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ABSTRACT—Polyclonal antisera to Manduca sexta allatotropin and allatostatin were utilized to localize
allatotropin- and allatostatin-immunoreactivities in the central nervous system of larvae, pupae and adults
from the silk moth Bombyx mori. In larva the first allatotropin-immunoreactivity appeared in the brain and
terminal abdominal ganglion of first instar larva. In the third, fourth and fifth instar larvae, there was allatotropin-
immunoreactivity in the suboesophageal ganglion, three thoracic ganglia, and eight abdominal ganglia
with immunoreactivity in some axons of N 1 and N 2. Allatostatin-immunoreactivity, which could be not
demonstrated in the first and second instar larvae, appeared first in the brain and suboesophageal ganglion
of the third instar larva. Allatostatin-immunoreactive cells increased to seven pairs in brain of the fifth instar
larva, in which immunreactivity also appeared in eight abdominal ganglia. Allatotropin- and allatostatin-
immunoreactive cell bodies in the brain projected their axons into corpora allata without terminations in the
corpora cardiaca. During pupal and adult stages, brains had no allatotropin-immunoreactivity in the brains,
but most ventral ganglia contained allatotropin-immunoreactive cells. There was allatostatin-immunoreactiv-
ity in the brains of the 5- and 7-day-old pupae and adult and suboesophageal ganglion of the 7-day-old pupa.

INTRODUCTION

Metamorphosis, adult sexual maturation and reproduc-
tion of insects are controlled by precise hemolymph titers of
juvenile hormone (JH) released from the corpora allata (CA)
(Tobe and Stay, 1985). The biosynthesis of JH by the CA
can be in turn controlled by the stimulatory neuropeptide
allatotropin (AT) and inhibitory neuropeptide allatostatin (AST
or allatoinhibin). These neurohormones are synthesized by
neurosecretory cells in the brain and transported via nerves
to the CA (Stay et al., 1992, 1994; Bellés et al., 1999). There-
fore, AT and AST are involved in regulation of developmental
changes by controlling JH biosynthesis and release in differ-
ent insect species.

In addition, to stimulatory and inhibitory roles on JH bio-
synthesis and release, AT and AST were also demonstrated
to exert other effects in the insects. The Manduca sexta
allatotropin (Mas-AT) has a cardioacceleratory action on the

pharate adult heart from M. sexta when it is released from
specific neuronal cells in the abdominal ganglia (AG) (Veenstra
et al., 1994). The callatostatins, which have been identified
from head extracts of the blowfly Calliphora vomitoria, do not
inhibit the dipteran form of JH biosynthesis and release by the
CA (Duve et al., 1993). However, they have myoinhibitory
effects on the blowfly hindgut (Duve and Thorpe, 1994; Duve
et al., 1994) and the codling moth foregut (Duve et al., 1997a).
The AST also seems to have roles in cockroach blood cells
(Skinner et al., 1997) and in vitellogenin production (Martin et
al., 1996).

To date, only one AT was isolated and characterized from
M. sexta and this Mas-AT was described to be α-amidated
tridecapeptide (Kataoka et al., 1989). However, a variety of
ASTs have been identified from different insect species such
as lepidopteran insects (Kramer et al., 1991; Duve et al.,
1997b; Davey et al., 1999), blowfly (Duve et al., 1993), locust
(Veelaert et al., 1996), and mosquito (Veenstra et al., 1997).
In particular, fourteen isoforms of ASTs have been identified
from cockroaches (Pratt et al., 1989, 1991; Woodhead et al.,
1989, 1994; Donly et al., 1993; Bellés et al., 1994, 1999; Hayes
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et al., 1994; Stay et al., 1994; Weaver et al., 1994; Ding et al.,
1995).

Most ASTs, including lepidostatin-1 (Davis et al., 1997)
of M. sexta, range in size from 8 to 18 amino acids in various
insect species and share the common C-terminal sequence
of -Tyr-Xaa-Phe-Gly-Leu-NH2. So far, two types of ASTs have
been identified from M. sexta: one is the M. sexta allatostatin
(Mas-AST) with full sequence of pGlu-Val-Arg-Phe-Arg-Gln-
Cys-Tyr-Phe-Asn-Pro-Ile-Ser-Cys-Phe-OH (Kramer et al.,
1991) and the other is the lepidostatin-1 with a C-terminal
sequence YXFGLamide common in the cockroach ASTs
(Davis et al., 1997).

AT is produced in cells of the larval brain of M. sexta
(Žitňan et al., 1995; Taylor et al., 1996; Bhatt and Horodyski,
1999) and the larval and adult brains of Drosophila
melanogaster (Žitňan et al., 1993). It is also synthesized from
two pairs of median neurosecretory cells in the larval brain of
the moth Galleria mellonella (Bogus and Scheller, 1994, 1996).
AT-immunorective cells were also demonstrated in the
suboesophageal ganglion (SOG), AG, terminal abdominal
ganglion (TAG), frontal ganglion (FG), hypocerebral ganglion,
proventricular ganglion, and midgut endocrine cells of M. sexta
(Žitňan et al., 1993; Veenstra et al., 1994; Matthias and Klaus,
1995; Taylor et al., 1996; Bhatt and Horodyski, 1999). There
was recently also a report on AT-immunoreactivity in termi-
nals of locust thoracic sensory afferents (Persson and Nässel,
1999).

AST-producing cells show localizations in diverse insect
tissues such as brain, SOG, thoracic ganglia (TG), AG, TAG,
FG, midgut, and Malpighian tubules (Stay et al., 1992; Žitňan
et al., 1993; Duve and Thorpe, 1994; Duve et al., 1994;
Neuhäuser et al., 1994; Veelaert et al., 1995; Yoon and Stay,
1995; Žitňan et al., 1995; Vitzthum et al., 1996; Davis et al.,
1997; Duve et al., 1997a; Audsley et al., 1998; Rankin et al.,
1998; Maestro et al., 1998; Kreissl et al., 1999). ASTs are
synthesized not only by neurosecretory cells (Neuhäuser et
al., 1994) and interneurons (Duve and Thorpe, 1994) in the
brain and/or SOG, but also by motoneurons in the TG or TAG
(Yoon and Stay, 1995; Davis et al., 1997; Kreissl et al., 1999).

The AT-immunoreactive cells in D. melanogaster changes
in localization and number during postembryonic development
(Žitňan et al., 1993). Studies using antisera against Mas-AT
and Mas-AST revealed that the number and localization of
immunoreactive neurons in the developing CNSs of M. sexta
differs from that in D. melanogaster (Žitňan et al., 1993, 1995;
Bhatt and Horodyski, 1999). In M. sexta Mas-AT-immunore-
active (Mas-AT-IR) cells could be detected from brain, SOG
and TAG of larva, and AG and TAG of pupa and pharate adult.
In 5th instar larva from M. sexta, the number of Mas-AT-IR
neurons increases and the number of Mas-AST-immuno-
reactice (Mas-AST-IR) neurons decreases (Žitňan et al., 1995).

To compare localization of AT- and AST-producing neu-
rons in the CNS of an insect, Mas-AT- and Mas-AST-immu-
noreactivities are described in the neurons of developing CNS
in the silk moth B. mori.

MATERIALS AND METHODS

Insects
Cold-treated eggs from the silk moth Bombyx mori, which were

kindly provided from National Institute of Agriculture, Science and
Technology, Suwon), were hatched to 1st instar larvae about 10 days
after incubation at 28°C and relative humidity of 70%. The 1st instar
larvae, reared on an artificial diet (made mainly by mulberry leaves
and essential minerals) purchased commercially, were ecdysed to
2nd, 3rd, 4th, and then 5th (last) instar larvae under the conditions
described above. The larval life of the silk moth lasts for about three
weeks prior to metamorphosis of larvae to the pupae. After about-10-
days pupal life, pupae emerged to adults. Insects used were 1st, 2nd,
3rd, 4th, 5th instar larvae, 3-, 5- and 7-day-old pupae as well as 1-
day-old adults, collected from a stock colony kept in the laboratory. In
case of the 5th instar larva, day-1 larvae were selected. Both elapsed
day after the egg hatching (under the rearing conditions mentioned
above) and head size were two crucial criteria to discriminate the
staging of the 1st, 2nd, 3rd, 4th and 5th instar larvae.

Antibodies
We used antisera raised against M. sexta allatotropin and

allatostatin (Mas-AT and Mas-AST) neuropeptides. Rabbit anti-Mas-
AT was kindly provided by Dr. J. A. Veenstra (Universite Bordeaux 1,
France) and has been previously characterized by Veenstra and
Hagedorn (1993). Rabbit anti-Mas-AST was made by Josman Labo-
ratories (Napa, CA) in collaboration with Dr. S. J. Kramer and then
kindly given to us by Sandoz Crop Protection (Palo Alto, CA). Char-
acterization of the anti-Mas-AST antibodies has been described pre-
viously by Žitňan et al. (1995).

Wholemount immunocytochemistry
Tissue preparation and immunocytochemistry were carried out

as described from Kim et al. (1998). The CNS including retrocerebral
complex (CC–CA) from each developing stage described above was
rapidly dissected and then isolated in 0.1M sodium phosphate buffer
(pH 7.4) and fixed in 4% paraformaldehyde (PFA) in 0.1M sodium
phosphate buffer for 5–9 hr at 4°C, depending on size of each tissue.
After thorough washes in 0.1M phosphate-buffered saline (PBS) with
1% Triton X-100 (Tx) at room temperature overnight the tissues were
incubated in either of the two primary antibodies (anti-Mas-AT and
anti-Mas-AST) diluted to 1:1,500 in dilution buffer with 0.01M PBS
with 0.25% Tx and 10% normal serum for 4–5 days. The tissues were
followed by thorough washes in 0.1M PBS with 0.25% Tx. The bind-
ing of anti-Mas-AT or anti-Mas-AST to the tissue was detected by the
peroxidase-antiperoxidase (PAP) method for wholemount as
described by Lee et al. (1998). As a specificity control immunocy-
tochemistry was performed on whole tissues of brain-CC-CA and all
ganglia of ventral nerve cord with anti-Mas-AT and anti-Mas-AST
preincubated for 24 hr with 50 nmol synthetic Mas-AT and Mas-AST/
ml diluted antiserum (diluted to 1:1,500).

Fluorescence immunocytochemistry
Ventral ganglia including the eight AG were isolated in 0.1M

sodium phosphate buffer, fixed in 4% PFA for 4 hr at 4°C, and washed
with 80% ethanol (8 ×10 min). Further wash was followed in 0.1M
PBS with 0.25% Tx (4 ×10 min), and tissues were then incubated with
anti-Mas-AT (diluted to 1:1,000 in 0.01M PBST with 10% normal
serum) overnight at room temperature. They were rinsed in 0.01M
PBST (5 ×10 min) and then incubation with swine anti-rabbit IgG con-
jugated with FITC followed for 4 hr at room temperature in darkness
at 4°C. Tissues were finally washed in 0.1M PBS with 0.25% Tx (3×10
min), embedded in glycerin, examined and photographed with a Nikon
fluorescence microscope.
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RESULTS

There were no immunoreactive nervous or axonal pro-
cess in the brain-CC-CA or in any of the ganglia of ventral
nerve cord when applying the Mas-AT and Mas-AST antisera
preabsorbed with 50 µM synthetic Mas-AT and Mas-AST. The
immunoreactive cells of the larvae, pupae and adults will be
described below, starting with the brain-CC-CA and subse-
quently continuing to ventral nerve cord.

Mas-AT- and Mas-AST-IR neurons in the brain-CC-CA
At least five immunoreactive specimens were investigated

at each developmental stage. In general, immunoreactivity
with the antiserum against Mas-AT was not strong especially
in the brain, while immunoreactivity with antiserum against
Mas-AST was intensive. General localization and number of
both Mas-AT-IR and Mas-AST-IR cell bodies or neurons in
the brains (including CC-CA) are shown in Fig. 1 and Table 1.

In the 1st and 2nd instar larval brains there were Mas-
AT-IR cell bodies, but no Mas-AST-IR cell body. In the 1st
instar larva, there were four pairs of Mas-AT-IR cell bodies in
the medial and lateral parts of the brain (Fig. 1A, 2A). In addi-
tion to these cell bodies, two pairs of cells, which were re-
garded as median neurosecretory cell, were localized also in
the pars intercerebralis of the protocerebrum in the 2nd instar
larval brain (Fig. 1B). In the 3rd to 5th instar larvae, both Mas-
AT-IR and Mas-AST-IR cell bodies could be found together
throughout the brain (Fig. 1C, D, E). From the 3rd instar larva,
the two pairs of Mas-AT-IR median neurosecretory cells found
in the medial part from the 2nd instar larval brain were no
longer immunoreactive. One pair of Mas-AT-IR cell bodies
newly appeared in the ventrolateral part of 3rd instar larval
brain (Fig. 1C, 2B). Compared with the scattered distribution
of five pairs of Mas-AT-IR cell bodies in the 3rd instar larval
brain (Fig. 1C, 2B), three pairs of Mas-AST-IR cell bodies
showed a clustered localization in the pars lateralis of the
protocerebrum as shown in Fig. 3B. There was no change in
number of Mas-AT-IR cell bodies in the 4th instar larval brain,
whereas they showed changes in localization. Five pairs of
Mas-AT-IR cell bodies could be seen in this larval stage. At
this stage three pairs near the medial part of the brain, seen
in earlier stages, were no longer immunoreactive and one pair
in the pars intercerebralis appeared (Fig. 1D). However, Mas-
AST-IR cell bodies showed no changes in the number and
localization in the 4th instar larval brain. As seen in Fig. 1E,
5th instar larval brain contained an increased number of im-
munoreactive cell bodies. About ten pairs of Mas-AT-IR cell
bodies were dispersed in the pars intercerebralis, near the
medial part and in the ventrolateral part of the brain (Fig. 2C),
while seven pairs of Mas-AST-IR cell bodies continuously
showed a clustered localization in the pars lateralis (Fig. 3C),
as in the previous larval stages.

The CA contained Mas-AT-IR processes (including axon
terminals) which were perhaps originated from labeled cere-
bral cell bodies (Fig. 2D). However, antiserum against Mas-
AT failed to label these axonal pathways in the 5th instar lar-

val brain. In contrast, long labeled axons were revealed by
reaction with antiserum against the Mas-AST in the brain and
retrocerebral complex of the 5th instar larva (Fig. 3D, E, F).
Those axons that originated from Mas-AST-IR cell bodies in
the pars lateralis of the protocerebrum were extended to the
CA in which they eventually terminated. For innervation to
ipsilateral CA, they passed through NCC II, CC and NCA I
(Fig. 3E, arrowheads). Mas-AST-IR axons showed extensive
arborization within the CA (Fig. 3F). In the CC, however, there
were no axon terminals labeled by either antiserum.

During the pupal and adult stages, Mas-AT-IR cells could
not be detected in the brain. However, Mas-AST-IR cells were
found in one pair of cell bodies in the pars lateralis of the
protocerebrum from the 5-, 7-day-old pupal and 1-day-old adult
brains, respectively (Fig. 1F, G, 4A). As shown in Fig. 4b,
there were two pairs of Mas-AST-IR cell bodies in the 7-day-
old-pupal SOG fused earlier to the brain. But these cell bod-
ies disappeared from the brain-SOG complex of 1-day-old
adult.

Mas-AT-IR and Mas-AST-IR neurons in the ventral nerve
cord

At least five immunoreactive specimens were investigated
at each stage for detection of labeled neurons in the ganglia
of the ventral nerve cord. During the larval life, there were
Mas-AT-IR cells in most ganglia of the ventral nerve cord, but
Mas-AST-IR cells could be demonstrated only in restricted
ganglia of ventral nerve cord of 3rd, 4th and 5th instar larvae
(Fig. 5, Table 1). During the pupal and adult stages, Mas-AT-
IR cells were successively seen in most of the ventral gan-
glia. However, there were Mas-AST-IR cells only in the SOG
of 7-day-old pupa.

In the 1st instar larva, there were about 8 Mas-AT-IR cell
bodies only in TAG. Four large immunoreactive cell bodies
were localized in the center of AG 7 neuromere and another
four were distributed in the posterior part of 8th neuromere of
the TAG. One pair and four pairs could be also seen in the
anteromedian portion of the SOG and TAG of the 2nd instar
larva, respectively. In the 3rd instar larva there was an in-
crease in the number of Mas-AT-IR cell bodies in the ganglia
of the ventral nerve cord. All ventral ganglia had Mas-AT-IR
cell bodies. There were four pairs of immunoreactive cell bod-
ies in the anteromedian, middle and posteromedian portions
of the SOG, two pairs in the middle and posterior portions of
the TG 1, two pairs in the middle and posterior portions of the
TG 2, and three pairs in the anteromedain and posterormedian
portion of the TG 3. In the AG, one pair of Mas-AT-IR cell
bodies was seen in the posteromedian portions of each of AG
1, 2, 3, 4, 5 (Fig. 5) and 6, and two pairs and 4 midline cells
also in the TAG. In this stage, only SOG of the ventral ganglia
had one pair of Mas-AST-IR cell bodies. There were the same
number and localization of Mas-AT-IR cell bodies in all ven-
tral ganglia from the 4th and 5th instar larvae as from the 3rd
instar larva (Fig. 5, 6A, B, C, D, 7A, B). As in Fig. 8, each of
AG 1 to 7 contained Mas-AT-IR cells in the anterior neuropil
and two Mas-AT-IR cell bodies in the posteromedian portion.
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Fig. 1. Schematic tracings of Mas-AT-IR and Mas-AST-IR cell bodies in the larval, pupal and adult brains from Bombyx mori, including projec-
tion of Mas-AST-IR neurons into the fifth instar larval CA, drawn from whole-mount; only clearly labeled cells have been drawn. Pear-like
structure with unfilled surrounding, Mas-AT-IR cell body; pear-like structure with filled surrounding, Mas-AST-IR cell body. Scale bar indicates
0.5mm. A. 1st instar larval brain including four pairs of Mas-AT-IR cell bodies. B. 2nd instar larval brain showing six pairs of Mas-AT-IR cell
bodies. C. 3rd instar larval brain including five pairs of Mas-AT-IR cell bodies. Three Mas-AST-IR cell bodies are grouped into a lateral portion.
D. 4th instar larval brain containing five pairs of Mas-AT-IR cell bodies and three pairs of Mas-AST-IR cell bodies. E. 5th instar larval brain
including ten pairs of Mas-AT-IR cell bodies and seven pairs of Mas-AST-IR cell bodies. Note that Mas-AT-IR cell bodies are dispersed, but Mas-
AST-IR neurons are aggregated to a portion in the pars lateralis of the protocerebrum. Mas-AST-IR neurons project their axons in the CA, in
which axons of the neurons abundantly arborize. F. 5-day-old pupal brain including one pair of Mas-AST-IR cell bodies and suboesophageal
ganglion containing two pairs of Mas-AST-IR cell bodies. EF, esophageal foramen. G. 1-day-old adult showing one pair of Mas-AST-IR cell
bodies.
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Table 1. Comparison of number of Mas-AT-IR cells and Mas-AST-IR cells in developing CNS of Bombyx mori

1st IL 2nd IL 3rd IL 4th IL 5th IL P-3 P-5 P-7 Adult

Br 8/– 12/–  10/6  10/6 20/14 –/– –/2 –/2 –/2
SOG –/– 2/– 8/2 8/2 8/4 8/– –/– –/4 –/–
TG1 –/– –/– 4/– 4/– 4/– 4/– 2/– 2/– 2/–
TG2 –/– –/– 4/– 4/– 4/– 4/–

4/–1 4/–1 4/–1TG3 –/– –/– 6/– 6/– 6/– 6/–
AG1 –/– –/– 2/– 2/– 2/2 2/–
AG2 –/– –/– 2/– 2/– 2/2 2/–
AG3 –/– –/– 2/– 2/– 2/2 2/– 2/– 2/– 2/–
AG4 –/– –/– 2/– 2/– 2/2 2/– 2/– 2/– 2/–
AG5 –/– –/– 2/– 2/– 2/2 2/– 2/– 2/– 2/–
AG6 –/– –/– 2/– 2/– 2/2 2/–
TAG 8/– 8/– 8/– 8/– 8/43 8/–

8/–2 8/–2 8/–2

Note : Mas-AT-IR cells/Mas-AST-IR cells
Keys : Br, brain; SOG, suboesophageal ganglion; TG 1-3, thoracic ganglion 1-3; AG 1–8, abdominal ganglion 1-

8; 1st to 5th IL, 1st instar larva to 5th instar larva; P-3, P-5 and P-7, 3-, 5- and 7-day-old pupae; 1AG 1 and
AG 2 are fused with TG 2 and 3, forming pterygothoracic ganglion;  2AG 6 is fused with AG 7/8, forming
TAG; 3Numbers of Mas-AT-IR cells and Mas-AST-IR cells found commonly in more than four of at least
five individuals investigated in each developmental stage.




















Fig. 2. Mas-AT-IR in the different larval brains and fifth instar larval retrocerebral complex. A. Mas-AT-IR cell bodies in lateral portion of 1st
instar larval brain. Scale bar indicates 50 µm. B. 3rd instar larval brain with five pairs of Mas-AT-IR cell bodies. Scale bar indicates 50 µm. C. 5th
instar larval brain with Mas-AT-IR cell bodies. Scale bar indicates 50 µm. D. Retrocerebral complex of 5th instar larva. Note that CA shows Mas-
AT-IR in the peripheral portion but CC display no Mas-AT-IR. Scale bar indicates 50 µm

The Mas-AT-IR cells in AG 1 to 7 showed similarity in their
appearance. Mas-AT-IR axons in the nerve 1 and 2 (N 1 and
N 2) originating from AG 1 to 7 were derived mostly from two
ganglionic labeled cell bodies and ran through the portion of
Mas-AT-IR in each neuropil of those ganglia (Fig. 8A, B, C, D)
(see Burrows (1996) for definition of the nerves N 1 and 2). In

the 5th instar larva, there were two pairs of bilateral Mas-AST-
IR cell bodies in the middle of the SOG (Fig. 5A). There was
also one bilateral pair in the middle portion of each of AG 1 to
6, respectively (Fig. 5E–J, 9A, B). One bilateral pair of Mas-
AST-IR axons ran longitudinally in the central neuropils of the
AG, as seen in Fig. 9. Two bilateral pairs of Mas-AST-IR cell
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Fig. 3. Mas-AST-IR in the different larval brain and projection of Mas-AST-IR neurons from brain into CA in 5th instar larva. Magnification of all
photographs is same as in Fig. 4A. A. 3rd instar larval brain. There are three pairs of Mas-AST-IR cells. Scale bar indicates 50 µm. B. 4th instar
larval brain. Note that the brain has the same number of Mas-AST-IR cells as in the 3rd instar larval brain. C. 5th instar larval brain including
seven pairs of bilateral Mas-AST-IR cell bodies in the lateral portion of the protocerebrum. D. 5th instar larval brain showing Mas-AST-IR neurons
projecting their axons (arrowheads) from cell bodies in the lateral portions toward retrocerebral CA in two cerebral hemispheres, respectively. E.
Mas-AST-IR cerebral neurons showing innervation of axons to CA through NCC I+II, CC, and NCA I in the 5th instar larva. A few Mas-AST-IR
axons (arrowheads) are projected from the brain (Br) into the CA without termination in the CC. F. Magnified CA and NCA I showing projection
of a few Mas-AST-IR axons (arrowheads) into the CA through NCA I. The CA contains strongly labeled, rich axon terminals.

Fig. 4. Mas-AST-IR in the brain (Br) and SOG of 7-day-old pupa. A. Brain has one pair of bilateral Mas-AST-IR cell bodies (arrowheads) in the
lateral portion of the protocerebrum. Scale bar indicates 50 µm. B. SOG contains two pairs of bilateral AST- immunoreactive cell bodies in the
lateral portion. Magnification is same as in Fig 5A. EF, esophageal foramen.
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Fig. 5. Schematic tracings of Mas-AT-IR and Mas-AST-IR cell bodies in the ventral ganglia of the fifth instar larvae of Bombyx mori, drawn from
whole-mount; only clearly labeled cell bodies have been drawn. Pear-like structure with unfilled surrounding, Mas-AT-IR cell body; pear-like
structure with filled surrounding, Mas-AST-IR cell body. Scale bar indicates 1 mm. A. Suboesophageal ganglion (SOG) containing four pairs of
Mas-AT-IR cell bodies and two pairs of Mas-AST-IR cell bodies. B. Prothoracic ganglion (TG 1). C. Mesothoracic ganglion (TG 2). Two pairs of
Mas-AT-IR cell bodies are located in the same position of TG 1 and TG 2, respectively. D. Metathoracic ganglion (TG 3). E. First abdominal
ganglion (AG 1). F. Second abdominal ganglion (AG 2). G. Third abdominal ganglion (AG 3). H. Fourth abdominal ganglion (AG 4). I. Fifth
abdominal ganglion (AG 5). J. Sixth abdominal ganglion (AG 6). In AG 1 to 6, there is one pair of Mas-AT-IR cell bodies in each posteromedian
portion, whereas one pair of Mas-AST-IR cell bodies is located in each middle portion. K. Terminal abdominal ganglion (TAG) showing four large
Mas-AT-IR cell bodies in the 7th neuromere and two pairs of Mas-AT-IR cell bodies and two pairs Mas-AST-IR cell bodies in the 8th neuromere.
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Fig. 6. Mas-AT- and Mas-AST-IR in the larval SOG. A. SOG of 4th instar larva showing Mas-AT-IR cell bodies in both anteromedian and
posteromedian portions. Scale bar indicates 50 µm. B. SOG of 5th instar larva containing four pairs of bilateral AT-IR cell bodies in the different
portions. Scale bar indicates 50 µm. C. SOG of 4th instar larva showing AST-IR cell bodies in the lateral portion. Scale bar indicates 50 µm. D.
SOG of 5th instar larva containing one pair of AST-IR cell bodies as in the 4th instar larval SOG. Scale bar indicates 50 µm.

bodies could be also demonstrated in the posterior portion of
AG 8 neuromere of the TAG (Fig. 5K).

In the pupal and adult stages, there were Mas-AT-IR cell
bodies in most of the ventral ganglia. But Mas-AST-IR cell
bodies could be not seen in most ventral ganglia (data not
shown). Although the SOG had two pairs of Mas-AST-IR cell
bodies in the 7-day-old pupa (Fig. 4B), it has already been
fused with the brain from the 5-day-old pupa. Number, local-
ization and axonal projection of Mas-AT-IR cell bodies in the
ventral ganglia of the 3-day-old pupa were the same as those
in the larval ventral ganglia, as shown in AG 3 of Fig. 8D. In
the TG of the 5- and 7-day-old pupae and adult, Mas-AT-IR
cells showed the changes in their number and localization
due to the formation of the pterothoracic ganglion (PTG) by
fusion of TG 2 and 3 with AG1 and 2 in the 5-day-old pupa.
TG 1 had one pair of Mas-AT-IR cell bodies in the middle
portion. In the PTG, there was also one pair of immunoreac-
tive cell bodies in the lateral portion of TG 2 neuromere, one
pair in the median portion of TG 3 neuromere, and one pair in
the median portion of AG 2 neuromere, respectively. How-

ever, the pattern of number and localization of these cell bod-
ies in the AG 1 to 5 and TAG was the same as that in the 3-
day-old pupa.

DISCUSSION

Mas-AT-IR and Mas-AST-IR cells were distributed in dis-
tinct sets of neurons of the CNS of the moth B. mori, respec-
tively. Mas-AT-IRs was seen in all ganglia during a wider range
of postembryonic stages, whereas Mas-AST-IR could be dem-
onstrated in some ganglia of the CNS in a more restricted
range of postembryonic stages (see Fig. 1). Thus there were
a relatively larger number of Mas-AT-IR cells throughout the
CNS, compared to a very restricted number of Mas-AST-IR
cells (see Table 1). It has been shown that several insect spe-
cies investigated also showed distinct distributions of AT- and
AST-IR cells throughout the CNS, with some similarities in
the localization (Stay et al., 1992; Žitňan et al., 1993, 1995;
Bhatt and Horodyski, 1999).

In the 5th instar larva of B. mori, ten pairs of Mas-AT-IR
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Fig. 7. Mas-AT-IR in the TG. A. TG 2 of 4th instar larva showing two pairs of AT-IR cell bodies in the posterior portion. Note that one pair of
anterior nerves extended from the TG 2 contains labeled axons (arrowheads). Scale bar indicates 50 µm. B. TG 2 of 5th instar larva containing
one pair of labeled cell bodies in the lateral portion. Axons in the anterior (arrowhead) and posterior (arrows) nerves from TG 2 are labeled with
the AT. Magnification is same as in Fig. 7A.

cell bodies were dispersed in the brain, whereas seven pairs
of Mas-AST-IR cells were localized in a group in the brain.
The ten pairs of Mas-AT-IR neurons in the 5th instar larval
brain were those that have gradually increased from four pairs
in the 1st instar larval brain. In contrast, Mas-AST-IR cells
abruptly increased in numbers from four pairs in the 4th instar
larval brain to seven pairs in the 5th instar larval brain. There
were no Mas-AST-IR cells in the 1st to 3rd instar larval brains
and also no numerical change of these cells between the 3rd
and 4th instar larval brains. It has been demonstrated that
during the 5th instar larval stage of M. sexta these Mas-AT-IR
cells show a drastic decrease in number in the transition pe-
riod from earlier to later substages (Bhatt and Horodyski, 1999).
From these data, it was assumed that relative changes in
numbers of Mas-AT-IR cells and Mas-AST-IR cells in the brains
during all the larval lives might directly influence the JH bio-
synthesis and release by the CA. It was suggested that in B.
mori production of only Mas-AT without synthesis Mas-AST
in the brains during early larval stages caused stimulation of
JH biosynthesis in the CA. During the 5th instar larva, how-

ever, a gradual decrease of Mas-AT-IR cells but successive
presence of Mas-AST in the brain perhaps leaded to a gradual
inhition of JH biosynthesis.

In the 5th instar larval brain of B. mori, there was abun-
dant Mas-AT- and Mas-AST-immunoreactivities in the CA. In
particular, Mas-AST-labeling could be in axon terminals origi-
nating from immunoreactive cell bodies in the brain (not
shown). Different insect species showed distinct differences
in the morphology of AT- and AST-labeled neurons termina-
tion in the retrocerebral complex. In B. mori, the CA is the
main accumulation and release sites of both Mas-AT and Mas-
AST transported from the brain neurosecretory cells, as in
adult D. punctata (Stay et al., 1992). However, D. punctata-
AST-immunoreactivity could be shown in the CC of the 5th
instar larva from B. mori and there was no D. punctata-AST-
immunoreactivity in the CA (Jin et al., 2000). In the
retrocerebral complex of B. mori, it was demonstrated that
Mas-AST-labeling and D. punctata-AST-labeling showed dis-
tinct distribution patterns. This suggested the presence of two
types of ASTs, each in a distinct neurosecretory system. In G.
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Fig. 8. Mas-AT-IR in the AG. A. AG 1 of 5th instar larva containing two labeled cell bodies in the posteromedian portion. It has two Mas-AT-IR
cell bodies and Mas-AT-IR, which is similar in the appearance in the neuropils of AG 1 to 7. Note that Mas-AT-IR axons (arrowheads) could be
detected within the N 1 and N 2. Scale bar indicates 50 µm. B. AG 2 of 5th instar larva. This Mas-AT-IR in those AG reveals abundant processes
originated from two Mas-AT-IR cell bodies. Scale bar indicates 50um. Scale bar indicates 50 µm. C. TAG of 5th instar larva. There are four Mas-
AT-IR cell bodies and Mas-AT-IR in the AG 7, which is similar to that in the AG 1 to 6. Note that N 1 and N 2 extended from the AG 7 have Mas-
AT-IR axons (arrows) and most of the nerves extended from AG 8 contain also Mas-AT-IR axons (arrowheads). Scale bar indicates 50 µm. D.
AG 3 of 5th instar larva containing two FITC-labeled, Mas-AT-IR cell bodies (arrow) in the posteromedian portion of the ganglion and labeled
axons (arrowheads) in the N 1 and N 2. Localization of two Mas-AT-IR cell bodies in the AG 3 and projection of ganglionic Mas-AT-IR neurons
to the N 1 and N 2 are same as those in the AG 1 to 2 and 4 to 6. Scale bar indicates 50 µm. E. AG 4 of 3-day-old pupa showing same localization
of Mas-AT-IR cell body and same axonal projection of ganglionic Mas-AT-IR neurons into the N 1 and N 2 (arrows) as in the larval AG 4. Scale
bar indicates 50 µm.

mellonella, the CC is a main site for accumulation and re-
lease of the AT from two pairs of median neurosecretory cells
in the pars intercerebralis (Bogus and Scheller, 1994, 1996).
This AT release from the CC was shown to stimulate JH bio-
synthesis by the CA. Thus B. mori showed a different pattern
in accumulation and release sites of the AT compared to that
in G. mellonalla, although they belonged to the same lepi-
dopteran insects. In M. sexta there are Mas-AT-IR axons within
both CC and CA, but Mas-AST-IR neurons, whose cell bod-
ies are located in the brain, project their axons into the CA
without termination in the CC. (Žitňan et al., 1995). In Cydia

pomonella the AST-IR is normally accumulated in the CC, but
not in the CA (Duve et al., 1997a), as in G. mellonella. In
Schistocerca gregaria and Locusta migratoria and Acheta
domesticus, both CC and CA accumulate and release the AST
transported from the brain, but in fleshfly Neobellieria bullata
the ASTs are accumulated in neither the CC or the CA
(Neuhäuser et al., 1994; Veelaert et al., 1995). It has been
also demonstrated that in adult D. melanogaster the nerves,
which extend from the brain to the CA, are not AST-IR (Yoon
and Stay, 1995).

The first Mas-AT-immunoreactivity in B. mori TG appeared
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in the 3rd instar larva, in which TG 1 and 2 contained two
pairs of Mas-AT-IR cells in the middle and posterior portions,
respectively. Thereafter, these Mas-AT-IR cells were detected
in the TG during most developmental stages investigated (ex-
cluding only prepupal stage). Localization of Mas-AT-IR cell
bodies in the TG from the 4th instar larva to 3-day-old pupa
was the same as that in the 3rd instar larva. In the 5-day-old
pupa and 1-day-old adult in which PTG were formed, how-
ever, Mas-AT-IR cells were localized in TG 2 and 3 neuromere
and AG 2 neuromere of the PTG. In D. melanogaster, Mas-
AT-IR cells could be shown in the TG of larva, pupa and adult
(Žitňan et al., 1993; Yoon and Stay, 1995). In B. mori, most of
these labeled neurons in the TG showed weak immunoreac-
tivity during all developmental stages and thus axonal projec-
tions of these AT-IR neurons could be traced only in part.
Therefore, both axonal pathways and function of Mas-AT-IR
neurons in each of the three TG remain to be described in
detail.

The major new finding in the AG and TAG of B. mori was
that AG 1 to 7 had Mas-AT-IR fibers in each neuropil, which
displayed similarities in the different segments, and there was
a projection of axons from these Mas-AT-IR processes into
all of the nerves N 1 (or dorsal nerve) and N 2 (or ventral
nerve) extending from each of AG 1 to 7. It was assumed that
these Mas-AT-IR axons might be derived from one pair of
Mas-AT-IR cell bodies in the posteromedian portion of each
of AG 1 to 7. In P. americana and Leucophaea maderae, it
has been mentioned that efferent AT-like immunoreactive
axons from midline neurons in AG 3-AG6 supply the lateral
heart nerves and other neurohemal release sites (Rudwall et
al., 2000).
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Žitñan D, Kingan TG, Kramer SJ, Beckage NE (1995) Accumulation
of neuropeptides in cerebral neurosecretory system of Manduca
sexta larvae parasitized by the Braconid Wasp Cotesia
congregata. J Comp Neurol 356: 83–100

(Received October 16, 2000 / Accepted January 15, 2001)

Downloaded From: https://bioone.org/journals/Zoological-Science on 27 Nov 2024
Terms of Use: https://bioone.org/terms-of-use


