent amino acid sensor that resides in the larval fat body cells may ensure

that after each molt a certain amount of nutrient-dependent growth is required to reset the

“developmental timer.” This checkpoint ensures a minimal period of feeding before the PG

becomes competent to produce an ecdysone pulse. Considering that insulin probably plays a

central role in relaying the critical weight signal, the fat body sensor may be a key parameter

in critical weight assessment. Accumulating evidence suggests that the fat body with its

metabolic and endocrine activities (Britton & Edgar, 1998; Colombani et al., 2003;

Geminard et al., 2009; Kamakura, 2011) will be the key to understanding how physiological

parameters associated with mass and energy balance are integrated with the endocrine

system to time maturation. In addition to relaying a signal via insulin, the FDSs may also act

directly on the PG itself or indirectly through stimulation of PTTH release that then acts on

the PG. It is also intriguing to note that recent evidence implicates oxygen limitation during

growth of the tobacco hornworm Manduca sexta as a key determinator for timing of molting

and metamorphosis (Callier & Nijhout, 2011), and hypoxia affects TOR activity

(Wullschleger, Loewith, & Hall, 2006).

Another interesting possibility for how fat cells might sense size is that they may monitor

endoreplication number. Endoreplicative tissues such as the fat body rely on polytene

replication to increase the size of cells that are fully differentiated at the end of embryonic

development. In the fat body, dietary amino acids are intimately linked to the

endoreplicative machinery, which means that starvation results in rapid arrest of DNA

replication (Britton & Edgar, 1998). However, changing fat body cell size and

endoreplication number via insulin signaling does not affect developmental timing or

systemic growth (Colombani et al., 2003), arguing against the possibility that

endoreplication is the key for measuring cell size.

Although previous work shows that insulin regulates ecdysone biosynthesis (Caldwell et al.,

2005; Colombani et al., 2005; Gibbens et al., 2011; Mirth et al., 2005; Walkiewicz & Stern,

2009), it is unlikely that insulin signaling alone generates the series of ecdysone pulses that

are produced during the third instar (Warren et al., 2006). More likely, insulin is part of the

size-sensing system involved in producing the first of three low-level ecdysone peaks in the

third instar that coincides with the critical weight checkpoint (Rewitz & O’Connor, 2011).

Passing this first checkpoint, corresponding to the accumulation of a certain amount of mass

and nutrients, could allow the integration of other signals leading to production of

subsequent peaks. Among other checkpoints, one that likely needs to be satisfied is that the

imaginal disks must have developed sufficiently so that differentiation can take place during

metamorphosis.

2.3. Signaling between the neuroendocrine timing system and a tissue-autonomous size
assessment program

It is well known that lesions to imaginal disks, induced by either physical damage, radiation

or genetic manipulation, also delay metamorphosis (Bryant & Levinson, 1985; Hussey,

Thompson, & Calhoun, 1927; Poodry & Woods, 1990; Sehnal & Bryant, 1993; Simpson,

Berreur, & Berreur-Bonnenfant, 1980; Simpson & Scheinderman, 1975; Stieper,

Kupershtok, Driscoll, & Shingleton, 2008). The fact that transplantation of damaged disks
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delays metamorphosis suggests that they produce a secreted signal that acts on the endocrine

system to suppress ecdysone release (Dewes, 1973). This developmental delay allows extra

time for damaged or growth perturbed disks to regenerate and reach their target size before

metamorphosis. Since these processes require cell proliferation, dividing disk cells

presumably produce a signal that suppresses ecdysone release. Consistent with this view,

pupariation is delayed in disk overgrowth mutants (Sehnal & Bryant, 1993). Importantly,

disk growth is determined by an autonomous genetic program that allows them to stop their

growth at a specific size even in culture conditions (Bryant & Levinson, 1985). The

preprogrammed target size thus functions as a checkpoint that verifies that sufficient growth

of disk tissue has occurred before development can progress (Fig. 1.2).

Recently, two elegant genetic studies identified the elusive disk signal as Dilp8, a molecule

evolutionarily related to the insulin-like peptides (Colombani et al., 2012; Garelli et al.,

2012). Genetic manipulations that (a) prolong the growth period before disks reach their

correct target size, (b) give rise to neoplastic disk growth, or (c) damage tissue all result in

upregulation of Dilp8 expression. Reducing the expression of Dilp8 does not lead to

premature pupariation which agrees with previous studies showing that the disk signal is a

permissive factor for developmental progression. However, it is not clear how the Dilp8

signal converges on the endocrine system to regulate ecdysone production or release.

Potentially, it could work either directly on the PG, through PTTH, or both to suppress

ecdysone production. Genetic disruption of disk growth mainly prolongs the duration of the

third instar (L3) up to 5 days (Colombani et al., 2012), similar to the phenotype observed in

larvae lacking either PTTH or its receptor Torso (McBrayer et al., 2007; Rewitz, Yamanaka,

et al. 2009). Like larvae with reduced PTTH signaling, the second (L2) to L3 transition is

only a few hours delayed under conditions that affect disk growth (Colombani et al., 2012).

These observations suggest that Dilp8 prevents ecdysone production by inhibition of PTTH

signaling. This also agrees with the fact that disk damage, like loss of PTTH, delays but does

not prevent pupariation (Colombani et al., 2012; Garelli et al., 2012; Halme, Cheng, &

Hariharan, 2010; McBrayer et al., 2007; Rewitz, Yamanaka, et al. 2009). Dilp8 may act at

one or more levels in the PTTH signaling pathway, including production of PTTH, release

of PTTH from varicosities on the PG, or by limiting processing of PTTH to its active form.

An alternative but not mutually exclusive model is that Dilp8 may inhibit the capacity of the

PG to respond to PTTH, perhaps by affecting Torso production or activity. Based on an

earlier study which showed that disk damage reduces PTTH expression in the PG neurons

(Halme et al., 2010), it seems likely that Dilp8 acts at least in part to suppress ecdysone

production by downregulation of PTTH synthesis in the PG neurons.

Determining the precise temporal timing of Dilp8 activity and whether it correlates with one

of the other small ecdysone peaks is an important area for future investigation. Interestingly,

normal Dilp8 expression peaks early during the third instar and drops from 80 to 96 h AEL

(after egg laying) (Colombani et al., 2012). The drop in Dilp8 expression coincides with the

time when larvae reach critical weight at about 80 h AEL. This may suggest that the

endocrine system is reading the Dilp8 drop as the critical weight checkpoint is reached.

However, disk damage mainly delays pupariation by increasing the terminal growth period

(Stieper et al., 2008), which indicates that the disks exert their suppressive influence
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postcritical weight, whereas nutritional restriction has no effect beyond this point. Moreover,

tissue damage in the imaginal disks 96 h AEL, well after passing the critical weight

checkpoint, delays pupariation (Wells & Johnston, 2012). Thus, maturation of larval-

specific and adult precursor tissues may not coincide, and critical weight and imaginal disk

maturation are likely different checkpoints, each of which may independently regulate the

small fluctuations in the ecdysone titer prior to the larger molting peak. Although passing

the critical weight checkpoint leads to nutrient-independent patterning of the disks (Mirth,

Truman, & Riddiford, 2009), overexpression of Dilp8, which delays pupariation, does not

influence disk patterning (Colombani et al., 2012), suggesting that Dilp8 decrease is the

result, and not the cause, of disk maturation. The fact that Dilp8 mutants pupariate almost on

time further supports the view that two independent timing mechanisms exist, one in the

adult progenitor tissues and one in the larval-specific tissues. A detailed analysis of the exact

time for the drop in Dilp8 expression and the ecdysone profile may help unraveling if Dilp8

is responsible for the critical weight peak or one of the subsequent low-level ecdysone

peaks. Taken together, these data together with the fact that manipulating insulin signaling

in the disks does not affect timing (Stieper et al., 2008) show that ecdysone production is

controlled by a developmental checkpoint run by an intrinsic genetic program that monitors

disk maturation and patterning largely independent of nutrients.

2.4. The brain relays internal and external cues to the endocrine system

Some checkpoint signals from peripheral tissues such as fat body and disks are likely

communicated through the central brain to the endocrine system. For example, nutritional

assessment must ensure that shutdown of feeding only occurs when enough mass has been

accumulated to survive the nonfeeding metamorphic stage. The brain regulates insulin

release from the IPCs in response to the fat body-derived nutritional signal. If this signal

directly regulates the IPCs or other classes of neurons that control the activity of the IPCs is

not known. Cell-autonomous nutrient sensing that controls the release of adipokinetic

hormone, the functional equivalent of the mammalian glucagon, does not seem to operate in

the insulin release control (Kim & Rulifson, 2004). Instead, insulin secretion is controlled by

PKA/CREB and ERK activity stimulated by short neuropeptide F (sNPF) or other

neuropeptides and neurotransmitters such as serotonin and GABA (Birse, Soderberg, Luo,

Winther, & Nassel, 2011; Enell, Kapan, Soderberg, Kahsai, & Nassel, 2010; Kaplan,

Zimmermann, Suyama, Meyer, & Scott, 2008; Lee et al., 2008; Luo, Becnel, Nichols, &

Nassel, 2012; Walkiewicz & Stern, 2009). Inhibition of PKA/CREB in the IPCs increases

insulin signaling and results in premature ecdysone production and metamorphosis.

Conversely, animals with ablated IPCs and mutants with increased serotonin levels that

inhibit insulin release from the IPCs have reduced growth rates and delayed pupariation

(Kaplan et al., 2008; Rulifson et al., 2002). This shows that neural circuits as well as

endocrine mechanisms, such as the FDS, that regulate insulin release from the IPCs are

important for the control of ecdysone production. Insulin likely acts directly on the PG (see

below); in fact, the axons of the IPCs exit the brain and release insulin from terminals on the

anterior aorta and corpus cardiacum close to the PG portion of the ring gland. It is also

possible, however, that systemic insulin acts on the nerve endings of the PG neurons to send

a retrograde signal that affects PTTH production. In general, the identity and mechanisms by
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which both internal and environmental inputs control PTTH activity is poorly understood,

with perhaps the exception of photoperiodic inputs.

As found for lepidopterans, PTTH release in Drosophila appears to be controlled by the

photoperiod (Fig. 1.2), since the circadian clock neurons, producing the pigment dispersing

factor (PDF), impinge on the PG neurons (McBrayer et al., 2007; Siegmund & Korge,

2001). The photoperiodic gating of PTTH recurs daily but is presumably not “read” by the

system until passage through other checkpoints have verified that the larva has completed

enough growth (Nijhout, 1981). In pdf mutant larvae the periodicity of PTTH transcription is

disrupted and clock mutations alter developmental timing (Kyriacou, Oldroyd, Wood,

Sharp, & Hill, 1990; McBrayer et al., 2007), suggesting a circadian checkpoint regulating

PTTH release. In lepidopterans, the PTTH release event is downstream of critical weight

and the period between critical weight and PTTH secretion (determined by the time required

for JH clearance) is called the PTTH delay period (Nijhout & Williams, 1974a, 1974b).

Interestingly, rearing Drosophila larvae with increased insulin signaling in the PG under

constant light decreases time to pupariation (Mirth et al., 2005). One possible interpretation

is that the PG of these larvae is prematurely estimating that critical weight has been reached

because of the enhanced insulin signaling and the constant light condition then reduces the

PTTH delay period.

Future studies should examine the mechanism(s) regulating PG neuron activity including the

importance of transcriptional control, as well as processing and release of PTTH. Presently,

the mechanism controlling PTTH release is only known for some insects in the group

Hemiptera, where activation of abdominal stretch receptors in response to the attainment of

a certain size results in PTTH release (Nijhout, 1981, 2003). Although distension of stretch

receptors is not sufficient for PTTH release and initiation of molting in insects outside this

order, peripheral sensory neurons tiling the larval body wall have been linked with changes

in feeding behavior associated with the progression of development from the feeding to

wandering stage in Drosophila (Ainsley, Kim, Wegman, Pettus, & Johnson, 2008; Wegman,

Ainsley, & Johnson, 2010).

As discussed above, timing of pupariation involves checkpoints that ensure coordination of

growth between larval and adult precursor tissues. However, it is less clear how each of

these signals contributes to each of the discrete pulses of ecdysone seen during the third

instar (Warren et al., 2006). One possibility is that clearance of all checkpoints is required to

produce the first low-level, critical weight associated ecdysone peak and the successive

subsequent peaks are generated autonomously by feedback circuits. However, the ecdysone

peaks do not occur with a regular ultradian rhythm; the time between peaks being 8, 12, or

16 h (Warren et al., 2006). Another, and perhaps more likely, explanation is that the

endocrine system monitors growth, energy status, and photoperiod checkpoints successively,

each of which results in a low-level ecdysone peak that drives a subsequent part of the

developmental program, ultimately resulting in pupariation and the initiation of

metamorphosis.
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3. SIGNALS CONVERGING ON THE PG

3.1. PTTH and insulin/TOR coordinate PG cell growth and ecdysone production

Like in peripheral tissues, the insulin/TOR pathway promotes growth of PG cells and

therefore can have an indirect effect on total levels of ecdysone simply by controlling the PG

cell size. However, several studies have shown that insulin/TOR also has a direct role in

regulating ecdysone synthesis in the PG (Caldwell et al., 2005; Colombani et al., 2005;

Gibbens et al., 2011; Layalle et al., 2008; Mirth et al., 2005). Under this view, the

developmental timer in the PG is informed of the nutritional status via insulin/TOR to adjust

ecdysone synthesis (Fig. 1.3). Although the role insulin plays in the production of the

ecdysone peaks is not clear, as described insulin is likely involved in setting the critical

weight parameter that commits the PG to ecdysone biosynthesis. Assessment of the temporal

requirement for insulin during development has demonstrated that reduced insulin signaling

delays timing of pupariation before, but not after, the critical weight checkpoint (Shingleton

et al., 2005). This implies that insulin signaling is not important for stimulation of ecdysone

biosynthesis in the PG during the postcritical weight period, and so may not influence the

two low-level ecdysone peaks at 20 and 28 h after ecdysis to the third instar nor the

subsequent high-level peak at 44 h that is thought to trigger pupariation (Warren et al.,

2006). In fact, starvation after reaching critical weight, which is assumed to reduce insulin

signaling in the PG, actually slightly accelerates pupariation in Drosophila (Mirth &

Riddiford, 2007; Stieper et al., 2008). Thus, insulin signaling seems to be required for the

first critical weight peak approximately 8 h after the L2/L3 transition. Increase in insulin

signaling possibly informs the endocrine system of the nutritional status of the larva. But

how does the system sense critical size? One possibility is that some threshold level of

insulin stimulates the biosynthetic pathway directly to produce the critical weight ecdysone

peak. Another possibility is that insulin makes the PG commit to ecdysone synthesis by

providing competence to other signals such as PTTH which then dictates the timing of some,

or perhaps all, of the subsequent ecdysone peaks during the third instar. Under this view,

insulin signaling would not directly produce the critical weight peak. This is consistent with

the observation that insulin does not stimulate ecdysone biosynthesis in Manduca (Walsh &

Smith, 2011).

From one perspective, it seems more intuitive that pulses of PTTH generate the precisely

timed ecdysone peaks, instead of insulin. For example, PTTH is a more potent inducer of

ecdysone synthesis than insulin and is released from neurons that directly innervate the PG

(McBrayer et al., 2007; Rybczynski, 2005). Transcription of PTTH exhibits ultradian

periodicity during the third instar (McBrayer et al., 2007), also making PTTH a likely

candidate for a periodic ecdysone pulse generator. Recently, nucleocytoplasmic trafficking

of the nuclear receptor DHR4 in the PG was shown to be PTTH dependent (Ou et al., 2011).

Lack of PTTH or torso disrupts the first nucleocytoplasmic transition 4 h after the L2/L3

transition. This implies that PTTH signaling indeed occurs in advance to the critical weight

peak. A second low-level ecdysone peak 90 h AEL is associated with a change in glue gene

expression that allows the puparium to adhere to its substrate. The third low-level ecdysone

peak 98 h AEL is associated with wandering behavior and the cessation of feeding.

Consistent with this, reduced ecdysone levels results in a prolonged feeding period, delayed
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wandering and asynchrony of the ecdysone gene response (McBrayer et al., 2007; Rewitz,

Yamanaka, et al. 2009).

If the role of insulin is to endow the PG with competence to produce ecdysone in response to

PTTH, it would have to interact with a central component in the PTTH signaling machinery

or ecdysone biosynthetic pathway. Interestingly, nutrient-dependent torso expression has

been observed in Bombyx (Young, Yeh, & Gu, 2012), perhaps involving insulin. Moreover,

the transcription factor Broad is required for expression of torso (Xiang, Liu, & Huang,

2010) and insulin induces expression of broad in the wing disks of Manduca, overcoming

the inhibition by JH (Koyama, Syropyatova, & Riddiford, 2008). Assuming a similar

scenario in the PG, insulin might increase broad levels to upregulate torso expression,

providing competence to PTTH that in turn leads to commitment for metamorphosis. In

agreement with a role in regulating ecdysone synthesis, broad null mutants fail to pupariate

and broad is expressed in the PG after the L2/L3 transition with a rapid increase during

wandering as the ecdysone titer rises (Kiss, Beaton, Tardiff, Fristrom, & Fristrom, 1988;

Zhou, Zhou, Truman, & Riddiford, 2004).

In the previous section, we considered how TOR in the fat body might help generate FDSs

that act either on the PG or PTTH activity. However TOR signaling in the PG itself is also

important for determining timing since recent evidence suggests that TOR plays a role in the

PG in the regulation of ecdysone synthesis (Layalle et al., 2008). In contrast to moderate

changes in insulin signaling, reducing TOR activity in the PG prolongs larval development

after the critical weight checkpoint (Colombani et al., 2005; Layalle et al., 2008). Although

reducing TOR signaling delays pupariation, activation of TOR in the PG under normal food

conditions does not accelerate development (Layalle et al., 2008). This only occurs under

conditions with restricted nutrition, suggesting an upper limit for nutrient activation of

ecdysone signaling. Like TOR, increasing insulin signaling in the PG only accelerates

metamorphosis in larvae reared without yeast supplement (Mirth et al., 2005). This again

supports the idea that nutrients provide a positive signal that is limited by the maximum

growth rate. In contrast, increasing Ras signaling in the PG dramatically accelerates

metamorphosis even under standard food conditions (Rewitz, Yamanaka, et al. 2009). The

MAPK pathway is the major pathway relaying the signal downstream of the PTTH receptor

Torso (Fig. 1.3). Like insulin signaling, activating the MAPK pathway in the PG results in

increased PG cell growth, and the larvae pupariate at a smaller size than normal. On the

other hand, decreasing MAPK signaling in the PG results in developmental delay and

overgrowth similar to larvae lacking PTTH or Torso. Together with insulin, the importance

of TOR signaling in the PG may help explain why overgrown larvae lacking PTTH

eventually pupariate (McBrayer et al., 2007).

In addition to activating the MAPK pathway, studies in lepidopterans have shown that

PTTH also activates a complex network of pathways that include PKA/cAMP, calcium and

PKC (Rybczynski, 2005; Rybczynski & Gilbert, 2006). Whether Torso is required for

activation of these alternative pathways and whether their activation is conserved in

Drosophila and how they contribute to either the production and/or release of ecdysone from

the PG requires additional study.
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The finding that under low nutrient conditions TOR informs the PG to extend the growth

period (Layalle et al., 2008) is difficult to reconcile with the fact that starvation after critical

weight accelerates metamorphosis in Drosophila (Mirth & Riddiford, 2007; Stieper et al.,

2008). One explanation might be a cross talk between the PTTH and the TOR pathway in

the PG. Previous work has shown that rapamycin inhibits PTTH-stimulated ecdysone

synthesis (Rybczynski, 2005). Indeed, PTTH has been shown to regulate 4E-BP and S6

kinase (S6K), a major target of TOR (Gu, Yeh, Young, Lin, & Li, 2012; Rybczynski, 2005).

In addition to its stimulatory effect on ecdysone synthesis, PTTH has a non-steroidogenic

trophic effect on PG growth and protein synthesis (Rybczynski, 2005; Rybczynski &

Gilbert, 1994) and lack of PTTH reduces PG cell size (Ghosh, McBrayer, & O’Connor,

2010). PTTH-induced TOR signaling seems to rely on PI3K (Gu et al., 2012), suggesting

that PTTH and insulin converge on PI3K to regulate PG cell growth and ecdysone

biosynthesis. On the other hand, insulin stimulation of ecdysone synthesis may, at least in

part, involve cross talk with the MAPK (Rewitz, Yamanaka, et al. 2009).

How do PTTH and insulin increase activity of the ecdysone biosynthetic pathway? PTTH-

stimulated ecdysone synthesis occurs within minutes and requires translation and likely

posttranslational protein modifications (Rewitz, Larsen, et al., 2009; Rybczynski, 2005). The

rapid increase in the flux through the biosynthetic pathway that converts cholesterol to

ecdysone possibly involves regulation of a rate-limiting molecule(s) that acts in, the so-

called Black Box reaction(s), an early step in the biosynthetic pathway which is not

completely understood (Gilbert et al., 2002). Consistent with this view, in lepidopterans

PTTH stimulates the rapid increase in translation and phosphorylation of Spook, a

cytochrome P450 enzyme involved in the Black Box (Ono, Morita, Asakura, & Nishida,

2012; Ono et al., 2006; Rewitz, Larsen, et al., 2009). However, it is not clear if the Black

Box is the rate-limiting reaction in all insects.

In addition to the acute regulation, PTTH elicits a long-term transcriptional effect that

involves upregulation of the Halloween genes encoding the ecdysone biosynthetic enzymes

(Keightley, Lou, & Smith, 1990; Niwa et al., 2005; Yamanaka et al., 2007). High expression

of the ecdysone biosynthetic enzymes coincides with the ecdysone peaks, suggesting that

upregulation of the components in the pathway is required to increase the steroidogenic

capacity of the gland (Rewitz, Rybczynski, Warren, & Gilbert, 2006; Yamanaka et al.,

2007). The importance of the transcriptional regulation is highlighted by evidence

suggesting that low expression of these genes, including spook, presumably prevents PTTH-

stimulated ecdysone synthesis despite PTTH being able to induce a glandular

phosphorylation response in the early fifth instar Bombyx (Gu & Chow, 2005; Lin & Gu,

2007; Yamanaka et al., 2007). Reduced expression of the ecdysone biosynthetic enzymes in

PTTH-ablated larvae indicates that PTTH plays a role in the transcriptional up-regulation of

these genes in Drosophila (McBrayer et al., 2007). However, the moderate effect of PTTH

does not fully explain the dramatic increase in expression of these genes during development

(Yamanaka et al., 2007). Thus, other mechanisms must be involved in the transcriptional

regulation of the Halloween genes. Consistent with this notion, the transcriptional repressor

DHR4, a key target of PTTH signaling, has only minor effect on Halloween gene expression

(Ou et al., 2011). Other mechanisms might involve feedforward regulation by the action of
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ecdysone itself, believed to autonomously activate the PG in culture, or perhaps involve

input from TGFβ/Activin and/or nitric oxide signaling (see discussion below: Caceres et al.,

2011; Gibbens et al., 2011; Yamanaka et al., 2007).

In addition to the enzymes involved in ecdysone biosynthesis, npc1 is also expressed

specifically in the PG where it is thought to be involved in supplying cholesterol for

steroidogenesis (Huang, Suyama, Buchanan, Zhu, & Scott, 2005). Normal expression of

npc1 and the Halloween genes requires Broad, which is interesting considering that JH,

which suppresses broad expression, also inhibits spook expression in Bombyx (Xiang et al.,

2010; Yamanaka et al., 2007).

3.2. TGFβ/Activin and nitric oxide signaling are essential for steroidogenesis

Although several factors have been shown to regulate PG activity (see Marchal et al., 2010

for a recent review), recent reports have highlighted the essential role of nitric oxide (NO)

and TGFβ/Activin (Caceres et al., 2011; Gibbens et al., 2011). In peripheral tissues,

ecdysone elicits a genetic response through a set of primary ecdysone-inducible nuclear

receptors (King-Jones & Thummel, 2005). However, some of these nuclear receptors, such

as E75, DHR3, and βFTZ-F1, are also involved in the production of ecdysone in the PG

(Caceres et al., 2011; Parvy et al., 2005). Although little is known about the factors involved

in the transcriptional regulation of the Halloween genes, βFTZ-F1 is required for expression

of the genes phantom and disembodied (Parvy et al., 2005). Expression of βFTZ-F1 requires

activation by DHR3, which is repressed by E75. Activity of the NO synthase (NOS),

catalyzing the production of NO, is required for NO-mediated inhibition of E75 activity in

the PG (Caceres et al., 2011). Reducing expression of NOS in the PG results in a failure to

produce ecdysone and an inability to undergo metamorphosis. These larvae have enlarged

PG cells with increased endoreplication number, consistent with the view that increased PG

cell size alone is not sufficient for high level ecdysone production (Colombani et al., 2005).

Together, these results show that NO signaling has an essential role in the regulation of

ecdysone production that controls developmental transitions, although the mechanism

regulating NO signaling in the PG remains unknown.

In addition to NO, recent work in Drosophila has shown that TGFβ/Activin signaling is

essential for ecdysone synthesis and developmental transitions (Gibbens et al., 2011).

Interestingly, TGFβ and insulin signaling also converge in Caenorhabditis elegans on the

synthesis of the steroid hormone dafachronic acid (DA), which interacts with the nuclear

receptor DAF-12 to determine whether larvae undergo reproductive development or arrest in

a dauer state (Tennessen & Thummel, 2011). In Drosophila, reduced TGFβ/Activin

signaling in the PG, mediated by knockdown of dSmad2, the major downstream mediator of

TGFβ signals, causes developmental arrest in the third instar (Gibbens et al., 2011).

Disrupting TGFβ/Activin reduces expression of torso and the InR in the PG, presumably

blocking the ability to synthesize ecdysone in response to PTTH and insulin. Moreover,

restoring Torso/MAPK or InR/Akt in the PG rescues the phenotype of dSmad2-RNAi

knockdown. Interestingly, resupplying the insulin receptor in the PG of larvae with reduced

PG expression of dSmad2 restores protein, but not transcript levels, of key ecdysone

biosynthetic enzymes. Conversely, activating Torso/Ras signaling in the PG of these larvae
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rescues the reduced expression of these genes. Thus, potentially insulin and PTTH regulate

the ecdysone biosynthetic machinery by distinct mechanisms one via transcription and the

other via translational control. Together, these observations indicate that TGFβ/Activin

signaling is important for the PG to develop competence to respond to additional

developmental (PTTH) and nutritional (insulin) cues. Presently, it is not known whether

TGFβ/Activin signaling is developmentally regulated to provide stage-specific competence

or is required for constitutive expression of torso and InR. Another interesting possibility is

that TGFβ/Activin signaling is linked to the effect of the SUMOylation pathway, since it has

also been demonstrated that knockdown of the SUMO gene, smt3, in the PG arrests

development in the L3 (Talamillo et al., 2008). In this regard, it is interesting to note that

Medea, the co-Smad that forms a complex with dSmad2, is a primary target of

SUMOylation (Miles et al., 2008).

4. SHAPING DISCRETE ECDYSONE PULSES

4.1. Feedback control of ecdysone production

In addition to the mechanisms that increase ecdysone synthesis, there must be ways to shut

down PG activity as well as inactivate and remove ecdysone from circulation in order to

produce the temporally defined pulses of ecdysone. Thus, the endocrine system must be

under feedback regulation and receive inputs from its own target tissues (Fig. 1.4). This idea

is consistent with studies showing that ecdysone inhibits ecdysone synthesis in the PG of

lepidopterans (Beydon & Lafont, 1983; Gilbert et al., 2002; Sakurai & Williams, 1989).

Furthermore, EcR is expressed in the PG of Drosophila during the time when the larvae

initiate pupariation (Talbot, Swyryd, & Hogness, 1993). Long-term incubation of the PG in

the presence of ecdysone reduces the sensitivity to PTTH (Gilbert, Song, & Rybczynski,

1997; Song & Gilbert, 1998), which indicates that ecdysone likely down-regulates torso or

other components mediating PTTH signaling or ecdysteroidogenesis.

Conversely, when the activity of the PG is low, ecdysone appears to stimulate its own

synthesis, a mechanism that can increase and amplify the signal. Further amplification of the

signal may occur through the EcR autoregulatory loop, through which EcR induces its own

expression (Koelle et al., 1991). These observations suggest that ecdysone synthesis in the

PG is controlled by feedforward and feedback loops that rapidly modulate the ecdysone titer

and determine the temporal boundaries for the pulses. Interestingly, torso expression is

induced by ecdysone, indicating a potential feedforward regulatory mechanism (Young et

al., 2012). On the other hand, PTTH stimulation decreases torso mRNA levels, suggesting a

desensitizing mechanism similar to that observed for InR (Puig, Marr, Ruhf, & Tjian, 2003).

Although some controversies exist about the role of ecdysone in the PG (Kozlova &

Thummel, 2002; Yamanaka & O’Connor, 2011), such feedback regulation makes intuitive

sense and the physiological significance awaits further investigations.

Feedback control of PG activity through EcR may involve other ecdysone-inducible genes

required for the ecdysone response in peripheral tissues. It is interesting to note that in a

recent study DHR4, previously characterized as an ecdysone-inducible gene, was shown to

be necessary to control the duration of the ecdysone pulses (King-Jones, Charles, Lam, &

Thummel, 2005; Ou et al., 2011; Rewitz & O’Connor, 2011). When located in the nucleus,
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DHR4 represses ecdysone production, which helps establish the duration of the ecdysone

pulses. Although PTTH-regulated nucleocytoplasmic shuttling of the DHR4 protein could

account for this, the rapid effect of DHR4 RNAi argues that there is more to this than simple

shuttling of a stable DHR4 protein. Cycling of DHR4 transcript in concert with PTTH-

stimulated ecdysone peaks would presumably be a way to help terminate ecdysone

production and regulate the duration of the pulse.

4.2. Termination of ecdysone pulses by feedback regulated degradation

Although ecdysone production in the PG must be turned off to bring levels back to basal,

circulating ecdysone must also be removed to terminate the pulse. Two elegant feedback

mechanisms have evolved to rapidly decrease circulating levels of ecdysone following a

peak (Fig. 1.4). The first mechanism involves Cyp18a1, a cytochrome P450 enzyme

required for the metabolic inactivation of ecdysone (Guittard et al., 2011; Rewitz et al.,

2010). Cyp18a1 is required for the rapid decline of the ecdysone titer after the peak that

triggers pupariation. Loss of Cyp18a1 results in elevated ecdysone levels that disrupt the

mid-prepupal expression of βFTZ-F1, which is necessary for the genetic response to

ecdysone that drives unidirectional progression of development (Rewitz et al., 2010). Cy

p18a1 expression is induced by ecdysone, providing a mechanism for generating a pulse,

where elevated ecdysone levels are responsible for its eventual decline. In addition to

metabolic inactivation, another mechanism ensures that cellular levels of ecdysone are

reduced following a peak. One of the early ecdysone-inducible genes, E23, encodes an ABC

transporter protein (Hock, Cottrill, Keegan, & Garza, 2000). E23 is one of the last of the

early genes to be induced which makes physiological sense because the function of E23 is to

pump ecdysone out of the cells and reduce cellular concentration. Together with feedback

regulation of the PG activity, these peripheral mechanisms provide an autonomous

regulatory system that determines the duration of the ecdysone pulses.

5. SUMMARY AND PERSPECTIVES

Steroids synthesized in response to signaling pathways including insulin-like peptides,

TGFβ and other neuropeptides control the developmental transition leading to maturation in

worms, insects and mammals. Recent progress from Drosophila research shows that nutrient

sensitive insulin signaling and tissue-autonomous size determination are part of the

underlying size-monitoring mechanisms that activate the endocrine system and initiate

maturation once a characteristic size is achieved. An autonomous genetic size determining

program that is dependent on the number of cell divisions and relatively insensitive to

nutrient uptake controls disk growth. In contrast, growth of endoreplicative larval tissues is

tightly coupled with nutrient availability and relies on the increase in cell size rather than

number. Because larvae pupariate even in the absence of disks, Dilp8 is a permissive signal,

rather than a positive “trigger” of pupariation, which provides a checkpoint to ensure that the

adult precursor tissues are ready for metamorphosis. Conversely, nutrient sensitive growth

influenced by the fat body likely provides positive signals to the endocrine system.

Based on recent insights discussed here, we propose that developmental timing is regulated

by a series of checkpoints that verify a certain amount of nutrient stores and disk growth

before a circadian input allows developmental progression (Fig. 1.5). The first checkpoint,
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which probably corresponds to critical weight, is the key decision whether to enter or delay

pupariation if nutrient becomes limited. Another checkpoint verifies that the imaginal disks

are ready, and finally the photoperiod is monitored to impose a circadian gate on the

developmental transition. Although the mechanisms responsible for generating each peak of

ecdysone are poorly understood, these peaks likely coordinate developmental and behavioral

transitions during the third instar. Potentially each checkpoint control mechanism may be

translated into one of the low-level ecdysone peaks which ensure that the molecular events

are correctly ordered for unidirectional developmental progression. Alternatively, passing all

checkpoints may activate a neuroendocrine switch to an autonomous program that produces

the successive pulses of ecdysone. While it is obvious that the onset of metamorphosis is

regulated by a number of cues from both the external and internal environment, further

studies are needed to decipher how these cues are integrated to produce the sequential pulses

of ecdysone.

Despite recent advances, the secreted FDSs have not been identified. The identification of

the FDSs is the key to a more comprehensive understanding of how peripheral nutritional

signals coordinate timing of ecdysone production. In this regard, the increasing prevalence

of childhood obesity in humans has been associated with premature onset of puberty and

reproductive dysfunction (Ahmed, Ong, & Dunger, 2009; Kaplowitz, 2008). Like

developmental timing in insects, nutritional regulation of human pubertal timing is

influenced by peripheral nutritional signals from adipose tissues similar to the fat body. We

note a study by Norbert Perrimon’s group identifying Unpaired 2 as a secreted FDS,

functionally equivalent to human leptin, that regulates systemic growth presumably through

its effect on insulin release from the IPCs (note added in proof).

The insulin-like molecules seem to be part of a conserved genetic mechanism that controls

timing of maturation. In C. elegans, mutations disrupting insulin signaling result in dauer

formation and arrest before the sexual maturation independent of the environmental

conditions (Kimura, Tissenbaum, Liu, & Ruvkun, 1997). Moreover, puberty is delayed by

mutations affecting insulin-like growth factor (IGF) signaling and in children diagnosed

with certain types of diabetes (Divall et al., 2010; Domene et al., 2009; Kjaer, Hagen,

Sando, & Eshoj, 1992; Messina et al., 2011). The discovery that Dilp8 coordinates tissue

growth with developmental timing further highlights the central role for these conserved

molecules in the control of body size, maturation, and metabolism.

How insulin/TOR and PTTH signaling interact in the PG to coordinate the timing of

ecdysone pulses remain poorly understood. Insulin may work upstream of PTTH either by

producing the critical weight ecdysone peak that allows subsequent PTTH release or by

mediating glandular growth that provides competence to respond to PTTH. Because the PG

neurons are anatomically developed earlier, regulating the PG competence might be

important to prevent a premature response to the PTTH. Alternatively, these two pathways

may work together to control ecdysone production in the PG. Perhaps signaling through

both pathways is necessary to fully activate ecdysone biosynthesis. Investigating the role of

transcriptional and posttranscriptional regulation of components in the ecdysone

biosynthetic pathway as well as the underlying mechanisms will be the key to understanding

the changes in the PG activity required to produce pulses of ecdysone.
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In most systems, mechanisms responsible for timing the juvenile-adult transition are poorly

understood, in part, because it involves complex inter-organ communication to monitor

numerous internal and external cues such as organ size, nutritional status, and photoperiod.

As illustrated here, the number of factors that converge on the neuroendocrine system to

control such transition in insects has expanded substantially during the recent years.

However, these studies have also indicated, that as found for many other aspects of

development, the overall architecture of the system that coordinates juvenile-adult

transitions is conserved. Therefore, future insights from Drosophila and other insects will

continue to serve as a general paradigm for understanding how metazoans coordinate growth

and developmental timing.
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Figure 1.1.
Hormonal regulation of body size and timing of metamorphosis. According to classical work

the larval accumulation of mass corresponding to the critical weight results in the

breakdown of JH that inhibits PTTH release. Above critical weight, PTTH is release after a

delay period determined by the time of JH clearance and the photo-period gating of PTTH.

Starvation before critical weight results in a developmental delay of pupariation. If feeding

is resumed critical weight is attained and normal body size achieved. In contrast, larvae

starved above critical weight, when the metamorphic program is activated, pupariate on time

but with a reduced size. As critical weight is independent of nutrition, final size is

determined by the amount of growth in the interval between critical weight and cessation of

feeding (wandering) called the terminal growth period (TGP). Photo gate, a PTTH gating

mechanism imposed by the photo-period; CW, critical weight.

Rewitz et al. Page 24

Curr Top Dev Biol. Author manuscript; available in PMC 2014 June 17.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1.2.
The developmental timing system monitors environmental (nutrient status and photoperiod)

and developmental (disks maturation) cues. The fat body acts as a nutrient sensor that

coordinates nutrient uptake with systemic growth and developmental timing. In growth

permissive environments, the fat body secretes an unknown fat body-derived signal (FDS),

in response to dietary amino acids, that stimulates release of insulin from the insulin

producing cells (IPCs) of the brain which acts on the PG and stimulates ecdysone release.

Serotonin and short neuropeptide F (sNPF) also impinge on the IPCs and regulate insulin

release. In addition to insulin, the developmental timing program checks the status of the

imaginal disks. Disk growth and maturation is controlled by a tissue-autonomous program

that via Dilp8 crosstalks with the neuroendocrine system. Disks secrete Dilp8 which

suppresses ecdysone release presumably by inhibition of PTTH release from the PG neurons

until they have completed a certain amount of growth or regenerated from tissue damage.

Superimposed on this, the clock neurons producing the pigment dispersing factor (PDF)

impinge on the PG neurons and regulate PTTH release according to the photoperiod.
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Figure 1.3.
Mechanisms converging on the PG time ecdysone production. TGFβ/Activin is required for

normal expression of the insulin receptor (InR) and torso, which provides glandular

competence to PTTH (developmental) and insulin (nutrient) cues. Furthermore, the PG

harbors a TOR-dependent nutrients sensor that presumably allows compensation for poor

nutrient environments. Under such conditions, ecdysone release is delayed which prolongs

the growth period. Broad is required for normal expression of the Halloween genes encoding

the enzymes mediating ecdysone synthesis, although it is not clear if JH regulates broad in

the PG. Nitric oxide (NO) generated by the nitric oxide synthase (NOS) regulates nuclear

receptor signaling in the PG. In turn, NO inhibits E75, a repressor of DHR3 which then

activates expression of βFTZ-F1, a nuclear receptor required for expression of at least two

key ecdysone biosynthetic enzymes, Phantom and Disembodied.
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Figure 1.4.
Feedback control shapes the ecdysone pulses. A short positive and a long negative feedback

loop are believed to operate in the PG to control synthesis of ecdysone. The short positive

feedforward loop presumably amplifies the ecdysone signal causing a fast increase of the

titer. On the other hand, a long negative feedback loop shuts off the PG which allows

peripheral mechanisms to clear ecdysone from the system. Ecdysone induces two feedback

mechanisms, in tissues peripheral to the PG, which are eventually responsible for lowering

cellular levels (E23) and the decline of the titer (Cyp18). Ecdysone induces Cyp18 that

eliminates ecdysone by converting it into the inactive ecdysonoic acid. The ecdysone-

inducible E23 encodes an ABC transporter believed to pump ecdysone out of the cells.

Together these feedback mechanisms determine the duration of the ecdysone pulses.
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Figure 1.5.
Checkpoint controls of developmental timing of metamorphosis. The figure shows a

proposed model for checkpoint control of ecdysone release and timing of pupariation.

Accumulation of nutrients corresponding to the critical weight presumably results in the

insulin dependent production of the critical weight ecdysone peak 8 h after L3 ecdysis.

Maturation and patterning of the imaginal disks and the photoperiod are also verified by the

endocrine system before development can proceed. These checkpoints may potentially

translate into to the other low-level ecdysone peaks 20 and 28 h after L3 ecdysis. When all

checkpoints are cleared, developmental transition to the metamorphic stage can take place.
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