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Summary

Initiation of the ecdysis behavioural sequence in insects
requires activation of the central nervous system (CNS)
by pre-ecdysis-triggering hormone (PETH) and ecdysis-
triggering hormone (ETH), which are released from the
Inka cells of the epitracheal glands. Here, we show that
the developmental events preceding larval and pupal
ecdysis of Manduca sextainvolve a dual action of
ecdysteroids on the epitracheal glands and CNS. The low
steroid levels in freshly ecdysed and feeding larvae are
associated with small-sized epitracheal glands, reduced
peptide production in Inka cells and insensitivity of the
CNS to ETH. The elevated ecdysteroid levels before each

effects of natural ecdysteroid pulses can be experimentally
induced by injection of 20-hydroxyecdysone or the
ecdysteroid agonist tebufenozide (RH-5992) into ecdysed
larvae, thus stimulating peptide production in Inka cells
and inducing CNS sensitivity to ETH. A direct steroid
action on the CNS is demonstrated by subsequent
treatment of isolated nerve cords from ecdysed larvae
with 20-hydroxyecdysone and ETH, which results in pre-
ecdysis or ecdysis bursts. Our data show that ecdysteroid-
induced transcriptional activity in both the epitracheal
glands and the CNS are necessary events for the initiation
of the ecdysis behavioural sequence.

ecdysis lead to a dramatic enlargement of Inka cells and

increased production of peptide hormones and their Key words: Inka cell, pre-ecdysis-triggering hormone, ecdysis-
precursors. As blood ecdysteroids reach peak levels, the triggering hormone, ecdysteroid, hydrazine, behaviddianduca
CNS becomes responsive to Inka cell peptides. These sexta.

Introduction

Steroid and peptide hormones control a variety ofncoding PETH and ETH contains an ecdysteroid receptor
developmental and behavioural processes in animals. Foesponse element in its promoter regioiti{@n et al., 1999).
example, these hormones regulate differentiation, growth anthis indicates that ecdysteroid-activated EcR-B1 may directly
cell death during all stages of development. These processesntrol the expression of theth gene. We also found that a
are associated with different types of behaviour (Scheller etecrease in ecdysteroid level is a necessary signal for peptide
al., 1984; Robinow et al., 1993; Woods et al., 1998). In thaeecretion from Inka cells into the haemolymph. The released
tobacco hornwornManduca sextaan endocrine cascade of PETH and ETH act on the central nervous system (CNS) to
ecdysteroids, central neuropeptides and Inka cell peptidaitiate specific phases of the behavioural sequence, consisting
hormones regulates the activation and performance of thaf dorso-ventral contractions (pre-ecdysis ), posterio-ventral
ecdysis behavioural sequence (Hewes and Truman, 199%nd proleg contractions (pre-ecdysis Il) and finally ecdysis
Gammie and Truman, 1997it#an et al., 1999). In a previous behaviour characterized by anteriorly directed peristaltic
report, we identified the cDNA and the gene encodingnovements (&fian et al., 1999).
pre-ecdysis-triggering hormone (PETH), ecdysis-triggering Here, we show that the EGs undergo dramatic changes
hormone (ETH) and ETH-associated peptide (ETH-AP) (seduring the last larval instar and metamorphosis. These changes
Table 1; Ztian et al., 1999), which are expressed in theare associated with high ecdysteroid levels in the haemolymph,
peptidergic Inka cells of epitracheal glands (EGs). We showedhich induce an increase in the size of the entire EG and
that elevated ecdysteroid levels in the pharate fifth instastimulate the production of peptide hormones and their
induce the expression of the ecdysteroid receptor isoforprecursors in Inka cells. Our experiments with the ecdysteroid
EcR-B1 in Inka cells followed by an increase in the productioragonist tebufenozide (RH-5992) provide further evidence
of PETH, ETH and their pro-peptide precursors. &tiegene  that steroids control the production of these peptides.
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Fig. 1. The developmental stages investigated in this study. Fourth-instar larvae that developed a new cuticle 30 h bef(pharatlydifth-

instar larvae), last larval stage (fifth instar) just after ecdysis (day 0) and during feeding on days 1-4, wandering 6r(ldaseeShat stop
feeding and crawl to find a place for pupation) and post-wandering on days 7-9 (pharate pupae), freshly ecdysed pupaenadalysubs
developing adults on days 10 and 15, pharate adults 1 day prior to emergence and freshly ecdysed adults. The relatideizedysern

in the trace were taken fronitdan et al. (Zfan et al., 1999), for pharate fifth-instar larvae, from the present study for fifth-instar larvae and
pharate pupae and from Bollenbacher et al. (Bollenbacher et al., 1981) for pupal-adult development.

Developmental studies show that ETH induces pre-ecdys®d head capsule at6h. Pharate pupae show a yellowish
and ecdysis behaviours only after the appearance of tlmloration of the dorsal thorax at approximatefi8 h; a pair
highest ecdysteroid level in each instar. This behaviouradf yellow dorsal bars on the metathoracic segment appears at
responsiveness to ETH requires a direct action of ecdysteroit?4 to—23 h and progressively develops to a dark brown colour
on the CNS, as determined by experimémtgvoandin vitro. at-12 to—-10 h; resorption of the moulting fluid results in the
The sensitivity of the CNS to Inka cell peptides could beshrinkage of the ventral and lateral larval cuticle on the first
repeatedly induced by administration of ecdysteroids oabdominal segment a# h, and this the forms a fold -@8.5 h.
tebufenozide within one instar. Our results suggest that
simultaneous ecdysteroid action on the EGs and the CNS is Immunohistochemistry
required for the activation of pre-ecdysis and ecdysis behaviour The morphology and developmental changes of the EGs
and successful shedding of the old cuticle. were studied using wholemount double immunohistochemical
staining with rabbit antisera to PETH or ETHit(‘Vbn et al.,
. 1999) and fluorescein (FITC)-labelled goat antiserum to
Materials and methods horseradish peroxidase (HRP; Jan and Jan, 1982). The latter
Animals antibody recognizes epitopes on membrane surface
Larvae of the tobacco hornwormManduca sexta glycoproteins similar to those found on HRP, which is a good
(Sphingidae, Lepidoptera) were individually reared on ammarker for the Inka cell and exocrine cell. The nuclear dye
artificial diet (Bell and Joachim, 1976) at 26 °C under a 16 h:8 #',6'-diamino-2-phenylindole (DAPI; Sigma, St Louis, MO,
light:dark photoperiod. In the present study, we used fourthdSA) was used to identify adjacent cells and structures. EGs
instar larvae which had developed a new cuticle (pharate fifttattached to trachei were dissected under phosphate-buffered
instar larvae), fifth-instar larvae just after ecdysis on day Osaline (PBS) and fixed with 4% paraformaldehyde in PBS
during feeding on days 1-4, wandering on days 5-6 and pogpH 7.4). Glands were taken from fifth-instar larvae at the
wandering pharate pupae on days 7-9, freshly ecdysed puda#lowing stages: 8 h before ecdysis, 5 min after ecdysis and on
on day 0, pupae on days 1-5, developing adults on days 10 ahalys 1-9 (Fig. 1). After washing in PBS containing 0.3%
15, pharate adults 1 day prior to emergence and freshly ecdysédton X-100 (PBST), the tissue was incubated with rabbit
adults (Fig. 1). To identify the developmental stages of thesantiserum to either PETH or ETH (both diluted 1:1000) for 2
animals, we used the following markers based on our owdays at 4 °C, then washed with PBST and incubated for 4-8h
observations or as described previously (Copenhaver amwdth a mixture of Cyan 3 (Cy3)-labelled goat anti-rabbit 1gG
Truman, 1982; Truman et al., 1980). Fourth-instar larvae sho@ackson Immunoresearch Lab. Inc., West grove, PA, USA)
apolysis of the new cuticle around the spiracles3sth (36h  and FITC-labelled goat antiserum to HRP. Washed EGs were
prior to ecdysis); initiation of slippage of the old head ismounted in 90% glycerol with 0.1 moH NaHCQ; (pH 8.5)
indicated by accumulation of the moulting fluid in theand DAPI (ugmil). The glands were observed under a
prothorax at approximately30h; slippage of the head is fluorescence microscope (Zeiss, Axiophot) using the triple
complete at-27 to —28h; the new mandibles show yellow bandpass filter for FITC (yellowish-green colour), Rhodamine/
pigmentation at-10h and darken to a brown colour-&h;  Cy3 (red colour) and DAPI (blue colour) or an ultraviolet filter
there is resorption of the moulting fluid and air appears in thenly for DAPI.
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Since it was difficult to dissect EGs from pupae and adultd:TH-induced behaviour patterns were observed under the
we used sectioned tissue surrounding the spiracles from tléssection microscope.
following stages: pharate pupae 3h before ecdysis and at the
onset of ecdysis, pupae 5-15min after ecdysis and on days 1-5, Electrophysiology
10 and 15, pharate adults 1 day before ecdysis and adultsTo demonstrate that ecdysteroids directly induce CNS
5-15min after emergence. This tissue was fixed, embeddesknsitivity to ETH, nerve cords were dissected from feeding
sectioned and processed for immunohistochemical stainirfifth-instar larvae on days 1-3 and incubated in Grace's
with the antisera to PETH or ETH, as described previouslynedium (Gibco BRL) with 20E (0j2y per 20Qul) for 24—28 h.

(Zitrian et al., 1999). Control nerve cords were incubated in parallel in steroid-free
_ Grace’s medium. The CNS was then placed in fresh Grace’s
Enzyme immunoassays medium, and ETH (500nmoff) was added to the bath.

To prepare samples for enzyme immunoassays, 3—4 setslofluced burst activity was recorded with suction electrodes
20-40 EGs were dissected under PBS each day (1-9) durifigm the dorsal nerves of abdominal gangliati@n et al.,
the fifth instar, heated to 90 °C for 5min, homogenized in PB3996; Ztfian et al., 1999).
and centrifuged at 100@0 Inka cell peptides and their
precursors were fractionated by high-performance liquid
chromatography (HPLC) using a Microsorhd@®@lumn (Rainin Results
Instruments, Woburn, MA, USA), as described previously Developmental changes in epitracheal glands
(Zitan et al., 1999). Peptide levels were quantified by enzyme In most larvae, the EGs are attached to a large, ventrally
immunoassays with antisera to PETH and ETH, as describefirected tracheal tube associated with each spiracle. This
previously (Kingan et al., 1997;itfian et al., 1999). amounts to one pair of EGs in the prothoracic segment and
To determine total ecdysteroid titres, blood was collectegight pairs in the abdominal segments, giving a total of 18
2-3 times each day during the fifth insthi=6—11 for each glands per animal (#an et al, 1996). We used
time point), heated to 90°C for 5min and centrifugedimmunohistochemical staining to determine changes in their
Supernatants were subjected to enzyme immunoassays withmorphology and  peptide  immunoreactivity  during
antiserum to ecdysone, as described previously (Kingamlevelopment in the last larval, pupal and adult stages (Fig. 1).
1989). To measure the ecdysteroid content of the large¥¢holemount staining with the nuclear dye DAPI and antisera
prepupal peak, individual ecdysteroids in extracted bloodo HRP and PETH or ETH showed that each EG is composed
serum were separated by HPLC using a Vydacaumn and  of four cells. Antisera to PETH and ETH reacted only with the
40% methanol under isocratic solvent conditions. Ecdysteroigeptidergic Inka cell, while the antiserum to HRP showed a
peaks were identified by enzyme immunoassays, and theitrong reaction in the cytoplasm of the Inka cell and exocrine
elution times were compared with those of synthetic ecdysoreell. The remaining two cells, here tentatively referred to as
and 20-hydroxyecdysone (20E; Sigma, St Louis, MO, USA).‘narrow’ and ‘canal’ cells, were identified by DAPI staining
(Fig. 2A-I). The largest of these four cells is the endocrine
Steroid treatment Inka cell, which has an irregularly shaped nucleus and
The ecdysteroid agonist tebufenozide (RH-5992) was usesktensive cytoplasm (Fig. 2A-1). It produces peptide
to measure the effects of ecdysteroid on the production of Inkeormones that trigger the ecdysis behavioural sequence
cell peptides. The agonist was dissolved in 96 % ethanol, aritirough direct action on the CNSi{@an et al., 1996; iffian
0.2, 1 or fug per 1-ful was injected into larvae 10-30min et al., 1999). Each of the three smaller gland cells had a quite
after ecdysis to the fifth instar. Control larvae were injectedlistinct and characteristic morphology, but their function has
with the same amount of ethanol vehicle. After 20-22 h, theot been determined. The ‘narrow’ cell with an elongated
Inka cells were dissected under PBS, heated to 90 °C for 5minucleus is usually located between the Inka cell and the
homogenized and centrifuged. Saline supernatants were usexbcrine cell (Fig. 2F-I). The latter cell, which has an
for enzyme immunoassay with the antiserum to ETH, aamoeboid nucleus, projected a single cytoplasmic duct through
described previously (Kingan et al., 1997). a small canal cell into the tracheal lumen (Fig. 2C—F). The Inka
To study ecdysteroid-induced sensitivity to ETH, wecell was occasionally separated from the other gland cells (Fig.
injected 20E or tebufenozide into isolated abdomens or inta@D,G). In very rare cases, two EGs were attached to the same
freshly ecdysed larvae. The abdomens of fifth-instar larvagachea (Fig. 2G).
5min to 3h after ecdysis were ligated (between abdominal The EGs show considerable changes in size and shape
segments 1-2), and the head together with the thorax was aduring development in the last (fifth) larval instar (Fig. 2). At
off. These isolated abdomens were injected with 3Qg56f  8h prior to ecdysis into the fifth instar, the entire EG was
20E followed by an injection of ETH (50—100 pmol) 1-2 daysapproximately 30Qim in diameter, and Inka cells displayed
later, or the injections of 20E and ETH were repeated severatfrong PETH and ETH immunoreactivity (Fig. 2A). This
times in the same isolated abdomens. Alternatively, intaétnmunoreactivity disappeared completely at ecdysis, and the
ecdysed larvae were injected with tebufenozide (Qugrper EGs were reduced in size to approximately 1®0n diameter
1-5ul) followed by ETH (500 pmol) treatment 2 days later.(Fig. 2B). Weak PETH and ETH staining reappeared
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Fig. 2. Double wholemount
immunohistochemical staining of
the epitracheal gland during the
fifth instar of Manduca sexta
larvae. Only Inka cells (large
arrow) were double-labelled by
the pre-ecdysis-triggering hormone
(PETH) and horseradish peroxidas
(HRP) antisera (orange-red colour)
while  exocrine cells (large
arrowhead) reacted just with the
FITC-labelled HRP  antiserum
(yellowish-green  colour). The
‘narrow’ (small arrow) and ‘canal’
(small arrowheads) cells plus
tracheal cells were revealed b
nuclear DAPI dye (blue
colour). (A) Strong PETH-
immunoreactivity (IR) was

detected in Inka cells 8h beforefss
ecdysis into the fifth instar; (B) this
staining disappeared completel
5min after ecdysis. (C,D) Weak§
PETH-IR was again detected in
feeding larvae on day 1 and
increased on day 3. (E,F) The Ink3
cells of wandering larvae (days 5
6) subsequently showed stronge)
staining as the entire glands
increased in size. (G-l). The
epitracheal glands reached maxim3
size 1-2 days prior to pupal ecdysis
(days 8-9). Note that the duc
process was quite long and obviou
in the feeding and wandering stage
(C—F), but was reduced in size 1-2
days prior to ecdysis (A,G-l).
(G) A rare case of two Inka cells
with one set of gland cells attached
to the same trachea. Anothe
separated set of gland cells wa
attached to the opposite side of thi
trachea. Days 1-9 refer to days
after ecdysis into the fifth instar.
Scale bar, 100m.

approximately 24 h after ecdysis (Fig. 2C). In feeding larvadevels. Interestingly, a cytoplasmic process projecting from the
on days 1-4, the EGs gradually increased in size (up tprB00 exocrine cell was long and very obvious in the feeding and
in diameter) and the Inka cells showed progressively strong&randering stages, but was greatly reduced or invisible in
peptide immunoreactivity (Fig. 2D). The EGs of wanderingpharate larvae and pupae (Fig. 2A,G-l). The size increase of
larvae on days 5 and 6 (larval mass 10-12g) showed onlythe EGs and the reduction of the duct process correlated with
slight increase in size (up to 3fth in diameter). Although the the appearance of high ecdysteroid levels in the haemolymph,
mass of pharate pupae on days 7-9 gradually decreasedstgygesting that steroid hormones may control these
689, the EGs reached their maximal size, up topsYGn  developmental changes.

diameter (Fig. 2G-I), corresponding to increased ecdysteroid We also examined changes in the EGs during pupal and
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Fig. 3. Changes in ecdysis-triggering hormone (ETH)-immunoreactivity (IR) in sections of epitracheal glands during pupalt and adu
development. (A) The Inka cell showed very strong ETH staining (red colour) in pharate pupa approximately 3h before ¢chlytie (B
onset of pupal ecdysis, all gland cells decreased in size and most staining disappeared from the Inka cell. (C) Stronga&agaiR w
observed in the pupal Inka cell on day 3, but the other gland cells degenerated. (D) High peptide levels persistedsrtiniagbelut adult
development, as indicated by strong ETH-IR in the pharate adult 1 day before ecdysis. (E) Adult ecdysis was associateatkeith a m
decrease in ETH staining. Scale bar, 150

adult development. Approximately 3 h before ecdysis, the EGscdysteroid levels (Fig. 4) in the last larval stage (fifth instar).
of pharate pupae were large, and the Inka cells showed stromgtal ETH immunoreactivity (ETH-IR), which includes ETH
PETH and ETH immunoreactivity. The pattern of ETHand all precursors, was very low on day 1, but slowly increased
immunoreactivity is shown in Fig. 3A. At the onset of pupalon days 2-4 (Fig. 4A). A marked increase in peptide
ecdysis, the EGs were reduced in size and peptide staining wa®duction occurred on day 5 (wandering stage) after the pre-
largely depleted. Weaker immunoreactivity was restricted tevandering total ecdysteroid peak, and a second even more
the periphery of Inka cells (Fig. 3B) and disappearediramatic rise in peptide content was detected after the prepupal
completely 5-15min after ecdysis. Weak PETH and ETHecdysteroid peak on day 7. ETH-IR reached its highest levels
staining reappeared in Inka cells approximately 6 h after pup&approximately 10 pmol per cell) in pharate pupae on day 9
ecdysis. During the following 1-3 days, the Inka cells showedFig. 4A).
increased immunoreactivity, while the other gland cells We also measured changes in levels of HPLC-isolated
degenerated completely (Fig. 3C). Strong peptide staining waETH, ETH and their precursors containing PETH-ETH (PE),
detected during adult development (Fig. 3D), but considerablgTH-ETH-AP (EA) and PETH-ETH-ETH-AP (PEA) in Inka
decreased after adult emergence. However, residuaklls. The sequences of these peptides and precursor forms are
immunoreactivity usually remained in the Inka cells 5-15 mirshown in Table 1. The production of these peptides increased
after eclosion (Fig. 3E). These data suggest that the Inka cefldlowing ecdysteroid peaks in the blood (Fig. 4B,C). During
produce and store PETH and ETH throughout the intermouthe entire last larval instar, levels of PETH were always higher
period but that their content is released at each ecdysis.  than those of ETH, since some of the latter peptide remained
in the unprocessed form EA (Fig. 4C). The levels of peptide
Developmental profile of peptide expression in Inka cells precursors varied in different stages, apparently depending on
We used enzyme immunoassays to examine the relationsttipe rate of peptide synthesis and processing. In stages with low
between Inka cell size, peptide production and bloodteroid concentrations on days 1-3, levels of precursor peptides
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Fig. 4. Correlation between natural ecdysteroid titres and peptide
production in Inka cells. (A) Total pre-ecdysis-triggering hormone
(PETH)-immunoreactivity and ecdysis-triggering hormone (ETH)-
immunoreactivity (IR) were low following ecdysis into the fifth
instar, but increased considerably after the two ecdysteroid peaks
appeared in the haemolymph and reached their highest levels on day
9. Total ETH-IR represents the levels of active ETH plus all
precursor forms containing this peptide. The ratio of ecdysone to 20-
hydroxyecdysone (20E) in the second (prepupal) peak was 1:20.
(B,C) Elevation of ecdysteroid levels in the haemolymph was
associated with a marked increase of the levels of isolated active
hormones (PETH and ETH), and their precursor forms (PE, EA,
PEA) in Inka cells. (B) Levels of isolated PETH were higher than
those of ETH because some of the ETH contained the precursor EA.
Levels of the two precursors (PE and PEA) decreased before pupal
ecdysis on days 8-9, indicating peptide processing (C). Each
ecdysteroid and peptide determination represents the mean af

4-11 samples, but the standard deviations were too small to be
included in the figure. Note the difference in scale in C.

Inka cells and of the concentrations of blood ecdysteroids
during each day of the last larval instar are shown in Fig. 5.
During the feeding stage on days 1-4, peptide and steroid
levels were low (Fig. 5A,B). The difference between the
production of PETH and ETH was very pronounced at this
time, since ETH represented only 6—28 % of the total ETH-IR,
while the remaining 72-94 % was made up of incompletely
processed precursor forms. Peptide expression increased
markedly after the appearance of ecdysteroid peaks in the
haemolymph (Fig. 5B,C). In particular, levels of PETH and
ETH were much higher than during the feeding stage (ETH
represented 54-63% of the total ETH-IR). Precursor levels
showed a less dramatic increase, indicating that they were
rapidly processed into active peptides (Fig. 5C).

To identify the ecdysteroids present in the largest prepupal
peak, we separated blood ecdysteroids by HPLC and assayed
each peak by ecdysone immunoassay. The elution times of
immunoreactive steroids were compared with those of
synthetic ecdysone and 20E. Our assays showed that the ratio
of ecdysone to 20E is 1:20 in the prepupal peak (Fig. 4A).

Steroid-induced peptide expression in Inka cells

To test whether ecdysteroids actually cause increased peptide
expression in Inka cells, we used the ecdysteroid agonist
tebufenozide, which mimics the action of 20E and is more stable
and effective than natural ecdysteroids (Dhadialla at al., 1998).
Freshly ecdysed larvae with depleted stores of PETH and ETH
were injected with tebufenozide (0.2, 1 qud), and peptide
production in Inka cells was determined 20-22 h later by enzyme
immunoassay with the antiserum to ETH. Tebufenozide
treatment resulted in an approximately two- (@2 and

were low or declined, while their production increasedthreefold (1-%1g) increase in ETH-IR compared with control
markedly after each steroid peak (Fig. 4C). The levels o&nimals (Fig. 6). These results support the evidence that
PETH, ETH and EA were highest in pharate pupae on day €dysteroids induce expression of Inka cell hormones.

(Fig. 4B,C), but amounts of remaining two precursors (PE and

PEA) declined as a result of peptide processing (Fig. 4C).

Steroid-induced CNS sensitivity to Eirtvivo

Details of the levels of PETH, ETH and their precursors in To investigate the appearance of CNS sensitivity to ETH
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Table 1.Amino acid sequences of fully processed peptides (PETH, ETH and ETH-AP) and three precursor forms containing the
sequences of PETH and ETH (PE), ETH and ETH-AP (EA) and PETH, ETH and ETH-AP (PEA)

PETH
ETH
ETH-AP
PE

EA

PEA

SFIKPNNVPRV-NH

SNEAISPFDQGMMGYVIKTNKNIPRM-NH
NYDSENRFDIPKLYPWRAENTELYEDDAQPTNGEEINGFYGKQRENM-OH
SFIKPNNVPRVYGEBNEAISPFDQGMMGYVIKTNKNIPRM-NH

SNEAISPFDQGMMGYVIKTNKNIPRMGRR
NYDSENRFDIPKLYPWRAENTELYEDDAQPTNGEEINGFYGKQRENM-OH
SFIKPNNVPRVGEBNEAISPFDQGMMGYVIKTNKNIPRMGRR
NYDSENRFDIPKLYPWRAENTELYEDDAQPTNGEEINGFYGKQRENM-OH

Processing and amidation sequences are underlined.
These peptides were identified in Inka cell extracigign et al., 1999).
ETH, ecdysis-triggering hormone; PETH, pre-ecdysis-triggering hormone.

Table 2.Stage-dependent responses of pharate larvae and pharate pupae to injection of ETH

Latency Pre-ecdysis Duration Ecdysis Duration Natural ecdysis
N (min) Yes No (min) Yes No (min) Yes No
Pharate larvae,
50-100 pmol ETH
-30to-29h 16 8-12 16 - 56+6 - 16 - 16 -
—28t0-20h 25 7-11 25 - 52+11 19 6 1346 22 3
—10to-6h 60 5-10 60 - 3915 57 3 43+12 - 60
Pharate pupae,
200-300 pmol ETH
—46 to-40h 10 6218 8 2 19+4 10 -
—-30to-25h 9 45+3 9 - 235 9 -
—24t0-20h 10 42+6 10 - 358 10 -
-12 to-4h 12 3415 12 - 52+13 - 12

Values are meanssp.
ETH, ecdysis-triggering hormone.

during larval development, feeding fourth-instar and pharat®l=19) and ceased. Most of these larvae (22 out of 25) again
fifth-instar larvae were injected with ETH (50—100 pmol), anddisplayed the natural ecdysis behavioural sequence at the
the induced latencies and durations of the ecdysis behavioutpected time (1 day later), which resulted in shedding of the
sequence were observed under the dissection microscomdd cuticle (Table 2; Fig. 7). In pharate larvae with low
Feeding fourth-instar larvae on days 1-3 showed no specifexdysteroid levels at10 to -6 h (yellow-brown mandibles),
response to ETH injectiomNE17). Larvae became responsive ETH induced strong pre-ecdysis in 5-10 niiix60) and then,

to ETH injection when ecdysteroid titres reached peak level80-55 min (3915 min, mean «p.) later, most larvae (57 out
which was indicated by an accumulation of moulting fluidof 60) showed ecdysis contractions for 25—70 min (43+12 min,
in the prothorax and slippage of the old head capsule abean +s.b.), but failed to ecdyse. None of these animals
approximately-30h (Ztfian et al., 1999). Injection of ETH resumed these behaviour patterns, and they became
into pharate larvae aB0 to—29 h (N=9) induced, in 7-12min, permanently trapped in their old cuticle (Table 2; Fig. 7).
pre-ecdysis behaviour that lasted for 40—70min (566 min, Following ecdysis, fifth-instar larvae and pharate pupae on
mean *s.0., N=16). After head slippage had been completedlays 1-9 were injected with 200—-300 pmol of ETH to observe
at approximately-28 h, most pharate larvae responded to ETHnduced pre-ecdysis and ecdysis behaviour. Feeding and
treatment by performing the entire ecdysis behaviouralvandering larvae on days 1-6 showed no obvious response to
sequence. In pharate larvae with increased ecdysteroid lev&é3H treatmentN=23) until blood ecdysteroid levels increased
at —28 to -20h, ETH induced pre-ecdysis contractions into a maximum in pharate pupae on day 7 at approximately
8—-11min N=25) that lasted for 40—70 min (53+11 min, mean—-48h (Table 2; Fig. 7). Injection of ETH into pharate pupae
+ sb., N=25). 19 out of 25 larvae then initiated ecdysiswith a yellowish thorax at46 to -40h (N=10) or -30 to
movements, which lasted for 3—-37 min (136 min, meamt  -25h (N=9) induced ecdysis contractions within 50—-86 min
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Fig. 5. Blood ecdysteroid levels and expression of pre-ecdysis-
triggering hormone (PETH), ecdysis-triggering hormone (ETH) and
their precursors in Inka cells during the last larval instar.
(A-C) Throughout the fifth instar, PETH levels were higher than those
of ETH and their precursors. (A,B) Differences in levels between
PETH and ETH were very obvious during the feeding stage on days
1-4, when only 6-28% of the total ETH immunoreactivity (ETH-IR)
was active ETH and the remaining 72-96% was represented by
different unprocessed precursor forms. (B) Levels of ETH and its
precursors increased after the pre-wandering steroid peak. (C) Both
active peptides and their precursors reached their highest levels after
the prepupal peak, when 54-63% of the total ETH-IR represented
ETH. Each peptide determination represents the meap. bf 3—4

sets of 20-40 epitracheal glands. Each ecdysteroid determination
represents the meansi. of 5-11 haemolymph samples. Note the
differences in scale between A, B and C.

700
L

—200

—-150

—100

—50

Blood ecgsteroid levels (fmojul1)
Peptide levels (fmol per Inka cell)

to the last 2-5 abdominal segments. Approximately 1-2 days
later, all these animals initiated ecdysis at the expected time
and completely or partially shed their old cuticle (Table 2;
Fig. 7). All pharate pupae injected with ETH &2 to -4 h
(brown bars on thoraxN=12) showed weak dorsoventral
contractions (pre-ecdysis) within 5—7 min, followed by strong
ecdysis contractions of all abdominal segments, which were
initiated 28-40min (34+5min, mean «p.) after peptide
treatment and lasted for 35—90 min (52+13 min, meam3.
Thus, as animals approached the time of natural pupation,
latencies from ETH injection to the onset of ecdysis behaviour
became progressively shorter and the duration of ecdysis
movements increased. However, all animals injected ato

-4 h, after ecdysteroid levels had declined, failed to ecdyse and
6 they never initiated this behaviour again (Table 2; Fig. 7).
These results indicate that high ecdysteroid levels in pharate
larvae and pupae induce CNS sensitivity to ETH.

-2.0

-1.5

-1.0

- 0.5

Blood ecgsteroid levels (pmall-t)
Peptide levels (pmol per Inka cell)

— o e = To test this, freshly ecdysed intact or abdomen-ligated fifth-
=1 84 -8 o instar larvae were injected with 3045@ of 20E, and the

E 74 L7 = induction of CNS sensitivity was checked by injection of ETH
o 6 6 g (50-100 pmol) 1-2 days later. Intact larvae rapidly metabolised
o 5 injected 20E (Koolman and Karlson, 1985), so this treatment
g 54 5 £ did not induce CNS sensitivity to ETHN%£8). Since

S 44 Y degradation of the injected steroid was reduced in isolated
2 [ abdomens, they showed sensitivity to ETH within 1-2 days in
2 A T % 10 out of 11 individuals. In these steroid-treated isolated
g 27 -2 2 abdomens, injection of ETH induced strong pre-ecdysis
8 14 = § behaviour, within 5-15min, lasting for 30—40 min (362 min,
@ mean 1s.0., N=10). Further ETH treatment 1-2 days later had

5 ; ;3 é no effect or caused only weak and short pre-ecdysis behaviour
Time (days) (Fig. 8A). Another group of ecdysed and ligated lankel)
was injected with 20E (50g) followed by ETH injection
(100pmol) 2 days later, which induced (in 5—-15min) strong
(62+18 min, mean 1s.0.) or 40-50min (453 min, mean * pre-ecdysis contractions for 35-50min (44+3min, mean *
s.D.), respectively, in 17 out of 19 individuals tested. Twos.p.). When contractions ceased, the steroid and peptide
animals failed to initiate this behaviour. In all pharate pupae ahjections were repeated twice more, and these always led to
—24 to -20h (yellow bars on thoraXy=10), ETH induced pre-ecdysis contractions. All isolated abdomemé=1@Q)
ecdysis behaviour in 33-50min (42+5min, means.t.). initiated strong pre-ecdysis behaviour within 8-18 min, and
However, none of the pharate pupae described above showthis lasted for 40—60min (52+2min, mean si.) with
pre-ecdysis behaviour, and ecdysis contractions were restrictedcasional weaker contractions persisting for up to an
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500 = animals to ETH, we performed similar experiments with the
ecdysteroid agonist tebufenozide, which is metabolized more
slowly than 20E. Injection of tebufenozidepy®) into freshly
ecdysed larvae caused the production of new cuticle and
300 = slippage of the old head capsule in six out of 10 larvae within

400 =

—

[ETH] (fmol per Inka cell)

persisted for up to 1 h (Fig. 8C). Injection of smaller amounts
of tebufenozide (500ng to 245) followed by ETH
c 0.2ug 1-5ug (300-500 pmol) treatment 2 days later induced only very weak

Fig. 6. Increased production of ecdysis-triggering hormone (ETH)-Or weak pre-ecdysis contraction$=9).
immunoreactive peptides (ETH-IR) induced by the ecdysteroid L e .
agonist tebufenozFi)d:. Injecti(on of thi)s compound {0.2 orpg}%to Steroid-induced CNS sensitivity to Eftitro
freshly ecdysed fifth-instar larvae increased the production of ETH To demonstrate that ecdysteroids induce CNS sensitivity to
and precursor peptides within 20-22 h compared with control larvaETH in ecdysed or feeding larvae, isolated nerve cords from
(C). Each histogram represents the amount of ETH-IR per Inka cefifth-instar larvae on days 1-3N£12) were incubated
expressed as the mears.». of 10 control larvae, plus seven (@) individually for 24-28h with 0.Rg of 20E in 10Ql of
and 21 (1-$ug) tebufenozide-treated larvae, respectively. Grace’s medium. These nerve cords were then treated with
ETH (300-500 nmolt), which induced pre-ecdysis or ecdysis
additional 30-60min. Thus, repeated injections of 20Bbursts in 10 out of 12 preparations (Fig. 9). Interestingly, pre-
followed by ETH induced pre-ecdysis behaviour three timegcdysis bursts were recorded in the dorsal and ventral nerves
within 6 days in the same instar (Fig. 8B). Isolated abdomensf only three nerve cords (Fig. 9A). Most nerve cofds?)
failed to show ecdysis contractions since the brain andid not show obvious pre-ecdysis burst patterns (Fig. 9B), but
subesophageal ganglion are required for activation of this typafter incubation with ETH for 40-55 min proceeded to show
of behaviour by ETH (#ffian and Adams, 2000). normal ecdysis bursts (Fig. 9C). Two remaining nerve cords
To examine ecdysteroid-induced responsiveness of intatiled to display any behavioural bursts. Treatment of five

T g 1-2 days. A subsequent injection of ETH (500 pmol) into
200 = o) 2 larvae that had developed new cuticle induced pre-ecdysis
N 2 contractions within 7-15minNE6). Four of these larvae
100 = é l—g switched to ecdysis behaviour 55-75min later, and this
8

-48 h
30h VPharatepupa
' Pharate . .
Fifth larvalinstar
larva -46t0-20 h
Ecdygeroids
4 2810-20h \
Wandering
-10to-6 h ‘ -12to-4 h
Ecdysis Ecdysis

-"‘J
I T T T T T T T T
-2 -1 0 1 2 3 4 5 6 7 8 9

Time (days)

Fig. 7. The appearance of central nervous system (CNS) sensitivity to ecdysis-triggering hormone (ETH) associated witllysterat e
pulses before larval and pupal ecdysis. Pharate fifth-instar larvae and pharate pupae become sensitive to ETH injectiategpp@oaim

48 h before natural ecdysis, respectivetg and-48h, arrowheads) when ecdysteroids reach peak levels. Grey areas depict the periods in
pharate larvae—@8 to -20h) and pharate pupaedf to-20h) with increased ecdysteroid levels during which ETH injection induces the
ecdysis behavioural sequence. Since the old cuticle is not sufficiently digested at this time, these animals fail to ecslyere. théor
ecdysteroid levels are sufficient to recover CNS sensitivity to ETH. After steroids levels decline 1 day later, the easeabfréhka cell
peptides activates the entire behavioural sequence, and most animals ecdyse normally at the expected time (short aaread. d&pik the
periods (pharate larvae6t0 to—6 h and pharate pupae-dt2 to—4 h) during which ETH triggers strong and long-lasting ecdysis contractions,
but these animals fail to ecdyse. Since, at these stages, ecdysteroid levels are too low to induce CNS sensitivity foeptidesethese
animals never resume pre-ecdysis behaviour and remain trapped in the old cuticle. See text and Table 2 for details. Reéatie levdls

are from 4tfian et al. (&fan et al., 1999) and the present study.
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A ETH ETH ETH control nerve cords with ETH after incubation for 24h in
20E . , . . . .
\ * ' + steroid-free Grace’s medium did not induce any pre-ecdysis or
E&};;? I TPEF—{No PE ecdysis bursts. These results showed that high ecdysteroid
0 1 2 3 4 5 levels act directly on the CNS of feeding larvae to induce
sensitivity to ETH.
B 20e EIH 20E ETH 50e ETH
Naturav ‘ﬁ’ *@V +E| Discussion
ecdysi T | |Lot= | . .
0 1 2 3 4 5 6 Developmental changes in epitracheal glands
ETH We have shown that the EGsManduca sextdarvae are
C RH-592 composed of four structurally different cells, which is
|Naturav I'Eh indicative of their specialized function. Immunohistochemical
ecdysi I 5 studies and transmission electron microscopy revealed that the
0 1 s EGs of different moths have a similar organization and
Time (day9

undergo dramatic changes at each ecdysis (Akai, 1992; Adams
Fig. 8. Effects of 20-hydroxyecdysone (20E) or the ecdysteroi@nd 4trian, 1998; 4rian et al., 1996; @an et al., 1999; Klein
agonist tebufenozide (RH-5992) on sensitivity to ecdysis-triggeringt al., 1999). Ultrastructural changes in these glands during
hormone (ETH) in freshly ecdysed fifth-instar larvae or isolatedoupal ecdysis have been described in the silkwBombyx
abdomens. (A) Injection of 20E (arrowhead) induced sensitivity ofmori and the gypsy mothLymantria dispar. The most
isolated abdomens to ETH within 1-2 days. The initial ETH treatmengrominent cell type in the EGs, the peptidergic Inka cell,
(arrow) triggered pre-ecdysis (PE) behaviour, but subsequent peptidgntains numerous electron-dense secretory granules before
injections 1 and 2 days later failed to induce this behaviour (No PEéCdysis and these are lost in the freshly ecdysed pupae (Akai
(B) Repeated injections of 20E into isolated abdomens followed 91992; klein et al., 1999). These endocrine granules are,

ETH treatment 2 days later always resulted in pre-ecdysis . . . .
contractions (PE). (C) Injection of tebufenozideus into intact Believed to contain PETH and ETH, which are released into

ecdysed larvae induced the production of new cuticle and sensitivitt)he haemolymph to induce pre-ecdysis and ecdysis motor
to ETH within 1-2 days. These larvae responded to ETH injectioRatterns in the CNS (#fian et al., 1999). The ‘narrow’ cell was
with pre-ecdysis and ecdysis behaviour (PE+E). See text for detaildescribed as a ‘type Il endocrine’ cell on the basis of the
Numbers refer to days after ecdysis into the fifth-instar larva. presence of heterogeneous large and small granules of different

A

iiiponliiiominiiimonsiifimmifiomimiismmmdiion -0

snfipifmsmniiomgibonuiimdifommiiony oo

Fig. 9. In vitro treatment of
the isolated central nervous “ * W w ; wl . I”' . m “”ﬂ AGEV

system with  20-hydroxyecdysone
followed by ETH application 24-28h B

later. (A) This treatment induced AGAD
o e R e e R e R I R
three nerve cords. Note the

synchronous bursts in dorsal nervesWAGSD

(D) which alternate with synchronous

bursts in ventral nerves (V) of this Hlll - . AGED
nerve cord. (B) Most nerve cords

showed attenuation of pre-ecdysis

bursts, but these preparations C

displayed ecdysis bursts ©) .

after incubation with ETH for WAGL@
40-55 min. Note  that  bursts _

from adjacent ganglia of this nerve - -

cord are delayed, which is AG5D

characteristic of peristaltic ecdysis

movements. Dorsal (D) and ventral W*WAGGD

(V) nerves of abdominal ganglia 4, 5, d—
6 (AG4,5,6) 10s
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electron density (Klein et al., 1999). The reduction in size otinder the direct control of high ecdysteroid levels. However,
the cell and the disappearance of its large electron-luceatdecline in steroid levels is required for the release of PETH
granules following pupation (Klein et al., 1999) may indicateand ETH and for the consequent reduction in the size of the
the release of some compounds from these cells at ecdysis, Bs (4tfian et al., 1999; Kingan and Adams, 2000). Released
their hypothesized endocrine function has yet to beeptides activate different motor units in the CNS to induce the
demonstrated. The precise roles of the exocrine cell and tleedysis behavioural sequencetfizn and Adams, 2000).
canal cell are also unknown. Our observations indicate that the
exocrine cell projects a narrow cytoplasmic process through Mechanisms of ecdysteroid action on the CNS
the canal cell into the tracheal lumen. We suggest that the We have shown that ETH injection induces ecdysis
contents of the exocrine cell are released into the lumepehaviour in pharate larvae and pupae with high ecdysteroid
between the old and new tracheal layers during larval anlévels. These animals were able to repeat this behaviour 1 day
pupal ecdysis. This secretion may contain substances that hédgper in response to the natural release of PETH and ETH and
in the shedding of old trachei. to shed their cuticle. In contrast, animals treated with ETH after
The exocrine components of the epitracheal glands resembilee ecdysteroid peak had declined displayed strong and long-
paired Verson’s glands attached to the dorsal epidermis of ealasting ecdysis behaviour, but failed to ecdyse as a result of
segment. These exocrine organs are composed of the secretamgufficient thinning of the old cuticle at this timeg(to—10 h).
saccule and duct cells, which remain relatively small and intadh both cases, peptide injection probably causes inactivation
during the feeding stages but enlarge considerably whesnd/or internalization of ETH receptors in the CNS, and these
ecdysteroid levels increase in the pharate larvae and phardtave to be expressed again in order for ecdysis to be
pupae. Experimentin vivo and in vitro have shown that completed. We suggest that the high ecdysteroid levels in the
protein synthesis in these glands is controlled by ecdysteroidisst experimental group are sufficient to induce the expression
(Lane et al., 1986; Horwath and Riddiford, 1988). These glandsf these receptors and to recover the sensitivity of the CNS to
secrete polypeptide products to coat the epicuticle during larv&8TH. Natural release of Inka cell peptides 1 day later therefore
and pupal ecdysis, and this is associated with an apparemsults in complete ecdysis. Our experiments in which 20E or
decrease in the size of the glands. The Verson's glandsbufenozide was injected into freshly ecdysed larvae that were
degenerate several days after pupation (Lane et al., 1988bsequently treated with ETiH vivo provide evidence that
suggesting that the exocrine functions and ecdysteroidcdysteroids are required for the induction of CNS sensitivity
regulation of epitracheal and Verson’s glands may be similato ETH. In vitro experiments showed that this sensitivity
results from a direct action of 20E on the CNS. These results
Ecdysteroid regulation of thethgene in Inka cells indicate that a pulse of ecdysteroids before each ecdysis
Tebufenozide mimics the action of natural ecdysteroids itnduces the expression of receptors for PETH and ETH, which
many bioassays (Dhadialla et al., 1998; Farkad Slama, enables the CNS to respond to Inka cell peptide hormones.
1999). Indeed, we show here that both elevated ecdysteroidThe CNS undergoes dramatic changes during
levels and injected tebufenozide stimulate the production ahetamorphosis (Truman, 1990;iti#an et al., 1993). For
Inka cell peptides and their precursors in fifth-instar larvae. lexample, several motoneurons controlling larval pre-ecdysis
a previous study, we demonstrated that ecdysteroids induce tbentractions show obvious regression of axonal and dendritic
expression of the ecdysone receptor ECR-B1 in Inka cells, aradtborizations before pupal ecdysis and die shortly after
this may interact with the ecdysteroid receptor responspupation, while other motoneurons survive until adult
element (direct repeat of AGGTCA) in teéhgene to induce emergence (Levine and Weeks, 1989). These changes result in
its expression (&fian et al., 1999). The natural ecdysteroidsuppressed pre-ecdysis behaviour, while a normal ecdysis
receptor is a heterodimer formed by ecdysone receptor (EcR)otor pattern prevails during pupation (Miles and Weeks,
and ultraspiracle (USP) (Yao et al., 1992; Yao et al., 1993)991; Weeks and Truman, 1984). Experimental evidence
gene products. Distinct ECR and USP isoforms bind to thehows that changing levels of ecdysteroids and juvenile
response elements of specific genes and determine the fatehofmone (JH) in the last larval instar control the regression of
different cells and organs throughout insect developmergome pre-ecdysis-specific neurons. The absence of JH during
(Talbot et al., 1993; Thummel, 1995; Antoniewski et al., 1996)the first ecdysteroid peak determines the fate of these neurons,
The presence of steroid response elements in peptide hormomkile the second ecdysteroid peak initiates their degenerative
genes is rather uncommon. So far, these elements have betanges (Weeks and Truman, 1985; Weeks and Truman,
identified only in the promoter regions of tbeosophilaand  1986). Expression of the ecdysteroid receptor isoform EcR-B1
Manduca etlgenes (Park et al., 1999itian et al., 1999) and in the CNS neurons coincides with these regressive responses
in the oxytocin gene (Richard and Zingg, 1990; Mohr andTruman et al., 1994; Schubiger et al., 1998). The attenuation
Schmitz, 1991). We found that EcCR and USP are expressedaf pre-ecdysis bursts in our isolated nerve cord preparations
the nuclei of Inka cells, and this receptor complex bindsnay indicate that 20E treatment induced this neuronal
specifically to the direct repeat of tle¢h gene (V. Filipov, regression in the absence ofidHitro. These data also suggest
Y. Park, D. Ztfian, M. E. Adams and S. S. Gill, unpublishedthat the continued presence of JH is important for maintaining
results). These results indicate tatdtgene expression may be a functional pre-ecdysis circuitry in the larval stages.
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