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Summary

Three insect peptide hormones, eclosion hormone (EH),
ecdysis-triggering hormone (ETH) and crustacean
cardioactive peptide (CCAP), have been implicated in
controlling ecdysis behavior in insects. This study examines
the interactions between these three peptides in the
regulation of the ecdysis sequence. Using intracellular
recordings, we found that ETH is a potent activator of the
EH neurons, causing spontaneous action potential firing,
broadening of the action potential and an increase in spike
peak amplitude. In turn, electrical stimulation of the EH
neurons or bath application of EH to desheathed ganglia
resulted in the elevation of cyclic GMP (cGMP) levels

recordings from isolated nervous systems show that EH has
no effect on nervous systems with an intact sheath. In
desheathed preparations, in contrast, EH causes only the
ecdysis motor output. The latency from EH application to
ecdysis was longer than that after CCAP application, but
shorter than that when ETH is applied to a whole central
nervous system. These data, along with previously
published results, support a model in which ETH causes
pre-ecdysis behavior and at higher concentrations
stimulates the EH neurones. EH release then facilitates the
onset of ecdysis by enhancing the excitability of the CCAP
neurons.

within the Cell 27/704 group (which contain CCAP). This
cGMP production increases the excitability of these
neurons, thereby facilitating CCAP release and the
generation of the ecdysis motor program. Extracellular

Key words: eclosion hormone, ecdysis-triggering hormone,
crustacean cardioactive peptide, tobacco hornwbtamduca sexta
neuroendocrine cascade.

Introduction

Adaptive behaviors are often organized into sequences thibvicki and Weeks, 1993) and, during the second, the ecdysis
consist of discrete behavioral phases expressed in a stereotyfethavior, the animal sheds this cuticle through anteriorly
sequence. For example, Aplysia californica the egg-laying directed peristaltic contractions (Weeks and Truman, 1984).
motor pattern is always preceded by head undulations and Thie general decline of levels of circulating ecdysteroids at the
accompanied by head weaves and a decrease in respiratend of the molt is thought to enable the animal to shed the
pumping (Bernheim and Mayeri, 1995). In rodents, exposureuticle (Truman, 1992), but the actual orchestration of the two
of a mother to dispersed pups results in the stereotypdzkhaviors is controlled by a neuropeptide cascade (Ewer et al.,
behaviors of pup retrieval, pup grooming, self grooming and1997; Gammie and Truman, 1997b).
finally, nursing (Stern, 1989). What are the neural mechanisms The isolation of eclosion hormone (EH) provided the first
that produce behavioral sequences? demonstration that insect ecdysis was under direct hormonal

Ecdysis behavior in insects such as the tobacco hornworoontrol and, for a number of years, it was thought that EH was
Manduca sextand the fruit flyDrosophila melanogastdnas  the only hormone involved (e.g. Truman, 1992). Injections of
proved fruitful for understanding how steroid hormonesEH into insects late in the molt resulted in the premature
neuropeptides and the nervous system interact to contrperformance of the pre-ecdysis and ecdysis behaviors (Truman
behavioral sequences (Weeks et al., 1989; Truman, 1992). At al., 1980; Copenhaver and Truman, 1982). Moreover,
the end of a larval molt iM. sexta the animal sheds its old isolated nervous systems responded to bath-applied EH with
cuticle by expressing two distinct behaviors. During the firstobust pre-ecdysis and ecdysis motor programs (Truman,
behavior, the pre-ecdysis behavior, the animal loosens978). One requirement for the latter result, however, was that
connections to the old cuticle (Copenhaver and Truman, 198fhe tracheal system was included with the central nervous
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system (CNS), presumably for more effective delivery ofdissections of the CNS varied with different experiments and
oxygen to the tissue. This interpretation was challenged bgre described below.
Zitnan et al., (1996) with their identification of a second
peptide that could cause ecdysis. This peptide, ecdysis- Intracellular recordings
triggering hormone (ETH), is produced by the small Nervous systems were dissected from pharate fifth-instar
epitracheal glands situated on the trachea. They proposed theatvae approximately 5h before their scheduled ecdysis.
the behavioral effects of EH were probably indirect becausé,ypically, the entire CNS (including the brain and the terminal
while nervous systems needed tracheae to respond to EH, thganglion) was dissected out and placed in a CNS saline
was no tracheal requirement for them to respond to ETHuontaining 4% collagenase/dispase (Boehringer Mannheim,
Moreover, EH could evoke the motor program from an isolatethdianapolis, IN, USA) for 15min at 26 °C. The ganglia were
CNS lacking tracheae if epitracheal glands were also includetien rinsed with fresh saline. The brain was arranged with its
in the bath. Their hypothesis that EH was a potent releaser fsbntal surface uppermost on a Sylgard-coated dish and
ETH was subsequently proved by studies on isolatedtabilized using minuten pins prior to intracellular recordings.
epitracheal glands (Ewer et al., 1997; Kingan et al., 1997). Neuronal somata were visualized under a dissecting microscope
The relationship between EH and ETH became furtheusing fiberoptic epi-illumination. The cell bodies of the ventral
complicated by evidence that ETH was an effective releaser ofiedial neurosecretory neurons (VM neurons) could be
EH, bothin vivoand in isolated nervous systems (Ewer et al.jdentified visually because of their large size and superficial
1997). Moreover, ETH was effective in evoking the ecdysidocation in the ventromedial region of the brain. They are also
motor program only if the brain was included with thethe only neurons in that region of the brain with overshooting
preparation (Ewer et al., 1997; Gammie and Truman, 1997baction potentials in their cell bodies (Hewes and Truman, 1994).
Without the brain, ETH typically caused only pre-ecdysisintracellular recordings were made using borosilicate glass
behavior. Consequently, the ability of ETH to cause ecdysislectrodes, which were filled with a 2 mdl potassium acetate,
was proposed to be through its action in releasing EH (Ewet0 mmol 1 KCI solution (pH 7.4) and had resistances ranging
et al., 1997; Gammie and Truman, 1997b). from 40 to 120 M. The signals were amplified using a Getting
A third peptide involved in ecdysis control is crustaceammicroelectrode amplifier (Getting Instruments, lowa City, 1A,
cardioactive peptide (CCAP). Attention was drawn to thisUSA), stored on a VHS recorder (A.R. Vetter Co., Rebersburg,
peptide by the finding that neurons containing CCAP showeBA, USA), and analyzed using SuperScope (GW Instruments,
a dramatic production of cyclic GMP (cGMP) just prior to Somerville, MA, USA). Any compensation errors made during
ecdysis (Ewer et al., 1994), at a time that was later found toridge balance recordings were corrected during off-line
coincide with EH release (Ewer et al., 1997). The elevatednalysis by subtracting the nearly instantaneous voltage
intracellular cGMP concentration enhances the excitability ofecording attributable to the potential drop across the electrode
these neurons (Gammie and Truman, 1997a), and thdidewes and Truman, 1994). Threshold was determined by
product, CCAP, is a potent releaser of the ecdysis motdnjecting positive current pulses (600-1000 ms) into the soma
program (Gammie and Truman, 1997b). A key issue irand calculating the minimum voltage deflection from rest
understanding ecdysis control, then, is to establish the role akeded to fire an action potential. Spike peak amplitude was
EH relative to ETH and to CCAP. The present study exploresieasured as the voltage difference between the peak and trough
these relationships. of the action potential. Action potential duration was measured
from the maximum width of the action potential. All recordings

) were completed within 1 h of the onset of dissection.
Materials and methods

Staging and isolated nervous system preparations Isolation of VM neurons

Larvae of the tobacco hornworManduca sextd.. were The brain, subesophageal ganglion and first thoracic
raised at 26 °C on an atrtificial diet (Bell and Joachim, 1976)ganglion were taken fromb h, pharate fifth-instar larvae and
Larvae were staged relative to ecdysis using externahcubated in 4% collagenase/dispase for 15min. The brains
morphological markers (Copenhaver and Truman, 1982). Iwere pinned out in a Sylgard-coated dish as described above
this study, we typically used pharate fifth-instar larvaeto expose the VM neurons. The brain was desheathed using
approximately 1 h after air first appeared in their old, fourthfine forceps. Using a broken glass electrode and mouth suction,
instar head capsule. These larvae are approximately 5h fratime cluster of cells including the VM neurons was removed
ecdysis to the fifth larval stage. from the brain and placed into a CNS saline containing 1%

Larvae were briefly immobilized by chilling on ice, trypsin (Sigma Chemical Co., St Louis, MO, USA) to
decapitated, cut longitudinally along the dorsal midlinedissociate the VM neurons. The VM cell somata were
pinned out in a dish coated with Sylgard (Dow Corningseparated from the adjacent neurons by gentle trituration.
Midland, MI, USA) and bathed in a CNS saline containingBecause the VM cells are larger than the adjacent neurons, they
140mmol !l NaCl, 5mmoltl KCI, 4mmolfl CaChk, could be identified unambiguously (Hewes and Truman, 1994).
28 mmol 1 p-glucose and 5mmot} Hepes; adjusted to The cells were transferred to a 35mm diameter plastic Petri
pH7.4 using NaOH (Trimmer and Weeks, 1989). Thedish containing CNS saline.
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VM neuron stimulation A stock solution of 1@umol |1 (kept frozen with 0.5 % bovine

Nervous systems were dissected from pharate fifth-inst&€rum albumin; Sigma Chemical Co., St Louis, MO, USA) was
larvae approximately 5h before ecdysis. In thesaised at a final concentration of #énol 2.
electrophysiological experiments, the VM cells were given )
depolarizing current pulses to trigger action potentials at a rate Immunocytochemistry
of 1-2Hz. The train of action potentials was elicited from Following each experiment, ganglia were fixed in 4%
individual VM neurons for times ranging from 10 to 30 min. paraformaldehyde in phosphate-buffered saline (PBS)
Immediately following each recording, the CNS was fixed an@®vernight at 4°C, rinsed with 0.3% Triton X-100 (Sigma) in
subsequently examined for cGMP immunoreactivity using®BS (PBS-X) and blocked with 5% normal donkey serum

methods described below. (Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA, USA) for 30min prior to incubation overnight with
Proctodeal nerve stimulation primary antibodies. A sheep anti-cGMP antiserum (a kind gift

Pharate pupae were staged according to Truman et &I0m DrJan de Vente) was used at a concentration of 1:20 000.
(1980), and animals that were approximately 3.5h beforéhe tissue was subsequently washed with PBS-X and placed
ecdysis were briefly anesthetized on ice. A mid-dorsal incisiofvernight in a PBS-X solution containing peroxidase-
was made extending from the posterior border of abdomin&onjugated donkey anti-sheep IgG (1:200 dilution; Jackson
ganglion 5 (A5) to A9. The posterior of the animal was pinned-aboratories). Following rinses in PBS-X, tissues were
open with the posterior sides perpendicular to the Sylgardicubated in a 0.05mg mi diaminobenzidine (DAB; Sigma)
substratum so that the spiracles remained dry. The proctodddBS-X solution with 0.003% #D2 to form a brown
nerve was dissected away from the hindgut, and the hindgBtecipitate. Ganglia were dehydrated, cleared in xylene and
was removed. Differential recordings were made from one dhounted in DPX (Fluka, Buchs, Switzerland).
the proctodeal nerve stumps using glass-tipped suction i
electrodes and AM 502, a.c.-coupled differential amplifiers Extracellular recordings
(Tektronix Inc., Beaverton, OR, USA). Once adequate Typically, the ventral nerve cord from the first abdominal
recordings had been obtained, the proctodeal nerves weg@nglion (Al) to the terminal ganglion (including the anterior
stimulated by applying 2Hz, 100ms, 1.4—-40V pulses througBnd lateral branches of the A2 and A3 dorsal nerves) was
the suction electrode. Stimulation was maintained for at leasiissected out and placed in a CNS saline containing 4%
1h or until ecdysis occurred, but not for longer than 1.5hcollagenase/dispase for 15min at 26 °C. The ganglia were then
Following each experiment, the entire CNS was dissected outnsed, and the ganglionic sheath on the dorsal and ventral

fixed and processed for cGMP immunoreactivity (see below)urfaces of Al, A2 and A3 was removed using fine forceps.
Glass suction electrodes were used to record from either the

Peptide preparations and treatments anterior or lateral branches of the dorsal nerve from ganglia A2

The source of eclosion hormone was extracts from corpor@nd A3. The signals were amplified by a differential amplifier
cardiaca from pharate aduM. sextathat had been highly (Tektronix Inc., Beaverton, OR, USA) and sent to video tape
purified by two high-pressure liquid chromatography runghrough a video recorder (A.R. Vetter Co., Rebersberg, PA,
(Terzi et al., 1988). The purified peptide was stored in 30 %JSA) and a chart recorder (Gould Inc., Cleveland, OH, USA).
acetonitrile at-20°C. To remove the acetonitrile prior to The stored data were played back and analyzed on a Macintosh
experiments, the solution was reduced to one-sixth of theomputer using Superscope (GW Instruments, Somerville,
starting volume under a stream of nitrogen. The residue wadA, USA).
then diluted 1:150 in the appropriate saline. The final All experiments were performed at room temperature
concentration of EH was 240unitsthl which is (19-21°C). Results are presented as meagis.it.
approximately 1¢ mol 1.

For experiments examining the ability of EH to induce
cGMP production, the CNS was removedah from pharate Results
fifth-instar larvae. In each experiment, the brain was discardedction of ETH on the electrical properties of the VM neurons
and an individual ganglion was desheathed and exposed to EHWe previously demonstrated that an extract of epitracheal
at the above concentration. Following 20 min of incubation, thglands activates the VM neurons lih. sexta(Ewer et al.,
CNS was fixed in 4% paraformaldehyde overnight and997), but these glands apparently contain a number of
processed for cGMP immunocytochemistry. ETH (Zithan ebiologically active peptides (Zitnan et al., 1996; O’'Brien and
al.,, 1996) was synthesized by the Howard HugheJaghert, 1998). To determine whether synthetic ETH could
Macromolecular Synthesis unit at the University ofreproduce the effects of gland extracts, we bathed the isolated
Washington. A 1mmott stock solution was prepared in CNS of-5h pharate fifth-instar larvae withuiol 1 ETH,
saline and frozen until diluted for experiments. ETH was baththe peptide concentration required to elicit the ecdysis motor
applied during electrophysiological recordings from the VMprogram from the isolated CNS (Zitnan et al., 1996). This
neurons at a final concentration girhol I"1. Synthetic CCAP  concentration of ETH had a profound effect on the electrical
was a kind gift from Dr Nathan Tublitz (University of Oregon). activity of the VM neurons. Although normally silent, the VM
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neurons became electrically active in response to batkpontaneous activity or a broadening of the VM action
application of ETH with a delay that ranged from 4 to 13 minpotential (data not shown).
(7£1 min; mean is.e.M., N=8). In Aplysia californica electrical stimulation of

The onset of spontaneous activity was associated with r@eurosecretory cells to cause repetitive firing is sufficient to
progressive decrease in the spike threshold of the VM neuroiredduce a broadening of the action potential (Ma and Koester,
that began within minutes of ETH application. ETH 1995, 1996), and this change occurs in the absence of any
application also resulted in a dramatic broadening of the acticexcitatory neurotransmitters or neuromodulators. To ascertain
potential of the VM neurons (Fig. 1A,C). The mean maximumwhether repetitive firing alone was responsible for the
action potential duration observed before adding ETH wabroadening of the action potential that we observed in the VM
25t4ms (mean s.E.M.; N=7) and differed significantly from neurons, we drove a train of action potentials in the VM
the mean value observed 15min after addition of ETHieurons by passing positive current pulses through the
(77£9ms; mean #s.EM.; Fig. 1A,C). Two of the latter intracellular electrode. In this stimulation paradigm, the
preparations showed spike widths that increased to 118 mmsaximum firing rate of 1-2 Hz was maintained for at least
after the addition of ETH. In four control experiments, bathl0min. The mean maximum action potential duration observed
application of CCAP (at T8@moll?) failed to elicit either before repetitive firing was 26+4 ms (meas.em.; N=7), but
this did not change significantly following repetitive firing
(29+4; mean z*skwMm.; Fig. 1B,C). Consequently, in the
absence of ETH, repetitive firing of the VM neurons does not
produce spike broadening.

In examining the effects of ETH on the VM neurons, we
induced an action potential in the VM neurons every minute
following application of ETH until the first spontaneous action
potential occurred. As seen in Fig. 2, the broadening of the
action potential was evident well before the onset of
spontaneous activity. This relationship argues that the ability
of ETH to induce spike broadening in the VM neurons is not
a result of the ETH-induced spike activity in these cells.

ETH also elicited an increase in the spike peak amplitude of
the VM neurons. Prior to peptide application the mean
maximum spike peak amplitude was 674 mV (me&EM.;
N=6), but this increased to 80+5mV (mears.em.; P<0.05,
Student’s paired-test) following application of ETH.

To establish that ETH could act directly on the VM neurons,
we acutely isolated single VM neuronal somata from brains of
-5h pharate fifth-instar larvae. In three out of three

@

Maximum action potential
duration (ms)

Before After Before After
ETH ETH RS RS 80

Fig. 1. Effects of ecdysis-triggering hormone (ETH) on the electrica
properties of the VM neurons. (A) Intracellular recording from a VM
neuron showing a broadening of the action potential after th
addition of lumoll~™* ETH compared with before (*). The three
broadened spikes occurred 4, 6 and 8 min after peptide addition, wi
the action potential duration increasing with time. The first two
action potentials were induced by injection of positive current. The
last two were produced spontaneously by the cell. (B) Intracellula
recording from a VM neuron from a comparable stage showing the ——
driving repetitive firing of the cell through the injection of positive i ' ; ' ' J '
current pulses does not cause spike broadening. The preparation v
not exposed to ETH, and spikes were recorded 1, 3, 5 and 7min af _.
the start of stimulation. (C) Quantification of the action potentialFig. 2. The time-course of spike broadening in the VM neurons
duration changes seen in A and B. ETH causes a significant increesinduced by ecdysis-triggering hormone (ETH). The mean values are
in the maximum duration of the action potentid<(Q.0001, for electrically induced (early) or spontaneous (late) action potentials
Student's paired-test). Recordings were from brains taken from produced at various times after exposure of the brainumdll!
pharate fifth-instar larvae approximately 5h before their scheduleETH. The mean time for onset of spontaneous spiking is also shown.
ecdysis. The numbers of cells analyzed in each experiment are givBrains were taken from pharate fifth-instar larvae approximately 5h
above the columns. Values are meanssem. RS, repetitive before their scheduled ecdysis. Values are measg.mt. for six
stimulation. preparations.

Mean onset of
spontaneous firing

Action potential duration
(ms)
5

o

Time (min)
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Since direct stimulation of the proctodeal nerves in pharate
pupae (Hewes and Truman, 1991) can result in the rapid onset
Before and of ecdysis behavior, we used this method to evoke premature
after ETH ecdysis behavior and then examined its effects on cGMP
expression in the CNS. Proctodeal nerve stimulation induced
the selective appearance of cGMP in the neurons of the Cell
20 mv 27/704 group in 12 out of 15 preparations (e.g. Fig. 4B).
Interestingly, the intensity of cGMP expression decreased in
ganglia that were progressively more distant from the
stimulation site (Figs 4B, 5B), and a full upregulation of cGMP
production in all 50 neurons in the group was not observed in
any of the preparations.
B i \ 1 \ A more selective way to look at the effects of VM neuron

40 ms

l : activity on cGMP expression in the Cell 27/704 group is by
| ! g intracellular stimulation of the VM neurons in isolated CNS
" " ' preparations. The stimulation of single VM neurons resulted in
obvious increases in cGMP levels in four out of 10
experiments. Again, the cGMP response was most intense in
the ganglia nearest the site of cell stimulation (those neurons
in the subesophageal ganglion) and then declined in posterior
ganglia (Figs 4A, 5A). One possible reason that the stimulation
experiments did not cause a full-blown increase in cGMP level
Fig. 3. Ecdysis-triggering hormone (ETH) alters the excitability ofis that repetitive stimulation does not cause action potential
gcutely isolated VM neurons. (A)_ Intr_acellular n_ecordlpg from an roadening in VM neurons that are not exposed to ETH (see
isolated VM neuron soma showing increases in action potenti bove). Since spike broadening plays an important role in

duration following application of ETH. The spike labeled with anf ilitati tid I in other invertebrate neur retor
asterisk is before exposure tqurhol "1 ETH; the next spikes from aciitating peptide reiease in othe eriebrate neurosecretory

left to right were recorded 4, 4.5, 8 and 9min after ETH addition.ce”_S (Ma anq Koe_ster, _1995)’ the lack of this broadening
(B) Example of spontaneous activity of an isolated VM neuron 8 mirfluring electrical stimulation of the VM neurons probably
after exposure to imol -1 ETH. Before exposure to ETH, the cell resulted in less peptide being secreted compared with a normal
was silent with a spike threshold of 26 mV. release episode.
To test the role of EH in inducing cGMP production in the
CCAP neurons, EH was bath applied at a concentration of
experiments in which the health of the VM cells did not rapidlyapproximately 1 moll~ to desheathed ganglia. After a
deteriorate, the addition ofpinol 1”1 ETH lowered the spike 20min incubation period with EH, the ganglia were fixed
threshold, and the cell started repetitive firing within 10 minovernight with paraformaldehyde and processed for cGMP
(Fig. 3B). As seen in Fig. 3A, ETH caused a 200 % increasenmunoreactivity. EH stimulated cGMP production in 13 out
in the width of the soma spike. These results on isolated celf 17 preparations (e.g. Fig. 4C), and the increase in cGMP
bodies show clearly that ETH can act directly to excite the VMconcentration was confined to the Cell 27 and 704 pairs.
neurons. Different ganglia were desheathed in the various preparations
(Fig. 4C) and all were able to respond to the bath-applied EH.
Effects of electrical stimulation of the VM neurons and  |nterestingly, however, the cGMP response was typically
application of EH on cGMP levels in the CNS confined to the ganglion that was desheathed. As seen in
Shortly before ecdysis, cGMP levels increase dramaticallfFig. 5C, only rarely was the production of cGMP in a
in a distributed group of 50 neurons, the Cell 27/704 groupesheathed ganglion accompanied by an increase in the next
(Ewer et al., 1994), and this increase coincides with the releapesterior ganglion if the glial sheath of the neighboring
of EH from the VM neurons (Ewer et al., 1997). Most of theganglion was intact. This pattern suggests that the EH in the
neurons of the Cell 27/704 group contain CCAP. We havbath cannot readily pass across the blood—brain barrier.
previously shown that this elevation in cGMP levels increases In contrast to EH, addition of ETH (1®@moll™) to
the excitability of these neurons and that CCAP is a potemtesheathed subesophageal and thoracic ganglia did not result
activator of the ecdysis motor pattern (Gammie and Trumairin the production of cGMP (data not shown). Previous work
1997a,b). Other work has shown that electrical stimulation dias shown that bath application of ETH to desheathed
the proctodeal nerve (the nerve containing the axon of the Vidbdominal ganglia also did not stimulate cGMP production
neurons) triggers precocious ecdysis behavioMinsexta (Gammie and Truman, 1997b).
(Hewes and Truman, 1991). Nevertheless, direct links betweenTaken together, these results show that EH causes cGMP
EH release, the increases in cGMP levels in the Cell 27/70dccumulation in the Cell 27/704 group. Since these
group and ecdysis have yet to be established. experiments involved intact, albeit desheathed, ganglia, we
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A B C

VM soma Proctodeal nerve
stimulation stimulation EH application

Fig. 4. Immunocytochemical demonstration that
electrical stimulation of the VM neurons or bath
application of eclosion hormone (EH) causes arBr
upregulation of cGMP production in the neurons of the
Cell 27/704 group. (A) Various ganglia from the same
nervous system showing the result of intracellular
stimulation of a VM neuron soma (long arrowhead) at
1-2Hz. Neurons of the Cell 27/704 group from thegpg
subesophageal ganglion (SEG) to the second thoracic
ganglion (T2) showed cGMP immunoreactivity 20 min
after the start of stimulation. The cGMP response
decreased posteriorly from the stimulation site.
(B) Posterior ganglia from a pharate pupa whos
proctodeal nerve (which contains the peripheral axons of
the VM neurons) was stimulatedia extracellular
electrodes. This treatment resulted in the production of
cGMP immunoreactivity that decreased anteriorly from
the stimulation site. The example was recorded 1h after
the start of stimulation. (C) Examples from differentT2
isolated nervous systems incubated with”hdol |1 EH

for 20min prior to fixation and immunostaining for
cGMP. The ganglion shown in each case is the one that
was desheathed. In the desheathed ganglion, the neurons
of the Cell 27/704 group selectively responded by
elevating intracellular levels of cGMP. A and C are
nervous systems from pharate fifth-instar larvae
approximately 5h before their scheduled ecdysis. Br,
brain; An, nth abdominal ganglion; A, nth thoracic
ganglion.

A7

cannot conclude that this is a direct response of Cell 27/704 t®"molI1), and recorded from the lateral nerve roots of the
EH. We think it is very likely, however, since EH has beensecond and third abdominal ganglia to monitor the motor
shown to act directly on the epitracheal glands to cause botesponse. These nervous systems also had their tracheae
upregulation of cGMP production and release of ETH (Eweremoved so that there was no source of ETH.

et al., 1997; Kingan et al., 1997). Bath application of EH to the desheathed nervous system did
o _ not result in any patterned activity that resembled the pre-
Activation of the ecdysis motor output by EH ecdysis motor pattern. However, after a mean latency of

Although it has previously been shown that electrica6+4 min (xs.e.m.; N=7) seven out of 18 preparations showed
stimulation of the proctodeal nerve in semi-intact preparationthe onset of the ecdysis motor program. Once begun, bursts
can trigger ecdysis behavior . sexta(Hewes and Truman, with an ecdysis pattern (Fig. 6A) occurred rhythmically with
1991), it still has not been demonstrated that application of EH mean interburst interval of 21+2s (mears.eeMm.; N=5),
to an isolated CNS that lacks tracheae can induce the ecdysikich closely resembles the mean period of 19s seen for
motor program. We have previously shown that battecdysis bursts induced by CCAP exposure (Gammie and
application of CCAP to the desheathed, isolated abdomindlruman, 1997b). It is important to note that, consistent with
CNS triggers the ecdysis motor program with a mean latendye findings of Zitnan et al. (1996), EH had no effect on an
of approximately 5min (see Fig. 7A), but that this CNSisolated CNS with an intact sheath (and no epitracheal glands
response is not accompanied by accumulation of cGMP in theere included in the bath).

Cell 27/704 group (Gammie and Truman, 1997b). As described As seen in Fig. 6C, the mean duration of the ecdysis
above, we found in the present study that bath application grogram after EH addition was 155 min (measigm.; N=7;

EH does induce cGMP production in these cells, but only ifange 3—38 min). This was almost twice as long as that seen
the ganglionic sheath is removed. Consequently, for the presemhen ETH is applied to a whole isolated CNS. The mean
physiological experiments, we dissected out the abdominaluration of ecdysis after ETH exposure was 8+1min (mean +
CNS (Fig. 6B), desheathed the first, second and third.e.m.; N=10) with a range from 7 to 15min. Thus, both ETH
abdominal ganglia, bath-applied EH (at approximatelyand EH exposure resulted in the transient expression of the
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50- A VM soma stimulation A +EH
40+ 28 min 65min
30 A2 o p-sai-g
> 20 A3 |
= 10 ‘
g o L L Bs
£ SEG  T1 T2 T3 Al B y v
2 imulati UL
€ 100, B Proctodeal nerve stimulation C =1 azs=h7ass
E S e =I0e
o 801
= 60
2 ETH 10
§ 40
= 20
£ ol
3 TI Al A2 A3 A4 A5 A6 EH 7
S
&
g 80 C Bath application of EH
° CCAP 6
60
40 0 30 60 %0
20 Time (min)
0 o  — Fig. 6. The response of the desheathed abdominal central nervous
n n+l n+2 n+3 system (CNS) to bath application of neuropeptides. (A) Extracellular

Fig. 5. Summary of the pattern of cGMP immunoreactivity in therecordings from the lateral nerve root of the second and third
neurons of the Cell 27/704 group after stimulation of the VMabdominaI ganglia showing the production of ecdysis bursts starting

. . o ) .
neurons (A and B) or application of eclosion hormone (EH) (C)‘28 min after bathing the CNS in 1Gnol I~ eclosion hormone (EH).

(A) Intracellular stimulation of a VM cell soma. The cGMP responseIn this preparatlon, the .ecdy5|s bursts contlnqed for 65min.
declined in ganglia that were progressively more posterior from th(B) Schematic representation of the CNS preparation used. In each

brain. (B) Extracellular stimulation of the proctodeal nerve in pharat€XPeriment, the first, second and third abdominal ganglia (A1-A3)
pupae. The cGMP response declined in ganglia that werVe'® desheathed prior _to EH application. _Nervous systems were
progressively more anterior from the proctodeal nerve. (C) Th‘taken from phara_te fifth-instar Iarv_ae approxmately 5h before their
response of the isolated chain of ventral ganglia to bath applicaticScheduled ecdysis. (C) The duration of the ecdysis motor program
of EH. Only one of the segmental ganglia was desheathed in eaS€€n after exposure of the isolated abdominal CNS tonid I

instance, but the ganglion selected varied amongst the preparatioEH' \_/aluefs t?re mea_ns sEM. This value is hcom;;}a:ed. Wl'th the
The desheathed ganglion showed a consistent cGMP response in duration of the ecdysis program seen after the whole isolated CNS

Cell 27/704 group (n) but neighboring ganglia with intact sheatheh""d6 bee_r; exposed 1o _ecdy_sis-trigg_ering hormone _l(ETH)
(n+1, etc.) typically showed no response. A and C are fron(lo— mol I71). Crustacean cardioactive peptide (CCAP)$hiol I=1)

experiments on nervous systems from pharate fifth-instar larve'aS Previously been shown to activate ecdysis bursts from the

approximately 5h before their scheduled ecdyNi=10, 15 and 17 .

isolated abdominal CNS for up to 90min, the duration of the
for A, B and C, respectively. SEG, subesophageal ganglionnta experiment (from Gammie and Truman, 1997b). The number of
abdominal ganglion; i, nth thoracic ganglion.

nervous systems examined is given beside each bar. In C, the

durations for EH- and ETH-evoked behaviors are not statistically

different, but the CCAP value differs significantly from both the EH

and ETH valuesR<0.001;t-test).

ecdysis motor program, despite the continuing presence of tl

peptide. CCAP, in contrast, is a potent activator of the ecdys

motor program and continues to stimulate the motor pattern fauggests that EH release is upstream of CCAP release, but

as long as it is present (Gammie and Truman, 1997b). Fdiownstream from ETH action.

example, in Fig. 6C the ecdysis motor pattern was displayed EH elicited ecdysis motor bursts in seven out of 18

throughout the entire duration of the 90 min recording sessioexperiments. In three of the failures, in which EH had not
As seen in Fig. 7A, we found that bath application of EHelicited ecdysis motor bursts within 45min of application, we

resulted in the production of ecdysis bursts with a mean latendlien added CCAP and determined the time from addition of

to ecdysis of 264 min (mean £.M.; N=7) and a range of the second peptide to ecdysis. As seen in Fig. 7B, the mean

10-42min. This latency to the onset of ecdysis bursts igtency from CCAP application to ecdysis bursts in the EH pre-

significantly longer than that seen for CCAP, but significantlyireated CNS was only 80+12 s (meas.&M.; N=3), which is

shorter than that for ETH acting on the whole isolated CN$aster than the normal latency of CCAP to ecdysis of 312s

(Fig. 7A). Thus, the timing of action of the three peptide§Gammie and Truman, 1997b). This decrease suggests that the
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A neurons. Although the VM cell somata are responsive to ETH,
CCAP 8 this sensitivity may also extend into the dendrites and axon
hillock of these neurons. This conclusion is based on
EH 7 preliminary experiments in which the VM cell somata were
surgically removed from the brain but the dendritic
ETH 5 arborizations were lefin situ ETH exposure nevertheless

resulted in the depletion of EH from these cells, as monitored
using immunocytochemistry. The removal of all the brain
Time (min) components of the VM neurons, in contrast, renders them
+EH unresponsive to ETH treatment (S. C. Gammie and J. W.
3 Truman, unpublished observations).
No EH There are probably a number of factors in addition to ETH
CCAP 8 that influence the excitability of the VM neurons. For example,
Hewes and Truman (1994) reported a lowering of the spike
100 200 300 400 threshold of the VM neurons that preceded ecdysis and showed
Time(9) that this decrease could be shifted by delaying the decline in
ecdysteroid level at the end of the molt. This response to
Fig. 7. The latency to the start of the ecdysis motor programyeclining ecdysteroid levels is probably not mediated through
following peptide treatment of isolated nervous systems. (A) FOSTH release since the VM neurons respond with a decrease in

crustacean cardioactive peptide (CCAP) and eclosion hormone (EH shike threshold but not with the increase in spike width that is
the abdominal central nervous system (CNS) preparation (show

schematically in Fig. 6B) was used, and for ecdysis-triggeringa prominent fgature of ETH action. . .
hormone (ETH) a whole isolated CNS was used. Treatment with 1€ dramatic broadening of the VM cell action potential
107moll"t EH induced ecdysis bursts more rapidly than didProbably plays a significant role in the proper expression of the
treatment with ETH (1®moll-1), but much less rapidly than did €cdysis behavior. IPAplysia californica spike broadening
treatment with CCAP (I8moll-1). This timing suggests that EH is greatly facilitates peptide release from neurosecretory cells
upstream of CCAP release, but downstream from ETH action. OnlgMa and Koester, 1995). The VM neurons show an essentially
ETH treatment resulted in pre-ecdysis motor bursts. The measomplete release of EH from neurohemal sites over a period
latencies to ecdysis after EH and ETH treatments differe¢f approximately 5-10 min (Riddiford et al., 1994; Ewer et al.,
significantly £<0.004); the latency after CCAP addition differed 1997). As inA. californica one would expect the extreme
from both the EH and ETH treatment groupsQ.001;t-test). (B) In gy e proadening evident in these neurons to underlie the rapid
experiments where EH treatment did not produce ecdysis bursts aft 1d effective release of peptide.

45min, bath application of CCAP resulted in an extremely shor In A. californi ike broadening i fivity-d ndent and
latency to the start of ecdysis bursts. Histograms show the mean + n A. callfornica spike broadening IS activity-aependent a

seM. for the indicated number of nervous systems. The differencEESUlts mostly from the progressive inactivation of a high-
did not reach statistical significance<Q.07), probably because of threshold transient A-type current (Ma and Koester, 1996). In
the small number of examples. In A and B, data from CCARhe VM neurons, however, we were unable to cause a

treatment alone are from Gammie and Truman (1997b). The numbbroadening of the action potential by repetitive firing of the

of nervous systems examined is given beside each bar. cells (Fig. 1B,C). Also, we observed that the broadening of the
action potential precedes the onset of spontaneous activity
(Fig. 2). Hence, these data argue that ETH-induced spike

EH treatment may have caused subthreshold levels of CCAfoadening in the VM neurons is not an indirect by-product of

to be released that hastened the apparent action of exogenougl peptide inducing neuronal firing. The second-messenger

applied CCAP. pathway through which ETH acts to change the properties of
the VM neurons is unknown.

m <
S
8
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g

CCAP
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Discussion The relationship between EH and the activation of the Cell
The relationship between ETH and VM cell excitability 27/704 group

On the basis of the ability of the extracts of epitracheal Prior to normal ecdysis, EH release coincides with an
glands to excite the VM neurons, we had previously proposeidcrease in cGMP levels in the Cell 27/704 network (Ewer et
that ETH could cause the release of EH (Ewer et al., 19973l., 1997). Since the primary mode of action of EH involves
The present experiments using synthetic ETH confirm thatlevating cGMP levels (Morton and Truman, 1985) and since
ETH is, indeed, capable of exciting the VM neurons, resultinghe epitracheal glands, known targets of EH, show an increase
in a lowering of spike threshold, a broadening of the actioin cGMP production in response to EH (Ewer et al., 1997;
potential, an increase in spike peak amplitude and spontanedgisigan et al., 1997), it is likely that the increase in cGMP
firing. The observation that acutely isolated VM neuron somatproduction in the Cell 27 group was a direct response to EH.
respond to ETH in a way similar to that seen for the @ells The two types of stimulation experiments, involving electrical
situ (Fig. 3) shows that ETH can act directly on the VM stimulation of the VM neuron somata or their axeiesthe
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proctodeal nerve, were both effective in stimulating cGMHAN the performance of both motor programs but with a latency
production in the Cell 27/704 group. These results show thahat is longer than that seen after ETH addition (Zitnan et al.,
activation of this cell group is downstream from VM cell 1996; Ewer et al., 1997). In both these situations, the
activity. blood—brain barrier is intact and the action of the applied EH
The pattern of cGMP production after VM neuronis clearly through its ability to cause ETH secretion.
stimulation differed from that during normal ecdysis in two In the absence of the blood-brain barrier, however, applied
regards. First, the levels of cGMP that we observed were n&H can evoke a strong motor response in the absence of ETH.
as great as those measured during the normal behavior. Ongportantly, we do not see the pre-ecdysis motor program.
factor in this reduction is undoubtedly the number of cells thaRather, the CNS generates only an ecdysis motor response
are stimulated. During normal ecdysis, all four VM neurongFig. 6), and the latency to ecdysis is shorter than that seen
release peptide. In the case of soma stimulation, only one Visfter ETH addition to the intact, isolated CNS (Fig. 7). These
neuron was stimulated, and in the case of proctodedinhdings that EH can trigger ecdysis in the desheathed CNS are
stimulation, only two VM neurons were stimulated. Asconsistent with an older study in which stimulation of the
expected just on the basis of the number of cells that wepgroctodeal nerve inM. sextarapidly elicited the ecdysis
stimulated, the latter procedure produced a stronger cGMBehavior (Hewes and Truman, 1991). The latter study
response than did the former (Fig. 4A,B). A second issue magoncluded that the behavioral response was caused by the
be more significant in explaining the reduced response teentral release of EH within the CNS.
stimulation. Since we were stimulating the cells in the absence Besides the motor response, bath application of EH to the
of ETH, there would be no spike broadening and this wouldsolated abdominal CNS also results in an increase in cGMP
probably have a major impact on the amount of EH that wagroduction in the CCAP cells (Fig. 4C). This observation is
released. consistent with the hypothesis that the ecdysis motor pattern is
A second abnormal feature of the stimulation results wasot caused directly by EH but occurs as an indirect result of
that the levels of cGMP induced by the stimulation wereEH enhancing the excitability of the Cell 27/704 group, leading
reduced in ganglia that were progressively farther from the site® CCAP release and, consequently, ecdysis.
of stimulation (Figs 4, 5). Since this pattern was observed Three lines of evidence support the conclusion that the order
when the VM cells were fired both in the retrograde anaf events within the nervous system is that ETH causes EH
anterograde directions, we cannot invoke differentiarelease which, in turn, causes CCAP release, with the latter
sensitivity of the cells in the various ganglia to EH. This pattermriving the ecdysis motor program. One is the latency to the
suggests that less EH is released at sites distant from thtart of ecdysis in isolated nervous systems exposed to the three
stimulation. At this time, we do not understand the reason fqueptides. As seen in Fig. 7, the latency to ecdysis was only
this pattern. 5 min for CCAP, while it was 26 min for EH and approximately
Confirmation that EH was indeed responsible for stimulatinglO min for ETH. These latencies are consistent with the
cGMP production by the Cell 27 group was obtained byascade proposed above. The second is that ETH can only
application of EH to desheathed ganglia (Fig. 4C). Thisevoke ecdysis if the brain is included (Gammie and Truman,
biochemical response of Cell 27 was not evoked by either ETH997b), and the latter includes the cell bodies and dendrites of
or CCAP (Gammie and Truman, 1997b). Hence, it is specifithe VM cells. A third piece of circumstantial evidence is the
to EH. Importantly, a cGMP response was evoked only wheduration of the ecdysis behaviors evoked by the three peptides.
the ganglion was desheathed (Fig. 5C), arguing that EH cannGCAP evokes an ecdysis motor program for as long as the
easily cross the blood-brain barrier (see also below). Since vpeptide is present, a feature that would be expected if this
are using whole ganglia, we cannot be sure that this represepesptide were directly responsible for generating the ecdysis
a direct response of Cell 27 to EH. However, since isolatethotor pattern. Both EH and ETH caused only transient
epitracheal glands respond directly to EH with a similarexpression of the ecdysis motor pattern, but EH tended to
increase in cGMP production (Ewer et al., 1997; Kingan et alproduce a longer-lasting average expression of the ecdysis
1997), we think that the response of Cell 27 is most probablgotor output than did ETH (Fig. 6C), suggesting that, as one
also a direct response to EH binding. Thus, the simultaneomsoves closer to the CCAP cells in the neuromodulatory
appearance of cGMP in the epitracheal glands and in the Celhscade, a given peptide becomes more effective in promoting
271704 group (Ewer et al., 1997) represents the responsesafstained CCAP release and, hence, a prolonged behavior.
EH targets to peptide released simultaneously into the EH treatment evoked ecdysis bursts in 38% of the

circulation and the CNS respectively. experiments. This lack of a higher percentage may reflect the
_ _ problems of a large peptide such as BH=8000) diffusing
The electrophysiological role of EH to the appropriate sites within the CNS to activate the CCAP

The most complicated issue relating to the function of EHheurons. In some experiments, after no ecdysis bursts had been
is its role in triggering the pre-ecdysis and ecdysis motoobserved by 45min, we added exogenous CCAP and found
programs. In intact animals (e.g. Copenhaver and Trumathat the latency to the onset of ecdysis bursts was much shorter
1982) or in isolated nervous systems co-incubated witthan that seen when CCAP was added to a CNS not exposed
epitracheal glands (Zithan et al., 1996), EH treatment resulte EH (Fig. 7B). In these cases, it is possible that a
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subthreshold level of CCAP had been released in responseKimgan, T. G., Gray, W., Zitnan, D. and Adams, M. E.(1997).

EH, but that this was not enough to trigger ecdysis bursts. Regulation of ecdysis-triggering hormone release by eclosion
Although the above data strongly support a role for EH as a hormone.J. Exp. Biol.200, 3245-3256.

central link in the chain of signals that coordinate the ecdysia. M. and Koester, J.(1995). Consequences and mechanisms of

program, they do not show that EH is a necessary link. In spike broadening of R20 cells Aplysia californica J. Neurosci.

L7 . . . 15, 6720-6734.
recent studies iDrosophila melanogasteselective deletion \ .
of the VM neurons rendered flies unresponsive to E_I_HMa,M.and Koester, J.(1996). The role of Kcurrents in frequency-

. . . ' dependent spike broadenin lysiaR20 neurons: a dynamic-
supporting the conclusion that the VM neurons are indeed thecla?np analysFi)sJ. Neuroscilgﬁp())gQ—MOl. y

central transducers of the ETH signal (McNabb et al., 1997)\cNabb, S. L., Baker, J. D., Agipate, J., Steller, H., Riddiford, L.
However, a subset of these flies was nevertheless able tow. and Truman, J. W. (1997). Disruption of a behavioral
undergo ecdysis, although with a behavior that was less robustsequence by targeted death of peptidergic neuroBsdsophila
than in the wild-type flies. These results argue that there areNeuron19, 813-823.

probably multiple pathways that control the release of CCAMIcNeil, G. P., Zhang, X., Genova, G. and Jackson, R. EL998).
and the expression of ecdysis behavior. A report of the A molecular rhythm mediating circadian clock output in
selective expression of the lark protein, the product of a gene Prosophila Neuron20, 297-303. . .

that selectively alters the phase of the adult ecdysis rhythm, orton, D. B..and Truman, J. W. (1985). Steroid regulation of
the CCAP cells oDrosophila melanogastefMcNeil et al., the peptide-mediated increase in cyclic GMP in the nervous
1998), may provide access to other pathways that are involvedsystem of the hawkmotiManduca sexta. J. Comp. Physil.

N th | of i dvsi 157, 423-432.
In the control of insect ecdysis. Novicki, A. and Weeks, J. C(1993). Organization of the larval pre-

) ) ecdysis motor pattern in the tobacco hornwdvanduca sextal.
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