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Studies on the control of some terrestrial pulmonates
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The various terrestrial pulmonates, especially the giant African snail, dchatina fulica, are the
important pest for human life, including agriculture and sanitation. To obtain the fundamental
data for their control, we examined the reproductive, physiological and behavioral aspects in these
animals. Materials used in the present study were the slugs, Limax flavus, Limax marginatus and
Deraceras reticulatus and the snails, Exhadra peliomphala and Achatina fulica.

1. Stimulation of egg-laying by nerve extracts in slugs

Brain hormone stimulated egg-laying and tentacular hormone inhibited egg-laying in Limax fla-
vus and Deroceras reticulatus. Removal of tentacles induced a large increase in the number of egg
layed and an increase in the rate of fertilization in both species. Accerelated oviposition and a
high rate of fertilization induced by removal of tentacles was inhibited by injection of tentacular
hormone. The injection of brain hormone into slugs without tentacles induced still greater egg-
laying and fertilization in both species, These results suggest that brain hormone stimulates egg-
laying directly, while tentacular hormone inhibits the brain hormone.

2. Induction of egg-laying by steroid hormones in slugs

As described later, sex steroid hormones have been detected in the hermaphrodite gland in
these species. To know the action of steroid hormones, androgens and estrogens were injected
into the body cavity of slugs. Estrogen stimulated egg-laying in spite of the low rate of develop-
ment, whereas androgen enhanced the rate of development rather than the number of egg [aid.
Removal of the optic tentacles in slugs followed by estrogen and androgen administration led to a
higher rate of development and egg-laying. Administered together, estradiol and dehydroepian-
drosterane enhanced the rate of both egg-laying and development. Since gonadotrophin treatment
increased egg-laying and metopirone inhibited both the rate of ezg-laying and development, it sug-
gests regulation by steroid hormones of reproduction.
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3. A sex pheromone secreting gland in snails

The head-wart in Ewhadra pelionphala, consists of a number of elevated dermal tubercles cov-
ered by a particularly thick epithelium. The head-wart and its epithelial cells attain full size by
rapid growth at the time of sexval maturation. When two snails meet in the breeding season,
their head-warts become conspicuously protuded. After touching the partner’s head-wart with
large tentacles, each becomes excited, protrudes its penial mass, and finally copulates. Protru-
sion of the head-wart and copulation are observed at the same time. By the use of head-wart
extract similar sexual behavior can be experimentally induced in snails, It is the epithelial surface
of the head-wart of a sexually mature snail which releases the substance that promotes sexual be-
havior, This substance is considered to be a kind of sex pheromone. This pheromone does not
appear fo serve as a sexual attractant but serves rather to sexually excite another snail thus evoking
a courtship response following their initial encounter.

4, Hormonal control of head-wart development in snails

The development of the head-wart was closely correlated with the sexual maturity of the snail.
Castration led to the atrophy of the head-wart. Subsequent injection of hermaphrodite gland ho-
mogenate into the body cavity of castrated individuals induced the development of the head-wart,
The peripheral regions of the acini in the hermaphrodite gland showed a positive reaction for 38-
hydroxy steroid dehydrogenase. Radioimmunoassay also showed that the hermaphrodite gland of
the snail contained testosterone and estradiol. When the immature head-wart was cultured in a
medium containing testosterone and estradiol respectively, development of the head-wart was found
only in medium containing testosterone. It is concluded that head-wart development is under di-
rect control from the hermaphrodite gland, probably by means of testosterone.

5. Source of the tentacular hormone in pulmonates

Removal of the tentacles including collar cells did not induce spermatogenesis. In Limax
flaves, especially, no spermatozoa were found in the acini after their removal, After the injection
of collar cell homogenate, spermatogenic activity returned and gradually increased. On the other
hand, tentacular homogenate including nerve tissue other than collar cells had no hormonal effect,
Collar cell homogenate was shown to have a direct stimulating effect on spermatogenesis, No
hormonal activity was found in the tentacles other than in collar cells, It was shown that colfar
cell homogenate acted directly on spermatogenesis as a gonadotropic hormone. Therefore, collar
cells are considered to be the source of the so-called tentacular hormone in stylommatophoran
pulmonates. We named the collar cell group ‘optic gland’.

6. Hormonal control of gametogenesis in snails

Effects of the brain and the optic gland on oogenesis and spermatogenesis were studied in
Ewhadra peliomphala., Removal of the optic tentacles inhibited both oogenesis and spermatogene-
sis. These effects were abolished by the injection of the optic tentacle extract. In the tissue of
the optic tentacle, only the optic gland showed the recovery action. Furthermore, in vitro the optic
gland extract stimulated spermatogenesis but had no effect on oogenesis. On the contrary, the
hrain extract promoted oogenesis not only in vitre and but also in vivo. The hermaphreditic gland
extract reduced the nuclear volume of the optic gland cells, but the brain extract did not. In ad-
difion, ameng sex steroid hormones secreted from the hermaphroditic gland, only testosterone also
reduced the nuclear volume of them, suggesting its feedback substance from the hermaphrodite
gland,

7. Action of sex steroid hormones on gametogenesis and differentiation of accessory sex ot-

gan in slugs and snails

In the immature stage the reproduciive system consists of a simple elongated tube. The
abrupt growth and differentiation of this system is related to the maturation of the hermaphrodite
gland. The development of the accessory sex organs, such as the albumen gland, common duct
and vagina were inhibited and atrophied after castration. However, after injection of hermaphro-
dite gland homogenate or steroid hormones, these organs recovered to normal. When a rudi-
ment of these organs began to develop. These results suggest that the development of each acces-
sory sex organ is controlled by substances secreted by the hermaphrodite gland. The amount of
stereids was high in the breeding and low in the non-breeding season. After injection of testoste-
tone the number of male germ cells increased and this effect was inhibited by anti-androgen, AA-
560. On the contrary, after injection of estradiol the number of oocytes increased and their devel-
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opment progressed. When pieces of hermaphrodite gland were cultured in a medium containing
testoster'one, accelerated spermatogenesis was induced, while the presence of estradiol promoted
oogenes;s.‘ These effects were inhibited by anti-estrogen, AE-10275. Furthermore, injection of
these steroid hormones in intact and in castrated snails induced a gradual development of the ac-
ccssory sex organs, In organ culture, male parts such as the prostate gland and spermduct as
well as the common duct were stimulated by testosterone, whereas female parts such as the albu-
men gland, vagina, oviducal gland and oviduct developed under the influence of estradiol. The
effects were inhibited by the anti-steriod substances. Therefore, thses steroids clearly control re-
production directly.

8. Gonadal regenaration and sex steroid hormones in pulmonates

The cffect of sex steroid hormoenes on gonad differentiation and maturation has been examined
in slugs and snails by gonadal regenaration induced after castration. Gonadal regeneration oc-
curred as follows. After castration, muscular contruction in the wall resulted in sealing of the cut
surface of the hermaphrodite duct and proliferation of connective tissue elements led to the forma-
tion of a mass tissue around the wound. Then, the ductule cells dedifferentiated, proliferated and
formed the regeneration bud. Finally, acini developed at the tip and gametogenesis occurred
within them. At this period, sex steroid hormones in the hemolymph decreased by castration, fol-
lowing hormone injection induced regeneration, By estradiol, only oogenesis was induced not only
in the spatial hermaphrodite snails, but also even in the protandrous hermaphrodite slugs, By
testosterone, in addition to spermatogenesis, oogenesis was also induced. Without the injection of
sex steroid hormones, gonadal regeneration delayed until the increase of hormones. However,
regeneration occurs only in young animals. Regeneration ability mainly depend on the age of
animals.

9. Neurosecretory control of the optic gland in slugs and snails

The fine structure of the optic gland to clarify its regulatory mechanisms was examined. The
optic gland cells are unipolar and the cytoplasm is filled with large glanules about 750-1300 nm in
diameter with a thin cortex in Limax marginatus and 800-1700 nm delimited by a thick cortex in
Euhadra peliomphala. These gland cells are characterized by the well-developed granular endo-
plasmic reticulum. Granule formation was seen in the region of the Golgi apparatus. During the
breeding season, the medial neurosceretory cells of the brain become active in the synthesis and
release of secretory materials.  Although no neurosecretory cell bodies occur in the tentacular gan-
glion, neurosecretory axons penetrate into the optic gland cells. Cobalt filling reveals that axon of
one type of medial neurosecretory cells projects to the optic tentacles, near the optic gland. These
results suggest that the optic gland is controlled by a neurohormone originating from the medial
neurosecretory cells of the brain.

10. Effects of neuropeptides and neurotransmitters in snails

The effects of neuropeptides (FMRF-amide: Phe-Met-Arg-Phe-NH: and proctolin: Arg-Tyr-
Leu-Pro-Thr) and neurotransmitters (serotonin and octopamin} on the contraction of the cardiac
and pharyngeal retractor muscles in snails were examined. The heart rate was increased with
the rise of temperature in both species, Besides, humidity was also shown to be the factor for the
increase of the heart rate in Euhadra peliomphala. The most fundamental characteristics of the
cardiac muscle is its spontaneous rhythmical activity. FMRF-amide and octopamine induced
rhythmical activity in hearts. These substance also produced the homogenecus tetanic contrac-
tion of the non-cardiac muscle, such as the pharyngeal retractor muscle, Although aspects of con-
traction were somewhat different, actions of FMRF-amide were greater than those of octopamine.
Serotonin and proctolin also induced to contract not only the cardiac muscle but also the non-
cardiac muscle. In these substances, the single contraction was induced in low concentration and
it became tetanic with the increase of concentration.

11. Induction of locomotor behavior in snails

The locomotor-inducing Factor of Achatina fulica was examined specifically. Snails showed
nocturnal circadian behavior in relative humidity at least over 50%. Although the rhythmicity was
independent of light and darkness, it was diturbed easily by hydration, and hydrated snails con-
tinued to locomote throughout the day. For induction of locomotor behavior, relative humidity
over 50% was the fundamental factor and water is shown to be the limiting factor for the endo-
geneous circadian oscillator. The integument of snails showed a higher water permeability.
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Through the integument, hemolymph osmolarity changed easily according to hydration and dehy-
dration from about 120 to 400 mOsm/kg HsO, Circadian behavior was induced in snails in which
hemolymph osmolarity ranged from about 130 to 230 mOsm/kg H.0. By hydration, hemolymph
osmolarity in quiescent and estivated snails which have higher osmolarity decreased gradually and
then they began to locomote according to the degree of dilution, and vice verse. The induction of
behavior in these snails was controlled by low hemolymph osmolarity. Together with the endo-
gencous rhythmicity, water environment was shown to be the key factor for the induction of loco-
motor behavior. Based on the results, the mechanisms of the induction of locomotor behavior in
terrestrial pulmonates were proposed. Circadian behavior is induced in the conditions of relative
humidity at least over 50% and of hemolymph osmolarity from about 120 to 230 mOsm, Endo-
genous nocturnal rhythmicity is suggested to be under the control of the central nervous system.
As to hydration-related behavior, at first water penetrates the body cavity through the integument
and dilute hemolymph osmalarity. Then, some neuraons in the central nervous system are activat-
ed by lower osmotic stress and induced locomotor behavior. In contrast, in the dehydrated con-
ditions, evaporation of water through the integument lead to the increase of hemolymph osmolarity.
The central nervous system is inactivated by higher osmotic stress and Jocomotor behavior stops. The
mechanisms seem to be applied not only to Achating fulica but also to other terrestrial pulmonates.

12. Responses of giant neurons to osmotic stress in snails

From their morphological appearance and the characteristics of intracellular recordings, some
giant neurons were identified on the surface of each ganglion in Achating fulica. Using autoactive
neurons, the effects of osmotic stress on electrical activity were examined by changing the bathing
medium. As a result, higher electrical activity was obtained by hypertonic saline and lower ac-
tivity was induced by hypotonic saline in isolated ganglia. On the contrary, in intact snails pos-
sessing the cerebral ganglion which contain the osmoreceptor, these effects become reversible. In
a neuron of the parietal ganglion, electrical activity was induced by hypotonic saline and suppres-
sed by hypertonic saline. These results correspond well with our theory on the induction of behav-
ior in terrestrial pulmonates by hemolymph osmotic pressure.

13. Distribution and population density of Achatine fulica in the Ogasawara Islands

In the Ogasawara Islands, Chichijima and Hahajima, we examined the distribution of Achatina
Sulica from all parts of the islands. The population density is higher around the colony region
than in the regions of mountains, seashores and farms. The shell height is smaller in snails aruond
the colony region than in mountain, seashore and farm regions. Living snails are numerous
around the region of the forests, Terninalia catappa, Ficus microcarpa and Leucaena glauca, in
order. Dead snails are also similar.

Bascd on these resulis, we examined the biological, chemical, mechanical and ecological con-
trol methods.  As a result, various control methods and notes for the application of molluscicides,
such as metaldehyds and carbamates were introduced.
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Fig. 1. Schematic drowing of the head (A) and radula (B) in pulmonates. A, . mouth,
2. radula, 3. buccal cavity, 4. oesophagus, 5. radular gland, 6. muscle.
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. Slugs and snails used in the present study.
. Euhadra peliomphala (ca. 4cm in shell diameter)

Achatina fulica {ca. 10cm in shell diameter}

Limax marginatus (ca. 2cm in length)
Deroceras reticulatus (ca. 1cm in length)

2
A
B:
C: Limax fiavus (ca. Scm in length}
Dn
E

— 165 —



R R

. BEDH & F2i

L. @ o

o4y e~ FLEREcH D BRE
b f7e 0%, MEGeACRE (Fig. 3) & LTHAD
WPEOFHF LT -T2, KERE2-IM
WITERA A bR B, 4 2 SEOBEINL, =2
G4 SHREE LR, 1 ~FFar
Hurdiic, v~ 4 2 cELERc o L b
Wi ke IMiL, =w S+ 4y SRS 2 X ER
1, fEHi s 28, v s 2 SR
(Fig. 4a) & LTEADIT BN S, JhbDILY:
GBI A ERT A, <1 <« 7 EHOERR
(Fig. 4b} fFEmE/le L 0ChHDH, SKiMic s 2
ERBZENHE, ShLDMMEF 7 PHER
Wte b, TEAOERGIRTHRESI LT -2,
TEMINEE S BEAF L VRS, B
-3 ST B,

Fig. 3. Copulation in the slug, Incilaria fruhs-
torferi.

Fig. 4. Oviposition in the slug, Incilaria
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bilineata (A) and the snail, Erhadra peliomphala (B).
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Fig. 5. Developmental stages in the slug, Limax marginatus.

Stage 1: blastula.

Stage 2: advanced gastrula.

Stage 3: differentiation of rudiments of body and mantle.

Stage 4: differentiation of rudimenis of tentacles and posterior sac,
Stage 5: maximum development of anterior and POSterior sacs.
Stage 6: hepatic mass retracted posterior sac atrophied.

a. external opening of left, b. blastopore, c. external opening of right, d. body
rudiment, e. mantle rudiment, f. hepatic mass, g. rudiment of posterior sac, h. mantle,
i. anterior sac, j. rudiment of right tentacle, k. foot, L. posterior sac, m. pulmonary
orifice, n. optic rudiment of left anterior tentacle, o. left anterior tentacle, p. left

posterior tentacle, q. third tentacle of right side, r. atrophied posterior sac, s. eye spot
of right anterior tentacle, t. eye spot of lelt anterior tentacle, u. right anterior tentacle,
v. right posterior tentacle, w. mouth, x. fused third tentacie.
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Fig. 6. Embryonic development in the slug,
Limax marginatus.

1. Embryo in the egg. 2, 3 and 4 show
the process of development. a. outer shell
jayer, b. inner shell layer, c¢. perivitelline
fluid, d. zygote (embryo), e. hepatic lobe.
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Fig. 7. Process of pulsation of the posterior sac in the slug, Limax marginatus.
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Fig. 8. Embryo culiure in the slug, Limax marginatus. Cultures were performed in the

Baijey's medium for 10 days at 23°C.

4. differentiation of rudiments, 5. stage 5,
ventral, d: dorsal.

sac, p: posterior, v
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6, stage 6. ps: posterior sac, a: anterior
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Table 1. Effects of the injection of brain and tentacular homogenates on oviposition in
the slug, Deroceras reticalains (D) and Limax flavus (L)

No. of eggs gn'ripqsi(ed Average no. ol cggs
Materials injected No. of slugs (rate of fertilisation) per slug
D L D L D L
a. Brain homogenates
Crude 20 20 510 (729%) 420 {7625) 25.5 21.0
Heated 14 14 329 259 23.5 18.5
Dialysed i4 14 308 266 22.0 19.0
Tentacular homogenaies
Crude 20 20 210 (69%) 110 (74%;) 10.5 5.5
Heated i4 i4 77 105 5.5 7.5
Dialysed 14 14 63 112 4.5 8.0
Contro!
(Physiologicai saline) 14 14 224 (8525} 189 (8725 i6.0 13.5
b. Tentacles cut off 14 14 350 (88% 259 {Bigg 25.0 i8.5
{ntact 12 12 144 (8225 108 (7825 12.0 9.0

Table 2. Eflecis ol the injection of steroids on oviposition in the slug, Deroceras

reticulatus
Rate of Average no, of
Steroids No. of develop- Average no. of developing
injected slugs No. of eggs No. of eggs ment eges per slug epggs per slug
used oviposited developed (% (Mean+8.D.} {Mean+S.D.)
Dehydroepi-
androsterone 10 99 80 80 9.9+3.2 8.0-:0.7
Testosterone 10 8l 64 79 9.1%£2.7 6.4+0.9
Pregnenolone 10 80 58 72 8.0+1.6 5.8+1.4
Estradiol 10 170 111 65 17.041.4 11.14-3.2
Eitrone 10 210 126 60 21.0+1.1 12.6+2.3
Metopirone 10 49 26 54 4,9+0.9 2.641.0
Contro!l {olive oil) 8 64 46 71 8.0+2,0 3.741.9
Gonatropin 8 98 33 84 12.2+1.9 10.3x1.5

A

Fig. 9. Head-wart in the snail, Euladra peliomphala. A general appearance. B: histological
appearance.
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Fig. 10, The fine structure of the head-wart

the aduli stage (scale 5 pm).

Fig. 11,
the head-wart homogenate {(upper).

Exciteds nail, Erhadra peliomphala to

cells in the snail, Ewxhadra peliomphala in
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a b C
Fig. 12. Spermatophores and dart in slugs and
sanails.

a. Spermatophore in the snail, Helix as-
persa. 1. head region, 2, vesicie of
spermatozoa, 3. tail (immobile).

b. Spermatophore in the stug, Arion sub-
Sfuscus.

¢. Dart in the spail, Evhadra callizona.
4. cross section,

A : albumen gfand / reproductive system

RTUBEIE, ThbDRE OB EAIRD
HETIhs0OhEsrLEN L. T
B, BT TAT

AR ERET s L s T, BT, I
ORI S e (Fig. 15), &2, % v~ 7
TG E oM REE L L CHd, R L
CTisfo (Fig. 16, 22b), —hoHoC bix, #fF
HEE»S b P B THhD (Fig. 17, 18), + #
7 013, HRo X 5 CHEEEI O IEHER (k8L Gk
AN, WD O FEE D ELRS & A BRR & DR R
2B E, RSEIL & Tds X HerE N (3 T4
DL, ¥, FRIOEHEINHRIC A S Bl
PRI g & v -2 2 BRSO TR A E DOHERE AR A & & 38
WL, WEREORMECIE L TRBT20ARIN
Xt (Fig. 20a, by, Tidbbh, MtkIRRRO
WE L DT REENRET A L HLA L
1o WD, FHEIROFIZE LRtk ECBfL
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Fig. 13. Seasonal changes

of the gonadal weight in the snail, Achatina fulica.
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Fig. 14. Stages in maturation of the albumen gland in the snail, Euwkadra peliomphala.
B. Alveolar differentiated atage. C. Mature-secreting stage,
showing the cells preatly eniarged with secretion and almost obiiterated due to the

A. Undifferentiated stage.

stored secretion.

o 173 e

Fig. 15. Stages in maturation ol the common

duct in the snail, Enhedra peliomphala.
A. Undifferentiated stage, showing a simple
clongated tube. B. Early differentiated
stage, showing male part and female part,
C, Differentiated stage, showing oviduct {O)
with developed oviduccal glands (OG) and
vas deferens {VD) with developed prostate
glands. D. Mature stage showing matured
oviduccal glands (OG) and vas deferens (VD)
with matured prostate glands (PG).



CONTROL

Fig. 16, Eflects of castration on the development of the reproductive system in the snail,
Euhadra peliomphala. Accessory sex organs undergo drastic regressive changes., 30
days after castration. AG: alubmen gland. CD: common duct. NG: mucous gland.

Fig. 17. Effects of casiration on the epithelial cells of the head-wart in the adult snail,
Euhadra peliomphala. {A) Epithelial celis of the head-wart in a contrel snail, (B)
Epithelial cells of the head-wart, 2 weeks after castration.
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Fig. 18. Effects of castration on the state ol the common duct in the snail, Ewhadra
peliomphala. A control. B: castration (alter 30 days). OG: oviducal gland. *PG:
prostate gland. O: oviduct. VD: vas delerens.

Fig. 19. Efects of casiration on the histological state of the aibumen gland in the snail,
Enhadra peliomphala. A; control. B: castration (after 30 days).
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Stages of the atbumen gland (%)

Stages of the hermaphrodite gland
Fig. 20-a. Relationship of maturation between the hermaphrodite gland and the albumen

gland. Hermaphrodite gland;

A. undiferentiated stage. B. spermatocyte stage. C.

spermatid stage. D. early spermatozoon stage, E. late spermatozoon stage. F. early

oocyte stage.

G. late oocyte stage. H. postreproductive stage. Albumen gland: A.

undifferentiated stage. B. synthesizing stage. C. Secreting stage.

Table 3. Contents of steroid hormones in the
hermaphrodite gland in the snail, Enhadra

peliomphala.
Steroid ttgﬁé?fé progesterone  estradiol
hormones
(pg/mg tissue)
Month Jan. 0.19 0.36 1.30
Apr. 1.13ng 4.99ng 30.00
Jul. 5.09ng 7.11ng 235.43
QOct. 72.19 126.00 28.20

RO HEBI L THET B 2 £ b BB A E s

{Table 3), Thwi, &L, “nbOATFAA
Fah, EERCAMICEE LTV 00 E bkl
H Lt Tihih, BHATeA Fha®ridh
Btk iE L, FEFE S boKExn
e lfce TOBE, B InELBHELEDL
DH, WHEM O Mo EACERE S L,
BRI, FA AT A v TITHERELD, =&+ 5
DA — 2 THIMEE S A G A e T A 2 E A B
wEhke (Fig. 2), c iR+ 2 2 SOPHET
Hah, vAAFETLFAHTH-T, zDZE
ELRBEERL OB L, ek, &4
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AN

(%)

Stages of the common duct

(9]

A B c D E F G

Stages of the hermaphrodite gland

Fig. 20-b. Relationship of muturation between the hermaphrodite gland and the common
duct, Hermaphrodite gland: see a, Common duct: A, Undifferentialted stage. B.
Maie stage. C. Female stage.

Table 4. Effects of hermaphrodite-gland homogenate and steroid hormones (testosterone
and esiradiol) on the development of the epithelial cells of the head-wart in the snail,
Eunhadra peliomphala.

Length (pm) Nuciear volume

Treatments &
Long axis Short axis "
Hermaphrodite gland homogenate 68.8+15.4 5.6+0.8 171.54£57.0
Estradiol -+ Testosterone 48.8+6.3 6.541.3 153.84:43.2
Control 43,1+8.8 6.7+1.9 151.54+60.2
Testosterone 69.3+13.3 5.8x1.4 172.4+£46.0
Estradiol 31.8115.3 7.443.2 117.0x4L.1
Control 35.84+10.3 6.8+1.6 119.3+46.5

Concentration of steroid hormones; 50 zg/d/ medium, mean=+S.D. The cultures were maintained for
10 days. As the nuclei during cultivation were approximaiely ellipsoid, the volume of each nucleus was
calculated by the formula, V==gLI*6.
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L

Fig. 21. Hormonal control of the deveiopment of the reproductive system in the slug,

Limax marginatus. . control.

5. injection of estradiol, after 7 days.

DL OSE %, Bailey 3B #4130
B, FAPATRY, =AY T U4 —aAlkd
& A¥ERINLT, 10 A, 23°C T3 Lizd
DTHBH, TOFKE, S (Table 4), FAKEEYE
(Fig. 22), # » - #JIp (Fig. 23), I -k (Fig. 24)
T, B0 ESRCRER, ZD L
B, = A=A Red 4y S B ST R
SEE ORI & bk, T2 B i & R B A
Fod VhrevrckhERIACGBZ L8
B i,

V. IR oo R

1. pedaEe

e AT NIE D L FIR Cvk, HiHEORIBTF TH »
PERFFR—2DRDWRE (7> A) RKTE
ZOT, WERCIERE L iThTvwb, B&%
GE S CTRIADBREY AL L, +24 7 5T

2. castration, after 30 days.
maphrodite gland extract, after 2 weeks.

3. injection of the her-
4. injection of testosterone, after 7 days.

HEVESEI T, FFHBRE T LT b EE
R TIREEMRE . 5 (Fig. 25), ChiEXL~
4~ A T, BTN & IR T MR
A+ R EHEE £ CH 5 (Fig. 26), &
Hi R OEE A EEORB LB L AR5
E, —EICEINIC IR LcBY 2L, €O%
B B0 - RS L LRI TH B, IO
B ATHCIFERT 5, <A A 25 4 7 OO
BaiL, M L h 2 F X Chob, 77U 71
v A TR BRI A0 1.5~3 HEhmmnbh, 5~10
FEEFETLE VRS, BVGHllE LTI, 7
42 ehkbh, LELRTHD, WOt A
&, 23 EENRFEGTH B,

2. BEELO Ao E v HHE

— B SERFHE TN O SRR L, H— Y
A = v OESNMBRTVHDT, D
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estradiol. D. estradiol.

Fig. 22, Effects of steroid hormones on the differentiation of the common duct in vitro
in the slug, Limax marginatus. A. control.
Cultures were performed in the Bailay's medium for 10 days

B. testosterone. C. testosterone plus

at 23°C. OG: oviducal gland, PG: prostate gland. O: oviduct. VD: vas deferens.

B b st A ihe s (Fig. 27), ¥ FM2 42 &,
R AFNC S RS B 2 S R B,
T Y, RS IIERE O R R
WIEHNEE Y, T S TREAIEN TR
Aoy RV Ehss (Fig, 28), Z o245
fodb, Mihn v O LUMNA L= LRI
B TOMLIROBER AT -7, TORKE, M
oL B VALTRIC LD, BT L D IR OGS
& LTH#TTE D EpURE R (Table 5), %
fo, BEE LU T 5 & BETEREeESET
L, BEMrTicb sz s (Table 5) &5,
FEFERIH AT OHFWHENRED - EXELD
i, =@ R % 7 Lic 855, AMAMED
IO E - THEET S IREE P R VAL
(Fig. 29}, zhichr ey EREBHL D L&
i, ROFWHB L L b, ZHICRE
(R &@f L, 7o, FEBRO IS
FUFA AT v, RIBOBEOERFL{ET &

i, Zom ki, RO & E AT IR
BT, FAFATF e vpigWREEDO7 4 — F
Ry s THIEERTLOELBNS, RIAD
BAIGE R F 2 s O =A =4 ETHEET 5 &,
<4 =4 TIR2IBIERE LN, F42PTI
WMLt 5 fo (Fig. 30), 35, BRI
oy SR I L, ORI
MR A DRATHBD0RVREEhiz (Fis
31), = O RS W R O HRr g g gy W e
HEd 2o EA%, =254 FIESHD X BIBRREE &
DERE AT S dto,

T, BiOMER F = A Kok E ik, Fiteli
MTiED LS5 RIFRAELTVEDTHA S I,
{18 e tsdy b X O H A B L fo Al 0 SERRET AL
Ibh, AT e A FOFA AT AALHETFER
i, T=A LRI O4 — AR, & ATEEMmC
fERT B2 &R A NS (Table §5), =Dz &%
Ao, HFEOBARS L S L Thi, W
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Fig. 23. Effects of steriod hormones on the maturation of the albumen gland in vitro in

the slug, Limax marginatus. A. controi.

B. testosterone. . testosterone plus estra-

diol. D. estradiol. Cultures were performed in the Bailay's medium for 10 days at

23°C.

PELR A S IN 5 &, HIZ20H & CRtEE O n &
¥, BAFAIRE & T, F 2T D BB T4
St D k5 iin By TEFISEE SR LIREC
AFed Fharte w2 EHTDE, AT SH
— AT, —20T v AL T
NEHLoIChhofeh, £, 7AYAT R v TIX
BRI DA TBR shao b Rvidnge
(Fig. 32 a,b), ZDEELr £ 7 CEHTOLOT
HH0, A A MTLREHTHT, LL, X
Bk, 4 7 SHHOFR <A 4B bEH -1,

ThBOZ &b, Fa 7S w4 Hick
W BT OO Y, TR L
FloAFeAd FrlEtwil) 0FERARD &4
e Ehifs, Do &k, TR ER U
FE v AMERHEEC LETEL, oREikicE
PR LT3 C LR CHB TR LIS

DThDH, Tl FHEiGE oSN, B
BRI OMERA E v, BEECERL
THAFeA Frho® v DEBRBETS, Vi
W&, AFRMHMAL v E LCIEL TV B
ELRE AN, TOMOASBRE LT, T/
T3 HA L oFHEcE L LT BRI
BEToHEI -2 FhE (FadrrsT )
M, TIUAwA A THECEELTZ0H0
R\#&hre (Fig. 40, 33a, b), BlE{SLEIEIHER
HoOEOFCHBETELOTHBN, i ADvA
A BB, FA 7 CHETEERICLD
bHEhEENAALNLL Y, it VESR L
DREOREIKRE R -TB, ThWP R,
Witk ot = o fEH%E, TOREENFEEICAD
hBaT7T7vh~t = EHCTHXTAL, T
b, £o0s vy Rl REY STELT

— 180 —



Fig. 24. Effects of esiradiol on the vaginal epithelial cells in the snail, Enhadra peli-
omphala. A, a: control, B, b: estradiol.

LB E, MO A=A =4 Da v 275
MEA N FOd - AR D DR LTS X 5T,
BT aonEs bR,

DX S, —oOREORBEMY, ek
D R 2BEMNH D - NN, =
NoOERY L L, BRROBBO ALz v
oY, Fig. 34 ©R Ui, Thbb, H
HMOF T EOFRC LD, HoRiuE
SRS R LT B &, BRRASHME R, T
o BEREIN AL E NS RER, TheE
oLt TV DF AL AT R v
HHT S, 20FA AT e v RST OBEM
R DU IR OB O R A BT 5 &
LY, ELICIBTERY BT, TR,
COREHEIALTA AT e v, RBCAD
T Kty 2T D, 3, MEESROETIL,
Yofe K OfER X b Mo rh e i A IR IR R 25E
MAb+ 2 &, oMb ® A EERCER LT
Mt s v =2 52— A DER>{ET,

IO A NS UG =g, F vt RO
O OBKIRORE{RET D, i, i
L oTit, WMEoxr b, & w27y
DR BREORFELTIRL TV 2, - OB
AYNT L HED A D RIK T S-S T {4 FR R
DERrEEMLCE D, MEASHENCERED
BBEEATHEB,

V. S~ 7+ VEOFEE SN

W, BREFAEOREC L, HES AR
ELMEMREE, chETHBA TG,
XFXEHRARTFFEEEL D ENHHEL
T&EN, 0% iy, FHEEH O FH D53 UAR
e ERDRLEVERLITH D, <
FHOHETH -T2, VWHBWAETHIE, A
DEMRABTRATH D FELLDEZL, B
i~ 7 F FORKERA, H>ETERBOF
AL BRI, £ 5%, FMRF-7 { I (Phe-
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FFRFEYTHD, Az — bPHO M-z
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Fig. 25. Stages in maturation o

phase, including atrophy stage.

Y7V it RSB DY, AT
AOMERD & OMFEMARTHEE S (Fig.
35a), WifREMSDLL IERI OO L 5 bDTH
b, MEHROFTLAE T O L i 3R T
VEhbit tHh A, FMRF-7 1 FOERAIL, =
NeEHBORFCH B, PR, OIF® RERES |
ETir, 7 vHAOBIMEML LD TR D,
HTHEY 7 IRFEH  J5EE & A ts (Fig. 36), T o,
BEBEA Y SRTFF, AvAY Y, AVFLr,vy
o & b E i (Fig. 35b,¢) fEAl ez s
BOWHBETH D,

VL fTlhofRae

A v ALy SR, BB OEMESW
K7 Ew B A T T %, 20z &k EEEN
TR LAV TRRZ E &b, THEREORE
W THE L, TR, cheofficisy
THETEO Y- F 4, 70 Xa BBk
(Fig. 37), z@y X2z TCLERTTL

e hermaphrodite gland in the slug, Limax flavus. A.
undifferentiated stage. B. male phase. C. male-female phase (overiap stage}. D. female

RAEEYRL TR B (0T, AEMNK
DTHBZElEMR EShiz (Fig. 38), oV
A AMLBIED 60% DLEOBET T LZbh
Tevas, kAUl EBIE G T, Eilicdets
BIFHAER SR, Az & BT 50
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BEaABE, =4 A HETRIAMAERCHE
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(Fig. 40}, =i &L RAhc, WEelT Chidm
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Fig. 26. Stages in maturation of the hermaphrodite gland in the snail, Enhadra peliomphala.
A. early stage. B. middle stage. C. late stage.

A7 120~400 mOsm & FilERK E T3 2 00
BhRt, SOMY v AR E TSR LT
WEEL, IS Ty v AR i
1 A TR TEENESE iR T o
hebotr, THrReRR{s, T
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WA Eh 20 TH b KT TIEHT
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DMPEHIEE D E, BiEOEIILELV-EEY
ST R (Fig. 39a), #4003 5 HAKED & 5
e ANE e (B % B 5 o5 ER% Bk (Fig. 39b),
SO EEEBIC, MR EOBOERNS
Bt LCa& 7o (Table 6), £DFER, BESET
TAEHOBERESEL L, EATREMEMTS
EAHEC R E A, ok, 0¥k, Ko
R AR MR A AR TR Tl s, 2 HK
CONER, 77 a1 A OERMEY AL
€, BEAEBEMCER LT, Tiodhh, i
SEEAEE L, fEE R S A BB A RA LT,
¥ X AREOREETARTL, HELoR

KAAH e v WED L SEE{ET DT LT,
T OFER, MO TR, EFEY v ¥
- X B2 FRY vz -, Ff, 250 H—
LHWIEREY v —~EiREROWCEL 5 LBy
BAAabhf (Fig. 41A), ch & Erhc, EF
Yed—Lbh2{Y -k, 1/2 FRY v H -~
EHIERY v/ L BEOREL 5 &, TRy
WhAenht: (Fig. 41B), oo b, 7= —
AR TR EE LB b A bt
T, TheOFLEREO T & v BIECHKFL
TwhALDERBNL, —F, RIHOEES L
CEEARE G, BPORBRREIEI 27
HuH, BTV, ER008EHBR
tro o, EBEARTCRLELHETO LS4 LD
LEEAE T B0 LR (Fig. 42A), T,
chic s —AR AT REE® LA 52T
4, RN ERERERTOSE LA CH -
(Fig. 42. B), —77, ERME Gk vAnidE T+
BoH B E R (Fig. 42C), “ORIG g
to, Fa=—AMBTREEY LR IELBET
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Fig. 27.

Lidbbifom T, BEHICEET L EAVFER
i1tz (Fig. 42D),
IRBEDZEMEL, v A IR ATHO
ERE LD L S iniiciRz s LD EELLNE
(Fig. 43), Find>b, AP0 21 7hiH
Ho — Uk, 60% LIEDIRE O BRENE
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WAL L SR D, {BO— 22 RINER,
Tlehb, KOBRBECEMEINLBETHE, =

The brain (A) and one half of the

medial neurosecretory cells (right side) (B).

L, FERE7E E bk L b o BEIHETF
T3 &, BESHEMBRLGEE SATITRNE
Sk, i, chEEMC, ERLUAEET
Te & THBOEEES ERT5 L MERIRIERE
fL3h<, BHPELETIEGSLOTHE,
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Fig. 28, Secretory substance synthesis in the Golgi apparatus of the medial neurosecretory

cells in the snail. Envhadra peliomphala.

Table 5.
A Spermatogenesis

Effecis of hormones on gametogenesis in vifro in the snail, Enhadra peliomphala

a b
Germ Cells Optic gland Tes. +
Control hormone Control Testosterone AA 560
Spermatocyte 22.5+1.8 19.3+1.1 32.7+3.5 20.2:£6.2 24.0:47.1
Spermatid 20.0-+1.7 13.341.0 56.34£2.9 52.0+6.3 63.04-5.5
Spermatozoon 57.542.1 67.4-E1,6%* 15035 27.8+£4.9* 13.0£1.5
B: Oogenesis
a b
Germ cells Brain Est. 4-
Control hormone Control Estradiol AE 10275
Early oocyte 39.7-+1.7 28.3+3.9 32.7+3.5 20.0+0.6 45.0+0.6
Middle oocyte 51.041.2 55.4+3.1 58.0+2.9 65.041.7 46.3+2.7
Late oocyte 9.311.5 16.32.7%* 9.3£3.5 15,041.2% 8.7:4:2.3

Cultures were maintained at 23°C for 10 days.
acinus is expressed as a percentage.

The total number of each itype of germ cell per
Concentration of hormones: 1:5 optic glands/m! medium, 1.5 brains/m/{

medium, steroid hormones 3 gg/m{ medium, inhibitors 1 gzg/m{ medium. *p<0.05; **p <0.01; (%, Mean+

S.D.; a=30).

(Fig, 45),

N RS B O RO B, AR X OV T ks
BT 7Y v A =4 O5% & T OREER~T
Ft, ANFTHRERVE, A S5, BB 6 sFi& L.
# 2 ORI TRE DRV e Fh b X Hi 10 i
HaBEAL, WESTEL, FFAEMATER,
B adh 15 0iFEL, BEREEEER~L,

F e, 15 SFLARC BREEE 60 fElfk % 4 1o
&, TOBSTHEEYRIL, FATTICELL
WEH) A AO8R L, BEEEOFRE, TNTAH
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Fig. 29. The optic gland in the optic tentacle,

L Rk siiEgEEsfko s — v
AL g & RHE O B CEEE s 2l X BT
-3 2 — v, 2 & el LY (Fig. 46a), C
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RETOFREYA DL (Fig. 46b), B, D, E fb
XA RBIETRI O 22 — v L b, Hir, D
BTz ofRss e oo, E ik T, 5EREE
HEDLBELL DI, REL VEESAHEA TG
Witk Aabis, A il C HilgizEplo 2
A= Rl A MO ErEHE kY
Vg 20K —VRIEHEEORAIEHICEL

OG: optic pland. TN: tentacular nerve.
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b, TEX v FCIRERBEAERCH L,
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AT, ERRBEAEEE L R CEECKEN
Too B, A RVTiRdE « FER & LEHE X A
THEEDBETCIEh oty ZABOZELD,
oo v A kKB ok, e, B, o
ARIDREENAE, TR X FEREAS AT
LEmEA H L L HENTE B,

VHI. BHERi2uC

v A =4 ey CHEOBRKE, chET
¥R ERFESE L AT oA, HEMIIE,
%A OB EEAREL E2-HcERL
T2 A Tfiheaid, LoEVRRIBORL4LD
Thbd, Fi, RENALE TR, A&
L HEENTIEEEEL s, BEOXE{H—D
ERTREALELRS, cho Dt RE
EOBE LR, REOFEMHBELEETSC
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==
Fig. 30. Glanules of the optic gland cells in the slug, Limax merginatns (A) and snail,
Luhadra peliomphala {B).
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Fig. 31. Axons penetrated into the cytoplasm of the optic gland cells in the slug, Limax
marginatus (A) and the snail, Euhadra peliomphala (B}, They contained neurosecretory
granules.
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Fig. 32. Induction of female or male acinus by steroid hormones in the slug, Limax
marginatus. A: estradiol. B testosterone, Thirty days after castration, each steroid
hormone (50 pg) was injected into the bedy cavity. After further 30 days, the
hermaphrodite duct was examined histologically.
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Fig. 33. General appearance (1) and the fine structure of the dorsal body cells (2) in
the snail, Achatina fulica. A: type I cell. B: type II cell. Allow indicates the
innervation.
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Fig. 35a. FMRF amide like cells of the central nervous syste in the snail, Achatina
fulica. A cerebral ganglion, B; pleura] ganglion, C; right parietal ganglion, D; left
parietal ganglion. E; visceral ganglion, F; pedal ganglion.
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Fig. 35b. Vasopressin like cells of the cerebral ganglia in the snail, Achatina fulia (A)
and the slug, Limax marginatus {B).

E TR P &

Fig. 35c. Pancreatic polypeptide like cells of the cerebral ganglion {A) and the intestine
(B} in the slug, Limax marginatus. Pancreatic polypeptide like cells of the intestine
{C} and the esophagus (D} in the snail, Achatina fulica.

— 193 —



FMBF-amide

control 1.6x107° 1.6x10~ 8 { mol)
3 - ,l‘!:— : d_r"-'-\r\
Eeams A e
- B N . et | e
.\' e S i \_,-a-.-.v-—"jf A \rﬂﬂw . \
o - S ) S
1.6x1077 1.6x10"8
e e :
\ A
f , N ,”y
J - B
N ‘ |
1 min.

Fig. 36. Lffects of FMRF-amide on the contraction of the pharyngeal retractor muscle

in the snail, Adeharina fulica.
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Fig. 37. Circadian behavior and its relation to
ielative humidity in the snail, Achatina
fulica. Five grouped snails were placed in
the incubator with the conditions of a LD
12: 12 cycle at 25 C in each relative hu-
midity for § days.
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Fig. 39-a. Medial part of the cerebrat ganglion under a desiccated condition. showing a
inactive dehydratecd siate,

Fig. 39-b. MNerve cells and neurosecretory cells of the cerebral ganglia, responsibie for
hemolymph osmolality in the snail, Achatina fulica. Same part with A under a
hydratied condition showing recovery [rom the inactive state.
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Table 6,

cerebral ganglion in the

Effects of desiccation and hydration on the activity of the medial part of the
snail, Achatina fulica.

Conditions
(Relative Humidity)

Nuclear volume (%}

Neurosecretory ceils

Ordinary nerve cells

Large nerve cells

A 65% R.H. 180.44+22.79 88.23:+15.54 148.624-20.49
B: 307 R.H. 63.22411.64~ 47.62+10.18 111,85:1:28.39
C: 1009 R.H. 410.71 £58. 720} 144.35+16.00% 241,25 4:25.9203 %, 00 %

») Significantly different from A (p<0.002).
<) Significantly different
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Fig. 42, Effects of osmotic stresses on the excitability of the giant neuron, tonically auto-

active neuron, in the snail, Achating fulica.

A hypotonic stress (1/2 Ringer:

1/2R).

B. ionic stress, 1/2 Ringer jsosmotic o normal Ringer by adding glucose (12R+G).
D. hyposmotic stress, normal Ringer isosmotic
to 2 Ringer by adding glucose (R+G).

C. hypertonic stress (2 Ringer:

2R),
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WATER ENVIRONMENT
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ymeh Osmolality Fig. 45. Feeding damages on the leaves of a

Fig. 43. Schematic drawing ol the induction gum tree by the snail, Achatina fulica.
of locomotor behavior in the snail, Achating
fulica. The mechanisms seem to be applied
to other terrestrial pulmonates.

Fig. 44. Habitat states ol the snail, Adehating fulica in the Ogasawara Islands. A: trees
after raining. B: a white popinac wood. C: a bush.
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Fig. 46. Surveyed arcas {A-E) and radar charis showing the population density and shell
height ol the snail, Achatina fulica in the Ogasawara Islands.

a. Chichijima. A: colony area, B: eastern mountain area, C: weslern seashore area
inciuding nearby farms, D: southwestern mountain aeea. E: southeastern mountain
area.

b. Hahajima. A: northern mountain area, B: Ratiand area, C: area around Mt. Chibusa,
D: colony area, IE: farm area including nearby scashores, IF: southern mountain area.

Scale on charts: (a) population density {number} of living snails, (b} population density
{number) of dead snails, (¢) mean shell height of living snails (mm); (d) mean shell
height of dead snails (mm). Population density is the mean of the number of snails
coilected during 15 minutes in each station. The data in scale represent the total
mean of both Chichijima and Hahajima.
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Fig. 47.
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Radar charts showing the population density and shell height of Achatina fulica

in six types of vegetation areas in the Ogasawara Islands, Chichijima and Hahajima.

L. forests of Terninalia cateppa. 2. lorests of Ficus microcarpa. 3. forests of Lencaena
glanca. 4. grassland, 5. (orests, 6. farms.

Scale in charts: same as in Fig.
Chichijima and Hahajima,

The snails, Achatina fulica Teeding the
bait containing metaldehyde.

Fig. 48.
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