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Abstract. FMRFamide-, vasoactive intestinal polypeptide (VIP)-, somatostatin-, substance P(SP)-, chole-
cystokinin octapeptide (CCK-8)- and pancreatic polypeptide (PP)-like materials were immunohistochemi-
cally detected in the endocrine cells and the gut innervation of diapausing pharate and newly-hatched
first-instar larvae of Antheraea yamamai. SP- CCK-8-, PP- and FMRFamide-like immunoreactive cells
were distributed unequally in different midgut regions; no cells reacting with antisera against VIP and so-
matostatin were found. Innervation of the anterior region of midgut, close to the foregut-midgut boundary,
included 90—100 FMRFamide-like bipolar neurons that project along the midgut longitudinal muscles. No
immunoreactive cell bodies were found in the foregut and hindgut, but nerve fibers with FMRFamide-like
material were detected in hindgut muscles and extended over the posterior midgut. No changes in the dis-
tribution and intensity of immunostaining of both the endocrine cells and the gut innervation were found
in four developmental stages between pre-diapause and hatching. SP-, CCK-8-, PP- and FMRFamide-like
immunoreactive cells were also found in the CNS, indicating that the corresponding antigens belong to
brain-gut regulatory peptides.

INTRODUCTION

The wild silkmoth Antheraea yamamai enters diapause as pharate first-instar larvae.
This stage is reached about 10 days after oviposition. Suzuki et al. (1990, 1991) suggested
that two factors regulate this pre-larval diapause: a repressive factor (RF), which is pro-
duced somewhere in the mesothorax, inhibits production of a maturation factor (MF),
originating in the second to fifth abdominal segments and inducing post-diapause develop-
ment. Juvenile hormones, ecdysteroids and eclosion hormone are not involved in the dia-
pause control (Suzuki et al., 1991; Naya et al., 1994a). Previous results indicated that the
two factors are products of an endocrine system that is independent of the central nervous
system (CNS), and that MF is a peptidic compound (Suzuki et al., 1990; Naya et al.,
1994b). However, neither of the two factors have been isolated.

The gut is a very important endocrine organ of insects. A number of invertebrate and
vertebrate bioactive peptides were immunochemically detected in the epithelial endocrine
cells and in the innervation of the midgut (Fujita et al., 1981; Andries & Tramu, 1985;
Brown et al., 1986; Jenkins et al., 1989; Sehnal & Zitiian, 1990, 1996; Zitiian et al., 1993,
1995; Yu et al., 1995; East et al., 1995). Numerous immunoreactive cells apparently exert
important paracrine and/or endocrine functions (Schols et al., 1987). In the corn earworm
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Heliothis zea, FMRFamide-related material is released from the midgut endocrine cells
into the hemolymph following food ingestion and gut-emptying (Jenkins et al., 1989). Ac-
cumulation of FMRFamide-like antigens in the gut innervation and the endocrine cells is
associated with developmental arrest of parasitized Manduca sexta larvae; it does not oc-
cur in larvae whose development is extended by starvation (Zitiian et al., 1995). A midgut
hormone discovered in liver-fed Phormia regina adult females acts on the brain to initiate
oogenesis (Yin et al., 1994). To summarize, the secretory products of the gut innervation
and the midgut endocrine cells of insects appear to control a variety of vital functions
(Zitiian et al., 1993).

In search for the endocrine center regulating the diapause in pharate first-instar A. ya-
mamai, we examined endocrine cells and the innervation of the midgut, which is a very
conspicuous organ extending from the mesothorax to the 5th abdominal segment. We veri-
fied the presence of gut innervation and gut endocrine cells and tried to detect changes in
the contents of hormone-like materials during diapause and its termination. We report that
gut innervation and gut endocrine cells are concentrated in two discrete regions, similarly
as found for the two factors that regulate diapause.

MATERIAL AND METHODS

Animals

The eggs of A. yamamai (Lepidoptera: Saturniidae) were obtained as described by Suzuki et al. (1990).
Immunohistochemistry was applied to pre-diapausing pharate first-instar larvae (8 days after oviposition,
before swallowing yolk cells), diapausing pharate first-instar larvae (one month at 25°C), pharate first-
instar larvae (48 to 24 h before hatching), and newly hatched larvae (within 2 h of eclosing) (Naya et al.,
1994a).

Dissection and fixation

Animals were anesthetized over dry ice and secured dorsal side up (for paraffin sections) or ventral
side up (for whole mounts) on a wax-lined dish. Dissections were carried out under cold Bombyx saline
(Narahashi, 1963). The integument was cut open along the longitudinal body axis and pinned to the wax.
To prevent curling, the flattened animal with an exposed gut was fixed with a droplet of Bouin’s fluid for
5 s and immediately washed 3 times with saline. Then, the gut wall was cut along the longitudinal axis
and gut contents were removed. For paraffin sections, the preparation was transferred to Bouin’s fixative
for 6-12 h, then dehydrated, cleared and embedded. Sections were cut sagittally at 7 um, mounted on
those slides and dried for 20-24 h at 37°C. For the whole mount immunostaining, the opened and cleaned
gut was dissected from the animal in cold saline, fixed in Bouin’s fixative for 4 h at room temperature,
and then washed with cold 70% ethanol overnight.

Immunohistochemistry

Paraffin sections and whole mounts were processed for immunostaining with the avidin-biotin peroxi-
dase complex (ABC) method. Rabbit antisera against FMRFamide (1 : 1,500, Affiniti Research Products,
Exeter, United Kingdom), substance P (SP) (1 : 24,000, Incstar, Stillwater, USA), CCK-8 (1 : 20,000,
Incstar), PP (1 : 2,000, Peninsula Laboratories, Belmont, USA), VIP (1 : 1,000, Incstar) and Somatostatin
(1: 1,000, Funakoshi, Tokyo, Japan), were used as primary antibodies.

Whole mount staining: Tissues were washed in 15-min intervals in 70% ethanol, 95% ethanol with
0.1% H,0,, and 70% ethanol, and then rinsed several times in cold phosphate-buffered saline (PBS) (pH
7.25) containing 1% Triton X-100 (PBST), until the yellow fixative was completely removed. They were
then pre-incubated in 10% normal goat serum in PBST for 1 h at 32°C, washed three times for 15-min in
PBST, and incubated with a primary rabbit antiserum for 24-48 h at 4°C. After three 15-min washings
with cold PBST, the biotinylated goat anti-rabbit IgG (dilution, 1 : 600, Vector, Burlingame, USA) was
applied for 1 h at 32°C. Afterwards, the tissues were rinsed again 3 times with cold PBST (15 min each
time) and incubated with ABC for 1 h at 32°C. Three final washings (15 min each time) were done with
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cold PBS and once with 0.05 M Tris-HCI (pH 7.6) at room temperature. Staining was done with 0.05 M
Tris-HCl (pH 7.6) containing 0.05% 3-3” diaminobenzidine tetrahydrochloride (DAB) and 0.03% H,0,
for 10 min. The staining reaction was stopped by PBS; the tissues were then dehydrated, cleaned and
mounted.

Paraffin sections: The immunostaining steps were identical with the whole mount staining, but incuba-
tions were shortened to 40 min and washings to 5 min. Staining was done with 0.05 M Tris-HCI (pH 7.6)
containing 0.01% DAB and 0.003% H,0, for 10 min.

The specificity of positive staining was verified by replacing specific antisera with normal rabbit serum
(Andries & Tramu, 1985) or with PBS.

Vital staining

The enteric nervous system of pharate first-instar larvae was stained by intra-vital injection of 0.4%
methylene blue in Bombyx saline. Glass needles were prepared from micro-pipette capillaries (Drummond
Scientific Co., USA) and inserted laterally between the seventh and eighth abdominal segments; 2.5 pl of
0.4% methylene blue per individual was injected into the coelom. The injected animal was immediately
ligated with dental floss across the seventh abdominal segment and stained for 8 h at room temperature.
Dissection of the gut from the ventrum was carried out as described above, but was performed under 4%
ammonium molybdate solution. The cleaned and flattened gut wall was fixed in fresh 4% ammonium mo-
lybdate for 4 h at room temperature, dehydrated, cleared and mounted.

RESULTS

We first examined the distribution of FMRFamide-like peptides in the gut innervation
and the endocrine cells of diapausing pharate, and post-diapausing newly-hatched first-
instar larvae. No immunopositive cell bodies and fibres were found in the foregut (Fig.
1A-C). The anterior region of the midgut near the foregut-midgut boundary, however,
contained 90-100 FMRFamide-like immunoreactive bipolar neurons that send axons
along the surface of the midgut longitudinal muscles (Figs. 1A—C and 2A, B arrowheads).
Axons of the dorso- and ventro-medial gastric nerves ran along the length of the midgut to
a neurohaemal area at the midgut-hindgut boundary (Fig. 1A). On the other hand, the ax-
ons of the dorso- and ventro-lateral nerves terminated on the surface of muscles in the cen-
tral part of the midgut. A few FMRFamide-like immunopositive nerve fibers extended
from hindgut muscles over the posterior midgut (Fig. 1D). No change in the distribution
and the degree of immunostaining were found by comparing developmental stages from
diapause initiation to hatching (Figs 1A, B and 2). This result suggests that gut innervation
is formed before diapause initiation (8 days after oviposition, before swallowing yolk
cells).

FMRFamide-like immunoreactive cells, were present throughout the midgut epithelium
but appeared to be more numerous in the middle and posterior parts of the midgut; only a
few were detected in the anterior part (Fig. 1A, C, small white arrows). The FMRFamide-
like immunoreactive cells were small, with rounded or pyramidal-shaped cytoplasm
around the basal nucleus, and most had a long thin extension to the gut lumen (Fig. 4A).

SP-, CCK-8- and PP-like immunoreactive cells, but no cells or nerve fibers reacting
with the polyclonal antibodies against VIP and somatostatin, were detected in the whole
mounts of midgut. The distribution pattern of CCK-8-, PP-like immunoreactive cells was
similar to that observed for FMRFamide-like immunoreactive cells (Fig. 3A, the distribu-
tion pattern of CCK-8-like immunoreactive cells not shown). Localization of the SP-like
immunoreactive cells was different; the cells appeared to be more numerous near the
foregut-midgut boundary and in the posterior part of the midgut (Fig. 3B).
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Paraffin section revealed the presence of open-type endocrine cells which extended
from the basal lamina to the lumen, and were dispersed in the midgut epithelium (Fig. 4A,
B, D). Both the whole mounts and sections showed that immunoreactive endocrine cells
and neurons occurred mostly in the midgut region where the MF factor controlling post-
diapause seems to be produced. By contrast, no immunopositive cell bodies and fibers
were observed on the foregut surface, i.e. in body region where the RF factor is localized
(Fig. 5). When the gut was stained by methylene blue, however, an enteric plexus of
nerves originating from the frontal ganglion was observed on the foregut surface (Fig. 5).

No changes in the distribution and the degree of staining of immunoreactive cells and
midgut innervation were found from diapause to hatching (data not shown). SP-, CCK-8-,
PP- and FMRFamide-like immunoreactive cells were also detected in the abdominal gan-
glion of A. yamamai (Fig. 4A, C, white arrows, the data of SP-, CCK-8-like materials not
shown). This supports the assertion that the examined antigens deserve to be called brain-
gut peptides.

DISCUSSION

It has been amply demonstrated that endocrine cells localized in the insect midgut pro-
duce antibodies that react to a number of vertebrate and invertebrate bioactive peptides
(Sehnal & Zitian, 1990). In the present study, we reported that the PP-, CCK-8- and
FMRFamide-like immunoreactive cells in the midgut of A. yamamai are unevenly distrib-
uted (Figs 1, 3 and 4). Their accumulation in the middle and posterior midgut sections re-
sembles the distribution of midgut endocrine cells in Aeshna cyanea (Odonata) (Andries &
Tramu, 1985) and some other insects (Zithan et al., 1993; Sehnal & Zitian, 1996). It is
noteworthy that endocrine cells in A. yamamai midgut are most numerous in the region of
the 2nd to 5th abdominal segments, i.e. in the body section where the MF controlling post-
diapause is produced (Suzuki et al., 1991).

When we observed serial sections, we unexpectedly found the PP-, FMRFamide-like
immunoreactivity in both the midgut epithelia and the 3rd abdominal ganglion (Fig. 4A,
C). This observation guided us to other parts of CNS of A. yamamai. The results showed
that the four kinds of immunoreactive materials distributed in the midgut are also common
in the CNS (data not shown). Hence, the pharate first-instar larvae of A. yamamai display
a similar brain-gut distribution of regulatory peptides as was shown in the blowfly Cal-
liphora vomitoria (Duve & Thorpe, 1982), the mosquito Aedes aegypti (Brown & Lea,
1988), the blood-feeding bug Rhodnius prolixus (Tsang & Orchard, 1991) and other in-
sects. The term brain/gut peptides is fully justified (East et al., 1995).

Fig. 1. FMRFamide-like immunoreactivity in the surface view of whole-mounted gut of pre-
diapausing and diapausing pharate first-instar larvae of A. yamamai. A — the gut of diapausing pharate
first-instar larvae; B — the foregut-midgut boundary of pre-diapausing pharate first-instar larvae, before
swallowing extra-embryonic yolk cells; C — expanded from the ventral side of B; D — the immunoreactive
nerve fibers on the surface of the midgut-hindgut boundary of diapausing pharate first-instar larvae. F/M
indicates the foregut-midgut, and M/H indicates the midgut-hindgut boundaries. Long arrows show a lon-
gitudinal body axis. Arrowheads indicate the FMRFamide-like immunoreactive bipolar neurons at the
anterior part of the midgut near the foregut-midgut boundary. Black arrows indicate axons, and small
white arrows the FMRFamide-like immunoreactive endocrine cells in the midgut epithelium. Scale bars:
A, D - 265 um; B — 145 pm; C - 200 pm.
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Fig. 2. FMRFamide-like immunoreactive bipolar neurons in the foregut-midgut boundary of a newly
hatched first-instar larvae. A and B are serial sections. F/M indicates the foregut-midgut boundary. Ar-
rowheads indicate immunoreactive bipolar neurons. White arrow indicates dendrite (in A). Arrows indi-
cate axons. fe — foregut epithelium; me — midgut epithelium; lu — lumen; 8 um sections counterstained
with methylene blue. Scale bars — 60 pm.
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Fig. 3. Distribution pattern of PP- and SP-like immunoreactive midgut cells in the surface view of
whole-mounted gut of diapausing pharate first-instar larvae. F/M indicates the foregut-midgut boundary.
M/H indicates the midgut-hindgut boundary. Long arrows indicate the longitudinal body axis. White (A)
and dark (B) arrows show PP-like and SP-like immunoreactive midgut endocrine cells, respectively.
Scale bars — 265 pm.
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Fig. 4. FMRFamide-, CCK-8-, PP- and SP-like immunoreactivities in the midgut epithelium of the
newly hatched first-instar larvae of A. yamamai. A — FMRFamide-; B — CCK-8-; C — PP-; D — SP-like
immunoreactivity. Arrows show the midgut immunoreactive cells. Arrowheads show the part of midgut
endocrine cell’s long and thin extension toward to lumen (in A, B and D). The small white arrow shows
FMRFamide-like immunoreactive materials in the 3rd abdominal ganglion (in A). Big white arrow
shows PP-like immunoreactive cell in the 3rd abdominal ganglion (in C). me — midgut epithelium; lu —
lumen; ag — abdominal ganglion; 8 um sections counterstained with methylene blue. Scale bars: A, C —
20 um; B, D =10 pm.
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Fig. 5. Schemes of the regions where the RF and MF factors originate (left — a body profile; center - a
dorsal view with gut outline and the foregut innervation in the region of RF; right — the frontal ganglion
and the enteric nervous system are stained by intra-vital injection of methylene blue). The midgut from
the 2nd to 5th abdominal segments, where the MF is generated, is a rich source of peptide hormones
FMRFamide, CCK, PP, and SP. RORF indicates the region of RF, ROMF the region of MF. F/M marks
the foregut-midgut boundary and M/H the midgut-hindgut boundary. A white arrow indicates the enteric
plexus in the region of RF. Scale bars: 1 mm in the schemes; 265 um in the histological preparation
(right).

A midgut hormone of unknown structure is released from the midgut of liver-fed Phor-
mia regina adult females and stimulates brain neurosecretory cells that control the begin-
ning of oogenesis (Yin et al., 1994). Yu et al. (1995) suggested that cockroach midgut
serves as a supplementary source of allatostatins, which are released in dependence on the
nutritional status.

Immunostained midgut cells of A. yamamai are adjacent to the basal lamina and exhibit
apical extensions toward the lumen (Fig. 4A, B, D). This feature is similar to that de-
scribed for open type midgut endocrine cells in other insect species (Endo &
Nishiitsutsuji-Uwo, 1981; Iwanaga et al., 1981; Zitiian et al., 1993; Yu et al., 1995). Our
present results indicate that the pharate first-instar larval midgut is a rich source of peptide
hormones, which are produced in both open type and closed type endocrine cells.

FMRFamide was originally isolated from the clam Macrocallista nimbosa (Price &
Greenburg, 1977), but immunohistochemical and analytical studies showed that
FMRFamide-like peptides are common in the central nervous system as well as in the en-
docrine cells and innervation of insect midgut (Brown & Lea, 1988; Sehnal & Zitian,
1990; Zitiian et al. 1995). Veenstra & Lambrou (1995) successfully isolated and
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sequenced the major (FM)RFamide-immunoreactive peptide from the midgut of the
American cockroach Periplaneta americana. We observed FMRFamide-like immunoreac-
tivity in the innervation of the midgut and the hindgut (Fig. 1), suggesting that it is gener-
ated both in the enteric and in the proctodeal nervous systems. The distribution pattern of
FMRFamide-like immunoreactive neurons in the midgut innervation of A. yamamai is
similar to that in M. sexta (Zitfian et al., 1995). A high density of FMRFamide-like bipolar
neurons at the foregut-midgut boundary is reminiscent of enteric nervous system develop-
ment in the embryos of M. sexta (Copenhaver & Taghert, 1989a, b). However, we did not
observe immunoreactive fibers originating from the frontal and hypocerebral ganglia. Our
immunohistochemical investigation in the midgut of A. yamamai offers support for Pen-
zlin’s view that midgut innervation emanates from the stomodeal nervous system, the ar-
rangement of which is characteristic for insect orders or sub-orders (Penzlin, 1985).

Zitian et al. (1995) indicated that developmental arrest of parasitized M. sexta larvas is
associated with accumulation of the FMRFamide-like peptide in the gut nervous and endo-
crine systems. Our immunoreactive data did not reveal any accumulation of the
FMRFamide-like peptides during diapause. We showed previously that the content of
eclosion-like material is also unaffected by diapause (Naya et al., 1994a). This indicates
that MF in A. yamamai is not identical with the detected FMRFamide-like material.

Pharate first-instar larvae of A. yamamai are fully formed 8 days after oviposition. The
next day they swallow the extra-embryonic yolk cells and their further development is
blocked (Sakate, 1984; Suzuki et al., 1990). The disappearance of extra-embryonic yolk
cells may be one of the primary physiological changes associated with A. yamamai dia-
pause, and it is completely different from the gypsy moth, Lymantria dispar (Suzuki et al.,
1993; Lee & Denlinger, 1996). Diapause-related proteins in the midgut and hindgut of
pharate first instar larvae of the gypsy moth were described (Lee & Denlinger, 1996,
1997).

Our present results indicate that the midgut section located in the 2nd to Sth abdominal
segments, where a maturation factor (MF) is produced (Suzuki et al., 1990), is a rich
source of peptide hormones. An abundance of SP-, PP-, CCK-8- and FMRFamide-like
peptides in the midgut suggests that they play an important function in digestion through-
out post-diapause development. Their relationship to the diapause-regulating factors RF
and MF is unclear because the factors have not yet been isolated. In future examination,
we will continuously investigate the gut innervation and endocrine system in the segments
that produce RF and MF (Fig. 5).
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