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Abstract The crustacean hyperglycemic hormone (CHH)
peptides regulate diverse physiological processes from

reproduction to metabolism and molting in arthropods. In
insects, the ion transport peptides (ITP), also members of
the CHH family, have only been implicated in ion transport.
In this study, we sequenced a nucleotide fragment spanning
the conserved A1/A2 region of the putative CHH/ITP gene.
This fragment was amplified from larval cDNA of the
tobacco hornworm, Manduca sexta and showed a high
degree of sequence conservation with the same region from
other insects and, to a lesser degree, with that of crustacean
species, suggesting the presence of a Manduca-specific
CHH/ITP mRNA (MasITP mRNA). CHH-like immunocy-
tochemical analyses with two crustacean antisera (from
Carcinus maenas and Cancer pagurus) identified the
presence of CHH-like immunoreactivity in nervous tissue
of all developmental stages, but not in the gut of M. sexta.
Specifically, CHH-like peptides localized to paired type IA2

neurosecretory cells of the pars lateralis of the brain
(projecting ipsilaterallly to the corpora cardiaca-allata
complex) and to neurosecretory cells and transverse nerves
of the ventral nerve cord in larvae, pupae, and adults. The
distribution of the putative MasITP peptide shifted during
development in a manner consistent with metamorphic
reorganization. A comparison of hemolymph equivalents of
CHH detected by enzyme-linked immunosorbent assay
with CHH-like immunoreactivity in transverse nerves
provided evidence for the release of MasITP from the
transverse nerves into the hemolymph at insect ecdysis.
These data suggest the presence of an insect ITP in M. sexta
and a role for this hormone during ecdysis.

Keywords Ecdysis . Crustacean hyperglycemic hormone
(CHH) . Ion transport peptide (ITP) . Transverse nerves .

Tobacco hornworm,Manduca sexta (Insecta)

Cell Tissue Res
DOI 10.1007/s00441-007-0391-9

DO00391; No of Pages 17

This research was funded by the National Institutes of Health (MBRS
SCORE Program-NIGMS) to M.F. (grant no. 2S06 GM52588-09), by
the National Center on Minority Health and Health Disparities (grant
no. 5P20-MD000262), an NIH RISE graduate fellowship to A.L.D.
(5 R25 GM59298), an NIH PREP fellowship to C.C.H. and M.A.U.
(5 R25 GM64078), an NSF CSU LS-AMP fellowship to C.C.H.
(HRD-9802113), and by NIH MBRS-MARC to M.D.P. (T34
GM08574) and NIH MA/MS-PhD Bridge Scholarship to A.L.D. and
C.C.H. (5R25 GM48972).

A. L. Drexler :C. C. Harris :M. G. dela Pena :
M. Asuncion-Uchi :M. Fuse (*)
Department of Biology, San Francisco State University,
San Francisco, CA 94132, USA
e-mail: fuse@sfsu.edu

A. L. Drexler
Department of Biology, University of Washington,
Box 351800, Seattle, WA 98195, USA

C. C. Harris
Department of Cell and Molecular Biology,
Tulane University, 2000 Percival Stern Hall,
New Orleans, LA 70118, USA

M. Asuncion-Uchi
Department of Public Health Sciences,
University of California at Davis,
One Shields Avenue, TB-168,
Davis, CA 95616, USA

S. Chung
Center of Marine Biotechnology,
University of Maryland Biotechnology Institute,
Baltimore, MD 21202, USA

S. Chung : S. Webster
School of Biological Sciences, University of Wales,
Bangor, LL57 2UW Gwynedd, Wales, UK



Introduction

Neuropeptides are perhaps the most abundant regulators of
physiological processes and behavior patterns in animals
and may act as neuromodulators, neurohormones, or neuro-
transmitters. An excellent example of their actions occurs
during ecdysis (the shedding of the old cuticle) in arthropods
in which neuropeptides interact peripherally and centrally to
coordinate a series of critical stereotyped behaviors. Simi-
larly, homeostatic processes, such as those affecting water
balance or sugar mobilization, depend on physiological
regulation by neuropeptides to conserve electrolytes and
water or to modify the transport rates of blood sugars. Since
many of these physiological events occur simultaneously,
both an understanding of the way that these regulators
interact to produce successful outcomes and the identifica-
tion of all players regulating these key events are important.

The neuropeptide crustacean hyperglycemic hormone
(CHH) was first identified because of its hyperglycemic
effects in the crab, Carcinus maenas (Kegel et al. 1989), but
has since been implicated in regulating crab ecdysis (Chung
et al. 1998, 1999), among other functions. In this case,
CHH regulates water and ion uptake during ecdysis in order
to allow the swelling required for the breaking out of the
old exoskeleton and for the increase in size during the
postmolt. CHH peptides, however, comprise a much larger
family of related peptides, including the ion transport
peptides (ITP) in insects (Audsley et al. 1992). Insect ITPs
were first isolated from orthopterans based on their ability to
stimulate chloride transport in ileal bioassays (Audsley et al.
1992; Meredith et al. 1996). They have subsequently been
found in abundance in the brain and corpora cardiaca (CC)
of several orthopteran insects, including Schistocerca
gregaria, Locusta migratoria, and Acheta domesticus
(Macins et al. 1999). Their precise localization within the
brain, however, is unknown, since immunological analysis
has been limited to Western blots (Macins et al. 1999).
Moreover, ITP has only been shown to stimulate ileal
chloride transport in orthopterans, and its biological activity
in other insects is still uncertain. To date, only three full
insect ITPs have been sequenced, and only at the nucleic acid
level. However, synthetic peptide produced from deduced
amino acid sequences of L. migratoria ITP show biological
activity, suggesting the gene is transcribed in locusts (Ring
et al. 1998). ITP sequences have been identified in Bombyx
mori (Endo et al. 2000), S. gregaria (Meredith et al. 1996),
and L. migratoria (Macins et al. 1999). BLAST searches
suggest that sequences also exist for Drosophila mela-
nogaster and Anopheles gambiae (C. Harris, personal
communication). In B. mori, in situ hybridization has
revealed cells of the brain containing mRNA (Endo et al.

2000). The positions of these cells suggest that they may be
group II lateral neurosecretory cells as described previously
(Homberg et al. 1991; Copenhaver and Truman 1986),
although this has not been confirmed anatomically. Similar
ITP-immunoreactive cells have been noted in larval M.
sexta brains, suggesting that these cells are a conserved
source of ITP in Lepidoptera (Zitnan and Adams 2005).
Northern blot analysis indicates that ITP mRNA is not
present in locust ventral nerve cord (VNC; Meredith et al.
1996), and it has not been previously described in B. mori
or M. sexta.

Structural analogs of CHH are conserved over an even
wider range of invertebrates (Gasparini et al. 1994) and
have been implicated in regulating numerous physiological
functions (e.g., reproduction, vitellogenesis, inhibition of
molting: Lacombe et al. 1999; carbohydrate metabolism,
hydromineral balance: Sedlmeier 1988; Macins et al. 1999;
Serrano et al. 2003; ecdysis: Chung et al. 1998). The CHH-
like peptides have a high degree of sequence similarity and
range in size from 69–78 amino acids (Macins et al. 1999;
Sithigorngul et al. 2003). The family separates into two
major classes (type I and type II) by structural, functional,
and phylogenetic distinctions. Common to all of the
peptides is a core of five structural motifs, three of which
(motifs A2, A3, A4) are conserved across the family and
contain the six conserved cysteines, forming three disulfide
bridges. The other two domains are thought to provide
functional (motif A1) and species (motif A5) specificity
(Lacombe et al. 1999). The insect ITP sequences identified
to date form a distinct group, more similar to type I CHH
than to type II (Lacombe et al. 1999; Chan et al. 2003).
These similarities have been used successfully to determine
novel CHH sequences and are the basis for the identifica-
tion of A1 and A2 structural motifs of Manduca sexta ITP
(MasITP) in the current study.

In this investigation, we have sequenced the A1/A2
structural motif of a putativeMasITP gene. Sequence analysis
of this motif has revealed a putative ITP transcript, which
shows high sequence similarity with other known insect ITP
sequences. We have examined the distribution and staining
intensity of CHH-like immunoreactivity in various stages of
M. sexta by using two crustacean CHH antibodies. Our data
reveal that CHH is distributed throughout the central nervous
system (CNS) at the different developmental stages but is
not apparent in the gut. It appears to be released from
transverse nerves (TNs) around the time of ecdysis and may
thus have a role in physiological processes required for
successful ecdysis. Full identification of MasITP should lead
to our understanding of its physiological role and of the
structure-function relationship of the CHH/ITP family of
peptides in invertebrates in general.
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Materials and methods

Animals

Manduca sexta L. were raised under a 17 h:7 h light:dark
photoperiod coupled to a thermoperiod of 28°C:25°C, on
an artificial diet (MP Biomedical, Irvine, Calif., USA;
based on Bell and Joachim 1976). Pharate fifth instar larvae
and pharate pupae were staged by using external morpho-
logical markers (Taghert et al. 1980; Copenhaver and
Truman 1982). Larvae were chosen when (1) the exuvial
head capsule of pharate L5 animals still contained digestive
fluids, and the new mandibles were beginning to tan
(liquid-filled brown mandible stage; LFBM), (2) all
digestive fluid had been reabsorbed from the exuvial head
capsule (air-filled brown mandible stage; AFBM), (3) L5
animals had successfully ecdysed (post-ecdysis; pE), and
(4) fifth-stage animals were 1 day old (L5). The timing of
animals with respect to ecdysis was as follows: LFBM
(−12 h), AFBM (-5 h), pE (+1 to 2 h), L5 (+24 h). Pupae
were selected 3 days (termed early pupae) and 16 days
(termed late pupae) after pupariation. Adults were housed
in mesh cages with 5% sucrose solution and were randomly
selected after eclosion.

Hemolymph extraction

Larvae were anesthetized on ice for 15 min. Hemolymph
was collected in capillary tubes from an incision in the
dorsal horn and transferred immediately to cold microfuge
tubes. The hemolymph was flash-frozen on dry ice and
stored at -80°C until needed.

CHH enzyme-linked immunosorbent assay
and radioimmunoassay

Radioimmunoassays (RIAs) were performed as described
by Chung and Webster (1996) and shown to be selective for
CHH of Cancer pagurus and Carcinus maenas at concen-
trations as low as 10−11M. For the enzyme-linked immu-
nosorbent assay (ELISA), CHH from C. maenas sinus
glands was purified and quantified according to previously
described procedures (Lohr et al. 1993). Peptides for
standard dilution series, ranging from 1 pmol to 1 fmol/
100 μl, were dissolved in coating buffer (0.1 M sodium
bicarbonate, pH 9.5) immediately prior to use. Hemolymph
samples from M. sexta were centrifuged for 10 min
(16,000g, 4°C) and applied to equilibrated 360 mg Sep-
pak C18 cartridges (Millipore, Milford, Mass., USA).
Cartridges were washed with 5 ml 100% isopropanol and

equilibrated with 10 ml Milli-Q water prior to use. Samples
were eluted in 3 ml 40% isopropanol and immediately dried
by vacuum centrifugation and re-suspended in coating buffer.
Hemolymph from C. maenas was collected as described in
Lohr et al. (1993) and processed for use as a positive control.
Standards and hemolymph samples (100 μl) were coated on
a 96-well microtiter plate (Alpha lab) overnight at 4°C,
washed in assay buffer (50 mM sodium phosphate, 0.85%
NaCl, 0.05% Tween 20, pH 7.4; PBTS), and blocked with
1% bovine serum albumin in PBST (150 μl/well) for 1 h at
37°C. Plates were incubated with 100 μl/well of a solution
containing anti-Cam CHH serum (R152) at a dilution of
1:5,000, washed three times in PBST, and incubated for
1.5 h at 37°C in goat-anti-rabbit IgG conjugated to
horseradish peroxidase at a dilution of 1:2,000 (Vector Labs,
Burlingame, Calif., USA). After being washed three times
with PBST, plates were visualized with 0.4% 2′2-azino-bis
[3-ethly-benzothiazoline-6-sulfonate] and 0.006% H2O2 in
0.1 M citrate buffer (pH 4.0). Absorbance was quantified by
using a Victor 1420 (Perkin-Elmer, Boston, Mass., USA).
Results were calculated as CHH equivalents/milliliter hemo-
lymph. Under these conditions, the sensitivity of the assay
was approximately 2–125 fmol/well.

Immunohistochemistry

Animals were anesthetized on ice, and their nerve cords
and/or guts were dissected in cold modified Weever’s saline
(Trimmer and Weeks 1989). Tissues were fixed in 4%
buffered paraformaldehyde solution for 1–2 h at room
temperature, rinsed in phosphate-buffered saline (PBS)
containing 1% Triton-X 100 (Sigma, St. Louis, Mo.,
USA; PBST), treated with collagenase (Type IV; Sigma)
in PBST at a concentration of 0.5 mg/ml for 60 min at room
temperature, rinsed in PBST, and blocked with 5% normal
goat or donkey serum (Jackson ImmunoResearch Laborato-
ries, West Grove, Penn., USA) for 15 min at room
temperature. Some samples were also incubated in 3% fat-
free milk powder solution (Carnation Brand, diluted in
PBST) for 30 min at room temperature prior to incubation in
primary antisera. Tissues were further incubated with rabbit
anti-CHH antibody directed against C. pagurus CHH (“anti-
CapCHH”) or C. maenas CHH (“anti-CamCHH”), or in
some cases with rabbit anti-FMRFamide antiserum (AbCam,
Cambridge, Mass., USA). Antibodies were preabsorbed
overnight at 4°C in 5% normal goat or donkey serum prior
to dilution at 1:1,000 in PBST, unless otherwise stated. All
tissues were incubated on a shaker for 36–48 h at 4°C, rinsed
in PBST, and processed with peroxidase-conjugated goat or
donkey anti-rabbit IgG secondary antibody (1:500) on a
shaker for 24 h at 4°C. After further rinses, the antibody
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complex was visualized by using the chromagenic diamino-
benzidine (DAB) reaction. Tissues were incubated with
ammonium chloride (0.4 mg/ml), beta-D-glucose (2 mg/ml),
DAB (50 microl/ml), and glucose oxidase (6 microl/ml) in
PBST. Reactions generally took 5–30 min and were stopped
by several rinses in PBST and a final transfer to PBS. The
tissues were then dehydrated through an ethanol series,
cleared in xylene, and mounted in DPX (Fluka, Buchs,
Switzerland) on coverslips coated with poly-L-lysine.

Control tissues were treated as described above, with the
omission of either the primary or the secondary antibody.
No staining was noted in these preparations.

To determine specificity of staining, antibody-blocking
experiments were carried out with 0.2 pmol CapCHH
peptide or 0.3 pmol CamCHH peptide, based on successful
immunospecificity experiments blocking crustacean anti-
sera reactivity in insect tissues (Jaros and Gade 1982). In
summary, CapCHH peptide and CamCHH peptide were
used to preabsorb either anti-CapCHH or anti-CamCHH
antisera prior to use in the immunohistochemical protocol
described above.

Signal quantification

The intensity of immunoreactivity based on the DAB color
reaction was quantified subjectively in cells and axons
within the CC by using a scoring system from 0 (no stain)
to 3 (maximal number of axon branches of TNs stained), as
modified from Ewer and Truman (1997). Staining intensity
also appeared to vary in the TNs, but direct quantification
was difficult because of the variability in numbers of boutons
and axons branching off within the nerves. Moreover,
because a large fraction of preparations exhibited no staining
in the TNs at certain periods during the molt, the percentage
of TNs stained in any ganglion was determined, and this
value was averaged across the VNC. Percentage data were
arcsine transformed prior to averaging across ganglia;
standard errors of the mean were also determined. Data were
retransformed to proportional values after statistical analysis,
as noted below.

Statistics

One-way analysis of variance (ANOVA) on ranks was
performed with Sigmastat (Systat Software, Point Rich-
mond, Calif., USA) to assess significant differences within
groups, followed by the appropriate post-hoc measures
noted with each experiment. For immunocytochemical
(ICC) intensity data, the Student Newman Keuls all-
pairwise multiple comparison test was employed to assess
differences between groups. For hemolymph equivalent data
determined by ELISA, Dunn’s method of pairwise multiple

comparisons was used. For both analyses, significance was
determined at P<0.05. When percentage data were used,
arcsine transformations were performed for the statistical
analyses (see above).

Primer design

CHH and ITP peptide sequences from the nucleotide data-
bases of the National Center for Biothechnology Information
were aligned and compared. Areas with the greatest homol-
ogy were used to design degenerate oligonucleotide primers.
The choice of nucleotides was weighted toward insect ITPs,
and sequences with low degeneracy and strong C-G bonds at
the primer-template junctionwere preferred (Table 1). Primers
were made to motifs 1, 2, and 5, as designated by Lacombe
et al. (1999). CHHA1f was the forward primer, whereas
CHHA2r and CHHA5r were reverse primers, CHHA5r
being designed further downstream.

Polymerase chain reaction, cloning, and sequencing

Genomic DNAwas isolated from the central nervous system
of the 5th larval stage of M. sexta by using the DNEasy kit
(Qiagen, Valencia, Calif., USA). A cDNA library was
generously donated by F. Horodyski. The polymerase chain
reaction (PCR) was carried out as follows: 94°C for 2 min,
followed by 94°C for 45 s, 55°C for 45 s, and 72°C for 45 s
over 35 cycles, and then 72°C for 5 min as the final
extension.

In some cases PCR resulted in weak and multiple bands,
and so, prior to sequencing, DNA was cloned into bacterial
vector DNA (Topo10-kit, Invitrogen, Carlsbad, Calif.,
USA) according to the manufacturer’s specifications.
Competent cells were heat-treated to aid in transfection
and were incubated at 37°C for 1 h before plating. Cells
were grown on ampicillin/kanamycin plates coated with X-
gal for 24 h. Independent white colonies were selected,
streaked on fresh plates, and used in PCRs with M13(−20)
and M13R vector primers from the Topo10-kit. PCR
products were screened by agarose gel electrophoresis for
the correct size insert and sequenced.

All sequencing was performed under supervision and
according to the standard BigDye 3.1 (Applied Biosystems,

Table 1 Nucleotide sequences of primers used in the polymerase
chain reaction and sequencing reactions

Name Sequence

CHH-A1f 5′−GAGTGTAARGGRGTYTWCGA−3′
CHH-A2r 5′−AGATTGWAACARTCKTCRCA−3′
CHH-A5r 5′−GCATCCCTTGAAGTAGCC−3′
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Foster City, Calif., USA) protocols in the SFSU Conserva-
tion Genetics Laboratory. PCR products were purified by
using MoBio spin columns and reagents (MoBio Laborato-
ries, Carlsbad, Calif., USA). Separate BigDye cycle-
sequencing reactions were performed for CHHA1f,
CHHA2r, or CHHA5r, and for T7 and T3 primers (Table 1),
followed by isopropanol precipitation. The sequencing
product was re-suspended in loading buffer, denatured,
loaded onto a sequencing gel (denaturing 4.8% polyacryl-
amide, containing 36% urea), and run on an ABI Prism 377
DNA Sequencer (Applied Biosystems, Foster City, Calif.,
USA). Sequences were compared and corrected by using
Sequencher 3.1 (Gene Codes, Ann Arbor, Mich., USA).

Results

Molecular sequence of A1/A2 structural motifs of MasITP

The CHH peptide family is grouped by the presence of a
core of five structural motifs, three of which are conserved
across the family and contain the six conserved cysteines,
forming three disulfide bridges (A2, A3, A4). The A1 motif
is thought to confer functional specificity and participate in
receptor binding and is more variable across taxa than is A2
(Lacombe et al. 1999; Zhao et al. 2005). Motif A5 appears to
provide species specificity. The insect ITP sequences appear
most similar to type I CHH. These similarities were used
strategically to design primers to encompass the A1 and A2
regions of a putative larval MasITP (see Table 2). By
comparing nucleic acid sequences of known invertebrate
CHHs and ITPs, we designed degenerate oligonucleotide
primers spanning the A1/A2 regions, weighting them toward
closely related insects (the locusts L. migratoria and S.
gregaria, and the silkworm B. mori; see Table 2). These
primers were used to probe M. sexta larval cDNA for
fragments that were indicative of gene expression of MasITP
mRNA. Table 2 shows a comparison of the putative MasITP
fragment with other known CHH/ITP sequences.

Gene sequence analysis of this motif revealed a putative
ITP transcript fragment, which showed high sequence
similarity with other known insect ITP sequences. The
nucleic acid sequences were most similar to the CHH/ITP
of B. mori and less closely related to the locust ITPs or to
the D. melanogaster and A. gambia sequences. The
predicted amino acid sequence of this MasITP fragment
was 88% similar to that of B. mori. As expected, the more
closely related insects had greater sequence identity than
the crustaceans, and the percentage similarity decreased
roughly according to degrees of species relatedness (based
on Chan et al. 2003).

Distribution of CHH-like immunoreactivity in CNS
of M. sexta

CHH-like immunoreactivity in the CNS of M. sexta was
studied and compared at the larval, pupal, and adult stages.
Two CHH antisera were used to determine whether CHH-
like immunoreactivity was present in M. sexta (Fig. 1). The
antisera were directed against CHH from the crabs C.
maenas (anti-CamCHH) and C. pagurus (anti-CapCHH).
Both anti-CamCHH and anti-CapCHH antisera stained the
brains, CC, corpora allata (CA), and VNCs of all develop-
mental stages. Extensive mapping of CHH-like immunore-
activity was however limited to immunoreactivity produced
by anti-CamCHH, unless noted otherwise.

Figure 2 shows representations of CHH-like immuno-
reactivity at various stages. Filled cells or blackened nerves
depict consistently immunoreactive tissues, and open cells
or the gray shading of tissues (e.g., in CC or CA) indicate
weak and less consistent immunoreactivity. In general,
staining in neurosecretory cells of the brain and in the
neurohemal organs (the CC/CA complex and the abdominal
TNs) is strong and consistently present up to the late pupal
stage. Cells of the subesophageal ganglion (SEG) and the
thoracic and abdominal ganglia only stain occasionally,
suggesting that the abundance of a CHH-like peptide in these
cells is variable compared with that of the neurohemal tissues
and cells of the brain, or that reactivity to the antisera is
reduced in these tissues.

A representation of CHH-like immunoreactivity in the
larval CNS is presented in Fig. 2a (described in detail
below). The CNS of the early pupa (Fig. 2b) resembles the
larval CNS in structure and general cell layout, whereas the
later pupal CNS (Fig. 2c) begins to show anatomical
changes. The adult (Fig. 2d) features a fused SEG-cerebral
complex, thoracico-abdominal ganglion (T2-A2 or protho-
racic gland), and terminal abdominal ganglion (TAG; A6–
A8), together with individual ganglia (T1 and A3–A5).
This alteration in morphology is accompanied by a shift in
staining patterns, as revealed by changes in the cell
distribution (discussed in detail below). Staining patterns
in the early pupa thus generally resemble those found in the
larvae, whereas the distribution and intensity of cell and
nerve staining shifts as the animals age.

Distribution of CHH-like immunoreactivity in larval CNS

Both anti-CamCHH and anti-CapCHH antisera showed
similar staining patterns in larval brains, revealing a
bilaterally paired cluster of four to five neurons in the
lateral protocerebrum (black arrowheads in Figs. 1a,b, 3a;
see also Fig. 2), and in axons (black arrows) projecting
from these cells toward the strongly stained CC. Staining in
the CAwas always significantly lower and was not noted in
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all preparations. The immunostained brain cells appeared to
be the type IA2 group of neurosecretory cells previously
described by Homberg et al. (1991) and Copenhaver and
Truman (1986), some of which have also been shown to
possess immunoreactivity against a polyclonal antiserum

against eclosion hormone (EH; Copenhaver and Truman
1986), among other neuropeptides (e.g., corazonin; Wise
et al. 2002). The cells typically clustered as a set of three
closely apposed pairs and a neighboring set of one to two
pairs, all sending ipsilateral projections via CC nerves 1

Fig. 2 Schematic representa-
tions of the most abundant anti-
CamCHH immunoreactivity in
M. sexta at various develop-
mental stages (circles cells, di-
agonal bars breaks in the CNS,
dark shading areas of consistent
immunoreactivity from prepara-
tion to preparation, gray shading
weak and inconsistent immuno-
reactivity, BR brain, SEG sub-
esophageal ganglion, CC
corpora cardiaca (corpora allata
not shown), T1-T3 thoracic
ganglia 1–3, A1-A6 abdominal
ganglia 1–6, TAG terminal ab-
dominal ganglion, TN transverse
nerves, PVO perivisceral
organs). a Larval L5 central
nervous system (CNS). b Early
pupal CNS. c Late pupal CNS. d
Adult CNS. CNS schematics are
not drawn to scale, and the optic
lobes of the adult have been cut
off to save space

Fig. 1 CHH-like immunoreactivity in the brains of L5 stage larvae of
M. sexta. a Staining with anti-CapCHH antibodies. b Staining with
anti-CamCHH antibodies. Black arrowheads indicate four to five pairs
of immunoreactive cell bodies in the pars lateralis region of the brain.

Note occasional clusters of two or three cells. Black arrows indicate
axonal projections heading toward the corpora cardiaca-allata com-
plex, both of which stain but are not represented in this figure. Bars
100 μm
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and 2 (NCC 1+2) to the CC and CA (Figs. 1, 3a, 4b). The
CC showed visible axonal branchings and terminal
swellings characteristic of neurohemal storage and release
(Orchard 1983). The arbors in the CC stained strongly in
all larval preparations and were diffuse, whereas CA
staining was less prominent and sometimes absent. Stain
was not apparent in the intrinsic cells of the CC,
suggesting that the synthesis of MasITP was not occurring
in the CC itself. Interestingly, however, although we saw
clear indications of axonal projections from the IA2 cell
group into the CC/CA, we did not see the extensive
dendritic arborizations noted around the cell soma, as
detected by cobalt intracellular iontophoresis (Copenhaver
and Truman 1986). Whether this indicated that we had
detected a different subset of the IA2 cells or that the peptide
was not distributed in these arbors remained unclear.

Cell bodies stained in the VNC much less frequently
than in the brain, and with significantly less staining
intensity. Medial and lateral pairs of cells were occasionally
seen in the SEG (Fig. 3b), and a few preparations displayed
weak staining of paired lateral cells in the third thoracic
ganglion (Fig. 3c). Cells of abdominal ganglia A1–A6

showed weak immunoreactivity to CHH antisera (Figs. 3d,
e). The occasional immunostained soma appeared to consist
of one paired posterolateral neurosecretory cell and one
paired anterolateral neurosecretory cell together with two
pairs of dorsal paired medial cells. Positionally, these cells
did not seem to be the lateral L1 cells (cell 27) containing the
neuropeptides, crustacean cardioactive peptide (Davis et al.
1993) and myoinhibitory peptide (MIP; Davis et al. 2003),
or the L2 and L5 cells showing increases in cGMP at the
onset of ecdysis (Zitnan and Adams 2000; Fuse and
Truman 2002). Whether the two pairs of medial cells are
the M2 and M3 cells described by Davis et al. (1993) has
yet to be determined, although staining has been noted in
the TNs of each abdominal ganglion, which are storage
sites for peptides from the M2/M3 cell groups. The TAG
showed putatively homologous cells in its anterior region,
with a greater abundance of cells more posteriorly (Fig. 2e).

In all preparations, strong consistent staining was noted in
the TNs of A2-TAG, but not in more anterior ganglia. This
was consistent with the presence of putative CHH-positive
M2 and M3 cells in the abdominal ganglia, which are known
to project axons to the TNs, and not to the thoracic ganglia

Fig. 3 Larval M. sexta. Representative micrographs of CNS prepa-
rations responding to anti-CamCHH antisera. a Five pairs of
neurosecretory cells in the pars lateralis of the brain stained
consistently in all larval preparations (arrowheads) with axons
projecting ispilaterally to the strongly immunoreactive corpora
cardiaca (CC). Mild staining was detected in the corpora allata (not
shown). b Paired sets of cells of the subesophageal ganglion were
immunostained (arrows; shown left only, for visual clarity). The

majority were medial cells of the mandibular, maxillary or labial
neuromeres, although one set of lateral neurons was also present. c
Two pairs of posterior lateral cells were noted in the third thoracic
ganglion (arrows). d One pair of posterior lateral cells was noted in
the third abdominal ganglion (arrows). CHH-like immunoreactive
axons were present in the transverse nerves (long arrows). e Paired
sets of cells of the terminal abdominal ganglion were immunostained
(arrows; shown left only, for visual clarity). Bars100 μm
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(thus the lack of TN staining in A1). The contrast in intensity
of cell and TN staining suggests that the peptide may be
stored in the TNs in high abundance for its eventual release
into the hemolymph (see below), or that different CHH-like
peptides originate in the cells and in the TNs.

Distribution of CHH-like immunoreactivity in pupal CNS

Examples of CHH-like immunoreactivity in the early and
later pupal CNS are presented in Figs. 4, 5, respectively. As
with larvae, four to five pairs of laterally clustered cells in
the early pupa were strongly immunoreactive, with projec-
tions to the CC/CA complex (Fig. 4a,b). Cells were clustered
in two groups, one with consistent staining of three pairs of
cells and the other with staining of one to two neighboring
pairs. In the brains of older pupae, only two to three pairs of
cells were noted consistently, although on one occasion, a
fourth lateral cell was noted (Fig. 5a). The group IA2 cells
typically become separated during metamorphosis and some
of them move to more lateral positions. Whether the extra
lateral cell noted above still represents IA2 cells is unclear.
Nevertheless, fewer brain cells stained as the animals aged
developmentally. Although strong staining occurred in the
CC/CA complex of early pupae, this staining was only ever
noted weakly in the older pupae. Staining was not noted in
the thoracic ganglia of early pupae but was apparent in
paired lateral cells in the older pupae. In both stages, cells of
the abdominal ganglia stained occasionally, although this

staining was generally weak and inconsistent, and no single
tissue ever displayed all of the cells shown in the diagram in
Fig. 2. Examples of typical abdominal cell staining are shown
in Fig. 5d. Interestingly, although cell staining was not
observed in the larval or early pupal T1-T2 regions, many
immunoreactive cells were noted in T1 and T2 of the older
pupae (Figs. 2c, 5b).

As in larvae, strong TN staining was associated with
abdominal ganglia A2-TAG in early pupa (Fig. 4d). Dense
staining was also always noted in nerves projecting from
the nerve cord between A2 and A3 of older pupae (Fig. 5c),
although additional TN staining was not observed.

Distribution of CHH-like immunoreactivity in adult CNS

The adult CNS is markedly different from that found in
larvae and early pupae. In addition to fused ganglia (brain/
SEG, T2-A2), enlarged antennal and optic lobes project
from the brain, and the VNC from A3 to the fused TAG
becomes associated with a muscular fatty sheath (compare
representations in Fig. 2). Other than in the brain, CHH-like
immunoreactivity was not observed in cell bodies in the
adult CNS. CHH staining in the brain (Fig. 6a) showed
patterns similar to those seen in older pupae, with sporadic
immunoreactivity in the CC, and little to no staining of the
CA (Fig. 2d). Cell staining in the brain appeared to be
strong in only two of the three clustered type IA2

neurosecretory cells of the brain and was weak compared

Fig. 4 Photomicrographs of anti-CamCHH-like immunoreactivity in
the early pupal CNS of M. sexta. a Low-magnification view of five
pairs of neurosecretory cells (long arrows) and axons (short arrows)
stained in the pars lateralis region of the brain. Note that cells are
clustered in sets of two or three. Axons project ipsilaterally to the strongly
immunoreactive corpora cardiaca-allata complex (arrowheads) shown in
c. b Higher magnification of the three-cell cluster of neurosecretory

cells in the pars lateralis region of the brain (arrowhead; the two-cell
cluster is out of the plane of focus) and axons (arrows) projecting
ipsilaterally. c Strong immunoreactivity is present in the corpus
cardiacum (CC, large arrowhead), with endings lying on the corpora
allata (CA, small arrowheads). d Transverse nerve staining was always
strong and consistent (arrows). Bars50 μm (b), 100 μm (a, c, d)
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Fig. 5 Anti-CamCHH-like immunoreactivity in the late pupal CNS of
M. sexta (arrowheads CHH-like immunoreactivity in cells of various
tissues, arrows staining in nerves). a Neurosecretory cells in the pars
lateralis region of the brain stained consistently in all preparations.
Note the segregation of the clusters of two or three cells (arrowheads)
as animals mature (the two-cell cluster has overlapping cells). Insert
Diagram of the brain (orange box region shown by immunohisto-

chemistry). b Rare CHH-like immunoreactivity in cell bodies of the
thoracicoabdominal ganglionic mass (arrowheads). c Strong CHH-
like immunoreactivity in nerves (arrows) projecting from the VNC
between AG2 and AG3 (see shaded box in Fig. 2c). d Example of
sporadic CHH-like immunoreactivity in cell bodies of abdominal
ganglion 4 (arrowheads). Bars50 μm (a), 100 μm (b-d)

Fig. 6 Photomicrographs of anti-CamCHH-like immunoreactivity in
the adult CNS of M. sexta (arrows CHH-like immunoreactivity in
cells, arrowheads CHH-like immunoreactivity in nerves). a The two-
cell cluster of paired neurosecretory cells (arrows) in the most lateral
portion of the brain is only stained occasionally. (b) This is also the
case for the corpora cardiaca (arrowhead). Staining was not noted in

the corpora allata. c Immunoreactive nerves (arrows) projecting from
the terminal ganglion. d Strong staining in nerves between A2–A3
(arrows) in the region depicted by a shaded box in Fig. 2d. e
Immunoreactivity in neurohemal regions of the abdominal perivisceral
organ. Bars50 μm (a), 100 μm (b-e)
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with that seen in the pupal and larval developmental stages.
This may be accounted for by the increased thickness of the
CNS matrix in whole-mount preparations or by decreased
abundance of peptide in the brains of adults.

Whereas cell bodies were never observed in the SEG,
thoracic, or abdominal ganglia, strong consistent staining was
found in perisympathetic organs (Fig. 6e) associated with the
thoracic and abdominal ganglia and in nerves and the nerve
cord (Fig. 6d) posterior to the prothoracic ganglionic mass.
Notable staining intensity spanned two nerves emanating
from the nerve cord between A2–A3 (as in the older pupa;
compare Fig. 2c,d), with lighter staining between similar
nerves of A3–A4, A4–A5, and A5-TAG. Occasionally
staining was also detected on the terminal ganglion leading
to the periphery (Fig. 6c). Interestingly, immunoreactivity
originating from the perisympathetic organs projected along
the length of the nerves extending toward the periphery (data
not shown), suggesting the presence of distal release sites for
this neuropeptide (as yet unexplored).

Distribution of CHH-like immunoreactivity in larval gut

CHH-like immunoreactivity has been found in endocrine
cells of the foregut and hindgut of C. maenas and this
source of CHH is implicated in regulating ecdysis in
crustaceans through the mediation of ion and water
transport (Chung et al. 1998). To determine whether
CHH/ITP was present in M. sexta gut, we stained whole-
mount preparations of larval foregut, midgut, and hindgut
for both CHH-like and FMRFamide-like immunoreactivity.
No CHH-like immunoreactivity was noted in larval M.
sexta foregut, midgut (see example in Fig. 7a,b), or hindgut
from either starved or fed animals (n=15). In contrast,
FMRFamide staining was noted in endocrine cells of M.
sexta midgut (Fig. 7c,d) and in axons of the hindgut (data
not shown) suggesting that lack of CHH-like immunoreac-
tivity was not related to poor preparation of the tissue
samples. In the midgut, the FMRFamide-positive endocrine
cells had the classic large bulbous cell body accompanied
by a long finger-like cytoplasmic projection spanning the
epithelial cell layer. Although not shown, FMRFamide-like
immunoreactivity in hindgut was noted in axons running in
an anterior-posterior path along the length of the tissue; this
has been noted in other insect hindgut preparations (e.g.,
Fuse et al. 1998). Both anti-CamCHH and anti-CapCHH
antisera were used, although only immunostaining for
CamCHH is shown in Fig. 7.

Immunospecificity of antisera

The immunospecificity of the CHH antisera was tested by pre-
absorbing the antisera with native CamCHH or CapCHH

peptides prior to use. The results were variable, in that
staining was not always fully blocked, although three results
were consistently noted. (1) Cells in the brain were always
blocked. (2) TN staining was not always blocked, but staining
intensity was always significantly reduced compared with
non-blocked preparations. (3) Anti-CapCHH antiserum was
always blocked more successfully than anti-CamCHH anti-
serum. Both CamCHH and CapCHH were successful in
blocking anti-CamCHH staining in larval brains but were less
successful in blocking TN staining in the VNC. Under these
preincubation conditions, staining was usually blocked in 4/6
ganglia of any nerve cord, and the staining that was noted
was half the intensity seen in experimental preparations. Anti-
CapCHH was fully blocked when antibody was diluted to
1:1,000 but was only partially blocked at a 1:100 dilution,
suggesting that the effect was dose-dependent.

Profile of CHH immunoreactivity during larval ecdysis

To characterize the putative MasITP further, we assayed
hemolymph by RIA and ELISA. The RIA used was highly
selective for CapCHH and did not detect the presence of
any CHH-like material in hemolymph or tissue samples
from 5th instar M. sexta. The standard detection range for
0.5 equivalents of crab X-organ/sinus glands is 3×10−11 to
3×10−9 M (Wainwright et al. 1996), and thus, equivalent

Fig. 7 Photomicrographs of whole-mount midgut preparations of
larval M. sexta after incubation with anti-CamCHH antisera (a, b) or
anti-FMRFamide antiserum (c, d). a, b Representative low- and high-
magnification micrographs reveal no CHH-like immunoreactivity in
larval midgut. c, d) Representative low- and high- magnification
micrographs reveal individual endocrine cells with FMRFamide-like
immunoreactivity. Note the characteristic flattened cell body and
finger-like cytoplasmic projection of an individual endocrine cell in d.
Bars 100mm (a, c), 50 mm (b, d)
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brain/CC extracts from M. sexta, if present, would fall
below this range (data not shown). This suggested that
MasITP was significantly different from CapCHH, as
substantiated by the sequenced fragment shown in Table 2
and by the immunohistochemical blocking experiments.

In contrast, the non-competitive ELISA recognized a
broader range of related CHH peptides and was able to detect
CHH-like material in hemolymph samples from M. sexta.
CHH measured by ELISA ranged in concentration from 0.25
to 8 fmoles/μl hemolymph. These values were higher than
those found in C. pagurus, possibly reflecting higher actual
concentrations of MasITP inM. sexta or indicating some non-
specific reactivity in the ELISA (see Discussion below).
Hemolymph CHH-like equivalents measured by non-compet-
itive ELISAwere compared with CHH-like immunoreactivity
in TNs of 5th instar larvae at different time points before and
after ecdysis (Fig. 8a). The pattern of CHH-like immunore-
activity in the hemolymph was inversely correlated with the
percentage of TNs stained at the same developmental stage.

The ELISA data showed significantly higher hemolymph
concentrations of CHH-like material as animals approached
ecdysis, and a subsequent fall in the levels of peptide after the
molt, as assessed by one-way ANOVA (P<0.001). Hemo-
lymph CHH levels at AFBM and immediately pE were
significantly higher than at LFBM or at L5 stages 24 h after
becoming L5, although they were not significantly different
from one another. LFBM samples were also significantly
higher than L5 samples. In contrast, the proportion of TNs
with CHH-like immunoreactivity was lowest in AFBM
animals compared with all other stages (P<0.001). LFBM
animals did not show significant differences from pE animals,
although both were significantly lower than L5 values.

As with the staining noted in TNs, staining was always
found in the brain and CC/CA complex of larval prepara-
tions, although the staining intensity in the type IA2 cells of
the brain or the axons of the CC/CA complex at the
different developmental stages before and after ecdysis did
not differ significantly (Fig. 8b, P>0.5).

Our data thus showed elevated hemolymph levels of the
putative MasITP just prior to and immediately following
ecdysis, with concomitantly reduced levels of CHH-like
immunoreactivity in the TNs (Fig. 8a). In contrast, staining
intensity in the brain and CC/CA remained unchanged over
this period.

Discussion

This study presents evidence of an ITP that is specific to M.
sexta (MasITP) and located in the nervous system of larval,
pupal, and adult animals. Preliminary sequence analysis has
revealed a putative MasITP mRNA transcript fragment
encoding the A1-A2 motifs; this is highly similar to other

insect ITPs, most notably to that of B. mori (Endo et al.
2000). By using two crustacean CHH antibodies, CHH-like
immunoreactivity has been noted in type 1A2 bilaterally
paired clusters of cells in the lateral protocerebrum, in the
CC/CA complex, and in cells and TNs of the VNC.
Whereas in situ hybridization with the A1-A2 sequence will
definitively identify our cells as ITP-containing cells, the
position of the cells in the brain corresponds identically to
CHH/ITP-mRNA-positive cell clusters noted in B. mori
(Endo et al. 2000) and to CHH/ITP-immunoreactive cells
previously identified in M. sexta (Zitnan and Adams 2005).
In contrast, however, CHH-like immunoreactivity has been
noted in median cells of the pars intercerebralis and CCs of
the brain of the stick insect, Carausius morosus (Jaros and
Gade 1982), suggesting that the localization of CHH and
ITP may not be conserved. To our knowledge, the only
insect ITP antibody available exists from the locust S.
gregaria (Meredith et al. 1996) and does not stain whole-
mount or slice preparations in locusts (J. Meredith, personal
communications). It has, however, been used to detect the
presence of ITP via Western blots (Macins et al. 1999). This
antiserum likewise does not stain whole-mount preparations
of the CNS of M. sexta (M. Fuse, unpublished observation).

Several CHH peptides from single or multiple genes
have been identified in many crustaceans and insects and
have a variety of functions (e.g., Meredith et al. 1996;
Chung et al. 1999; Marco et al. 2000; Dircksen et al. 2001;
Wilcockson et al. 2002). Two ITP peptides in locusts (ITP
and ITP-L) appear to originate from alternative splicing of
the same transcript. ITP-L is identical to ITP, except for the
extension of 4 amino acid residues at its C terminus. Their
expression in tissues also appears to be different. The
majority of ITP mRNA has been localized to the brain and
CC, whereas ITP-L mRNA is found within the VNC and
peripheral non-nervous tissue extracts (Meredith et al.
1996). The presence of only one MasITP cDNA fragment
from M. sexta does not discount the possibility that multiple
ITP peptides still exist. Indeed, the ability to block CHH-
like immunoreactivity fully in the brain but not in the
TNs and the differences in staining intensity in the brain
and in the TNs during the course of ecdysis (Fig. 8)
support the possibility of different ITP peptides in these two
locations.

Although incomplete, our nucleic acid sequence aligns
strongly with the conserved region of the CHH family
(Lacombe et al. 1999) and is highly similar to that of
another lepidopteran, B. mori (Endo et al. 2000). Compar-
ison of the predicted amino acid sequence to other CHHs
also places MasITP in the correct phylogenetic position,
based on the CHH phylogeny of Chan et al. (2003).
Whether there is any differential distribution of peptide
products has yet to be determined, although this is suggested
from our immunospecificity experiments (see below).

Cell Tissue Res



Specificity of MasITP

Nucleotide sequence data, RIA and ELISA characteriza-
tions of MasITP, and blocking experiments suggest that the
M. sexta CHH-like peptide is related but significantly
different from crustacean CHHs. The RIA used is highly
selective for CapCHH and does not detect the presence of
MasITP in 5th instar hemolymph or tissue samples (data

not shown). The standard detection range for 0.5 equivalents
of crab X-organ/sinus glands is 3×10−11 to 3×10−9 M
(Wainwright et al. 1996) and equivalent brain/CC extracts
from M. sexta fall below this range. This is also the case by
using an ELISA specific for Homarus americana, which
likewise does not detect locust ITP or crab CHHs (E. Chang;
unpublished data). In contrast, analysis by another crusta-
cean ELISA, which responds to a broad range of related
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Fig. 8 Variations of a CHH-like peptide in M. sexta. a Abundance of
VNC preparations showing CHH-like immunoreactivity (ICC immuo-
cytochemistry: gray bars) in transverse nerves (TN) compared with
CHH equivalents in hemolymph samples (ELISA enzyme-linked
immunosorbent assay: black line) at periods before and after ecdysis.
TN immunoreactivity is given as the average of the proportion of
preparations in any ganglion showing TN staining and is plotted along
the left axis. The proportion of 1.0 would mean that all preparations
showed TN immunoreactivity. ELISA values are given as hemolymph
equivalents of CapCHH in femtomoles CHH per microliter hemo-
lymph, plotted along the right axis. All values are represented with

standard errors of the mean (uppercase letters points of the
hemolymph curve representing significant differences from other
points on the curve at P<0.05, lowercase letters significant differences
from other bars at P<0.05). b Comparison of the staining intensity of
CHH-like immunoreactivity in cells of the brain and corpora cardiaca
(CC) before and after ecdysis. No significant differences in staining
were noted in the brain or CC during these periods (P>0.5). Staining
intensity is given on a 0–3 scale, with 3 being the highest observed
staining, and 0 being no staining (based on the method of Ewer and
Truman 1997). All values are represented with standard errors of the
mean
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CHH peptides and uses the anti-CamCHH antiserum, has
detected levels of peptide in M. sexta within physiologically
relevant ranges, although at higher concentrations than those
found in C. maenas. MasITP measured by this ELISA
ranges in concentration from 0.25 to 8 fmoles/μl hemo-
lymph. These higher levels might indicate the presence of
some non-specific immunoreactivity or might reflect higher
actual concentrations of MasITP in hemolymph or even the
presence of multiple ITP-like peptides around the time of
ecdysis.

The blocking of the CHH antisera by both CamCHH and
CapCHH gives variability in the results suggesting that
either MasITP is different from the CapCHH and CamCHH
peptides, or that multiple ITPs exist in M. sexta. Preincuba-
tion of the antisera with crustacean CHH peptides fully
blocks their ability to stain cells of the brain and VNC but
only partially blocks staining in the CCs and TNs, as
indicated by a greatly reduced but nevertheless positive
staining pattern. This data might be accounted for by
differences in the abundance of the peptide in cells and
neurohemal structures; this is indeed consistent with the
stronger staining intensity in the CC and TNs compared with
that of cells of the brain or VNC in experimental
preparations. This might also argue for the rapid synthesis
and release of the peptide for storage in the neurohemal
structures and would account for our inability to detect
consistent staining in abdominal neurosecretory cells, even
when TN staining is present. Alternatively, the data may be
accounted for by the presence of multiple ITP peptides in M.
sexta, distributed differentially in the brain and VNC, with
different specificities for the antisera. Finally, some cross
reactivity might occur with non-CHH products, although
results with similar antisera in C. morosus have likewise
never fully blocked the staining of apparently identical cells
of the stick insect brain (Jaros and Gade 1982).

With the completion of a MasITP gene sequence, a
specific MasITP RIA or ELISA may be established to
explore this further, together with quantitative PCR of
mRNA levels. This should also allow us to examine
changes in levels in the CNS.

Developmental differences in MasITP expression

In larval and young pupal brains, five pairs of cells typically
show CHH-like immunoreactivity, as two- and three-cell
clusters located in the lateral protocerebrum (Fig. 1). These
cells send ipsilateral immunoreactive axons to the CC/CA
complex, via nerves NCC 1+2, and thus appear to be cells
of the IA2 group previously described in M. sexta
(Copenhaver and Truman 1986; Homberg et al. 1991).
The cells appear in the same location as CHH-mRNA-
expressing cells of B. mori, which likewise are distributed
as two- and three-cell clusters (Endo et al. 2000), and as

CHH/ITP-positive cells previously described in M. sexta
(Zitnan and Adams 2005). We have not detected CHH-like
immunoreactivity in the glandular portion of the CC in M.
sexta, in contrast to the findings of Jaros and Gade (1982)
in stick insects, suggesting that the CC and CA are sites of
storage and not of synthesis of MasITP. Interestingly,
mRNA for ITP of L. migratoria has been detected in the
CC and brains of locusts by Northern blot (Meredith et al.
1996), which has led Meredith et al. (1996) to suggest that
the synthesis of ITP occurs in the CCs themselves. With
fuller sequencing of the MasITP gene, in situ hybridization
will ultimately determine whether these cells are indeed
expressing mRNA for a MasITP peptide.

By mid-pupal and adult stages, only the three-cell cluster
of lateral cells stains consistently with the CHH antisera,
although a fourth immunostained cell has occasionally been
noted in adults (Fig. 5a). Staining in the CC/CA is
drastically reduced, being absent in many late pupal and
adult preparations. This indicates either that ITP has been
released into the hemolymph during these stages, or, given
the reduced staining intensity in most late pupal and adult
preparations, that less ITP is stored at this stage. This loss
of peptidergic phenotype through development is not
uncommon. MIP staining is greatly reduced in adult M.
sexta, whereas larval tissues show intense immunoreactivity
(Davis et al. 2003). Similarly, FLRFamide-related peptides
show highly specific changes in expression during devel-
opment, suggesting differential roles or the expression of
distinct peptides at these developmental periods in insects
(Miao et al. 1998; McCormick and Nichols 1993). The
morphological changes during development from larva to
adult are accompanied primarily by a shift in the intensity
of MasITP cell and nerve-staining patterns, as seen in
Fig. 2, but not greatly in the location of cells responding to
the antisera. Thus, although different areas may stain at
different developmental stages, the majority of cells produc-
ing the peptide does not change; they just appear to be turned
on or off. This can be seen by the repetitive pattern of
immunoreactivity in cells in each ganglion and between each
developmental stage.

The shift in the intensity of staining patterns is not
uncommon for neuropeptide expression in cells (for
examples, see Schneider et al. 1993; Gammie and Truman
1999; Sithigorngul et al. 2002) and implies changing
physiological roles for this peptide during development.
For example, staining in the brain and CC remains consis-
tently strong throughout larval development and does not
change in the manner noted for the TNs at ecdysis (Fig. 8). As
the pupae mature to adulthood, however, the intensity of
staining tapers off, suggesting that the strongly immunore-
active cells in the larval brain/CC are necessary for some
function in larvae, but not in late pupae and adult stages. In
contrast to this, strong staining remains in nerves of the VNC
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in late pupae and adults. This disparity in staining also
supports the notion of multipleMasITP peptides, particularly
in light of the differential expression of ITP and ITP-L
mRNA in locusts: ITP mRNA is present only in adult locust
CC and brain, whereas ITP-L mRNA is present in all tissues
(Meredith et al. 1996).

Another difference in staining patterns occurs in the late
pupae in which the thoracicoabdominal ganglion shows
MasITP cell staining that is not present in the thoracic
ganglia of larvae or young pupae. The presence of MasITP
immunoreactivity at this time may be another example of the
development-specific expression of the peptide, perhaps in
concert with the development of the flight apparatus, which
is predominantly innervated by the thoracicoabdominal
ganglion.

Adult animals also show staining in the perisympathetic
organs, which are embedded in the fatty sheath around the
CNS, and which project toward the periphery. Thus, MasITP
is likely to have peripheral targets and functions in adults
that are not yet understood. In crustaceans, the functions of
CHH peptides have been largely studied in adult animals and
include the inhibition of vitellogenesis and gonadal function
and homeostatic roles in osmoregulation, glucose metabo-
lism, and stress response (for relevant reviews, see Keller
1992; Gade 2004; Chan et al. 2003; Lacombe et al. 1999).
Whether MasITP has similar functions in adult lepidopterans
is unclear. CC extracts of adult orthopteroids stimulate ion
transport in ileal bioassays, but similar extracts from larval
lepidopterans and adult dipterans do not have this in vitro
effect (Meredith et al. 1996; Macins et al. 1999). We have
observed little immunopositive material in the CC or CA of
adult M. sexta. ITP-like neuropeptides with physiological
roles in adult M. sexta may instead come from VNC-
associated tissue and, in particular, from the perivisceral
organs. Additionally, although a larger sample size is
needed to verify this, immunoreactivity in nerves leading
from the terminal ganglion appear to show a dimorphic
distribution, being present in females only (A. Drexler,
personal observation).

Absence of MasITP in gut

CHH-like immunoreactivity has been found in endocrine
cells of the foregut and hindgut of C. maenas. Indeed, this
source of CHH has been implicated in regulating ecdysis in
crustaceans, through the mediation of ion and water transport
(Chung et al. 1998; Webster et al. 2000). In contrast to
crustacean gut, no CHH-like immunoreactivity has been
noted in the endocrine cells or axons of larval foregut,
midgut, or hindgut in both starved and fedM. sexta (Fig. 7a).
The presence of FMRFamide-like staining in similar whole-
mount preparations (Fig. 7b) suggests that the lack of CHH-
like immunoreactivity is attributable to an absence of

MasITP in M. sexta gut, and not to the poor staining of
whole-mount preparations. CHH-like immunoreactivity has
similarly not been noted in B. mori gut (D. Zitnan, personal
communication). Alternate explanations for the lack of
staining might be that ITP is produced in sufficiently low
abundance that its detection is limited in these tissues, or that
a different ITP from that found in nervous tissue is present
and is not detected by the antisera that we have used. A more
precise time course is needed to assess definitively whether
ITP is present in the gut, since Chung et al. (1998) have
found that CHH in the gut occurs in its largest quantity just
prior to the onset of ecdysis and is significantly depleted
thereafter. If a time point is identified at which CHH-like
immunoreactivity is detectable in the gut, the quantitation of
the values of MasITP by Elisa or other immunological
methods will be of interest.

Role for MasITP in regulation of ecdysis

In the current study, hemolymph levels of the putative
MasITP have been measured by ELISA and shown to be
elevated just prior to the AFBM stage (the digestive fluid
has been reabsorbed in the head capsule, and the tracheae
are air-filled) and immediately following ecdysis (pE; 1 h
after ecdysis), with a concomitantly reduced proportion of
preparations showing CHH-like immunoreactivity in the TNs.
WhenMasITP hemolymph levels are reduced, approximate-
ly 12 h prior to ecdysis (LFBM stage, when the digestive
fluid is still present in the head capsule and trachea) and 24 h
into the L5 stage, (after sufficient feeding has probably
occurred), the proportion of stained preparations is at its
highest (Fig. 8a). In contrast, no significant difference occurs
in the staining intensity levels in the medial neurosecretory
cells of the brain or in the CC at these developmental periods
(Fig. 8b). Taken together, these data suggest that the peptide
is released from neurohemal sites of the TNs around ecdysis,
causing a subsequent increase in hemolymph ITP levels.
This would account for the weak inconsistent staining noted
in cells of the VNC, compared with the strong staining in the
TNs, if all synthesized peptide is immediately transported to
the TNs for storage. This same change in immunological
profile of CHH has been noted in crab gut before and after
ecdysis; levels are markedly lowered after the completion of
ecdysis (Chung et al. 1999). These data can be best
compared with results from RIAs or ELISAs of TN
homogenates employing a specific Manduca ITP when it
becomes available in the future.

Taken together, these data suggest a possible physio-
logical role for MasITP in insect ecdysis. They also
suggest that release is differentially regulated (compare
the intensities of the CC and TNs; Fig. 8), or that different
ITP peptides are stored in different regions of the CNS in
M. sexta.
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EH antisera have also been shown to stain the five pairs of
lateral type IA2 neurosecretory cells in larval and adult M.
sexta (Copenhaver and Truman 1986; M. Fuse, personal
observation). However, in situ hybridization has not been
able to demonstrate mRNA expression in these cells
(Horodyski et al. 1989), suggesting that the EH antisera
might be cross-reacting with other neuropeptides. Our
fragment of sequenced MasITP shows some alignment
with the EH gene in M. sexta (Horodyski et al. 1989; see
alignment in Zitnan and Adams 2005). More importantly,
EH never fully blocks immunostaining for EH in the brain
(Copenhaver and Truman 1986), suggesting that this
staining for EH might be non-specific. Since EH was
purified for antibody production by a bioassay monitoring
the onset of ecdysis (Copenhaver and Truman 1986), and
since our current data suggest that MasITP has a role in
ecdysis regulation (Fig. 8), the EH antibody might recog-
nize MasITP together with, or instead of, an EH-like factor.
This cross-reactivity might also occur with our antibodies
and might account for the unusually large amounts noted in
the hemolymph, as detected by ELISA. This suggestion
makes it imperative that we determine the role that MasITP
undertakes in the regulation of ecdysis. It will also be
interesting to determine whether this staining is co-
localized with our CHH-like peptide, and whether cross-
reactivity exists (by the EH antiserum or by the CHH
antiserum). Other neuropeptides localized to this group of
cells include corazonin (Wise et al. 2002), which has also
recently been implicated in the regulation of ecdysis in M.
sexta (Kim et al. 2004).

Of note, MasITP may have multiple functions in M.
sexta. Even at ecdysis, MasITP may regulate blood sugar
levels at a period when the animals are highly starved. The
regulation of blood sugars was the identifying function of
the CHH family in crustaceans, and this function has not
been assessed in insects. MasITP may alternatively play a
role in fluid and ion transport, as has been shown for CHH
in crabs (Chung et al. 1999). Studies in crabs have shown
that the pericardial organs, X-organs and gut produce CHH,
but that a pre-ecdysis surge originates from endocrine cells
in the gut alone (Chung et al. 1999; Webster et al. 2000).
Thus, not only are there multiple sources of CHH, but also
a role for a CHH peptide in ecdysis regulation has been
described in another arthropod. Whereas we have not
detected CHH-like immunoreactivity within gut tissue or
any other part of the alimentary canal, we suggest a similar
surge from the TNs into the hemolymph just prior to
ecdysis, and not from the brain/CC. A different function
may exist for MasITP from the brain/CC, although bio-
assays of lateral cell homogenates would necessarily
produce an ecdysis response if this was a role for MasITP.
Whether involved in the regulation of fluid or ion levels in
the gut, or in fluid reabsorption and subsequent air-filling of

the trachea, MasITP must definitely be assessed with
respect to its role in M. sexta.

The assignment of different functions to MasITP or to
related peptides is also consistent with the putatively
different roles of ITP and ITP-L in locusts, in which ITP-L
does not have ileal bioactivity (ion transport), whereas ITP
does (Ring et al. 1998). In M. sexta, the ITP that is produced
and released from the brain/CC might have a different
function from that of ITP released from the TNs, with the
latter contributing to a large ITP surge prior to ecdysis. The
hemolymph equivalents found at the L5 stage (Fig. 8) may
represent a baseline level of ITP in the hemolymph; this level
increases just prior to and following cuticle shedding (AFBM/
pE). A larger sample size is needed to evaluate fully the
differences in hemolymph ITP at and leading up to ecdysis.

Concluding remarks

The combination of nucleic acid sequence alignment of a
CHH/ITP-like peptide, RIA and ELISA analysis, and
immunohistochemical characterization with CHH-specific
antisera suggests that we have identified a member of the
CHH/ITP family of neuropeptides in M. sexta. This peptide
appears significantly different from the equivalent crusta-
cean peptides and is more closely related to other insect
ITPs. We have thus named it MasITP. It appears to be
present in clusters of type 1A2 neurosecretory cells of the
brain, in axons projecting to the CC/CA complex, in cells
of the VNC, and in associated TNs. It is also present
throughout development. Its presence in higher concen-
trations in the hemolymph at ecdysis suggests that it may
have a role in the regulation of ecdysis. Thus, the full
identification of the MasITP gene(s) is clearly essential in
our quest to understand fully its function(s) in the
regulation of physiological processes such as ecdysis in
Manduca sexta.

CHH-like peptides have been identified in neurosecre-
tory cells of the brain and the CC/CA complex of other
insects and in equivalent brain regions (X-organ/sinus
gland) of crustaceans. For instance, studies have found
CHH-like immunoreactivity in neurosecretory cells of the
brain and in the CC of the stick insect, C. morosus (Jaros
and Gade 1982) and the hornworm, M. sexta (Zitnan and
Adams 2005); these cells are probably the same cells as
those found in the present paper. Additionally, CHH/ITP
mRNA expression has been localized to lateral neurosecretory
cells in the silkmoth, B. mori, by in situ hybridization (Endo
et al. 2000), and immunopositive bands are present on
Western blots of brain tissue extracts from S. gregaria and L.
migratoria (Macins et al. 1999). In crustaceans, CHHs and
related peptides have been localized to the brain/CC
equivalent (X-organ/sinus gland) by immunohistochemistry
(Sithigorngul et al. 2002) and in situ hybridization (De
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Kleijn et al. 1992). These data suggest that this brain region
may be a conserved site of synthesis and storage of CHHs/
ITPs in arthropods. The lack of CHH-like immunoreactiv-
ity in gut preparations suggests either that MasITP has
different roles in M. sexta from that of CHH in crustaceans,
or that different developmental periods will have to be
monitored to determine the expression of these peptides in
the gut of M. sexta.

The presence of the peptide throughout development inM.
sexta (in larvae, pupae, and adults) suggests that CHH has
regulatory roles at all stages of development. Its differential
abundance in hemolymph and nerves around the onset of
ecdysis suggests that the role of MasITP in ecdysis needs
further consideration.
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