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Summary

We have examined the musculature and motor patterns The pump is also activated at the adult molt. At this time,
of the foregut and the role of the frontal ganglion in the itis used both before the moth emerges from the pupal case
adult moth Manduca sextaDuring adult development, the  for swallowing molting fluid and again after emergence for
structure of the foregut changes from a simple straight tube swallowing air. These behaviors are important for eclosion
to a pump consisting of a flexible-roofed chamber or and are necessary for the expansion of the wings after
cibarium, with dilator muscles that raise the roof to draw  eclosion. Their motor patterns are similar to the feeding
in fluids and a compressor to push it down and force the program. Up to 24h before adult ecdysis, this motor
fluid down the thin-walled esophagus. The frontal ganglion pattern can be triggered by the peptide eclosion hormone.
drives the activity of this cibarial pump during feeding, = The other eclosion-related peptide, Manduca sexta
which is triggered by the application of sucrose solution or eclosion-triggering hormone, does not appear to trigger
water to the proboscis. The feeding motor pattern consists activity of the cibarial pump.
of coupled bursts of the pump dilators and shorter-
duration, high-frequency bursts of spikes from the pump  Key words: ecdysis, stomatogastric, digestion, insect, tobacco
compressor. hawkmoth,Manduca sextafrontal ganglion, feeding.

Introduction

As it develops, an animal may show different behaviors atonnectives. In an earlier study (Miles and Booker, 1994), we
different stages of its life. Some of the most dramatic examplegescribed the foregut musculature, the motor patterns and the
of behavioral ontogeny can be found among theole of the frontal ganglion in driving those patterns in the larval
holometabolous  insects. These animals  undergstage. As the next step in the analysis of how these characters
metamorphosis, during which the crawling, feeding larvachange during development, we have examined the frontal
stage is replaced by a relatively quiescent pupal stage agdnglion and foregut of the adult. Very little previous work has
ultimately by the flying, reproductive adult. The change fromaddressed the role of the frontal ganglion in adult Lepidoptera.
a larva to an adult involves enormous changes in bodRemoval of the frontal ganglion from adtitliothis zeawas
morphology as well as the development of a new set ahown to produce deficits in crop-emptying (Bushman and
behaviors specific to the adult. For example, while feedindlelson, 1990). The structure of the cibarial pump and its
behavior is exhibited throughout the larval and adult stages afssociated musculature has been describeidais brassicae
the mothManduca sextafeeding style is dramatically altered andP. rapag(Eastham and Eassa, 1955; Daatadl. 1989) and
as the leaf-eating larva develops into the nectar-feeding adu#t. generalized sphinx moth (Snodgrass, 1935), and a
This change in feeding style is accompanied by a massiM@omechanical analysis of feeding in adBieris rapaehas
restructuring of the feeding apparatus and foregut fronbeen carried out (Daniglt al. 1989; Kingsolver and Daniel,
chewing mandibles with a simple, straight foregut to al995). However, there have been no neurophysiological studies
proboscis with a cibarial pump. of the motor patterns associated with feeding or the neurons that

The changes in feeding style and foregut structure that takgoduce them in adult Lepidoptera. The present paper examines
place during metamorphosis raise the question of ththe musculature, motor patterns and role of the frontal ganglion
mechanisms that are used by the nervous system o feeding in the adult motWManduca sextaWe demonstrate
accommodate them. Movements of the foregut are driven Ithat the frontal ganglion is essential for the activity of the
neurons of the frontal ganglion (Miles and Booker, 1994). Thigibarial pump during feeding. This activity is triggered by the
small ganglion lies on the dorsal surface of the gut anterior tapplication of sucrose solution or water to the proboscis. In
the brain, to which it is connected by a pair of frontaladdition, we have found that the frontal ganglion plays an
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important role during the process of shedding the old cuticléhe wings were fully expanded but not yet folded. The animals
or ecdysis, from the pupal to the adult stage. were cold-anesthetized, the pupal cuticle was removed if
Earlier work by Bell (1986) suggested that, Manduca necessary, and the abdomen was opened dorsally. An
sexta the frontal ganglion may play a role in the ecdysis to thadditional seven animals that were approximately 30h from
adult stage, or eclosion. His study described defects in eclosi@tlosion received injections of 50-3@00f physiological
and in the expansion of the wings of freshly eclosed adultsaline saturated with carmine into the exuvial spaces of their
from which the frontal ganglion had been removed. Bell (1986heads. Their guts were examined 6, 24 or 30h later for the
suggested that the frontal ganglion was involved in swallowingresence of carmine particles.
air at eclosion, which could be important for the expansion of To examine the morphologies of individual frontal ganglion
the wings in the newly emerged adult. We have re-examinetkurons, the neurons were filled with cobalt chloride or
the role of the frontal ganglion and pump musculature aroundeurobiotin (Vector Laboratories) by backfilling from their
the time of adult eclosion. At any of its molts, it is of critical nerve projections. Cobalt backfills were subsequently
importance to an insect that ecdysis behaviors are only carrigdocessed as described in Miles and Booker (1994), and
out at the appropriate time, as the events that lead to Neurobiotin preparations were treated with a monoclonal
successful molt must take place in the correct sequence or taetibody against biotin and conjugated to Cy3 (Jackson
insect will die. Thus, the timing of many ecdysis-relatedimmunoresearch Inc.), according to the methods described by
behaviors has been found to be precisely regulated bylesceet al.(1993), and viewed with fluorescence microscopy.
hormones (Truman, 1971; Copenhaver and Truman, 198Rleurons were drawn usingcamera lucidaattachment to a
Miles and Weeks, 1991), particularly the peptides eclosiomicroscope.
hormone (EH; Trumaret al. 1981a) and Manduca sexta
eclosion-triggering hormone (ETH; Zitnat al. 1996). We Neurophysiological techniques
therefore also examined the effects of these hormones on thatracellular recordings
activity of the cibarial pump. We have found that the pump is For recording the motor patterns of the pump musculature
activated at the adult molt and that its activity is essential fotluring feeding, animals were anesthetized withy G&s, their
the proper expansion of the wings. In addition, we demonstrategs and wings were cut off, and their bodies were secured to
that the activation of the pump at eclosion is triggered by EHa wax platform with a pair of pins through the thorax. The
scales on the surface of the head were rubbed off, and a pin
) was used to make small holes in the cuticle directly above the
Materials and methods muscles to be recorded. Electrodes composed qfm75
Animals diameter silver or stainless-steel wire were inserted through the
Manduca sextd.. were obtained from our colony, where holes and into the muscle. Their positions were confirmed after
they were raised under a 16 h:8 h L:D schedule at 27 °C. Larvdke recording session by cutting the wires at the head surface
were fed an artificial diet (Bell and Joachim, 1976) until theand examining their position directly by dissecting the head.
wandering stage, when they were placed into individualo initiate feeding, the proboscis was gently uncoiled and
wooden chambers to pupate. The pupae were removed frgotaced in a small (504) dish containing a 20% sucrose
the chambers after 1 week and placed in an open tray so ttsatiution colored with food dye (Blue 1). After the recording
they could be easily examined for staging their developmensession, the animal was again anesthetized with &l the
Stages were determined using the morphological markers abdomen was opened dorsally to examine the crop for the
Schwartz and Truman (1983), adapted for the rearingresence of the sucrose solution.
conditions of our colony. Animals that were to be used after Isolated heads also ingested the sucrose solution, with a
adult eclosion were transferred to individual cages when theyotor program that was indistinguishible from that of the intact

were within 2 days of eclosion. animal. This preparation was also used for recording the
feeding pattern. Up to four muscles were recorded at a time,
Anatomy using a four-channel extracellular amplifier (A-M Systems).

For anatomical studies of the cibarial pump musculature andata were recorded onto a four-channel video recorder (Vetter
frontal ganglion nerve projections, heads were removed fronmstruments) and analyzed after being played back in real time
adults that ranged in age from 1 to 4 days after eclosion. Theynto a high-speed chart recorder (Astro-Med Inc.). The mean
were dissected either by making a frontal opening over thend 95% confidence intervals about the mean (CI) for the
pump surface or by cutting the whole head sagittally with geriod and spike frequency for 10 consecutive bursts were
double-edged razor blade. Preparations were examined undeferaged for each muscle recorded in an animal. To determine
saline (Trimmer and Weeks, 1989) or Methylene Blue (Weekthe mean +95% CI for a given muscle type, data were pooled
and Truman, 1985). To determine whether fluid or air wasor 10 consecutive bursts from each of the animals in which
swallowed around the time of eclosion, the gut was examinetthat muscle was recorded. Values are presented as the mean
in staged animals. Five individuals from each of the followingt95 % CI , withN being the total number of bursts from all the
stages were used: 24-30h before eclosion, 6-8h befoamimals that were used for the calculation. Means are
eclosion, 1-2 h before eclosion and 30 min after eclosion, whesonsidered significantly different when the 95% Cls do not



Feeding and eclosion iManduca sextal 787

overlap. The numbers of animals from which data weraerve and cutting the frontal connectives. The wandering
obtained for a given muscle were as follows: anterior dilatorgnimal was anesthetized with €@as, then placed in a
N=8 animals; posterior dilatorsN=7 animals; labral chamber which kept a steady supply of Q0 the tracheae,
compressorN=3 animals; pump compressd=8 animals. but left the head capsule exposed for surgery. All dissecting
To record pump activity immediately after eclosion, animalgools were soaked in 95% ethanol before use and between
that had just emerged from the pupal cabe9) were animals. The head capsule was cleaned with ethanol, then cut
anesthetized briefly with CQand quickly implanted with a along the lateral margins of the clypeus, and the cuticle of the
single silver wire electrode into the pump, with a grouncclypeus was folded down to reveal the frontal ganglion. The
electrode placed in the thorax. Each wire was held in place withblation or sham operation was carried out, a crystal of
a drop of cyanoacrylate glue at the point where it passegohenylthiocarbamide was placed in the wound to prevent
through the cuticle. The animals were allowed to crawl on axidation of the hemolymph, and the cuticle was closed and
sheet of paperboard, tethered by their electrode wires. Sorsealed with dermatological glue (New-Skin, MEDTECH Labs,
individuals (N=5) were implanted with the electrodes asinc.). The animals were then returned to the @&s until the
pharate adults (fully developed but still within the pupalglue had dried. Because we found that frontal nerves cut at the
cuticle) 2—-3 days before eclosion. The activities of their pumwandering stage regenerated in every case, this manipulation
muscles were recorded periodically over the course of the 2+@as carried out in pharate adults 2—-3 days before eclosion. For

days before eclosion. this surgery, the animal was anesthetized with &3 and the
_ pupal cuticle above the head was removed. The scales on the
Intracellular recordings dorsal surface of the head were scraped away, and a window

Isolated heads were used for intracellular recordings. Th&as cut in the head cuticle between the antennal bases and
heads were secured to a recording dish using two pins placedteriorly over the pump compressor. The cuticle was folded
through the antennal bases. The dorsal surface of the head viagk, and the frontal ganglion was located beneath the air sacs
scraped clean of scales, and an opening was made in the cuticfehe dorsal head. The ablation or sham operation was carried
extending from the posterior dilators to the anterior dilators andut, and the wound was treated as described above. After
laterally between the antennal bases. Silver wire extracellul@closion, operated and intact animals were tested for the
electrodes were placed on up to three different pump muscleguantity of sucrose solution they would consume in a feeding
The frontal ganglion was exposed and lifted onto a wax-coatdabut. The animals were starved for 24 h, then placed before a
stainless-steel platform, to which it was secured using cactssnall dish containing colored 20% sucrose solution. The
spines. The ganglion was desheathed, and recordings wgmoboscis was uncoiled and held gently in the solution for
made using standard neurophysiological techniques @&0Omin. The amount of sucrose solution consumed was
described in Miles and Booker (1994). Once the intracelluladetermined by weighing the dish before and after the test
recording was stable, the proboscis was uncoiled and placedperiod. After the data had been collected on the animals’
a 20% sucrose solution to initiate feeding. Motoneurons wenghysical conditions and their consumption of sucrose solution,
identified by the 1:1 correlation between spikes in the recordetiey were killed and dissected to verify the type of ablation
neuron and the extracellular recording of spikes in the muscland to examine the crop for the presence of sucrose solution.
After the recording session, the neuron was ionophoretically
filled with hexamminecobalt (II1) chloride and processed and Hormonal manipulations
visualized using techniques described in Miles and Booker Eclosion hormone (EH) was applied directly to the isolated
(1994). Motoneurons were identified on the basis of theiheads of pharate adults 24-30h before eclosion to determine
morphology (from intracellular fills and backfills) and the whether this peptide could trigger activity in the cibarial pump
muscle they innervated. Filled neurons were drawn using around the time of ecdysis. Animals were dissected as
camera lucidaattachment to a compound microscope. Each oflescribed above for intracellular recordings, and the activity of
the neurons described in this paper was recorded ande cibarial pump was monitored with an extracellular

morphologically identified at least twice. electrode on the pump compressor. The corpus
_ _ _ cardiacum—corpus allatum (CC-CA) complex has been shown
Surgical manipulations to be a rich source of EH in the pharate adult (Truman, 1973).

To assess the effects of eliminating inputs to or from th&@herefore, to eliminate it as a possible source of endogenous
frontal ganglion on adult behaviors, the nerves from the frontdtH in these preparations, the CC-CA complex was removed
ganglion were cut or the ganglion was removed entirely. Shafnom 15 individuals. No significant differences were found in
operations consisted of dissection procedures identical to thoiee results obtained from individuals with or without the CC-
described below, except that the frontal ganglion and foreg@@A complex. The EH was either a purified form kindly
were simply touched with the dissecting tools. Because of th&upplied by Dr David B. Morton (Morton and Giunta, 1992)
accessibility of the frontal ganglion at the onset of theor an extract obtained from the CC-CA complexes of pharate
wandering stage (approximately 3 days before ecdysis to tlalults (Weeks and Truman, 1984). For purified EH| &f
pupa), surgery was carried out at this time for the following800 nmoltl EH was diluted in 50l of physiological saline
ablations: removal of the frontal ganglion, cutting the recurrerdnd applied directly to the frontal ganglion and foregut. For the
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preparations treated with CC-CA extract, the equivalent of theject it down the esophagus. We have examined the
contents of half a CC-CA complex in ADof physiological musculature of the aduManduca sextdoregut (Fig. 1A,B).
saline was used, applied in the same way. Many of these muscles are similar to those describeriéois
Eclosion-triggering hormone (ETH) was obtained frombrassicaein an earlier study (Eastham and Eassa, 1955).
ground Inka cells dissected from pre-pupal animals, accordinghere are three sets of dorso-ventral pump dilators, all of
to the methods in Zitnaet al. (1996). Extract (5Ql) was  which originate on the roof of the cibarium. A pair of anterior
injected through the dorsal thoraces of pharate adults 28—3@lilators inserts on the clypeus, a lateral pair inserts on the
before eclosion. Inka cells (10-16) from one pre-pupal animdtons near the antennal sockets, and four paired posterior
were used for each injection. dilators insert on the epicranium. The pump compressor,
which depresses the roof of the cibarium, is a large muscle
that covers the cibarial roof. It is composed of two layers of
Results fibers, an outer layer running laterally between the eyes and
Anatomy of the adult foregut an inner layer oriented rostro-caudally. At the point where the
The adult foregut consists of the large cibarial pump ang@roboscis opens into the cibarial chamber, a dilator, the labral
the esophagus. The cibarial pump is a chamber with a flexibmpressor, attaches to the dorsal surface of the pharynx and
roof. Compressor muscles and dilator muscles serve to lowarserts on the clypeus. A constrictor muscle, the transverse
and raise the roof of the cibarium when the animal feedsphincter, encircles the foregut just caudal to the labral
These act in conjunction with muscular valves at its entranceompressor. At the pump’s outlet to the esophagus, a
and exit to alternately bring nectar into the chamber and toonstrictor muscle encircles the esophagus.
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Fig. 1. Musculature and innervation of the cibarial pump in the adaitduca sexta(A) Frontal view, dorsal is uppermost. Muscle labels
appear along the left side of the figure, nerves are labeled along the right side. (B) Sagittal section through the Bduishéadppermost,
rostral on the left. (C) Diagram (not to scale) of the frontal ganglion, its major nerve branches and the muscles they(armamreads).
ant., antenna; ant. dil., anterior dilator; cib., cibarium; comp., pump compressor; esoph., esophagus; esoph. const. cesspicgearon.

n., frontal nerve; lab. comp., labral compressor; lat. dil., lateral dilator; post. dil., posterior dilator; prob., prodmstis)., recurrent nerve;
seg, subesophageal ganglion; trans. sph., transverse sphincter. AB1, anterior branch 1; AB2, anterior branch 2; FCnéaiies,cbs,
frontal ganglion; LB, lateral branch; MB, medial branch; PB1, posterior branch 1; PB2, posterior branch 2.
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Innervation of the foregut is raised. This is followed by a shorter-duration

The frontal ganglion is connected to the tritocerebral lobe§0.086+0.0095s), high-frequency (83.8+5.76 spikék durst
of the brain by a pair of frontal connectives. Two additionaffom the pump compressoN£80) as the cibarial roof is
nerves exit the frontal ganglion, an anteriorly directed frontaPushed rapidly down. The period of the feeding motor program
nerve and a posteriorly directed recurrent nerve. The fronté 1.37+0.12s N=80). These movements of the pump are
nerve, after leaving the ganglion, branches into several distin€asily observed in dissected feeding preparations.
bilaterally paired branches. (Fig. 1A,C) The first of these, The anterior and posterior dilators were not activated
posterior branch 1, projects posteriorly and ventrally to join th8ynchronously. In most cases (six out of eight), activity in the
subesophageal ganglion. Posterior branch 2 innervates the tift¢ anterior dilator preceded that in the posterior dilator by
most lateral posterior dilators, while the lateral branch of th@/most 300 ms. The anterior dilator bursts began 192+33.2ms
frontal nerve innervates the lateral dilators. The anteriofN=60) after the end of the pump compressor burst, while the
branches of the frontal nerve consist of two paired and orfeosterior dilator bursts began 480+84.5M&G0) after the
unpaired medial branch. The more medial of the paired anteri®mp compressor burst. In each of these recordings, the
branches, anterior branch 1, projects over the compress@fterior dilator burst ended before the posterior dilator burst.
muscle mass to innervate the anterior dilator muscles. Anteridf two individuals, including the one shown in Fig. 2, the
branch 2 lies just lateral to branch 1, traveling alongside it oveétosterior dilator burst preceded the anterior dilator by
the compressor mass to innervate the labral compress@pproximately 250ms. In these individuals, the posterior
Anterior branches 1 and 2 are fused for much of the distanéBlator burst began 153+45.3m&N=20) after the pump
between their branchpoints from the frontal nerve and theffompressor burst stopped, while the anterior dilator burst
muscle destinations. The medial branch of the frontal nerve Regan 408+113.7 m&¢€20) after the pump compressor burst.
unpaired and projects to the transverse sphincter muscle. There was no significant difference in the times when the

Four of the pump muscles receive their innervation from th@nterior and posterior bursts stopped.
recurrent nerve (Fig. 1B,C). Approximately [@® after Recordings from the labral compressor, which opens the
leaving the frontal ganglion, the recurrent nerve extends a pdinction of the proboscis and cibarium, revealed activity that
of branches that innervate the two most posterior pairs of théas generally correlated with activity in the pump dilators,
posterior dilator muscles and the large pump compress@though with a longer duration of 1.24+0.2380; Fig. 2).
muscle. More posteriorly, approximately 72@ from the Mean onset time for the labral compressor was 56+17.23ms
frontal ganglion, another small branch of the recurrent nerv€N=30) after the pump compressor burst ended and activity
extends to the esophageal constrictor. The recurrent nerve thegntinued until 36:18.3 mE30) before the onset of the next
runs posteriorly for approximately 1.3 cm to the midgut, wher®ump compressor burst. Spike frequency in the labral

it joins the large network of nerves of the enteric nervousompressor was not significantly different from that of a
system. typical dilator muscle.

A number of recordings of the activities of single frontal
The foregut motor program ganglion neurons during a feeding bout were made. Fig. 3
Unless the moth is feeding, the muscles of the cibarial pumghows activity of an anterior dilator motoneuron designated
are silent. A feeding bout can be initiated in an intact animadnterior dilator 1 (AD1), while Fig. 4 illustrates activity in a
or an isolated head by placing the proboscis into a solution giosterior dilator motoneuron, designated posterior dilator 1
sucrose or water. During feeding, fluid is brought into th§PD1). The AD1 motoneuron had a cell body with a diameter
foregut from the proboscis by expansion of the cibarium as thef 25um in the dorsal anterior region of the ganglion.
dilators raise its roof and the entrance to the cibarium ifntracellular recordings from this neuron showed a relatively
opened. The cibarial entrance is then closed, the esophagugiiadual depolarization, leading to a prolonged (approximately
opened and the pump compressor forces fluid back into tl&0ms) depolarized period that terminated with a rapid
esophagus (Kingsolver and Daniel, 1995; Eastham and Easégperpolarization. PD1 also has its| 24 diameter cell body
1955). Peristaltic movements of the esophagus then move thethe dorsal anterior end of the frontal ganglion. Its primary
fluid posteriorly to the crop. Although the recurrent nervearborization sends projections up both frontal connectives to
extends along the length of the esophagus, it is not required ftire brain. Intracellular recordings during feeding reveal rapid
peristalsis. Instead, the esophagus appears to be myogenicallr and hyperpolarizations of this neuron, producing bursts of
active since it exhibits regular peristalsis even when it ispikes.
completely isolated from the animal. The frontal ganglion is required for the feeding motor
Recordings from the dilator and compressor muscles duringattern, as animals without frontal ganglia or with cut frontal
feeding revealed a rhythmic alternation of coupled dilator anderves fail to feed. Feedback from the crop or midgathe
pump compressor bursts (Fig. 2). The anterior and posterioecurrent nerve does not appear to play a role in the amount of
dilator muscles typically exhibit bursts of spikes with durationdood consumed during a feeding bout, as shown by the amount
of 0.87£0.1 sK=80) and 0.81+0.08 :NE70), respectively, and of 20% sucrose solution they consumed in 20 min. This varied
mean spike frequencies of 29.15+2.14 spiké{N=80) and widely among animals with a cut recurrent nerve, sham-
22.5+1.86 spikes3 (N=70), respectively, as the cibarial roof operated animals and unoperated control animals. Animals
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Fig. 2. The feeding motor program. (A) The motor pattern recorded in the labral compressor (top trace), the anterior diilattraga) and
the posterior dilator (bottom trace). The large-amplitude bursts in each trace, marked in several cases with an asterattj\éine df the
pump compressor, which is often picked up by electrodes placed anywhere within the head. (B) As in A, same animal, fautssteefas
speed. (C) Summary of the firing times for the muscles of this preparation, relative to the pump compressor bursts andvavet@ged
consecutive bursts for each muscle. Abbreviations are as in Fig. 1.

with cut recurrent nerves consumed an average giupal cuticle. The remaining four animals emerged
286.29+282.4ul of sucrose solution N=7), while sham- successfully but, unlike normally eclosing animals, they failed
operated animals consumed an average of 454.43#316.4to expand their wings and their crops were empty and
(N=7). Unoperated moths consumed 175119 (N=4). abdomens flat (Fig. 5B). If the proboscis of such an animal was
later placed in a 20 % sucrose solution, it did not feed. Cutting
Importance of the frontal ganglion during adult eclosion  the recurrent nervéNE15) had no apparent effect on eclosion,
The frontal ganglion is important for expansion of the wingswing expansion or feeding behavior in 12 of the animals, with
and abdomen at adult eclosion, as demonstrated in the seribe rest eclosing but failing to expand their wings. Frontal
of surgical manipulations summarized in Table 1. Of 14 shanconnective cuts, made 3 days before eclodix8], resulted
operated controls (operation at wandering), one individuah seven animals successfully eclosing, none of which
developed to adulthood but failed to emerge from the pupaxpanded its wings. The remaining individual failed to emerge.
case, while 13 developed, emerged and expanded their win§sam-operated controls carried out at the same Nn&Q)
successfully (Fig. 5A). Dissections of these individuals or ofesulted in nine animals with normal eclosion and normal
unoperated control animalbl£€10) shortly after the expanded wings, and one individual that failed to emerge.
and hardened wings were folded over the abdomen revealedCutting the frontal connectives produced animals with
that the crop was filled with air. In contrast, when the frontatistended or burst abdomens 24 h after eclosion (Fig. 5C). Of
ganglion was removed from 12 indviduals, eight of theml5 animals with cut frontal connectives, 11 emerged from the
developed to adults but failed to emerge successfully from theupal case and expanded their wings normally. However, 24 h



Feeding and eclosion iManduca sextal 791

i MW M\(‘M UWM ]J 10 m(\:/ a WJ\\)\ 5mV
L R R, AR [ N

50ms

Fig. 3. Anterior dilator 1 (AD1) motoneuron. (AJamera lucidadrawing from an intracellular cobalt fill. The frontal nerve, extending
anteriorly, is uppermost. (B) Activity of AD1 during feeding. The top trace is an intracellular recording from the motaheupottpm trace
is a simultaneous extracellular recording from the anterior dilator muscle. (C) Same as B, but at a faster sweep speed.

after eclosion, all of these animals had distended or bursariable lengths of time before stopping, always positioned
abdomens. Two of the animals emerged sucessfully and wath the head upwards on a vertical surface or on the underside
apparent effects were observed by 2 days after eclosion. Tbé an inclined plane. The animals then stretched and coiled
remaining two animals failed to emerge from the pupal casetheir proboscis. The wing bases were rotated so that the wings
were positioned vertically over the thorax in the ‘butterfly’
The foregut motor program at eclosion position, and the air-swallowing motor program began
The importance of an intact frontal ganglion for adult1.2-20min (mean 4.7+4.7 min) after an animal had stopped
ecdysis and expansion of the wings indicated that the cibarialawling. During the quiescent period between the cessation of
pump may be activated around the time of eclosion. This wagawling and the initiation of pump activity, the wings began
found to be the case, with freshly emerged adults using the stretch and expand, often reaching as much as two-thirds of
pump to swallow air. At eclosion, a stereotyped series otheir final size. The motor program for the pump at eclosion
behaviors was displayed, as has been described in previowas generally similar to the feeding motor program, with
studies (Reynolds, 1980; Truman and Endo, 1974). Aftealternating bursts of the pump dilators and compressor.
emerging from the pupal case, the animis9) immediately However, unlike the very regular pattern during feeding, the
began to crawl up the substratum provided. They crawled fggump activity during air swallowing began with irregular

| ol
‘l

5ms

1s

Fig. 4. Posterior dilator 1 (PD1) motoneuron. (Bamera lucidadrawing from an intracellular cobalt fill, The frontal nerve, extending
anteriorly, is uppermost. (B) Activity of the same neuron as in A, during feeding. The top trace is an intracellular r&oondihe
motoneuron; the bottom trace is a simultaneous extracellular recording from the posterior dilators. More than one mtesdmisdaép this
recording. (C) Same as B, but at a faster sweep speed. Muscle spikes from the recorded neuron are marked with aneakieséskrisctin
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immediately after eclosion, in some cases even while crawling.
In all of these animals, the air-swallowing motor program
continued after the wings were fully expanded and folded (Fig.
7). Indeed, this pattern could be recorded as late as 2 days after
eclosion although, by this time, the animals’ abdomens had
burst. The period of the pump musculature in animals with the
frontal connective cut on the first day after emergence was not
significantly different from that of normal animals, at
1.03+0.15s =50 from five animals). After 2 days, it had
generally slowed substantially.

Air swallowing requires less activity of the pump dilator
muscles than feeding. This was demonstrated by experiments
in which animals displaying continuous air swallowing
following transection of the frontal connectives were given
sucrose solution N=4). Immediately upon placing the
proboscis in sucrose, the motor pattern showed a significant
increase in the number of spikes in the dilator burst in three of
these animals (Fig. 8). The remaining animal also showed an
increase in the number of spikes per burst, although the
increase was not significant. Three of these four animals also
showed a significant increase in the period of the pump motor
pattern after the proboscis had been placed in sucrose solution.
It was not possible in these experiments to determine whether
one set of dilator muscles was more likely to increase its
activity than another.

Recordings of the swallowing motor program prior to
eclosion

A motor program very similar to air swallowing was
recorded before eclosion. Bouts of what appeared to be
swallowing activity could be recorded in the pump musculature
6 h before eclosion in normal animal$=5, Fig. 9). The timing
of this swallowing motor pattern suggested that these animals
could be swallowing molting fluid. To test this, the frontal
ganglia were removed from seven pharate adults
approximately 3 days before eclosion. They were then
observed carefully at the expected time of eclosion to
Fig. 5. Photographs of animals in which the frontal ganglion wagietermine whether the molting fluid had been reabsorbed the
altered. (A) Sham-operated control. (B) The frontal ganglion wagnoment they emerged from the pupal case. In normal animals,
removed at the onset of the wandering stage. The wings are n@fe scales of a freshly eclosed moth are a light gray color and
expanded and the gbdomen is flattened. (C)_ Animal with bllgterallgry to the touch. In contrast, the animals without frontal
;Etj;:gg;al e‘;g';g?;:;vzzb;rei?ﬁ tﬁr;te;rr(e)\cﬂllosuon. Note the OIIStorteganglia emerged at the expected time, but they were wet to the

' ' touch and a dark gray, almost black, color, indicating that the
molting fluid had not been reabsorbed. These animals did dry
bursts in the dilator and compressor muscles that becante their normal light gray color within a few minutes of being
regular and increased in frequency before slowing and stoppirexposed to the air. Examination of the crop contents of normal
(Fig. 6A). The peak period for air swallowing was significantlyanimals before ecdysis revealed that, approximately 24h
shorter than the period for feeding, at 0.87+0.1Rs90). before eclosion, there was fluid within the crop. At 6 h before
Pump activity lasted an average of 1.45+0.34min and duringclosion, the crop contained both fluid and some bubbles of
this time, the wings could be observed expanding tair, and by the time the animal was within an hour or two of
approximately their full size. eclosion, the crop contained only air. To verify that the moths

The air-swallowing motor program was activated for only awere ingesting their molting fluid, carmine particles were
brief period shortly after eclosion. Once the wings had reachddjected into the space between the developing adult cuticle
their full size, hardened and were folded over the animal'and the overlying pupal case. Animals that had received
back, this motor pattern was never observed again. In contrasgrmine injections into the exuvial space 30h before the
animals with cut frontal connectives showed pump activityexpected time of ecdysis had carmine particles throughout the
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Fig. 6. The air-swallowing motor program in an intact freely moving animal. (A) The recording begins at the time when thetGppedl
crawling, coming to rest in a vertical position. P indicates muscle activity associated with proboscis coiling. The deiggeexgfansion
during the recording is given as an approximate percentage of final wing size. (B) Part of A at a faster sweep speetigtakenvat The
large-amplitude bursts are the compressor muscle, the lower-amplitude bursts are from several dilators.

gut, including the crop, within 24 h before the expected timé¢hat looked like normal pump activity; for seven individuals,
of ecdysis. rhythmic activity could be recorded, but obvious pumping was
not observed; one individual only showed a regular twitch of
Triggering of the swallowing motor program by eclosion  the pump compressor muscle, and one individual showed no
hormone pump activity. For the 20 animals that developed regular
The timing of air-swallowing behavior at eclosion suggestedctivity of the cibarial pump, the period of bursting was longer
that it could be triggered by the peptide hormones EH or ETHhan that for the air-swallowing motor program recorded at
The role of EH in air swallowing was tested by applying theeclosion, with a mean of 4.36+0.78¢=(167).
peptide to isolated heads of animals 24-30h from eclosing In contrast, saline-treated controls either remained silent
(N=22). To test whether the hormone was effective without théN=9) or exhibited only occasional random spiking in the pump
input from the brain to the frontal ganglion by way of themuscles ll=2) over the same period.
frontal connectives, these were severed in all animals. In someRecently, the peptide ETH was shown to trigger adult
individuals, the small posterior branch 1 from the frontal nervegclosion up to 24h prior to the expected time of eclosion
which extends to the subesophageal ganglion, was also cut. Kiitnan et al. 1996). Staged individual$\NES) were injected
significant differences were found among individuals withwith ground Inka cell extract 28—-30 h before the expected time
intact or cut posterior branch 1. In most animals, some irregulaf eclosion. Control animals at the same stage received
spiking within the pump musculature could be recordednjections of saline. The animals injected with Inka cell extract
initially, which ceased after approximately 10 min. The pumpeclosed that day at the normal eclosion gate for our colony
musculature then remained silent for a period ranging from {16:00-19:00 h). Saline-injected animals eclosed the following
to 105min among the animals recorded (mearday. The animals injected with Inka cell extract displayed most
43.16+9.16 min). At this time, irregular spiking began in oneof the normal eclosion-related behaviors upon emerging from
or more of the pump muscles, which typically developed intdhe pupal case, including abdominal rotations followed by
a rhythmic bursting pattern 72.75+16.55min after the initialperistalsis, splitting of the pupal cuticle, crawling, climbing to
application of EH (Fig. 10). For 13 animals, the rhythmica vertical surface, proboscis coiling, vertical rotation of the
pump activity could be correlated with easily observedwing bases and, finally, folding of the hardened wings over the
alternating contractions of the pump dilators and compressabdomen. These animals differed from normally eclosing

20s 2s

Fig. 7. Pump activity recorded in an animal with cut frontal connectives at eclosion. The electrode was placed in thalipatsteriarscle.

(A) The recording begins at the time when the animal stopped crawling and came to rest in a vertical position. The dayge=gahsion

as an approximate percentage of the final size of the wings are given at two points along the recording. (B) Same anirfiat @@astae

of A. The electrode was not moved between these recordings. (C) Same as A at a faster sweep speed. The pump compesssasks)rsts (
are the small-amplitude bursts marked with arrows.
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Table 1.Success of eclosion following surgical manipulations

Eclosion success

Eclose, Eclose, no wing Expand wings,

Surgical manipulation N expand wings expansion No eclosion abdomen bursts
Remove frontal ganglion 12 0 4 8 0

Cut frontal connectives 15 2 2 0 11

Cut recurrent nerve 15 12 3 0 0
Sham-operated 14 13 0 1 0

Frontal nerve cut* 8 0 7 1 0
Sham-operated* 10 9 0 1 0

*Operations performed 3 days before eclosion. All other operations were performed at the wandering stage.

animals in two respects, however: they were very wet whefhey could be considered to be the swallowing phase of
they emerged from the pupal case, and they did not expafeeding behavior, with biting and other mandibular movements
their wings. Recordings from the cibarial pump from the timebeing controlled by the subesophageal ganglion (Griss, 1990;
of eclosion until the wings were hardened and folded 1-2 Rohrbacher, 1994).
later revealed that the air-swallowing motor program was In adults, the frontal ganglion is essential for two behaviors.
never initiated in the animals injected with Inka cell extract. One of these is feeding, which is exhibited many times in adult
life, while the other behavior is displayed only at one specific
, ) time during the adult animal's life. This is the swallowing
Discussion behavior that takes place around the time of eclosion and is
Changes in foregut structure and the role of the frontal  essential for the proper expansion of the wings of the freshly
ganglion in the adult emerged moth.

In both larvae and adults, the frontal ganglion contains the During adult development, the structure of the foregut
neural circuitry that drives the foregut. In the larva, the foreguthanges dramatically from the simple straight tube of the larva.
is continuously active whether or not the larva is feedingThe buccal region of the larval foregut expands greatly to form
except for a period preceding the larval-larval molts (Bestmathe cibarial chamber and pump of the adult, and the esophagus
et al.1997). Two types of larval foregut movements have beetengthens and narrows. As may be expected from these
described: a posteriorly directed peristalsis and a squeemeassive changes in foregut structure, the mechanism of
movement (Miles and Booker, 1994). As long as innervatioffieeding is also changed in adults. Adult feeding behavior
from the frontal ganglion remains intact, these movements wittonsists of the manipulation of the newly developed proboscis
continue in the absence of the brain and ventral nerve corthto a nectar source and pumping of the nectar into the foregut
using the cibarial pump. Proboscis movements are probably
controlled by neurons in the subesophageal ganglion (Eastham
and Eassa, 1955), while the motor pattern of the cibarial pump
is driven by the frontal ganglion. The rhythmic activity of the
cibarial pump consists of synchronous contractions of the
dilators and the labral compressor, followed by a much shorter-

5s

Fig. 8. A comparison of pump activity from an animal with a cut
frontal connective with its proboscis in air or in 20% sucrose
solution. The bursts with the largest amplitude are from the pum
compressor, which shows no significant change (the 95 % confiden
intervals overlap) in the number of spikes per burst, the lower
amplitude bursts are from several dilator muscles. (A) Proboscis i
air. For the dilators, the mean number of spikes per burst weFig. 9. Cibarial pump activity before eclosion. Recordings are from
20.3+3.68 N=10 bursts). (B) Proboscis in 20% sucrose. For thean animal that eclosed 6h later. (A) Motor pattern showing large-
dilators, the mean number of spikes per burst was 45.5M+60( amplitude pump compressor bursts and lower-amplitude dilator
bursts). The electrode was not moved between these recordings. muscle bursts. (B) Same as A at a faster sweep speed.

20s 5s
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and Davey, 1988). Stretch receptors on the crop or body wall
have yet to be described in the moth, but it is likely that some
form of feedback by way of the brain is used, as indicated by
the over-expansion of the abdomen that occurs when the
frontal ganglion is disconnected from the brain.

The frontal ganglion is important for wing expansion at adult
eclosion

Air swallowing is an important component of molting
5s behavior in a number of insects (reviewed in Reynolds, 1980).
Fig. 10. Cibarial pump activity in a pre-eclosed animal resultlngBy filling the gut with air, larval locustSchistocerca gregaria
from treatment with eclosion hormone 50min earlier. This animaFan generate enough intermal pressure to expand their bodies to
was approximately 24h before its expected time of eclosion. ThePlit open the old cuticle at ecdysis (Bernays, 1972). Increasing
spikes with the largest amplitude are the pump compressor, and tifgernal pressure through air swallowing is also used by the
smaller-amplitude bursts are from several dilator muscles. In thiblowfly Calliphora erythrocephalafter ecdysis to expand the
preparation, the pump was observed to move as in a normal animalnew cuticle (Cottrell, 1962). Air swallowing is important
following adult ecdysis in blowflies, locusts and crickets
Teleogryllus oceanicusvhere it is essential for expanding the
duration contraction of the pump compressor. Unlike the larvawings (Cottrell, 1962; Hughes 1980; Carlson, 1977). Among
stage, the frontal ganglion is not required for the peristaltitepidoptera, air swallowing is apparently not a critical
movements of the adult esophagus, which appeares to bemponent of wing expansion iRieris brassicae(Cottrell,
myogenic. Another change from the larval stage is that th&964), although the butterfly does exhibit this behavior.
activity of the adult foregut is apparently triggered by sensory In an earlier report by Truman and Endo, (1974), air
input from the proboscis, as this motor pattern is initiated onlgwallowing was not considered to be involved in the expansion
when the proboscis is placed in water or a sucrose solutioaf the wings oManduca sextaas this could take place without
How those inputs reach the frontal ganglion and initiate théhe head. However, we found that eliminating input from the
feeding motor pattern is not known, however. frontal ganglion disrupts wing expansion, as was reported in an
The activities of two motoneurons that have been identifiegarlier study (Bell, 1986). If the frontal ganglion was removed
so far in the adult frontal ganglion during feeding show regulaentirely, thereby eliminating all innervation of the cibarial pump,
oscillations of de- and hyperpolarization leading to bursts othe few animals that emerged successfully from the pupal case
spikes that correlate with the bursts in the muscles thewere wet and failed to expand their wings. These animals also
innervate. For the anterior dilator motoneuron AD1, thdfailed to feed. Animals with cut frontal nerves eclosed
depolarized phase is prolonged, lasting approximately 0.6 successfully, but none of them expanded their wings. This
These activity patterns resemble the activities recorded imanipulation eliminated input to the anterior and lateral dilators
motoneurons of the larval frontal ganglion (Miles and Bookerand thus disrupted the animal’s ability to expand the pump and
1994). During adult development Manduca sextamany swallow air. Cutting the recurrent nerve did not noticeably
adult neurons are derived from remodeled larval neurondisrupt eclosion, although a few individuals (three out of 15)
(Levine and Truman, 1985). This is likely to be the case fofailed to expand their wings after eclosion. In animals with a cut
neurons of the frontal ganglion, as we have found no evidendecurrent nerve, innervation of the compressor and the posterior
of neurons either being born or dying during adult developmertilators would be disrupted. Apparently, such animals are able
in this ganglion (C. I. Miles and R. Booker, personalto take in enough air with the remaining dilator muscles for
observation). Which larval neurons may have developed intsuccessful eclosion and, in most cases, expansion of their wings.
the adult PD1 and AD1 neurons remains to be determined. The air-swallowing motor pattern, like that for feeding,
The termination of a feeding bout in adMlanduca sextis ~ consists of prolonged bursts from the dilator muscles
apparently not mediated by inputs from the recurrent nerve, adternating with the brief, high-frequency pump compressor
was shown to be the case in the blowRigormia regina bursts. Feeding requires more dilator muscle activity than air
(Gelperin, 1971, 1972), since intact moths or those with cugwallowing, however, as might be expected since the more
recurrent nerves did not exhibit significant differences in theiscous sucrose solution would require a greater force
amount of sucrose solution they consumed. It is possible thgenerated by the pump to draw it into the foregut. The pattern
they use a system of stretch receptors on the crop similar @ coupled dilator and compressor bursts also differs from
that described in the fly (Bernays, 1985). In lavainduca feeding by its characteristic increase then decrease in burst
sexta however, volumetric feedback from the gut did not havdrequency. A similar pattern of pump activity has been
an effect on the amount of food consumed (Timmins andescribed in freshly eclosed blowflies (Cottrell, 1962).
Reynolds, 1992). Another possibility is that a feeding bout is
terminated by feedback from abdominal stretch receptors  The frontal ganglion is important before eclosion
within the body wall, as in the bughodnius prolixugChaing The post-eclosion air swallowing cannot be the only
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behavior driven by the frontal ganglion that is needed foin which the frontal connectives were cut displayed distended
expansion of the wings. We found that by the time that thisr burst abdomens 24 h after eclosion. These results are similar
motor program is initiated, the wings had already expanded to those of Bell (1986), who reported that all of his 12 animals
as much as two-thirds of their final size. This wing expansiomwith a cut frontal ganglion showed this effect. Clearly, there
is probably due to a combination of the elasticizing effects ofmust be some form of feedback from the crop or abdomen that
the peptides EH and bursicon on the wing cuticle, as describedaches the frontal ganglion through the frontal connectives to
by Reynolds (1977), and the pumping movements of théerminate the air-swallowing motor program in normal
abdomen, which assist in forcing blood into the wing veinsanimals. Whether this is by stretch receptors in the crop or
(Truman and Endo, 1974). However, animals without a frontahbdominal body wall, as suggested above for feeding, is not
ganglion failed to expand their wings at all, indicating that th&known. While these results show that the frontal ganglion’s
frontal ganglion is important at some time before the initiatiorconnection to the brain is necessary for inactivating air
of post-eclosion air swallowing. We have recorded a steadgwallowing, they also show that the activation of swallowing
swallowing motor program in animals up to 6h beforebehavior does not require the brain or central nervous system
eclosion. This is approximately the time at which the fina(CNS), but is apparently by a mechanism that acts directly on
phase of molting fluid resorption begins (Reyna@tal.1979) the frontal ganglion. This result suggests that its activation at
and indicates that the pump may be used before eclosion éolosion may be by a blood-borne factor, as we have found.
swallow molting fluid. Previous work suggested that this was
the case at larval molts in the silkwoBombyx mor{Wachter, The swallowing motor program is activated by eclosion
1930), and more recently fdtanduca sextéarvae as well (J. hormone
Bestman, personal communication). Cornell and Pan (1983) The application of eclosion hormone triggered activation of
provided evidence that, at the larval-pupal molt, molting fluidoump musculature in 21 out of 22 frontal ganglion—cibarial
is swallowed. At the adult molt dlanduca sextaLenskyet  pump preparations from staged animals 24-30h before the
al. (1970) described specific sites in the integument where thexpected time of eclosion. In the majority of cases (13
molting fluid was reabsorbed, but also noted that, at the heaainimals), the pump displayed what appeared to be a normal
it appeared to be swallowed. Several observations we hapeimping cycle of alternating expansions and compressions of
made support this hypothesis. We found that animals incapaltlee cibarial roof. Seven of the remaining animals showed
of swallowing because of the removal of their frontal ganglioractivity that was typically rhythmic, although the pump’s
emerge from the pupal case wet, unlike normal animals. lactivity was not easily observed. Saline-treated controls never
addition, our observations of the guts of animals near the timexhibited rhythmic pump activity.
of eclosion showed that, 24 h before eclosion, the crop beganWith the recent discovery of the peptide hormone ETH, the
filling with liquid. Approximately 6h before eclosion, air precise role for EH in eclosion behavior has been re-examined
began to appear in the crop as well. We have also found th@itnan et al. 1996; Eweret al. 1997; Kinganet al. 1997;
carmine particles injected into the exuvial space of the headammie and Truman, 1997). The two peptides are believed to
appear in the gut by 24 h before eclosion. The appearance ioferact in a positive feedback loop to stimulate each other’s
fluid and carmine particles in the gut at 24 h before eclosion i&irther release. The eclosion motor program is then triggered
approximately 18h earlier than we recorded a clear regulday EH acting on specific neurons within the CNS (Eeteal.
swallowing pattern in the pump musculature. The pump showk994; Gammie and Truman, 1997).
sporadic activity at this early time, however, and it is possible Because air-swallowing is an integral and critical part of the
that this type of activity could lead to some fluid ingestionseries of behaviors associated with eclosion, it is perhaps not
Swallowing molting fluid would aid in its removal from the surprising that it is triggered by eclosion hormone. However,
exuvial space and in the conservation of the molting fluidf the swallowing motor pattern we recorded approximately 6 h
proteins and the breakdown products from the old cuticle. Ibefore eclosion is triggered by EH, it is several hours earlier
addition, swallowing molting fluid could help to increasethan might be expected, as this peptide cannot be detected in
abdominal pressure by filling the gut to facilitate the moth’she blood ofManduca sextauntil 2.5-3h before eclosion
escape from the pupal cuticle. Evidence to support thiReynoldset al.1979). An intriguing piece of evidence for EH
function is provided by our observation, as well as that of Beliriggering the uptake of molting fluid is the observation by
(1986), that only a fairly low proportion of the animals missingTruman, cited in Reynolds (1980), that some brainless
the frontal ganglion successfully emerged from the pupadilkmoths responded to injections of EH while they were still
cuticle. Expansion of the crop before eclosion may alsevet and that these animals showed accelerated resorption of
provide the freshly eclosed moth with enough internal pressuraolting fluid. It is possible that EH may be present in the blood
to help in the first part of wing expansion, before theat earlier times, in quantities that are too low to be detected by
characteristic air-swallowing motor program is initiated. the wing-stretch assay used in the earlier study (Reypblis

In normal animals, swallowing behavior at eclosion end€.979) yet are capable of activating the frontal ganglion. The
after the wings have fully expanded. However, animals witlpossibility of an early low-level release of EH has also been
cut frontal connectives appear to be unable to terminate aiaised by Kingart al.(1997), who proposed this could trigger
swallowing once it has started. We found that 11 of 15 animalbe initial release of ETH by the Inka cells. Clearly, a detailed
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analysis of the hemolymph for the presence of EH at earlier Schistocerca gregarigForskal) (Insecta, Orthopteral. morph.
times in the molt would be of great value. Tiere 71, 160-179.

On the basis of two lines of evidence, we have found tha#ErRnAys, E. A. (1985). Regulation of feeding behaviour. In
ETH does not activate the swallowing motor progam. First, the Comprehensive  Insect  Physiology, ~ Biochemistry  and
isolated head preparations used in our study did not include a':’h""rm""cc’'OQVVO''.4 (ed. G. A. Kerkutand L. I. Gilbert), pp. 1~32.
source for this peptide, as so far it has only been found to he©Xford. New York: Plenum

. . BEsTmAN, J. E., MLES, C. |. AND Booker, R. (1997). Neural and
released from the Inka cells, which are located in the thorax X . ) .
behavioral changes associated with larval molts in the moth

and abdomen (Zitnaet al. 1996). Second, animals given Manduca sexta. Soc. Neurosci. Ab&B, 768.

injections of ETH a day before the expected time of EMErgenGsyspman, D. W. anp NELsoNn, J. O. (1990). The role of the frontal

eclosed prematurely and displayed all of the behaviors ganglion and corpora cardiaca/corpora allata complex in post-
associated with eclosion, such as abdominal rotations, feeding weight loss in adulHeliothus zea. Physiol. Entl5,
peristaltic waves of contraction, climbing, proboscis coiling 269-274.
and appropriate movements of the wing bases, but they we@rLson, J. R. (1977). The imaginal ecdysis of the cricket
wet at eclosion, they did not swallow air and their wings did (Teleogryllus oceanicys|. Organization of motor patterns and
not expand properly. Similar observations were reported by roles of central and sensory contrdl. comp. PhysiolA 115
Zitnanet al.(1996). These results suggest that early injections 299-317.
of ETH fail to trigger the activation of the frontal ganglion. CHANG, R. G.aND Davey, K. G. (1988). A novel receptor capable
Two possible explanations for these results are as follows. g;mon'tor'”g applied pressure in the abdomen of an inSe@nce
First, the early application of a high dose of ETH may trigger 1 1665-1667. .
L . 2 “CoPENHAVER, P. F.AND TRumAN, J. W. (1982). The role eclosion
the central relea_se of EH' thereby |_n|t|at|ng eclqsmn behaviors, hormone in the larval ecdysesManduca sexta. J. Insect Physiol.
but does not trigger its release into the periphery, perhapszgl 695-701.

because the physiological mechanisms for this release are RQ§zneLL, J. C.anp Pan, M. L. (1983). The disappearance of moulting
yet competent. Second, it is also possible that, if the pump isfluid in the tobacco hornwornManduca sexta. J. exp. Bidl07,
used for swallowing molting fluid, it could be turned off near 501-504.

eclosion by high levels of ETH. After eclosion, the frontal CotTrELL, C. B. (1962). General observations on the imaginal ecdysis
ganglion would be activated again by sensory inputs that of blowflies. Trans. R. ent. Soc. Lorid4, 317-333.

indicate that the moth is in the appropriate position to expan@oTTRELL, C. B. (1964). Insect ecdysis with particular emphasis on
its wings. If ETH inhibits the swallowing motor program of cuticular hardening and darkeniglv. Insect PhysioR, 175-218.

the frontal ganglion, it would have to be by activatingPAVEL: T. L. KINGSOLVER J. G.AND MEYHOFER E. (1989).
inhibitory inputs that reach the frontal ganglion through the Mechanical determinants of nectar-feeding energetics in butterflies:

) . . _muscle mechanics, feeding geometry and functional equivalence.
frontal connectives, as severing these leads to a swallowmgOECOIogia79 6675

motor program that does not inactivate.  Easthawm, L. E. S.AD Eassa Y. E. E. (1955). The feeding
Activation of the frontal ganglion and cibarial pump prior to yechanism of the butterfipieris brassicae. Phil. Trans. R. Soc.

eclosion is only one of many molt-related behaviors that are | ond. B239, 1-43.

displayed well before the much-studied pre-ecdysis angwer, J., DEVENTE, J. AND TRUMAN, J. W. (1994). Neuropeptide

ecdysis behaviors are observed. It would be reasonable toinduction of cyclic GMP increases in the insect CNS: Resolution

expect that many of these behaviors will be found to be at the level of single identified neurond. Neurosci. 14,

triggered by hormones that are known to be modulated at the7704-7714.

molt. EweR, J., GMMIE, S. C.AND TRUMAN, J. W. (1997). Control of insect
ecdysis by a positive feedback endocrine system: roles of eclosion
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hormone. We also thank Dr C. Gilbert and Ms J Bestman foéAMMIE, S. C.AND TRumAN, J. W. (1997). Neuropeptide heirarchies

critically reading the manuscript and Ms J. Bestman for ., e activation of sequential motor behaviors in the hawkmoth,
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