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a b s t r a c t

In insects, ecdysis or shedding of the old cuticle, consists of a series of behaviors that are

regulated by the coordinated actions of a number of neuropeptides, one of which is ecdysis

triggering hormone (ETH). ETH acts directly on central pattern generators of the abdominal

ganglia to trigger onset of pre-ecdysis behaviors, as well as indirectly to activate release of

eclosion hormone, thereby inducing onset of ecdysis behaviors through a cGMP-mediated

mechanism. We assessed the minimal C-terminal amino acids required for biological

activity of ETH, by assessing: (i) onset of pre-ecdysis and ecdysis behaviors in vivo, after

injection of peptide analogs, (ii) onset of fictive pre-ecdysis and ecdysis motor patterns in

vitro, as recorded extracellularly, after incubation of the CNS with the peptide analogs, and

(iii) accumulation of cGMP within cells of the abdominal ganglia, as assessed immunohis-

tochemically. Amidation of ETH at the C-terminus was required to elicit a biological

response in vivo and in vitro, as well as an accumulation of cGMP within the CNS. The

five amino acid amidated C-terminus of ETH (NIPRMamide) was the minimal moiety able to

induce a robust pre-ecdysis response in vivo and in vitro, while a seven amino acid core

(NKNIPRMa) was required for induction of ecdysis, including accumulation of cGMP immu-

noreactivity within the CNS. Analogs smaller than 12 amino acids in length were only active

at very high concentrations in vivo, suggesting that smaller fragments might be susceptible

to hemolymph degradation. Some alanine substitutions or removal of internal amino acids

altered the activity of ETH, as well as the time of onset of ecdysis behaviors, suggesting that

internal amino acids play a role in maintaining proper folding of the peptide for successful

binding or activity at the ETH receptor.

Published by Elsevier Inc.
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1. Introduction

Growth in arthropods is accommodated by successive molts of

the old cuticle, leaving a new and larger cuticle in its place. In

invertebrates, the process of ecdysis, or shedding of the old

cuticle, consists of a series of behaviors that are regulated by the

coordinated actions of a number of neuropeptides, released

both peripherally and centrally. In the larval tobacco horn-

worm,Manduca sexta, the behaviors include pre-ecdysis I and II,

which consist of a series of synchronous muscle contractions

initiated to loosen the old cuticle, followed by ecdysis, the
* Corresponding author. Tel.: +1 415 405 0728; fax: +1 415 338 2295.
E-mail address: fuse@sfsu.edu (M. Fuse).
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anteriorly-directed peristaltic contractions which allow the

animal to slough off the old cuticle [29]. These in vivo behaviors

are easily identified, as are the associated fictive motor patterns

recorded from isolated nerve cords, which show phase shifts

and changes in burst length and duration in the transition from

pre-ecdysis to ecdysis [26,12,27]. In the CNS, a network of 50

homologous pairs of cells has been associated with the onset of

ecdysis, showing increases in cGMP immunoreactivity during

the course of the behaviors [6,8].

Orchestrating the ecdysis cascade in M. sexta are several

neuropeptides, many of which have been isolated and
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Fig. 1 – Model for the actions of Pre-Ecdysis Triggering

Hormone (PETH) and Ecdysis-Triggering Hormone (ETH) in

the activation of pre-ecdysis and ecdysis behaviors in the

hornworm, Manduca sexta. PETH elicits pre-ecdysis I (Pre I)

behaviors directly in the abdominal ganglia (AG) of the

CNS. ETH elicits pre-ecdysis II (Pre II) behaviors directly,

while simultaneously triggering release of eclosion

hormone (EH) from the brain (Br). EH then induces release

of crustacean cardioactive peptide (CCAP) via a cGMP-

mediated mechanism (cGMPir: cGMP immunoreactivity).

Release of CCAP leads to the onset of ecdysis (E) behaviors.
sequenced. A working model for the peptidergic regulation of

ecdysis in insects has been proposed based primarily on

research in M. sexta, and in Drosophila melanogaster (Fig. 1). The

major peptides identified include pre-ecdysis triggering

hormone (PETH), ecdysis triggering hormone (ETH), eclosion

hormone (EH) and crustacean cardioactive peptide (CCAP).

PETH and ETH are released into the hemolymph from

peripheral epitracheal glands. They work in series on the

CNS to initiate loosening of the old cuticle by triggering pre-

ecdysis I and II behaviors, respectively [29]. They work at

different target sites, likely at different receptors. ETH also acts

in coordination with EH from the brain to activate the CCAP

neurons in the CNS. It is postulated that ETH binds to receptors

in the brain, on ventromedial neurons, to elicit release of EH.

EH is released in the CNS, as well as into the hemolymph via

proctodeal nerves, to target the ETH-containing Inka cells of

the epitracheal glands along the body wall. This leads to

further release of ETH, producing a positive feedback loop

[16,7]. Sufficient release of EH centrally has been hypothesized

to induce release of CCAP, for activation of the ecdysis motor

program [12,13]. EH acts on the CCAP cells via a cGMP-

mediated mechanism [11]. The CCAP cells are paired homo-

logous cells found in each ganglion of the ventral nerve cord

[5], and have been shown to directly induce fictive ecdysis

bursts in the CNS [13]. In vitro physiological changes

associated with the onset of ecdysis include increases in

cGMP immunoreactivity in the CCAP-containing neurons [8]

and changes in rhythmicity of the fictive motor patterns [13].
Both ETH and PETH are products of the same gene, and are

synthesized and released in response to changing steroid

titers [29]. ETH is an amidated 26 amino acid peptide, and

shares a high degree of structural similarity with PETH (an

amidated 11 amino acid peptide; Table 1) at the carboxy

terminus. Yet both have very different functions. The PETH

receptor is unidentified, while two putative subtypes of the

ETH receptor have been sequenced in D. melanogaster [20].

None have been sequenced or characterized in M. sexta. There

is still controversy as to where ETH acts in the nervous system,

and little is known about the biochemistry underlying ETH’s

interactions with its receptor.

In this study, we aim to establish a structure–activity

relationship of ETH on target CNS neurons inM. sexta. We have

designed synthetic analogs of ETH that have been truncated

and/or modified, and have tested the biological activities of

these peptides using behavioral and cellular assays. We have

shown that carboxy-terminal moieties of ETH comprise its

bioactive core. More specifically, amidation is required for full

biological activity, and truncations as small as five amino acids

in length elicit pre-ecdysis II responses in vivo and in vitro, as

assessed behaviorally, immunohistochemically and electro-

physiologically, while the larger 7 amino acid moiety appears

necessary to initiate ecdysis. The role of critical internal amino

acids will also be discussed.
2. Materials and methods

2.1. Insects

The tobacco hornworm, M. sexta L., was raised under a 17-h

light:7-h dark photoperiod coupled to a thermoperiod of

28 8C:25 8C, on artificial diet (MP Biomedical, Irvine, CA, USA;

based on Bell and Joachim [3]). Pharate 5th instar larvae were

staged relative to ecdysis using external morphological

markers [4], and were selected 1–2 h after the fourth instar

slipped head capsule became air filled (Air Filled Brown

Mandibles; ‘‘AFBM’’). These larvae are approximately 5 h from

ecdysis to the fifth larval stage, and have been shown to

undergo precocious stereotyped ecdysis behaviors after

injection with synthetic ETH [28].

2.2. Peptide synthesis

ETH and appropriate analogs were synthesized by Peptron Inc.

(Daejeon, South Korea) and by SynPep Corporation (Dublin,

CA), and stored at �20 8C as a 10 mmol stock solution diluted

in modified Weever’s saline [25] until needed for experiments.

Analogs were 95% pure, as assessed chromatographically, and

with mass spectral analysis to confirm identity (Peptron Inc.;

SynPep, Corp.). Analogs used in the experiments are listed in

Table 1. Lyophilized peptides were reconstituted in Weever’s

saline for in vivo experiments or in Miyazaki’s saline for in

vitro assays.

2.3. In vivo behavioral assays

Pharate 5th instar larvae were selected 1–2 h after AFBM as

described above. Larvae were injected in the terminal
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Table 1 – Peptide names and three letter amino acid sequences for all ETH analogs tested

The name reflects the number of amino acids in the analog or modifications such as Alanine substitutions (bold letters; Ala) at positions

relative to the N-terminus of native ETH. Dashes are used to space sequences for easier comparison.
aSubscripts on peptide names denote substitutions or omissions at amino acid positions noted relative to N-terminal of native ETH.

PETH, pre-ecdysis triggering hormone; ETH, ecdysis triggering hormone.
abdominal segment with quantities of ETH or analogs ranging

from 100 pmol to 100 nmol per animal. Animals were main-

tained at 27 8C, and monitored for the onset of pre-ecdysis II

and ecdysis behaviors for 75–85 min post-injection. Pre-

ecdysis II behaviors were observable by the presence of

synchronous posterioventral body wall contractions and

proleg retractions. Animals were defined as undergoing pre-

ecdysis II behaviors only when robust behaviors were noted,

and were sustained for at least a 5-min period. As is noted in

the results, there were occasions when short periods of pre-

ecdysis II behaviors were monitored which lasted only 1–2 min

at a time, with periods of 4–5 min of quiescence in between.

These behaviors were only noted qualitatively, but were not

considered a robust pre-ecdysis behavior when scoring

responsiveness of animals. Ecdysis behaviors were noted by

the onset of peristaltic anteriorly directed contractions

originating from the terminal segment of the animal. While

some animals did not successfully remove their external

cuticle, behaviors were always sustained, and cuticle exiting

the trachea was always noted in ecdysing animals.

Some animals undergoing ecdysis behaviors were

anesthetized on ice and the CNS was dissected out and

processed for cGMP immunoreactivity, as described below in

Section 2.5.
2.4. In vitro assays; electrophysiology

Pharate 5th instar larvae were dissected 1–2 h after AFBM, as

described above, and fictive pre-ecdysis II and ecdysis motor

patterns were recorded extracellularly. Dorsolateral nerve

branches of consecutive abdominal ganglia were sucked into

glass suction electrodes for extracellular recordings. Typically

abdominal ganglia 5 and 6 were used (A5 and A6, respectively),

as previously described [12,13]. Once tonic levels of back-

ground noise were established, a 10-mM concentration of

analog was applied to the preparation to mimic the large

concentration released after the positive feedback cascade

induced between ETH and EH. Signals were amplified and

filtered by a differential AC amplifier (Model 1700, A-M

Systems, Carlsborg, WA, USA) and viewed, stored and

analyzed on a PC computer using Spike 2 software (CED

Inc., Cambridge, England). Burst frequency was determined

from an average of 10 bursts. Recordings were taken for 90–

120 min at room temperature (22–24 8C).

2.5. In vitro assays; cGMP immunohistochemistry

Larvae were selected 1–2 h after AFBM, and chilled on ice

prior to dissection of the CNS. The intact CNS (including
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brain) was dissected out in Weever’s saline and trans-

ferred to Miyazaki’s saline containing ETH or analogs at

100 pmol/animal. Tissues were incubated for 40 min at 27 8C,

then removed from saline and placed directly into 4%

buffered paraformaldehyde solution and processed for cGMP

immunoreactivity as described in reference [9]. Briefly,

tissues were incubated with sheep anti-cGMP antibody

(diluted to 1:10,000 in PBST; a generous gift of Dr. Jan de

Vente) for 36–48 h at 4 8C, and processed with peroxidase-

conjugated donkey anti-sheep IgG secondary antibodies

(1:1000; Jackson ImmunoResearch Laboratories Inc., West

Grove, PA, USA) after appropriate washes. The antibody

complex was visualized using the chromagenic diamino-

benzedene (DAB) color reaction, dehydrated and mounted

on poly-L-lysine coated glass slides in DPX (Fluka, Buchs,

Switzerland).

Control tissues were treated as described above, with the

omission of either the primary or the secondary antibodies. No

staining was noted in these preparations.

2.6. Signal quantification

The intensity of immunoreactivity based on the DAB color

reaction was quantified subjectively using a scoring system

from 0 (no stain) to 2 (maximal stain of cell bodies), as modified

from Ewer and Truman [8]. Cells of each ganglion were scored,

and averages for SEG, thoracic ganglia or abdominal ganglia

were used per sample.

2.7. Statistics

Results are presented as the mean � standard error of the

mean. One way analysis of variance (ANOVA) was performed

to assess differences within groups, followed by appropriate

post hoc measures noted with each experiment. Animals not

undergoing pre-ecdysis or ecdysis were not included in the

statistical analysis, but were noted in the percentage data of

animals undergoing the behaviors.
Fig. 2 – Representative photomicrographs of cGMP

immunoreactivity in the subesophageal ganglion (SEG),

thoracic ganglia (TG) and abdominal ganglia (AG) from

larvae injected with (a) ETH or (b) the free acid form,

ETHCOOH. Arrows point to very light stain in abdominal

ganglia. Scale bar = 0.3 mm.
3. Results

Synthetic analogs of ETH were produced by: (i) removal of the

amidation at the C-terminus (free acid form; ETHCOOH), (ii)

removal of sequential N-terminal amino acids, or by (iii)

omission or alanine substitution of selected amino acids (see

Table 1).

Animals were injected with analogs at varying concentra-

tions and timing of onset of pre-ecdysis II and ecdysis

behaviors were noted. Differences in efficacy of ETH analogs

in vivo and in vitro may have been due in part to degradation

by peptidases present in the hemolymph. To examine these

possibilities, the isolated CNS was incubated in saline

containing ETH analogs, to eliminate the presence of

endogenous peptidase activity. Under these conditions,

‘‘cellular activation’’ was defined as induction of the fictive

pre-ecdysis II or ecdysis motor patterns, as assessed electro-

physiologically, or by the presence of cGMP immunoreactivity

(cGMPir) in the homologous CCAP neurons after incubation in

ETH analogs.
3.1. Requirements of amidation of ETH

Within a 75-min observation period, approximately 95% of

animals showed pre-ecdysis II and ecdysis behaviors after

injection of 100 pmol of synthetic ETH. The average rate of

onset of pre-ecdysis II was 7.3 � 0.9 (N = 26) and ecdysis was

41.8 min � 1.1 (N = 41). Under these conditions, cGMP eleva-

tion was noted in the homologous cells 27 and 704 (CCAP

neurons) of the subesophageal ganglion (SEG), thoracic ganglia

(TG), and abdominal ganglia (AG) in over 90% of animals tested

(N = 11, see example Fig. 2a).

Animals did not undergo pre-ecdysis II or ecdysis behaviors

within a 75-min observation period when injected with saline,

nor did these animals show cGMPir in select neurons of the

CNS after this observation period (N = 12; data not shown).

Similarly, animals injected with the free acid analog, ETHCOOH,

showed no robust and consistent pre-ecdysis II or ecdysis

behaviors (N = 14; data not shown). In three animals, weak and

erratic, yet synchronous contractions suggestive of a weak

pre-ecdysis behavior commenced at times ranging from 30 to

70 min after injection. In two animals, these behaviors were

intermittent and not sustained. In the third, the behavior

became robust 40 min after injection of the analog. Animals

with behaviors commencing late after injection were mon-

itored for over 100 min but did not exhibit behaviors

characteristic of ecdysis. Very weak cGMPir was noted in
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Fig. 3 – Percentage of larvae undergoing pre-ecdysis (black

bars) and ecdysis (gray bars) behaviors after injection of

ETH truncated analogs, noted on the x-axis. (a) Injection of

100 pmol of synthetic analog. (b) Injection of 100 nmol of

synthetic analog. Numbers in or above the bars represent

sample sizes. (NA); groups were not tested. Analog

sequences are described in Table 1.
abdominal cells and transverse nerves of only one preparation

injected with ETHCOOH (Fig. 2b). Otherwise no staining was

noted in SEG, TG, or AG of any preparation.

Application of 10 mmol of ETH to the isolated CNS induced

onset of the fictive pre-ecdysis II and ecdysis motor programs

in 7.0 � 2.1 and 53.1 � 7.0 min, respectively (n = 11). No pre-

ecdysis or ecdysis motor patterns were noted after application

of saline (n = 5, data not shown). Only one of five preparations

showed onset of pre-ecdysis motor patterns after addition of

the free acid form of ETH (ETHCOOH), and none showed onset of

ecdysis behaviors after a 2 h observation period (n = 5; data not

shown). Three of five preparations incubated in ETHCOOH,

however, showed erratic and inconsistent burst patterns

similar to pre-ecdysis bursts, that commenced anywhere from

4 to 80 min after application of ETHCOOH, and that stopped and

started a number of times before the preparation became

completely inactive. These behaviors never became robust or

sustained, did not last more than 10 min, and never led to the

onset of ecdysis burst patterns (see Fig. 5D).

ETH was able to induce a robust cGMPir response in the

CCAP neurons of approximately 90% of isolated CNS prepara-

tions incubated in 10 mmol synthetic ETH for 40 min (Figs. 7a

and 8a). Application of saline was unsuccessful in inducing

cGMPir in vitro (N = 6; data not shown). Incubation with

ETHCOOH likewise showed no induction of cGMPir in the SEG,

TG or AG (see example in Fig. 7e).

3.2. Effects of truncated ETH analogs on ecdysis behaviors

PETH and ETH share sequence similarities at the C-terminus

(see Table 1), yet PETH, an 11 amino acid amidated peptide, is

not able to induce onset of pre-ecdysis II or ecdysis behaviors,

while ETH, a 26 amino acid amidated peptide is [29]. To

determine the minimal ETH moiety necessary to induce

biological activity in vivo, animals were injected with 100 pmol

(‘‘physiological’’) or 100 nmol (‘‘pharmacological’’) of synthetic

amidated ETH analogs truncated from the N-terminus.

Truncated analogs 21 and 12 amino acids in length (21mer

and 12mer, respectively) were able to induce pre-ecdysis II as

well as ecdysis behaviors over 90% of the time when injected at

physiological concentrations (Fig. 3 black and gray bars,

respectively). Smaller analogs successfully induced behaviors

in less than 20% of the animals injected. Amongst the

successfully behaving animals, the pre-ecdysis II behaviors

were significantly delayed with application of the 10mer and

12mer compared to controls (Fig. 4a: F(3,44) = 10.3; P < 0.001;

One Way Analysis of Variance and Tukey’s All Pairwise

Multiple Comparison Test), although there was no significant

difference in onset times of ecdysis in these animals (H = 7;

d.f. = 3; P = 0.07; Kruskal–Wallis One Way Analysis of Variance

on Ranks).

Biological activity was defined as the ability of an analog to

induce behaviors in over 50% of the animals injected.

Biological activity was restored after injection of pharmaco-

logical concentrations (100 nmol) of truncated analogs as

small as five amino acids in length. Over 50% or animals

showed pre-ecdysis II behaviors when injected with analogs

as small as five amino acids in length (Fig. 3b; black bars),

although few animals underwent ecdysis. Injection of the

5mer caused a significant delay in the onset of pre-ecdysis II
behaviors compared to controls, although no other analogs

significantly altered timing of this behavior (Fig. 4b; H = 14.9;

d.f. = 5; P = 0.01; Kruskal–Wallis One Way Analysis of Variance

on Ranks and Dunn’s All Pairwise Multiple Comparison

Method).

The smallest truncated peptide able to induce ecdysis

behaviors over 50% of the time was 7 amino acids in length

(Fig. 3b; gray bars). Smaller analogs induced ecdysis behaviors

at these high concentrations in less than 20% of the animals

injected. There was no significant difference in the timing of

onset of ecdysis behaviors initiated by the various truncated

analogs (Fig. 4b; F(3,21) = 2.4; P = 0.1; One Way Analysis of

Variance). It should be noted that when commencement of

pre-ecdysis was significantly delayed, animals were moni-

tored for an additional 20–30 min to ensure that onset of

ecdysis behaviors was not missed.

Animals undergoing ecdysis after injection of various

analogs consistently showed increases in cGMPir (data not

shown). cGMPir was also noted in some animals injected with

6mer and 5mer analogs, although this was not consistent (data

not shown).



p e p t i d e s 2 7 ( 2 0 0 6 ) 6 9 8 – 7 0 9 703

Fig. 5 – Low-speed extracellular recordings showing the

effects of 10 mM ETH or representative analogs on the

isolated CNS. Rhythmical bursts shown �15 and 50 min

after application of (A) ETH, (B) 7mer, and (C) 5mer. (D) No

regular rhythmical bursts were noted after application of

ETHCOOH. A3–A6 denotes the abdominal ganglion from

which the lateral nerve was isolated for recording. Pre,

pre-ecdysis; Ecd, ecdysis.

Fig. 4 – The average time of onset of pre-ecdysis (black bars)

and ecdysis (gray bars) behaviors, with standard errors of

the mean, in larvae injected with various truncated ETH

analogs, noted on the x-axis. (a) Injection of 100 pmol of

synthetic analog. (b) Injection of 100 nmol of synthetic

analog. Numbers in the bars represent sample sizes.

Letters represent groups significantly different from

control values (26mer). Analog sequences are described in

Table 1.
3.3. Effects of ETH analogs on CNS activation in vitro;
electrophysiology

Truncated analogs as small as five amino acids in length

(5mer) were able to induce onset of robust fictive pre-ecdysis II

motor patterns in almost 90% of the isolated CNS preparations

(see example Fig. 5A). Only two preparations showed onset of

pre-ecdysis patterns when 4mer was applied and this was a

very short-lived behavior (Fig. 6a; black bars). No pre-ecdysis I

burst patterns were ever noted. In contrast, 70–100% of

preparations initiated ecdysis behaviors after application of

truncated peptides as small as 7 amino acids in length (Fig. 6a;

gray bars), and fewer than 50% began ecdysis motor programs

when incubated with smaller analogs. No preparations

exhibited ecdysis motor programs in response to application

of 4mer, and ecdysis behaviors were never noted without pre-

ecdysis behaviors preceding. There were no significant

differences in the timing of onset of pre-ecdysis (H = 2.3;

d.f. = 4; P = 0.68; Kruskal–Wallis One Way Analysis of Variance
on Ranks) or ecdysis behaviors (F(3,19) = 0.4; P = 0.76; One Way

Analysis of Variance) between experimental groups.

To assess the quality of fictive responses, burst frequencies

for pre-ecdysis and ecdysis motor patterns were assessed at

varying periods during the behavior. Because there was no

significant difference in average frequencies of bursting

throughout the duration of the control behavior (data not

shown), initial burst frequencies were used to compare

amongst groups (Fig. 6c). While the average burst frequency

of the 6mer preparations was significantly lower than that of

the 7mer preparations (F(4,30) = 4.4; P = 0.007; One Way Analysis

of Variance), no experimental group showed frequencies that

were significantly different from controls. Ecdysis burst

frequencies of experimental groups did not differ from

controls (F(3,20) = 0.69; P = 0.57; One Way Analysis of Variance).

3.4. Effects of ETH analogs on CNS activation in vitro;
cGMPir

Over 80% of preparations responded to incubation with ETH,

12mer and 7mer analogs, showing strong cGMPir in the SEG,

TG and AG (Figs. 7 and 8). Less than 50% of the samples showed
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Fig. 6 – Fictive pre-ecdysis (black bars) and ecdysis (gray

bars) motor patterns recorded extracellularly, after

incubation with 10 mmol of ETH analog. Analog sequences

are described in Table 1. (a) The percentage of

preparations showing pre-ecdysis and ecdysis behaviors.

Numbers in the bars represent sample sizes. (b) The

average onset times of pre-ecdysis and ecdysis behaviors.

Error bars are standard errors of the mean. Numbers in or

above the bars represent the sample sizes. Groups with

numbers in parentheses were not included in statistical

analyses. Onset times for pre-ecdysis or ecdysis were not

significantly different from controls (P > 0.5) as assessed

by one way ANOVA. (c) The average burst frequencies

during pre-ecdysis and ecdysis at the beginning of the

behaviors. Error bars are standard errors of the mean.

Numbers in or above the bars represent the sample sizes.

Letters represent statistical differences from controls as

assessed with one way ANOVA (P < 0.01; Tukey All

Pairwise Multiple Comparison Test).
staining after incubation with 6mer, and the staining intensity

was significantly lower in cells of the SEG (H = 16.6; d.f. = 3;

P < 0.001), TG (H = 11.2; d.f. = 3; P = 0.011) and AG (H = 12.4;

d.f. = 3; P = 0.006) of the 6mer preparations compared to

controls (Fig. 8: Kruskal–Wallis One Way Analysis of Variance

on Ranks and Dunn’s All Pairwise Multiple Comparison
Procedure). Only one of six preparations showed cGMPir after

incubation in 5mer, although the staining pattern was robust.

3.5. Role of lysine21 on ETH activity

PETH is an 11 amino acid peptide lacking the internal lysine

(Lys) at position 21. Modification of the 12mer analog to 11

amino acids in length through removal of an internal lysine

(12-K21) reduced biological activity, but this was not sufficient

to fully eliminate it (47% of animals responded; Table 2).

Timing of onset of ecdysis by this analog was significantly

delayed (F(2,55)) = 16.2; P < 0.001; One Way Analysis of Variance

with Tukey All Pairwise Multiple Comparison Procedure)

compared to the 12mer group or after substitution of the

lysine with alanine in the 12mer (12A21). Substitution of the

lysine with alanine in native ETH (26A21), did not reduce

biological activity, although interestingly, timing of ecdysis

was significantly delayed compared to native ETH (P < 0.001; t-

test).

3.6. Effect of internal alanine substitutions on ETH activity

Analogs truncated to 10 or 11 amino acids in length (10mer and

11mer, respectively) lost biological activity when injected into

animals at physiological concentrations (Fig. 3a; gray bars). To

determine if this was a size issue, or due to the loss of essential

amino acids, a single or two alanines were added to the N-

termini of 11mer and 10mer, respectively, to make them 12

amino acids in length (Table 2). These additions effectively

substituted a tyrosine (Tyr), or a tyrosine–valine (Tyr–Val)

combination in the truncated 12mer, producing 12A15 and

12A15-16, respectively. Biological activity was restored in the

extended 11mer (12A15), showing no significant difference in

the timing of onset of the behaviors compared to 12mer or to

native ETH. In contrast, the extended 10mer (12A15-16) only

marginally restored activity, and of the few animals under-

going ecdysis, the timing of onset was significantly delayed

(H = 13.2; d.f. = 4; P = 0.01; Kruskal–Wallis One Way Analysis of

Variance on Ranks and Dunn’s All Pairwise Multiple Compar-

ison Procedures). Loss of the valine alone through alanine

substitution (12A16) had no effect on biological activity or on

timing of onset of ecdysis compared to controls.

Similar alanine substitutions of tyrosine and valine in the

native ETH (ETHA15 and ETHA16, respectively) did not affect

biological activity. More than 90% of the animals underwent

ecdysis. Timing of onset of ecdysis, however, was significantly

delayed with the tyrosine substitution compared to the valine

substitution or compared to native ETH (F(2,66) = 20.3; P < 0.001;

One Way Analysis of Variance and Tukey All Pairwise Multiple

Comparison Procedures).
4. Discussion

Neuropeptides are key players in regulating fundamental

physiological processes such as digestion, reproduction and

growth in both invertebrates and vertebrates. They act on

receptors at target sites, where they confer biological activity.

Structural features such as tertiary folding, charge or phobicity

are critical for both binding and activity characteristics, and
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Fig. 8 – Cyclic GMP immunoreactivity (cGMPir) in CCAP

neurons of the isolated CNS incubated for 40 min in

10 mmol of ETH or various truncated ETH analogs. Values

are represented as: (a) the percentage of preparations

showing staining, and (b) the average staining intensity of

preparations that showed staining. Numbers in the bars

represent the sample sizes. Groups with numbers in

parentheses were not included in statistical analyses.

Letters above the bars represent statistical differences from

controls. Error bars are standard errors of the mean. Black

bars represent responses in subesophageal ganglia (SEG);

gray bars represent responses in the thoracic ganglia (TG);

white bars represent responses in the abdominal ganglia

(AG). Analog sequences are described in Table 1.

Fig. 7 – Representative photomicrographs of cGMP immunoreactivity in CCAP neurons of the subesophageal (SEG), thoracic

(TG) and abdominal ganglia (AG) of isolated CNS preparations incubated in 10 mmol of ETH analogs, as indicated above the

panels. Incubation with (a) 26mer, (b) 12mer, (c) 7mer, (d) 5mer, (e) or the free acid form, ETHCOOH. Scale bar = 0.3 mm.
are determined by the primary amino acid sequence of the

peptide. Large families of related neuropeptides often derive

from single genes, in which common moieties are shared,

which may or may not have cross-reactivity at target

receptors. Understanding the amino acid requirements for

binding is key to understanding the physiological actions of

peptides.

Ecdysis triggering hormone (ETH) and pre-ecdysis trigger-

ing hormone (PETH) are products of the same gene, and share

some sequence similarities at the C-terminus. Yet, they have

very different functions in regulating ecdysis behaviors. We

have looked at the C-terminal moieties of ETH necessary to

elicit ecdysial behaviors in the hornworm, M. sexta, in order to

assess the minimal moiety necessary for biological activity. A

series of N-terminally truncated analogs of ETH were

synthesized and tested along with native ETH for their ability

to: (i) induce pre-ecdysis II and ecdysis behaviors in vivo, as

assessed visually, (ii) to induce fictive pre-ecdysis II and

ecdysis motor patterns in vitro, as recorded with extracellular

electrodes and (iii) to induce cGMP increases in CCAP-

containing neurons of the CNS in vitro, as assessed immu-

nohistochemically. ETH was also modified to remove the

amidation at the C-terminus (free acid form) to determine the

importance of amidation in this peptide. Otherwise, all

truncated analogs were amidated (see Table 1).

Ecdysis is induced prematurely in vivo within 35–45 min

after injection of ETH in developmentally competent larvae.

Likewise, incubation of isolated nerve cords (CNS prepara-

tions) with ETH elicits fictive pre-ecdysis II and ecdysis motor

patterns as well as increases in cGMP immunoreactivity

(cGMPir) in the homologous CCAP-containing neurons of the

CNS [28,11]. This was confirmed here, where pre-ecdysis II and

ecdysis behaviors were elicited by ETH, and in all cases cGMPir

was noted in the CNS of these animals. ETH application was

also sufficient to induce onset of pre-ecdysis II and ecdysis

motor patterns as well as increases in cGMPir in isolated CNS

preparations. The delay in onset of motor patterns in vitro

compared to in vivo results may have been due to the loss of
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Table 2 – Percentage of animals undergoing ecdysis, and average onset time (Wstandard error of the mean) of ecdysis in
animals injected with analogs modified through alanine substitutions, or amino acid omissions

NA, not applicable; PETH, pre-ecdysis triggering hormone; ETH, ecdysis triggering hormone. Bold letters reflect ala substitutions.

(n/n) = sample size undergoing ecdysis/entire sample size. Dashes are used to space sequences for easier comparison.
aSubscripts on peptide names denote substitutions or omissions at amino acid positions noted relative to N-terminal of native ETH.
bWithin a 75 min observation period.
cTaken from Zitnan and Adams [27].
*Significant difference from ETH (26mer); P < 0.05.
peripheral inputs during dissection, but, more likely due to a

slightly lower incubation temperature in the electrophysiol-

ogy chamber, compared to bench top incubations or injec-

tions. Pre-ecdysis and ecdysis periodicity also fell within

published ranges [18,12].

4.1. Amidation is required for biological activity of ETH

Amidation of the carboxy terminus is a conserved feature of

many invertebrate neuropeptides, and plays a protective

role in maintaining peptidergic activity. It may even serve to

modulate peptide activity [15,23,24]. Our results suggest that

amidation is critical for ETH activity in M. sexta. Loss of

amidation of ETH at the C-terminus (free acid form;

ETHCOOH) resulted in a lack of biological activity in vivo

and in vitro. Neither pre-ecdysis nor ecdysis behaviors were

noted when animals were injected with the free acid form, or

when isolated CNS preparations were incubated in it (Fig. 5).

Moreover, CCAP neurons did not show the classical

increases in cGMPir associated with the onset of ecdysis

(Figs. 2 and 7).

All ETH peptides sequenced to date are amidated, and

amidation has been shown to be essential for biological

activity of ETH in the silkworm, Bombyx mori [2] as well as in D.

melanogaster [20]. The non-amidated product of the ETH gene,

ETH-associated peptide, has sequence similarity to ETH, but

does not induce ecdysial behaviors in M. sexta [29]. Loss of

peptidylglycine alpha-hydroxylating monoxygenase (PHM),
the enzyme required for alpha-amidation at the C-terminus of

peptides, generates lethal larval phenotypes in D. melanogaster

[15] reminiscent of those lacking ETH [19]. Finally, only

extremely high concentrations of ETHCOOH bind, albeit poorly,

to Drosophila ETH receptor subtypes in vitro [20]. Thus, the

inability to induce ecdysis behaviors in the free acid form of

ETH appears to be due to the peptide’s inability to bind

substantially to the ETH receptor. The loss of activity does not

appear to be a result of increased degradation in the

hemolymph, since the in vitro preparations also failed to

respond to ETHCOOH. Taken together, these results suggest

that the amide may be essential for maintaining strong

binding or for conformational changes associated with

biological activity of the ligand.

4.2. Minimal moiety necessary for biological activity

The C-terminus often provides the core amino acids required

for biological activity (e.g. [14,22]). Our studies indicate that the

core amidated five amino acid moiety NIPRMamide is

sufficient to induce pre-ecdysis II behaviors, and is thus the

minimal moiety necessary to induce a strong biological

response (Fig. 6). The smaller 4 amino acid core elicits pre-

ecdysis behaviors less than 20% of the time in vitro, at

micromolar concentrations, and does not elicit responses in

vivo, at even higher concentrations (Fig. 3). Thus, while the 4

amino acids may bind to the receptor, binding is sufficiently

poor.
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While ETH has been classified in the large PRXamide family

of insect peptides that includes PETH, pyrokinins, diapause

hormone and PBAN, among others [10,21], it is worth noting

that it lacks the invariant phenylalanine found in the C-

terminal FXPRLamide structure shared by the pyrokinins,

diapause hormone and PBAN. Peptides from this phenylala-

nine-containing family are not able to induce pre-ecdysis or

ecdysis behaviors in D. melanogaster in vivo [21]. A newer

addition to the PRLamide family of peptides includes the

putative cleavage products of the hugin precursor protein [17],

which shares the PRLamide moiety, but not the invariant

phenylalanine. It has primary sequence similarity to Drm-

ETH-1 and -2, and early ectopic expression of hugin leads to

lethality at the larval molt in a manner similar to that seen

with premature injection of Drm-ETH-2 [19]. Thus, the lack of

phenylalanine in the five amino acid core, as opposed to the

presence of asparagine (which is present in Mas-ETH, but

lacking in some other ETH peptides) may be essential for

biological activity of ETH, and may provide the specificity at

the target site in the presence of a large number of structurally

related peptides of the larger PRLamide family. It will be

interesting to modify ETH with a phenylalanine substitution at

position Asn22 in future experiments to determine the role

that phenylalanine plays in biological activity.

PETH and ETH share sequence similarity at the C-terminus,

in three out of five amino acids, including the asparagine,

which replaces the conserved phenylalanine of the FXPRLa-

mide group. Thus, moieties within this five amino acid core

need to be studied to ascertain binding specificity of ETH and

PETH. The fact that no pre-ecdysis I burst patterns, reminis-

cent of PETH activity, were noted in vitro after incubation with

any of these smaller analogs (see Fig. 5) suggests that the five

amino acid C-terminal moiety does not cross-react with the

PETH receptor. The N-terminal extensions likely play a

significant role in determining specificity of binding as well.

4.3. Size is critical for ETH biological activity

Smaller truncated analogs of ETH lose biological activity in

vivo at physiological concentrations, but not in vitro,

suggesting that they are susceptible to degradation by

peptidases in the hemolymph when injected into the larvae.

Peptides smaller than 12 amino acids in length, for instance,

are only able to induce pre-ecdysis and ecdysis responses

when injected into animals at very high concentrations

(Fig. 3b), and often with a significant delay in onset time

(Fig. 4b). In vitro, however, physiological concentrations are

sufficient to induce burst patterns within the CNS without

significant delays (Fig. 6), as well as increases in cGMPir within

the CCAP neurons (Fig. 8). These results suggest that the 12

amino acid C-terminal amidated residue might be the minimal

moiety required to protect the peptide from degradation in the

hemolymph. This is supported by the fact that addition of an

inert alanine to the N-terminal of the inactive 11mer is

sufficient to restore biological activity at physiological con-

centrations (Table 2). Interestingly, addition of two alanines to

the 10mer only marginally increases activity, and onset time is

still significantly delayed. Thus, internal amino acids also have

a role in ETH’s biological activity and this is discussed further

in Section 4.4.
PETH is an 11 amino acid peptide, which shares some

sequence similarity with ETH, but does not induce pre-ecdysis

II or ecdysis behaviors [29]. It does, however, induce pre-

ecdysis I behaviors. One main difference in its sequence is the

lack of an internal lysine at position Lys21 relative to ETH (see

Table 1). Lack of this lysine, however, does not appear to be a

sufficient explanation for its inability to mimic ETH, since

substitution of lysine with alanine in a 12mer (12A21) or in

native ETH (26A21) does not alter biological activity or timing of

onset of ecdysis (Table 2). Furthermore, removal of lysine in

the 12mer, to make it 11 amino acids in length, does not fully

eliminate biological activity, although timing of onset of the

behavior is significantly delayed. The activities of PETH and

ETH may therefore be regulated through differences in affinity

of their respective receptors, but also through differing half-

lives in the hemolymph.

4.4. The roles of tyrosine and valine in ETH activity

Loss of tyrosine at position Tyr15 or valine at position Val16

relative to ETH, through alanine substitutions, did not hinder

the biological activity of the 12mer, and timing of onset of

ecdysis was not significantly different from 12mer controls or

from ETH when injected into larvae (Table 2). Loss of similar

amino acids in native ETH did not alter biological activity

either, although onset of ecdysis behaviors was significantly

delayed when tyrosine was missing. Thus, tyrosine may be

essential for maintaining proper conformation of the 26 amino

acid ETH molecule, which is not essential in the smaller

truncated 12mer. Amino acids within regions 13–18 of ETH

form the predicted ‘‘extended strand’’ of this peptide [30],

offering maximum space and freedom of movement for side

chains, most probably to allow for proper folding of the

peptide. Loss of tyrosine (tyr15) may alter flexibility of this

extended strand and may cause changes in the interactions of

the N-terminal region of ETH with the active C-terminal core,

thus hindering proper biological activity of the peptide. Loss of

the same tyrosine in the 12mer would not have this effect, for

lack of the N-terminal extension.

4.5. Model for actions of ETH in regulating ecdysis

In contrast to activation of pre-ecdysis II behaviors, ecdysis

was only induced with truncations as small as 7 amino acids in

length (NKNIPRMa) both in vivo and in vitro. The model

describing ETH action in activating pre-ecdysis II suggests that

ETH acts directly on the central pattern generator regulating

pre-ecdysis behaviors, while its action in inducing ecdysis

occurs indirectly via release of EH from EH-containing ventral

medial neurons of the brain, and subsequent release of CCAP

from the abdominal ganglia (Fig. 1). It has been suggested that

only with sufficient release of EH within the CNS is the

subsequent elevation of cGMP possible, to aid in the release of

CCAP from homologous neurons of the abdominal ganglia [13].

Thus, the difference in minimal moieties required to elicit pre-

ecdysis and ecdysis behaviors may be due to a reduced affinity

for the highly truncated analogs, leading to insufficient

binding time at EH receptors, and therefore insufficient

release of EH. If affinity is reduced, it might be argued that

ETH cannot stay bound to the receptor long enough to elicit
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sufficient release of EH to trigger the positive feedback loop

necessary for further release of endogenous ETH [7,16]. This

model would accommodate the results found here, where we

often see only intermittent pre-ecdysis behaviors in vivo and

in vitro in the presence of very small ETH analogs, without an

onset of ecdysis behaviors. The presence of strong cGMPir in a

few CNS preparations incubated in these small analogs

suggests that on occasion, sufficient EH is released to activate

the CCAP neurons. It is clear from studies looking at ETH

deletions or premature injections of ETH in Drosophila, that a

delicate balance is essential for the successful onset of ecdysis.

Deletion of Drm-ETH-1 and -2, through mutations, as well as

premature injections of Drm-ETH-1 into wild types leads to

death at the first larval molt, with observable phenotypes

suggestive of an inability to successfully shed the old cuticle

[19].

Differing binding affinities have been proposed as the

mechanism with which PETH and ETH can activate pre-

ecdysis I and II and behaviors sequentially, instead of

concurrently, in M. sexta [29]. Thus, we may be looking at

two ETH receptor subtypes, with differing affinities for ETH.

When ETH concentrations are low, ETH receptors are activated

to induce pre-ecdysis II behaviors. When ETH concentration is

higher, alternate ETH receptors subtypes trigger release of EH.

When EH concentrations are high enough, EH receptors are

then activated for the release of CCAP, and the subsequent

onset of ecdysis. Two receptor subtypes have been identified

in D. melanogaster [20].

We cannot dismiss the possibility that two separate

receptors or multiple receptor conformations exist. Active

receptor conformations may require distinct core amino

acids of ETH (see example in reference [22]), thus different

C-terminal moieties would produce different active confor-

mations. Studies identifying ETH receptors in M. sexta

are essential to a better understanding of ETH actions in the

CNS.

While our data reveal amino acids that are critical for

successful activity of ETH in the induction of pre-ecdysis and

ecdysis behaviors in M. sexta, a number of amino acids may

play very specific roles in differentiating the activities of ETH

and PETH. These differences need to be addressed in greater

detail to fully understand the binding dynamics of these

peptides at their respective receptors. Identifying the PETH

and ETH receptors in M. sexta as well as other putative

regulators will increase our understanding of how a very

elaborate series of behaviors is coordinated. The availability of

a strong model system from M. sexta and a fully sequenced

Drosophila genome [1] should aid in these endeavors.

Acknowledgements

We wish to thank Roshni Singh, Francis Lim, Boramee Douk

and Lenny Mallory for their technical assistance. We also wish

to thank Alex Vaughan, Anna Drexler and Claudia Ayala for

comments on the manuscript. This research was supported by

funds from USDA NRI Grant (MF80-2217), the National

Institutes of Health, MBRS SCORE Program Grant (S06 GM

52588) and the National Center on Minority Health and Health

Disparities Grant (5P20-MD00262) to M.F., and NSF LS-AMP
(HRD-0350008) and NIH MBRS-MARC (2T34GMO8574-06) fel-

lowships to C.W.
r e f e r e n c e s
[1] Adams MD, Celniker SE, Holt RA, Evans CA, Gocayne JD,
Amanatides PG, et al. The genome sequence of Drosophila
melanogaster. Science 2000;287:2185–95.

[2] Adams ME, Zitnan D. Identification of ecdysis-triggering
hormone in the silkworm Bombyx mori. Biochem Biophys
Res Commun 1997;230:188–91.

[3] Bell RA, Joachim FG. Techniques for rearing laboratory
colonies of tobacco hornworms and pink bollworms. Ann
Entomol Soc Am 1976;69:365–73.

[4] Copenhaver PF, Truman JW. The role of eclosion hormone
in the larval ecdyses of Manduca sexta. J Insect Physiol
1982;28:695–701.

[5] Davis NT, Homberg U, Dircksen H, Levine RB, Hildebrand
JG. Crustacean cardioactive peptide-immunoreactive
neurons in the hawkmoth Manduca sexta and changes in
their immunoreactivity during postembryonic
development. J Comp Neurol 1993;338:612–27.

[6] Ewer J, De Vente J, Truman JW. Neuropeptide induction
of cyclic GMP increases in the insect CNS: resolution at the
level of single identifiable neurons. J Neurosci 1994;14:
7704–12.

[7] Ewer J, Gammie SC, Truman JW. Control of insect ecdysis
by a positive-feedback endocrine system: roles of eclosion
hormone and ecdysis triggering hormone. J Exp Biol
1997;200:869–81.

[8] Ewer J, Truman JW. Invariant association of ecdysis with
increases in cyclic 3’,5’-guanosine monophosphate
immunoreactivity in a small network of peptidergic
neurons in the hornworm Manduca sexta. J Comp Physiol [A]
1997;181:319–30.

[9] Fuse M, Truman JW. Modulation of ecdysis in the moth,
Manduca sexta; the roles of the suboesophageal and thoracic
ganglia. J Exp Biol 2002;205(8):1047–58.

[10] Gade G, Hoffmann KH, Spring JH. Hormonal regulation in
insects: facts gaps and future directions. Physiol Rev
1997;77:963–1032.

[11] Gammie SC, Truman JW. An endogenous elevation of cGMP
increases the excitability of identified insect
neurosecretory cells. J Comp Physiol [A] 1997;180:329–37.

[12] Gammie SC, Truman JW. Neuropeptide hierarchies and the
activation of sequential motor behaviors in the hawkmoth
Manduca sexta. J Neurosci 1997;17:4389–97.

[13] Gammie SC, Truman JW. Eclosion hormone provides a link
between ecdysis-triggering hormone and crustacean
cardioactive peptide in the neuroendocrine cascade that
controls ecdysis behavior. J Exp Biol 1999;202:343–52.

[14] Ikeda T, Minakata H, Nomoto K. The importance of
C-terminal residues of vertebrate and invertebrate
tachykinins for their contractile activities in gut tissues.
FEBS Lett 1999;461:201–4.

[15] Jiang N, Kolhekar AS, Jacobs PS, Mains RE, Eipper BA,
Taghert PH. PHM is required for normal developmental
transitions and for biosynthesis of secretory peptides in
Drosophila. Dev Biol 2000;226:118–36.

[16] Kingan TG, Gray W, Zitnan D, Adams ME. Regulation of
ecdysis-triggering hormone release by eclosion hormone. J
Exp Biol 1997;200:3245–56.

[17] Meng X, Wahlstrom G, Immonen T, Kolmer MN, Tirronen
M, Predel R, et al. The Drosophila hugin gene codes for
myostimulatory and ecdysis-modifying neuropeptides.
Mech Dev 2002;117:5–13.



p e p t i d e s 2 7 ( 2 0 0 6 ) 6 9 8 – 7 0 9 709
[18] Novicki A, Weeks JC. Organization of the larval pre-ecdysis
motor pattern in the tobacco hornworm Manduca sexta. J
Comp Physiol [A] 1993;173:151–62.

[19] Park Y, Filippov V, Gill SS, Adams ME. Deletion of the
ecdysis-triggering hormone gene leads to lethal ecdysis
deficiency. Develop 2002;129(2):493–503.

[20] Park Y, Kim Y-J, Dupriez V, Adams ME. Two subtypes of
ecdysis-triggering hormone receptor in Drosophila
melanogaster. J Biol Chem 2003;278(20):17710–5.

[21] Park Y, Zitnan D, Gill SS, Adams ME. Molecular cloning
and biological activity of ecdysis-triggering hormones in
Drosophila melanogaster. FEBS Lett 1999;463:133–8.

[22] Poels J, Van Loy T, Franssens V, Detheux M, Nachman RJ,
Oonk HB, et al. Substitution of conserved glycine residue by
alanine in natural and synthetic neuropeptide ligands
causes partial agonism at the stomoxytachykinin receptor.
J Neurochem 2004;90:472–8.

[23] Sforça ML, Oyama Jr S, Canduri F, Lorenzi CCB. Pertinhez
TA, Konno K, et al. How C-terminal carboxyamidation
alters the biological activity of peptides from the venom of
the eumenine solitary wasp. Biochemistry
2004;43(19):5608–17.

[24] Taghert PH, Hewes RS, Park JH, O’Brien MA, Han M, Peck
ME. Multiple amidated neuropeptides are required for
normal circadian locomotor rhythms in Drosophila. J
Neurosci 2001;21(17):6673–86.

[25] Trimmer BA, Weeks JC. Effects of nicotinic and
muscarinic agents on an identified motoneurone and its
direct afferent inputs in larval Manduca sexta. J Exp Biol
1989;144:303–37.

[26] Weeks JC, Truman JW. Neural organization of peptide-
activated ecdysis behaviors during the metamorphosis of
Manduca sexta. I Conservation of the peristalsis motor
pattern at the larval-pupal transformation. J Comp Physiol
A 1984;155:407–22.

[27] Zitnan D, Adams ME. Excitatory and inhibitory roles of
central ganglia in initiation of the insect ecdysis
behavioural sequence. J Exp Biol 2000;203:1329–40.

[28] Zitnan D, Kingan TG, Hermesman JL, Adams ME.
Identification of ecdysis-triggering hormone from an
epitracheal endocrine system. Science 1996;271:88–91.

[29] Zitnan D, Ross LS, Zitnanova I, Hermesman JL, Gill SS,
Adams ME. Steroid induction of a peptide hormone gene
leads to orchestration of a defined behavioral sequence.
Neuron 1999;23:523–35.

[30] Hierarchical neural network classifier prediction. Network
Protein Sequence @nalysis. Pole Bioinformatique Lyonnais:
http://npsa-pbil.ibcp.fr.

http://npsa-pbil.ibcp.fr/

	Structure-activity relationship of ETH during ecdysis in �the tobacco hornworm, Manduca sexta
	Introduction
	Materials and methods
	Insects
	Peptide synthesis
	In vivo behavioral assays
	In vitro assays; electrophysiology
	In vitro assays; cGMP immunohistochemistry
	Signal quantification
	Statistics

	Results
	Requirements of amidation of ETH
	Effects of truncated ETH analogs on ecdysis behaviors
	Effects of ETH analogs on CNS activation in vitro; electrophysiology
	Effects of ETH analogs on CNS activation in vitro; cGMPir
	Role of lysine21 on ETH activity
	Effect of internal alanine substitutions on ETH activity

	Discussion
	Amidation is required for biological activity of ETH
	Minimal moiety necessary for biological activity
	Size is critical for ETH biological activity
	The roles of tyrosine and valine in ETH activity
	Model for actions of ETH in regulating ecdysis

	Acknowledgements
	References


