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ABSTRACI' 

HeIisornu d q n  is a fiesimater pulmonate siail cornmon to many s d  bodies of 

water throughout North America. 'Lnis snail is en* maintameci m the laboratory and is 

capable of reproducing throughout the year. H. clLryl normally cross-fatitize and after 

matin& they deposit gelatmous egg masses upon undemater substrata. Egg production m 

hermaphrodite soails is a cornplex process which involves oocyte developrnent, ovulation of 

mature oocytes, f-tion, egg and egg mass formation, and î i d l y  ovipogtion. The 

aIbimiai glaoâ, an exocrine fèmaie aaccessory sex gland, phys an Întegrai part in the eggiaying 

process as it @esizes a nutrient-rich perivitehe fhid which is secreted around individual 

eggs as they move dong the reproductive tract. The perhdehe  fhid is composed maidy 

of polysaccharides and proteins and serves as the main nutrient source for the developing 

embryos. This thesis mvestigates the endocrine and neurosecretory fàctors which regulate 

the synthetic and secretory activities of the aibumen gland in H. d.yi. 

In fi-eshwater puhonates, there are two hown gonadotropic centers thought to 

control reproduction, the non-nmous, endocrine dorsal bodies, and the neurosecretory 

caudodorsal cells m the cerebral ganglia. The endocrine dorsal bodies & d a t e  oocyte 

maturation and the synthetic acthdty of the albumen gland, wfiereas the caudodorsd ceils 

stimulate ovulation and also regulate the activity of the aibumen gland Although many 

putative substances of endocrine or newous ongin have been proposed to inmiaice 

reproductive actMties, few have been chemicaIly identiiied and show to have specific 

physio1ogic effects on reproductive fimctions. 
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Albumen gland polysaccharide spthesk can be momtored in vitro by Ïncubating 

aIbumen gland explants with a radiolabelled monosaccharide such as '4C-glucose and 

measriring the total radiolabeIled polysaccharides. Smce the albumen gland is a major target 

organ for an endocrine factor fkom the dorsal bodies, the measurement of polysaccharide 

synthesis was used as  a bioassay to monitor the actMty of dorsal body extracts in order to 

puri@ and charad- the bioaaive substance(s). Extracts of dorsal body tissue and dorsai 

bodyccmditioned c u b e  medium were separated by lggh-pdormance Iiquid chromatography 

and the resvhant fiadions were tested with radioirrnnunoassay or bioasay. The material fkom 

the dorsal bodies is not proteniaceaous, and dispiayed charadeastics of an ecdysteroid-related 

moleCule. h addition, another bioactive substance hmthe dorsal bodies was detected which 

diffêrs in hydrophobicity. A partial purification of these substances was achieved, 

A 66 kDa ghlcoproteh was identified m crude albumen gland extraas. The in vitro 

release of this protein, and others, was enhanced m the presaice of an acidic extract of the 

braie 'Ibe dtdatory iàctor fkom the brain was pamally characterized a s  a basic peptide of 

less than 10 kDa. This neuropeptide stmnilated the production of the second messenger 

cycIic AMP m the albumen gland, which m tum evoked the release of secretory material The 

relationship between the secretory and synthetic actMty of the albumen gland is discussed 

with respect to the endocrine and neurosecretory frctors which iufiuence reproduction m 

pulmonate moîiuscs. 
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The M o h  coostaates a large diverse phyhm, and second to the Arthropoda, it 

inchides the most abundant species m the animal kingdom Over 100,000 lMng species are 

distn'buted among seven classes: Monoplacophora, Aplacophora, Polyplacophora, 

Scaphopoda, Bivalvia, Gastropoda, and Cephalopoda (Bames, 1980). Among these classes, 

the Gastropoda have colonized nearly every major habitat, and consequently, they have the 

kgest number of species and show the greatest diversity wahm the ph- A major hctor 

amtrhhg to the evohitionary success of gasbropods, and of the MoIhisca as a whole, is the 

divers* of their reproductive systems (for reviews see Tompa, 1984; Saleuddh, 1998b). 

Reproductive processes such as matïng, gametogenesis, fertilization, eggiaying, and 

emlnyonic deveiopment have been described m some detail, but the physiolopical m e c h m  

controlling some of these processes rWam largefy imLnown. 

m e  fieshwater d Helhopna diqyr (Weatherby) is a pubnonate gastropod belonging 

to the order Basommatophora, and f k d y  Planorbidae. The distribution of various fieshwater 

sisils in the United States and Canada has been documented by Baker (1928, 1945) and 

Clarke (198 1). Members of the gmus Heiaomcl are h d  m d lakeh streams, and ponds 

throughout North America. They inhabit the linoral zone and are mostly found at a depth of 

l e s  than a meter. H. hryi  is found m the waters of southeastem United States, W e  its 

close relative H. irivoivis (Say) occupies a more northem habitat ranghg fiom northeastem 

United States and eastern Canada, and westward to Aiberta (Clarke, 198 1 ). Planorbid snaik 
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h m  the genera Bzomphalma, Buizrcs, and Attstraiorbis are the intermediate hosts for the 

m o d e  genus Schistmom (Cheng, 1973). In Anica, South America, and parts of Asa, 

parasitic niféction by Schisasonza q p .  deMitates millions of people. Over the past 30 years, 

considerable effort has been directed toward understandhg the internai fàctors regulptmg 

reproduction m fieshwater siails as a means of controIling sud populations, and therefore, 

limiting the spread of schisiosoniiags It is thought that specinc moIhiscicides can be created 

that interfere with the suaiis' reproductive system or its abiiity to regulate key reproductive 

processes such as the synthesis or release of homones. 

The reproductive system of the basommatopboran puhonates is compIex AD 

basommatophorans are simultaneous hermaphrodites, however, in some of the primitive 

species, a short male-phase precedes the hermaphroditic phase (Duncan, 1975). The 

reproductive system congsts of a hermaphroditic gonad, and the d e  and female 

reproductive tracts wah their associated accessoxy sex organs (ASOs). A migle ovotestis at 

the posterior end of the suail produces both male and female gametes. The gametes are 

periodicaRy released and pass through a narrow hermaphroditic duct (spermoviduct) that has 

d lob& seminal vesicles located dong it. Fufther anterior, this duct joins the male and 

fernale portions ofthe reproductive tract where the gametes are ~ s p o r t e d  via their separate 

tracts. The junction of the hermaphroditic duct and the male and female tract is cded the 

carrefour. A d sac-like structure, the fertilization pocket, is sometmies associated with 

2 



the carrefour. The f d e  tract which coIlSiSts of the albnmen gland, oviduct, atenis, 

muciparous piand, oothecd gland, and bursa copulatrix is a glandular structure @g. 1). Its 

main fûnction is to synthesize and secrete material for egg and egg mass formation, and to 

receive foreign s p m  fiom a copulatmg partner and transport it to the site of f e t i o n  

(AbdeLMalek, 1954; de Jong-Brink, 1969; Plesch et al., 1971). The principal fimction of the 

male tract which CO&S of Semmai vesicles, qerm duct, prostate gland, vas deferens, and 

penis complex is to provide nutrition to the spermtozoa and to transport them to a mating 

partner- 

Ovotestis 

In the Basommatophora, the gonad is beliwed to be of mesodermal origh whereas 

the rest of the reproductive tract (male and female) and its associated ASOs arise fkom 

modem (Runham, 1983). The gonad is surrounded by a thin iayex of connective tissue and 

composed of very few muscle fibers (Plesch et al., 197 1 ). Wahin the ovotestis is a variable 

number of aciui, bounded by a basal lamina and a layer of umnective tissue. Both male and 

female gametes are found in the acini The gametes, Sertoli cells, and follicle ceils develop 

fiom a germinal e p i t h e b  &ch is codined to the upper portion of the acini (Joosse and 

Reitz, 1969). The developmg oocytes migrate to the bottom of the achi and become 

suxrounded by follicle ceils. The developmg s p m  ceJls and Sextoli c e k  aiso migrate to the 

bottom of the acini and pass over the f d e  cells. The spermatozoa project mto the lumen 

of the acinus, whereas the oocytes are iocated peripher* (de Jong-Brink et al., 1977). 



Fg 1 A diagramatic representation of the reproductive sysiern of Heliisoma showhg 

the formation of the egg m a s  (fiom Saleuddin et ai., 1990). 
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The developmg d e  sex ceiis arise fiom the germinal e p i t h e h  and are cornecteci 

to the SertoH cells ioitially thmugh desnosomdikejunctiolls and later by gap jimctions which 

synchronize ceiI &&ion (ddong-Brink et al., 1977). The Sertoli c& are thought to provide 

nutrition to the spermatogenic cells and produce paracrine ficton invoived in spemtiation 

(deJong-Brink et al., 1981). Spermatogonia undergo Wotic divisions and develop mto 

spermatocytes The spamatocytes undergo meiosis and differentiate into spermatids near the 

r i .  of the vitenogenic area (see below) (Geraerts and Joosse, 1984). Excess cytoplasmic 

material nom the acinus is phagocytosed by the Sertoli cek  after s p h t i o n ,  and the Satoii 

cek  gradually degenerate. Mohscs exht'bit a great diversity of spermatozoan form even 

within particular order$ but among the Basommatophora sperrn morphology is relatively 

uniform (Duncan, 1975; Maxwell, 1983). 

Oo~enesis 

Primordial cells of the germinal epitheiium diffierentiate to become primary oogonia 

and secondary oogonia. The oogonia then p a s  to the basal region of the acinus, the 

vitellogenic area, where they become surrounded apically by foficle ce& (ddong-Brink et 

al., 1983). In the neshwater siail Lymnaea staplis, oocyte differentiation and maturation 

can be morphologically characterized into 4 stages: (1) a premeiotic phase (formation of a 

germinal vesicle); (2) oocyte enlargement and accu~lulation of RNA m the cytoplasm; (3) 

formation of yolk granules (vitellogenesis); (4) oocyte maturation (polar body formation) 

(Ubbels, 1968; de long-Brink et cil., 1982). 
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FoUicIe Ceb  

The foIiicIe celis are attached to the oocytes by septatejimctiom (Khan and Saleuddh, 

1983) and gradually cover the portion of the oocyte protruding into the acinus. Later on m 

development, a foIlicular caviCy appean and spreads laterdy bemeen the oocyte and follicle 

ceii (ddong-Brink et al., 1976). The foliicle cells of pulmonates have characteristics of 

protein syatheskg and bave been suggesed to synthesize yoIk proteins (Rigby, 1979). 

Homer,  th& hcbm with respect to vitellogenesis is unclear. The follicle cells have also 

been suggested to be hvohred m the formation of the foIlicular cavity, a asenid feature 

thought to be necessq fm ovulation to occur (de Jong-Brink et ai., 1976). In H. huryi, the 

foilicle cells appear more syntheticaüy active m egg-laying mails than m non egg-layers, and 

the cell jmctions between folticle cells and oocytes are more numerous m egg-layers 

(Saleuddin et al., 1980). 

ViteUo~enesi~ 

Unlike the oocytes of cephalopods, those of basommatophoran mails contain M e  

y o k  and can be characterized as oligoiecithal In L. stagnais, the yoik has been 

characterized into two types: protehaceous yoIk and fàtty yolk (Raven, 1975). 

Roteinaceous yoik is contahed within membrane-bound granules and consists of rnuco- 

glycoproteim, phosoiipids, femtin, and basic proteins whereas fktty yolk is composed mamly 

of neutral lipids (Ubbels, 1968). Rotehaceous yoik is believed to be derived nom both 

autosynthetic processes withm the oocyte (de Jong-Brink et al., 1976) and heterosynthetic 

processes (Saleudcün et al., 1980; Bottke et al., 1988). In the fieshwater mails, the foficie 



ce& are féw (4-6 cewoocyte m H. -) (Khan and Saleuddin, 1983), and do not appear 

to produce yoIk proteins (Bottke and Tedke, 1988). Furthermore, there is no correlation 

betweai the actMties of the oocyte and follicle ceils during oocyte development and the 

appearance of pinocytotic profles in the oocyte. übasüuctural studies of pulmonate oocytes 

indicate the presence of abundant active Golgi complexes, and numerous yolk granules 

which comcide with the deveiopment of the oocyte (Saieuddin et ai., 1980). Therefore, the 

endogenous synthesis of protehaceous material by the oocyte is believed to be the major 

mechanism of yolk formation m the Basommiatophora (Geraerts and Joosse, 1984). 

In puhonates, the iron storage prote* ferritin is the ody identified extragonadal 

protein lmown to be taken up pbocytotica@ by the oocyte (Bottke et al., 1982; Saleuddin 

et al., 1980). Its site of synthesis m H. hyt i  is thought to be within the mantle pore ceils 

(Miksys and Saleuddin, 1986, 1987a,b), but m L. stagnalis and P I a n ~ r b ~ u  cornezls, the 

digestive gland is proposed to synthesize ferritin (Bottke et al., 1988). Although ferritm 

synthesis is regulated by iron Ievek, there is evidence suggestmg the pinocytotic uptake of 

femtin fkom the hemolymph into the oocytes is under endocrine control (Miksys, 1987). 

Thus, femtin could be COI1Sidered as a VitelIogenin. In P. corneus, two forms of ferritm have 

been isolated, one fiom the general viscerd mas (without gonad), and one fiom the yok 

granules of oocytes (Bottke and Smha, 1979; Bottke, 1982). The somatic ferritin is 

composeci of muhiple homopoiymeric subunits of 19 kDa. It has a native molecuiar mass of 

500 kDa and is widely distri'buted in siail tissue. The yolk femtin is a slightiy larger molecule 

coqrisecl of 24 kDa subunits. It has a native molecular mass of 560 kDa and is found oniy 
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in the oocytes Both somatic and yolk férritms are synthesized by the digestive gland and 

secreted into the hemolymph where they are takm up by their respective tissues (Bortke er 

al., 1982). 'The somatic férritin d . i f ks  m both structure and immunoreactiviry fiom the yok 

ferritin snd they are niggested to have diffe~ent functiorts (Bottke, 1985, 1986; Bottke and 

Crichton, 1984). With the exception of ferritin, there is M e  mformation regarding the 

biochemical composition of other pubnonate yoik proteins 

Herma~hroditic Duct 

The male and f d e  gametes are released at ciiffirent tmKs into the narrow 

hermaphroditic duct which is contmuous with the main coflecting duct a-g fiom the 

ovotestis. They are transported by ciliary movement to the glandular pomon of th& 

respective tracts (de Jong-B* 1969). The ovulation o f  mature oocytes mto the 

hennaphroditic duct is Urely accomplished by the amoeboid movement of the oocytes fiom 

their follicle c e k  (Saleuddin and Khan, 198 1; Saleuddin et al., 1983a). It is suggested that 

m i c r o ~ e n t s  presait m the oocytes are induced by a neuaiiy-derived ovulation-stimulahg 

hormone, which allows the oocyte to becurne mode. The middle to disial pomon of the 

hermaphroditic duct is eniarged by giobular lateral processes of the seminal vesicles which 

may have a role m sperm storage. Glandular ceIls lining the hermaphroditic duct serve to 

resorb old spem (hmcan, 1975). 



arrefour 

The carrefour is a structure located at the jmction of the hermaphroditic duct and the 

male and f e d e  tracts. The albumen gland duct a h  opais mto the carrefour at this point. 

There are sensory nerve endhgs, cilia, and muscle that participate m the detection of the 

zygote so t h  d may receRre secretions fiom the albumen gland (Plesch et ai., 197 1; Brisson 

and CoIlin, 1980). In some species, fertilization is thought to occur in the anterior portion 

of the hermaphroditic duct rather than the carrefour Îtself(Duncan, 1975). 

Albumen GIaad 

The albumen gland is an exocrine female accessory sex organ composed of many 

compoimd tubules and normally has a yenowish appearance m H. a-yi. It has a central duct 

h e d  with a ciliated epithelium which opens at the carrefour. The tubules are lined with a 

single layer of large (-40-60 pm) cuboidal to pyramidal secretory ce&, occasionaIly 

interdispersed with some diated (centroachar) tells, and moderate amounts of secretory 

material in the lumen of the tubules (Abdel-Malek, 1954). Uhrastmcturally, the secretory 

cens have prominent Golgi, numerous ribosomes, and an extensive may of ER cistemae 

(Nieland and Goudsmit, 1969; Cousin et ai., 1995). Smaü grandes packaged by the Golgi 

coalesce and form large (up to 10 pm) periodic acid-SchiE(PAS)-positive secretory vesicles 

that occupy the majority of the cytoplasm (Fig. 2). Withm these vesicles are numerous small 

(20 nm) particles consstnlg of the polysaccharide galaaogen, which is the major constituent 
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Fg 2 A light micrograph of a cross section through the albumen gland of Helisoma rliayr. 

The gland is composecl of many closely-associated tubules contsming a single layer of 

cuboidal secretory ceIls surroundmg a centrai b e n .  Note the large secretory globules 

(arrows) stamed positiveiy with the periodic acid-ScW(PAS) reaction within the cytoplasm, 

and the considerable amount of PAS-positÏve material m the b e n  (L) of the tubules. Scale 

bar, 50 pm. 
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p&ced by the aIbumedl gland meland and Goudm& 1969; Goudsmit and AshweIl, 1965). 

ûther major compments of the secretory vesicles have been &own histochemidy to contain 

protein, protease mhiiitors, and lectins (deJong-Brk& 1969; Okatore et al., 1982). The 

secretory ce& of the abmen gland are innervateci by a neuronal plexus, which may be 

h v o M  m regulathg the release of secretory material (deJong-Brink and Goldschmeding, 

1983). The contents of the secretory vesicles are released into the h e n  by exocytosk, and 

are likely canied by the action of ciüated ce& to the min collectmg duct (Duncan, 1975). 

The secretory fhid produced by the aIbumen gland and which surrounds the zygote 

is referred to as the perivitebe fhUd (PVF). The amount of PVF per egg is constant, 

suggesting the albumen gland releases equal-gzed drops arouud each egg as it emen the 

carrefour (Plesch et al., 1971). The PVF consisits of galactogen, ghlcogen, protehs, 

giycoprotehs, glucose, glucosamine, fkee amino acids and various salts (Morrill et al., 1964; 

deJong-Brink, 1973; Wijmian and van Wij~k43atenbu.g~ 1987). 

Galactogen is the best snidied component of the PVF. It is a highly branched 

polysaccbarde composed of D or DGgalactose imas îinked glycosidically P(1-3) and P- 

( 1-6) (Goudsmit et al., 1989; Stangier et al., 1995), and iîs concentration is 3040% (dry 

weight) m the albumen glands (hhgdone and de Zwaan, 1983). In Hel& pomatia, the 

average molecutar weight of galactogen is 4 x 106 and m L. stagnalis it is 2.2 x I(P (see 

Geraerts and Joosse, 1984). The albumen gland can u t i k  both giucose and galactose as 

distal precursors for the synthesis of galactogen. The eiuyme UDP-galactose Cepimerase 

converts UDP-ghicose to UDP-galactose, which m tum is enzymatically converted to 
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gaiactogen by gaiactogen synthase (Goudniiit and AshweIl, 1965). The PVF serves as a 

source of nirbRents for the developmg ernbryos, which catabolize the majority of galactogen 

before they emerge as young siails f?om the egg mass ( G o u m  1976). 

tems. Oothecal Gland. Muci~a  rous Gland. Bursa Co~uIabU: 

The coated eggs p a s  h m  the region of the carrefour through a short ciliated ovidun 

and a giandular utenis, where an outer membrane is formed around the egg fiom the 

coagulation of the PVF (deiong-Br- 1969). The utenis has mucus-secrethg c e k  and 

opens mto the muciparous gland. This gland possesses cohumuu ceils which secrete a jeny- 

Iüre mucopolysaccharide mahix in which the eggs are embedded (Plesch et al., 1971). The 

eggs are then bounded by the ootheca or egg capsule which is secreted by the oothecal gland. 

The walls of this gland are folded and conskt of c o h a r  and ciliated cells which produce 

m d y  acid mucopolysaccharides. 

The oothecal gland leads to a nniscular vagina, which is composed of scattered 

secretory cells liamg 3s b e r  ciliated epithelium (Abdel-Malek, 1954). The egg mass is 

extnided through the vagina and out the female genital opening. A t h  gelatmous layer is 

deposited on the surface of the egg mass by secretory cells located around the female 

gonopore, and serves to stick the egg mass to a substrate (Plesch et al., 1971). 

The bursa copulatix or gametoiytic gland is a sao-like organ attached by a ciliated duct 

to the vagina near the genital opening. It is lined with tall cohumiar cells, goblet cells, and 

secretory cells (Abdel-Malek, 1954). Unpackaged eggs and the majority of unused foreign 

spem after copulation are hydrolyzed by this gland (Geraerts and Joosse, 1984). 

12 



AriSng h m  the hermaphroditic duct is the spam &ct, consistïng of several SecTetory 

cen types which secrete lipoproteinaceous material (Plesch et al., 1971). The spam duct 

enters the prostate giand, which congsts of a series of foIlicles enclosed wtthm a common 

envelope. These fonicles are h e d  with large cuboidd SecTetory ceIls openhg into a series 

of coilectmg ducts, which are connected by a conmon duct to the spenn duct (Duncan, 

1975). The prostatic SeCreucm Congsts of MO-, phospho-, muco-, and &CO-, proteins. The 

prostatic fhiid m e s  for transport, nutrition, and activation of the spenn (Geraerts and 

Joosse, 1984), arc! maidates egg laymg (Luc- 1991). The region of the sperm duct a f k  

IeaVmg the prostate is someimiw d e d  the vas de&rens 'Ihis duct is muscular and lined wïth 

a &ted epithelium, and opens into the verge (pais) sac. Various neuronal substances have 

fece~tiy beai identiiied which modulate vas deferais motitity, and are believed to infiuence 

semen transfêr during copuiation (van Golen et al., 199Sa; Li et al., 1995). 

Penial Com~lex 

Sperm is transferred to a copulating partuer by the intromittent, muscular penis. In 

most Basommatophora, the penis (verge) is enclosed withm a sheath (verge sac) and is 

evert ed through the action of hydrostatic pressure and penis repactorlprotract or muscles 

(Gerams and Joosse, 1984). The penk muscle and copulatory behavior appea. to be under 

neuronal control (Li et al., 1994; van Golen et aï., 1996). Associated with the verge sac is 

the preputium, a structure composed of longitudinal muscle layers The preputium Iikely 

hctions as  a hold-fast during copulation m the genus Helisoma (Abdel-Malek, 1952). 
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ass and Embrvonic Deveip~ment 

The egg masses of planorbid mails are generally disc-shaped with a variable number 

of eggs per egg mass. In H. dwyi, an aduh siail wili depogt an egg mass that contains 

between 10-30 eggs Developmait proceeds through monila, blastula, gastrula, trochophore, 

and veliga entirely within the egg mass (Raven, 1975). The egg mass protects against 

predators, bacterial ~ o n s ,  osmotic stress, and mechanical forces of waves (Geraerts and 

Joosse, 1984). In H. trivolvis, the duration of embqonic development is approhte ly  9 

days at 26S°C (Goldberg and Kater, 1989). The young hatch as crawbg jwenile siails and 

hmediately begh grazing. Environmental fàctors such as photoperiod, temperature, water 

quality, and availabüity of food are known to &ect egg m a s  production (see Geraerts and 

loosse, 1984). Favourable environmental stmurti are translated mto an mternal signal which 

initiates the synthesiirelease of reproductive hormones (Joosse, 1984). 

Hormones are chemical substances that cm be produced by a single ce4 or smali 

groups of cells, or a dehed  orgm These substances are typically secreted mto the body 

fluid m one part of an organism, and transported to another tissue or organ, or distriiuted 

throughout the body (Go- and Davey, 199 1). Hormones serve as chemical messengers 

conveying information to their respective target ceils to regulate a vast may  of ceilular 

processes. 

In addition to defined, non-nervous endocrine organs, (for example, the vertebrate 



pancreas), many ammels have qecialized nerve celis refared to as neurosec~etory ce& which 

are sources of hormones Neurosecretory cetls oflen contain proteins with sulfhydryl groups 

and thus have an a f f i d y  fbr cataim hisiochemical stpins such as paraldehyde fi~chsin, chrom- 

alum hematoxyh, and alcian biue/alcian yeiiow (Berlin, 1977; Wendelaar-Bonga, 1970). 

ültrastnicturally, neurosecretory ce& contain electron-dense? membrane-bound secretory 

vesicles ranging fiom 100-300 nm m diameter (Berfmd, 1977; Maddren and Nordniann, 

1979). They cm be distmgukhed fkom conventional nerve ceIls whîch contain d e r  (60- 

100 nm in diameter) membrane-bound grandes. These neuroseaetory grandes are 

transportai dong the axon to concentrations of nerve terminais rderred to as neurohemal 

organs, then exocytotidiy released d o  the body fi&. This is in contrast to the mechanism 

by which another class of chernical m g e r s ,  the neurotransniitters, are known to operate. 

These substances, typic* comkthg of catecholamine&do1eaamies, or amho acids are 

synthesized and released by speciaüzed nerve cells or neurons, which send long processes or 

axons that contact other c& some distance away. L response to an extemal (environmental) 

or intemal signal, the neuron sen& action potentials almg its axon to stimuiate the release 

of a chernical neurotransnltter. Speciakd celljunctions between the axon and its target ceil 

d e d  c h e c a l  synapses help to deher the neurotransmtter rapidly (within miniseconds), as 

opposed to hormone-mediated effects which are relative& long-lasting (minutes to days). 

Chernicals that act as hormones repuiating a specific fimction may possess other non- 

endocrine fbnctions and cm act as neurotransnitters and vice versa. Thus, the distinction 

between hormone and neurotransmitter action has become somewhat b k e d .  
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The ancentrations ofhonmnes and the specific effeas they eiïcit on their target cells 

are sensed by specialized proteins called receptors. Most hormones can be placed mto one 

of four gaierd categories : (1) peptides and proteins, (2) amines, (3) prostaglandins, and (4) 

steroids. These chernical messengers can be divïded mto two main groups based on th& 

mode of actim In general, steroids and other lipophilic moledes are able to  penetrate the 

cell membrane and each interacts with an mtracelhilar receptor to control activdies such as 

transcription. Roteins, peptides, and d e s  stmnulate (or inhibit) a specific response by 

bindmg to receptors located on the plasma membrane. Regardless of whether the receptor 

is Located on the piasma membrane or inside the ceii, they will bind their respective ligands 

with high afEnity and specificity. The presence of an appropriate receptor at the target ceïl 

therefore provides a molecular mechanism through which the hormone exerts its biologic 

effect, 

Receptors located on the piasna membrane rnust be able to transduce the homonal 

signal or ' k a  messenger' mto specific mtraceiiular changes. Activation of the receptor by 

an exiraceMar agonist in many instances causes the formation of soiuble transduction 

molecules known as 'second messengers' that initiate a cascade of intracelhilar wents, 

uhimately leading to an appropriate biologic effect. These cascades of signahg events are 

referred to as signal transduction pathways. 

The plasma membrane receptors comprise a diverse group of signalling proteins but 

&are some common featwes such as the presence of a number of hydrophobie membrane- 

spanning domains that serve to anchor the receptor at the ceil surface. In general, the 
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extracellular sequences participate m ligand bmding whereas the mtraceIiutar sequences are 

associated with an effector protein (G-protein) or have direct catalytic (enzymatic) activity. 

Receptors for stnictinany and fÙnctioaalh/ Wefent hormones can be vey  similar, particularly 

with respect to its intracellular domains. Thus, despite the enomous array of extracelhiIlar 

Sgnals presented to target cells, there is a conservation of basic signalhg mechanisms that 

are used repetitively by a large number of dSierent receptors (Ji et al., 1995; Mayo, 1997). 

There are three generai classes of ce1 surfiice receptors which are distinguished by 

their mechanism of signal transduction. The first class of receptors are those linked to ion 

channels, often referred to as ligand-gated ion channels. These recepton typicaily possess 

four tranmiembrane domains (Stroud et al., 1990). Binding of the ligand, typically a 

neurotransmitter, causes a rapid opening of ion chamels that are selectively permeable to 

specific ions. This &ers the membrane potentid of the cell to stimulate or mhibit 

neurotransmission. Examples of ligand-gated ion channels are nicotinic acetylchokine, 

ionotropic ghûamate, and GABA receptors. 'The second class of plasna membrane receptor 

is the catdytic type *ch has intrinsic enzymatic ac- as pait of their structure. 'Ibis class 

of receptor has a Sngle tninsmembrane domain, and d e n  activate4 phosphorylates 

mtracemiiar target prote* as wen as the receptor itseIf(Cadena and Gill, 1992). The insuiin, 

epidermal growth factor, and insulin-like growth factor receptors are examples of catalytic 

receptor protejns. The thad type of cen surtace receptor, and the one which w2.l be discussed 

in this thesis, is the G-protem-coupled receptor. It generally has seven transnembrane- 

spanning domains and is linked to intracellular effector proteins called GTP-bhding proteins 

17 



(Gproteins). Bmding of the Ogend, typidy a protein, peptide, or neurotransmitter, hithtes 

a series of reactim that generates a soiuble second messenger such as cyclïc adenosine 

monophosphate (CAMP), calcium or hogtol phospholipids (Strader et al., 1994). Smce it 

is now widely accepted that numerous signal transduction pathways are capable of 

mTnnnmicating (aosstaIk) with one another to regulate distinct celhilar processes (Housiay, 

1991), investigations m t h  thesis wili be îbited to aspects of intraceIhilar signaning through 

the production of CAMP. 

CAMP and Hormone Acaon 

Studies cm the xndanim by which hommes regulate ghlcogaioiysis by altering the 

balance between active and mactive forms of glycogen phosphorylase lead to the discovery 

of a heat-stable hctor synthesized fiom ATP. The amount of this fàctor was drarnaticaIly 

increased m ber homogenates treated with either ghicagon or catecholamines. This soluble, 

heat-st able fàctor was later chemically identifiai as cyclic-T, 5'-adeno sine monophophate 

(CAMP) (reviewed by SutIierIand et al., 1960). Cyclic AMP was the fmt second messenger 

to be discovered and pmvided a system by which the concept of signal transduction cascades 

were fist realized. With the advent of more refhed biochemical techniques to assay for 

CAMP, it became apparent that CAMP reguiated an enormous array of biochemical and 

cellular processes m a variety of cells fiom diverse organisns. The various components of 

the CAMP signalhg pathway followhg cell surnice bhdmg of an extracellular ligand to a 

receptor are brie& descriied below. 



GProteins 

Guanosine 5'-triphosphate or GTP-bindmg proteins (Gproteins) comprise a fiiniitv 

ofheterotrimexic glycoprotehs situatecl on the plasna membrane. They are coupling proteins 

that regulate the actÏvity of numerom intraceMar effectors. The G-proteins con& of 3 

polypeptide subunits : an aipha (a) subunif (36-52 kDa) which bhds and hydrolyses GTP and 

contains mtringc GTPase activity; a beta (P) subimit (35-36 D a ) ;  and a gamma (y) subunit 

(8-10 kDaXNeer, 1995). The and y subunits exkt as fimctional dimers and d y  dissociate 

when they are denatureci. When GDP is bound, the a-subunit associates with py to form an 

inactive heterotrimer which is coupled to an appropriate receptor. After a chernical signal 

dmdates the receptor, it changes conformation leadmg to a decrease m affinitv for GDP and 

an mcrease m nffiaitv for GTP by the a subunit. After GTP is botmd, the a - s u b d  

dissociates fiom the py, and both fiee a and py subirnits are able to mteract with other 

mtmceliular target molecules. The a subunit contains mtrinsic GTPase activity and the fiee 

subunits remam active until GTP is hydrolyzed back to GDP. Once GTP is converted to 

GDP, the a and p y subirnits reassociate, and return to the receptor wiiere t awaits another 

signal (see Neer, 1995; Rens-Dorniano and Hamm, 1995). 

There are four main classes of a subunits, grouped according to amino acid 

sequences, and each class having various members : (1) the as class subunits stimulate 

adenylate cyclase and regulate calcium channels ; (2) the a, ciass subunits mhiiid adenylate 

cyclase, regulate potassium and calcium c h e I s ,  and activate cyclic guanine monophosphate 

(cGMP) phosphocliesterase; (3) the uq class subunits aaivate phopholipase C; and (4) the a,, 
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class subrmits regulate s o ~ o t a s g U m  exchange. The a subunits show the greatest 

diversity and nimiber (over sixteen different Ga subunits have so far been idmtified m 

mammals). Recent protein cxysthtion studies combmed with molecular clonhg have 

revealed specific domains that are mvolved in GTP bmding and hydrolysk, $y subimii 

association, and receptor recognition (Neer, 1995; Neer and Smith, 1996). 

Unlike the nmerous a subunits, the gaies for only f i e  subimiis and eleven y 

subunits have been identifïed The y subunits are more different fiom one another than the 

p subtmits (Birnbaumer et al., 199 1; Hildebrandt, 1997). The py complex can interact wkh 

receptors, a subrmits, adaiylate cyclase, phospholipase C, and caknoduhn. 

Adenviate Cvclase 

At present, nine isofonns of mammnlinn adenylate cyclase have been identifïed by 

molecular cloning ( Sunahara et al-, 1996). The adenylate cyclases are complex regulatory 

enzymes containing approximately 1080-1248 amho acid residues and show a remarkable 

resemblance to certain membrane transporters such as the P-glycoprotein and the cystic 

fibrosis trammembrane conmidance regulator (Cooper et al., 1995). Molecular clonixtg and 

hydropathicity -dies predict adenylate cyclase to have two hydrophobic regions (Ml and 

M,) which span the membrane six &es. The two hydrophobic domains are comected by 

two cytoplasmic domains (C, and C,). The two cytosolic regions are thought to bmd ATP, 

whereas the hydrophobic domains are iniplicated to be the site for activation by forsicolin, a 

diderpene activator of adenylate cyclase (Tang and Gilman, 199 1; Cooper et al., 1995). The 

diffet-ent &types of adenyiate cyclase are impmged upon by multiple regulatory Eictors (G, 
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Gi, py, calcium, calmodulin, forskolin, protein kinases) and are oaen expressed m discrete 

anatomicd regions, especidly m vertebrate nervous tissue (Mons and Cooper, 1995). 

CAMP 

Qclic AMP has been identified m practically ail tissues of ruulticeihilar organisms. It 

has also been detected m body fluids of vertebrates such as cerebrosphal fluid, plasna, and 

gastric juice but so far no fimction has been ascribed to t s  presence there (Butcher et ai., 

1972). in the absence of extracemùar stimulation, CAMP content in most ceIls remab 

relatively constant (- 1 PM). However, upon stinnilation, CAMP concentration offen 

undergoes dramatic inmeases (over fifty-fold), depending on the çystem being studied 

(Sutherland, 1972). The time course of CAMP production can also Vary considerably fiom 

tissue to tissue, but m general, the levels of CAMP increase withm seconds to mgiutes after 

Iigand binding. 

Cyclic AMP has four maHi actions once it is activated : ( 1) it ahers the permeabiky 

of the c d  membrane, allowing for the selective passage of ions mto and out of the cell ; (2) 

it alters intracellular actRrity by mcreasing or decreasing the degree of protein 

phosphorylation; (3) it can alter protein synthesis by mteraction with elements of the cell 

nucleus; (4) it can cause release of calcium (itself a second messaiger) from mtracelhilar 

stores In certain ce1 types, a .  uneven distn'bution of mtracemilar CAMP has been reported. 

This compartmentalization of CAMP may have profound effects on the spatial-temporal 

aspects of its signahg (Hempel et al., 1996). 



CAMP-Dependent Rotein Kinase 

The pimary mtraceIhifar -or repuiated by CAMP is the CAMP-dependent protein 

kinase or protein kinase A (PKA). Rotein kinase A a@ms the trander of the y phosphoqd 

group of ATP to hydroxyi groups of A a e  and threonine residues on proteins Rotein h a s e  

A is a tetramer composed of two heterodmiers, each containhg regulatory (50 kDa) and 

catalytic (42 kDa) subunits (Taylor, 1993). Cyclic AMP bmds to the regulatory subirnits 

causing them to dissociate f?om the catatytic subimitn. The released catalytic subirnits becorne 

activated, and m tum, phosphoryiae specific target proteins. The catalytic subirnits of PKA 

(Ca and CS) are sirralar? whaeas the regdatory subunits have two fùnctional forms, the type 

1 (Ma, RIP) and type II (ma, WB) isofoniy each encoded by a unique gene (Doskeland 

et al., 1993). The major Werence between RI and Rn is the RD subunits are 

autophosphorylated by the c a t w c  subunits and are membrane-associated, whereas the RI 

subunits are not phosphorylated and are ma.kdy cytosolic (Hoppe, 1985). Thus, the 

intraceMar location of PKA plays an miportant role in defihg its activity. The regulatory 

subirnits have two types of bmdmg d e s  to their catalytic units, type a (fast-dissociating site) 

and type P (slow-dissociahg site). The rate at which the regulatory subirnits dissociate fiom 

th& catalytic subunits is an important control mechanism, determinmg the rate of initiation 

of the signal. The a forms have a widespread distniution, whereas the the ~ f o m  display 

a more restncted pattern of expression (Brandon et al., 1997). 

Membrane-permeable CAMP analogues such as d'butry1 CAMP and 8-bromo- CAMP 

are thought to advate the catalytic subunits of PKA by fbst binding to certain regions of the 



regulatory subunits which hithtes the release of activated catalytic subirnits (Francis and 

Corbin, 1994). Various analogues that are selective for either the fàst- or slow-sites on the 

regdatory subunits are now available, and combinations of these Staselective analogues may 

provide an indication of which regulatory subunit is mediating the biologic effect being 

examine& 

Çvclic Nucleotide Phosphodiesterases 

The mtracelhilar concentration of CAMP is regulated by the rate of synthesk (via 

adenylate cyclase) and the rate of degradation of CAMP. The two major mechanisms that 

regulate CAMP removal in cells is the degradation by cyclic nucleotide phosphodiesterases 

and export through the plasma membrane. About 30 wforms of cyclic nucleotide 

phosphodiesterases have been idenseci, each possesshg specific afnniSr for CAMP and 

cGMP (Manganieflo et al., 1995). Both particulate and cytosolic forms of phosphodiesterase 

exia, which cm be targeted to specinc mtracellular structures. The ab- of the cen to 

regulate as phosphodiestgase activity provides a way to alter the magnitude and duration of 

the CAMP-mediateci response. The CAMP phosphodiesterases hydrolyze CAMP to 5'- AMP 

which is generally inactive. Methyl xanthine derivatives such as theophyhe and 3-isobutyl- 

1-methylxanthhe are conventional phosphodiesterase inhibitors used m most systems to 

prolong CAMP action in the cell. They are thougbt to hction as competitive mhibitors and 

also antagonize adenosine receptors (Beavo, 1995). In some eukaryotic cells, CAMP is 

actively extnided through the ceil membrane. For example, m slime molds, secreted CAMP 

serves as a chernotactic signal for amoeba to congregste mto a muticellular colony 
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(Devreotes, 1983). The fimetion of this efew m other systems is uncertain, 0 t h  than to 

reduce the mtraceItolar concentration of CAMP (Barber md Butcher, 1983). 

The di8Loratial regdation and spatial distn'buîion of the nmhiple forms of adenyiate 

cyclase, cyclic nucleotide phosphodiesterases and PKA allow for specific mtraceIlular 

targehg. hi addition, calcium, G-protein py subunits, end other mtracelhilar enymes such 

as protein kinase C (PKC) impinge on various wmponents of the CAMP pathway perminmg 

crosetaIk between different signalling systems, thus aïlowhg for contïnuous adjustmaits to 

the sensitivity at which the system can respond to extraceIhilar signals (Housiay and Miiligan, 

1997). 

C ri te ri a Used to Determine if a CeUula r Res~onse is Med i ated bv CAMP 

In order to dernonstrate that s hormontmxeptor system uses CAMP as a signahg 

moIecule, thae are several cnteria that need to be satisfied (Sutherland and Robison, 1966): 

(1) applicaticm of ag& should sisnilate CAMP accurrmlatim m celk, (2) the agonist should 

stimiiate adenfite cyclase m membrene prepmtians, (3) CAMP levek should be potendated 

by inhibitors of CAMP phosphodiesterase? (4) biologic actions should be mimicked by CAMP 

analogues. This List of criteria has been modified and extended m recent years with the 

introduction ofnew and s p d c  CAMP agcmists and antagonists (Doskeland et al., 199 l), but 

the basic aiteria listed by Sutherland and Robhn (1966) are s&iU valid and serve as usefbl 

guidelines. 



on of the Central Nerva- of Helkoma dhyi 

The CNS of Heiisoma duryi ïs representative of the g e n d  orgdzation of the 

puhonate newous system It mchides 5 paired ganglia; buccal, cerebrai, pedal, pleural, 

parietal, and a single viscerd ganglion (Fig. 3). The microscopie anatomy of the CNS of H. 

teme has been descnbed m detail by Simpson et al. (1966) and Simpson (1969). The 

endocrine centers that coatrol reproduction m puhonates are located m the cerebral ganglia. 

Various nemendocrine and CNSassociated endoCCme cmters have been repo~ted to d i r e  

infiuence the gmds, accessory reproductive organs, or to modulate reproductive processes 

(see Geraerts et al., 1988; Joosse, 1988; Saleuddin et ai., 1994). Endocrine centers m the 

cerebral gmpiia which have been examined in detd are the neurosemetory growth- 

stimulating mediodorsal celk (light green cells in L. stagnafis), the lateral lobes, the 

caudodorsal c e b  (CDCs), and the CNS-associated endocrine dorsal bodies (DBs). 

Mediodorsal Ceils 

The mediodorsal cells (MDCs) of H. Aryi are located m a single chider of 

approximately 30 ceh  at the nid-dorsal region m each cerebral ganglion. The MDCs fie 

adjacent on either side of the cerebrd commissure and DBs (Khan et al., 1992). The MDCs 

and th& axons stain mtemely with paraldehyde fichsin., and release their secretoxy produds 

at the periphery of the median iip neme (labial newe). In H. d-yi ,  the MDCs are thought 

to be mvohd m regdahg sheIl and body growth (Saleuddm and Kunigelis, 1984; Kunigelis 

and Saleuddb, 1985). Khan et al. (1992) demonstrated the MDCs of H. hryi  contain 

msulin-like immunoreactRrity and are capable of seaetmg insulin-like peptides (ILPs) in vitro. 
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Fig 3 A diagram of the central nervous system of Helisoltu~ dqz. The position of some of 

the neurosecraory cells ia the cerebral ganglip and the endocrine dorsai bodies is show 

DB dorsal bodies 

a caudodorsal cek 

A mediodorsal ce& 

BG buccal ganglia 

LPdG, RPdG left and right pedal ganglion 

U, RU left and right lateral lobe 

LCG, RCG left and right cerebral ganglion 

LPIG, RPlG lefi and right pleural ganglion 

LPrG, RRG left and right parietal ganglion 

VG visceral ganglion 

fh fiont al lateral nerve 

mh median lip nerve 

tn tentacujar nerve 

Pn penis nerve 

ao aorta 

bm parietal nerve 

m intestinal nerve 

an anal nerve 
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The hemolymph concentration of ILPs mcreased in shelbregenerating animais and, 

m a m d h  insulin stimuhed in vitro protein synthesis in the d e  (Saleuddin et ai., 1992), 

suggestmg msuiin-releted moleailes produced by the MDCs are invofved m growth. 

In L. stagnalis, the neurosecretory light green ceils (LGCs) are homologous to the 

MDCs ofH. dqz. The LGCs are Luge (-90 pm m niameter ) cells Iocated in a medio- and 

latero-dorsal group of ceIls in each cerebral gangiion. The LGCs are thought to produce a 

growth hormone since removal of the LGCs retarded body growth, and reimplantation of 

cerebral ganglia containhg LGCs restored growth (Genierts, 1976a). M o b h t i o n  of 

glycogen stores, Shen formation and stimulation of cell multiplication m the sofi body parts 

are some of the hctions attriiuted to the LGCs (Geraerts, 1976% 1992). 

rmmimohistochemicai studies have demonstrateci that the LGCs, their axons, and the median 

iïp newe (neurohemai area) react with an anti- ** msulin antiiody (Schot, 198 1, 

Ebberink et al., 1987). In order to identify the peptides produced by the LGCs, mRNA was 

extracted f?om these c e b  then cDNAs were constructed and used to screem a CNSspecific 

cDNA library- Light green ce1-specific clones revealed that the encoded precursor molecule 

had a Smilar stnicture to vertebrate insulin, and it was named mohscan msulin-related 

peptide (MIP) (Smit et ai., 1988). In the O I S ,  MIP is expressed in the LGCs and m the 

canopy ce& of the lateral lobe. Biochemicd and molecular studies have shown that MIP 

belongs to a multigene M y  of which 4 mernbers have been identifid Each of the MIPs 

is thought to regdate distinct aspects of growth and metaboh m L. stagnalis (van Minnen 

et al. 1 9 8%; Geraerts et al., 1992). A putative MIP-related receptor has also been cloned, 
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which possesses some of the typicd features of an HisulBi receptor protein (Roovers et al., 

1995). - 
The lateral lobes (LLs) are d ganglia that project laterally Eom of each cerebral 

ganglion and are thought to be neuroendocrine coordinating centers hvolved m the control 

of growth and reproduction (Geraerts, 1976b; Roubos et al., 1980). E>mrpation of the LLs 

stimulatecl growth (Geraerts, 1978) and reduced egg-laying actÏvity (Roubos et ai., 1980), 

suggestïng the U s  &'bit the growth honwnt+producing center (LGCs) and stimulate the 

reproductive centers (DBs and CDCs). In L. stagnalis, the LLs contain two types of 

neurosecretgr cells, a canopy ceii (CC) and a droplet ce1 (DC) (Geraerts, 1976a), whereas 

in H. duryr, two lateral lobe ce& l a t d  lobe ceii 1 (LLC,) and lateral lobe cefi 2 (LLCJ, and 

a CC are present (Sdeuddin et al., 1996). Both of these snails also have a stnicture 

associated with the LLs cded a foilicle gland (FG). Axons fiom the left and right canopy 

ce& cross through the cerebral commissure to the contralateral ganglion and nm closeiy to 

the axons fiom the opposite LGCs (Benjamin et al., 1976). In the cerebral c o ~ e ,  the 

LGC axons show intricate branching pattern as they project varicosities that nm closely to 

the CDCs and DBs Saleuddm and Asiiton (1996) have shown direct innervation of the DBs 

by LLC,, LLC, and the CC, f?om only the right lateral lobe neurosecretory c e k  The MIR 

immunoreactive canopy ce1 is a spedized LGC that is beüeved to transmit regdatory 

signals to the LGCs and the female reproductive centers (Geraerts et al., 1992). The 

neurosecretory actnay of the LLs in L stagnalis is thougbt to be maiaiced by photopenodic 
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input (van b e n  and ReichfeIt, 1980). In H. &yi9 n b e s  fkom the optic nerve form 

synapse and synapse-like contacts with the neurosecretory celis of the LLs (Saleuddin and 

Ashton 1996), and the activity of these ceIfs changes under Werent photoperioclic conditions 

(AS.M. Saleuddin, unpublished observations). 

Caudodorsal Cei4 

The caudodorsal c e k  (CDCs) are neurosecretory ce& located m the caudo-dorsal 

part of each cerebral ganglion and were nrst described in L stapizs by Joosse (1964). Cells 

homologous to the CDCs have bem hund m the cerebral ganpiia fiom ail basommatophorans 

snidied thus ikr (Boer et ai., 1977; Roubos and van de Vm, 1987; van Mmnen et ai., 1992). 

in the opisthobranch Apiysa ~ a i ~ m i c a ~  hctionally identical neurosecretory cells caIied 

the bag cek @Cs) are located m the abdominal ganglion (Geraerts et al., 1988). The CDCs 

and BCs have been the subject of intense aidoainologicd, cellular, and molecular shidies for 

over 30 years, and consequentiy there are numerous reviews reflecthg the physiology and 

biochemistry of these cells (Joosse and Geraerts, 1983; Geraerts et ai., 1988; Nagle et al., 

1989a, 1989b; Conn and Kacmiarek, 1989; Ar& and Berry? 1989). The CDC somata are 

located m two chsters m each cerebrai ganglion. In L. stagnafis, the lefi ganglion contains 

a group of 20-40 ce& and the ngbt ganglion contains 50- 100 ce& (Joosse 1964; Boer 1965; 

Wendelaar-Bonga 1970, 1971). Individual CM: perikarya cm attain a size of up to 90 pm 

m diameter. In H. ct-yi, the CDCs occur as clusters in the left (, 40 ce&) and nght ( 3 0  

cells) cerebral ganglia and are approximately 40-50 pm in diameter (Khan et al. 1990b, 

Saleuddin et al., 1990). AU the CDCs have avons that emerge fiorn th& cell bodies and nm 

29 



dong the anterior portion of the cerebral ganglia, forming an area where they lie close 

together cded  the loop area. From the loop area, the axons project in the peripheral layer 

of the ipsilateral portion of the cerebral commissure, which is the neurohemal area of the 

CDCs (Wendelaar-Bonga, 1971). The neurohemal area is mtimately associated with the 

hemoh/niph through an extensive network ofblood spaces in the perineukm (Be- 1972). 

This area is morphologicaily separated fiom the h e r  comparbnent of the of the cerebrai 

commissure by a glial c d  sheath. Some of the ventral CDCs also project axons that cross 

through the cerebral commissure contacthg other CDCs in the contratateral ganglion (de 

Wieger et al-, 1980). These crossing axons give rise to an extensive network of diffuse 

collaterals which ramify withm the inna  portion of the cerebral commissure (Schmidt and 

Roubos 1989; Schmidt et al., 1989). The collaterals end blindly and release theh products 

mto the mtercemikr spaces and are thought to c o d c a t e  with various other ce& withh 

the CNS m a paracrine fashion. In H. dkryi, many CDCs also project axons *ch pass 

through the subesophageal ganglia and may innervate peripheral and visceral organs 

(Saleuddm et al., 1990). 

The CDCs are known to produce a neurohomione caiied caudodorsal cefl hormone 

(CDCH), also d e d  ovulation hormone, which stimulates ovulation and oviposition (Geraerts 

and Bohlken, 1976), and controls various behavioral aspects of the egg-laying process (see 

Ceraerts et al., 1 988). The egg-laying cycle m L. stagnafis occun every 1-3 days and duhg 

this time the CDCs exhi'bit three States of electrical excitabBy (Kits, 1980). The CDCs are 

usuaUy elecaically quiescent (resting state). However, prior to egg-laying the ceUs display 
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a mafked increase in electrical activity. During the saive state (- 1 hr), 1 the CDCs show 

syncbronous spiking a- (the afterdischarge), resilting in an mcrease m exocytotic release 

h m  the axon terminais (Buma and Roubos, l98S), and a concomitant rise m the CDCH titre 

m the hemolymph (Jwsse, 1986). The CDCs withm one group make ceIl contacts with each 

other through gap juuctions and synchronization between groups of ce& is brought about 

by crossing axons within the cerebral commissure which contact the conbralatd group of 

CDCs (Schmidt and Roubos, 1987). A lack of spont~eous electricd actMty by the CDCs 

(the inhi'bited sate) foflows, and persists for several hours. The ovotestis becomes refiactory 

dirring this phase and egg mass production eaisues The CDCs then resume their resting state 

again mtil the next bout of egg-laying (Joosse and Geraert~ 1983). 

Egg-layÎng m L. staplis  and A. caIifodcu is en example of a neurohormone 

mduced stereotyped behavior (Geraexts et al., 1988). It lasts for sevaal hours and mvolves 

a number of interna1 physiological events (ovulation, egg mass formation, ovipogtion), wbich 

are coincident wiîh a sexies of nxed overt behaviors. In L stagnais, the CDC system c m  be 

activated by a cornbination of extemal fàctors nich as abundant fbod, clean ovgenated watq 

and long-day photoptxîods (Bohlken and Joosse, 1986; ter Maat et al., 1983; Joosse, 1984). 

At the celhikr levei, the ventral CDCs receive nervous mput on the celi perikarya and dong 

the5 axons (see Geraerts et al., 1988). Howarer, the exact mechenism by which the CDCs 

are activated in vivo is unciear. 

The primary structure of the CDCH m L. stagnalis was determined as an amidated 

peptide containhg 36 amino acid residues having a molecular mass of 4477 Da and an 
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isoeleceic pomt of 9.3 (Ebberink et al., 1985). The CDCH &ares approximateiy 44% 

homology at the amino acid level to the egg laying homone (ELH) ofA. culijiomica. The 

BCs of A. caifomica and the CDCs of L. stagMIs  synthesize and secrete their products 

accordmg to the celiuiar paradigm of regulated protein secretion (Sossin et al., 1989; Perone 

et al., 1997). The CDCH precmsor @reproCDCH) is a poiypeptide of 259 amino acid 

residues and is predicted to have a 34 amho acid signal sequence, f i e  potentiai dibasic 

cleavage des, and six poteotial tribasic cleavage sites (Vreugdenhil et al., 1985, 1988). Mer 

the Sgnd peptide is cleaved off m the membrane of the RER, the prohormone passes hto the 

Golgi apparatus where it is post-mdationaily processed, packaged into secretory granules, 

then sorted for export or retained for degradation (Geraeits et aï., 1988; Sossiu et ai., 1989). 

If all the potential proceshg sites are utilized. the precursor would field 12 peptides. 

Howwer, recent midies have mdicated that not al1 procashg sites are used in vivo and about 

10 peptides are derived fkom the CDCH precursor (van Heumen and Roubos, 1991; van 

Heumen et al., 1992). 

Several other CDC products have also been isolatecl and sequenced : a 14residue 

peptide called calfhurin (Cm), which stmnilates the influx of calcium into mitochondria of 

the albumen gland secretory ce& (Dictus et al. 1987b, 1988; Dictus and Ebberink, 1988); a 

set of autoexcitatory peptides named alpha (a)-caudodorsal ceIl peptide and three beta (P) 

caudodorsal ceIl peptides (Vreugedenhil et ai., 1988; Brussaard et ai.. 1990); and a 44- 

residue peptide sharing high amino-terminal homology to CDCH (now called CDCBII), has 

recentiy been isolated but i s  fimction remains unknown (Li et al., 1992). Molecular studies 

32 



have shown that these peptides are encoded by genes that belong to a smaü d g e n e  finnih/ 

(Geraerts et al., 1988; Vreugdenhi? et al., 1988; Nagle et al., 1989b). In L. stagnalis, cDNA 

cloning has shown there are two genes encoding the CDC peptides, the CDCH-1 and CDCH- 

LI genes The CDCH-1 gene codes for the precursor containhg the 36- residue CDCH 

(CDCH-I), CaR, and the a- and & caudodord cen peptides, whereas the CDCH-II gene 

codes for the 44-residue CDCH-II. 

'The CDCH gene f à d y  is also scpressed in a variety of neural and non-neural tissues. 

CDCH-related transcripts are present m the CDCs as wen as other neurons in the CNS and 

in peripheral neurons innervatîng the accessory sex organs (van Mimen et al., 1989a). The 

oothecal gland, muciparous gland, and oviduct have neuronal processes terminating on their 

SecTetory cells, suggesting the secretory activities of these ce& are regulated by the nervous 

system Caudodorsal ceil hormone-immimoreactive neurom and their processes have been 

detected in male accessory sex pian& such as the prostate and spermduct. In addition, 

CDCH-like immimoreactive Buid is present m the lumen of the male tract, hdicating CDCH- 

related peptides might be tranderred to a partuer during copulation (van Minnen et al., 

1989a). 

Endocrine Structures Associated With the CNS in MoUuscs 

The gastropod molluscs possess distmct endocrine ce& that are associated with the 

central nervous system. Lever ( 195 8) observed a cluster of cell bodies on the dorsal surface 

of the cerebral commissure fiom the fieshwater snd L. stagnalis and referred to these 
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structures as dorsal bodies (DBs). Investigations of other molhiscs conhned the presence 

of CNS-associated endocrine structures analogous to the pulmonate DBs (see Saleuddin et 

al., 1994). In the prosobranchs and opisthobrancb, they are called the juxtaganglionar 

0rgim.s (JOs) and in the cephalopods they are cded the optic glands (OGs) @gg 4). These 

CNS-associated endocrine structures are thought to produce a hormone@) mvolved m the 

regdation of female reproductive activity (see Joosse, 1988; Saleuddm et al., 1994, 

Saleuddin, 1998a). The location, c e I k  orgimhtion, and the control of the DBs, JOs and 

OGs as weU as m e n t  information about their seaetory products win be disnissed below. 

Dorsal Bodies 

î l e  dorsal body cells of the Basonmuitophora occur as two yelowisti-white masses 

located on the dorsal surface ofthe cerebrai commissure. The DBs are spatiaily separated by 

the cerebral commissure m the genera Ancyitls and Lymnaea, but in the genera Heizsoma, 

PIanorbarius, and AusfroIorbis, they lie close together or are fiised (Boer et al., 1968; 

Simpson et ai., 1966; Simpson, 1969). The embryonic origin of the DBs is not firmly 

established. Boer et al. (1968) have aiggested that the DBs are of mesodermal origin 

because the DB cek  are not separated fiom the m e s o d ~ - d e r i v e d  myoblasts and 

fibroblasts by a clearly deheated basement membrane. However, Saleuddm et al. ( 1997) 

have suggested that the DBs may be of ectodermal on& based on the presence of DBCs 

within the cerebrai gangha of S i p h o m ~  pectimtu. Ultrastructurally, Golgi bodies were 
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rarely present in basommatophoran DBCs and granular ER was sparse. The large 

mitochondria with distinct mtmnitochondrial granules and lysosome-like bodies were the 

DBCs most conspimous features descnied by these authors. 

In H. clhrryr, the DBC perikarya are generally 10-15 pm m diameter and are grouped 

together as 6-12 ce& forming a lobule which is separated fkom neighboring lobules by 

whgen fibers, muscle and comiective tissue* and pore cells (Saleuddin et al., 1989). There 

are two distinct zones in the DBs, the cortex, containing the cell body region, and the 

meddla, containing the cell processes with th& secretory grandes. The DB ceIl processes 

project mto the medulla where they branch mto h e r  processes that interdiate wÏth other 

DBCs (Khan et ai. 1990). These short cytoplasmic processes contain moderately electron- 

dense, membrane-bound grandes about 70-90 nm m diameter, which are released by 

exocytosis (Boer et ai., 1968; Saleuddm et al., 1989; Saleuddm et ai., 1997). The exocytotic 

release of these granules Bicreases dramatically m first-mated saails compared to virgirïs 

(Saleuddin et al., 1989). The contents and fùnction of the DBC granules are unknown. 

In the Basommatophora, the DBs were not on&aIly believed to be imervated by 

neurons fiom the CNS (see Joosse, 198 8). However, recent det ailed electron microscopie 

studies of the DBs of H. dwyi reveai that the DBs are mdeed hervated (Sdeudcün and 

Ashton, 1996). Three large neurosecretory ce&, a canopy ceil and two lateral lobe ce& fiom 

the right lateral lobe project their axons to the DBs. The n e d e s  fiom the the canopy cell 

innewate the the ceIi bodies, whereas the neurites from the lateral lobe cells innervate the DB 

ce1 processes. An additional Iwel of coqle* about the regdatory control of the DBs 
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is the observation that the optic neme forms synapses with one lateral lobe ceil and synapse- 

iike contacts with the other Iateral lobe ceil (Saleuddin and Ashton, 1996). 

In the terrestrial pulmonates, the DBs are less discrete structures than those sem in 

kshwater mails. The DBs conskt of groups of ce& dispersed within the thick connective 

tissue &eath that surrounds the cerebral gmglia (Saleuddin et ai., 199 1 ; Ohtake and Takeda, 

1994; Takeda and Ohtake, 1994b). Surroundmg the DBCs are glycogen-~ich support ceils, 

mucous c e k  and calcium cells. Examination of the fine structure of the DBCs shows that 

they have many elüpsoidal @id dropleâs, secretory granules, webdeveloped Golgi complexes, 

SER, and numerous large mitochondria with electron-dense mchigons (Noite, 1983; 

Saleuddin et ai., 199 1; Takeda and Ohtake, 1994a). Similar morphological hdings were 

reported for the DBs of the slugs Lima ntarirr(~ (Van Mimien and Sokolove, 1984) and 

Arion nrfiLF (Ezmgbyyar and Wattez, 1989). In A ~ h ~ n a f u l i c a ,  the presence of cilia m the 

DBCs were reported but their fùnction is unknown (Takeda and Ohtake, 1994b). A diumai 

hythm of DB activity has been reported for field-coiiected H. mpersa (Motmzïh et al., 1988). 

Based upon ultrastructurd obsewations, it appeared the synthetic activity of the DBCs 

ma& dming the scotophase and release of secretoy material occurred m the photophase. 

Functions of the Pdmonate Dorsal Bodies 

The physiological role of the DBs has been established through classical 

endocrinological ablation and replacement experiments. In L. stagnalis, removal of the DBs 

reduced the proportion of mature oocytes in the ovotestis, and prwented the development 
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of the female accessory sex organs and their cemilnr Merentiation m j w d e  saails 

(Geraerts and Joosse, 1975; Geraerts and Algera, 1976). In H. &@, ablation of the DBs 

from mated s d s  Qasticafly remiced egg-laying and the proportion of mature oocytes in the 

ovotestis (Schoilen and Saleudcfin, 1986). The in v i m  synthetic actMty of the aIbumen gland 

fkom DB-ablated snails was signiscanth/ reduced as was the wet weight of the f d e  

accesçory sex organs (Miksys and Saleu* 1987). Spermatogenesk and the male accessory 

sex organs remain unané*ed by DB-ablation as m L. stagnalis, hence, the effect of the DBs 

on reproduction appear to be fernale-specific. Similar hdings have beai reached m the 

terrestrial puhnonates AgrzoIzmax reticd' (Wijdenes and Rmhm, 1976), Arion rufus 

(Euughayyar and Wattez, 1989), and Heiix arpersa ( W o n d  and Vincent, 1985). In H. 

v e r s a ,  coculture of jwede ovo teh  with DBs fiom reproduchg adults stimulated the 

uptake of [L4C]leucine and m f b s e  (Barre et al., 1990). In H. ci-yi  and H. aspersa, crude 

extracts of cerebral commissure and cerebral ganglia (mchding DBs) generated amoeboid 

movement of mature oocytes fiom the encloshg foiücle cells in vitro (Saleuddin and Khan, 

198 1 ; Saleuddin et al., l983a), mdicating a possible role in ovulation. Dorsal body extract 

was reported to mcrease the actMty of adenylate cyclase m the foIlicle cells of L. stag-nalis. 

The physiological sgnificatlce of this activation remains uncertain (ddong-Brink et al., 1986). 

The DBs of H. uspersa receive innervation fiom the growth-stimulahg 

neurosecretory cerebral green cek  (Vincent et al., 1984; Wijdenes et ai., 1987). These cens 

are suggested to exert an hhi'bitory e f b  on DB activity, since long-term in vitro incubation 

of whole CNS with gonad inhiibts the development of mature oocytes. In H. mpersa, the 



DBs also receive innervation h m  FMRFamide+immunoreactive axons fkom unidentifid ceIIs 

withm the CNS (Griffond et al., 1990). These authors report that FMRFamide inhibits the 

uptake of ['HJ-methionine m DBCs (GrÏEnd and Mounph, 1989). The methionine is 

thought to be invohred m the synthesis of Met-dephalin which is immunohistochemicaUy 

detectable in DBCs of H. asperssa (Marchand and Dubois, 1986; Marchand et al., 199 1). 

In the prosobranchs Gibbula wnbilicaïis, G. p e m t i ,  G. cineraria, Monodontu 

limata, and Haiiotis ncfscens, the juxtagmglionar organs (JOs) are light yenow structures 

found m both sexes dong the posterior portion of the the cerebral commissure (Herbert, 

1982; Clare, 1987; Miner et al., 1973). The JOs lie withE the perineurium and are composed 

of glandular ceIk interspersed with connective tissue, much like the arrangement of the DBs 

m stylommatophoran puknonates. The JOs are penetrated by a hemolymph Wace iined wdh 

basal lamina. At the ultrastructurai level numerous electron-dense secretory granules ( 100- 

200 mu m diameter) and mmy mitochondria are present. The amount of ER and the cellular 

activky of the JO ce& varies, depending on seasonal reproductive cycles (Herbert, 1982; 

Clare, 1987). Some ce& bear cilia which project h o  the hemoiyniph spaces between the cells 

as seen in the pulmonate A. fulica (Takeda and Ohtake, 1994a). Cytoplasmic processes 

arising fiom the JO ceils mterdigitate with one another and granule release is thought to 

occur by exocytosis. In the abalone H. rufcens, the juxtaganglionic cells are concentrated 

at the base of the cerebral-pleural connective, but are also spread over the bases of the 

tenta& and optic nerves (Miner et al., 1973). Diiring the breedmg season, the IOs are rich 
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in mitochondria, &id, and some large electron-dense vesicles. 

The JOs of the opisthobranch Aplysia fifiana are more condenseci than the DBs of 

terrestrial puhonates but less compact than the DBs of fieshwater snails (Switzer-Dunlap, 

1987). üîtrastnicn~aily, the ce& of the opisthobranch JOs are gmilar to prosobranch JOs 

and the pulrnonate DBs. They &are similar nuclear morphology, numerous dochondria, 

secretory granules (80-90 nm), M e d  RER, and abundant lipid droplets. In A. j u I i m ,  the 

JO cek are &ed and appear to project h o  the mat& surroundmg otha  JO cells The JOs 

of opisthobranchs and prosobranchs appear to be poorly innervated but wen vascularized 

Unfominately, there have not been any physiological shidies done on the JO$ and ody 

circumstantial aidence e&s regardmg th& role in reproduction. 

tic GlrtpgS 

The optic glands (OGs) of cephalopods contain onty one cen type cailed the stellate 

celi. These ceIls are presumed to be of e c t o d e d  ori* (Bonichon, 1967). The stellate 

cek are charaderid by the presence of abundant, tubular mitochondria and fiee ribosomes, 

scarce RER, electron-dense grandes, and round nuclei with promiDent nucleoli (Bjorkman, 

1963; Bonichon, 1967). Stellate ce1 processes project and release th& secretions near blood 

capillaries (N'lshioka et al., 1970). In Octopus vulgaris, the OGs become a bright orange 

colour as the animais become se- mature and the ablation of OGs fkom maturing octopus 

causes regession of the gonads (WeIls et al., 1975). 'Ihe OGs are under nervous mhiitory 

control by the the brain. Recocious s e d  development can be induced by severing the optic 

nerve or the optic trad connecting the OGs to the CNS, thereby stimulating the activity of 



the OGs. Activation of the OGs cm also be induced by removal of the optic lobe or the 

subpeudiculate lobe of the CNS (WeIls and WeOs, 1977). Newe fibers hmmmoreactive to the 

neuropeptide FMRFamide have beei localid within the optic tract and innewating the OGs 

(LeGall et ai. 1.988), and t is possile FMRFamide-related peptides (FaRPs) might be 

mvoked m repuiating the activity of the OGs as was reported for the DBs m H. arpersa 

(Griffond and Mo- 1989). 

The optic gland hormone (WH) appears to be neither sex- nor speciespecinc (Wells 

and Wells, 1975; Richard, 1970). The OGH regulates yolk protein synthesis by the foiiicle 

ce& and simnilates the synthetic actbity ofboth male and fernale accessory sex organs (Wells 

and WeIIs, 1972; O'Dor and Wells, 1973,1975). In vitenogenic female 0. vdgaris, the OGH 

idibits somatic protein synthesk and mcreases fiee anmio acid levels m the hernoiymph. The 

excess fiee amho acids are thought to be taken up by the follicle ce& during vitenogenesk 

(O'Dor and Wells, 1978). Optic gland extracts and hemolymph fiom maturing animais 

stimulates foIlicle cen mitosis in the cuttiefish Sepza o~cinaiis, suggesting a role for OGH 

in gonadal ceil proliferation and differmtiation (Koueta et al., 1992). 

bemical Nature of the DBH and OGH 

The chernical nature of the DBH remains a matter of controversy. In L. stagnalis, 

biological actfvty of crude DB tissue extracts was shown to be protease-sensitive and 

associated with a protein having a molecular m a s  of about 30 kDa, indicating the DBH was 

probably a large polypeptide (Ebberink et al., 1983). However, M e r  purincation attempts 

were unsuccessfiil as biological activity was lost or greatly diminished. In the shig L. 
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marimus, a fàctor &orn cerebrai gan* extracts (mchiding DBs) stimuhted in vitro 

galactogm synthesk nom albumen glands (vanMionen et ai., 1983). This factor was 

presumed to be of DB origh and was called gahctogen-synthesïs stmo;ulatmg fàaor (GAL 

SF). Galactogen-synthesk stimulahg fictor was paaiam/ characterized as heat- and 

protease-sensitive, and not extractable with d d  acid or base (vanMirinen and Sokolove, 

1984). Gel fïhration chromatography escimated GAGSF to have a molecular mass between 

4-7 kDa. The DBH of H. crrpersa is suggested to be a peptide based upon the presence of 

a weikIeveIoped Golgi, RER, elementary granules and mcreased exocytosis fiequency when 

the anmials are egg-iaying (Griffond and Vmcent, 1985; Mo& et al., 1988). 

The DBs of pulmonates also have fatures r m t  of stemid-synthesizing ceiis 

(Saleuddin et a%, 1989; Saleuddin et ai., 199 1 ; Saleuddm et al., 1997). Noite et al. (1986) 

have detected the in vitro release of the staoid homone ecdysone fiom the DBs of H. 

pomatia Steroid biosynthetic enzymes are also present withm the DB tissue (Krusch et ai., 

1979)- and a novei cytochrome P-450 gene whose metabolic fimction remains u h o w n  bas 

recedy beai cloned in L. stagnalis (Theunissen et al., 1992). This gene is eqressed solely 

m the DBs and rnay be bvoived m the synthesis of the DBH. 

At present, there have been no biochemical or physioiogical snidies on the JOs. The 

nature of the cephalopod OGH is still unknown. In S. oflcinalis, the OGH was parti@ 

characterized as a heat-labile, trypsiu-sensitive molecule of molecuiar m a s  (4- 5 kDa), 

suggestmg that it is probably a polypetide (Koueta et al., 1992). In contrast, ultramuctural 

investigations by Froesch (1979) have suggested that the OGs may produce a steroidal 
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substance. In 0. vuigarrk and LoZigu peuizz, a substance from the OGs was parti@ 

charadexkd &ch had physico-chernical characteristics of an ecdysteroid-like molecule (R 

O'Dor personal c o d c a t i o n ) .  

Ecdysteroids comprise a group of polyhydroxylated steroid hormones that were 

mitiaqr discovered as the m o h g  hormones of insects and crustaceans. Ecdysone (E), the 

first molecule identifid fiom this fiimity of steroid hormones, was successfiiny kolated fiom 

500 kg ofBombyx ma+ pupae by Butenandt and Kariscm in 1954. As with an steroids, E has 

the usual four ring nucleus, but imlike the vertebrate steroids if retains the fiin 9de chah of 

cholesterol (Thompson and Lusby, 1989). Some characteristic features of the E molecule are 

a c&-fiused A/B ring, a keto group in the B ring conjugated to a double bond, a 7-enadone 

chromophore, and a I4a-OH (Fi 4). The steroid nucleus of E is rather rigid, whereas the 

side chah is flexible depaiding on its environment. Thû is thought to be important with 

respect to the interaction of ecdysteroids with their receptors and other macromolecules 

@inclhg proteins). At least 6 1 difEèmt 'moecdysteroids' and over 100 'phytoecdysteroids' 

have been identified (Rees, 1989). 

Biosynthesis of Eedvsone 

In larvai insects, the source of ecdysteroids is the prothoracic glands, and m 

crustaceans it is the Y-organ (Redfern, 1989). In addt female Hwcts, the ovarian follicle 

celis synthesize ecdysteroids (Goltzene et al., 1978)' whereas m male msects, the testis are 

thought to produce ecdysteroids (Loeb et ai., 1982). Despite the numerous ecdysteroid 



molecules that have been isolated, the compiete biosynthetic pathway of E is not known, 

even in msects. A brief description of what is known about the symhesis of ecdysteroids in 

insects is &en, since this is the best characterized system As with many staoid hormones, 

E is synthesïzed f?om a cholesterol precursor. Unlike the vertebrates, arthropods c m o t  

synthesize choiesterol de lloyo, consequmtly, t must be derivecl nom their diet. The staoid 

nucleus is fh modified by the introchiction of a second double bond hto the B ring and then 

cholesterol is converted to 7-dehydrochotesteroL The AIS cis-ring, the keto group of the B 

ring, and the hydroxyl at C 14 are introduced by a mies of reactions that are not funy 

understood, of€= d e d  the 'bIack box' reactions. The enzymes participahg m E synthesis 

are microsomal and mitochondrial located enzymes of the cytochrome P-450 superfamify 

(Kappler et al., 1989). An intexmediate steroid, Spketodioi (2,22, 25-trideoxyecdysone) is 

produced, *ch undergoes three consecutive hydroxyiations at C25, C22, and C2. 

Alternative biosynthetic routes appear to exkt baween 7-dehydrochoIestero1 and 5 pketodiol 

and Spketodiol and E, dependmg on the species of k c t  examined. This suggests there are 

multiple pathways of E synthesis The products and specific enzymes mvohed m many of 

these alternative pathways are just begmnEg to be e-ed (see Greneisen, 1994). 

Ecdysteroids are immediateiy released mto the hemoiymph d e r  they are synthesized, 

and only d amomts can be detected m ecdysiosynthetic tissues. Therefore, release of 

ecdysteroids reflects their synthesis (Redfem, 1989). The honnone is transported through the 

h e m o l ~ h  to peripheral tissues where it undergoes hydroxylation at C20 to produce 20- 

hydroxyecdysone (20E). This is the major circufating ecdysteroid in the majonty of 
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arthropods, and is gener* the most potent ecdysteroid in bioassays. Ecdysteroids can 

circulate m either fkee or bomd (carrier proteins) form, but it is thought the fiee form 

represents the active homone. 

etaboüsm of Ecdvsteroidg 

Ecdysteroids can be metaboiid mtraceIhiiarly by a variety of tissues, and converted 

to either biologicany active or inactive forms Conjugation of ecdysteroid moledes to 

phosphate esters, ghicosides, long chah fatty acids, or esters of acetic acid render the 

ecdysteroid moIecule inactive (Ldbnt and Connat, 1989). 'Ihese ecdysteroid conjugates can 

be stored in appreciable ~uantities m the gut or can be readily excreted. Therefore, the 

ecdysteroid titer can be reguhted by the rate of synthesis, metabolism and excretion of 

hormone. 

ode of Actioq 

Ecdysteroids, Iüre their vertebrate steroid coimterparts, enter theh target cens and 

travel to the nucleus where they bmd to th& receptor. The activated ecdysteroid/receptor 

complex then hteracts with specific sites on DNA to mduce the synthesis of new RNA 

transcripts The ecdysteroid receptor has recentiy been identiiied by molecular cloning 

(KoeUe et al., 1991), and biochemical pdca t ion  (Luo et al., 1991) and belongs to the 

aeroid hormone receptor superfamüy (Segraves, 199 1). However, the cloned ecdysteroid 

receptor is incapable of high a .  DNA bhding or transcriptional activation on t s  own 

(Koelle et al., 199 1). The actMty of the receptor is dependent upon its association with 

another member of the steroid receptor sup- caiîed dtraspiracle (USP). Together, 
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they fomi a hctionai heterodimer which bind ecdysteroids with high a f E d y  (Yau et al., 

1993). 

Pr n fivsteroEEdvsteroids in Non-Arthropod Invertebrates 

In arthropods, ecdysteroids serve as a ndtifbctionai hormonal system capable of 

elicitmg s p d c  responses fbm their target tissues m a temporaüy-specinc manner (Steel and 

Vafopoulou, 1989). Ecdysteroids are not only hvohred in reguiathg growth and 

development in h a 1  arthropods, but also play an important role m the reguiatim of 

reproduction m the achilis (see Hagedorn, 1989). Edysteroids have aiso been biochemicaIly 

identifid in a number of non-arthropod iavertebrate phyla (Cnidaria, Platyhehinthes, 

Nematoda, Nemertea. AnneMa, Molka) ,  and th& proposed activity in these groups has 

attracted the atteiticm not onS, of eorIysteroid spedïsts, but of comparative endocrinologists 

as a whole. 

Cnidaria 

The cnidarians represent one ofthe most primitive metman phyh. Ecdysteroids and 

ecdysteroid-related moledes have been isolated fiom some of these nnmiels. In the sofi 

coral Lobophynm pauc~jZorwn, an ecdysteroid-related molede cded lobosterol was 

isolated by Tursch et al. (1976). Stuaro et al. (1982) isolated large quantities of 20E fiom 

the anthoman Germdi smughz, while Searle and Molinski (1995) isolated a novel 

ecdysteroid named Cdehydroecdysterone fiom Paramunth sp. The celhdar ongin and 

hc t ion  of these ecdysteroids are imknown 



In the Platyhehnmthes, 20E stinnrlates growth and asexual reproduction of the b a l  

ceaode Mesucestoides corti (Kowalski and Thorson, 1976). Ecdysteroids, both fiee and 

conjugated forms, have been detected by HPLClRIA m other cestodes such as Moniezza 

expma (Mendis et al., 1984), Hynedepis  dimirta (Mercer et al., 1987a), and 

E c h i ~ ~ ~ : u a m  granUlm (Rees and Mercer, 1986). Concentrations of ecdysteroids appear 

to be higher at the antexior portions of the worms and vary accordmg to development. 

Ecdysieroids have also been detected m cultures of H. diminuta and are beliwed to be 

excreted by the womis (Mercer et al., 1987b). 

Ih ûematodes, ecdysteroids have been demonstrated by RIA/ GCMS m Schistaroma 

m o n i  and Fasciufa hepatica (Foster et ai., 1992). In S. martsoni, the concentrations of 

E and 20E hctuate with respect to sp&c developmental stages and s e d  maturation, 

implicating possiile fimctions m growth and reproductive processes (Nirde et ai., 1983, 

1984a). Basch et al. (1986) detected ecdysteroid-like mmnuioreactivity near the opening of 

the viteilïne duct, suggesting ecdysteroids may be invohred in egg production. DeJong-Brink 

et al. (1989) fomd ecdysteroid immunoreactive material in sporocysts and cercaria of 

Tricho b ilharzia ocelhtu. 

Nematoda 

Ecdysteroid and ecdysteroid conjugates have been f m d  m a vmiety of nematodes 

and some possible bctions of ecdysteroids in m o b g  and reproduction have been reported. 

In Nemztarpiroi&s dubitlr and Ascmis s ~ r m ,  ecdys&eroüls are capable of stimulahg molting 
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after the worms are cultured m the presence of the hormone (Fiefmnmg, 1985a; Dennk, 

1976). Whole body Mers of ecdysteroids appear to be correlated with ecdysis in laivai A. 

suum (Flemming, 1985b), suggestmg ecdysteroids may be involved m regulating m o h g  as 

m insects In DirofWa immitis, ecdysteroids are involved in reinitiating meiosis during the 

pachytene stage (Delves et al., 1986), indicatmg a role for ecdysteroids m oocyte 

development. In addition, addt Brugupahm2* release microfilaria when maintained with 

ecdysone in vitro (Mercer et al., 1990), and ecdysone mcreases egg laying activity in 

Nippmtrongyius brmiliemis (Goudy-Peniere, 1 W2), providing fiuUier evidence that 

ecdysteroids modulate reproductive processes Hi nematodes In the hurnan filafial wom 

Onchocercn vmolw, genes aicodmg nuclear hormone receptor molecules Smilar to the 

ecdysteroid receptor have been isolated and are expressed ma- during embryonic 

development (Yates et al., 1995). 

Nemertea 

In femaie Ciminonemertes en=Latr7 ecdysteroids were detected m tissue extracts and 

increases m ecdysteroid IeveIs were associated with reproductive development (Okazaki et 

al., 1988). Synder et al. (1992) detected siwcant changes in ecdysteroid concentrations 

between reproducing and non-reproduchg f d e s  of Paranemertes peregrina and 

Pmtinonemertes caIifonziensis. h addition, ecdysteroid-immunoreactive material is present 

m the egg string (Synder et al., 1992), and application of synthetic 20E promotes hatching 

and metamorphosis in C. erram (Okazaki et al., 1988). 



4 d i d a  

S i  fimctions for ecdysteroids (rnobg and reproduction) have been reported to 

occur in the annelids In the leech Hirudo medi'cinalis, high concentrations of ecdysteroids 

have been detected dursig the sheddmg of the old cuticle and synthesis of the new one 

(Sauber et al., 1983; Porchet et al-, 1984). Injection o f  radiolabelied ecdysteroids 

demonstrated that H. medic i~I i s  is capable of conjugating and metabolking ecdysteroids 

(Garcia et al., 1989). h addition, the concentration and metabohm of ecdysteroids undergo 

changes ssnilar to the situation observed durhg msect embryonic development (Welter et al., 

1986). Ecdysone accelerated gametogenesis m both male and f d e  reproductive organs of 

Nephelpris obsma,  wMe decreasing m g e n ,  @id, and eigiyceride levels (Kalarani et al., 

1995). In the poiychaete Perinereis alfiiera, hi@ titers of ecdysteroids are detected m the 

oocytes near the end of viteIlogaiesis (Porchet et al., 1984). These observations suggest that 

ecdysteroids mi@ play important roles in reproduction and metaboliSm m annelids. 

Although ecdysteroids have been identined m the Cnidaria, Platyhelminthes, 

Nematoda, Nemertea and Annelida, and there is an mcreasing body of evidence to suggest 

that ecdysteroids may fimaion to regulrite miportant physiological processes, an endogenous 

source (tissue) of ecdysteroids has yet to be demonstrated m these groups. 

MoUusca 

The occurrence of ecdysteroids m pulmonates has been reported for the 

siylornmatophorans H. arpersa, ff. pomatia, Cepaea nemoraiis (Whitehead and Sellheyer, 

1982; Romer, 1979; Noite et al., 1986; Garcia et al., 1986), and the basommatophorans 



Biomphduiaglabrata id L. stagnalis (Whhehead and SeIIheyer, 1982; Noke et al-, 1986; 

ddong-Brink et al., 1989). These authors used combinations of RIA, HPLC, and GCMS 

to demonstrate that E and 20E are the principle ecdysteroids present m pulmonates. 

Nolte et al. (1986) demonstnited that the endocrine DBs of the terrestrial mail H. 

pammiEl are capable of secrriiog E in Miro. This was the nrrt study that identifieci a putative 

ecdyiosymhetic tissue m a non-arthropod invertebrate . Ifthe DBs synthesized ecdysteroids, 

then some ofthe knovm physiological effects exerted by the DBs may be attxi'butable to E or 

a related molecule such as 20E. In H. aspersa, 20E stimulates the in v i ~ o  synthesk of 

polysaccharides f?om the albumen gland, a known target organ of the dorsal body hormone 

(Bride et al., 199 1 ). In C. nemoralzs, tntiated E is converted into labelIed 20E and other 

metabolites in vivo, suggesting that siails metabolize E and possess a 20-hydroxylase activity 

(Garcia et al., 1986). Together, these obsemations mdicated that ecdysteroids such as 20E 

might be invohed m controhg the actMty of the aibumen piand, and perhaps other 

reproductive processes in pulmonates. 

In ali non-arthropod invertebrateq and even m some primitive arihropods , the source 

of edysteroids (endogenous or exogenous) has been the subject of controversy, particulariy 

since ecdysteroids are present m many plant species upon which these animals feed. 

Cholesterol labeiiing experiments, either by the mjection of radioactive cholesterol or in vitro 

mcubation, have not proven s u d  (see Franke and Kauser, 1989). This is not suiprishg 

considering the large cholesterol pool m moa invertebrates, the s m d  quantities of 

ecdysteroids detected, and the poor mcorporation rates of labelled cholesterol evm m weil 
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CbaractenzRd insect systems In puhnonate mails, exogenody derived ecdysteroids may be 

ingested as part of the diet, however, ddong-Brink et al. (1989) did not detect an increase 

m ecdyaeroid IeveIs between fed and non-fed siails. Furthermore, a steroid-synthe-g 

enzyme system is present in the DBs of H. pomtiu (Knisch et al., 1979), and a novel 

cytochn,me P-450 gene is Mique@ expressed in the DBs of L. stagnalis (Theunissen et al., 

1992). Taken together, the widence suggesîs that the puhnonate DBs appear to be capable 

of qmthegzing steroids or ecdysteroid-related molecules, and these molecules may serve as 

homones regulating reproductive aactMties. 

c 
The endocrine DBs ofpuhonate siails have been shown to play an important role m 

hfiuaicing reproduction (Joosse, 1988; Saleuddin et al., 1994; Saleuddm, 1998a). Oocyte 

maturaaon, stmnrlation of growth/differ&tion and the spthetic actMty of the female ASOs 

are among the reproductive processes contded by the DBs. Endocrine structures 

functionally Smilar to the puhonate DBs occur m other gastropods (the JOs) and in the 

cephalopods (the OGs). Smce the f k t  -dies describing the hormonal fimction of the DBs 

(Geraerts and Algera, 1975, l976), the characterimion and isolation of the DBH has 

generated great mterest corn mohscan endocrinologists. However, the pharmacological 

characterization of the DBH has been controversiaL On one hand, it has been descn'bed to 

be a peptide (Ebberink et al., 1983; van Mmnm and Sokolove, 1984; Vincent et al., 1984), 

and on the other, it has beai demibed as behg steroidal m nature (Noke, 1983; Nolte et al., 
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1986; Miksys and Saleuddin, 1988). 

The initial objective of this thesis was to characterize the nature of the DBH, that is, 

determine whether t is a peptide or steroidal m nature, and then attempt to isolate the 

hormone for dennitive chernical identification To accomplish th& a suitable bioassay was 

requ id  to monitor the ac- of DB extracts during pudication hi the Basommatophora, 

yolk protein synthesis ocaus p- via autosynthetic mechanisms (Geraerts and Joosse, 

1984). Saladdm et al. (1980) reported that oocytes fiom over-Wmtering, non-egglaying H. 

ntivohtis were l e s  syntheticaily active than those oocytes taken from SUIIIII[T~~, reproduchg 

H. trivolvis or laboratory-reared H. dwyr. This mdicated that the oocyte &self probably 

contniuted a sipnincant proportion of protehaceous yolk as Ït developed. In addition, 

injection of DB extracts fiom egg laying siails hto over-whtezing non-egglaying mails 

mduced egg production m the recipients. In H. aspersa, ovotestes from jwenile mails 

nihured m the presence of DBs, showed mcreased levels of protein synthesis (Barre et al., 

1990). These observations suggest a possible mvohement of the DBs E regulating the 

qmthetic activity of the ovotestis The fmt part of this thesis examines the feasibiiity of umig 

the ovotesds and aIbumea Md, two major target organs for the DBH, as an in vitro bioassay 

systern to test the f i e n c e  of the DBs on protein and polysaccharide sinthesis respectively. 

In 1986, Nohe and coworkers reported that the DBs ofthe terresuial sud H. pomatia 

were capable of secretmg the steroid hormone ecdysone in vitro. This was the est study that 

identifieci a specifk molecuie secreted by the DBs At approxhmteiy the same t h e ,  Garcia 

et al. (1986) demomtrated the phonate  siail C. nemorufzs converted E to 20E, suggeshg 
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that siails are capable of metabolinog E m a mamer simiIar to arthropods. A few years later, 

Miksys and Salddin (1988) partiaIly characterïzed biological activity of DB tissue e m c t s  

of H. duyi  as being a metbanol-extractable, heat-labile, and proteasemsaisitive molecule, 

and suggested the DBH is steroidal m nature. The second part of this thesis re-examines 

some of the work by Nohe et a% (1986), specificaüy, whether the DBs of the fkeshwater siail 

H. dwyi are capable of producing ecdysteroids, and whether they have effects on 

reproduction m H. duyi. 

In addition to the polysaccharide galactogen, another major SecTetory product 

produced by the albumen gland is protein (Wiisnan and van Wijck-Batenburg, 1987). In L. 

stagnrrlis, protein synthesk by the aIbumen gland mcreased as the animais begin laying eggs 

@ictus and de Jong-Brink, 1987a), and in B. giabrata, albumen gland protein qmthesis and 

secretion is markedly higher in egg laying siails compared to non-egg Iayers (Crews and 

Yoshino, 1991). In addition to the synthesis of secretory material, the conaol of secretion 

is also a Mtal hction of the dbumen gland, as it naist reiease an appropriate quantitiy of PVF 

to .surround each egg. The tbird part of this thesis investigates some of the srnetory protein 

componeits of the abumen gland, and the partial biochemical characterization of a neurally- 

derived factor mediating protein release in the albumen gland. 

Despite the numerous reports of various endocrine and neuroendocrine substances 

invohed in the regdation of PVF synthesis and release, M e  is hown about the mode of 

action of these substances on the albumen piand. In H. pomatia, CAMP analogues stimulated 

gaiactogen synthesis by the albumai gland, suggesting CAMP is mvohed in the regulating the 
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synthetic a c w  of the aibumm gland (Goudsmit and Ram, 1982). However, there was no 

evidence of an endogenous substance which stinnilated CAMP production m the albumen 

glaod Io L. sta@is9 the neuropeptide d b x h  is thought to stimulate the inftax of calcium 

into albumen gland ce& and mobilize calcium fiom intracelhiiar stores (Dictus et al., 1987b9 

1988; Dictus and Ebberink, 1988). In these shidies, the increase m mtracelhilar calcium was 

detected ultracytochemically as calcium depogts on mitochondrin, but the ultimate 

physiologie response as a result of this apparent mcrease in mtraceIhilar calcium is uuknown. 

The last portion of this thesis irrvedgated the effed of nervous system extracts on the in vitro 

secretion of protein m the al'bumen gland. The intracellulu signal transduction pathway 

participating m the secretion ofprotein in the presence a mmilatory fictor fiom the brain was 

characterized. 

The results nom this thesis provide fbther information about the physiology of the 

DBs and the nature of the DBH of H. d.yi. A partid purincation of the DBH is achieved, 

which should clanS, some of the controversy conceming its biochemical properties. A 

neurosecretory factor fkom the brain is demonstrated to mduce the secretion of perivitehe 

fluid fiom the albumen gland via the CAMP pathway. Examination of the endocrine and 

neurosecretory factors atfectmg the synthetic actiMty and secretion of albumen gland 

polysaccharides and proteins ehicidate possible rnechanisns of regulation, and the relationship 

between these two proceses. The mformation gathered in this thesis contributes new 

information and hsight regarding the role of CNS-associated endocrine structures in the 

egglayïng process of pulmonate moIhiscs, m particular7 the regdation of the synthetic activity 
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of the albumen gland and the chernical nature of  the DBH The regulatim of p&eIEiiie 

fiuid synrhesis and its precise release are criticai elements wnm'buting to egg mass production 

and are hdisp ensable to the Survival of pnlmonate embryos. 



Chapter 1 : Effect of Endocrine Factors on the Synthetic Activity of the Ovotestis 

and Aibumen GIand 

SUMMARY 

The ovotestis or the aIbumen gland fiom the freshwater siail Hefisoma cfustl were CO- 

mcubated with the central nervous system or dorsal bodies to detemine if putative endocrine 

haors influencecl gonadal protein synthesis and polysaccharide synthesis respectively. The 

resuhs mdicated neither the brain nor dorsal bodies affecteil general protein synthesis in the 

ovotestis under long term in vitro incubation. Some differences m electrophoreticdy 

separated proteins were detected between the ovotestes from mated siails compareci to 

virghs. In contrast, the dorsal bodies had a stimulatory effect on albumen gland 

polysaccharide synthesis, whereas the brain (inchrding dorsal bodies) did not. Both dorsal 

body tissue extracts and dorsal body-preconditioned medium were able to stHnufate 

polysaccharide synthesis, and the release of secretory products hi a dose-dependent manner. 

It is conchded tbat the measurement of general gonadal protein synthesis m Heiisoma dirryi 

is not a suitable bioassay to examine the effects of gonadotropic endocrine fictors, despte 

previous reports c b g  endocrine factors stmnilated ovotestis protek synthesis in 

pulmonates The albumen gland responds to the dord  bodies in vitro by mcreasing glandular 

polysaccharide production, thus demonstrating its potential as a bioassay to examine the role 

of reproductive hormones m fieshwater snaiis. 



- 
The dorsal body homme (DBH) of pulmooate basonnnatophoran momiscs idluences 

several aspects of fèmale reproduction. In Lynrtaaea stagnalis and Helisoma dwyi, the DBH 

stimulates oocyte maturation (Geraerts and Joosse, 1975; Schollen and Saieuddin, 1986), and 

the synthetic actMty of the albumen gland (Veldhuizen and Cupents, 1976; Wddenes et al., 

1983; Milrsys and Sdeuddh, 1985, 1988). The presence of the DBs is also necessary for the 

growth and diffierentiation of the f d e  reproductive tract and its associated accessory sex 

organs (Geraerts and Joosse, 1975; Geraerts and Algem, 1976; MiLsys and Saleuddin, 

1987b). Despite its importance m regulating key reproductive events in puhonates, there 

is a paucity of information regardmg the chernical chamcterization of the DBH Studies on 

the pr& nature ofthe DBH (peptide or steroid) have been reported but these data remain 

controversial (see Saleuddin et al., 1994; Saleuddin, 1998a). 

A principal targa organ of the DBH in pubnonates is the ovotestis, wfiere it stimulates 

vitellogenesis (Geraerts and Joosse, 1975; Saleuddin et al., 1980; S c h o h  and Saleuddin, 

1986). The synthesis of yolk proteins m gastropods is thought to occur prhady  via 

autosynthetic mechanhm (de Jong-Brink and Geraerts, 1982). Saleuddm et al. (1980) 

reported the oocytes of reproducing H mqyi and H. trivolvis showed ultrastructural features 

of ceIls that were activeiy engaghg in protein synthesis compared to the oocytes f?om non- 

egglaying mails. In Pkmorbakius corneus, viteflogenic oocytes incorporate labeiled amino 

acids into yolk platelets, whereas the follicle cek did not appear to be mvoived in yolk protein 

synthesis or transport (Bottke and Tiedtke, 1988). In H. aspersa, mcubation wÏth either the 
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brah or DBs stimulated gonadal protein syntbesis (Barre et ai., 1990). These observations 

-est that endogenous yolk proteiu synthesis might be regulated by fàctors fiom the centrai 

newous system (CNS) or DBs. 

In both the Basommatophora and Stylommatophora, it has been demonstrated that 

DBH acts on the albumen gland to stimuiate polysaccharide synthesis (Veldhuijzen and 

Cupeq 1976; Wgdenes et al., 1986; MiLsys and Saleuddin, 1985, 1988; van Minnen et ai., 

1983; van Minnen and Sokolove, 1984). Galactogen, the main polysaccharide synthesized 

by the albumen gland, is ~ecreted mund the eggs as part of the perivitelline h i d  (PVF), and 

provides an important source of nutrients miring developmad (Goudsmit, 1976). The m e n t  

study examines the féasiblïty of h g  the in vitro culture of the ovotestis and albumen gland 

fiom H. &y as bioassays to study the effects of the DBH on gonadal protein and aIbumen 

gland polysaccharide synthesis. 

Animais 

A laboratory stock of reproduchg H. duyi were maintained under 16L : 8D 

photoperiod and reared in 2-Mer plastic containers with dechlorinated tap water at room 

temperature. Snails were fed a diet of boiled lemice and fish pellets every 2-3 days, and the 

water was changed at leaa once per week A colony of virgin mails was established by 

collecting jwenile mails 3-4 weeks after hatching and placing them mdividuaUy in 200 ml 

plastic cups. These vira animais were maintained under the same conditions as the stock 
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colony und they reached addt Sze (10-12 mm shell diameter). A colony of reproduchg 

siails with low eggiaying activity was used as recipients for bioassay eqeriments. These 

animais were maintaid m continuous darkness P D )  by raising them m plristic containers 

which wae placed m a fight-tight wooden incubator. The anbals were exposed to light for 

several minutes a week during water changes and feeding. This exposure to light did not 

appear to have significant e f f i  on eggiaying ac- (Miksys and Saleuddin, 1985). 

Ihe CNS, DBs, or subesophageal gangiia h m  reproduchg mails were dissected out 

m siaii saisie (51.3 mM NaCl, 1.7mM KCI, 4.1 mM CaCL 1.5 mM MgCI, 5.0 mM Hepes, 

pH 7.3 120 m O h g  &O) containhg an antiiiotic-antimycotic mature of 100 W/ml 

penidh, 100 pglml streptomycin, 0.25 pg/ml fùngizone (GIBCO-BRL Lae Sciences Inc., 

Buriington, W.), and co* m d i d d y  wah pieces of ovotestes fiom DD mails Both 

tissues were mahtained for 48 h m Falcon 96-weil culture plates (Becton-Dickinson, USA) 

containmg 200 pi Medium 199 (pH 7.3,140 mOsn &O) with antibiotics and 10 pCVml 'H- 

amino acid mixture (Amersha. M e  Sciences, Oakville, Ont.). An dissections and tissue 

culture were performed m a laminar flow hood Mer the incubation, the tissues were 

thoroughly rinsed in mail saline containing non-radioactive amino acids, then homogenjzed 

in 50 pl of deionized water m a glas-on-glas microgrinder (Jencons-Hertz, England). 

Duplicate aliquots of 20 pl were spotted onto 2 cm squares of Whatman #42 filter paper, 

ailowed to dry, and processeci for liquid scintillation countbg accordmg to Mans and NoveILi 

(1961). The fiber squares were placed m 20 ml scintillation vials containhg 10 mi of 



s&tiUaticm cocktail (Beta-Max, ICN, Quebec), and the radioactive protein quantihi m a 

Packad Mmmaxi Tncarb 4000 scintillation cornter (United Technologies, USA). Mer 

counfRlg, the papers were washed in acetone and dried. The protein content of the spotted 

sample was detaminecl by the mehod of Bramhail et ai. (1968) using BSA as a standard. 

Data are eqressed as dpm/pg protek 

To d e t e d e  the effect of a fkst mathg on gonadal protein synthesis, virpin mails 

were paireà and dowed to mate. At approxjmately 6 h mtmals following a nrst ma- the 

wotestis were removed and incubated for 6 h m Me& 199 containhg tntiated amino acid 

mixture. The tissues were processed for fUrther chanicterîzation of amino acids inwrporated 

mto proteins as descriied above. 

Eleçtrop horesis 

The ovotestes fiom either vira or reproduchg snails were placed m a 1.5 ml 

microtube and homogenized m 100 pl of 50 mM TrbHC1 (pH 7.2, containine 1mM PMSF, 

2 mM MgCl*) ushg a motor-driven polypropylene teflon pestle. The homogenate was 

centrifùged at 20,000 x g for 20 min and the supernatant used for sodium dodecyl sulfate 

polyacryIamide gel electrophoresis (SDS-PAGE). Rotein deteTmiLldtions were performed 

using a commercial protem assay kit (Bio-Rad, USA) with BSA as a standard. 

Approximately 10 pg total ovotestis protein was loaded for each sample and separated on a 

10% mini-gel (Bio-Rad Life SQ, USA) according to L a d  (1968). Separated proteins 

were stained with 0.1% Coomassie BrilIiant Blue R-250. 
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In Vitro Culture of Albupien Glands 

AIbumen glands were dissecteci fiee fiom surrounding tissue and rinsed thoroqhly 

m antriiotic saline. The glands were cut into pieces with a scalpel, randomïzed, then 

incubated in s t d e  Falcon 96-weII d u r e  plates with 200 pl Medium 199 containhg 

antiiiotics and 1 p C M  UDP- '4C-ghicose (Amerdam, O M e ,  Ont.). AIbumen pian& 

were either coculhned with the CNS, DBs, subesophageal ganglia (SG), extracts of DB 

tissue, or DB-conditioned culture medium for 48 h (N= 4-6 glands for each expriment). 

M e r  the mcubation period, the glands were rsised thorougldy in saline containing non- 

radioactive giucose, carefülly blotted on filter paper, then placed into prcweighed 1.5 ml 

microtubes and their wet weight recorded using a Matler AE 163 microbalance (Mettler 

Instruments, Switzerland). The tissues were homogenized in 150 pl of ice-coid 10% 

trichloroacetic acid (TCA) with a motor-driva polypropylene pestle, and centrifugecl at 

10,000 x g for 10 min. Mer the precipitated proteins were removed, 60 pl of the 

supernatant was spotted onto 2 cm squares of Whatman #42 mter paper and alowed to dry. 

To determine the release of newiy synthesized polysaccharides, 100 pl of the surromding 

medium was placed m a tube, and treated wah an equai volume of 20% TCA Mer 

proteinaceaous matenal was removed, a 100 pl aliqyot was spotted onto filter squares. Total 

polysaccharide synthesis was determined according to Thomas et al. ( 1968). Briefly, the filter 

papers were washed twice m icacold 66% ethanol(20 min each), and then for 5 min m 

acetone and dried. The dried filter papers were placed m 20 ml scintillation vials with 10 ml 

of Beta-Max cocktail (ICN, Quebec), and radioactivity measured by iiquid scintillation 
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counting. 

Prmaration of  Test M a t d  

For cocuhure eqerirnents, whole CNS, DBs, or SG were dissected out f?om 

reproducmg mails and washed wefl in anti'biotic saline before being placed with a piece of 

aibumen gland. DB tissue was homogenized m 100% methanol usÎng a glasç-on-giass 

microgrinder. Homogenates were centrifirged at 10,000 x g, and the supernatant evaporated 

to dryness, then resuspended in stede saline. Reconditioned DB medium was prepared by 

maiminhg 10 DBs/weII in F a l m  96-well plates containîng either modiiïed L 15, pH 7.3 130 

m W  (Wong et d., 198 1) or Medium 199 (pH 7.3, 130-140 mOsm/ kg H20) for 24-30 h. 

AAer incubation, aliquots of the medium were coilected and used directly m the bioassay. 

AU statistical calculations were done using oneway ANOVA @CO-05) where 

variances permined, or the non-parametàc KruskaLWab test Where means fiom ANWA 

or Kniskal W a h  procedures were found to be ddfierent, multiple sample cornparisons with 

controis were determined using the Dunnett or the Dunn Test (L.,. 3. 

IsEwLzs 

In Vitro Protem Svnthesis bv the Ovotesth 

Pieces of ovotestis were mcubated for 24 h, 48 h, and 72 h m Medium 199 containhg 

a tritiated amino acid mixture to examine the time course of protein synthesis (Fig. 1). 

Rotein synthesk by ovotestes removed f?om DD snails displayed a gradua1 mcrease m protem 

synthesis bnweei 24 h to 72 h in vitm. No detectable release of protein mto the surromding 
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nihure medium could be detected for any of the incubation periods. 

The CNS, DBs, or SG were cocuhured with pieces of ovotestes and the incorporation 

of labened amino acids mto protein was determineci afier 48 h Neither the CNS, DBs, nor 

SG had any effect on ovotestis protein synthesis compared to controls (Fig. 2). 

Mating is a known stimulator of egg production m virgin H. du@. The effect of 

matmg cm ovotestis protein synthesis was iwestigated every 6 h aâer a nrst mating for a 48 

h penod Sqrisingiy, general gonadal protein synthesis showed a steady decline in synthetic 

activity between 0-12 h post-matiug (Fig. 3). The synthetic actnrity of the ovotestes from 

wgin siails was 48 1.42I84.53 dpm/pg protein and that of 12 h post-rnating niails was 

347.52 67.24 dpm/pg protein. The actMty of the ovotestis exhriited some minor 

fluctuations during the next 36 4 but there was no statistically Sgniiicant difference between 

any of the time periods. Howwer, the trend appeared as though the actively reproducing 

aails had a slightiy lower basal rate of ovotestis protein synthesis than Wgh mails. 

Electrou horetic Separation of Ovotestis Extract 

Extracts of ovotestis proteins fiom k g h  and mated siai ls  separated by SDS-PAGE 

revealed many bands as might be expected fiom crude extracts (Fig. 4). The examination of 

the Coomassie Blue stained gel showed there were two protein bands (-48 kDa and >97 

kDa) which were aained more mtensely in mated snaüs as compared to vtrgins (Fig. 4, 

lane 2). 



oiysaccharide Synthesk bv the Albumen-d In vitro P 

The thne course of in vitro polysaccharide synthesk by albumen gland explants 

between 24-72 h is shown m Fig. 5. Synthesis was linear over 72 hours, and the release of 

ne* s y n t h d  polysaccharides mto the medium mcreased heady during this period. An 

incubation time of 48 h was chosai for subsequent experiments since syathesis is linear at this 

pomt, and release of radiolabelled products into the medium is readily detestable. 

Codture of Albumen Glands Wîth CNS. DBs or SG 

The CNS, DBs, or SG were coculnired with pieces of albumen glands and the in vitro 

synthesis and release of polysaccharides was determined d e r  48 h. Cocuhue with DBs 

induced a significant mcrease m polysaccharide synthesis d e r  a 48 h period (Fig. 6). In 

addition, a Sgnificant mcrease m the accumulation of radiolabelled polysaccharides m the 

cuhure medium was detected. In contrast, neither the CNS nor SG significantly mcreased the 

synthesis or reiease of albumen gland polysaccharides. 

. 
EEect of DB-Condrttoned Media and DB Tissue Extracts on Polvsaccharide Svnthesis 

Dorsal bodies were dtained m either Medium 1 99 or L 1 5 ( 1 0 DB d 1 00 pl) for 24- 

30 h, and aliquots of DB-conditioned medium were tested for their ability to stimulate 

albumen gland polysaccharide synthesis. Reconditioned medium sbmuiated polysaccharide 

spthesis and release in a dose-dependent fishion (Fig. 7). Modest stimulation of synthesis 

occurred at approxhmtely 0.5 animal equivalents (ae), and mruemal stimulatory actMty was 

induced at 1.0 ae. In contrast, the accumulation of released polysaccharides mcreased 

significantiy at a dose of 0.5 ae, and was maximal between 1.0-2.0 ae (Fig. 7). 



bctracts of DB tissue were aise tested to determine ifthey possessed any sthdatory 

actMty on the albumen gland explants- Dorsal body tissue extracts stimulatecl albumai gland 

polysaccharide synthesis and release in a concentration-dependent xnanner (Tg. 8). The 

threshold for stimdation of polysaccharide synthesis occurred at a dose of 0.5 ae, and was 

maximal between 1.0-2.0 ae. A Sgnincant mcrease m the acciimiilstion of secreted 

polysaccharides was observed at a dose of 0.5 se, and reached a xnaxbm between 1.0-2.0 

ae- 

DISCUSSION 

The DBs of pulmonate mails are known to regulate important gonadotropic events 

nich as the stimulation of vitellogenesis (see Joosse, 1988; Saleuddm et al., 1994). Yolk 

protein synthesis is thought to be m i d y  autosynthetic, since there are relatively few 

endocytotic profiles seen on the h c e  of mature oocytes, whereas the cytoplsn of the 

maturing oocyte displays characteristics of active protem synthesk (Saleuddin et al., 1980; 

de long-Brink and Gera- 1982)- In this shidy, coculture of H. hryz ovotestis with either 

the CNS, DBs, or SG fiom reproducing siails had no discernable effect on gonadal protein 

synthesis. This is m contras to the situation m the terrestrial mail H. arpersa, where the 

mcubation of the ovotestis with the brah or DBs was claimed to hcrease protein synthesis 

(Barre et al., 1990). However, the study of Barre et al. (1990) did not actually quantQ 

protem synthesis, only total amho acid uptake mto tissues. 

In H. duryi, mating is a prerequisite for the production of viable eggs fiom virgin 
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sua& (Saleuddin et al., 1983b). V i  ovotestes contaÎn an abundance of inmatme oocytes 

comparecl to the wotestes h m  reprochlchg ammals (Schonm and Saleuddin, 1986). Mating 

is believed to mduce the production of a 'matedness fàctor', activahg the gonadotropic 

centers ( neurosecretory caudodorsal cells and endocrine DBs), which in tum, act upon the 

ovotestis to stmnilate OVUlafion and absequent oocyte developmeut. Whai Wgni siails were 

paired for a fhst mating and the ovotestis removed at 6 h intervals thereder, there was no 

mcrease m the synthesis of gonadal proteins evai d e r  48 h. In fàct, protein synthesk 

showed a decrease during the first 12 h, and then rnaintained a relative@ steady lwel for the 

duration of the expriment. This decrease m synthetic aunniy fonowing matmg may r e d  

f?om the ovulation of radiolabened oocytes out of the ovotestis mto the hermaphroditic duct, 

which decreases the total amount of detectable radioIabeUed protehi m the ovotestis. 

The ovotestes of pulmonates contain many heterogeneous cell types associated wàh 

both male and f d e  gamete production (see Geraerts and Joosse, 1984). The concurrent 

development of the male gametes probably contributes a substantial proportion of non- 

specific (non-oocyte) labehg to the total activity which could ma& increases m endocrine- 

stmnilated synthesis of a specific protek@). Electrophoretic nnalysk of extracts of ovotestes 

protek fiom vira and reproduhg mails showed a very complex protein profile, and two 

proteins were identïiied which appeared to be more abundant in mated mails. However, 

g e n d  protein synthesis levek are not Herent m glands coniltured with either brain or DBs. 

These findmgs are supported by the study of Crews and Yoshino ( 199 1) who were unable to 

detect an increase m general ovotestis protem synthesîs between parasitized (non- 
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reproducing) and non-paradid (reproducing) B. glaorm~ Therefore, the measurement of 

non-speciîic protein synthesis is not a suitable assay system to study the effects of endocrine 

fâctors on oocyte development m the Basommatophora. P d a p s  incubating ovotesis with 

either DBs or brain and a hi& specific activity isotope (eg. "S-methionine), followed by 

autoradiographic analysk might rweal a specific ovotestis protein which is repuiated by 

endocrine factors, 

en Gland Pohsaccharide Sethesis and R e l e a  

The time course of poiysaccharide synthesis is hea r  over a 72 h period under the 

m t  incubation conditiuns A time of 48 h was choseri since this is when the effect of the 

DBs on albumen gland polysaccharide synthesis and release is optimaL This agrees with a 

previous study which also used a 48 h incubation p d o d  to assay the effect of endocrine 

factors on albumen gland synthetic activity (Miksys and Saleuddin, 1988). 

The incubation of albumen gland explants with various (neuro)endocrine tissues 

demonstrates that oniy the DBs are capable of stimulating polysaccharide synthesis and 

release under long term culhue. Akhough the CNS umtain intact DBs, significant stimulation 

of polysaccharide synthesis could not be induced m cocuhres, suggesting the brain might 

exert some mhibitory infiuence on the DBs. In both the Basommatophora and 

Stylommatophora, the DBs are hervated by axons originating fiom various neurons withm 

the CNS (Saleuddin and Ashton, 1996; Saleuddm et al., 1997; Griffond and Momzih.., 199 1). 

In H. arpesa, surgisurgically ûolating the DBs fiom the rest of the CNS (denervation), increased 

the synthetic activity ofthe DBs (Vmcent et al., 1984). The DBCs ofH. arpersa are known 
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to be innavated by FMRFamide+imminioreactive variwsities (Gifffond and Motmzih, 1990), 

and the activity of the DBs is mhicbited by the neuropeptide FMRFamide (Griffond and 

Moimzib, 1989)- Togder, these observations suggest that m pulmonate moiiuscs, the brah 

exerts an mhiitory wntrol on the synthesis andlor release of DBH 

Culture medium precondiiioned with DBs for 24-30 h or extracts of DB tissue is 

capable of stimulating polysaccharide synthesis and release m a dose-dependent mauner. 

Maximum stimulation of synthesis occurred at a dose of 1.0-2.0 ae. In albumen gland 

explants fiom siails raised under DD conditions, biosynthesized material is secreted mto the 

lumen of the ducts at a constant rate of celhdar release, accumulatmg m the ducts with 

incubation time, and gradually m d e d  through the cut ends of the ducts mto the surroundmg 

medium The relative amoimts detected m the tissue and medium would depend on the 

gland's rate of synthesis, the rate of cellular release, and a d t u e  time. These data show that 

the DBs mcrease the rate of glandular polysaccharide synthesis, and possiify enhance the 

reiease of newiy-synthegzed products mto the b e n  of the albumen gland ducts or its 

extrusion from the b e n  mto the surroundmg meditun Therefore, the measmement of in 

vitro poiyaccharide synthesis and release ftom albumen gland explants shows promise as a 

bioassay to detect DBH actMty. 



Fig. 1 Tme course of in vitro protein synthesk by the ovotestis of Helisoma cliayi. Pieces 

of ovotestis were Picubated wibi mamino acid mixture m Medium 199 (10 pCVml) for the 

indicated times, thm quantifieci for incorporation of labelied amino acids into TCA- 

precipitable protein. Each pomt represents the mean SE of 4-6 samples. 
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F% 2 EtIéa ofvarious endocrine tissues on ovotestis protein synthesis Pieces of ovotestis 

were cocuhured wÎth the CNS or brain (BR), subesophageal ganglia (SG), or dorsal bodies 

(DBs) for 48 h m Medium 199 contaihg labened amho acid mixture. Ban represent the 

mean * SE of 4-6 samples Note that there was no signiscant effect of the various tissues on 

general ovotestis protein synthesis. 
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F i  3 Enect of a nrst mating on in vibo protein synthesis by the ovotestis. VHgm si& were 

raised m isolation und they reached approhtely 10- 12 mm sheIl diameter, then paired for 

a single matmg. 'Ihe ovotestes were removed h m  kst rnated siails at 6 h mtervals following 

copulation and maintained in Medium 199 containhg tritiated amino acid mixture for 6 h. 

Each pomt represents the mean SE of 4 samples Note a general decline m protein 

synthesis was observed between O h to 12 h post-mating. 
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Fe 4 ElecUophoretic sep8fation of sohib1e wotestis protein fiom vÎrgin and rnated Helisoma 

dhry. Extracts h m  Wgm (lane 1) and mated (lane 2)  sua& were separatecl on a 10% T, 3% 

C gel by SDSPAGE. Each laae contained approximately the same concentration of protein 

(- 10 pg). M e r  electrophoresis, the gels were stained with CoomasSe BriIliant Blue R-250 

(0.1%), and thai destained. The molecular weight markers are represented m the far le& lane. 

Note the presence of two protein bands (mws), one of approximately 48 kDa, and the other 

(>97 D a ) ,  which were d e d  more intensely m mated anmials compared to virgin snails. 

Facing Page 72 





fig. 5 Time course of in vztro synthesis and release of new& IabeHed polysaccharides fiom 

the abumen gland of Helisom duryi. Aibumen glands from snails raised În continuous 

darlmess were incubated for various thes  m Medium 199 contabhg *" [Cl- ghcose ( 1 pCi 

Id) Total poiysaccharïde synthesis and release was deter-ed m pieces of tissue and 

culture medium d e r  TCA extraction and ethanol precipitation. Each pomt represents the 

mean * SE of three separate eqeriments. 
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Fig. 6 Effkct of various endocrine and neurosecretory tissues on albumen gland 

polysaccharide synthesis and release. Albumen pian& were cocuhureci with brain (BR), 

subesophageal ganglia (SG), or dorsai bodies (DBs) for 48 h in Medium 199 wntaining 

radiolabelleci glucose. Each bar represents the mean * SE of f i e  separate experiments. Note 

that the DBs are the only tissue capable of Sgnificantiy sthmdatiug both polysaccharide 

synthesis (**Kruskal-Wallis, p=û.o29, Dunn Test) and release (* Kruskai-Wallis, p<0.05, 

Dunn Test), 
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Fig 7 Efkct of DB tissue extracts on albumen gland synthetic activity and release of labened 

polysacharides Dorsal body tissue was homogenïzed and extracteci m rnethanol, then tested 

for bioactMty at various concentrations Each bar represents the mean * SE of four separate 

experiments. Note signifiant stimulation ofpolysaccharide synthesis at a dose of 1 .O and 2.0 

animai equivalents (ae) (**ANOVA pC0.05, Dunnett Test) and Sgnificant accunnrlation of 

labeiied polysaccharides m the cuhure medium at a dose of 0.5-2.0 ae (*Kruskal-Wailis 

pcO.05, Dunn Test). 
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Fig. 8 EEect of DB-conditioned medium on albumen gland polysaccharide synthesis and 

release of labelled polysaccharides. DBs were hcubated m Medium 199 for 24-30 h, and 

aliquots of DB-conditioned me* were directly tested for bioactivity. Bars represent the 

means SE of five experiments S w c a n t  stimulation of polysaccharide synthesis is notable 

at a dose of 1.0 and 2.0 ae (**ANOVA p<0.04, Dunnett Test), and Sgnificant release of 

labelleci material is noted at 0.5- 2.0 ae (*KruScal-Wab p<O.OS, Dunn Test). 
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The dorsal bodies (DBs) of pubnonate mails display feaîures of both protein- and 

stemid- synt.he&ing tissues The presence of membrSme410und granules and weI1-developed 

rough endoplasnic reticuhrm (RER), indicate the DBs produce proteinaceous mat- while 

the abundance of lipid droplets, tubular mitochondria with dense mchsions, and -00th 

endoplasmic reticuhun (SER), suggest the DBCs also have steroidogenic capacity (see 

Saleuddin et al., 1994; Saleuddin, 1998a). Isolation and ehicidation of the precise chemicd 

structure of the DBH has been extremely difiicutt, and only fiagrnented evidaice f?om 

different animals is present m the literature. In the fieshwater seail Lymnaeu stagnalis, the 

active materiai from DB tissue exîracts was suggested to be a proteinaceous molecule of 

approxbtely 30 kDa (Ebberink et ai., 1983). In the terrestrial Lzmax mmimu~, the 

synthetic activity of the albumen gland was stbdated by a peptidergic factor cded 

gahctogen-synthesk ';tmnilsting fàctor (GAGSF), prewmed to be of DB ongin (van =en 

et al., 1983; van Minnen and Sokolove, 1984). A sjmiiar fictor was demonstrated to be 

present m d o l e  CNS or cerebral ganglia extracts of Helix poll~lfia (Goudsmit and Ram, 

1982). However, the precise celhilar source of DBH actMty m the Stylornmatophora was 

uncertain since whole ganglia were used for extraction. 

In Helisom aUvi and Helix mpersa, the disappearance of lipid droplets from the 

DBCs comcides with the onset of reproductive activTties (Saleuddin et al., 1989; Griffond and 

Vincent, 1985), suggesthg that lipids are bemg mobilized, perhaps for the production of 

lipophilic substances. Miksys and Saleuddin ( 1988) demonstrated that a polysaccharide 
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synth&stimdating factor could be extracteci nom DB tissue with either saline or methmol, 

but not under acidic or basic conditions The active material was heat-sensitive7 but resistant 

to proteolytic digestion, suggeçting t is not a peptide. Nolte (1983) proposed the DBs 

synthesized a steroidal product based upon ultrastrucnird and biochemical shidies The 

presence of steroid-synthegz8ig enzymes m the DB tissue of H. p o m a  (Kmsch er al., 

1979), and of a novel cytochrome P-450 gaie expressed sole@ m the DBs of L. sr~gnafis 

(Theunissen et al., 1992), hdicates the DBs have the synthetic capacity to produce steroids 

or steroid-related molecules. 

It was prwiously shown that the albumen gland of H. chcryz responds to both crude 

DB tissue extracts (Mürsys and Saleuddin, 1985, 1988), and to d t u r e  medium 

preconditioned with DBs (Chapter 1, this the&) by mcreasing giandular polysaccharide 

synthesis and release. The present study e x . e d  the effect of difEierent pharmacological 

treatments of DB tissue emcts  and DB-conditioned medium, and its effect on the synthesû 

and release of aibumen gland polysacchaxides. The active material fiom DB tissue and DB- 

conditioned media were separated accordhg to hydrophobicity with Sep-Pak Cl, camidges 

m an effort to fiirther purify DBH actMty for firture chromatographie separation and 

characterization. 

MATERIALS AND METHODS 

Bioassay 

The in vitro incubation of albumen giands fiom suails maintained under DD conditions 
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is d d e d  in a Chapter 1 of this thesis Ali test material was resuspended in sterile antibiotic 

siail saline and added to albumen gland explants in 20 pl laliquots Mer a 48 h incubation, 

total polysaccharide syethesk and release of newly-qnthesized material into the medium was 

quantifïed as previously descnbed 

maration of DB Tissue Extracts 

Dorsal body tissue fiom reproducing H. hW were carefuny dissected fiee nom 

surrounding nenrous tissue, homogenkd in methanol, then cen-ed at 10,000 x g (10 

min). The peiîet was reextracted with methanol once more, cemtxifuged, and the resuhant 

supematants were pooled The extract was evaporated to dryness ushg a Speed-Vac 

(Savant, USA), and the residue resuspended to its appropriate concentration m sterile dine. 

Some of these dried DB extracts were resuspended in HPLC-grade water and applied to a 

Sep-Pak Light CI, cartridge (Waters, Bedford, Ma), previously condÎtioned with methanoi, 

and then rinsed with water. The material not adsorbed to the cartridge was washed with 

water, and the matenal bound to the cartxidge was eluted wah successive 2 ml washes of 20% 

methanol, then 70% methanoi, and ha l l y  with 100% methanoL The respective methanol 

eluates were dried, and tested at a dose of 4-5 ae. 

. . 
Raaration of DB-Conhoned Mediw 

D o r d  bodies were maintained for 24-30 h in culture medium as descn'bed m the 

previous chapter. For Sep-Pak CI, -dies, DB-conditioned medium was coilected and 

applied dire* to a preconditioned d d g e .  The bomd material was eluted with successive 

methanol rinses as demibed above, and tested at 4.0-5.0 ae. 
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Heat and Protease T reatment of Il B Tissue Extracts and DE3 - Condiaoned Medium 
. . 

Extracts of both DB tissue and DB-conditioned medium were sibjected to heat 

ueatment by aliquotmg aqueous e>macts m 1.5 ml polypropylene tubes and placing them in 

boiling water for approximately 15 min. Afkr heating, the extracts were cooled, bnew 

centrifiiged, end placed on ice unta re@eded Aqueous extracts of DB tissue and DB- 

conditioned medium were subjected to proteoiytic digestion using protease-coated agarose 

beads (Pronase F, 100 pg/ml; Sigma) for 2 h at 37°C with COntilluous agitation. The msoluble 

protease was pekted by centrifiigation at 5,000 x g for 10 min, and portions of the 

supernatant were used directiy for the bioassay. 

AnalySs of data was pdormed using one-way ANOVA or the Kniskal-WaKs 

procedure @<0.05), foilowed by the Dunnett Test or the Dunn Test (Le,, 3 for assessmg 

differences among multiple samples compared to controis. For each experhent, sample sizes 

were between 4-6. 

ElEsmIs 

Effect of Heat and Protease Treatment 

The e f f i  of heat and protease treatment on the polysaccharide synthesis-stimulahg 

actMty of DB tissue is shown in Fig. 1. Neither treatment chinished the activity of DB 

tissue extracts on poiysaccharide synthesis or release compared to the untreated control- A 

nmilar result was obtained d e n  DB-conditioned medium was subjected to the same 

treatments (Fig. 2). 

81 



Seo-PaklFrsctionationofDB~*M- 
. . 

DB tissue extracts were hctimated h m  SepPak Cl, carûidges wah successive 20, 

70, and LOO% methanol rinses. The 100% methanol ehiate contained signi£icant 

polysaccharide sinthesis stimulatmg a*, as weli as mcreasing the release of hbeiied 

materiai hto the medium (Fig. 3). No activÏty couid be detected in the 20% and 70% 

methanol washes F1g. 3) or the flow-through material (data not shown). Fractionation of 

DEwnditioned medium showed signiscant stmiailtation of both polysaccharide synthesis and 

releme a c w  in the 70% snd 1009'0 methmol ehiates (Fig. 41, ahhough the 100% methano1 

hction was slighth/ more effective in instimulating synthesis and release than the 70% ehrate. 

DISCTUSSIOrV 

The pudication ofthe DBH of puimonates bas been anempted by severai momiscan 

endocrinology labs A prefiminary report by Ebberink et al. (1983) suggested that the DBH 

of L. stagnalzs is a protein of approximately 30 kDa with an Welectric point of about 4.0. 

However, the bioassay used to detect DBH actMty wss the induction of ovulation, an assay 

supposedly specific for the caudodorsal cen hormone (CDCH) (Dogterom et al., 1983; 

Ebberink et al., 1985). The snidies on the chemical nature of the DBH of terrestrial siails are 

also unclear, Snce the cefhilar source of the active material is unknown (van Mmnen and 

Sokolove, 1984; Goudsnit and Ram, 1982). The isolation of the DBs fkom the 

Stylommatophora is complicated by the scatterd location of the DBCs throughout the heavy 

comiective tissue sheath sumounding the CNS (Marchand and Dubois, 1986). In this regard, 
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the DBs of planorbid siails sich as H. h y z  are more suitable for the isolation of DB tissue, 

since they are located as a discrete m a s  above the cerebral commissure. 

Cnide extracts of DB tissue or DB-conditioned medium were capable of stimulahg 

m vitro polysaccharide syathesis nom albumen gland explants (Chapter 1, this thesis). The 

çtimiilatory activity of the DB extracts was unsffected after it was subjected to heat treatment 

or to proteolytic enzymes, suggesting that the Gictor nom the DBs is not a peptide. These 

re& support the study by Miksys and Saleudcfin (1988) who found biologicd actMty of DB 

tissue extracts fiom H. hyi as being protease-insensitive, however, their shidy determineci 

the DB preparation was heat-sensitive, as opposed to this study which shows that DB tissue 

extracts and DB-conditioned m e h  are heat-stable. The reason for this discrepancy is 

unclear. 

The fiactionation of DB tissue with Sep-Pak Cl, d d g e s  revealed stmnulatory 

activity resided soleiy in the 100% methanol eluate, mdicating the fktor withm the DB tissue 

is relatively hydrophobic. Fractionation of DB-conditioned media showed two fiactions 

(70% and 100%) which contained significant biological activity. Both fiactions were 

approximately equai m potaicy, ahhou& the 100% methano1 e b t e  contaÏned &@th, greater 

stmnilatory actMty. The distribution of biological activity fiom the DB-conditioned medium 

is dXfEicult to explah 'The stimulatory ad&y of the 100% methano1 fiaction fiom DB tissue 

could represent a less polar precursor of the bioactive substance detected in the 70% 

methanol fiaction of the DB-conditioned medium This hydrophobic precursor mi@ be 

modified (hydroxylated), and then secreted by the DBs hto the culture medium during in 
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vitro incubation. The active material detected m the 100% methanol hction of DB- 

conditioned medium may represent a non-polar substance secreted mto the medium or 

possibty iiberated f?om DBCs through cut portions of the perikarya or ce1 processes during 

the isolation fiom the CNS. Aitefnatively, ththe may be two separate substances produced 

by the DBs which stimulate the albumen gland and possess difZierent polarities. Further 

chromatographie sepmation and testhg of the fiactions is necessary for the characterization 

of DB secretions 



Fig. 1 The effect of protease and heat treatment of DB tissue extracts on albumen gland 

synthesis and accumulation of radiolabefled polysaccharides in the cultare medium Dried 

methanol extracts of DB tissue were resuspended m sterile siail  saline and incubateci with 

proteolytic enzyme (100 pglml Ronase F beaded agarose) for 2 h at 37°C. The msohible 

enzyme suspension was pelleted by caitxifùgation, and the supernatant was tested for 

bioactivity. Dorsal body tissue extracts were also subjected to heat treatment by boiling 

extracts for 15 rxxin. Bars represent the means *SE of four separate experiments. Note that 

neither protease nor heat treatment sïgxificantly reduced the stmnilatory activity of DB tissue 

extracts on albumen gland polysaccharide synthesis (**ANOVA pc0.02, Dunnett Test) and 

release (*KruskaEWIüs p<0.05, I)unn Test) T, DB tissue extract; T+PR, DB tissue extract 

treated with protease; T+HE, DB tissue extract subjected to heat. 
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Fi 2 The ef&ct of protease or heat eeatmnt of DB-conditioned medium on aIbumen gland 

synthesis and release of radiolabeiied poiysacchandes. Dorsal body-conditioned medium was 

mcubated wiih protease (Pronase F besded agarose 100 pgiml) for 2 h at 37°C. The msoiuble 

enzyme aispension was pelieted by centrifùgation, and the supernatant tested for bioactMty. 

Conditimed rmdhm was also subjected to heat treatment by boiling for 15 min, then tested 

for bi~activiry~ Bars represent the means *SE of f i e  qerimaits. Note that neither protease 

nor heat treatment Sgnificantly dïmhished the stbdatory activity of DB-conditioned me* 

on albumen gland polysaccharide synthesis (**ANOVA p<0.04, Dunnett Test) and release 

(*KniskaCWak pc0.05, Dunn Test). M, DB-wnditioned medium; M+PR, DB-conditioned 

medium treated with protease; M+HE, DB-conditioned medium subjected to heat. 
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Fig. 3 SepPak C,, fkactionation of DB tissue extracts. DB tissue extracts were passed 

througb a prpconditioned Sep-Pak C,, cartndge, then ehrted with successive rinses of 20%, 

70% and fmaily 100% methano1 Each eiuate was drkd, resuspended m sterile mail saline, 

then tested for bioactivity. Bars reperesent the means * SE of four experiments. Note that 

only the 100% methanol ehate stmnilated polysaccharide synthesis (**Kmskal-Wallis 

~ 4 . 0 3 7 4 )  and release (* KruskaCWaIlis p<0.05). 
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Fig. 4 Sep-Pak C,, hctionation of DB-conditioned medium. Dorsal body conditioned 

medium was passed through a preconditioned Sep-P& C,, camidge, then ehed with 

successive washes of 20%, 70%, and finalh. 100% methanoL Each ehiate was drkd, 

resuspended in saline, and tested for bioactivity. Bars represent the means *SE of f i e  

qeriments. Note that both the 70% and 100% methanol ehtates sb'mnilated polysaccharide 

symhesis (**KniskaEWaIIis p<O.O5, h Test) and release (*Kmskal-WaIlis pC0.05, Dunn 

Test). 
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Chapter III : Secretion of Eedysteroids by the Dorsai Bodies and 

Effect of Synthetic Ecdysteroid on Reproductive Fmctions 

SUMMARY 

The endocrine dorsal bodies of the fkshwater suil Helisoma d-yr were maintajned in Miro, 

and following incubation, the cuhme medium was coileaed and tested for the presaice of 

ecdysteroids Radioimmimoassay of the cuhure medium demonstrated the presence of 

ecdysteroid-like Hnmunoreactivity, suggestmg the dorsal bodies are capable of secreting 

eçdysteroids in vi~o.  To test for possible physiological hctions of ecdysteroids in Helisoma 

d q i y  20-hydro~qecdysone (a potent ecdystexoid m arthropods) was mjected into non-egg 

laying virgin snails Injections of ecdysteroid mduced low egg laying acavity and the 

maturation of oocytes in the ovotesrissris Incubation of aIbumen glands with ecdysteroid 

stmniiated polysaccharide synthesis. Identification of released ecdysteroids by HPLClRIA 

rwealed a number of hummoreactive fiactions &ch were tested for bioactivity. The resuhs 

are disnissed În relation to the possible hc t ion  of ecdysteroids m pulmonate siails. 



In 1986, Noite and coworkers reported the detection of ecdysteroid-lile 

immunoreactive material in the &e medium fiom which dorsal bodies (DBs) of the 

terrestrial snail Heiix pomtia had been maintainecl (Nolte et al., 1986). The identity of the 

DB secretory material fiom culture media was deter-ed by hi@-performance liqiid 

chromatography (HPLC) and a specifîc r a d i o ~ o a s s a y  (RIA) for ecdysteroids, and 

demonstrated that the DBs of H. pumuZia were capable of secrethg ecdysone (E) in vitro. 

'Ihis study represented the fÏrst dernmstration of a putative ecdysteroid-secretmg endocrine 

orgim in a non-arthropod bertebrate. The authors proposed that pdmonate DBs produced 

E, and that ecdysteroid-related moleailes might be mvolved in regulating the reproductive 

events attniuted to the DBs Bride et ai. (199 1) subsequently fomd that 20E (the more 

biologidy potent ecdysteroid in hsects), stmnilated in vitro poiysaccharide synthesis m the 

albumen glands of H. asperscl, providing fiuther evidence that ecdysteroids mfhienced 

reproduction m siails H o w m ,  no M e r  studies Ïn the Stylormnatophora were conducted 

to determine if ecdysteroids were f'unctioning as authentic hormones. 

In the fkshwater soail Helisopna diOyl, the active materinl fiom DB extracts and DB- 

conditioned medium was reported to be a methanol-extractable, protease-regstant substance, 

suggesting ii is not proteinaceaous (Mürsys and Saleuddin, 1988; see Chapter 2, this the&). 

The present study attempts to determine ifthe DBs of H. hryi  are capable of synthesizing 

ecdysteroids, and whether these m o l d e s  exext specific physiological effects on reproductive 

processes. initial experiments were conducted to determine the physiological effect of 2OE 
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on two major reproductive processes, oocyte maturation and albumen gland polysaccharide 

synthesk Chmmatographic shrdies using HPLC were tmdertaken to separate and pm the 

previously deteminecl bioactive DB secretions fiom the 70% and 100% methanol ehiates 

nom SepPak C,, &dg= The Sep-Pak C,, eiuates and HPLC fiactions were then tested 

for ecdysteroid-üke immunoreactMty (by RIA) and biologicd activity (stimulation of 

polysaccharide synthesis) in sa attempt to characterize the substance(s) produced by the DBs 

of H. d iq î .  

als and Methodg 

Ecdvsteroid Measurement s 

Tm DBs or wotestes fiom reproducing d-yi were maintained m either Medium 

199 or modified L I 5  as described previody (Chapter 1, this thesis). Mer 24-30 4 the DB- 

or ovot&condÏtioned medium was removed, and evaporated to dqness The dried residue 

was resvspended in borate buffer and ~uantified for ecdysteroids by RIA according to Steel 

et al. ( 1982). The polyclond antiseum (H3) raised m rabbit demonstrates a 4: 1 afnnity for 

E to 20E (Gilbert et al., 1977). The standard curve was generated using 20E, therefore al 

re&s are expressed as pg 20E eqts. Some DB culnue media were also passed through a 

p reconditioned Sep-Pak C,,  solid-phase extraction cartridge (Waters, Bedford, MA) and 

ehaed with successive 2 ml washes of 20%, 70%, and 100% methano1 (Watson et al., 1982; 

Mont et al., 1982). Each methanolic eluate was then measured for ecdysteroids using RIA 

HemoSmph ecdysteroid concentrations nom reproducing maüs or fiom mails fonowing a 
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f k t  mathg were quantified by RIA. The excess water surroundhg the opening of the Shen 

was absorbed with Bcial tissue and the &en was gently cnished. A known volume of 

hemolymph was removed with a glas micropipettor @nmmiond Scientific Co., Broomall, 

PA ) and four to iive volumes of meihanol were added to the hemolmyph to precipitate large 

p r o t h  and extract ecdysteroids The sample was centrifhged at 15,000 x g (10 min), and 

the pellet resuspended by d c a t i o n  m methmoi, then centrifiiged once more. The resuhant 

supernatants were evaporated to dryness, and assayed for ecdysteroids as demied  above. 

on of 2OE mto V E ~  SIIoJS 

V i r a  mails were raised to ad& size (10- 12 mm Shen diameter), placed m four 

groups (8 W g r o u p ) ,  and received injections of 10,25, and 100 ng 20E m 2 pl of saline. 

Controls received mjections of saline alone. A s u d  hole was made with a dental d d  

(Emesco Dental Co., NY ) m the ventral &ce of the the shelî near the vi- of the 

digestive gland, and test soiutions were mjected with a Hamifton m g e .  Mer the mjections, 

the hole was sealed wah dental wan Injections were performed daily over a pexiod of three 

weeks, and the total number of eggs and egg capsules laid by each d was recorded. At the 

end of the experiment, the anmials were sacrificed and the ovotestis dissected fiee fiom the 

digestive gland, and placed m khtchiscm's fixative oveznight (Elutchison, 1953). Tissues were 

dehyârated m ethanol, embedded m Paraphst Plus (Mord Labware, St. Louis, MO), and 

se* sectioned at 8 Fm Sections were stahed with the PmsSan Bhie reaction for bon- 

containing protebs, then counterstained with &anin (Humason, 1979). Iron-stahable 

material in mature oocytes serves as a hidoiogicd marker m aidmg to score oocyte 



maturation. The number of oocytes per ovotestis was determinecl by countmg the total 

nimiber of oocytes in every tenth section. Oocytes ranged m Sze fiom 10-120 p and were 

arbimdy separated mto two 9re classes according to Schokn and Sdeuddin (1986). The 

oocytes were meamed at th& largest diameter and followed s e r i a  so as not to count the 

same oocyte twice. Oocytes < 50 pm were classified as immature oocytes, and those 2 50 

Cm were clasdied as mature. The vahes obtained were expressed as a percentage of the 

oocytes rneasmd, and the arcsine transformed data was analyzed ushg ANOVA Muhipie 

cornparison apmteriori tests were pdormed d g  the Tukey Test (pcO.05). 

In Vitro C u h e  of Albuma Glands With 20E 

Albumen glands were dissected fiom DD siails as descnbed previoudy and mcubated 

m 200 pl Medium 199 containhg anti'biotics and 1 pCilmI 14C-ghicose. A stock solution of 

10'~  M 20E was dissohred in ethano1 and serial dilutions were made in siail saline. A 

cuncentmticm range b e t w w  IO-'' to IO-' M was applied to glands m a v o h e  of 20 pl, and 

the synthesïs and release of poîysaccharides was detemhed as described previoudy (see 

Chapter 1, this thesis). 

HPLCIRIA/Bioaw 

The HPLC studies were perfbrmed with a Waters Chromatography System consisting 

of a U6K mjector, a 600E System Controller, and a 486 Tunable Absorbame Detector (set 

at 242 nm). The HPLC separation was done on the Sep-Pak C,, 70% methanol ehate of DB- 

conditioned media, previously shown to contain ecdysteroid-like immunoreactivity and 

polysaccharide synthesis stimulating activity. The eiuate was waporated to dqness, then 
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resuspended in 12% acetonitde (ACN). A 200 pl aliquot was injected mto a Nova Pak C,, 

coluum (3.9 x 150 mtq 4 p )  and the mixture separated ushg s Iinear gradient fiom 12-3 2% 

ACN over 60 min, then 32%-62% ACN m 10 min. The flow rate was 1 xnl/xub. The 

fiactions ( l mi) were collected mto 1.5 ml polypropylene tubes by hand Each fiaction was 

measured for the presence of ecdysteroids by RIk For the bioassays, wery 6-7 fiactions 

were pooled, evaporated to dryness, and resuspended m 100 pl aeriie saline. A dose of 4-5 

ae was used on the aIbinnei gland bioassay. For the HPLC separation of the Sep-Pak 100% 

methano1 e u e  fiom DBmditioned medium, a different gradient scheme was used. Dned 

extracts were resuspended m 20% ACN, and separated with a Nova Pak C,, cohunn ushg 

a hear gradient fiom 20-100% ACN m 40 min. The flow rate and cokcted fiaction volume 

were the same as described abwe. Every 5 hcticms were pooled, then dried and assayed for 

bioactivity. Statisticai calculations were performed with ANOVA, or the non-parametnc 

KniskaCWm procedure @<0.05), and when found Sgnificant was fonowed by the Dunnett 

Test or the DUM Test (G-, 3 repectively. 

IsEsmrs 
Ecdvsteroid Secretion bv the DBs 

The culture medium m which the DBs were maintained was analyzed for the presence 

of edysteroids us8ig RIA After 24-30 h incubation, approxhmtely 100 pg 20E eqts codd 

be detected 6om 10 DBs (Table 1). Dorsal body tissue, d e r  before or after mcubation, was 

extracted in methanol and anaiyzed for the presence of ecdysteroid-like immunoreactivity. 

Ecdyst eroid-immunoreactive material could not be detected withm DB tissue either before 
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or d e r  mcubation. The ovotestis was also mcubated for the same duration as the DBs, 

however, ecdysiemid-like inummoreactMty could not be detected in the culture medium by 

RIA (Table 1). Since the DBs appeared to be capable of synthesizjng ecdysteroids, synthetic 

20E, the more biologidy potent ecdysteroid m arthropods, was initially tested for its effect 

on oocyte maturation and albumen gland qnthetic a m c t i v i s r  

Effect of 20E hiectio ns on E 

Da* mjections of 10,25, 50 ng 20E mto virgin H. &ryi over a three week period 

stimulatecf egg laying actMty (Table 2). The number of mails responding to ecdysteroid 

injection was clearly greater than saline mjected controis. Both egg and egg capsule 

(containhg empty eggs) production were significantly increased. The histological 

examination of the ovotestes fiom &gin mtrols çhowed an abundance of immature oocytes 

(Fig. 1). Injections of 2OE appeared to mcrease the proportion of mature oocytes wahin the 

ovotestis compared to saline mjected controls. Significant stimuiation of oocyte maturation 

occurred at a concentration of 10 ng 20E and mcreased m a dose-dependent mariner. Light 

rnicroscropic examination of the ovotestes fkom siails mjected with 20E (Fig. 2b) showed that 

there was a noticeable mcrease m ira-siahable material in the oocytes compared to controls 

(Fig. 2a). 

Effect of 2OE on Albumen Gland Polysaccharide Synthesis 

The effect of 20E (10'" to lu7 M) on the in vitro synthesis of potysaccharides in 

albumen gland explants was examined after 48 h incubation. This ecdysteroid showed a 

biphasic effect on albumen gland poiysaccharide synthesis (Fig. 3). Incorporation of 



radiolabened glucose hto polysaccharides mcreased slightty at a concentration of 10-" M, and 

significantly between IO-" to Td M- However, the release of newfy syntheszed 

poiysaccbarides muid not be detected m the cuiture medium R e k a r y  experiments using 

e@e (E) or the vatebrate steroid homvne &estradio1 (lo-' M) stiowed they did not have 

stimulatory effects on aIbumen gland polysaccharide synthesis (data not shown). 

p on Polysacch 

Virgm siails were raised to amih size, then paired fDr a Sngle matmg. Albumen gland 

polysaccharide synthesis and hemolymph ecdysteroid concentrations were measured wery six 

hours fonowing mating. 'Ihe in vibo synthetic activity of the aIbumen gland remaineci at low 

levek for the fmt 18 h fonowing mahg (Fïg 4). Between 1824 h post-matmg, the synthetic 

activiry of the albumai gland mcreased dramaticaIty, and mtmued to mcrease until30 h &er 

matinp. Aibumen gland polysaccharide synthesk exhiiiîed cyclical changes m activity 

sbowing peaks at 30 h and 48 h post-mating, and troughs at 36 h and 60 h post-matmg. The 

times at which the synthetic aceivay ofthe albumen gland mcreased was coincident with bouts 

of egg laying. The correspondhg hemoiymph ecdysteroid profile is also showm (Fig. 4). 

However, R did not appear to undergo any Sgnificant changes m concentration following 

matmg. 

Fractionation of DB-Condrtioned Medium 
* .  

Smce 2OE was capable of induhg oocyte maturation and stmiulating albumen gland 

polysaccharide syntbesis, attempts were made to fhrther puri@ ecdysteroid-like material fiom 

DB secretions The DB-conditioned medium was fiactionated usbg a SepPak C,, cartridge 
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and the methanol ehaates (20%, 70%, 100%) assayed for ecdysteroids using RIA. AU 

ecdysteroid-like bmmoreactMty was locaiïzed in the 70% methano1 ehiate, whereas the 

20% and 100% methano1 rinses did not contasi am/ ecdysteroid-like immimorea- (Fig.5). 

HPLC/RIA Anaiysis of DB Media 

The HPLC separation of the Sep-Pak 70% methanol fiaction of DB-conditioned 

medium rweaied ody  trace amounts of W-absorbmg material (Fig. 6). The RIA anaiysis 

of this ehüite rwealed a number of ecdysteroid-imunmoreactive fractions, several of which 

had the same retention times as the authentic ecdysteroid standards. The fiaction coehting 

with 25dE contained the most ecdysteroid-like immunoreactnrity, fonowed by E, 20E22Ac, 

20E, and Pon A (Fig. 7). A few unidentified fhctions which are süghtiy more polar, and 

some which are l e s  polar than E, also contained low amounts of ecdysteroid-like 

minnmoreactivih/. Pooled fiactions from another HPLC nm were then tested for their ability 

to stimulate polysaccharide synthesis in albumen gland explants. The actMty pronle showed 

modest polysaccharide synthesis stimulating activity i~ pooled fiactions 1-6 and 54-60, and 

statistiCany signincant acWity in pooled hctions 33-39 (Fig. 8). Pooled hctions 1-6 did not 

correspond to any of the known ecdysteroid amdards available, and did not possess 

ezdysteroid-iïke immunoreacbMty. The ody ecdysteroid standards eluting between fiaactions 

33-39 and 54-60 are 2dE and 25dE respective@. 

The HPLC separation of the 100% methanol ehiate (not ecdysteroid-immunoreactive) 

fiom DB-conditioned medium reveaied a prominent W-absorbhg peak near the end of the 

gradient (Fig. 9). The pooied fiactions of this HPLC separation were tested for their ability 



to stinnilate albumen gland polysaccharide synthesissis Fractions 3 1-35 and 36-40 ehzted with 

high concentrations of acetoniaite and possessed significant biological actMty comparecl to 

controls incubated with sahe alone (Fig 10). 

DISCUSSION 

The presence and stnictural identification of ecdysteroids has been demonstrated in 

an the major protostomian hertebrate phyla (see Walgreave and Verhaert, 1988; Franke and 

Kauser, 1989). Although there is no doubt regarding the presence of these steroids in the 

inverteimtes, definitive evidaice of their hormonal hc t ion  exists ody Î n  the arthropods In 

the Platyhehninthes, Nemerthes, Nematdes, and Aanelids, circumstantial evidence mdicates 

a role for ecdysteroiids h deve1opment and reproduction, however, a putative ecdysiosynthetic 

tissue has never been identined in any of these groups (Franke and Kauser, 1989; Lafiont, 

199 1). Smce ecdysteroids are often consumed kom the plants upon wfiich some of these 

anmials f& the endogenous production of ecydsteroids by non-arthropod mvertebrates has 

been questioned. 

In molhiscs, Romer firvoured the notion that ecdysteroids were of endogenous origin 

(Romer, 1979). De long-Brink et al. (1989) demonstrated that fed L. stagnalis contained 

less ecdysteroid-like immunoreacw m the hanoSmph and tissues than starved mails, 

suggeaing the ecdysteroids were not exogenously derived. The results of this study 

demonstrate that the DBs of the fkeshwater s ia i l  H. &ryi secrete ecdysteroids in vitro and 

support the work of Nohe et al- (1986) m Hel.. In addition, we did not detect the presence 
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of ecdysteroid-lîke materiai m the food (lemice) of H. &ryz u h g  the m e n t  RIA system. 

The ovotestis, another potential steroid-qnthesizing tissue did not secrete detectable 

ecdysteroid-like material. Fractionation of DB-conditioned medium wÎth SepPak C,, 

cartridge demonstrates alI ecdysteroid-like hmmoreactMty ehtes with the 70% methanol 

rinse. This is consistent with the potaritites of most ecdysteroid molecules (Lafont et al., 

1982; Watson et al., 1982). It k proposed that the DBs of H. dzuyz are capable of 

~ t h e 9 P , g  edysteroids based upon the observation that ecdysteroid-like immmoreactRrity 

could not be detected m DB tissue eiîher before or a f k r  mcubation, yet sigriifïcant quatities 

were detected m the culture medium Smce ecdysteroids are released as soon as they are 

synthesized (Redfem, 1989), the net mcrease m ecdysteroid-like inmnmoreactivity suggests 

that synthesis has occurred. 

In H. duryz, virgin mails reared m isolation, lay markedly fewer egg masses than 

mated aails (Saleuddin et al., 1983b). Mating is necessary for the production of viable eggs 

and egg laying. The Wgin ovotestis is known to contain a majority of immature oocytes ( - 
70% of total oocytes), whereas m mated siails the proportion of immature to mature oocytes 

is approximately equal (Schollen and Saleuddin, 1986). The mjection of 2OE mto Wgm H. 

duryz appeared to stmnilate egg production. Howwer, the number of eggs laid by the 

injected siails was ~mch lower compareâ to reproducing mails, and the percentage of mature 

oocytes within the ovotestis still remained less than the immature oocytes (see SchoUen and 

Saleuddin, 1986). This indicates that 20E is only paitiany effective in mducing oocyte 

maturation and egg laying. Thus, motha Eictor sich as CDCH (Mukai and Saleuddin, 1989) 

99 



or a 'matedness Baor'(Kimigeiïs and Saleuddin., 1986) is probably requked for normal egg 

laying actMty. The histological e xambdon of the ovotestes fiom ecdysteroid-injected 

arümais showed an mcrease in the proportion of mature oocytes relative to controls, 

Edicatmg 20E is invohred m the maturation of the oocytes The mechanism by which 20E 

exerts its effect is uncIear, perhaps m v o h g  the symhesis or uptake of yolk precursors. In 

the Diptera and Crustacea, ecdysteroids me hown to stimulate yoIk protein synthesis 

@hadialla and R d d ,  1994; Wilder et al., 199 1; Ohumna et d, 1992). Smce a specific 

yolk protein whose syothesis is regulated by hormones has not been isolated m my moIhisc, 

hvestigations on the regulation of yoik protein synthesis remah s tand  

'Ihe iron storage protein férritin is lmown to be pmocytoticaIly taken up by pulmonate 

oocytes (Saleuddin et al., 1980; Bottke and Smha, 1979), and it is suggested the uptake of 

the exogmous femtm is controfled by the DBs (Miksys and Sdeuddin, 1987% b). The 

Russian Bhie iron-staining of the ovotestes fiom anmials mjected with 20E, displayed more 

htense stainhg of the oocyte cytoplasn than oocytes fiom saliae mjected siails, Bidicating 

that 20E might infiuence the uptake of iron-containiug proteins (fémtm). The observation 

t h  20E mjectim also increased egg caspule production mdicates it a h  has e E i s  on those 

f d e  accessory sex glands which participate in egg capsule formation (eg. oothecal gland). 

In puknonate moIhiscs, the albumen gland is a known target organ for the DBH (see 

Joosse, 1988; Saleuddin et ai., 1994; Saleuddh, 1 998a). Dorsal body-conditioned culture 

medium contained a heat-stable, protease-regstant factor which is capable of stimulating 

polysaccharide synthesis in the albumen gland of H. diayi (Chapter 2, this thesis), and this 
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DB-conditioned medium also containecl ecdysteroid-Eke ~ o r e a c t i v i c y .  The in vitro 

aihrre of aibumen glands with synthetic 20E showed that this ecdysteroid is able to mduce 

sgniscant iucr~ases m polysaccharide synthesk 'Ibe concentrations of 20E which stimulated 

synthesis appeared to be in the phy9010gical range of ecdysteroid-like immunoreactivity 

detemineci m the hemoiymph (10"~to 10%). These r e d s  are m agreement with those of 

Bride et ai. (1991) who demonstated 20E stmnrIated the in vitro synthesis of polysaccharides 

m the albumen gland of the terrestrial mail H. aspersa. 

The observation of a change m titer of a particuiar chemical substance concomitant 

or precedhg a s p d c  phy901ogical event is a key criterion to demonstrate the substance is 

hctioning in a classicai hormonal fishion. In H. dury, mating is known to activate the two 

gonadotmpic centers, the CDCs and DBs, thereby stimulating the release of their produas 

mto the hemolymph (Mukai and Saleuddm, 1989; Saleuddin et al., 1989; Khan et d, 1990% 

b). A marked mcrease m aIbumen gland polysaccharide synthesis was observed between 1% 

24 h foliowhg a first matmg, and peaked at about 30 h post-matmg. It is durhg this period 

of t h e  that the fÏrst chtch of eggs was laid The aïbumen giand synthetic activity showed 

peaks and trou& of acbMty over the next 36 h. The periods of mcreasing synthetic actMty 

was correlated with bouts of egg layhg. Mer mails are mated, the albumen gland appeared 

to maintain an elevated Ievel of synthetic activity which was approh te ly  two to three-fold 

higher than virgms- 

The hemolymph ecdysteroid concentration fiom first-mated mails was meaçured by 

RIA and showed ody d fluctuations in ecdysteroid titer. There were no Sgnificant 
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changes in hemolpph ecdysieroid levels up to 66 h p o s t - d g ,  ahhot@ there were generd 

correlations of some minor mcreases in hemolymph ecdysteroid concentration with albumen 

gland a&Q. One posgble explmation is the DBs may SecTete an u n d  ecdysteroid(s) 

mto the hemolyxxrph, which is biologicaüy active on the aibumen gland, but is not recognized 

by the m e n t  antisenrm. 

T&e HPLC/RIA anaiysis of DB-conditioned medium shows that 25dE and E are the 

predomhmt ecdysteroids secreted by the DBs of H. d.yi. This is m contrast to the resuhs 

of Nolte et al. (1 986) who reported the DBs of the terrestrial siail H. pomPta secreted 

primarily E. In this respect, the secretory products of H. d . y i  DBs resemble those of the 

decapod crustaceans, where 25dE is aiso a major semetory proQict of the Y-organs (Lachaise 

et ai. , 1989; Pis et al., 1995). This ecdysteroid is then converted to Pon A by peripheral 

tissues, and dong with 20E, are the major circulahg ecdysteroids m the hemo-h of 

several crustacean species (Lachaise et al., 1989). 

The bioactivity of pooled HPLC fiactions show there are two fiactions (1-6 and 54- 

60) which possess modest polysaccharide-spithesis sthdatmg activity, whereas pooled 

fractions 33-39 contained sigdlmnt bioactivity. The ody ecdysteroid standard which elutes 

between hctions 33-39 is 2dE (-37 min). In this study, the only ecdysteroid tested 

extensive& was 20E. Based on HPLClRIA data, some other possible candidates that await 

fiuther testing are E, 25dE, or PonA Biosynthetic studies by Garcia et al. (1995) fotmd that 

terrestrial s ia i l s  did not appear to produce the typical msect ecdysteroids (E, 20E) via the 

same pathways. They proposed that mails might use an alternative ecdysteroid biosynthetic 
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pathway, simüar to that obsefved m primitive arthropods to produce imnsual ecâysteroid 

molecules Bombywsterol is an example of a unique ecdysteroid-related molecde isolated 

fiom Bombyx naai ovaries (Fujimoto et al., 1985). Such nwel ecdysteroid-related molecules 

may have smiilar polanty to the typical ecdysteroid molecules (for example, E, 20E), but 

react pooriy with m e n t  ecdysteroid antisera. In our study, weak ecdysteroid-like 

immunoreactivity could be detected m some fiactions that showed modest activay in the 

bioassay. Therefore, it is possible K. dwyz DBs might produce an unusual ecdysteroid-Be 

m o l d e  *ch is not recogxid Usmg the current antisenmi Adysis of other ecdysteroid 

species present m DB-conditioned media and m the hernolyxqh of H. - by 

HPLC/merential RIA (the use of antiseta with mer ing  afbities toward vanous moieties 

of the ecdysteroid molede), and biosynthesis studies using radiolabened precursors should 

provide usefd information regarding the type of ecdysteroid molede(s) to focus attention 

upon m pulmonates. 

The HPLC separation and bioactivity profle of the 100% methanol eluate (not 

ecdysteroid-immunoreactive) fiom the solid-phase extraction cartridge reveded signincant 

stmnilatory actMty in two pooled fiactions ehiting near the end of the acetonitrüe gradient, 

suggesting that the material fiom these fiactions is hydrophobie m nature. At present, the 

chernical idenMy of the substance(s) wahin these bioactive fiactions is unlaiown. 



Table 1 Secretion of ecdysteroid-lilre ~ o r # i c t i v e  materiai fkom the DBs of Helbanm 

m. Groups of ten DBs or ovotestes were mrimtained for 24-30 h m M e h  199. After 

the incubation period, the aihne medmm was wflected and measund for ecdysteroids Usmg 

RIA (antisenim H3). Dorsal body tissue d e r  before or d e r  mcubation was extractecl m 

methmol, then mesrmd for ecdysteroids. Note that ecdysteroids could be not be detected 

m DB tissue either before or d e r  the mcubation period However, significant quantities of 

ecdysteroid-like immunoreactive materiai is detected in the culhtre medium fiom which the 

DBs had been innibated. The ovotestis did not secrete detectable amounts of ecdysteroid 

mto the surrounding culture medium. nd-not detectable. 
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Table 1 

DB Tissue (before cuitme) nd ( 5 )  

DB Cuhure Medium (afker 24 h) 100.00 * 7.07 (9) 

DB Tissue (after 24 h cuhure) nd (9 )  

ûvotesris Culture Medium (afkr 24 h) nd (3) 



Table 2 The &ect of 20-hydroxyecdysone (20E) injections into v i r e  Hefisontcl dus>i on 

egglaying activby. Vngh SM& were dMded into four groups (8 mails per group), each 

RÎeMng injections of 10,25, and 100 ng 20E (m 2 pl of saline) every day for three weeks 

Control anHnals received saline alone. The çumulative number of egg masses and egg 

capsules produced pt the end of the experiment was recorded for each group. Note that 20E 

stimulateci egg mass production in a dose+dependent fâshion (10-100 ng) compared to 

controk 
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No, of snails To ta l  no. of  Total  no. of 
Injections responding to  egg masses emPty egg 

2 0 E  injections laid capsules laid 

Control  
(sal ine)  



Fg- 1 'Lhe ef€éct on ecdysteroid injection in virgin Helisotna diqyr on oocyte maturation. The 

ovotestis were removed fiom 20E mjected mails, nxed in Hutchison's solution, then 

processed for light microscopy. Serial 8 pm thick sections were cut and sbined for km- 

containhg proteins ushg the Russian Bhe reaction. Oocytes < 50 pm in diameter were 

scored as immature and those 2 50 pm m diameter were scored as mature. The data is 

represented as the % of mature oocytes relative to Mmiature oocytes. Note that ecdysteroid 

injections cause an mcrease in the percentage of mature oocytes cornpared to saline mjected 

controls (N=6 for each group). *Statistidly different Eom control (ANOVA pc0.002, 

TukeyTest). 
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Fig. 1 

Mature Oocytes 

Immature Oocytes 



Fe 2 Li@ mimgraph ofthe ovotenis fiom a vira siail injectecl with eitber saline (2a) or 

100 ng 20-hydroq~dysme (2b)- Sections were stahed with the Pnissian Bhe Reaction for 

inni-ccmtahhg proteins (green-bhie) and couuterstamed wirh safianin (red-brown). Note the 

mcrease in number of mature oocytes (>50 p) in the ovotestis fiom the ecdysteroid injected 

animal compared to the controL ac-acinus. Scale bar, 100 pm. 
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Fig 3 The effed of 20E <in albumai gland @ d c  activity. Albumen glands were incubated 

for 48 h with 20E (10-12 to 1c7 M) m Medium 199 contahihg radiolabekd giucose ( 1  

pCi/ml). Total polysacchaxides synthesized by the tissues and released mto the culture 

medium was ~uantified after TCA extraction and ethanol precipitation. Bars represent the 

means * SE of 10-20 samples Note Sgnificant stimulation of polysaccharide synthesis 

between 10-'' M to 1 0 " ~  20E (*hskal  Wallis p<0.05, Dunn Test). 

Facing Page 108 



Fig. 3 

15000- 

10000- 

5000- 

con 12 
Conœ 



Fig. 4 The e f f i  of matmg on albumen gland polysacchaxide synthesis and hemoiymph 

ecdysteroid wn-tioe Virgin snails were raised in isolation to a size of 10-12 nmi &en 

diameter, then paireci for a single matiag. Mer  copulation, the in vitro synthetic actMty of 

the albumen gland was determioed wery six hours. HemoSmph ecdysteroid leveis were also 

quantifiai by RIA. Note a dramatic increase m synthetic aaivity of the albumen gland 

between 18-30 h post-matmg. The horizontal bars represent approximate time M e  of 

oviposïticm. 'Ihe hemoiymph ecdysteroid concentration does not show statisticaliy Sgnincant 

changes d e r  a first m a h g  Each pomt for die detemination of polysaccharide synthesis and 

hemolyniph ecdysteroid concentration represents the mean SE of 4-6 -les, and mean 

* SE of 4- 12 samples respective@ 
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Fig. 5 Fractionation of dord body-conditioned mediimi ushg Sep-Pak C,, soiid-phase 

exiraction cartndges, and subsequent detection of ehmtes for ecdysteroids Approximateb 

20 DBs were h b a t e d  m Medium 199 for 24 h. Mer incubation, the medium was loaded 

diredy ont0 a preconditioned cartridge and eiuted with successive washes containhg 20%, 

70%, and 100% methanoL The individual eluates were dried down and analyzed for 

ecriysteroids k g  RIA Note that onfy the 70% methanol ehiate contained ecdysteroid-like 

immun~reactiMty~ 
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immunoreactive Ecdystemids From Sep-Pak Eluates 



Fig. 6 HPU: chromatogram of DB-conditioned medium &er Sep-Pak C,, hctionation. 

Appro-tely 200 DBs were mcubated m culture medium for 24 h and the mediimi passed 

through a Sep-Pak Cl, cmtridge. Mer salts and unretained material were washed fiom the 

cartridge with water, the adsorbed material was eluted with 70% methanoL The eluate was 

dried, resuspended in 12 % acetonitrile (ACN), and a portion was injected mto the HPLC 

colunm (Nova Pak Cl, , 3.9 x 150 mm, 4 pm). The extract was separated using a linear 

gradient h m  12-32% ACN over 60 min, then a Iinear gradient nom 32-62% ACN m 10 a. 

The flow rate was 1 d m h ,  and fiactions ( 1 ml) were coiiected mto 1.5 ml polypropylene 

tubes The vertical axis represents the absorbance units (AU) at 242 nm, and the horizontal 

axk represents the duration of the gradient. 
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Fg 7 Ecdysteroid cluantificatian ofHPLC-separated îhdons fiom DB-conditimed medium 

The HPLC separation was perfirmed as descriied in Fig 6, and each of the the ~ c t i o o s  

adyzed fùr edy~eroids using RTA The fiactions coehitmg with 25dE and E contained the 

highest ecûystemid-iïke immimoreactivity. The data were not corrected for crosreactivity 

to the H3 antisenim, Arrows represent the retention h e s  of the authentic ecdysteroid 

standards. 20E, 20-hydroxyecdysone; E, ecdysone; 20E22Ac, 20-hydroqecdysone 22 

acetate; 3dE, 3-dehydroecdysone; 2dE, 2-dehydroecdysone; Pon A, ponasterone A; 25dE, 

25-deoxyecdysone. 
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Fig. 7 

Fraction Number 



Fig 8 The effect of HPLC-separated hctions on aïbumen gland synthetic acthdy. Dorsal 

body-conditioned medium was separated by HPLC as descriied in Fïg. 6 a  Six to seven 

fiactions were pooled and dried down. The residue was resuspended in sterile saline and 

tested for bioactivity at a dose of 4-5 ae. Samp1e 1 (hctions 1-6); sample 2 (fiactions 7- 12); 

sample 3 (fractions 13- 18); sample 4 (hctions 19-25); sample 5 (fiactions 26-32); sample 6 

(hctiom 33-39); simple 7 (fiactions 40-46); sample 8 (hctions 47-53); sample 9 (fiactions 

54-60); sample 10 (fractions 6 1-70). Bars represent the means SE of 4-6 samples. Note 

ngeiscant stimulation of albumen gland polysaccharide synthesis m sample 6 (fiactions 33- 

39K*ANOVA p=O.OO 16, Dunnett Test). 
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Fig. 8 
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Fs 9 HPLC chromatogram of DB-conditicmecl medium ehited fiom a Sep-Pak C,, camidge 

with 100 % methano1 Approxhnately 200 DBs were incmbated m culture medium for 24 h. 

The conditioned medium was passed through a preconditioned Sep-Pak C,, cartxidge. 

Ecdystemid-like immunoreactive material was eluted with 70 % methanol and set aside. The 

remahder of the hydrophobie meterd retained by the cartridge was eluted with 100 % 

methanol then evaporated to dryness The residue was resuspended in 20 % acetonitrile 

(ACN) and mjected into the HPLC c o h  (Nova Pak C,, 3.9 x 150 mm, 4 pm). The 

extract was separated ushg a linear gradient fiom 20%-100% ACN m 40 min. The vertical 

axk represents the absorbance units (AU) at 242 nm, and the horizontal axk represents the 

duration of the gradient. 
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Fg. 10 Activdy profile of the hyQophobic material fiom DB-concütioned medium separated 

by HPLC. 'Ihe 100?%0 methmol e h e  nOm DB-co~lditioned medium was separated by HPLC 

as d e m i e d  above- Evexy 5 hctions were pooled, then evaporated to dryness. The 

fiactions were tested for bioaaMty at a dose of 4-5 ae. Bars represent the means * SE of 

4-6 samples Sample 1 (hcticms 1-5); sample 2 (hctions 6-10); sample 3 (fiactions 1 1-15); 

sampie 4 (fractions 16-20); sample 5 (fiactions 2 1-25); sample 6 (hctions 2630); sample 7 

(fiactions 3 1-35); sample 8 (fiactions 36-40). Note that slonples 7 and 8 significantly 

stimulated albumen gland polysaccharide synthesis (* Kruskal-Wallis pc0.007, D u m  Test). 
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Fig. 10 

Pooled HPLC Fractions 



Chapter N: IdenW~cation of Albumen Ghnd Proteins and the Effm 

of Brain Extracts on Their Release 

SUMMARY 

A 66 kDa glycoproteh was identified m m d e  albumen gland extracts fiom the 

pulmonate snail HeZisonza d q i .  This glycoproteh is the major protein coI1Stit\lemt of the 

albumen giand secretory cells and is also secreted by glands maintainecl in vitro. The albumen 

gland glycoprotein appeared to be metabolized by developmg embryos and Iikely serves an 

important role in providmg nutrition and/or protection to the embryos. Protein release fkom 

the albumen gland can be enhanced by addition of a brain extract. The albumai glands 

disseaed fiom mated mads were more sensitive to brain extract than those of virgin animalfi. 

There a p p e a ~ ~  to be two fictors fkom the brain that stmnilate the secretion of albumen. One 

fàctor has been p- characterized as a basic peptide having a rnolecular weight less than 

10 kDa, and the otha is the biogenic amine dopamine. 



INTRODUCLlON 

The producbon, transport, and packagmg of eggs is a complex process in gastropod 

molhiscs and is known to involve the enchmhe system (Geraerts and Joosse, 1984; Saleuddin 

et al., 1990). Oocyte maturation, as well as the differentiation and synthetic activity of the 

M e  accessory sex organs is govaned by the endocrine dorsal bodies (DBs) in pulmonate 

snails (see Joosse, 1988; Saleuddin et al., 1994). The release of mature oocytes (ovulation) 

nom the ovotestis is stimulated by the peptidergic egg-layhg homone (EUX) in the 

opisthobranch Aplysia calijmicu and by the caudodorsal cen hormone (CDCH) in the 

puhncmate Lymnaea stagnah (Geraexts et al., 1988). In fkshwater pubnonates, the ovuiated 

oocytes m e 1  along the hermaphroditic duct and are m d  near the carrefour, a ghglanmilar 

outpocketing of the hermaphroditic duct. As the eggs move dong the female tract, they 

receive secretions from various fernale accessory sex organs and are assembled as an egg 

mass to be oviposited. 

Oocytes in the Basommatophora are quite srnaIl ( - 100 p M  in diameter) and contain 

üttle yok protein (ddong-Brink et al., 1983; Geraerts and Joosse, 1984). The embryos 

receive moa of their nutrition fiom the perivitehe fhUd (PVF) which su~~ounds the 

individual eggs The PVF is composed maidy of the polysaccharide galactogen and various 

proteins, which are synthesized and secreted by the albumen gland, a compound tubular 

exocrine f d e  accessory sex gland (Okatore et d, 1982; Wdsnan and van Wijck-Batenburg, 

1987). The secretion of PVF mto the carrefour anist be synchronized with the arriva1 of 

eggs and thus, the precise control of secretion is necessary. Ultrastructural studies mdicate 
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that a neuronal plexus is present in the albumen gland (Nieland and Goudsmt, 1969; 

deJong-Brink and Goldschmeding, 1983), and t has beai suggested that a nervous 

mechanisrn is responsible for controlhg the release of PVF (ddong-Brink et al., 1982). In 

the fieshwater mail Helisoma cfuryi, Sificant in vitro release of radiolabelleci 

polysaccharides was detected fiorn &men glands followïng long tenn mcubation with the 

central nervous system (CNS) or d o r d  body P B )  extracts (Mürsys and Saleuddm, 1985; 

this thesis), suggestmg a h a o r  fiom the brah or DBs promotes the release of the ne* 

synthesized polysaccharides h to  the surroundhg medium 

Current bioassays that monitor the in vibo synthetic activity of the albumen gland are 

tirne-consuming (O* 1-2 assays can be performed per week), expensive (costly isotopes, 

scintillation equipment, and culture supplies), and are subject to consiiderable variability, 

dependhg on the physiological status of the albumen giand. A unique 66 kDa glycoprotein 

fiom the albumen gland of H. dwyi has been recently identifie& and a saisithe, rapid 

bioassay for release of albumen gland proteins and polysaccharides developed (Morishita et 

al., 1998). This bioassay has been modified and used to detemine the effects and distn'bution 

of activity fiom various regions of the CNS of H. dWyi on albumen gland protein secretion. 

A partial characterization of a stimulatory factor fkom the CNS was achieved. Several 

neuroactive agents known to be present m puhonate nervous tissue were also teaed for 

pot ential secretion-promoting activity. 



MATERLALS AND METHODS 

Animais 

Laboratory stocks of reproducing H. dbyz were reared m 4-ber plastic contamers 

( 15-20 smildcontainer) in dechlorinated tap water containmg 0.025% amficial sea water 

(Instant Ocecm, Ohio) and tnsjntajned under 16L:8D photoperiod The siails were fed a diet 

of boiled lettuce and nsh penets every 2-3 days and the water was changed at least once a 

week A& animais (10-12 nmi shd diameter) were taken h m  the general population and 

mchi&aiiy placed in plastic arps 2-3 weeks prior to experimentation to m d o r  egg-layiug 

rates of the isolated d Albumen pian& wae dissectecl fiom those siails that hrd not laid 

egg masses withm the lnst 24 hours. 

Bj,,, 

Albumen glands were dissedecl ike k m  surzomding tissue and cut mto hahres, thai 

washed in severai changes m Helirama dine  (5 1.3 mM NaCl, 1.7 mM KCl, 4.1 mM CaCI, 

1.5 m M  MgCI, 5.0 mM Hepes, pH 7.3, 120 mOsn/kg H20). Individual tissue pieces were 

placed in each weil of a 96-weJl culture plate (Becton-Dickinson and Co., hcoh Park, NJ) 

containmg 100 pl saline. AI1 the extemai saline was removed and replaced with 100 pl of 

fie& saline every 20 min. The test compoimds were dissolved in dine  to their fmal 

concentrations, then applied to the glands at 60 min. The test extracts were removed at 80 

min, and the release of protein was monitored for another 60 min. The collected saline was 

centrifitged at 2,000 x g for 1 min to remove any debris, and 80 pl of the supernatant was 

added dire* into a disposable 1.5 mi polystyrene cuvette containhg 420 pl Triton X- 100 
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(0.012% vk). Rotein content of the released matenal was determined by adding 125 pl of 

commercial Bio-Rad dye reagent concentrate (Bio-Rad m e  Sciences, MisSssauga, Ont.) 

and measziring the OD,, after 10-20 min. Bovine senmi aIbumen was used as the standad 

At the end of the experiment, the albumen gland wet weight was recorded and the data 

normaIized with this vahie. 

AIbumen glands were dissected out m siail saline and washed m several changes of 

saline to remove celhdar debris and hemoiymph. The glands were homogwized in ice-cold 

50 mM Tris-HC1 (pH 7.2, containmg 2 mM MgCl, 1 mM EDTA, and 1 mM PMSF), then 

centrifùged at 20,000 x g for 20 min. The peilet was discarded and the extract was used for 

sodium dodeql &te polpcrylamide gel electrophoresis (SDS-PAGE). Electrophoretic 

separation was carried out on 9% slab gels ushg the Bio-Rad mini-gel apparatus (Bio-Rad 

Life Sciences, Inc., MisSçsauga, Ont.) according to Laemmli (1970). Folowing 

electrophoresis, the gels were stahed overnight with 0.2% CoomasSe BriILiant Biue R-250 

(CBB) m 50% methanol, 10% acetic acid. Excess stain was removed with 50% methano4 

10% a&c acid and the gels stored m distilled water so that they could be photographeci or 

dried onto filter paper for fùrther anaiysis For the demonstration of carbohydrate rnoieties 

on protehs, the gels were stained using the Periodic Acid-Schiff(PAS) technique accordmg 

to Van-Seuningen and D a d  (1992). Rotein released f?om glands stImulated with brain 

extract was coilected, concentrated with a Speed-Vac (Savant, France), and mixed witb 

SDS-PAGE sample buffer, thm separated as descnbed above. 
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araaon of CNS Extracts - 

Buccal ganglia (BG), cabra i  ganglia (CG), subesophageal ganglia (SG) or dorsal 

bodies (DBs) fiom H. were dûseaed out unda ice-cold saline and immediateb f?ozen 

on an aluminum block that had been previousty cooled with dry ice. The fiozen tissues were 

pooled and stored at -80°C unta required for extraction. E-action of stmnilatory material 

nom the nervous tissue was performed by boiling the tissue in O. 1 M acetic acid for 3 min 

to destroy endogrnous proteases The preparation was rapidJy cooled, then homogenized 

wah a motor-&en pede in a 1.5 ml polypmpylene microtube @Contes, NJ) held on ice. The 

homogemte was centrifiiged at 20,000 x g (5 min), and the pellet was reextracted m a smdl 

volume of acetic acid and centr&ged once again. The supernatants were pooled and two 

volumes of acetone (o°C) were added (final concentration 66% v/v) to the acid extract and 

held a approximately oOC for 20 min. 'Lhis concentration of acetone is known to precipitate 

most proteius above 10 kDa in an aqueous solution (Scopes, 1988). The precipitated protein 

was peileted at 20,000 x g (20 min), and the supernatant was evaporated to dryness. For the 

bioassay, the dned brab emact was resuspended just pnor to use in 5 pl of 0.0 1 M acetic 

acid and an appropriate volume of saline. In some cases, the DBs were homogenized in 

methmol centrifùged at 20,000 x g, and the supernatant evaporated to dryness. Dorsal 

bodies were also maintained in Medium 199 (pH 7.3, 140 mOsn) for 48 h to d o w  for 

secretory material to be released and accumulate in the culture medium. Mer the mcubation 

period, the DBs were removed and the c u b e  medium concentrated with a Speed-Vac. The 

concentrate was loaded onto a preconditioned Sep-Pak C, solid-phase extraction camidge. 



S&s and unretained materiai were ehed  with water and the adsorbed material was ehited 

wah 100% methano1 The meùia.01 e h t e  was drkd, resuspended in saiine, and then tested 

for bioactMty. 

Protease Treatment of CNS Extracts 

Dried brah extracts were remspended m saline to a concentration of 1 brain 

equivaient @e) and mcubated with protease-beaded agarose (1 mglml of Ronase F, Sigma 

Chernical Co., St. Louis, Mo.) m 1.5 ml microtubes at room temperatme for 4-5 hours on a 

Vibrax shaker (Janke and Kunkei, Germany). After the mcubation period, proteoiytic 

m e s  were peIieted by centrifiigation at 10,000 x g (5 min), and the &e extracts tested 

for activity. Control CNS extraas were not subjected to protease treatment or were 

mcubated with heat-bctivated enzyme, then tested for activity. 

Membrane ~ ~ a t i o n  of CNS Extra@ 

For detemination of the molecular weight of the stmnilatory Bctor fkom the CNS 

extra% a molecular weight cut-off membrane filter of 3 kDa was used (Microcon MWCO-3, 

Amicon, Mississauga, Ont). Brah tissue was boiled in acid and large proteins were acetone 

precipitated as described earlier. The extract was partiany reduced in vohune, then loaded 

mto the dbdibation unit and centrifugecl at 12,000 x g untü 10-20 pl of retentate rernained. 

The filtrate and the retentate were evaporated to dryness and resuspended in saline prior to 

bio assay. 

Sep-Pak C. Srnaration of CNS Extract 

The brain extracts after acetone precipitation were reduced in volume to 100-200 pl 
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and loaded onto a Sep-Pak C, soiid phase extraction cartridge that had been previousiy 

primed with acetonihile ( A m ,  then washed with O. 1 M acetic acid The acid extract was 

passed through the cartridge and then washed wah 0.1% tduoroacetic acid (TFA). 

Substances not adsorbeci to the cartridge were ehded wah O. 1% TFA *ch was designated 

as the flow-through (FT). The retained material was ehited with two washes of 60% 

ACNIO. l%TFA (2 ml), then with two washes of 100% ACNIO. 1% TFA (2 ml). The three 

separate ehiates were dried and tested for activÎty as desci'bed above. 

Ion Exchange S-ion of CNS Extrac& 

Dned brain emacts d e r  acetone precipitation were resuspended m 3 ml of 10 mM 

ammonium acetate (pH 5.0) containing 20% ACN. The extract was passed through two 

differat ion excfiange cartridges cotltlected m series, a Sep-Pak CM cartridge and a Sep-Pak 

QMA camidge (Bennett, 1986). The CM unit is a strong cation exchanger and win bind 

basic peptides, whereas the QMA unit is an anion exchanger and wiil bmd acidic peptides. 

Neutrd peptides wiiI not bind to d e r  camidge and are washed through with an additionai 

5 ml ofbuffer (neutral pool). The caxtridges were then disconnected and each washed with 

b&er containhg 1 M NaCL The CM wash was designated the basic pool, and the QMA 

wash was designated the acidic pool The high sah  eiuates were reduced to approximately 

halftheir v o h e  and loaded onto a Sep-Pak C, cartridge. The saits and unretained material 

were washed away with 0.1% TFA and the retamed material eluted with 60% ACNIO. 1% 

TFA The fiactions were tested at a dose of 2.0 and 4.0 be. 



Statisticai an- of the data were pdormed with the paired t-test or the Wücoxh 

paireci ample test @<O.OS). 

RESULTS 

D PA E p 

When a crude extract of albumen gland was separated by SDS-PAGE, a protein band 

of approxirnately 66 kDa was stained htensely (Fig la, lane 2). This protein appeared to be 

the most abundant protein m soluble albumen gland extraas and is likeky a glycoprotein as 

it aiso stained positive& with the PAS technique (Fig. la, lane 4). When fie&& dissected 

albumen glands were rnaintained in saline, they released a number of proteins into the 

surroundhg medium (Fig. 1 a, lane 3). A s'miüar protein profile was detected whether an 

intact glaod or pieces of the gland are used (Morishita et al., 1998). The most abundant 

protein in the releasate was the 66 kDa glycoprotein. Proteins extracted nom &esMy 

oviposited egg niasses were electrophoreticaiiy separated and the major constmient protein 

was again the 66 kDa glycoprotein (Fig. lb, iane 2, 3). The embryonic development of 

Heiisoma trivoIvis requires about 12 days at 26.5 O C  nom the thne of oviposition to the 

emergence of thejwenile siail$ and is syncbronous among eggs withm mdividual egg masses 

(GoIdberg and Kater, 1989). Approximateiy mid-way through embryonic development ( - 6-7 

days), the staining of the 66 kDa protein was noticeably reduced (Fig. Ib, lane 4), and just 

pnor to hatching, the 66 kDa protem was barely detectable (Fig. tb, lane 5) .  

To deterxnine if an endogenous fàctor fiom the brain is capable of evoking protem 



releas fiom the albumen gland, an acid extract prepared nom H. mayi CNS was spplied to 

the gland. The basal release of the 66 kDa glycoprotein nom the albumen gland is shown 

during the first 60 min m Fig. 2. The application of one bram equivalent (1 be) at 60 nrin 

markedly mcreased the release of this protein over the next 20 min. Foflowing the removal 

of the extract at 80 xuin, prot& release retumed to basai leveis. Ahhough other minor 

proteins wae released by the aIbumen gland upon stimulation, the 66 kDa giycoprotein was 

clearly the most abundaut. 

Since the assay of protein release by SDSPAGE is unsuiîable for the andysis of a 

large number of samples, a more rapid and convenient method was required to masure in 

vitro protein release by the albumai gland before and after application of test materiaL This 

b o h e d  the use of a commercial protein dye reagent fiom Bio-Rad based on the method of 

Bradford (1976). The method was slightly modified by addmg the protein sample (80 pl) 

directly to a cuvette containing 420 pl Triton X- 100 (0.0 12%), then adding 125 pl dye 

reagent concentrate and mixing thoroughly with the pipettor. The Hichision of low 

concentrations of Triton X-LOO has been shown to mcrease the saisitivity and linearity of the 

origmal Bradfbrd assay (Friedenauer and Berlet, 1989; Lofeer and K m ,  L 989). Therefore, 

this protocol mcreases the saisitivity of the assay while minimi7ing the use of supplies as well 

as saving time. 

Effect of CNS Extract on Rotem Secretion 

When fieshly dissected albumen glands are mahtahed m dine,  they will release 

protein £kom their ducts into the sux~ounding medium The time course of a typical rate of 
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m via0 protein reIease fiom albumm gland explants is shown in Fig. 3. Rotein release was 

inh ly  around 1.4 pg protein/mg tissud20 min, and graduaIty decreased over the next 60- 

80 minutes mtil protein IeveIs were nedy  undetectable using the m e n t  protein detection 

system A time of 60 min was chosen as the point at which the test extracts were applied 

'Ihe application of 1 be evoked Sgnincant release of protein from albumen glands in 

vitro (Fi 4). The release of protein persisteci at approlcmiately the same rate as long as the 

stgnnihis @rab extract) was present Qi the surrounding meclhm (60 min). After removal of 

the stimdw, the rate of protein release deched rapidly until it attained levels comparable to 

that seen before brah extract application. Addition of a Sngle dose of brain extract for 20 

min evoked release of protein that was smiilar in ternis of magnitude compared to glands that 

had been exposed to stmnihis for longer than 20 min (data not show), thus ail subsequent 

experiments useû cmîy a Sngle dose oftest mat& The basal level of proteh release 20 min 

prior to the addition oftest extract was compared to the level of protein release 20 min after 

the addition of test extract. 

The dose-response m e  afta brain extnict application revealed the threshold for 

stimulation of protein release nom the albumen gland appeared to occur at approhte ly  

0.25 be and was maximal at about 1.0 be (Fig. 5). The protein content of the brah extract 

was negligiile and did not interfere with total protein measurements fiom aibumen gland 

releasates. 

When a brain extract was applied to virgin albumen glands, there was no signüicant 

mcrease m protein secretion comparai to basal levels 6). 'Ihe same extract when applied 
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to albumen giands fkom mated siails was capable of induchg Sgnincant proteh release. The 

location of protein secretion çtmnilatory Bctor in the CNS was assessed by swgicaIly 

separahg the CG, SG, BG, and DBs, and processing the tissues as demibed above. 

S i ï c a n t  stinnilatory acitivty was contained wahin the CG and SG @g. 7). Both ganglia 

seemed to be equa.üy eftéctive m stmnilating proteh release nom the aIbumen gland. The BG 

and DBs did not contai- any acid-extractable stimulatory activity. Likewise, a methanol 

extract of the DBs or application of DB-conditioned medium did not evoke protein release 

fiom the albumen gland (Fig. 7). 

Partial Characterization of the Stmnilatorv Factor From the CNS 

Since the stimulatory factor nom the CNS retained biologicai actvity afker behg 

extraaed in boiling O. 1 M acetic acid and subjected to acetone treatment, t suggested that 

the stimulatory Ewtor is relative& heat-stable and probably not a large protein. A M e r  

pharmacological characterkation of the Ictimiilatory fàctor fiom H. dwyi CNS was pdormed 

by treating extracts with proteolytic enzyme. Incubation of brain extract with protease 

aboiished ts stimulatory effect on the albumen gland, mdicating the brain fàctor is likely a 

peptide (Fig. 8). 

The acetone treatment of the acid extract mdicated that the brain factor is probably 

a peptide less than 10 kDa. The use of a disposable dtrafihation devices with a specined 

molecular weight cut-off membrane (MWCO 3 kDa) provides a method to separate the 

stimulatory activity originating fiom the brain bssed upon relative molecular weight. This 

expriment showed that the stinnilatory peptide fiom the CNS is present m both the filtrate 



( m o i d e s  Iess than 3 km), and the ret-e (molecules above 3 kDa). The mhPte displays 

slightly higher activity but is not Sgnificantly Merent coq& to the actMiy of the 

retentate @g. 9). The uh-tion procedure was unable to clearly define a m o l e a h  

weight region for the brain peptide since molecules greater than 3 kDa cm somehes pass 

though the membrane and umversely, molecules l e s  t h  3 kDa can somehes  be retained. 

The crude CNS extract was al= hctionated on a Sep-Pak C, d d g e  to in an 

attempt to partkdly purifi/ the CNS iàctor for fimne peptide pudication studies Usmg HPLC. 

'Ihe acid extract was loaded mto a Sep-Pak C, cartridge, thm ehaed with O. 1% TFA (flow- 

through), 60% ACN/O. 1% TFA and f h U y  with 100% ACN/O. 1 % TFA The d y  fiaction 

to possess stimulatory activity on the albumen gland was the 60% ACMI. 1% TFA ehmte 

(Fig. 10). Signincant stimulation of protein reiease was elicited by a dose of 1.0 be. 

The Sep-Pak soiid phase exiradon d d g e s  were elso used to determine the relative 

ionic nature of the peptide of mterest. The ehmte fiom the Sep-Pak CM cartridge (basic 

pool), the Sep-Pak QMA cartridge (acidic pool), and the Bow-through (neutrd pool) were 

assayed at 2.0 and 4.0 be for their abiüty to mduce protein release fiom the albumen gland 

(Fig. 1 1). Neither the acidic nor the neirtral peptide pool contained st8milatory activity. In 

contrast, the basic pool was capable of stimulahg sipikant  protein release from the 

albumen gland in vitro at concentrations of 2.0 be and 4.0 be (Fik 10). 

Effect of Sorne Neurooeptides and Bipgenic Ammes on Albumen Gland Protem Secretion 

Electron microscopie studies have indicated that the aibumen gland of ri.- is 

innervated by peptidergic and aminergic varicoshies (AS.M Saleuddin, unpubiished 
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observations). ThefefOre, some neuropeptides and biogenic amines known to be mvohred m 

puhonate reproductive fimaions wae tested for bioaaivity. The neuropeptides caudodod 

ceil hormone (CDCH) and c a l f h h  kom L. stagnaIrlis, the molhiscan neuropeptide 

FMRFamide, and the biogenic amines serotonin, and dopamine were tested at O. 1 p M  and 

1.0 p M  for their ab- to stimnrlate protein secretion fkom a I b m  glands (Table 1). The 

CDCH, calfliuon, FMRFamide, and serotonin were al1 meffective, whereas dopamine at a 

concentration of 1 pM evoked a signifiaint release of protein (1. Ffold mcrease). At a higher 

concentration ( 1 0.0 pM), dopamine stmnilated protein release approximately Cfold over 

control ievels. No effect on protein secretion was seen at a dose of O. 1 FM dopamine. 

DISCUSSION 

The albumen gland of fieshwata pulmonate siails semes an @ortant role m the 

reproductive physiology of these animafs. The secreted PVF mats hdividual eggs as they 

pass through the carrefour, the site at which the aîbumen gland releases its produas (ddong- 

Brink, 1969). The coated eggs then pass dong the female portion of the reproductive tract 

to receive M e r  secretions fiom other female accessory sex glands. The eggs are packaged 

together fo- a circular egg mass, then oviposited upon a suitable substrate. 

In addition to the polysaccharide galactogen, a qyantitativeiy important constituent 

ofthe PVF is protein. In L. stagnaIzs, protein accoimts for nearly 50% of the dry weight of 

the fiesMy laid eggs (Wijsnan and van Wdck-Batenburg, 1987). A cmde soluble extract fiom 

H. duryi albumen gland reveals the gland is rich in protehaceous m a t d  The major 
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component of the sohible extract is a proteh of approrcimately 66 kDa as deteRlzmed by 

SDSPAGE. This protein appears to be piycodyhted as it also stsms positveb with the PAS 

reaction. When fieshiy dissected aIbumen glands are placed in vitro they secrete a number 

of different proteins, the major constituent of the secreted material being the 66 kDa 

glycoprotein. This protein is also the major protein present m extracts of f?eshty laid egg 

masses During embryogenesk, this glycoprotein is slowb metabobd, and prior to 

batchmg, d is noticeably reduced in quantity. This consimiption of the albumen gland 

glycoprotein by developmg embryos of H. - pardek the enzymatic breakdown of the 

polysaccharide galactogen by embxyos of L. stagnafis (Goudsmit, 1976). The precise 

fimction of the 66 kDa glycoprotein is uxtknown, but t likely serves as a n&e sourck for 

the embryos dong with galactogee 

In the sea hares A p w a  hr&i and Doiabeih uzuzcuiaria, annibacterial protehs 

have been isolated and characterized fiom egg mass and aIbumen gland extracts (Kamiya et 

al., 1984; Kisugi et al., 1989). These glycoproteins m opisthobranch moIhrscs are smiilar in 

native molecular weight and subunit composition to the 66 kDa glycoprotem fiom H. h y z  

albumen gland (Morishita et ai., 1998). S k  rmmy basommatophoran planorbid mails dweil 

m shaiiow mddy ponds and slow-flowhg streams, the albumen gland glycoprotein may also 

fûnction to protect the egg rnass fiom bacteriai mfection m stagnant waters. In another 

planorbid ad. Bzomphaiariu giabratu, the synthesis of an albumen gland proteh having a 

M a r  subunit composition to the H. hry i  glycoprotein was significady reduced m 

schistosome-infected (non-reproducmg) su& as comparai to unmfected (reproducing) mails 
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(Crews and Yoshino, 1991). This lends fùrther support to the importance of this protein m 

reproduction. 

The secretion of PVF around the eggs appears to be a regulated process as each 

oocyte must receive an equal-sized drop of PVF around Ït as it passes through the carrefour 

(ddong-Brink, 1969). Since the albumen gland and the reproductive trz~., receive innervation 

fiom the CNS, it has been suggested that secretion of PVF is controlled by a nervous or 

neurohomronal mec- (deJong-Brink and Goldschmediag, 1983). An acidic extract f?om 

H. duryi CNS stmnilates the in vitro secretion of proteins from the albumen gland* 

Electrophoretic + of the proteins released befme and afker stimulation demonstrates the 

major component of the secreted proteins is the 66 kDa glycoprotein. Ifthe stimuhis (CNS 

extract) is present for a prolonged tirne, the mapitude of the response is not enhanceci, but 

protein release remahs elwated until the stimuhis is removed A dose of 1 be is the most 

effective concentration in stimulahg protein secretion fiom the albumen gland. 

In vira Helisonm dwyi, the secretory cells of the albumen gland contain an 

abundance of seaetory material (Miksys and Saleuddin, 1985), and at least morphologically, 

they appear to be capable of reIeasing their contents &en an appropriate stiimihis. However, 

treatment of virgin glands with brah extract Med to woke Sgnificant release of protems, 

indicatmg the action of some other fàctor (DBY matedness factor ?) may be required for the 

bram extract to exert its effect. 

The general distribution of the stimulatory ac- in the CNS was determined by 

testhg extracts of CG, SG, BG and DBs on the albumen gland in vitro. The only nervous 
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tissues to possess stmnilatory actMty are the CG and SG. The exact ceIhilar origin of the 

stinnilatory factor within these ganglia is not known or whether the stimulatory factor fiom 

the CG is identical to that 6om the SG. The BG extract does not stimulate protein release 

fiom the aibumen gkn& The BG contains mah@ d neuropeptides (FMRFamide-related 

peptides, myomoduhs, small cardioactive peptides, buccalins) and biogenic amines 

(serotonin, dopamine, acetylcholine) which are mvolved in the muscular control of feeding 

in mails (Weiss et al., 1992). 

The DBs have been reported to stimulate the synthesis of polysaccharides m the 

albumen glands of neshwater pulmonates (Wijdmes et al., 1983; Miksys and Sa leuda  

1985, 1988; this thesis ). An acidic or methano1 extract prepared fkom DB tissue is meffective 

in stimiilating protein release, suggesting that sohible material fiom DB tissue is meffective 

m evoking the rapid release of proteins fiom the aîbumen gland. Howwer, under long tenu 

incubation conditions (-48 h), significant release of ne+ synthesized polysacchaides was 

observed with DB extracts (tb thesis). Miksys and Saleuddin (1988) also reported that 

polysaccharide qnthesis-promoting activity fiom DB tissue was not stable mder acidic 

conditions, however, biological actMty could be extracted with methanoL Culture medium 

in which the DBs were previoudy mrimtained was capable of stinnilating albumen gland 

polysaccharide synthesis and release mder long term culture conditions (this thesis), but was 

not able to promote short tenn protein release. Taken together, these resuhs indicate the 

DBH exerts its effect primady by iduencing the long tem synthetic activity of the albumen 

gland, and has little direct effect on the shoa term release of its secretory products. 
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These findmgs are consistent with the mechanism by which the aïbumen gland is 

believed to operate. The DBs have been proposed to maintain a certain level of albumen 

gland @etic actMty m reprhcing siails over a relatively long period, whereas a nenous 

or neurosecretory fiidor stimulates PVF release ody when eggs are present m the carrefour. 

The mechanisn by which the approaching eggs are detected in the carrefour and how this 

infiormation is m e y e d  to elid release of the PVF secretion-promoting peptide is not clear. 

In Buiinm buncofir, sensory recepto-secretory neurons are present m the carrefour region 

(Brisson and Collin, 1980), and could tnmsrnit information to aIbumai gland secretory c e k  

which are hexvated by both peptidergic and aminergic axons fiom the CNS (Nieland and 

Goudsmit, 1969; Brisson, 1983; A S.M. Saleuddin, rmpublished observations). 

In order to detamine the na- of the stbuhory factor fiom H. auyi CNS exmicts, 

the nervous tissue was subjected to proteolytic digestion and then tested for activity. 

Treatment with protease abolished t s  stimiilatory activity, implymg that it is a proteinaceous 

substance. This resuh, coupled with the observation that the brain extract retained activity 

d e r  b o h g  in acid and was not precipitated with acetone treatment, suggests that the CNS 

fàctor is probably a peptide less than 10 kDa. Separation of the brain peptide with Amicon 

uhhhration membranes (MWCO-3) results in activity bemg distri'buted m both the filtrate 

and retentate. 

The purification and characterization of the stimulatory peptide fiom the C N S  is an 

important step towards the understandmg of its role in the reproduction of H. &vi. To this 

end, a partial purification was achieved using Sep-Pak reverse-phase and ion-exchange 
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cartrïdges. Brah extracts were hctionated using a Sep-Pak C, carûïdge and eiuted with 

consecutive washes of O. 1% TFA, 60% ACNIO. 1 % and 1 OOO/iCN/OO. 1% TFA The 

ody fiaction possessing stmnilatory actMty was the 60% ACN/O. 1 % TFA eluate. This is 

consistent with the retention properties of most peptides fiom solid-phase extraction 

cartridges (Herraiz and Casal, 1995). The separation of the CNS extract by ion exchange 

camidges showed or@ the basic pool was capable of stimulating protein release nom the 

albumen giand, suggesting that the CNS peptide is rich m basic amho acid residues. 

Wddenes et ai. (1983) have suggested that there are two gonadotropic hormones, the 

DBH and the CDCH that act on the &men giand. Cnide extracts of the DBs or the 

cerebral commissure (presumed to contain CDCH) fiom L. stagnalis stàmulated in vitro 

polysaccharide synthesis. Shce DBH has not been chemically isolated, the unequivocal 

efféct of DBH on the biosynthetic a & d y  of the albumen gland has not been demonstrated. 

Likewise, it bas always been assumed that CDCH stmnilates the synthetic actMty of the 

abumen gland based on the a c w  of cerebral commissure extracts, the neurohemal area of 

the CDCs. Ahhough the primary structure of CDCH has been known for some time 

(Ebberink et al., 1985), synthetic CDCH has never been shown to stimulate albumen @and 

synthetic activity. Another neuropeptide named c a l f b h  has been reported to influence 

intracelluiar calcium levels m albumen giand secretory cells of L. stagnals (Dictus and 

Ebberink, 198%; Dictus et al., 1988 ). Caifluxjn is synthesized by the CDCs as part of the 

CDCH precursor protein, and is then processed, md transported to the cerebral conmisure 

to be released (van Heumen et al., L 992 ). CaIflWQIl was isolated fiom commissure extracts 
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by virtue of its ability to stmnilate the infbc of extracelhilar calcium mto the mitochondria of 

the ahmen gland Ahhough a physiological fimction as a result of calcium entry hto 

albumen gland SecTetory ce& has not been described, t was poshùated that Ït may be 

iniportimt for d e r  chmiitntmg the synthesis andor the release of PVF (Dictus et al., 1988). 

Eqamienrs to examine the d e  of calcium m protein secretion fiom H. dwyr aibumai glands 

h g  calcium-fiee medium, calcium channel blockers, ionophores, and intraceMar calcium 

mediators are now in progress. 

These data indicate that a peptide fiom the C N S  stmmlates protein release whai 

appbed to aibumen glands in vitro. Several peptides and Bntines present m moltuScan newous 

tissue were tested as potentiai candidates to determine if they were capable of eliciting 

protein secretion. The two neuropeptides reported to sthmhte the aIbumen gland of L- 

stagnalis, CDCH and CU were meffective m stimulahg proteh secretion 6om the 

albumen gland of IL d.yi. DeJong-Brink et ai. (1982) reported that the albumen gland of 

L. mgnalis is imervated by fibers comaining FMRFamide, a neuropeptide ofiginally isolated 

as a cardioaccelerator fiom the clam Macrocahta nimbma (Rice and Greenber& 1977). 

However, the application of FMRFamide to H .dwyi aIbumen glands did not evoke proteh 

release. 

The biogaic amine serotonin or 5-hydroxytyptamine f i e n c e s  reproductive 

processes in a number of molluscs. In bivakes, serotonin mduces oocyte maturation and 

stimulates spawnbg (Hirai et al., 1988), wfiereas m pulmonates, serotonin is suggeaed to 

modulate egg production (Manger et al., 1996) and sexual behavior (Adamo and Chase, 
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199 1 ). Application of either 0.1 or 1 .O )iM serotonin to H . w  ahmen glands did not 

çtmnilate protein secretioa The other neurotrangnitter tested, 3-hydroxy~ramine or 

dopamine, was capable of evokmg protein secreton h m  the albumen gland of H. &uy. The 

response of the albumen gland to dopamine appears to be a concentration-dependent effect. 

A 1.7-fold hcrease in proteh secretion occuffed at a dose of 1.0 IiM, and at 10.0 p M  

dopamine, a Cfold Hicrease was observed. In the related planorbid siail B. truncahc~, the 

aIbumen gland and carrefour region, dong wah other areas of the reproductive tract, were 

fomd to be innervatecl by intrinsic and exîrinsic catecholaminergic varicosities (HamNig et 

al., 1980; Brisson and Collin, 1980). These authors proposed that sensory mputs, perhaps 

fiom approachmg eggs, are detected by the mhmsic systern and convey idonnation to the 

e h s i c  system, which m tum, regdates the secretory or musnilar activity of the 

reproductive ma Smce pulmonate navous tissue is known to contain dopamine (Crolt and 

Chiasson, 1990; Werkman et ai., 1990a), the treatment of the brain e m c t  with protease 

should not have afEected dopamine, and thus stimulation of protein secretion should have been 

observed. Howwa, dopamine is easiiy oxîdized and is light-sensitive, and perhaps the harsh 

extraction procedure prior to protease treatment might have oxidized the CNS dopamine, 

thereby rendering it inactive. It is also possible that dopamine may exert an mdirect effect on 

the albumen gland by idimiilsting the release of a peptide fàctor fiom neurosecretory terniin& 

contacting the albumen gland. The hding that dopamine was also capable of stimuiating 

protein secretion adds another dimension of complexky regardmg the mechanisms controhg 

the secretory activity ofthe puhonate aibumen @andd The results nom this study contribute 
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important Enformation about neurosecretory control of albumen gland protein secretion m 

putmonate siails, and provides a foundatim to begh isoMcm ofthe stmnilatory peptide from 

the CNS of H. du@. 



Fe la SDSPAGE s e p d o n  of sohibk albumen gland extract of H. dqï. Crude protein 

extracts of aIbumen gland (10 pg per lane) were separated on a 9% T, 3% C gei, and stained 

with Coomassie Brillient Bhie R-250 (CBB). Lanes 2 and 4 represent m d e  albumen gland 

extracts stained with CBB and the PAS-reaction respective&. Lanes 3 and 5 represent 

secreted material fiom albumen glands maintained Ni vitro, then stained with CBB and PAS 

reactim respectNely. Note the presence of a prominent 66 kDa protein component m both 

tissue extracts and secreted m a t d  'Ihis 66 kDa protein along with a high molecular weïght 

protein stained positive@ with the PAS technique. The heaviry-ded PAS-positive material 

at the top of the gel represents polysaccharide (galactogen) which does not enter the pores 

of the geL Lane 1, molecular weight markers. DF-dye fiont- 

Fg lb SDSPAGE separation of egg mass proteins during deveiopment Note the 66kDa 

protein was the most abundant component m the fie- laid egg m a s  (lane 2). 

Approximately mid-way through development (6-7 days post-oviposition), the relative 

amount of the 66 kDa protein appeared to decrese @me 4), and jus prior to hatching the 66 

kDa protein was considerabiy reduced (lane 5). Each lane contained a p p r o h t e l y  equal 

amounts of total protein. Lane 1, molecular weight markers- DF-dye fiont. 
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Fig. 2 Effect of a CNS extract on the in vifro reiease of ahmen gland proteins Basal 

protein secretion was monitorad for 60 min using SDS-PAGE (limes 1 to 3). One brain 

exphdent (1 be) was added at lane 4 for 20 min., then replaced with normal Ealine fiom hes  

5 to 8. Lame 9 represents the brain extract atone, and lnne 10 represents the molecular weight 

markers Note the marked mcrease m the release of aibumen gland proteins m the presence 

of a brain extract, m particuiar, the prominent 66 kDa protein. 
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Fig. 3 Time course of in vitro protein secretion fiom H. duryr abumai gland exphts. 

Individuai tissue pieces were mcubated in 100 pl saline in 96-wen plates and the d i n e  was 

replaced every 20 min with iksh saline. An 80 pl aliquot fiom each sample was removed for 

protem determinations and the wet weight of each tissue was recorded at the end of the 

expriment. Each pomt represents the mean * SE of 6 samples. 
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Fig. 4 The efféa ofbram ex&ract on b~ vitro protein Secretion b m  the albumen gland. Basal 

protein secretion was measured for the first 60 min, then the gland was chanenged with 1.0 

be (as described m the ntethods) at 60 mia The extract was removed 60 min later and protein 

secretion was messrned fbr another 60 min. An rapid matase in the release of albumen gland 

proteins was seen &er brain extract was applied. In the presaice of bram extract (nidicated 

by the solid horizontai line), protein secretion was niaintained Sgnjfïcantly higher than basal 

lewek. Mer removd of  the stimuhy 8Ibumen gland protein secretion rapidly returned to 

basal leveIs. Each pomt represents the mean * SE of 6 samples. 
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Fïg. 5 Dosweq<mse m e  for the stimulation of protein secretion by brai- extract. BrPin 

extracts were tested at concentrations of O. 1,0.25,0.5, 1.0, and 2.0 brah equkplaits (be). 

The basal protein levels 20 min before extract application were compared to the protein lwels 

20 min after extract application and quantitated as the change m protein secretion (A pg 

protein). Each point represmts the mean SE of 5-8 samples. 
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Fi 6 The e f k  ofbram extract from a mated mail on aIbumen gland protein secretion fiom 

vir@ and mated nnminia- Brain extract (1.0 be) was applied to pieces of vïrgin or mated 

albumen glands (positive control) and the amount of proteins secreted mto the sul~omding 

medium in the presence of the çtmnifus was quantitated. Note that brain extract did not 

sgniscantly stmnilate the release of proteins from the virgin idbumen gland (VIR), wtiereas 

in the glands from mated mails (MAT), it evoked Sgniscant release of secretory material 

(*Wïlcoxh Test, p=O.O 156) 
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Fig. 7 The actMty of various portions of the CNS and DBs on albumen gland protein 

secretion. Buccal ganglia (BG), caebral gangh (CG), subesophageal gangtia (SG), or DBs 

were extracteci m acid and tested for bioactivity as demibed in the Methods. In some 

experiments, the DBs were extracted in methanol (meth), or mcubated in adhue medium 

(med) for 48 h, then tested for bioactivity. The CG and SG are the only tissues that evoke 

protein secretion from the albumen giand. Bars represait the means I SE of 6 10 samples. 

(*Wilcoxh Test, pc0.008 for CG and SG). 
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Fs- 8 The efféct of protease on the actMty of brain extracts Brah extracts (1.0 be) were 

maibated in srail saline containmg Pronase F-beaded agarose (1 mg/ml) for 4 5  h. Followkg 

protease the insoluble eozymes were pelteted by centdùgation and the supernatant 

tested dnedh/ for aaMty. Note the treatment with proteolytic enzyme (PR+BR) destroyed 

the stimulatory activity of the brain extract. Control extracts receNed no enzyme (BR) or 

previously heat-mactivated enzyme (BR+INAC). Bars represent the means SE of 13 

samples fôr protease and ccmtrol tre- and 10 samples for the heat-mactivated enzyme 

controis (*Wilcoxin Test p<0.002 for BR and BR+=). 
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Fg 9 UhdWation of H. d b y i  brah extract through an Amicon ukdikmtiion membrane 

mit. Brain extracts were loaded hto an Amicon MWC(I3 centrifuga1 unit and processed 

according to manuktmm instnictio~ls Both the fihate (moldes  l e s  than 3 ma) and the 

retentate (molecules larger than 3 ma) were tested at 2.0 brain equivalents Note both the 

f i t e  and retentate have strong smnilatoiy actRrity- Bars represent the means * SE of 13 

slnnples for the retentate and 8 -les for the filtrate (*Wilcoxh Test, p<0.008 for filtrate 

and retentate). 
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Fig 10 EMon of stmnilatory actMty of brah erdtacts fiom Sep-Pak C, cartridges. Brain 

extracts were loaded onto a precunditioned cartritige and tmretahed material or flow-through 

(FI') was washed with O. 1% TFA. Adsorbed compounds were eluted with 60% ACN/O. 1% 

TFA, then with 100% ACN/O. 1% TFA. The mdividual ehiates were dried, resuspended in 

saline and tested for activity at 1.0 be. The 60% ACN/O. 1% TFA ehüite was the ody 

fiaction that ';tirmilateci protein secretion fiom the albumai gland Bars represent the means 

* SE of 6 samples (*Wilcolrin Test p4I.03 13). 

Facing Page 147 



Fig. 10 

0 Basal 

Brain Extract 

Concentration of Acetonitrile 



Fg 11 Ionic nature of the albumen secretion-promohg peptide fiom the brain of H. mii 

Brain extracts were passed through a Sep-Pak CM cartridge and a Sep-Pak QMA camidge 

comected in senes and washed with 50 m M  sodium acetate b&ér contahhg 20% 

acetonitrile. The material that passed through both cartridges was termed the neutrai pooL 

The cartridges were then disconnecteci and each ehited with buffer containhg 1 M NaCL 

The CM ehiate was designated as the basic pool whereas the QMA eluate was cded the 

acidic pooL Samples were desaltecl with a Sep-Pak C, cartridge as previoudy described and 

tested at 2.0 and 4.0 brah equivalents @e). Note the basic pool (CM ehmte) was the ody 

fiaction to have stmnilatory activay. Bars represent the means * SE of 4-6 samples 

(*Wilcoxin Test, pC0.04 for 2.0 and 4.0 be). 
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Table 1 The effect of some bioacthe peptides and biogenk a k e s  on protein 
-&on m the abmen gland ofHelisonuz duy. Albumen glands were treated with 
O. 1 ph4 or 1 .O pM CDCH end dfb& fiom Lymnaea stagnalis, m a m i d e ,  
serotonin or dopamine (0.1, 1.0, 10.0 IiM). The total amotmt ofprotein secreted 
d d g  the 20 min application of neuroactive agents (treated) was compared to the total 
amount of protein secreted durhg the 20 ruin iuunediately prior to the application of 
the agents (basal). N = 5-6 for ail agents Dopamine evoked siguificitut protein release 
fiom aibumen glands (+P=0.0042 for 1.0 pM and *-.O 112 for 10.0 CiM, paired t- 
test). An other agents tested were ineffectNe m stmnilating protein secretion. 

Agent Concentration Protein Secretion Ratio 
uig protein I mg wet weight 120 min) 

Basal Treated 

CDCH 0.1 pM 
1.0 p M  

Dopamine 0.1 pM 
1.0 pM 
10.0 p M  



Chapter V: Brain Extract Medutes Rotein Secretion in the Albumen a n d  

Through the CAMP Signai Transduction Pathway 

Application of en acidic extract ofthe central nemous system to the albumen gland 

in the hshwater d Helisoma dqi stimdated the production of the second messeager 

CAMP. The Eictor fiom the brain was heat-stable and saisitive to protease digestion 

mdicating it is a polypeptide. The adenylate cyclase activator forskolin devated albumen 

gland CAMP levels and evoked in Mbo proteh secretion in a concentration-dependent 

fashion. In addition, membrane-permeable d o g u e s  of CAMP and an inhiaitor of CAMP 

phosphociiestef8~e were capable of proItEDfmg the release ofproteins fiom the aïbumen @ci, 

Thus, a majority of the essential d e r i a  outlined by Sutherland and Robison (1966) to 

demmtmte CAMP sipnaiÜng are fWiIed These resuhs demonstrate that protein secretion 

by the aIbumen gland in the presence of a peptide messenger fiom the brain is mediatecl, in 

part, through the adenyiate cyclase/eAMP signal transduction pathway. 



INTRODUCTION 

The albumen giand of Mwater puhonate suails is an exocrine f d e  accessory sex 

gland which synthesizes and secretes proteins and polysaccharides (Okatore et ai., 1982; 

Wdg~li~ and van Wjck-Batenbutg, 1987). These compoimds are secreted into the glandular 

carrefour as a viscous M d  refèrred to as periviteIline Buid (PVF). The PVF coats indivichial 

eggs as they enter the carrefour, and provides nouridment for the developing *os (de 

Jong-Brink et ai., 1983). 

The synthesis and release of PVF are believed to be under hormonal control fiom the 

endocrine dorsal bodies (DBs) and neuropeptides fiom the cerebral gan& (Wiidenes et al-, 

1983; ddong-BBrink and Goldschmecling, 1983; Miksys and Saieuddin, 1985, 1988; Morishita 

et al., 1998). Despite the considerable body of evidence regarding the effect of various 

endocrine and neurosecretory substances on the puhonate aibumen gland, there has been no 

direct evidence of a chemically identified substance mediahg a spe&c physiological 

response such as synthesis or secretion (see Joosse and Geraerts, 1983; Joosse, 1988; 

Saimddin et d, 1994). As a consequaice, there are few studies examinhg the HitraceIhilar 

messengers which mediate the activity of the albumen gland (Goudsmit and Ram, 1982; 

Dictus et al., 1987b, 1988; Dictus and Ebberink, 1988). Recendy, we have identified a 66 

kDa Btycoprotein nom the albumen gland of the fieshwater pulmonate mail HeIisoma hryi, 

and demonstrateci that a central newous system (CNS) peptide wokes the in vitro release of 

this ghlcoproteh (Morishita et al., 1998; this thesis). Forskoün and CAMP analogues mimic 

the e f f i  ofirain extract on the aibumen gland, suggesting that the adenylate cyclase/cAMP 
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signal traflsduction pathway is mvolved m the exocytotic relaise of SecTetory material 

(Morishita et al., 1998). 

In many eukaryotic ce& CAMP serves as an important mtracemilar signalhg 

moiecule m the reguhted secxtory pathway. In gastmpod molluscs, the neuroendocrine bag 

ce& ( 'Cs) of Aplysia califmica and the caudodorsal cells (CDCs) of Lymmea stagnailis 

release egglaying neuropeptides when treated with CAMP analogues, phosphodiesternse 

mhibiiors, or forskolin (see Geraerts et ai., 1988). The activity of adenylate cyclase and the 

infiux of calcium a h  mcreases as these neurosemtory cells begin releasing their peptides, 

indicating that secretion of reproductive hormones is mediated, at least m part, by CAMP. 

NeurotrânsmsSon and memory (Jarrard et ai., 1993; Haydon et ai-, 199 1 ; Berry, 1996; 

Kaang et al., 1993), viscerd muscle contraction (Ishhwa et ai., 198 l;Gies, 1986; Hooper 

et al., 1994), and cardiac activity (Painter, 1982; Lloyd et al., 1985; Reich et al., 1997) are 

other examples m gastropods m which CAMP fimctions as a second messenger and the 

CAMP-mediated responses have been ex-ed m detail 

This shidy extends upon the observations of Mo* et al. (1998) by examining the 

îdhence of a stimulatory Bctor fiom the CNS of H. dwyi on CAMP production m the 

aibumen gland In addition, various agents which mcrease CAMP levels as well as those that 

mBmc the biological actions of CAMP were tested on albumen glands in vitro. The CAMP- 

stimulating acavity £iom the CNS is abolished after digestion with protease, suggesting that 

the CNS factor is peptidergic. The adenylate cyclase activator forskolin, increased 

intraceliular CAMP production and potentiated CAMP levek when applied together with a 
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CNS extract. Forskoiin, CAMP analogues or the phosphodiesterase mhibitor Eisobutyk 1- 

methykanthine (IBMX) were an capable of stimulatmg in vitro protein secretion by the 

albumen gland. It is suggested that a C N S  peptide(s) stimulates the exocytotic release of 

proteins by activating the CAMP signal transduction pathway m the aIbumen gland of H. 

abyz. 

MATERLUS AND METHODS 

Angnals 

Labonitory stocks of reproducing H. clUryl were maiutained as previously descn'bed 

in this thesis Anmials used for the bioassay and CAMP -dies were inchidually isolated for 

1-2 weeks prior to experimentation so that egg laying rates couid be moniîored. Albumen 

glands were dissected kom those snails that had not laid eggs withm the las& 24h. Vigh 

siails were raised as isolates soon &er hatching and allowed to grow to adult size, then used 

for experiments. 

Bioa- 

The in vitro release of proteins by albumen gland explants as descnbed in Morishaa 

et al., (1998) and as modifïed iu this thesis was used to test the effects of forskolin, CAMP 

d o g u e s  IN6,2'-O-dibutyryl CAMP (diiutyryl CAMP), 8-bromoadenosine CAMP (8-bromo 

CAMP), and 8-(4-chlorophenylthio) CAMP (8-cpt CAMP)], and the phosphodiesterase 

mhibitor 3-isob@-1-methytxanthme (IBMX). Forskoh and IBMX were prepared as stock 

soiutions in DMSO and diiuted to their final concentrations in mail dine. AIl reagents were 
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purchad nom Sigma (St. Louis, Mo., USA) unless mentioned otherwiSe. 

maraoon of CNS Extraa 

The H. ahyz CNS extriid was prepared as described m the previous chapter. Bnefiy, 

b r h  were dissected out eom reproducing snaiis and hmediateiy frozai on dry ice. Batches 

of 20-30 brains were boiled in 0.1 M acetic acid, homogenized, then centdbged Two 

vohxmes of acetone were added to the supematant and the mixture was centrifugeci to peiîet 

large protems. The resultant supernatant was evaporated to dryness, resuspended m snail 

saline, and tested for bioactivityctivisr Some extracts were treated wîth protease-beaded agarose 

( 1 mglml Ronase F), then tested for th& ab- to s h d a t e  CAMP in albumen glands. 

Albumen glands were diissected fke fiom su~~ounding tissve and rinsad in mail saline 

several tmies The glands were then W e d ,  one serving as a control and the other receiving 

brain extract. The glands were waçhed m several saline rinses, then maintained m saline for 

about 60 min pnor to the start of the assay. To *te the assay, control aibumen giands 

wae placed hdividuaIiy in Falcon 96-wefl tissue plates with 100 pl saline contasimg 0.1 mM 

IBMX, M e  their correspondhg hahres were placed m 100 pl saline containhg O. 1 mM 

IBMX with 1 brain equivalent @el. The reaction was terminated by immersing the tissue 

directly into liquid nitrogen and storhg the tissue m 1.5 ml Eppendorf tubes (Brinlnnann, 

USA) at -80°C until required. The h u e s  were then homogenized m 6% PCA to precipitate 

proteins and to extract CAMP, and the homogenate centrifiiged at 3,000 x g for 10 min. The 

pellet was reaispended and homogenized in a snall vohune of 6% PCA and centrifuged 
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again The precipitated protein in the peiïet was rrdissohred m 0.1 M NaOH and the protein 

umteat was measined using a çorrrmerciril protein assay kit (Bio-Rad, MisSssouga, Ont.) with 

BSA as a standard The supernatants were pooled, neutcalized wah 30% KOH to 

approxïmateiypH 3.û4.0, then centriniged at 5,000 x g (10 min). 'Ihe supematant was then 

t m n d h d  to a f k h  tube and waporated to dryness The dried extract was  resuspended in 

100 pl of deionized WBfer and an appropriate volume was removed for CAMP detexmbtion 

ushg a CO- ?-CAMP radiOmimun08ssay (Rb%) Wern (Amersham, O M e ,  Ont.). 

The data are expressecl as fino1 cAMPlpg protein. 

Statistical ady& of p ~ e d  data were perfonned with either the paired t-test or the 

Wiiwxin paired simple test @<0.05). Multiple samp1e tests were done with ANOVA or the 

KniskaEWaIlis procedure @<0.05), then a parteriori muhiple sample cornparison tests were 

pdormed with either the Dunnett Test or the DUM Test (&-05, 3. 

RESULTS 

Effect of Forskolin. CAMP -& IBMX on m e n  C i d  Roteh Secretioq 

The adenylate cyclase activator forskoiin was tested at concentrations of 1, 10, and 

100 @M. A 1 pM dose of forskolin was me&ctive m i n g  release of protein fiom the 

aibumen gland, but at a concentration of 10 pM, a 5-fold mcrease m protein secretion was 

seen (fg- 1). At 100 ph4 forskoh a large mcrease (8-fold) m protein secretion was elicited. 

The CAMP analogues dibutyrs CAMP, gbromo CAMP, and &cpt CAMP were tested 

for activity at concentrations of O. 1 mM or 1 mM. AIi the analogues were meffective m 
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stimuIating protein re1ease at a concentration O. 1 mM (Flg. 2). At 1 mM concentration, & 

bromo CAMP or û-cpt CAMP were capable of shdating a significant mcrease m protein 

release over basal levels. Di'butyryl-CAMP caused ody a d mcrease (not statisticaily 

igdïcant) m protein s d o n  and was the least effective analogue. The analogue û-bromo 

CAMP appeared to be the most potent agent, and &pt CAMP was slightly l e s  effective. 

When combmations of the CAMP derivatives were tested, their effects on protein secretion 

were synerghic. Analogues 8-homo cAMPt&.cpt EAMP were the most potent combination 

m sthdating protein secretion, fonowed by û-bromo cAMPtdi'butyr1 CAMP, and &cpt 

cAMPtdibutyr1 C A M P  (Fig. 3). 

The phosphodiesterase inhibaor IBMX was tested at concentrations of O. 1, 1, and 1 O 

mM on the albumen gland bioassay. Ali conantmtions of IBMX used stimulated a Sgnificant 

mcrease in protein release @3g. 4). However, the response to the inhiiitor did not appear to 

be dosedependent, &ce a 1 mM concentdon àid not m&ce a sgnificant mcrease m protein 

release compared to a O. 1 mM dose. 

CAMP Content of Albmen GlapdS From V q p  and Mated S m  0 .  

The basal CAMP levels m the absence of phoshodiesterase inhiibitor were measured 

kom h i d y  dissected albumen glands fbm Mrgh siails and random matmg mails. AIbumen 

gland CAMP was quantified ushg RIA. In mated anbals, basal CAMP levels were 

approximately threefold greater compared to the basal CAMP lwels in glands fiom virgin 

mails (Fig. 5).  



Stimulation of Albumen Gland CAMP Production Bv CNS Extract 

The time course of CAMP a d t i o n  was examined in H. dwyz albumen giands 

at 2,5, 10, and 20 min d e r  application of a CNS e s  The basal level of CAMP in control 

albumen glands nicreased relativety slowly over 20 min in the presence of LBMX. Following 

application of 1 be to the albumai giands, there was a rapid elevation of CAMP which 

reached a maxird fevel(5-foM over controls) aller 5 min (Fg. 6). The increase in albumen 

gland CAMP appeared to be a transient occurrence as the leveis of CAMP declined &er 5 

min, then maintaÎned a relative@ steady concentration (2-3-fold over controk) fiom about 

10 to 20 min after application of brain extract. Smce maximal stimulation occurred at 

app roh te ly  5 min, this incubation thne was chosen for absequent experimemts. 

The adenyhte cyclase activator, forskolin, was also capable of stimulating in vitro 

CAMP production by albumen glands. At a dose of O. 1 liM, forskolin had no effect on 

CAMP production and at 1.0 pM, a s r d l  mcrease in CAMP levels was detected. A 

concentration of 1 O p M  forskolin elwated CAMP lwek about 5-fold over basal levels (Fig. 

7), which was shdar to its &ect on protein release *g. 1): Whai brain extract (1 be) and 

forskoh (10 pM) were applied together, CAMP production was enhancecl compared to the 

effect of either compound used by itself(Fig. 8). 

In order to determine the nature of the fàctor from the CNS which stimulated aIbumen 

gland CAMP production, a CNS extract was subjected to proteolytic digestion and then tested 

for its abiüty to mcrease mtracellular CAMP. Mer treatment with protease, the stimulatory 

effect of the CNS extract was completely abolished, suggesting the factor fiom the brah is 



DISCUSSION 

In puhnonate mofhiscs, thae is W e  information regardmg the production of second 

messengers by the gonad or the accessory reproductive glands m response to exiraceMar 

peptide messengers. Neuropeptides such as CDCH (Ebberink et al., l985), c a b x i n  (Dictus 

et al., 1987), small cardioactive peptides (SCPs)(AS.M. Saleuddh, impublished 

observations), FMKFamide-rehted peptides (dedong-Brink et ai., 1983 ; van Golen et al., 

1995b), myomodulins (Li et ai., 1994; van Golai et ai., 1996), APGWamide (van Kesteren 

et al., 1995c), and conopr- (van Kesteren et al., 1995a, b) are reported to be invohred m 

modulatmg muscle contraction in reproductive tissues- Howwer, there are few studies which 

have examhed the gaieration of second messengers in reproductive tissues and the specific 

physiological responses which they mediate. In L. stagnalis, a a d e  saline extract of DBs 

stimulates adenylate cyciase m the foIlicle cells of the ovotestis, but the physiological 

sgniscance of this activation is unknown (deJong-Brink et al., 1986). In Helix pomatia, an 

unidentifIed factor ftom the CNS caüed 'galactogaim' seimiilates galactogen 

(polysacccharide) synthesk by the albumen glands (Goudsmit and Ram, 1982). The CAMP 

d o g u e  8-bromo CAMP mimics the effect of galactogenin. In L. stagnalis, a neuropeptide 

called calfluxin was isolated fiom the neurosecretory CDCs (Dictus and Ebberink, 1988). 

Calhxh was reported to stimulate the influx of extraceliuiar calcium and mobilize calcium 

fkom intracellular reserves, but the ultimate cellular response it mediates is imknown. 

158 



h H. <iirryl, s e x d y  h t u r e j u v d e s  cm be reared m isolation as vir* d they 

aaani ad& size (10- 12 mm &en dbmâer). This popdation of mails does not produce viable 

eggs even though they are PmuEtaneous hermaphrodites Mating is thus a p r e r e e  for egg 

production m these anBmals (Saleuddin et al., 1983b). Thus, distinct reproductive 
b 

populations (mated vs virgia) can be eady  established in the laboratory. StrikÏng differences 

m egg production (Saleuddm et d., 1983b), albumen gland polysaccharide synthesis (Mïhys 

and Saleuddin, 1985; this thesis), dorsal body activity (Saleuddin et ai., 1989; Khan et al., 

1990a), and synthetic activÏty of the neurosecretory CDCs ( M a  and Saleuddin, 1989; 

Khan et ai., 1990b) have been demonstrated between Wgin and mated H. d.yi. 

The basal CAMP levels were compared nom aIbumen pian& removeci fiom both 

virgm and randomly mated siails and assayed for CAMP. Basal aibumen gland CAMP levels 

were app roh te ty  three-fold higher in mated siails than those of virgin animals. The in 

vitro synthetic activity of albumen glands from reproduchg siails is also markedly higher as 

compared to albumen glands fkom vitgins (Mürsys and Saleuddin, 1985; this thesis). 

Therefiore, m reprohchg H. &y, bOth basai CAMP prohction and polysaccharide synthesis 

by the albumai gland are significady elevated as compared to non-reproducing snatls. 

Goudsmit and Ram (1982) reported that CAMP analogues enhanced galactogen synthesis in 

the albumen gland of H. pornatia, suggesting that CAMP is mvolved m reguiatmg gland* 

synthetic activity. However, Dictus et al. (1 988) stated that they could not detect any 

changes m CAMP production during Merent stages of the egg laying cycle of L. stagnafis, 

and argued the principle signalhg mechanisn used by the albumen gland is via calcium and 



turnover of mogtol phosh~iipids~ In the present study, albumen giands h m  reproducing H. 

d q a  have sgniscantiy higher (3-fold) basal CAMP levels as wmpared to glands fiom virgin 

si&. This mcreased CAMP production by albumen glands of reproduchg siails rnight 

function to maintain an elevated level of synthetic actnrity m the albumen gland which is 

required for mcreased egg production. 

This study demonstrates that in the presaice of an acidic e m c t  of the CNS, the 

albumen gknd responds by increasing the production of mtraceIhilar CAMP. The mcrease in 

CAMP m the presence of a CNS extract appeared to be phasic, &ce the concentration of 

CAMP mcreased rapicüy, then peaked within 5 min to levels which were about fie-fold over 

controls Cyclic AMP levek thai declined over the next five minutes to approxhtely two- 

fold above untreated conaols and remained at this lwel for the duration of the expewait. 

TfSmgent increases in CAMP in some systems may mdicate a l o s  of intraceMar CAMP. This 

may be due to mcomplete mhiiition of CAMP phoshodiesterase or extrusion of CAMP fiom 

cens (Houslay, 1991). In another pulmonate mail, Helix arpersa, transient mcreases in 

cardiac tissue CAMP in response to s m d  cardioactive peptide B (SCP,) were reported even 

m the presence oftwo phosphodiesterase inhibitors (Reich et ai., 1997), and efauc of CAMP 

nom the whole CNS of L. stagnufis has been reported (Werkman et al., 1990b). In the 

present work, the medium surrounding the albumen gland was not measured for CAMP, 

therefore it is possiile that some of the CAMP could have been extmded into the saline, 

partinilarly since the albumen glands were M Hito hhes. Alternatively, the CAMP 

phosphodiesterase actMty of the albumai gland was not completely mhibited by IBMX. 
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The rapid mcrease in CAMP and its subsequent decrease can also be explaEied with 

respect to the secretory physiology of the albumen gland. The amount of PVF required to 

coat one egg m response to a Sngle dose of brai. erdract, represents a relative@ s i r d l  

hction of the secretable POOL However, fonowing ovuiation, meny oocytes (15-30) are 

released nom the ovotestis, and are f& m the region of the carrefourUT Each egg must 

receive a precisely equal amount of PVF (deJong-Brink, 1969). Therefore, prolonged 

activation of the secretory machmery would be mecessary. An efficient way to lower 

intraceihilar CAMP leveIs rapidly wodd be to have the ceIl mcrease its phosphocliesterase 

activity shortly aûer receptor activation, aisuring the t d o n  of the signal, and thereby 

maintainhg sufiicient secretoxy r e m e s  for the rest of the egg chxtch. 

The diterpene forskoiin has been used extensively to demonstrate the s p d c  

activation of admytate cyclase in many eukaryotic systans (Laureaza et al., 1989). A siight 

maease m CAMP was observai using forskolin at 1 PM, and a significant elewation of CAMP 

was achieved at a dose of 10 p M  (&e-foid). When braïn extract and forskolin were added 

simubaneoudy to albumen glands in vitro, a potentiating effect on CAMP production was 

observed In many systems, it is wen hown that forskoh cm act together with hormones 

to potentiate adenylate cyclase actMty or CAMP production (Seamon and Daly, 1986). This 

is achieved as forskolin bypasses the receptor by dire* actbating the catalytic subunit of 

the enzyme (Seamon and Daly, 1983). Forskolin was also capable of stmnilatmg the release 

of newly-syntheshed proteins and polysaccharides fiom albumen glands *ch had been 

prwiously incubated in radiolabefled amho acids or galactose (see Appendix). 
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Treatment of H. Aryi CNS met with protease abolished its abüity to elevate 

albumen gland CAMP, indicating that the fiictor originating fiom the CNS is likely 

peptidergic. This r d  was also codÏmed using the albumen gland protein secretion 

bioassay (Chapter 4, this thesis). These r d s  suggest that a peptide fkom the CNS 

&undates the secretion of proteins fiom the albumen gland This brain peptide activates the 

adenylate cychse/cAMP system of the gland and iikeiy promotes the exocytotic release of 

secretory materiai. 

Calcium and CAMP are wideiy recognized as the major regulatory agents mediating 

exocytosk m a wide variq of ceik h m  diEèrent sources. In vertehates, exocytotic release 

of secreory material by exocrine pian& is, in part, mediated by the second messenger CAMP. 

Examples of such systems include the secretion of enzyme and Buds fiom rat exocrine 

panmeas (Schafer et al., 1994), and amylase release fiom parotid acinar ceb (Takuma and 

Ichida, 1994). In arthropods, CAMP analogues and crustacean hypergScemic honnone 

shdates  the release of amylase fiom craynsh hepatopancreas (Kener and Sedlmeier, l988), 

and biogenic amines elevate CAMP leveis in insect SaliVary glands (Ali and Orchard, 1993, 

1996). In mol- &Mi? analogues and dopamine stimulate amylase release nom dispersed 

digestive gland cells of scaliop (Giard et al., 1995). In the pulmonate mails, various 

neurotransnitters and peptides are capable of stimulahg adenylate cychse m sahary glands 

(Fmetti et al., l993,1996), and CAMP analogues are able to stmnilate gaiactogen synthesis 

in the aibumen gland (Goudsmit and Ram, 1982). Therefore, m both vertebrate and 

h e b r a t e  exocrine glands, ligand-activated CAMP production is an important component 



of the the signal transduction cascade promotmg the exocytotic release or synthesis of 

semetory material 

Adenyiate cyclase actMty of albumen gland membrane prepamtions cm also be 

stimulated by a brain extract or forskoim, as weli as ahuninum fluoride and a slow@ 

hydrolyrable GTP analogue (GTFyS) (S. Muhi, K Almeida, S. Saleuddin, unpublished 

obsavations). In addition, the presence of the stmniiatory or-subunit of the Gprotein (G,) 

m albumen gland membrane prepmtions provides f i d e r  evïdence that the receptor for the 

CNS peptide in the albumen gland is a Gprotein-coupled receptor that activates adenyhte 

cyclase (MorishÎta et al., 1998). 

The ability of the membrane-permeable CAMP analogues, dib-1 CAMP, &bromo 

CAMP, and gcpt AMP to induce proteh secretion, indicates the release of secretory material 

fiom the albumen gland me to ry  cells hoives  the CAMP-dependent protein b s e  or 

protein kinase A (PKA). Cyclic AMP analogues are thought to activate PJSA by binding to 

t s  regdatory subimit and causing the release of the catalytic subunit which then 

phosphorylates various mtracelhilar target p r o t h  (Walsh and Van Panen, 1994). The 

analogues 8-bromo CAMP and &cpt CAMP evoke the largest increase hi protein secretion, 

whereas diburyryl CAMP mduces ody a d hcrease in release. Combinations of the three 

CAMP dogues produce syn@c effects. The analogues 8-bromo CAMP + 8-cpt CAMP 

produced the Iargest response, fonowed by dibutyrl CAMP + 8-bromo CAMP, and diibutyrl 

CAMP + &cpt CAMP. The N6 derivatives of CAMP are believed to bind to the a site (fast- 

dissociating site) with respect to type 1 (RI) and type II (RII) regulatory subimas, wtiereas 
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the &&i* and 8-homo- CAMP derivatives h d  to the site (slow-dissociating site) on the 

RI1 subunit (Francis and Corbin, 1994). Smce the û-thio and 8-bromo analogues appeared 

to be more effective than the N6 CAMP derivative, this suggests that the RIIP isoform of 

PKA might be invohred in mediating protein secretion- In addition, pre-incubation of 

aibumen giands with the PKA antagonist I$,-CAMP attenuated proteai secretion when 

chanenged wah a brain extract, supporthg the notion that PKA activation mediates protein 

release (Monçhita et al., 1998). Activation of PKA win undoubtedly phosphorylate a 

number of different proteins, some of which may be invohred m the exocytotic release of 

secretory material (Talaima and Ichida, 1994). The identification of target proteins 

phosphorylated by PKA m response to the CNS peptide, and their role in the exocytotic 

release or synthesk of secretory mataial in the albumen gland ments fuaher mvestigation. 

MethyIxanthine derivatives such as theophylline or IBMX are commonly used to 

prolong the action of CAMP in a variety of Wems by inh'bitmg cyclic nucleotide 

phosphodiesterases. The inhibitor IBMX is able to enhance protein secretion fiom the 

aibumen gland of H. duryi d e n  applied at O. 1, O. 5, or 1 mM concentration. Therefore, the 

accumulation of CAMP caused by the mh'bition of cyclic nucleotide phosphodiesterases, 

activates the secretory machinery of the albumen gland, culminating m the release of protein. 

However, even at high concentrations of phosphodiesterase mhibitor (1 mM), ody a modest 

increase m protein secretion is achieved. 

At present, the neuropeptide c a H u h  is the ody chemicaUy idenaed molecule m 

moiluscs which has a specific cellular effect on the albumen gland (Dictus et al., 1987b, 
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1988). 'Ihese authors suggest that elewation of hceIInlar  c a i h  is achieved through the 

activation of PKC and the inositol phosphate pathway rather than by CAMP. Thqr based 

th& conclusions on the stimiilatory effect of phorbol ester and lithnim-hduced inhibition of 

c a h x i n  action. Di- et ai. (1988) conchded that extracelhdar calcium was not required 

for caIfbün to exert iîs effèct, but Ïî appeared to be necessary to achieve a fiill response. 

h vertebrate exocriue glands, both CAMP and Il?, production can be stimulated by a 

single a g o d  dependhg on 3s concentration (Trimble et al., 1986; Kmmira et al., 1986; 

O'Sullivan and Jarnieson, 1992). It is possible a smiilar situation may occur in H. cfwyi, 

whaeby CAMP and calcium are both involved in meaiatmg PVF secretion m the presaice of 

a stimilatory peptide nom the CNS. In addition, the effect of the biogenic amine d o p a e e  

(another known stmnilator of albumen gland protein secretion) on CAMP production or on 

other second messengers has yet to be detenmined. More detailed dose-response -dies 

using a pinified brah peptide, combmed with CAMP, IP3, calcium and conment 

proteidpoiysaccharide secretion meastuements are reqyked to ehicidate the participation of 

these Sgnal transduction pathways m reguinting PVF secretion. The detemination of CAMP 

m the aIbumen gland m the presaice ofbrain m a  may provide a pardel detection methoci, 

dong with bioassays, for the isolation of this particular peptide fiom H. h y i -  This 

approach has been used successfiùS, to kolate neuraUy-derived diuretic peptides fiom a 

n d e r  o f  insea species where convaitional bioassay methods showed too mch variability 

or proved technically cumbersome (Morgan and Mordue, 1985; Kay et al., 1991a, 199 lb; 

Fumya et al., 1995; Spittaels et al., 1996). 
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Fe 1 E f k t  ofthe adeqdate cyclase activator f o d o h  on aibumen gland protein semetion. 

The saline (100 pl) surrounding the albumen gland was colected every 20 min for a period 

of 140 min. Basal secretion (open bars) represaits the amount of protein released between 

4060 min. Forskoh (1, 10, or 100 plkl final concentration) was added between 60-80 min 

(filled bars), and the saline measured for protein that was secreted by the aibumen gland 

Note that forskolin stimiilated albumen gland protein secretion 5-fold at a dose of 10 p M  

(*Wilcoxin Test p=0.002), and up to &fold at a dose of 100 pM (**Wilcoxin Test 

p=O.OO%). Bars represent the means SE of 6- 10 samples. 
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Fe2 EfIéa of CAMP analogues on albumei gland protein secretion. The CAMP analogues 

dibutyxyl CAMP (&CAMP), 8-bromfo-CAMP (SbcAMP), and 84chloropheny~o-CAMP 

(Scpt-CAMP) were tested at either O. 1 mM or 1.0 mM (final concentration). AN analogues 

were menéctive m semnilating protein secretion den used at O. 1 mM. Dibutyryl CAMP ( 1.0 

mM) did not signdicantiy stmnilate protein release @=û.0777), wiiereas 1 .O m M  8-br-CAMP 

or 8-cpt-CAMP (*Wilcoxin Test, pc0.03) induced a 3-fold and 2-fold mcrease m secretion 

respectively. Bars represent the means I SE of 5-8 samples. Basal secretion (open bars); 

CAMP analogues (med bars). 
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Fig.3 Synergiscic effect of CAMP analogues on ammaai gland protein secretioe Three 

combinations of CAMP analogues were tested at 1.0 mM (final concentration) : dibasiryi 

CAMP and 8-bromo CAMP (db+8br); dibutyryl CAMP and û4chloropenyhhio-CAMP 

(db+8cpt); û-bromo CAMP and 8-4-chlorophenyhhio-CAMP (%br+8cpt). Note aü 

combmations of CAMP analogues tested strongly stimdated protein secretion. The 

combmation of 8-brt8cpt was the most potent (14-fold mcrease), followed by db+8cpt (6 

fold), and cb+br (Éfold). Bers repre~ent the mems * SE of 4 samples (*Mami-Whitney Test, 

pC0.03 for ali analogue combinations). Basal secretion (open bars); combination of CAMP 

analogues (filled bars). 
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Fig 4 Effect of the phosphodiesterase inhilbitor 3-isobiuy1-1-methyixanthine on 

albumai gland protein Secregon. 'The inhi'hitor IBMX was tested at 0.1,0.5, or 1 .O mM ( h l  

concentration). Note IBMX was capable of stimulahg protein release at an concentrations 

tested Bars represent means SE of 4-6 -les ( paired t-test, p<0.05 for al1 

concentrations of IBMX). Basal secretion (open bars); IBMX (closed bars). 
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Fig. 5 Basai albumen gland CAMP levels in virgin and mated lFnatln. Albumen giands wae 

nngicdy removeci fiom virgin and reprodllcing siail$ and Ïmmediately placed m ice-cold 6% 

PCA and homogenUed The homogenate was centrifbged, and the proteh content of the 

peilet was detemhed The supernatant was measured for CAMP using a commercial RIA 

kit. The data are eqressed as fmoVpg proteh Bars represent the means SE of 4 samples. 

Note the basal leveis of CAMP are sgeiscsmty higher m mated compared to virgin mails (*t- 

test, ~4 .022 ) .  
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Fw 6 T i e  course of CAMP production in albumen glands in the presence of brah extract. 

Albumen glands were hahred, one serving as a control and the other as recipiait of brain 

extract (lbe). Ail incubations were pdrmed in the presence of O. 1 mM IBMX in the saline. 

Application of brain extract stmnilated CAMP production d e r  2 min, and peaked at 

approxïmately 5 min (5-fold). The lwel of CAMP in the albumen gland was maintainecl at 2- 

fOld higher ccmcatftafions for the duration of the expriment. Data are expressed as finoVpg 

proteia Each point represents the meen * SE of 3-5 samples. 
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Fg 7 Effea ofthe admylate cychse activator forskoh on albumen gland CAMP production 

Albumen glands were haived, one serving as a wntrol, the other receivmg O. 1, 1.0, or 10.0 

C<M forskoh (final concentrations). An incubations were pdormed m the presence of O. 1 

mM IBMX for 5 min. Data are expressed as fmol cAMP1pg p r o t h  Bars represent the 

means SE of 5-6 saruples. Significmt elevaticm of CAMP was observed at a dose of 10 p M  

(*Wilcoxin Test p 4 . 0 3  13). 
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Fig. 8 Potentiating e f f i  of forskoh on brain extract-rtmmlated CAMP production m the 

albumm gland Albumen glands were dissected into Gur equal-sizd pieces, one piece served 

as a control, a second piece was treated with 10.0 p M  forskolin, the third piece was treated 

wiih brain extract (1 be), and the fourth piece was treated with both forskoh (1 O CM) + brah 

extract (1 be). An incubations were perfomed m the presence of 0.1 mM IBMX for 5 mie 

Data are expressed as ho1 cAMP/pg protein Bars represent the means SE of 5-6 samples. 

Note that brah extract+forskoh enhanced CAMP production compared to bnin extract or 

forskolin alone. 
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Fe 9 E f k t  ofbram exrract treaîed with pmease on CAMP produaion in the aibumen gland 

AIbumen glaods were art into three equal-sized pieces, one served as a control, another was 

treated with brain extract (1 be), and the last piece was treated with brain extract which had 

beai previousiy subjected to proteolytic enzymes. AD incubations were done m the presaice 

of O. 1 mM IBMX for 5 min. Data are expressed as finoYpg protek Bars represent the 

means SE of 5-6 samples Note that protease m t  ofbrain extract abolished its ability 

to stimulate CAMP production (*KNskaEWaIlis p 4 . 0  142) 
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GENERAL DISCUSSION 

Hormones regulpte msny physiologid processes m -a11 anmials such as growth, 

reproduction, and 0~1~)repuiatio12 Howwer, in cornparison to the vertebrates, most of the 

iuvatebrates possess onEy fèw g i a n e  endocrine or- for which a dennieBe fimction has 

been demanstrated (Higbnam and Hin, 1977). It is ody m the arthropods and molhiscs that 

endocrine glands have been morphoIogiCany descriied and their fimctiom identifïed. 

Examples of some endocrine organs m însects tha control various aspects of gowth and 

reproduction are the ectodermdly-derived prothoracic glands and wrpora allata. In 

molluscs, the ody non-newous endocrine organs hown to ccmtrol specific physïological 

functions are the dorsal bodies of pulmonates, and the optic glands of cephdopods (see 

Saleuddm et al., 1994; SaleuddÏn, 1998a). In coneast to the few characterized endocrine 

glands present in imrertebrates, neurosecretory cells are fomd in great numbers and types in 

many hvertebrates, inchidhg momiscs. Many invertebristes use neurosecretory products 

(peptides and biogaiic amines) as chernid mesmgers to control physiological fùnctiom 

such as muscle contraction, growth, reproduction, and osnoreguiation. Indeed, several 

mvertebrate models have contn'buted miportant Hiformation toward the -dies of 

neurosecretion and comparative endocrinology m gened (for referaices see Laufér and 

Downer, 1988; Davey et al., 1994; Na& 1996). 

The moIluscan neuroendocrine system is exempky of the diversity seen among the 

inverte brates. In particular, many molluscan neurosecretory cells are large and unipolar, 

readily identifiable, and Iocated at the pniphery of the gmgiia (Joosse, 1979). Anatomicaily 
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distinct neurohemal organs such as the corpus cardiacum of m s  or the sinus gland of 

crustaceans are not presait m rnolhiscs. Instead, most molhiscs release their nearosecretory 

products at the peripheries of naves, connectives or commissures (Joosse and Gerearts, 

1983). BioactRre substances may be released nom neurosecretory cells mto the general 

circulation, or in some cases, rdeased in or near target tissues located some distance from the 

perikarya (Joosse, 1979). 

Studies on the hormonal control of reproduction m moihiscs have been confineci 

maidy to the gastropods This is probably due to the fkt that this group of moIhiscs cm be 

maintained in the laboratory relative@ eady, and th& nervous systems and neurosecretory 

cells have been descnbed m some detail (Joosse, 1988; Bunoch and Ridgeway, 1995). At 

present, the best characterized system for studying the hormonal regdation of reproduction 

m moiluscs is the egg-laying hormone produchg bag cells of A p w a  ca@5mica. These 

neurosecretory ce& are present m large numbers (- 400 cewchiscer) with their axon 

terminals sihiated m an anatomicaily distinct location (Arch and Berry, 1989; Corn and 

Kazcmarek, 1989). Since these cells are polyploid, they produce a proportionately large 

amomt of mRNA making them an ided system m &ch to stady the celhilar and molecular 

aspects of neuropeptide synthesis and secretioa 

The endocrine control of reproduction m basommatophoran puhonates has been 

siudied extensive& m two SM,&, Lymnaea stagnalis and Helisoma duyz. There are two main 

gonadotropic centres, the endocrine dorsal bodies and the neurosecretory caudodorsal ce&, 

wtllch regulate various aspects of reproduction- The dorsal bodies stimulate vitellogenesis 
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m addition to the ddopment and synthetic actMty of the female accessory sex giends (see 

Joosse, 1988; Saleuddin et al., 1994). The caudodorsal ce& are known to stironlate 

ovulation, ovat behaviors assoded with oviposition, and the activÏty of the albumen gland 

(see Geraerts et al., 1988). One ofthe main target organs for the dorsal body hormone is the 

ovotestis, wfiere it is believed to scimulate vitellogenesis hnmg vitenogenesis, nutrient 

reserves in the form of yolk acculllulate in the oocyte cytoplasm, resuhmg m an gicrease in 

the size of the oocyte (Ubbels, 1968). In oviparous invertebrates such as annelids and 

arthop& the major pmteinaceous componmt of yok is refmed to as vi teb  Vaellins are 

generally high moleailar weight glycolipoproteins derived fiom specid senun protek, 

viîellogenins, which are synthesized extmganadany. These viteflogenms are secreted into the 

circulation and are subsequentiy taken up by maturing oocytes (Gilbert, 1997). In most 

puhonates, yok protein is thought to be synthesized withh the oocyte (Ubbels, 1968; 

ddmg-Brink et al., 1983), aithough the iron storage protein ferritin has beai reported to be 

taken up driring vitdogenesis and is an extragonadal component of yolk (Bottke and Sinha, 

1979; Mürsys, 1987). 

The syntbesis and uptake of ViteIIogenins is unda homonal control in most egg-laying 

animais. In siails, the only i d d e d  yoik component is femtm, but its synthesis is reguiated 

by iron reserves rather than hormones and it consthtes ody a d fiaction of proteins m 

the mature oocyte (Mürsys, 1987). In cephalopods, general protein synthesis by the foilicle 

ceIls (the site of yok protem synthesis) is stmuilated by the optic gland hormone (Wells and 

Wells, 1977). In Hel& aspersa, gonadal protein synthesk is increased m the presaice of 



endocrine aictors fkom the brain or dorsal bodies (Barre et al., 1990), or with high doses of 

methionine-aikephdin, somatostatin or i m d h  (Mormier and Bride, 1995). However, in both 

these examples a specific p r o t e  which was reguiated by the endocrine systan was not 

identifid It is apparent fiom the experiments in this thesis m v o h g  the in vitro incubation 

of the ovotestis of Heielisoma m- that endocrine fàctors fiom the brain or dorsal bodies do 

not sthdate getleral protein synthesis levels, ahhough two anloiown proteins are present in 

bigher mounts in the ovotesris of mated snails wmpared to virginsvirgms Injection of the steroid 

hormone 20-hydroxyeccSsone h o  virgh aaimals sthmlated oocyte maturation, as evidenced 

by the mcrease m the number of mature oocytes. It is possi1e that ecdysteroid treatment 

somehow exerts a pemassive on the gonad, allowing for the uptake of exogenous yok 

precursors (ferrith) fiom the hemolymph. The yolk femtm has beai speculated to be 

mvohed m the production of bon-containmg enzymes such as  cytochromes, and m the 

u k r d h i c m  of the radular teeth to d o w  the j w d e s  to immediateiy start grazing (Miksys 

and Saleuddin, 1986). Due to the presence of many heterogeneous ceU types m the 

pulmonate ovotestis, it is likeiy that a more specinc bioassay is necessary to test for the 

nivohrement of endocrine fàctors on yok protein synthesis. This would require the isolation 

and characterization of a specific yoIk protein fiom mature oocytes. Howwer, Snce most 

basommatophoran oocytes are ana& and camiot be easüy dissected fiom the a- harvestmg 

an appreciable amount of starting material for protein pdca t ion  is a datmtmg ta&. 

The pulmonate digestive gland (hepatopancreas) has been implicated as a potential 

extragonadal source of yolk protein precursors (Bottke et al., 1988; Barre et al., 1991). 
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However, there is so iir no evidence of honnones affécting protein synthesis m the digestive 

piand In Helisopna dtayi, the iuvohement of the endocLine system cm digestive gland protein 

synthesis has not been assesseci due to the massive amounts of proteolytic enzymes hberated 

in vitro which drasticaliy &ers the pH of the incubation medium (unpublished obsewatiolls). 

Cleady, modificâtiions to airrent tissue c u h e  techniques for example, the use of dissociated 

cells andfor inclusion of various protease inht'bitors, are reqirired More a long term incubation 

of the digestive gland is ewr achieved. A more &&le approach to determine the role of the 

endocrine sptem in yok protein reguLtim wouid be to isolate specific proteins fiom mature 

oocytes of dioecious gastropods such as prosobranchs, or to isolate yoIk proteins fiom the 

oocytes of a cephalopod such as the squid Sepioteuthis Iessonianu. This squid has been 

recentiy bred and maintamed in the hboratory for several generations and appears to be ideal 

for endocrinologicd studies Snce it grows large and rapidly attahs s e d  mahirity (Lee et 

cd., 1994). Ifspecific yoIk proteins cm be isolated, d o d i e s  can be raised against the native 

protem or its çubunits, and its presence can be detected m various tissues with sensitive 

mmiunoassays. 

Unfortunately, the present literature regarding the endocrine regdation of the 

pulmonate ovotestis is fiagmentary and remains mconchisive. On the other hanci, the 

endocrine regulation of perivÎtebe fhud synthesis and its release by the basornmatophoran 

albumen gland is more clearly understood In bo t .  Lymnaea s tagMIs  and Helisomn duryi, 

poiysaccharide synthesis m the aibumen gland is stimulated by the dorsai body hormone and 

a neuropeptide fiom the cerebral gangha, most likely caudodorsal ce1 hormone or cal&um 
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(Wijdenes et al., 1983; Dictus et al., 198%; M h y s  and Sdeaddin, 1988). Ir&-, in 

Lymmea stupiis, both caudodord cen homune and dluxin have been chemically 

identified and synthetical£y mftnufhctured, but their specific physiologicd & a s  on the 

albumai gland have never been showm. 

Ahhough many efforts have been undertaken to isolate and identay the dorsal body 

hormone of pulmomtes, there has been Jittle evidmce m terms of a dennieive chernical 

characterization. Both a steroidal and protehaceous nature for the dorsal body hormone 

have been proposed, and it is apparent the dorsal body cells possess the ceIIular machinery 

to manufàcture both these products (see Saleuddin et al., 1994; Saieuddm, 1998a). 

Dorsal bodies fiom mated Pnimals are mon synthetidy active wmpared to those 

from vjrgins (Saleuddin et d, 1989; Khan et d, 1990a). Immediately after mating, dnimatic 

changes in the c e h h  macbinery ocan m the dorsal body cells. Among these changes is the 

rapid disappearance of the majority of the large cytoplesmic lipid droplets. It is specuiated 

this mobilization of lipid reserves is required for the production and release of a Epophilic 

compound mto the hemoiymph In addition to the disappearance of lipid inclusions, the 

dorsal body ce& from mated sua& also begin releasing srnaIl (70-90 nm) moderate& 

electron-dense granules, whose contents and hc t ion  remah unlrnown (Boer et al., 1968; 

Saleuddin et al., 1989). In msects, ultrastructural and biochemical shidies on the 

ecdysteroidogaiic prothoracic glands have demonstrated these endocrine glands also produce 

and secrete a number of Werent proteins, some of -ch aictuate with the ecdysteroid titer 

during development (Rybcynski and GiIbert, 1994; Hanton et al., 1993; Richter and 
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Baumann, 1997). The pulmonate dorsal bodies appear to possess morphologicalty similar 

semtory granules to msect prothoracic glands, and m bsects these granules have also been 

demomtmted to be exocytoticaliy released -ton et al., 1993; Watson et ai-, 1996). The 

contents of these granules have been speculated to contain a carrier protein for steroidal 

secretions Such transport proteins are hown to exkt m msect hemolymph (Whitehead, 

1989) and also in vertebrate blood (Hammond, 1995), and rnay regulate hormonal access to, 

or recognition at target tissues- 

The resuhs fiom this work mdicate the secretory material(s) fiom the dorsal bodies 

of HeiisaM diqyr is not a peptide, and support the shidy ofNoke et ai. (1986) which suggest 

the pulmonate DBs produce a steroidal product, possily an ecdysteroid. Furthermore, 

symhetic 20-hydro~qecdysone stimulates polysaccharide synthesis m the aibumen glands of 

both Hel& aspersa (Bride et al., 199 1) and Heiisomu d.yt (this thesis), and mduces egg 

layïng, suggesting a reproductive fimction for ecdysteroids m pulmonates. Both dorsal body 

tissue extracts and dorsal body-conditioned medium proved to be effèctive Hi sthdating in 

vitro polysaccharide synthesis in abumen gland explants. Based upon ehmon ifom soiid 

phase extraction carüidges, the dorsal body tissue extracts containecl a hydrophobic 

substance, whereas the dorsal body-conditioned medium possessed two bioactive fiactions 

wah di&@ diikent poIarities One bioactive ehiate fiom the conditioned medium contained 

a substance with similar hydrophobic properties to the bioactive material fkom dorsal body 

tissue, whüe the more polar fiaction was demonstrated to possess ecdysteroid-like 

immunoreactMty. Based on the observed stimulatory activity of synthetic ecdysteroid on 
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Helisornn d q i  and Hel& asperssa albumai glmds in vitro, and its ef£èct on oocyte 

maturation in Helisoma, it was postalatecl that some of the bioaCtMty may be attrii'buted to 

an ecdysteroid-related moleule secreted by the dorsal bodies. Thus, attempts were made to 

isolate the active material âom dorsakbody conctitimed medium Usmg HPLC separation, RIA 

detection, and bioassay. Further HPLC separation of conditioned media rwealed 

immunoreactive fiactions wehiting wÏth several ecdysteroid standards When pooled 

fiactions were tested for bioaaivicy, an mcrease in polysaccharide synthesis-stimulahg 

actMty was detected, howeva, the bioactivay was spread about m a several hctions and the 

reiease of newly synthesized secretory material m the medium was not evidmt. 

The observations of other mvestigators cleady demonstrate that ecdysteroids are 

present m moIhiscs, as weii as ail the major non-aithropod invertebrate ph*. Moreover, m 

those groups that have been examinecl m some detail (Nwatoda, Annefida, and Molhisca), 

ecdysteroids appear to have physiological fùnctions (see Introduction). Ahhough it was 

shown the dorsal bodies of Helisoma dWyi were capable of secretmg ecdysteroids in vitro, 

and ecdysteroid immunoreactive material w d d  be detected in the hemoiymph, Sgnificant 

changes m hemolymph ecdysteroid concentration were not apparent between virgin and 

mated mails. Garcia et al. (1995) postulated that ifgastropods are capable of synthesizing 

ecdysteroids, they probably employ a diEnznt biosynthetic pathway than observed in inseas. 

The identification of the types of ecdysteroid molecules circulahg m the hemolyqh is may 

be necessary before fiuther bioassays are conducteci. ExperÏments to determine i f a  humoral 

reproductive fàctor is present m the hemolymph were not succcesfllL Long t em incubation 
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of aibumai glands fiom Wgin animais with even d ~nantities of hernolymph fiom 

reproduchg snajis had a toxic effïct on organ cultures. This phenornenom has been reported 

fbr another fkhwtex suad, Biomphalmia ghbrata, and is probably due to the orcidation of 

hemoglobm or the mteraction of another unidentifiecl component of soail hemolymph 

(EIanseq 1976). From the biochemical and physiological -dies wnducted m this thesis, it 

can be conchded that ifthe dorsal body hormone of Helisonrcl dqz is an ecdysteroid, it is 

not aely 20-hydroxyecdysone but could be an unusval ecdysteroid-reiated molecule d o s e  

biochemical detection and phy901ogical effécys) have eluded curent assay methods. 

Metabolic labehg studies by Garcia et ai. (1986) have demonstrated that pulmonate snaüs 

are capable of forming novel ecdysteroid-reiated molecules such as 168,20- 

dihydroxyecdysone (maïacosterone) or musual um.jugstes (20-hydroxyecdysone 22-acetate). 

It is h o w n  if these metabolites are bioiogicdy active. The observation of an additional 

bioacrRte hydrophobie substance (distmct fiom ecdysteroids), which wuld be extracted fiom 

DB tissue and DB-wndbioned media, and the presence of a novd cytochrome P450 gene 

q r e s s e d  solely in the dorsal bodies (mermissen et ai., 1992) -est fùrther characterization 

of this substance should prove informative. 

The exammation of aibumen gland synthetic activity is a useful method to d e t e d e  

the relative activity of glands fiom rnminln imder different reproductive conditions (mated 

vs virgin) but may not be sensitive enough to detect more subtle changes in albumen gland 

acbMty. As the albumen gland secretory cells normally contain a certain amount of secretory 

material, the responsiveness of the albumen gland to stimufatory substances can sometimes 



vary depending cm how %dl' the cells are. Pnlimiiary observations on SDSPAGE separateci 

aIbumm glend proteins revesled distinct protein bands which were present in higher a m o ~ t s  

m reproducing saails compared to virgins, suggesting reproductive stanis may aher the 

@e& or expression of various proteins m the albumen gland mvohred in the synthesk or 

reiease of secretory pro- Smce the dorsal body hormone of Helisoma rlivyr is suggested 

to be a lipophilic moIde(s), end these substances gen- exert their & i s  by altering 

processes such as  gaie expression (Reichel and Jacob, 1993), the effect of the dorsal bodies 

cm gene expression in virgin albumen glands may provide a novel assay for detecting dorsal 

body hommne activity- This type of molecuiar screening can be accomplished by Merential 

display poiymerase chah reaction (DDPCR) and has beai  successfidiy used to isolate and 

identay many bioaceive substances regulating development m coelenterates (TakahaShi et d, 

1997). 

The partial characterization of a peptidergic factor fiom the bmin of H. aFu@ which 

acts upon the albumai gland to elevate intraceMar CAMP levels, uitimately evoking the 

secretion of perivitehe fiuïd is also a notewoahy contribution. It provides the first 

demonstration in mohscs of a neurosecretory fàctor fiom the brain mediahg a specific 

physiological event in an accessory reproductive gland through a known signal transduction 

cascade. Two reproductive neuropeptides fiom Lymmea stagnalzs, the caudodorsal ceil 

hormone and calfhxh are ineffective m stimulating protein secretion fiom the albumen gland 

of Helisoma duryi. Also, the neuroactive agents FMRFamide, YGGFMRFamide, srnad 

cardioactive peptide B, and serotonin were without stinnilatory efféd (Morishita et ai., 1998), 
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whereas the biogaiic amine dopamine was capable of inducing protein secretion (this thesis). 

At present, it is not known whether dopamine acts directly on the albumen gland secretory 

cells to promote semetion, or mdirectly by triggering the release of peptide fiom 

neurosecretory terminals around the cells ClearIy, more work is needed in this area. 

Baseci on the results fiom this study, and together with previous observations m the 

Basommatophora, the foliowing scheme regardhg the endocrine and neurosecretory controi 

of reproduction in H. duryi is proposed (see fig. 4). Some of the mterpretations and 

sp-ofls wiii imdoubtedly prove incorrect m the long term, especially m areas where the 

data are fiagmented, but it should provide a reasonable hmework for fllhue shidies- 

hi Wgin snails, the aIbumen gland secretory cells are packed fiill of secretory material 

since these animais are not laying eggs (Miksys and Saleuddm, 1985; this thesis). Therefore, 

a large mmease in synthetic actMty is not requîred to maintain sdlicient reserves of secretory 

material, hence ginnds fkom these animais display low synthetic actRrity. In contrast, the basal 

synthetic activity of glands from mated animais is sigtdicantly greater due to the demands of 

egg mass production. Copulation of v i re  animais serves to advate the two known 

reproductive centers, the dorsal bodies and the caudodorsal cells The mechanism by Hmich 

these gonadotropic centers are activateci may be through a nervous connection or perhaps via 

the production of a humoral 'matedness' âctor (Kmigelis and S a l e u d a  1986). 

The caudodorsal cells release an o d t i o n  hormone (CDCH) which acts upon the 

ovotestis to mduce the release of mature oocytes into the hermaphroditic duct. M e r  

f m t i o n ,  the eggs anive at the carrefour where they are detected by intrinsic sensory nerve 
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endings (Brisson and Collin, 1980) which transmit a nervous or chernical (dopamiue?) signal 

to the albumai gland. Does dopamine dïredy stmnilate the release of secretory material fiom 

the gland by bmding to, and activahg specinc receptors on the aIbumen gland? If so, what 

is the second messenger pathwafis) hvohed? Another possiiiity is that the ovuiated oocytes 

triggers the reiease of the CNS peptide fiom =on termmals innervathg the aibumai gland. 

The brah peptide would then bmd to, and activate, a Gprotein-wupled receptor on the 

albumai gland membrane, activating intracelhilar signal transduction pathways Iinked to the 

production of c m 7  and poss'bly other second messengers. The increase m mtraceIhilar 

second messenger concentration mduces the exocytotic release of secretory giobules 

containhg nutrient-rich perivitehe fiuid for the egg. Smce synthesk and secretion are 

closely coupled m most endocrine and exocrine cek (Harper, 1988; Peterson, 1992), the 

release of penvitehe fhid triggers mcreased synthesis wahm the albumen gland This p eriod 

of mcreased synthesis (-6 h) generaily coincides with bouts of eggiaying and is reflected by 

the peaks of synthetic activity in the albumen gland &a mating. 

In first mated ma&, polysaccharide synthesk does not increase mtil 18-24 hours 

post-matmg, even though the dorsal bodies are a h e i y  engaged m secretion weil before this 

(Saleuddh et al., 1989; Khan et al., 1990a). It is speculated that the dorsal bodies exert 

control over albumen gland activity at various lwels m both virgin and mated snails. In first 

mated mails, the release of the dorsal body hormone may provide the initiai stimulus to 

activate or prime' the vira aIbumen gland to respond to a peptide fiom the brain, which m 

tum, evokes the release of secretory material The dorsal body hormone mi& acwmplish 
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this via a nuclear mecbamsn, for example, by acting on specific mRNA synthesis to mcrease 

the number of receptors to a peptide messenger fiom the brain. This may explain the 

attenuated response of the %pin' gland to brain extract as compared to the response fiom 

a 'mated' gland . Altmatively, the dorsal body homone may act M e r  downstream of 

receptors by aiterhg the amount of cycfic nucleotidtxiependent protein h s e s  or the amount 

of &strate available to them, thus tailoring the physiological response of the aIbumen gland 

to extrace1luIa.r stinnilatory or mhibitory Sgnals 

In addition to controhg specinc hctions such as al'bumen gland synthetic actMty 

and VaeIiogenesis, the dorsal bodies also have long term effects in sthulating the growth and 

ceIlda. diffierentïation of the female accessory sex organs- In randody mated snails, the 

dorsal bodies are proposed to have a long tem efféct on the albumen gland by sustainhg a 

hi@ basal rate of synthesis within the gland which is required for egg mass production. 

Support for this stems âom the observation that ablation of the dorsal bodies reduced the 

synthetic actMty of the abumen gland to levels comparable to glands fiom vir@ animais 

(Miksn and Saleuddin, 1985)' and caused a reduction m female accessory gland wet weight 

(Miksys and Saleudch, 198%). Furthmore, the basal mtracelhilar levels of CAMP were 

also significantly higher (2-3 fold) in mated anmials as compared to vkgïns (this thesis). The 

increased basal concentrations of CAMP m rnated snaik might fimction to maintain high 

aïbumen gland synthetic actMty in reproductively active anîmals. It is weil hown that 

protein b a s e  A is able ro phosphorylate transcription factors which can then interact with 

specifïc DNA Seqllences to advate ceil-specinc mRNA for aaMties such as protein synthesis 
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(Karin and S M  1992; Sassone-Corsi, 1994). In the fimire, it should be mteresbog to 

determine the e8léct of dorsai body ablation on basal albumai gland CAMP Ievek, and what 

efféct long temi alteration of CAMP concentration has on 2 s  synthetic activity, or its ability 

to secrete perRriteltme Biid m response to the brah peptide. The partial characterization of 

the dorsal body h o m e  ofHelisorna - as a Iipopldic substance, irs observed pleiotropic 

hctions m vanous puhnonates, and its proposed mode of action presented m this thesis is 

rembiscent of the mechanism by which the vertebrate reproductive steroids, and the insect 

jweniie hormones are thought to reguiate reproduction (Wyatt and Davey, 1996). 

The development of vay saigtive myotmpic bioasssys, hnmunoassays, and siflcant 

miprovements m analytîcal -ment (HPLC, protein SeQUencers, mas spectrometry) during 

the iast 10-15 years hes allowed investigatofs to isolate and identify an rmprecedented number 

of novel bioactive substances (m peptides) f?om molhiscs, some of which have been 

impficated to regulate reproductive fimctions. This has resulted m a situation refmed to as 

'reverse endocrinology'in which the structures of many different compoimds are hown, but 

not th& fimctiofls A careful scnrtmy ofthe liîerature reveals there are only a fav chemicaOy 

i d d e d  substances in molhiçcs for which there e&s substantial physiological evidence for 

a role m reproduction For example, the egg laying peptides fiom Aplysia and Lymnaea and 

the FMRFamide-related peptides m pulmmates. The great majority of molluscan peptides 

have been isolated ushg myotropic bioassays. MoIluscan muscle and invertebrate muscle in 

general, appears to be regulated by a mdtitude of neuraUy-derived compoun& and is 

therefore a relatively non-specific bioassay. Since one can only detect bioactivity for which 
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one is assayhg for, this may or may not be the primary fimction of these peptides- ûther than 

their abiaty to d e r  muscle contraction, linle eise is known regardmg their synthesis or even 

if they are released under physiological conditions. Thus, the challenge fkhg moIhiscan 

reproductive physiologists will be to develop sensitive bioassays having greater spdcity,  

especially conceming those processes presmned to be mder homonal control Mormver, 

anaesthetkation, surgical procedures, and post-operative SUtViVal for most mouusCs, 

particddy snaii aqyatic species requires further iniprovement before a better understanding 

of hormonal control mechanisms are achieved. 

Although this thesis examines a relatively small area of molhiscan reproductive 

physiology, it nonetheles provides miportant mformation regardmg some of the physico- 

chernical properties of the dorsai body hormone m Helisoma &ryi and its role m 

reproduction. In addition, a foundation is establistied with respect to the neurosecretory 

control of perivitehe fiuid secretion and its mediation through an intracelhilar signal 

transduction pathway. Fmally, this thesis points out miportant observations on some of the 

pitfalls and technical difEcrifties enwuntered when studyhg mohscan reproductive 

endocrinology, some ofthe gaps in our current Imowledge, and suggests possible approaches 

for future research. 



Fig. 5 A model showing some aspects of the endocrine and neurosecretory control of 

reproduction in Hefisoma & q z .  The model incorporates some fatures of w b t  is hown 

m a related aail L y m ~ e a  sfagrmlis. Exterd stimuli such as photoperiod, temperature, 

water qd i t y ,  availabiiiry of fbod and meting stimuli can be feceived by the lateral lobes or 

the brain waich traasmit information to the reproductive centres (CDCs or DBs), which m 

tum stmnilae (or mhibit) the symhe!sidde8~e ofneuro(endocxine) substances. The brain and 

DBs are pmbably capable of mfhiencing each others' actbdïes. The DBH stimulates oocyte 

maturation m the ovotestis, poss'bly by &ecting the uptake of yok precursors (ferritin?). 

The goaad is Meved to exert a positive fèedback on the reproductive centres. The DBs also 

exert long term effects during reproductive activiry by stmnilating the growth and 

differentiation of the fémale accessory sex organs. 

A fàctor kom the brah (CDCH) or DBs induces ovulation of ripe oocytes Eom the 

ovotestis mto the hemaphroditic duct. The DBs Iüreiy man~cture a steroidai product(s) 

*ch stimubes polysaccharide synthesis in the albumen gland As the oocytes arrive m the 

carrefour region they receive a mat of perivitellirie i8uid A peptide fkom the brain or the 

biogenic amine dopamine evokes the release of proteins and polysaccharides fiom the 

albumm giand This secretion of pemcitehe fhid is mediated, at least in part, by the CAMP 

signal transduction pathway. Neurosecretory h o r s  Eom the brain are also mvohed m egg 

mass formation by Wencing the secretory and nnisnilar actMties of the f d e  accessory 

sex organs, and to coordmate egg laying behavior. 
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APPENDIX: Simdtaneous Measurement of lXadiolabelied Proteins and 

Polysaccharides in Albarnen Gland Relusates 

INTRODUCITON 

The principal secretory produa of the aIbumen gland of puhonate siails is caned 

perivdehe fbid (PVF)- Galactogen, a high moIecutar weight molecule composed of p(1-3), 

and Ml-6~Wed gafactose residues, and stycogen, represent the main polysaccharides În the 

PVF of puhonates (Goudsmit, 1976), whereas a 66 kDa glycoprotein, is the most abundant 

protehaceous component m the PVF of Heiisoma awyi (Morishita et ai., 1998; this thesis). 

We have recently developed a rapid bioassay to measure the release of these two major 

components of PVF in the presence of a brain peptide (Morishita et al., 1998). 

This brain peptide stimulates the production of CAMP, which m tum mduces the secretion of 

PVF. Forskoiin, a potent activator of adenylate cyclase, mcreases PVF secretion by about 

8-fol4 and stmnulates intraceIhdar CAMP in the albumen gland (Chapter 5, this thesis). 

In the fieshwater siail Biomphaiaria glabruta, the in vitro synthesk and release of 

PVF varies accordmg to the reproductive state of the animal (Crews and Yoshino, 1989, 

1991). Furthemore, endocrine fàctors are known to regulate the synthesis and release of 

albumen gland polysaccharides and protems m H. (see Saleuddin et al., 1994, 

Saleuddin, 1998a; this th&). The recent identification of a unique 66 kDa giycoprotein that 

is released by the albumen gland m the presence of brain extract, forskolin or CAMP 

analogues, prompted the notion this ghlcoprotem could be labeIled with a radioactive 
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monosaccharide for secretion studies In H. duy, knowledge of the specific carbohydrate 

moieties ofthe 66 kDa gIycoprotein and the nature of th& covalent linkage to its protein is 

presently iniknown In the keyhoie hnpet Megatthuu ctemIata, the monosaccharides 

galactos-e, galactose, and fbcose were determsied to be the major carbohydrate 

components fkom the glycoprotein of the egg vitelline envelope ( H e k  and Raftery, 1976). 

In the puhonate saail Lymnaea stugnuizs, the albumen gland was fomd to possess a h i w  

active N - a ~ c t o , c s i m i n y l  trnisférase which was suggested to be imolved in the synthesis 

of glycoproteins (Mulder et al., 1995). Based on these biochemical studies, the 

monosaccharide galactose was chosen as a precursor for Btycoconjugate labehg. In 

addition, radiolabened galactose can serve as a precursor for the biosynthesis of the 

poiysaccharide galactogen (StangÏer et al., 1995), therefore it should be possible to label both 

glycoprotteins and polysaccharides in the same sample. Smce forskobn was the most potent 

aimulator of PVF secretion we have tested ço k, it was the compotmd of choice to 

determine if newiy qnthesized albumen gland secretory products are capable of being 

released under short term in vitro condiiiom. 

MATERlALS AND METHODS 

Radiolabelhg of Albumen Gland P r o t h  and Polvsaccharides 

Albumen glands from egg-laying H. chrtyi were dissected free of surroundmg tissue 

in stexile antibiotic saline and cut iongmidinany mto two equal-sized h&es. The tissue pieces 

were rinsed thoroughly m saline and mcubated for 48 h in 200 pl Medium 199 containhg 
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either 0.5 pCiM '%-amino acid mixme or 1.0 pCi l~d '~  C-galactose (both radioisotopes 

were pu rchad  fiom Amersharn Lifé Sciences, O M e ,  Ont.). Mer the mcubation, the 

tissues were Wmsed m several changes of saline and then placed individUany in Falcon 96-wd 

tissue ailture plates wah 100 pi saiine. The surroundhg saline fiom galactose-labened glands 

was removed eveq 20 min and transfied to 1.5 ml polypropylene microtubes. The weil 

was quickly replaced with another 100 pl of fie& saline. An e@ vohune of 25% 

trichloroacetic acid (TCA) was added to the collected saline from each time point, and 

allowed to stand wemight at 4OC. Recipitated proteins were centxifùged at 20,000 x g (20 

min), and the supernatant placed În a separate tube- The peiiet was washed with 12.5% TCA, 

centxifhged, and the supernatants were pooled. The TCA fiom the pellet was removed with 

a mumire of ethano1:ether (1: l), centrifùged again, and the supernatant discarded. The 

residuai organic sohmt was dried under a Stream of N, gas. The pellet was redissohred m 

50 ~10.1 M NaOH, and 1 ml of aqueous c o d g  scintillant (ACS, Arnersham) was added 

to the tubes. The radioactive proteins were quantüïed by Iiquid scintillation counhg. Two 

vohunes of 100% ethanol was added to the TCA sipet118t811ts and dowed to stand overnight 

at 4OC. The labeiled poiysaccharïdes were peileted by centrifbgation, and the penet washed 

with 66% ethanol, and centrifùged once more. The supernatants were discarded and the 

pellet was dned The peuet was resuspended in 50 pl of diçtined water, mixed with 1 ml 

ACS, and counted. Basal protem and polysaccharide secretion was measured for the fia 

60 min, then forkolin ( 100 pM, fmal concentration) was immediately added for 20 min and 

its effect on secretion was monitored for another 60 min. A s8nilar protocol to the one 
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desmied above was fonowed for deteminhg the release of radiohbeîled proteins fiom 

albumen glands mcubated m " C - d o  acids Resuhs are expressed as dpm protein or 

polysaccharide re leadmg tissue weigW20 min. 

RESULTS AND DISCUSSION 

Initiany, aIbumen glands were radioiabeiied with an amino acid mixture. The basal 

release of radioiabelled protein from aIbumen glands mcubated with amino acids shows a 

bear decrease durhg the first 60 min of culture (Fig. 1). Application of forskolin (100 pM), 

a potent adenylate cyclase aaivator, induces a hx+fold mcrease m release of labefled protem 

mto the medÏum. AEthough forskoh was applied for ody 20 min., a strong stimulatory effect 

pergsts for at least another 40 m k  This occurredlce was also observed when non-radioactive 

protein reIease was determitleci after f o d o h  stmnilation (data not shown). The magnitude 

of release of radioiabelled proteins is about halfof that seen when measuring conventional 

protein release due to the dihition of the isotope with amsio acids m the culture medium 

Sug ar nucleotides such as UDP-galactose and UDP-N-acetylgalact osamine are the 

immediate premsors for polpccharides (galactogen) and glywproteins respectNeIy. 

However, since these m o l d e s  cannot be readüy taken up by ceils or tissues m culture, the 

metabolic labehg of oligosaccharides is typically accomplished with radiolabeiled 

monosaccharides (Varici, 1989,1994). When albumen giands are labelled with galactose, and 

then treated wah forskolin for 20 min, a three to four-fold mcrease m release of radiolabelled 

secretory products is observed (Fig. 2). Even after forkoh is removed, there is an 
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augmentation of release for the next 20 min. Therder, the levek of secretoxy mataial 

begin to decline and approach th& basal rates. The concentration of forskolin (100 pM) 

used m these shidies is phamiawlogid, which might account for the prolonged release afier 

id is removed. It is aiso possile another signal transduction pathway is activated with or by 

CAMP, which setves to enhance the release of secretory material 

The time courses for the re1ease of labekd protek and polysacchides are 

mdistinguishable, suggestmg that these secretory products are co-released (Fig. 2). This 

supports the morphologid stuclies of the puimonate albumen gland which mdicate both 

protein and poiysaccharide components coalesce to form large ( 1- 10 pM) secretory vesicles 

meland and Gauchit, 1969; Cousiu et al., 1995). Light microscopie studies of forskolin- 

treated aibumen glands show the secretory vesicles are released fiom the cytoplasm of the 

glanmilar cek hto the lumen of the ducts, and finally extruded mto the surroundmg mechm 

(Morishita et al., 1998). 'Ihese observations suggest that radiolabelled galactose shouid serve 

as a valuable precuTsor m fùture studies to examine the effect of endocmie factors on both 

glycoprotem and polysaccharide synthesirelease in a Sngle piece of albumen gland 



Fig. 1 Release of radiolabelled protein from albumen gland pieces foIIowhg forskolin 

ictmnilsition, Pieces of albumm glands were mamtained in Medium 199 containmg 0.5 pcilml 

14C- C-O acid mixture for 48 h. Mer the mcubation, the glands were washed thoroughly 

m normal saline and the release of radiolabded TCA-precipitable proteins mto the 

surroundmg medium was quantified every 20 min by liquid scintillation counting. Basal 

release of labelled proteins was determsied for 60 min, then forskolin (100 CLM) was added 

betweem 60-80 min. The medium surroundhg the tissue was replaced with normal d i n e  

fkom 80- 140 min. Note that in the presence of forskoh (solid horizontal bar) a marked 

mcrease in the Aease of radioiabelied proteins was observed. Each point represents the mean 

* SE of 6 samples. 
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Fig. 2 Co-release of radiolabened glycoproteins and poiysaccharides fkom albumen gland 

pieas. Albumai glands were maintamed in Medium 199 containhg 1 pcilml '%-galactose 

for 48 h. Ma the mcubation, the glands were washed thoroughly m normal saline and the 

reiease of radiohbened glycoprotehs and polysaccharides mto the medium detennined every 

20 min. RadiolabeIied glycoproteins were TCA-precipitateâ, centrifiiged, and the peîiet 

quantified by liquid scintillation counfiflg. To the resuhant TCA supernatant were addeù two 

vohmies of 100 % ethanol, and the precipiîated polysaccharides were quantified as mentioned 

above. Note that fomkoh (100 pM) wokes a Sgnificant increase m release of both labeïïed 

stycoprottems and polysaccharides, and that the time courses of release of semetory products 

were identical. The sobd horizontal bar denotes the time at which the glands were treated 

with forskolin. Each point represents the mean * SE of 6 samples. 
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