Identification of Ecdysis-Triggering Hormone
from an Epitracheal Endocrine System
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Developing insects repeatedly shed their cuticle by means of a stereotyped behavior
called ecdysis, thought to be initiated by the brain peptide eclosion hormone. Here an
ecdysis-triggering hormone, Mas-ETH, is described from the tobacco hornworm
Manduca sexta. Mas-ETH contains 26 amino acids and is produced by a segmentally
distributed endacrine system of epitracheal glands (EGs). The EGs undergo a marked
reduction in volume, appearance, and immunohistochemical staining during ecdysis, at
which time Mas-ETH is found in the hemolymph. Injection of EGs extract or synthetic
Mas-ETH into pharate larvae, pupae,or adults initiates preecdysis within 2 to 10 minutes,
followed by ecdysis. Sensitivity to injected Mas-ETH appears much earlier before ecdysis
and occurs with shorter latency than that reported for eclosion hormone. The isolated
central nervous system responds to Mas-ETH, but not to eclosion hormone, with pat-
terned motor bursting corresponding to in vivo preecdysis and ecdysis. Mas-ETH may be
an immediate blood-borne trigger for ecdysis through a direct action on the nervous

system.

In moths, the brain peptide eclosion hor-
mone initiates biochemical and physiologi-
cal events that culminate in ecdysis, but the
precise endocrine signals triggering this pro-
cess are unclear (1-4). While investigating
immunohistochemical staining patterns be-
fore and after ecdysis, we observed a seg-
mentally distributed system of paired EGs in
larvae, pupae, and adults of Manduca sexta
(5). Each animal contained 18 EGs (Fig.
1A); individual EGs, which are variable in
size and shape, were attached to the ventral
surface of the major ventrolateral tracheal
tube near each spiracle (Fig. 1B). The most
prominent component of the EG was a
large white Inka cell (6), which increases in
volume and opacity as ecdysis approaches
and can reach diameters of 250 pm (Fig.
1C). Nuclear staining with 4’,6'-dia-
midino-2-phenylindole (DAPI) and immu-
nohistochemical staining (7) with antibod-
ies to horseradish peroxidase and molluscan
small cardioactive peptide B (SCPg) re-
vealed that, in addition to the peptidergic
Inka cell, each EG consisted of two to three
smaller glandular cells of unknown function
(Fig. 1, D to I). In most cases, all cells of the
EG were observed in a single bundle (Fig.
1C), but occasionally the Inka cell was
separated from the other gland cells (Fig. 1,
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D and E). In the pharate adult stage (8),
Inka cells were alone because the neighbor-
ing gland cells had been lost during meta-
morphosis (Fig. 1, F and G). After ecdysis,
Inka cells were reduced in volume and lost
their white appearance (Fig. 1C). At this
time, SCPp-like immunoreactivity also dis-
appeared (Fig. 1, H and I). These observa-
tions suggest that the endocrine contents of
Inka cells are released during ecdysis.

To test for a role of Inka cells in ecdysis,
we extracted EGs of pharate pupae in phys-
iological saline and injected the extract
into the hemocoel of pharate larvae, pupae,
and adults at various times before normal
ecdysis (9). Epitracheal gland extracts trig-
gered ecdysis within minutes of injection at
all stages. A peptide with ecdysis-triggering
activity was purified from an extract of 50
pharate pupal EGs by means of reversed-
phase liquid chromatography (RPLC) (10)
(Fig. 2), and liquid secondary ion mass spec-
trometry (LSIMS) (11) showed this peptide
to have a molecular mass of 2940.5 * 0.1
daltons. Edman microsequencing (12) re-
vealed a polypeptide of 26 amino acids with
the following sequence: SNEAISPFDQ-
GMMGYVIKTNKNIPRM-NH, (13). The
COOH-terminal amidation indicated by
the predicted mass of 2940.45 daltons
(calculated mass of the free acid is 2941.44
daltons) was confirmed by chemical syn-
thesis (14). We named this peptide
Manduca sexta ecdysis-triggering hormone,
or Mas-ETH. Synthetic Mas-ETH had a
molecular mass of 2940.4 = 0.1 daltons
(11) and co-eluted with the native peptide
under a variety of RPLC conditions (Fig.
2, B and C). On the basis of RPLC peak
integrations and quantitative amino acid
composition analyses (15), we estimate
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that each pharate pupal Inka cell contains
about 10 pmol of Mas-ETH 3 to 4 hours
before natural preecdysis (16). There are
18 Inka cells per animal; accordingly, we
estimate that there is a total of 180 pmol
of Mas-ETH per individual. If the blood
volume of a pharate pupa is 1.0 ml, release
of the entire complement of Inka cells
could generate a physiological concentra-
tion of 180 nM.

The COOH-terminal amino acid se-
quence of Mas-ETH, Pro-Arg-Met-NH,, is
identical to that of SCPg (17) and may
explain the SCPp-like immunoreactivity of
the Inka cells (Fig. 1, Hand I). Mas-ETH in
the EG is probably produced solely by the
Inka cells because SCPy-like immunoreac-
tivity was limited to the Inka cells (Fig. 1, H
and I) and because extracts of pharate adult
EG, which consist of single Inka cells (Fig.
1, F and G), showed potent ecdysis-trigger-
ing activity.

We detected Mas-ETH-like biological
activity in the hemolymph during preec-
dysis of both pharate fifth instar larvae and
pharate pupae. Hemolymph was collected
and fractionated by RPLC (18) just after
the onset of preecdysis in both stages. Bio-
logical activity coeluted with Mas-ETH in
both instances. The purified fraction ob-
tained from pharate pupae during preecdysis
was subjected to electrospray mass spec-
trometry and had a molecular mass of 2945
+ 2 daltons, a value close to that of Mas-
ETH. In control experiments, when hemo-
lymph was collected 8 hours before ecdysis
in larvae and 3.5 hours before ecdysis in
pupae, no Mas-ETH-like biological activity
was detected. Thus, Mas-ETH appears in
the hemolymph at the appropriate time to
trigger ecdysis.

Natural ecdysis in pharate fifth-instar
larvae is preceded by a well-defined preec-
dysis behavior, characterized by dorsoven-
tral contractions that occur synchronously
in abdominal and thoracic segments (I,
19). Contractions, visible as a dimpling of
the dorsolateral body wall, begin in the
most posterior segment and gradually spread
anteriorly. Preecdysis behavior typically
lasts 60 to 80 min and is followed by ecdysis
behavior, which lasts about 10 min. Ecdysis
behavior is characterized by a distinctly dif-
ferent motor pattern consisting of peristal-
tic waves of contractions, which originate
in the most posterior segment and move
anteriorly (20). Using a transducer to
record changes in internal pressure, we ob-
tained measurements in vivo of preecdysis
and ecdysis contraction patterns in pharate
fifth instar larvae and pharate pupae (21).
During natural preecdysis in larvae, dorso-
ventral contractions typically occurred ev-
ery 10 to 12 s, with a duration of 5 to 7 s
(Fig. 3A). When pharate larvae were in-

jected with Mas-ETH (20 pmol to 1 nmol),
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preecdysis began within 2 to 10 min and the
pattern was indistinguishable from that ob-
served under natural conditions (n = 13).
The preecdysis induced by injection of Mas-
ETH lasted 35 to 65 min and was followed
by ecdysis (Fig. 3). Depending on the stage
of injected larvae, ecdysis behavior lasted
from 10 min to 2 hours.

Fifth-instar larvae responded to Mas-
ETH injection up to 36 hours before normal
ecdysis by exhibiting only preecdysis behav-
ior within 6 to 10 min (n =7). However, if
injected at the time of head capsule slip
some 2 hours later (34 hours before normal
ecdysis), larvae exhibited both preecdysis
and ecdysis motor patterns (22). Premature
ecdysis behavior induced by Mas-ETH in-
jection (10 to 34 hours before natural ec-
dysis) lasted 10 to 45 min. In these instanc-
es, ecdysis could not be completed and mo-
tor activity ceased. If injected between 6 to
10 hours before natural ecdysis, insects dis-
played ecdysis behavior for up to 2 hours
but remained trapped after only partially
shedding the old cuticle. Mas-ETH trig-
gered successful ecdysis only after the old
cuticle was sufficiently digested, some 6
hours before normal ecdysis.

Mas-ETH injections also triggered ec-
dysis in pharate pupae and adults. Pharate
pupae responded to injections (400 pmol to
1 nmol) (Fig. 3; n = 12) up to 48 hours
before natural ecdysis. Although preecdysis
of pharate pupae at these earlier stages of
development was difficult to discern visual-
ly, blood pressure measurements revealed a
clear thythm within minutes of Mas-ETH
injection (Fig. 3). Ecdysis followed 50 to 90
min later. Pharate adults responded to Mas-
ETH injections (1 to 2 nmol) up to 24
hours before natural ecdysis (n = 10). Ro-
tatory movements of the abdomen began
within 3 to 10 min of injection and were
followed by a period of relative quiescence.
Adults emerged 2 to 3 hours later, before
the molting fluid was resorbed, and hence
were wet and could not inflate their wings.

The early onset of Mas-ETH sensitivity
(1 to 2 days before normal ecdysis) contrasts
with the relatively narrow period of respon-
siveness to eclosion hormone near the end
of each molt (I, 3, 23, 24). Pharate larvae
injected with eclosion hormone 6 to 12
hours before normal ecdysis show only pre-
ecdysis behavior. Sensitivity for both preec-
dysis and ecdysis behaviors begins just 6
hours before normal ecdysis. If eclosion hor-
mone is injected at the beginning of the
sensitive period, the delay from injection to
appearance of both behaviors is about 3
hours. In pharate pupae, responsiveness to
eclosion hormone begins about 8 hours be-
fore ecdysis, and the delay between injec-
tion at this time and onset of behavior is
140 min. Pharate adults show only a 4-hour
window of sensitivity (1, 3, 23, 24). Our

results with Mas-ETH show that the motor
program driving preecdysis and ecdysis in
all life stages is already fully competent at
developmental stages far earlier than the
appearance of sensitivity to eclosion hor-
mone. Furthermore, the latency to the on-

Fig. 1. The EG system in M. A
sexta. (A) Location of the 18
segmentally paired EGs
found in each pharate pupa.
(B) Each EGiis attached to the
outer surface of the large tra-
cheal tube immediately adja-
cent to each spiracle. Arrow
indicates Inka cells, arrow-
heads indicate small glandu-
lar cells. (C) EG of the pharate
pupa, 3 hours before ecdysis
(left). The Inka cell (arrow) is
white and opalescent. Imme-
diately after ecdysis (right),
the white color and opacity
disappeared (arrow). Two
glandular cells can be distin-
guished on the basis of differ-
ential opacity (arrowheads).
(D through G) Immunohisto-
chemical staining with fluo-
rescein-labeled antiserum to
horseradish peroxidase com-
bined with nuclear DAPI
staining. In (D) and (E), the
pharate pupal Inka cell (ar-
rows) is, in this instance, sep-
arated from the glandular cells
(arrowheads), which are ab-
sent in the pharate adult stage
shownin (F) and (G). Arrows in
(F) and (G) indicate Inka cells.
(H and I) SCPg-like immuno-
reactivity in the Inka cell. In (H)

set of Mas-ETH effects is invariably short,
ranging from 2 to 10 min. It follows that the
late-emerging sensitivity to eclosion hor-
mone depends on events other than behav-
ioral competence, perhaps an onset in the
ability of EGs to release Mas-ETH.

is shown the cell of the
pharate pupa 3 hours before
ecdysis (arrow) and in () is
shown the cell of the pharate
pupa just at the initiation of ec-
dysis behavior (arrow). Almost
all immunoreactivity disap-
peared from the Inka cells of

the ecdysing pharate pupa.

Other Inka cell preparations showed even less or no reaction at this stage. See (7) for details of methods.
Scale bar, 300 um; scale bar shown in (l) is for (D) through () and represents 200 pm.

Fig. 2. Isolation and identifi-

cation of Mas-ETH from 40k

glands. (A) Reversed-phase 3 L ~ 3 _
liquid chromatography of 35 E 30 o E &
EGs extracted from pharate g | 40 % 3 2
pupae about 8 hours before € ool o2 § £
natural ecdysis. Mas-ETH € L ne 5 )
(arrow) elutes at 55 min. The 2 4oL 0 2 8 5
dotted line depictstheaceto- < | <

nitrile gradient shown on the OBl 1 e 1t atatlalatatsld

right ordinate. Injections of 0 10 20 30 40 50 60 70 80 90 25 30 385 40
pharate fifth-instar larvae Time (min) Time (min)

with two EG equivalents of

this peak produced preecdysis within 3 to 5 min. (B) RPLC elution profile of 1 nmol of synthetic Mas-ETH.
(C) Elution profile of a mixture of 1 nmol of synthetic and 0.5 nmol of native Mas-ETH, showing coelution.

Methods were as described (9-72, 14).
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Application of Mas-ETH to isolated lar-
val or pupal central nervous systems in vitro
(25) elicited motor burst patterns that
clearly corresponded to natural preecdysis
and ecdysis behaviors. To demonstrate this,
we removed the entire central nervous sys-
tem (CNS) from an animal and used suc-
tion electrodes to record bursting activity in
dorsal nerves of abdominal ganglia from
segments 5 through 7 (A5, A6, and A7).
The tracheal system was removed in all
experiments. The pattern of preecdysis in
the isolated pharate fifth-instar CNS under
natural conditions (26) was similar to that
elicited by application of 100 nM Mas-ETH
(Fig. 4, upper section). In both instances,
preecdysis bursts occurred synchronously in
the dorsal nerves of segments A5 to A7
every 10 to 12 s, with a duration of 5 to 10
s. Similarly, the burst pattern driving ec-
dysis in pharate larvae (Fig. 4, middle sec-
tion) under natural conditions was similar
to that resulting from exposure to 1 uM
Mas-ETH. Ecdysis bursts occurred every 20

Fig. 3. Preecdysis (PE) and ecdysis (E) behaviors in A
pharate fifth-instar larval and pharate pupal M. sexta re-
corded by in vivo blood pressure measurements. (A) Be-
haviors of a pharate fifth-instar larva. Preecdysis behavior
under natural conditions (left) showed a dorsoventral
contraction occurring synchronously in all segments ev-
ery 10 to 12 s, each contraction lasting about 5 s. A
similar rhythm (right) arose within 2 to 10 min of injection
with 50 pmol of synthetic Mas-ETH. The synthetic hor-
mone was injected 8 hours before natural ecdysis. Ec-

to 30 s and were about 20 s in duration,
with an intersegmental delay of about 5 s.
Burst durations and intervals between
bursts became longer as the behavior pro-
gressed, which corresponded to observa-
tions of natural behavior patterns. Optimal
Mas-ETH concentrations for triggering pre-
ecdysis were lower than those necessary for
ecdysis. Concentrations necessary to elicit
ecdysis motor patterns from pharate pupal
nerve cords (Fig. 4, lower section) were
higher, in the range of 1 to 5 pM. These
differences may reflect a requirement for
additional components in the EG that act
in concert with Mas-ETH. Indeed, our pre-
liminary RPLC data show that the EG pro-
duces additional fractions with ETH-like
biological activity (27).

We have shown that the isolated CNS
can generate preecdysis and ecdysis motor
patterns after Mas-ETH treatment in the
absence of the tracheal system. These data
contrast with earlier reports that eclosion
hormone [that is, extracts of the adult cor-

Natural Mas-ETH

dysis behavior, consisting of anteriorly directed peristaltic . B
wave about every 20 s, occurred about 1 hour after
initiation of natural preecdysis behavior or 35 to 50 min PE

after Mas-ETH-induced preecdysis behavior. (B) Preec-
dysis and ecdysis behaviors in a pharate pupa under
natural conditions (left) or after injection of 400 pmol of
synthetic Mas-ETH (right). Injections were made 8 hours
before natural ecdysis. In both cases, the preecdysis and

MW AN
: Mg

ecdysis rhythms showed contractions every 3to 5 s and 20 to 20 s, respectively. Calibrations: horizontal,
30 s; vertical, 5 kPa. Methods are described in (22).

Fig. 4. Motor neuron burst Natural Mas-ETH

pattems corresponding 10 A5 iyttt girgiivelriogiet A5 =ittt et e
preecdysis and ecdysis be- A6 Wttt AG

haviors recorded from the A7 Wil oo A7mm
isolated CNSs of pharate .

larvae and pupae under nat- A3 e ot A5 Novmientib it

ural conditions (left) or after
application of synthetic
Mas-ETH to the bath (right).
Suction electrode record-
ings were made from the
dorsal nerves of abdominal
ganglia A5, AB, and A7.

(Top section) Set of three traces shows preecdysis burst patterns, which are characterized by synchro-
nous bursting of motor neurons, under natural conditions (left) or after bath application of 100 nM
synthetic Mas-ETH (right). Bursts of 5 to 7 s in duration were recorded every 10 to 15 s in each instance.
(Middle section) Set of three traces shows ecdysis output patterns in pharate fifth-instar larvae under
natural conditions (left) or after bath application of 1 wM synthetic Mas-ETH (right). Note that bursts occur
with a delay between segments of about 10 s, demonstrating the peristaltic nature of the ecdysis motor
program. (Bottom section) Set of three traces shows ecdysis behavior in the pharate pupal stage under
. natural conditions (left) or after bath application of 5 wM Mas-ETH. Calibration bars: horizontal, 10 s;

vertical, 10 pV. Methods were as described in (25).
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pora cardiaca (20, 28)] does not elicit ec-
dysis from isolated nerve cords unless the
tracheal system and its attachments to the
spiracles are intact. The EGs are attached to
the outer wall of tracheal tubes near each
segmental spiracle. The requirement of the
tracheal system for eclosion hormone ac-
tion therefore may be related to the pres-
ence of EGs rather than to the presumed
role of the tracheal system in oxygenation
of the nervous system. We also have found
that corpora cardiaca extracts are ineffec-
tive in evoking preecdysis and ecdysis in
isolated nerve cords lacking the tracheal
system (29) (five experiments). However,
preliminary experiments showed that cor-
pora cardiaca extracts were effective in
triggering preecdysis and ecdysis bursting
patterns in the presence of freshly dissect-
ed pharate pupal EGs (three out of three
experiments).

The discovery of Mas-ETH raises the
important question of its functional relation
with eclosion hormone (1-4) We showed
in the present study that preecdysis and
ecdysis motor patterns can be triggered by
direct action of Mas-ETH on the nervous
system at developmental stages well before
sensitivity to eclosion hormone appears.
Furthermore, the latency between hormone
application and emergence of the behavior
is very short, from 2 to 10 min, whereas
eclosion hormone application is followed by
latencies of 15 min to 3 hours, depending
on the stage of development (20, 28). Tak-
en together, these observations suggest that
Mas-ETH is an immediate trigger for preec-
dysis and ecdysis and raise the possibility
that eclosion hormone acts directly or indi-
rectly to promote release of Mas-ETH. Fur-
ther work is needed to determine how these
two hormones fit into the cascade of events
leading to ecdysis.

The discovery of the EG and its product,
Mas-ETH, provides a new perspective on
the regulation of insect ecdysis and of pro-
cesses associated with this behavior. The
EG may serve as a target for ecdysteroids
and neuropeptides (for example, eclosion
hormone) that could regulate expression
and release of Mas-ETH. Thus, the EG
provides an excellent model system for ba-
sic studies of endocrine processes from mol-
ecule to behavior, including regulation of
hormone expression and release, as well as
physiological actions.
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