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Co-culture of ovarian cells in young larvae with brain induced meiosis and endomitosis
of the silkworm, Bombyx mori. This suggests that a substance secreted by the brain controls
meiosis and endomitosis. When preparations from Bombyx heads were tested for meiosis-
inducing activity, both the crude and highly purified preparations of bombyxin induced
meiosis i vitro, but the crude preparation of prothoracicotropic hormone (PTTH) showed
much lower activity. This indicates that bombyxin is the brain substance that induces
meiosis. 20-Hydroxyecdysone also induced meiosis, but only at a low concentration.
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INTRODUCTION

Oogenesis in insects consists of three stages, oocyte-nurse cell differentiation,
previtellogenesis and vitellogenesis. Previtellogenesis involves the growth of both oocytes
and nurse cells before yolk deposition, while vitellogenesis includes the growth and
maturation of the ovary.

In the silkworm, Bombyx mori, the oocyte-nurse cell differentiation in the ger-
manium begins at the young larval stage. The mitotic descendant of oogonia, the
cystoblast (King, 1970), undergoes a sequence of three mitotic cell divisions, resulting
in the formation of a cluster of eight siblings known as cystocytes (King, 1970; TELFER,
1975). In B. mori, as is usual in Lepidoptera, all eight cystocytes initiate meiosis (TELFER,
1975). One cystocyte differentiates into the oocyte in which the meiotic pathway
continues, while the remaining cystocytes divert to the endomitotic pathway and
become nurse cells. The chromosomal structure in the meiotic prophase in B. mor:
has been studied in detail by RasmusseN and Horm (1982).
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Previtellogenic growth of the oocyte, growth and differentiation of new follicles,
is known to be affected by 20-hydroxyecdysone (20-HE) in Tenebrio molitor (LAVERDURE,
1970), Heteropeza pygmaea (WENT, 1978), and Galleria mellonella (Smsuya and Yacr,
1972). Vitellogenin synthesis in the fat body and its incorporation into the ovary during
vitellogenesis are known to be regulated by juvenile hormone in some insect species
(BELL, 1969; ENGELMANN, 1979, 1983 ; KoPPE et al., 1985), or by ecdysteroids in others
such as B. mori (OunisHi, 1987; Cuarani and Omnnisui, 1976; Ociso and OmHNIsHI,
1984).

In contrast to previtellogenesis and vitellogenesis, little is known about the hormonal
control of oocyte-nurse cell differentiation. Furtapo (1979) reported that mitosis and
meiosis in the ovary of the blood-sucking bug, Panstrongylus megistus, were controlled by
the brain: induction of mitosis was regulated by the “A cells” in the pars intercerebralis
(PI), while meiosis depended on the haemolymph level of ecdysteroids secreted by the
molting gland after stimulation by a substance from the “A’ cells” in the PI. In both
Roscius elongatus and R. brazzavilliensis, meiosis might be controlled by the “A’ neuro-
secretory cells” (RoBerT, 1979). These lines of evidence indicate the importance of the
brain, especially the neurosecretory cells in the PI, in controlling the initial phase of
oogenesis. The aim of this study is to elucidate the brain secretion that induces meiosis

in B. mori.
MATERIALS AND METHODS

Insects.  B. mori larvae of a hybrid race (N106 X Daizo), were reared on mulberry
leaves at 2541°C under a 12L-12D photoperiod.

Culture of ovaries. Larval body surface was sterilized by immersion in 709,
ethanol for 30 s and then washed with sterile water. Ovaries were extirpated from the
second or third instar larvae and washed twice with modified Carrson’s solution
(NaCl 7.0 g, CaClz 0.2 g, NaH2PO4 0.2 g, KC1 0.2 g, MgCle-6HO 0.1 g, NaHCOg3
0.12 g and glucose 8 g/l). The ovaries were put into a CSM-2F medium (MITSUHASHI,
1968) in a disposable Petri dish (Lux, 35 mm dia.). The dish was left in a larger glass
Petri dish (90 mm dia.) with a small volume of distilled water to humidify the chamber.
Twenty ovaries were cultured with ten brains from larvae at the same developmental
stage in 20 pl of the medium for 3—4 days at 25°C under 12L-12D. In the case of the
third instar larvae, ovaries were placed on nylon mesh for exposure to air.

Test samples for the induction of meiosis. Bombyxin and prothoracicotropic hormone
(PTTH) preparations used were those partially purified from Bombyx adult heads.
The two bombyxin preparations were from the active fractions of step-8 and step-12
in the purification procedure previously published (Nacasawa et al., 1979, 1984 a).
The step-12 preparation was still impure and contained 2-39%, bombyxin in terms of
protein amount. The PI'TH preparation was the active fraction of step-6 in the puri-
fication procedure for PTTH (KaTaoka et al., 1987). 20-HE was purchased from
Sigma.

Microscopic observation. The cultured ovaries were washed with 0.05 M sodium
cacodylate buffer (pH 7.4) containing 0.17 M sucrose. They were prefixed with 19,
paraformaldehyde and 2.5%, glutaraldehyde in 0.05 M sodium cacodylate buffer (pH 7.4)
for 3 h and rinsed with the same buffer three times. Then they were postfixed with
1% osmium tetroxide, dehydrated with ethanol and embedded in Spurr resin. The
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embedded ovaries were sectioned at 650 nm with Poter-Blum Super-Microtome
(Sorvall), and stained with toluidine blue. The sections were observed under a light-
microscope and the number of cells in meiotic prophase (at zygotene stage) in a longi-
tudinal plane of the ovary was counted in each section. Since it was difficult to determine
the exact number of cells in meiotic prophase in one ovary, the total number of the
cells at that stage which were summed up from all the sections was divided by the
total number of sections (N="70).

RESULTS

Ovarian development in silkworm larvae

During the second larval instar, the germarium contained a population of oogonia
that were characterized by dispersed chromatin. They underwent asynchronous mitotic
division and increased in number. However, no cells in meiotic prophase were observed
at thisstage (Fig. l a). The cystocytes in leptotene and zygotene of the meiotic prophase

& N
Fig. 1. Ovarian developmentin the second and third instar larvae of B. mori. a: The second
larval instar. Only mitotic cells of oogonia were observed in the ovariole. b: The first day of
third larval instar. The cells in meiotic prophase were first observed at the distal portion of
the ovariole, and the chromosomes of these cells indicated that the cells are at the stage of
zygotene (Z, arrows). c: The third larval instar. The cells in meiotic prophase were observed
in the ovariole. The chromosome configurations indicate that the cells are at the stages of
zygotene and pachytene (P, arrows) but nurse cells had not appeared at this stage. d: The
time of head capsule slippage at the 3rd instar. Nurse cells (N, arrows) first appeared at the
terminus of the ovariole, and endomitosis was observed. Scale indicates 20 yum in a, b, ¢ and d.
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Table 1. Effect of brain on initiation of meiotic prophase in the ovary of B. mori

Number of cells in

Stage of ovaries Culture condition meiotic prophase/section
One day before first ecdysis Ovary 0
Ovary--Brain 0
First day of second instar Ovary 2
Ovary+Brain 26
Second day of second instar Ovary 2
Ovary+ Brain 23

The ovaries were cultured in the CSM-2F insect culture medium for 3—4 days. The average
numbers of cells in meiotic prophase per section were calculated (n=3).

first appeared at the basal portion of the germarium during the period between the head
capsule slippage (about one day before ecdysis) in the second instar and the first day
of the third instar. They could be morphologically distinguished from cogonia, because
the chromosomes in leptotene became dispersed in the nucleus. The chromosomes in
zygotene assumed an appearance typical for this stage (Fig. 1b). During the third
instar, the cystocytes in leptotene, zygotene and pachytene increased progressively in
number (Fig. 1 c). Nurse cells in endomitosis first appeared at the base of the ger-
marium between the head capsule slippage in the third instar and the first day of fourth
instar. They showed condensed chromosome masses scattered in the nucleus (Fig. 1 d).

After the fourth instar, the germarium was divided into four zones of cells, as reported
by Miva et al. (1970).

Effect of brain on initiation of meiotic prophase in ovary in vitro

The ovaries were extirpated from first instar larvae at the time of the head capsule
slippage and cultured in vitro with or without the brain. No cells in meiotic prophase
were observed in either case (Table 1).

When the ovaries taken out of newly ecdysed second instar larvae were cultured
alone, only a few cells were observed in meiotic prophase, but the basal membrane of
the ovariole degenerated and the oogonial cells disappeared (Fig. 2a). In contrast,
the co-culture of the ovaries with brains induced meiotic prophase in many cells. The
basal membrane remained in the same:condition as observed in the ovary from a normal
larva (Fig. 2 b). Similar effects of co-culture were obtained with the ovaries of 2-day-old
second instar larvae. Table 1 summarizes these results, which strongly suggest that the
brain secreted a substance into the culture that stimulated oocyte to enter the meiotic
prophase.

Effects of bombyxin, PTTH and 20-HE on the induction of meiosis in ovary

The preparation of crude brain extract was prepared by homogenizing 60 brains
of second instar larvae was followed by heating and centrifugation and testing for the
meiosis-inducing activity. The preparation, however, interfered with normal develop-
ment and produced no meaningful results. The crude brain extract was then partially
purified either to bomyxin or to PT'TH (Nacasawa et al., 1979; Nacasawa et al., 1984 a;
KaAraoka et al., 1987). When the ovaries of newly ecdysed second instar larvae were
cultured in the medium containing the bombyxin preparation at the 8th step of puri-
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Fig. 2. Effect of the brain on the initiation of meiotic prophase in the ovary of B. mori.
Ovaries from larvae at the first day of second instar were cultured. a: The ovary cultured
alone. The cells in meiotic prophase were not observed. The ovary degenerated and the
ovariole membrane disappeared. b: Culture of the ovary with brains from larvae at the same
developmental stage; the cells at the stage of zygotene (arrows) of meiotic prophase were
observed and the ovariole membrane was retained. Scales in a and b indicate 10 um. BM
indicates a basal membrane of ovariole (arrow).

fication procedure (the step-8 bombyxin preparation) at concentrations of 0.0125, 0.025
and 0.05 Samia units/ul medium, meiosis was induced in all cases and the cells entered
the zygotene stage of meiotic prophase in three days (Table 2). On the other hand,
the step-6 PTTH preparation at the concentrations of 0.0125 and 0.025 Bombyx units/pul
did not induce cells in meiotic prophase (Table 2). Only at a higher concentration
(0.05 Bombyx units/ul) did it induce a considerable number of cells in meiotic prophase.

The step-8 bombyxin preparation was then further purified (the step-12 bombyxin
preparation, previously called “highly purified bombyxin™ or ‘“highly purified 4K-
PTTH” (Nacasawa et al., 1984 b)) and tested for meiosis-inducing activity (Table 2).
This bombyxin preparation, although inducing meiosis, appeared to have a slightly
lower activity than the step-8 bombyxin preparation. At all three concentrations ex-
amined (Table 2), the basal membrane of ovariole degenerated and the cells of the
mesodermal origin were elongated into germarium, though they both were observed in
the ovaries cultured with brains or the step-8 bombyxin preparation as in the normally
developing ovary.

When the ovaries were cultured with 20-HE at the concentration of 650 pg/ul
corresponding to the maximum concentration of the haemolymph ecdysteroid in the
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Table 2. Effects of Bombyxin, PTTH and 20-HE on the initiation of
meiotic prohase in the ovary of B. mori

Number of cells in

Sample cultured with Dose meiotic prophase/section
N None (medium only) 2 o
Bombyxin Step 8 0.0125 unit/ul 29
0.025 26
0.05 48
Step 12 0.0125 unitful 22
0.025 17
0.05 39
PTTH Step 6 0.0125 unit/ul o 0
0.025 0
0.05 12
20-HE 6.5 pg/ul 18
650.0 0

The ovaries were taken from the larvae on the first day of 2nd instar and cultured in the
CSM-2F insect culture medium for 34 days. The average numbers of cells in meiotic

prophase per section were calculated (n=3).

Fig. 3. Effect of the brain on the endomitosis in the ovary of B. mori. Ovaries from larvae at
the 1st day of the third larval instar were cultured. a: The ovary cultured alone. The cells at
the zygotene and pachytene stages of meiotic prophase were observed but the nurse cells had
not appeared. b: Culture of the ovary with the brain from larvae at the same developmental
stage. Endomitosis occurred and the nurse cells (arrows) were observed at the terminal part
of the ovarioles. Scales in a and b indicate 20 ym.
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second instar larvae, meiosis did not occur. In contrast, very low concentration of 20-HE
(6.5 pg/ul) induced considerable meiosis (Table 2).

Effect of brain on the endomitosis in the ovary

The ovary at early third instar was occupied by the cells at the pachytene stage in
the first meiosis, but endomitosis, a process for differentiation to nurse cells, has not
started. When the ovaries taken out of newly ecdysed third instar larvae were cultured
alone on nylon mesh, endomitosis did not occur and the basal membranes of ovariole
and follicle cells degenerated completely (Fig. 3a). Endomitosis was observed in the
ovaries cultured with brains after 4-day cultivation (Fig. 3 b). In addition, the basal
membranes of ovariole and follicle cells did not degenerate. These results indicate that
the brain also induces endomitosis in the ovary through its secretions.

DISCUSSION

The present results suggest that the meiosis and endomitosis in the ovarian cells of
B. mori are under endocrine control during oogenesis and that the cell cycle is promoted
by a secretion(s) from the brain. The fact that the two bombyxin preparations with
different purities induced meiosis in vitro might indicate that the meiosis-inducing
substance is bombyxin. Another brain secretion also seems to exist that induces
endomitosis. It remains to be determined if they are the same.

In P. megistus, the brain plays two roles in the initial stage of oogenesis in the ovary:
one to directly induce mitosis and another to stimulate the molting gland to produce
ecdysone, which seemingly induces meiosis (FurTapo, 1979). But the mitosis in B.
mori does not seem to be controlled by the brain, because the anterior part of the ger-
marium of the ovariole (where mitotic cell division occurs) did not expand when the
ovary was cultured with brain. On the other hand, meiosis was obviously induced
by a brain secretion, when the ovary from a first-day larva in the second instar was
cultured with brain. Before this stage, meiosis was not observed even when the ovary
was incubated with brain, indicating that initiation of meiosis is stage-specific.

When the effects of the two bombyxin preparations that induced the meiosis were
compared, the effects on the ovariole membrane were distinct; the 8-step bombyxin
preparation retained the basal membrane, while the 12-step bombyxin preparation did
not. Therefore, it is highly possible that there is another factor influencing basal mem-
brane retention, one that is discarded during the purification of bombyxin from step 9
to step 12.

Though bombyxin was first isolated as a prothoracicotropic hormone from the
silkworm B. mori, it showed hormonal activity to the erisilkworm Samia cynthia ricim
at an extremely low dose (0.1-0.4 ng/debrained pupa), but not to B. mori itself.
Bombyxin has been completely chemically characterized, and belongs to the insulin
family of peptides. In vertebrates, it is known that insulin-family peptides have a variety
of functions. Among them, insulin and insulin-like growth factors exert effects on
meiotic maturation in the oocyte (EL-ETr et al., 1979). The structural similarity of
bombyxin to vertebrate insulin and levels of hormonal activity to a multitude of insect
species allows us to assume that bombyxin might have some important functions other
than the prothoracicotropic one in B. mori. Our present study indicates that one of the
intrinsic functions of bombyxin in B. mori may be to induce meiosis in the ovary.
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The neurosecretory cells producing bombyxin were identified immunohisto-
chemically in PI of the brain, which seems to be consistent with the fact that in P.
megistus neurosecretory cells in PI are responsible for oogenesis (FurTaDO, 1979). These
cells are stained throughout the stages from larval hatching to adult eclosion (MizocucHr
et al., 1990), indicating that bombyxin is present in all stages. Since the germariun of
Bombyx ovary exists up to the adult stage, when egg formation has completed, bombyxin
may continuously stimulate the cells of the germarium in the ovary to differentiate into
the oocyte-nurse cell complex from larval to adult stages.

The crude preparation of PT'TH had a much lower meiosis-inducing activity.
It is possible that this low activity is due to bombyxin present in the P1T"TH preparation.
If so, PTTH may not be involved in meiosis.

The hemolymph ecdysteroid titer increased and reached its maximum before the
first molting in B. mori (NacaTta et al., 1987). But this increase does not seem to
directly cause ovarian meiosis, high concentration of 20-HE, comparable to the max-
imum titer in the first instar, did not. A low concentration of 20-HE induced consider-
able meiosis. It has been shown that the ovary itself synthesizes ecdysteroids in several
insect species (HHAGEDORN, 1985). Hanaoxa and HAGEDORN (1980) also demonstrated
that in the mosquito, 4. aegypti, the ovaries themselves produce a large amount of
ecdysone when incubated with a head extract. Also in B. mori, ecdysteroids were
produced and secreted by the ovaries of fourth instar larvae when cultured in wvitro
(unpublished). All these data lead us to propose that bombyxin secreted by the brain
stimulates the ovary to produce ecdysteroids, which in turn induce meiosis. Deter-
mination of ecdysteroid titer in the ovary after stimulation by bombyxin should provide

further information.
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