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Summary

For normal development of Manduca sextalarvae, the
ecdysteroid titer must drop following its sudden rise at the
start of the molting cycle; this sudden decline in titer may
be due to myoinhibitory peptide | (MIP 1), which has an
inhibitory effect on the release of ecdysone by the
prothoracic glands of Bombyx mori in vitro. Using an
antiserum to MIP, we have demonstrated secretion of an

function of the epiproctodeal glands appears to be the
timely release of MIP during the molting cycle, so as to
inhibit the prothoracic glands and thus to facilitate the
sudden decline in ecdysteroid titer. In addition, we have
found that MIP immunoreactivity is co-localized with that

of crustacean cardioactive peptide (CCAP) in the 704
interneurons; these peptides appear to be co-released at

MIP-like peptide by the epiproctodeal glands oManduca
sextg which are located on each proctodeal nerve, just
anterior to the rectum. These MIP-immunoreactive glands
are also present inB. mori. In fourth-instar larvae of M.
sextg the epiproctodeal glands show a distinct cycle of
synthesis and sudden release of MIP that coincides with
the time of the rapid decline in ecdysteroid titer. The

the time of ecdysis. It is known that CCAP can initiate the
ecdysis motor program; our results suggest that MIP may
also be involved in activating ecdysis behavior.

Key words: tobacco hornwormiManduca sexta Bombyx mori
CCAP, ecdysteroids, prothoracicostatic peptide, ecdysterostatic
hormone, neurosecretion, allatostatin, epiproctodeal gland.

Introduction

Hormonal regulation of molting and metamorphosis in1983; Truman and Morton, 1990; Hewes and Truman, 1994;
Manduca sextdas been studied extensively and shown to b&itrian et al., 1999; Kingan and Adams, 2000). In addition, the
primarily under the control of juvenile hormone (JH) anddecline in ecdysteroid titer is essential for the initiation of
ecdysteroids (reviewed by Nijhout, 1994; Gade et al., 1997kuticular melanization in larvae (Curtis et al., 1984).

During larva—larva molts, the release of ecdysteroids signals The rapidly rising phase of the ecdysteroid titer results from
the end of the feeding stage and the initiation of the moltingctivation of the prothoracic glands by prothoracicotropic
process, and, in the presence of JH, growth is directed to thermone (PTTH; see review by Bollenbacher and Granger,
expression of larval characteristics. Near the end of the feedid®85). Several factors that inhibit rather than stimulate
stage of the final (fifth) larval instar, a small ecdysteroid peakcdysteroid production have been identified in insects
in the absence of JH commits the larva to development of pup@kviewed by Géade et al., 1997; Hua et al., 1999; Dedos et al.,
characteristics; in the pre-pupal stage that follows, a2001), and these factors may be involved in promoting the
ecdysteroid peak accompanied by an increase in JH titeapidly declining phase of the ecdysteroid peaks. A
initiates pupal development. In the pupal stage, a prolongetkuropeptide that acts) vitro, on the prothoracic glands to
ecdysteroid peak in the absence of JH initiates adulbhibit PTTH-stimulated secretion of ecdysone by the
development. silkworm Bombyx moris of special interest to our study (Hua

In the later stages of adult development there is a rapiet al., 1999; Dedos et al., 2001). Hua et al. (1999) found this
decline in ecdysteroid titer, and this decline has been shown poothoracicostatic peptide to be identical to a myoinhibitory
be essential for initiating the programmed cell death thgpeptide, Mas-MIP INlanduca sextanyoinhibitory peptide 1)
accompanies adult metamorphosis (Schwartz and Trumawhich was first isolated and identified froM. sextaby
1983). During the molt from the fourth to the fifth larval instar,Blackburn et al. (1995).
the drop in the ecdysteroid peak is even more precipitous Mas-MIP | belongs to the W2W9amide peptide family that
(Bollenbacher et al., 1981; Langelan et al., 2000). This rapit characterized by tryptophan residues at the 2 and 9 positions
decline in ecdysteroid titer is essential for activating endocrinf_orenz et al., 2000). Peptides of this family have been
cells that initiate ecdysis behavior (Slama, 1980; Truman et aldentified in a locust (Schoofs et al., 1991), moths (Blackburn
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et al.,, 1995, 2001; Hua et al., 1999), a cricket (Lorenz et alphoto-gate. Groups of Gate Il larvae were isolated by the
1995), a stick insect (Lorenz et al., 2000) and a cockroaamethod described by Fain and Riddiford (1975). Glands from
(Predel et al., 2001). In addition, a gene for these peptides weday 0, day 1 and day 2 of Gate Il larvae were used to study the
cloned in B. mori (Hua et al., 2000) androsophila  pre-molting phase of the instar.
melanogaste(Williamson et al., 2001). These various reports In order to study the glands at specific stages during the
suggest that the W2W9amide peptides are of widespreadolting phase, we used the external markers described by Fain
occurrence in insects. Moreover, bioassays indicate that, Bnd Riddiford (1975), Curtis et al. (1984) and Langelan et al.
addition to the prothoracicostatic effect mentioned above, the¢2000). These markers are based on: (1) separation of the
peptides may inhibit myogenic contraction of visceral muscleseventh abdominal spiracular plate from the old cuticle
in locusts, moths and cockroaches (Schoofs et al., 199{spiracular apolysis) and subsequent development of this
Blackburn et al., 1995; Predel et al., 2001) and JH and ovarigrharate spiracular plate of the fifth-instar larva; (2) slippage of
ecdysteroid synthesis in crickets (Lorenz et al., 1995, 2000)the pharate head capsule; (3) tanning of the pharate crochets
As yet, the endocrinal source of the MIP/prothoracicostatiof the prolegs; and (4) appearance of air in the old head capsule
peptide has not been demonstrated conclusively. Triseleva atarheads) shortly before ecdysis to the fifth instar.
Golubeva (1998), using an antiserum raised to Mas-MIP |, Endocrine glands from the following stages of molting were
found MIP-immunoreactive (MIP-IR) cells in the studied: (1) early onset of spiracular apolysis, which begins
subesophageal and abdominal ganglia and on the hindgut séveral hours after the release of PTTH and is recognized by
adults of the tobacco budwortreliothis virescensand Hua et a gradual lightening of color in a small, crescent-shaped area
al. (2000) labeled a pair of MIP-IR neurosecretory cells in thémmediately above the spiracle (Langelan et al., 2000); (2)
brain of B. mori Therefore, using an antiserum to Mas-MIP |approximately 4 prior to head-capsule slippage, the time at
(Triseleva and Golubeva, 1998), we have undertaken tehich the pharate spiracular plate is approximately |#80
identify the MIP-IR neuroendocrine cells that may be a sourckonger than that of the fourth-instar larva; (3) onset of head-
of an MIP/prothoracicostatic hormone ikl. sexta. The capsule slippage, which occurs approximatelyh 1&ter the
principal focus of our study has been the fourth-instar larvabnset of spiracular apolysis and is recognized by the separation
stage, because the hormonal control of molting of this stagef the stemmata from the old cuticle, as the pharate head begins
has been well studied and because this stage is uncomplicatedlow retraction into the prothoracic exoskeleton of the fourth-
by metamorphic changes. We have also examined Mimstar larva; (4) 1 and (5) 1th after the onset of head-capsule
immunoreactivity in fourth-instar larvae 8f mori. slippage, stages which were obtained by timing larvae from the
onset of head-capsule slippage; (6) tanning of the crochets,
which occurs approximately ¥8after head-capsule slippage;

Materials and methods and (7) airheads, which appear approximatelyr 28ter the

Animals onset of head-capsule slippage.
Manduca sextd.. used in our experiments were obtained _
from a laboratory colony maintained as described previously Immunocytochemistry

(Davis et al., 1997). In both the colony and in experiments, The insects were anesthetized by chilling on crushed ice, and
larvae were reared on an artificial diet, and larvae and adultissues were dissected in cold, physiological saline solution
were kept at 282, 50-60% relative humidity and on a short- (Pichon et al., 1972). The tissues were then fixed fdr it2
day photoperiod (18:12h L:D). The start of the scotophase cold 4% paraformaldehyde and immunostained as whole
was arbitrarily designated as hour 00.00 of each new day. Tieounts or as 20Qm sections cut on a Vibratome (Technical
day of ecdysis to the next instar was designated as day 0. Products International, St Louis, MO, USA). The fluorescence
Eggs of Bombyx moriL. were obtained from Carolina immunocytochemistry was performed as described previously
Biological Supply Company (Burlington, NC, USA), and the (Davis et al., 1993). Briefly, the tissues were processed as
larvae were fed freshly collected mulberry leaves and kegbllows. After fixation and after incubations in the primary and

under the same conditions as above. secondary antisera, respectively, the tissues were washed
_ _ thoroughly in phosphate-buffered saline (pH 7.2) containing
Staging of fourth-instar larvae &f. sexta 1% Triton X-100 (PBST). Normal donkey serum (10%) in

Fourth-instar larvae were used to study the secretory cycRBST was used as the blocking solution and as the diluent for
of the MIP-immunoreactive (MIP-IR) epiproctodeal gland.the various antisera. The polyclonal antiserum to Mas-MIP |
This instar may be divided into pre-molting and moltingwas raised as described by Triseleva and Golubeva (1998) and,
phases, and the initiation of the molting phase is photo-gatedsing whole mounts of the CNS of third-instar larvaeviof
Molting of Gate |, fourth-instar larvae begins with the releasesexta we tested the immunostaining by this antiserum at
of PTTH late in the second scotophase after ecdysis, amtlutions ranging from 1:500 to 1:10. Because a dilution
molting of Gate Il larvae begins with release of PTTH early irof 1:2000 appeared to give optimum results, this dilution of the
the third scotophase (Truman, 1972). Gate Il larvae were useahtiserum was used routinely. It was applied for approximately
to study the epiproctodeal glands during the molting cycld2h at room temperature and with gentle rotation. In addition,
because the onset of the cycle is well synchronized by thentisera to a cockroach-type allatostatin, to crustacean
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cardioactive peptide (CCAP) and to molluscan smaliCorel Draw and Corel Photopaint (Corel Corp., Ottawa,
cardioactive peptide B (S@GP were used under the same Ontario, Canada). Prints were made using a Tektronix Phaser
conditions. Goat anti-rabbit immunoglobulin G (IgG) SDX. Where needed, the digitized images were modified only
conjugated to tetramethyl rhodamine isothiocyanate (TRITC)o merge files, enhance contrast and provide color.

or to fluorescein isothiocyanate (FITC), and goat anti-mouse

IgG conjugated to FITC (Jackson ImmunoResearch

Laboratories, West Grove, PA, USA) were used as secondary _Results
antisera and applied at a dilution of 1:200 forh1dt room MIP-IR neurons in the CNS of larvisl. sexta
temperature and with gentle rotation. MIP-immunostaining of whole mounts of the CNS of third-

Double-immunostaining to identify the MIP-IR and fourth-instar larvae labeled an assortment of small neurons
neuroendocrine cells of the adult brain was accomplished usirig the brain (FiglA). These cells appeared to be interneurons
the rabbit polyclonal antiserum to MIP and the mousen that they were small and did not project to peripheral targets.
monoclonal antibody to S@Pand these antisera were labeled,No MIP-IR neurohemal processes were found in the
respectively, with TRITC-conjugated goat anti-rabbit IgG andcorpus cardiacum or corpus allatum (Fig). Therefore, the
FITC-conjugated goat anti-mouse IgG. In addition, doublebrain—retrocerebral complex did not appear to be involved in
staining of neuroendocrine cells was performed using FITCthe production and release of an MIP-like neurohormone.
conjugated, goat anti-rabbit 1gG to label the anti-MIP, and Because no MIP-immunoreactive neurons were found in the
then, after treatment with normal rabbit serum to block anyrontal ganglion or in the recurrent nerve (not shown), it
unbound goat anti-rabbit 1gG binding sites, the tissue wasppears that MIP does not function as a myoactive peptide in
immunostained with TRITC-conjugated, rabbit anti-the stomatogastric nervous system.
allatostatin (Davis et al., 1997). The method described by Ganglia of the larval ventral nerve cord contained several
Nichols et al. (1995a,b) was used for double-immunostainin/IP-IR somata, and, of these, a pair of MIP-IR neurons in the
for CCAP (Davis et al., 1993) and MIP. The tissue was firsabdominal ganglia were identified as the 704 interneurons
treated with a rabbit antiserum to CCAP and labeled with afFig. 1C). These cells are discussed in further detail below.
excess (1:100) of Rhodamine Red-X-conjugated Fab fragmehteurons of the ventral nerve cord cells did not project to the
of anti-rabbit IgG (H+L) from goat (Jackson ImmunoResearclperivisceral organs (PVO; FigC), and, thus, there was no
Laboratories). Then, after thorough washing, the tissue wasvidence of release of MIP-IR neuropeptides from
treated with rabbit antiserum to MIP and labeled with FITCeuroendocrine cells into the ventral nerve cord of larvae.
conjugated anti-rabbit IgG from goat. Except for the terminal abdominal ganglion (TAG), MIP-IR

To test the capacity of the MIP antiserum to recognizerocesses did not extend into nerves of the ganglia of the
epitopes of Mas-MIP |, the working dilution of the antiserumventral nerve cord. Therefore, there was no evidence that MIP-
was subjected to liquid-phase preadsorption fon 244°C in IR neurons in these pre-terminal ganglia innervate any
104 mol I-1 synthetic Mas-MIP I; this treatment eliminated all peripheral organs, including the prothoracic glands.
specific immunostaining. Davis et al. (1993, 1997) previously The MIP antiserum labeled several large, mid-line and
characterized the immunostaining ™. sextatissues by lateral neurons in the TAG (FigD), and processes of these
antisera to CCAP and allatostatin and to the antibody te SCPcells extended into dorsal nerve 8 (curved arrow) and the

In addition to the immunostaining, the RNA in the glandterminal nerve (straight arrow). These MIP-IR cells will be
cells was stained with Acridine Orange according to theonsidered in a separate publication, but it should be noted here

histochemical method of Kiernan (1990). that they do not project to neurohemal release sites and, thus,
_ are not neuroendocrine. Instead, they mostly innervate muscles
Neuronal tracing of the hindgut (FiglE) via projections into the terminal nerve

The axonal projections to their targets (orthograde) werand thence into the proctodeal nerve. The larval hindgut and
traced by filling through stumps of the proctodeal nerveits innervation by the proctodeal nerve are depicted inZ-ig.
Biocytin (Sigma, St Louis, MO, USA) was used for filling
towards peripheral targets and was labeled with TRITC- The epiproctodeal glands bf. sextalarvae
conjugated  streptavidin (Jackson ImmunoResearch The antiserum to MIP labeled two pairs of large,
Laboratories), following the methods of Consoulas et almultinuclear, neuroendocrine cells on the proctodeal nerve of
(1999). The filling period was 1-days at approximately’&.  all larval and pupal stages. Although these are peripheral

neurosecretory cells, we will show that they have a very
Laser scanning confocal microscopy specialized structure and a secretory function that appears to

Digitized images of the immunostained and filledbe independent of the nervous system. We therefore have
preparations were obtained using a Nikon E800 confocalhosen to name them the epiproctodeal glands. Each gland is
microscope equipped with green He/Ne and argon lasers aattached to the proctodeal nerve just anterior to the junction of
the appropriate filters. Optical sectionspf®) of digitized the rectum and hindgut (Figs 3A) and, at this location, the
images were merged and processed using software progragiand and proctodeal nerve are anchored tightly to the hindgut
of Simple PCI (Compix Inc., Cranberry Township, PA, USA),by connective-tissue fibers. The structure of the cells of this
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Fig. 1. Confocal images of myoinhibitory peptide (MIP)-immunostained whole mounts of larval orgdasdiica sexta(A) Brain of a third-

instar larva, showing numerous small, MIP-immunoreactive neurons; the size and location of these cells indicate that titey are n
neurosecretory cells. (B) Corpus allatum (CA) and corpus cardiacum (CC) of an early fifth-instar larva, showing a lack ota&utivenor
neurohemal processes. (C) Third abdominal ganglion of a third-instar larva, showing a pair of interneurons (704) andraraokefactive
neurohemal processes in the perivisceral organ (PVO). (D) Terminal abdominal ganglion of a third-instar larva showinfidaterapgect

into the eighth dorsal nerve (curved arrow) and a terminal cluster of mid-line neurons that project into the terminataightealsiw).

(E) MIP-immunoreactive endings on muscles of the posterior region of the hindgut. Scale bprs, 100

neuroendocrine gland were first described by Reinecke et dlindgut. These superficial, varicose processes are typical of
(1978), who noted that they are multinucleate (BR). and those known to serve for neurohemal release; therefore, the

contain many dense-core vesicles. immunoreactivity of the epiproctodeal glands indicates that
Many varicose processes extend from the gland cells ontbey release an MIP-like peptide into the hemolymph.
the surface of the proctodeal nerve and its branches3/jg. Because backfills from the base of the terminal nerve to the

These processes do not extend onto the terminal nerve, andproctodeal nerve did not stain the cells of the epiproctodeal
processes were found extending onto the musculature of tigdgand, we concluded that processes of these cells do not extend
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Terminal ganglion of these changes were recorded usinguan5-optical section

\ made near the middle of typical gland cells of each stage and
Malpighian tubule using the same settings of the confocal microscope for each

N, image. The intensity of MIP-immunostaining of the cytoplasm

was low during the pre-molting stage (Fid\,B), but staining
became distinctly stronger by the onset of spiracular apolysis
(Fig. 5C). By the onset of head-capsule slippage &y, and
continuing for at least B (Fig.5E), the immunostaining of the
cytoplasm was intense. Ten hours after head-capsule slippage,
the staining had decreased (B§), and this decrease in
. staining continued at the crochet-tanning (Bi@) and airhead
T, (Fig. 5H) stages to become comparable to the staining of the

Rectunt *Hindgut” Midgut K cells at the pre-molting stage.

Terminal nerve_
S

_-Proctodeal nerye
»

A
A

- A
*" Epiproctodeal glandy

Fig.2. A depiction of larval hindgut innervation by the proctodeal MIP'IR_ r.leuroen.docrlne cells 9f adult Sexta.
nerve and the location of the epiproctodea| g|and_ Immunostalr“ng of Vibratome sections of the brain of adults

demonstrated two pairs of MIP-IR median neurosecretory cells
in the brain (Fig3D; green), and the processes of these cells

into the TAG (Fig3C). Moreover, these preparations showedwere found to project to neurohemal release sites in the corpora
that axons from the TAG do not innervate the epiproctodealardiaca (Fig6A). In M. sexta there are only two groups of
glands (Fig3C). median neuroendocrine cells present as two pairs, the type 1A

While immunostaining the epiproctodeal glands, we noteénd 14 cells (Homberg et al., 1991). The déells are labeled
that their appearance changed during the course of the fourtihiquely by the monoclonal antibody to SC@avis et al.,
larval instar. We therefore wished to determine if this variatior1997) and can be distinguished, thereby, from the cbAls.
might represent stages of synthesis and release Wwfibratome sections were double-labeled using rabbit anti-MIP
neurosecretory products. In order to obtain comparablend mouse anti-SGP as indicated in the Materials and
staining of glands at various stages of the instar, we useflethods. The results shown in R indicated that the MIP-
identical processing and MIP-immunostaining schedules af staining (green) is not co-localized with the SGR
well as identical gain and black-level settings for the confocadtaining (red) of the 1#Acells (Fig.3D), and the MIP-IR
images. Ten or more glands were stained at each of the threguroendocrine cells must, therefore, be thecls. The 14
pre-molting and seven molting stages indicated in the Materiatsells are also known to be allatostatin-immunoreactive (Davis
and methods. Each image shown in Bigand Figs was et al., 1997) and, as further proof of the identity of the MIP-
selected as representative of the designated stage in the pR-neuroendocrine cells, brain sections were doubly stained for
molting or molting phases of the fourth-instar larva. allatostatin and MIP. The results indicated that allatostatin and

On day 0, the immunostaining of the neurohemal system ofllP immunoreactivities are co-localized in the 4A
the epiproctodeal gland was distinct (F4é\) and, by the onset neurosecretory cells (Fi§E, yellow).
of spiracular apolysis, the staining had become intense In adults, as in larvae, no evidence was found of neurohemal
(Fig. 4B). At approximately 4 before head-capsule slippage, release of MIP from the abdominal ganglia (68-D). About
the immunostaining of the neurohemal system appeared taid-way in the development of the pharate adult, two pairs of
show a moderate decline (F&C), and at this time many of neurons, additional to the 704 interneurons of larvae, were
the varicosities appeared to be partly vacuous @)gBy the  labeled for MIP-IR, but their projections indicated that they are
onset of head-capsule slippage, the decline in immunostainingterneurons rather than neuroendocrine cells @By. By
was pronounced (FigD). Five hours after head-capsule near the time of adult eclosion, the immunoreactivity of all of
slippage, most of the immunostaining of the neurohemahese cells had decreased markedly (6@). such that, in the
system had disappeared (F4€), but the cell bodies had fully mature adult, there was almost no MIP immunoreactivity
become intensely immunoreactive (arrow). The extent ofn the abdominal ganglia (FigD). In the TAG of the pharate
immunostaining of the neurohemal system appeared tadult near mid-way in development, the interneurons, as well
increase somewhat by 1O after head-capsule slippage as the visceromotor neurons that innervate the hindgut, were
(Fig.4F) and had increased conspicuously by the stage @feakly labeled (Fig6E), and in the fully mature adult, there
tanning of the crochets (FidG). By the airhead stage, the was almost no MIP immunoreactivity in the TAG (F&F).
immunostaining of the gland (FigH) was comparable to that ~ The epiproctodeal glands persisted in the pupa and
of the gland in the pre-molting phase fourth-instar larvagleveloping, pharate adult (Fi§G). In addition to the nerves
(Fig. 4A). of the hindgut, a very extensive meshwork of MIP-IR

The intensity of immunostaining of the epiproctodeal-glancheurohemal processes developed on each side of the anterior
cells also appeared to undergo changes related to the preetal chamber (FigG,H), and, as in the larval stage, these
molting and molting stages of the fourth larval instar. Imageprocesses originated from the epiproctodeal gland cells. By
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Fig. 3. Confocal images of the larval epiproctodeal gland (A,B), axons in the proctodeal nerve (C) and median neuroendoorihe edllsti
brain of Manduca sextgD,E). (A) Myoinhibitory peptide (MIP)-immunostaining of a whole mount of the epiproctodeal gland (EpG) and its
neurohemal processes on the proctodeal nerve (PN) of a third-instar larva. In addition, MIP-immunoreactive (MIP-IR) @xesdHeim
neurons in the terminal ganglion and terminal nerve (TN) can be seen in the proctodeal nerve (arrow). (B) Acridine Onagg¥ ataail in

a whole mount of an epiproctodeal gland of a fourth-instar larva at a late stage of spiracular apolysis. The stain demdnigtiates
concentration of RNA in the cytoplasm at this stage; the unstained spherical structures in the cell have been shown siutliegidose
nuclei. (C) Whole mount of a Biocytin-stained, proctodeal nerve filled from the base of the terminal nerve of a fourthviasTdrddocation

of one of the gland cells (EpG) can be distinguished by its weak background staining. Arrows indicate the direction oftfiliwgrytin.

Note that branches of these axons do not terminate on the epiproctodeal gland, and, therefore, the gland apparentlydatedoMoneover,

the staining failed to demonstrate any processes extending from the gland to the terminal abdominal ganglion. (D) Doubteiinimguifos
MIP-IR (red) in the 1A cells and of small cardioactive peptide B (8EMR (green) in the 1A median neuroendocrine cells. Vibratome
section (20um), frontal plane of the adult brain. (E) Double-immunostaining for MIP (red) and allatostatin (green), showing that
immunoreactivity to these two peptides is co-localized (yellow) in thecéhs. Vibratome section (2Q@m), frontal plane of the adult brain.
Scale bars, 4CAm (A) and 10Qum (B-E).



Possible role for myoinhibitory peptide in insect ecdyb#65

Fig.4. Confocal images of whole mounts of
epiproctodeal glands immunostained at various
times in the molting cycle of fourth-instar larvae,
showing a cycle of depletion and subsequent
recovery of myoinhibitory peptide (MIP)-like
immunoreactivity in the neurohemal system.
(A) Moderate staining of the neurohemal system on
day 0. (B) Intense immunostaining by the onset of
spiracular apolysis. (C) The immunostaining is
almost unchanged at approximatelyh 4before
head-capsule slippage. (D) A pronounced decline in
immunostaining is seen by the onset of head-
capsule slippage. (E) Most of the immunostaining of
the neurohemal system is lost byh Sfter head-
capsule slippage but the cell bodies are now well
stained (arrow). (F) There is a moderate increase in
staining of the neurohemal system by
approximately 10 after head-capsule slippage.
(G) The immunostaining continues to increase at the
crochet-tanning stage. (H) At the airhead stage,
immunostaining of the neurohemal system is
comparable with that of the gland of the fourth-
instar larva at day 0. (I) An enlargement of a portion
of the neurohemal system from C, showing partly
vacuous varicosities (arrows). Scale bars, 280
(A—H) and 10um ().

species. A single median neurosecretory cell
was immunostained in each hemisphere of the
larval brain (Fig.7A; arrowhead), and this cell
projects ipsilaterally (arrow) to neurohemal
release sites in the corpora cardiaca (Fg)-

As in M. sexta no neuroendocrine cells were
found in the ganglia of the ventral nerve cord,
and no evidence was found indicating
innervation of prothoracic glands by MIP-IR
axons. MIP-immunostaining demonstrated the
epiproctodeal glands and their neurohemal
system (Fig7C), and their appearance in the
day 2, fourth-instar larva was much the same as
that of M. sexta

MIP immunoreactivity of the 704 interneurons
in larvae ofM. sextaandB. mori

In the abdominal ganglia of larvae M.
sexta the antiserum to MIP labeled lateral cells
located in a position very similar to that of a
mid-way through metamorphosis, MIP-immunostaining of thepair previously shown to be CCAP-immunoreactive and
epiproctodeal gland cells was barely discernible §@&j, and identified as interneurons 704 and neurosecretory cells 27
by the adult stage, the varicosities of the neurohemal systefDavis et al., 1993). Double labeling with anti-MIP and anti-

appeared to be partly depleted (Fgt). CCAP demonstrated that immunoreactivities to these antisera
are co-localized in the 704 interneurons (1B8i8,B) but not in
MIP-IR neuroendocrine cells &. morilarvae the CCAP-IR cells 27 (FiBA).

Because the prothoracicostatic effect of MIP has been Gammie and Truman (1997) found that at the time of
demonstrated only iB. mori (Hua et al., 1999), it was of ecdysis, the level of CCAP immunoreactivity decreases
interest to identify the MIP-IR neuroendocrine cells in thisabruptly in the 704 neurons, and so we wished to know if a
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Fig.5. Confocal images showingpn optical sections through epiproctodeal gland cells. The images were made at various times in the
molting cycle of fourth-instar larvae, and the changes in immunostaining indicate a period of active synthesis of the toryop@pbde
(MIP)-like peptide early in the molting cycle. At day 1 (A) and day 2 (B), the gland cells contain very little MIP-immurer&dti-IR)
material. (C) At the onset of spiracular apolysis, distinct MIP-like immunoreactivity appears in the cytoplasm. (D) At thed(Sebh after
head-capsule slippage, the MIP-like immunoreactivity is intense. (F) Atafter head-capsule slippage and (G) at the crochet-tanning stage,
the MIP-like immunoreactivity of the cytoplasm has diminished. (H) At the airhead stage, the MIP-IR is weak and reserobtée thland

cells at the start of the fourth instar (A). Scale bay®s0

similar change occurred in the MIP immunoreactivity of theecdysteroid biosynthesis by the prothoracic gland3. afiori
704 neurons. Thirty abdominal ganglia of third-instar larvae dlt is reasonable to expect that MIP may play a similar role in
the stage of crochet tanning and thirty at the time of ecdysid. sexta and so it is important to know how this
were immunostained in tandem, and their confocal imagesrothoracicostatic peptide might reach receptors on the
were prepared using the same settings for gain and darknepsothoracic glands irB. mori and M. sexta Because the
Ganglia stained several hours before ecdysis consistenthrothoracic glands d8. moriandM. sextaare not innervated
showed strong MIP-immunostaining of processes in théy MIP-IR neurons, it is unlikely that the central nervous
neuropil and the somata of interneurons 704 &®@), but at system could exert a prothoracicostatic effect directly on the
ecdysis the ganglia consistently showed a pronounced declipeothoracic glands. Moreover, we found no evidence of release
in immunostaining (Fig8D). The MIP immunoreactivity of of an MIP-like peptide from neurohemal organs of the ventral
the 704 interneurons persisted in the pharate adult@Big) nerve cord of larvae of these species. Instead, we found strong
but was no longer present in the fully mature adult . evidence that an MIP-like peptide is released as a
Unlike the abdominal ganglia &f. sextatwo pairs of lateral neurohormone from the epiproctodeal gland€.Imori MIP
neurons were immunostained Bn mori (Fig. 8E), and it was appears to be released from both the corpora cardiaca and the
not immediately apparent if either of these were comparablepiproctodeal glands. However, the intense MIP-
with the 704 neurons. Therefore, double-immunostaining wasnmunoreactivity of the epiproctodeal glands Bf mori
performed with the antisera to MIP and CCAP. Immunostaininguggests that these glands, aslirsexta are the principal sites
of abdominal ganglia oB. mori for CCAP labeled pairs of of neurohemal release of MIP.
lateral cells comparable with cells 27 and 704Mn sexta In the fourth-instar larva oM. sexta the epiproctodeal
(Fig. 8F). Double-staining indicated that CCAP-IR is co- glands undergo pronounced changes in secretory activity, and
localized with MIP-IR in the anterior pair of MIP-IR cells, and, these changes are synchronized with the molting cycle.
therefore, these cells are the 704 interneuron®8.omori  Immunostaining indicated that during the latter part of this
(Fig. 8G; yellow). The possible release of an MIP-like peptidecycle, an MIP-like peptide begins to accumulate in the
from these neurons at ecdysisBEhmoriwas not studied. neurohemal system of the glands (H4F,G) and that this
accumulation continues into the pre-molting period
(Fig.4A,H). In fourth-instar larvae, immunostaining of the
Discussion neurohemal system is most intense just before spiracular
Hua et al. (1999) have shown thia,vitro, MIP | inhibits  apolysis (Fig4B), apparently indicating a maximum
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Fig. 6. Confocal images of myoinhibitory peptide-immunoreactivity (MIP-IRyanduca sextadults. (A) Vibratome cross-section (200)

through the corpora cardiaca (CC) and aorta, showing immunoreactive endings near the surface of the CC. (B) Whole motiht of the fi
abdominal ganglion of a pharate adult at stage-13 of development, showing strong labeling of the 704 interneurons (aptaow/leead),
anterior and posterior pair of interneurons (arrows), The latter are not labeled in the larval stages. (C) Whole mourthailttienfiihal
ganglion of a pharate adult shortly before eclosion, showing a pronounced reduction of MIP-immunostaining. (D) Whole medifthof th
abdominal ganglion of a day-3 adult, showing an almost complete lack of staining. (E) Whole mount of the terminal abdotivnabigang
stage-13 pharate adult, showing a reduction in MIP-immunostaining of the interneurons (arrowheads) and visceromotor re@uspns (ar
(compare with FiglD). (F) Whole mount of a terminal abdominal ganglion of a day-3 adult, showing an almost complete lack of MIP-
immunostaining. (G) Epiproctodeal gland of a pharate adult at stage-8 of development, showing intense immunostaining afig¢h®ineur
system on the wall of the rectum and proctodeal nerve (PN) and weak staining of the gland cells (arrowhead). (H) Wholettmount of
epiproctodeal gland of a day-1 adult, showing diminished staining of the neurohemal system on the proctodeal nervesveaitl afrttibe
rectum. At this stage, the immunostaining of the gland cells is too weak to be seen. Scale pargALB) and 20Qum (B-G).
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Fig. 7. Confocal images of whole mounts of myoinhibitory peptide

(MIP)-like immunoreactivity inBombyx moti (A) Left hemisphere

of the brain of a third-instar larva, showing an immunoreactive

median neurosecretory cell (arrowhead) and its ipsilateral projection
(arrow). (B) Retrocerebral complex of a third-instar larva, showing

MIP-immunoreactive (MIP-IR) processes in the corpus cardiacum
(CC) but not in the corpus allatum (CA). (C) Epiproctodeal gland of
a fourth-instar larva showing an extensive MIP-IR neurohemal
system. Scale bars, pon.

is the result of massive release of the MIP-like peptide into the
hemolymph. This period of rapid secretion (from
approximately 4 before to several hours after head-capsule
slippage) corresponds exactly to the time in the molting cycle
at which there is a rapid decline in the ecdysteroid titer of the
fourth-instar larva (Langelan et al., 2000). Hua et al. (1999)
have shown that MIP has a prothoracicostatic effeBt mori

and we have demonstrated that the epiproctodeal glands are the
principal source of secretion of an MIP-like peptid®irmori
andM. sextaTherefore, we believe that this period of massive
secretion by the proctodeal gland is largely responsible for the
rapid decline of the ecdysteroid peak in fourth-instar larvae.

Immunostaining also appeared to demonstrate a cycle of
MIP synthesis by the epiproctodeal gland cells. During the pre-
molt period, there is a low level of immunostaining in the
cytoplasm (FighA,B), apparently indicating that, as the
neurohemal system reaches an optimum level of accumulation
of the MIP-like peptide, there is a low level of synthesis
(Fig. 4B). By the onset of spiracular apolysis — i.e. early in the
molting cycle — the intensity of immunostaining of the gland
cells increased (FigpC), apparently indicating an increase in
the rate of synthesis of the MIP-like peptide. The
immunostaining of the cells was intense during the first few
hours of head-capsule slippage (SB,E), indicating a high
rate of synthesis at this time. Then the staining indicated a
gradual decline in the rate of synthesis of the MIP-like peptide
(Fig. 5F—H) until it reached a level similar to that of the pre-
molting phase.

The MIP-immunostaining suggested that the initiation of
synthesis and release of the MIP-like peptide occurred at about
the same time. The release was completed, however, in a
relatively short period, while it appeared that considerable time
was required for the gland cells to synthesize and transport the
peptide so as to replenish the depleted neurohemal system. Our
evidence from backfills indicated that the epiproctodeal glands
are not innervated (Fi@C). Therefore, it seems very likely
that the control of the glands is hormonal. Ecdysteroids are
accumulation of the MIP-like peptide at this time; Langelan epromising candidates as the source of this control, and the
al. (2000) have shown that this time is near the onset of releasedden rise in the ecdysteroid titer may initiate both synthesis
of ecdysone from the prothoracic glands. At approximatély 4 and release of the MIP-like peptide by the proctodeal gland. If
before head-capsule slippage, the intensity of MIPthis hypothesis proves to be correct, then the mechanism
immunostaining started to decline (). By the onset of responsible for the decline in the ecdysteroid titer in the
head-capsule slippage, the decline in immunostaining was vemyolting cycle of the fourth-instar larva may be viewed as a
pronounced and was almost completle &fter head-capsule delayed negative-feedback loop; ecdysteroids initiate the
slippage (Fig4D,E). It seems reasonable to conclude that thiselease of a prothoracicostatic hormone, and this hormone then
rapid loss of MIP-immunostaining in the neurohemal systennhibits release of ecdysteroids.




Possible role for myoinhibitory peptide in insect ecdys469

Fig. 8. Confocal images of whole mounts of the fift
abdominal ganglion of larvae dfl. sextaand B.
mori immunostained for crustacean cardioactivi®
peptide (CCAP; red) and myoinhibitory peptide
(MIP; green). (A) InM. sexta immunostaining for
CCAP demonstrated interneurons 704 an
neuroendocrine cells 27, as well as processes in t
neuropil and perivisceral organ (PVO). (B) In the
same ganglion shown in A, double-staining fo
CCAP (red) and MIP (green) demonstrated thg
immunoreactivities to these peptides are co
localized in interneurons 704 (yellow) but not in
neuroendocrine cells 27 (red). Note also that there
co-localization in much of the neuropil but not in the
PVO. (C) In the abdominal ganglia dfl. sexta
larvae a few hours before ecdysis, the MIP
immunostaining of interneurons 704 and o
processes in the neuropil is strong. (D) In larvae
ecdysis, the MIP-immunostaining of cells an
processes is very weak, suggesting that duri
ecdysis the MIP-like peptide has been release
(E) In B. mori MIP-immunostaining labeled two
pairs of lateral cells. (F) CCAP-immunostaining off
the same ganglion labeled anterior and posteri
lateral somata comparable to cells 704 and 2
respectively. (G) The double-staining of this
ganglion demonstrated that CCAP and Ml
immunoreactivity is co-localized in interneurons 70
(yellow) but not in cells 27 (red) nor in the posterio
lateral MIP-IR cells (green). Scale bars, 100.

In the adult ofM. sexta the 1A median neuroendocrine visceromotor neurons in the terminal ganglion but did not label
cells were shown to be MIP-immunoreactive, and these cellny neuroendocrine cells in the CNS. We have shown that the
are also labeled by antisera to allatostatin and diuretic hormotteteral pairs of 704 interneurons in the abdominal ganglia of
(Davis et al., 1997). Therefore, an MIP-like peptide may be cdarvae ofM. sexta and comparable neurons B mori are
released with allatostatin and diuretic hormone in the adult, béMIP-immunoreactive, and this immunoreactivity is co-
its function in the adult remains to be studied. The appearantecalized with that of CCAP. Ewer et al. (1998) have
of the epiproctodeal glands in the adult suggests that they ademonstrated cell death of the 704 interneurons in fully mature
not functional, but it has been shown in adultMokextathat M. sextaadults, and, as expected, we have found that in adults,
MIP inhibits the myogenic rhythm of contraction of the these cells are not labeled by MIP-immunostaining.
hindgut (Blackburn et al., 1995). Therefore, the target of MIP In M. sexta the level of MIP-IR in the 704 interneurons
released from the 1/Anedian neuroendocrine cells of the braindecreases at the time of larval ecdysis, and Gammie and
might be the hindgut. Truman (1997) reported a similar decrease in CCAP-IR.

In larvae ofM. sexta the antiserum to MIP labeled a small Moreover, these authors showed that application of CCAP to
group of interneurons in the brain and ventral ganglia ande-sheathed abdominal ganglia results in generation of
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rhythmic bursts of impulses associated with the ecdysis motoriarval brain of the silkwormBombyx mori. J. Biol. Chen247, 31169-

program, apparently indicating that release of CCAP from thg 31173. _ _ . .
704 interneurons activates this motor program. Our result}gernan, J A. (1990).Histological and Histochemical Methods: Theory and
prog : Practice 2nd edition. Oxford: Pergamon Press.
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