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ABSTRACT 

Larval and metamorphic development of Melibe leonina . as determined from histologir;..tl 

sections, is simila r to that of other planktotrophic nudibranch larvae except that tht> 

rudiments of the postmetamorphic cerata a ppea r during the la rva l stage. Using semi-seria l 

thin sections, I examined ceratal development from the la rva l ma ntle fold and 

neurogenesis of the pleural/ceratal (PC) nerve. The proximal segment of the PC nerve is 

established initia lly by outgrowing axons of central motoneurons. Morphological ev idence 

suggests outgrowing axons a re guided by a supporting cell and bv the basal lamina of the 

mantle fold epithelium. The dis t..11 portion of the PC nerve is pionet>n'd b_v ingrowing axons 

from periphe ra l sensory cells . 

Ceratal autotomy, which allows escape from crab predators, requires breakage of the 

epidermis, longitudinal muscle bands. ceratal nerve and digestive gland. Ultrastructural 

observations s how that two circula r ne rves, originati ng from the cera1,al nerve, lie within 

the autotomy plane; one runs beneath the epidermis, the othe r s urrounds the ceratal 

branch of the digestive gland. [nnervated granule-filled cells (GC) lie wi thin the 

perineurium of these nerves and extend processes to the basal la minae and associated 

connective t issue of the four structures that cross the a utotomy plane . Degranulation of 

GC and disruption of basal laminae accompany a utotomy. I suggest that auwtomizing 

stimuli (pinching the ceras) elicit neurally-mediated release of GC granules, which disrupts 

basal laminae a nd connective tissue str uctures within the autotomy plane. Tissue 

separation is assisted by strong muscular contractions. 

Each ceras of M. leonina contains a peripheral nervous system consisting of several 

small ganglia t hat give rise to distal nerves. Efferent neurons within the ganglia are 
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recruited by s trong afferent stimuli and fi re sernisynchronously to produce a train of la rge 

amplitude spike bursts in extracellula r recordings from al l nerves emanating from the 

ganglia. The s pike bursts precede ceratal autotorny. I argue that these neurons are 

presyna ptic to cer atal muscles that help accomplish ceratal aut.otomy. 

The repugnatoria l glands of the cerata are composed of two types of secretory cells 

invested with musc le cells. Glandula r secretion requires direct touch to cilia ted sensory 

cells adj acent to the secretory pore and sea star tube feet reduce t.he stimulus threshold for 

secretion. 
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GENERAL lNTRODUCTION 

Extant opisthobranch molluscs exhibit several independent morphoclines of shell 

reduction and loss (Morton, 1963: Thompson. 1976). The shell i$ entirely lacking in all 

members of the order N udibranchia. Loss of the shell in opistihrnnchs is correlated with ..1 

variety of structural elaborations of the dorsum. The mos l strik ing e laboration is the 

cerata (from the Greek 'ceras •. meaning horn), a collective term for a ll forms of dorsal. 

non-cephalic appendages in non-dorid nudibranchs. Cerata exhibit a great deal of 

interspecific variation according to parameters such as size, s hape, number, and presence 

or absence of branches of the digestive gland (see MacFa rland. 1966). Additional sources 

of variation include ability to autotomize, type and number of e pidermal glands, and 

presence of cnidosacs that house nematocysts sequestered from en 1darian prey . This 

structural divers ity suggests that no single s uite of functions can be assigned to the cerata 

of a ll species. 

Evolutionary loss of the s hell in nudibranchs is accompanied by loss of the mantle 

cavity and pallial organs, including the ctenidia (gill). Eighteenth century malacologists 

debated about whether or not cerata 1·eplaced the ctenidia as organs of gas exchange (see 

Herdman, 1890a). Although this role is now generally accepted for cerata (Morton , 1958; 

Hyman, 1967), the issue has never been resolved through experimental investigation. 

The fact that cerata have replaced the ancestral, protective shell. at least in position, 

and the observation that nudibranchs are rarely pi·eyed upon (Herdman , 1890b: 

Thompson, 1960; Russell, 1966) hint that cerata may be defensive structures. 

In the mid-1800s, Alder and Hancock ( 1845- l854; cited by Herdman [ 1890al) reported 

seeing nematocysts within the ceratal apices of aeolids having a transparent epidermis. 

Herdman ( 1890a) s ubsequently confirmed this observation and showed that nematocysts 

are clustered within cells of a special chamber ('cnidophorus sac') that communicates with 
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the ceratal branch of the digestive gla nd a nd with the external environment via a pore at 

the tip of the ceras. Grosvenor (1903) and Cuenot (1907) s howed that t he nematocysts of 

aeolids a re de rived from their cnida ria n prey. This remarkable a bility to retain 

undischa rged nematocysts has been the subject of most s ubsequent studies on nudibranch 

cerata (Glaser, 1910; Graha m, L93 ; Kepner, 1943; Thompson a nd Bennett. L969; 

Cockburn, 1976; Day and Harris, 1978). Begi nning with Herdman , 1890a), it has been 

assumed that the sequestered nematocysts are used for defense by the ir surrogate hosts, 

yet Day a nd Harris (1978) point-out that the only direct evidence for this comes from an 

abst1·act by Allen (1976) in wh ich he describes nematocysts within swollen mouth tissue of 

a shiner perch that had mouthed the aeolid, Hermissenda crassicornis. However. 

Cockburn ( 1976) fa iled to find nematocysts within the mouths of sculpins a fter they had 

a ttacked H. crassicornis. 

Thompson ( l 960) a nd Edmunds (l 966) examined evidence for other ways in which 

cerata may defend against predators, including crypsis through cerata l colour and shape, 

acidic secretions and defens ive chemicals elaborated by ceratal epidermal glands, and 

ceratal a utotomy. Autotomy ('self-cutting') is the ability to rapidly detach an appendage 

when the appendage receives a threatening stimulus . 

Since Johannes' (1963) report that a strong smelling mucus released by Phyllidia 

va ricosa is toxic to some crustaceans and fish, and the subsequent identification of the 

toxic material by Burreson et a l. ( 197 5), who found it to be a novel sesquiterpenoid, 

organic chemists have s ucceeded in isolating many unusual metabolites from nudibranchs 

(see reviews by Schulte and Scheuer, 1982; Gustafson and Anderson, 1985). Many of the 

substances are derived from prey organisms of t he nudibranchs and some have been 

shown to deter predation by fish (see Gunthorpe and Cameron, 1987). Despite the interest 

in the chemistry of nudibranch metabolites, nothing is known of the detailed structure of 
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epidermal gla nds that might release these s ubstances, nor has their been studies 

examining the role of nudibranch defensive chemicals within an ecological context, s uch as 

that of Young et al. ( 1986) on the marine pulmonate Onchidella borealis. 

Even less is known about ceratal autotomy. Indeed Stasek·s l 1067) review of 

a utotomy wi thin the Mollusca is mainly a catalogue of superficial descriptions of autotom_v 

in a variety of molluscs. Since then. Hodgson ( L 984) performed a histological and electron 

microscopical study of the potentia l auwtomy s ites a long the s iphons of two species of 

Solen (Bivalvia). He concluded that these sites were zones of weakness due to a r eduction 

of connective tissue, and speculated t hat the breakage of t he longitudinal muscle bands 

within the siphons is achieved by rapid contractions of circular and radial muscles that 

"compress, elongate and break the longitudinal muscle fibres. " The histological s tudy of 

Kress ( L 968) fai led to show a zone of reduced connective tissue within t he base of the 

dec iduous cerata of three species of Doto (Nudibranchia), but he did identify a 'granular 

zone' in this region . Although opisthobranchs have been the s ubject of many 

neurophysiological studies (see Kandel, 1976; 1979), nothing is known about the neuronal 

control of autotomy. 

Diversity a mong nudibranch cerata is not limited to structu re and function. 

Developmental studies show t hat cerata of all s pecies are not homologous, but may be 

de rived from larval ma ntle fold tissue or la rva l pedal tissue (Ta rdy, 1970; Thompson , 

1962: Bona r and Hadfield, 1974; Bonar, 1976). None of these studies examined ceratal 

morphogenesis in detail. 

The intent of my dissertation is to contribute information toward a better 

understanding of the development and functional morphology of nudibranch cerata. 

studied the cerata of Melibe leonina (Gould. 1852), a large dendronotid nudibranch that 

can occur at very high density within eel grass and kelp beds along the west coast of North 
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America . General ana tomica l a nd histological descriptions of this a nimal have been given 

by Kje rschow-Agersborg ( 1921; 1923a: 1923b) and Hurst (1968), aspects of its behaviour 

ha ve been provided by Kje rschow-Agersborg (1921: 1923a), Hurst (1968), and Ajeska and 

Nybakken (1976), and the neural contrnl of swimming behaviour has been studied by S. 

Thompson (Hopkins Marine Laboratory, Stanford University; personal communication. 

1982; manuscript in preparation). M. leonina is remarkable among nudibranchs for its 

method of feeding; a large oral hood that s un·ounds the mouth is used to engulf 

zoop lankton within t he s utTounding water. The species does not sequester nematocysts 

within its cerata. but the cerata will a utotomize if pinched and the ceratal epidermis !as 

well as t hat of the oral hood a nd general dorsum) contains distinctive, mult icellular glands. 

[n the first part of Ch. 1. I give a genera l description of larval and metamorphic 

deve lopment of M. leonina . showing precocious development of the cerata during the 

la rval stage. This section has been modified from a published paper by Bickell (Page) and 

Kempf ( 1983). All technical work (lar val culture and preparation of histologica l sections) 

and interpretation of results included in this version are my own. The second pa rt of Ch. l 

is an ultrastructura l investigation of cerata l morphogenesis including the development of 

the peripheral ne rve that innervates these appendages. Pe ripheral nerve formation during 

normal deve lopment has not been described previous ly for any mollusc. The results a re 

compared to those of recent s tudies on neurogenesis in insects. 

In Ch. 2, I describe structural specia lizations for accomplishing ceratal autotomy. The 

morpho logica l results indicate that, unlike the a utotomizing s iphonal segments of Solen, 

the autotomy plane of M. leonina is not a zone of inherent weakness. Instead, its fi ne 

structure before and after autotomy suggests an autotomy mechanism akin to that 

hitherto known only in echinoderms (reviewed by Wilkie, 1984). By virtue of their size 

and ease of isolation, autotomizing ligaments and tendons of echinoderms may be more 
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amenable to studies of the physico-chemical mechanism of tissue breakage accompanying 

autotomy, but the nervous system of nudibranchs is much more conducive to investigation 

of the neural control of this event. [n Ch. :-l, I describe one aspect of the neurophysiological 

control of ceratal autotomy in M. leonina. 

Finally, Ch. 4 gives an ultrastructural description of repugnatorial glands from the 

cerata of M. leon ina. My behavioural and morphologica l observations suggest the effective 

stimulus and mechanism of discharge for these glands and the effectiveness of their 

secretory product for repe lling various predators . 
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LARVAL AND METAMORPHIC DEVELOPMENT OF THE NUDIBRANCH 
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lNTRODUCTION 

Opisthobranch molluscs are an assemblage of diverse and often highly derived adult 

morphs, yet the young larvae of these gastropods have a conservative structure and a 

general pattern of developmental events up to metamorphosis is recognizable (Thompson, 

1958; 1962: Tardy, 1970; Thiriot-Quievereux. 1970; 1977; Bonar and Hadfield. L974; 

Kempf and Willows, 1977; Kriegstein, 1977a; b; Switzer- Dunlap and Hadfield . 1977; Chia 

and Koss, 1978; Bickell and Chia, 1979; additional references reviewed by Bonar, L978a). 

Deviations from this general pa l tern can often be interpreted as ontogenic anticipation of 

unique structural features of the postmetamorphic phase or specia l features to faci litate 

the success of settlement a nd metamorphosis or s urvival of young juveniles in the adult 

habitat (Chia a nd Koss, 1978; 1982; Switzer-Dunlap, 1978; Bickell and Chia, 1979). 

Metamorphosis of s hell-less opisthobranch lar vae is a much more radica l event than 

that which occurs in prosobranch larvae (generalized accounts of metamorphosis given by 

Fretter [ 1969] for prosobranchs, and Bonar [ 197 Sa] for opisthobranchs). In nudibranchs, 

metamorphic events include loss of the s he ll and operculum, with concomitant changes in 

body shape a nd symmetry, gut configuration and structure, and nervous system anatomy. 

Studies of metamorphic morphogenesis may reveal tissue derivations that are useful for 

phy logenetic inferences (Tardy, 1970; Bonar and Hadfield. 1974). This is particularly 

important for nud ibranchs because the extreme modification , diversity, and convergence 

that characterizes the adult morphs make phylogenetic hypotheses difficult to assess 

(Morton , 1963; Ghiselin, 1965). 

In the first part of this cha pter, I describe the larval and metamorphic development of 

the nudibranch, Melibe leonina (Gould, 1852), by means of observations of living animals 

a nd histological sections through sequential developmental stages. I compare the results to 

those of other studies and discuss the significance of several unorthodox developmental 



11 

features, s uch as the precocious development of the ceratal rudiments during the larval 

stage. 

In the second pa r t of this chapter [ give an ultrastructura l description of the 

premetamorphic morphogenes is of the primary cerata and the peripheral nerve that 

innervates these appendages. Although much information is available on neuronal 

mechanisms underlying gastropod behaviour (see Kater et a l. , 1975; Kandel, 1976; 1979), 

relatively little is known about neurodevelopment within this group. Existing studies 

include early light microscopical works on gene ra l development of the nervous system 

(reviewed by Raven , 1958), contemporary studies on the development of central neuronal 

somata (Shacher et a l. , 1979a; b; J acob, 1984; Kempf e t a l. , 1987), and studies on 

regenerating axons of adult neurons (Price, 1977; Murphy and Kater , 1978; 1980; Bullock 

et a l.. 1980; Bullock and Kater, 198 1; Wong et a l. , 198 l ; Ba rke r e t fil ., 1982; Hadley et 

a l.. 1982; Schacher, 1985). 

[n the juvenile and adult stages of M. leonina, the cerata are pe taloid in shape a nd 

arra nged a long two rows down the dorsum of the body (Fig. 1). Each ceras is innervated 

by a sepa rate ceratal nerve and the ceratal nerves arise as sequential branches of the 

ipsilateral pleural ne rve (see Chs . 2 and 3). Ceratal rudiments and their innervation 

develop during the larval stage, but anatomical distinction between the pleural and ceratal 

ne rves in late stage larvae a nd recen tly metamorphosed animals (post-larvae) is arbitrary 

because only one pair of cerata is present. Therefore, I use the name pleura l/ceratal (PC) 

ne rve for the nerve extending from the pleural ganglion into the cerata of the la rva and 

post-la rva . 

The r ight PC nerve is particularly amenable to developmenta l study because: 1) the 

distance travelled by the nerve in t he larva is relatively short (approximately 100 µm), 

which facilita tes seria l e lectron microscopical reconstructions; 2) it is the only nerve 
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extending between the C NS and the cerata; and 3) during its init ial development, the 

nerve project.s thrnugh an environment that is structura lly simple . 



MATERIALS AND METHODS 

Adult M. leonina and their egg masses were collected from eel grass beds located in 

Shoal Bay, Lopez Island (San Juan Archipelago, Washington, U.S.A.) and in Patrici a Bay, 

Vancouver [sland (Bri tish Columbia, Ca nada ). 

Laboratory hatched larvae were cultured at an initia l density of 2 to 3 la rvae/ml in 

bowls conta ining lOO ml of filtered ( l illipore prefilter no. AP2004 700) natura l seawate r 

with 10,000 cells/ml of the a lga Pavlova (Monochrvsis) lutheri (Carolina Biological Supply). 

La rvae were transferred to fresh culture medium at 1 or 2 day intervals. Details of the 

a lgal culture method, and the method of transfe r ring larvae to fresh culture medium have 

been described by Bickell et a l. (1979). The antibiotics streptomycin s ulfate (50 µ g/ml) 

and pen icillin G (60 µg/ml) (Switzer- Dunlap and Hadfie ld, l 977) we re added at 2 to 6 day 

intervals. Cultures were maintained at a temperature of 12 to 14 degrees Centigrade . 

Young juveniles of M. leonina we re fed a mixture of unidentified ciliates ha rvested from 

various types of decomposing a nima l t issue (sea urchin eggs, crushed limpets, chunks of 

sea pen). This diet was s upplemented with nauplii of ha rpacticoid copepods. 

Eleven developmental stages we re processed for histological examination. Larvae we re 

fixed at hatching, mantle fold retraction, two stages during mantle fold hypertrophy, and 

full development of the ceratal rudiments and propodium (metamorphic competence). 

Metamorphic stages were fixed a t the t ime of velum loss, s he ll loss, a nd 5, 10, 24, and 48 

hours a fter loss of the la rval s hel l. The primary fixa tive for a ll stages consisted of 

phosphate-buffered (pH 7.6) 2.5% glutara ldehyde made isosmotic to seawater with 0.34M 

NaCl (Cloney and Florey, 1968). Larval stages were anaesthetized pr ior to fixation by 

placing them in 3 ml of seawater and 7 drops of 2% procaine . After 15 min at room 

temperature, 0.5 ml of a saturated solution of chlorobutanol in seawater was added and 

the vessel placed on ice for 10 min. Anaesthe tized larvae were placed in primary fixative 
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for 30 min, followed by a l hr treatment in a mixture of equal parts primary fixative and 

10% ethy lenediaminotetraacetic acid (disodium salt) to decalcify the la r val s hells \ Bonar 

and Hadfie ld, 1974). Metamorphic stages were anaesthetized for 5 min in l part 

saturated chlorobutanol solution and 9 parts fil tered seawater on ice and transferred to 

prima ry fixative for 1 hr. After severa l rinses in 2.5% sodium bicarbonate buffer (pH 7.2), 

a ll la rva l and metamorphic stages were post-fixed for 1 hr in 2% osmium tetroxide in 

bicarbonate buffer. Fixed a nima ls were dehydrated in ethanol, rinsed in propylene oxide. 

and embedded in a plastic prepared by s ubstituting Poly/Bed 8 12 (Polysciences) for Epon 

812 in t he recipe of Luft (1961). 

For gene ra l description of development, embedded specimens were seria lly sectioned at 

1 µ m thickness and stained with Richardson's stain (Richardson et a l.. 1960). 

For ultrastructura l observations of cerata and PC nerve development, ribbons of serial 

sections were cut with a Oiatome diamond knife on a Reichert ultramicrotome and picked 

up on copper mesh grids (no. LOO) having a Formvar or Parlodian support film. Alt hough 

grid ba rs obscured some of the sections , this method was adequate for tracing small 

bundles of axons and groups of sensory cells. Individual axons could not be followed. 

Sections were stained for 20 min in aqueous uranyl acetate at 60 degrees Centigrade, 

followed by 10 min in lead citrate at room temperature, and were viewed with a Philips 

EM 300. 
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RESULTS 

A. Larva l and Metamorphic Development 

l. Structure at Hatching 

The veliger la rvae of Melibe leonina hatch from the benthic egg mass approximately 10 

days after oviposition and are structurally s imilar to the young planktotrophic veligers of 

other opisthobranchs. At hatching, the larval body is sma ll and morphologically s imple 

relative to the size and complexity that is ach ieved by the end of the obligatory larval 

stage (compare Figs. 2 a nd 3). 

The veliger has two major body regions: a cephalopedal mass and a visceropallial 

mass. The cephalopeda l mass consists of the two ciliated lobes of the velum that effect 

swimming and capture of food particles, and a small pointed foot that bears a circular 

operculum on its posterior face (Figs. 2, 4) . 

The visceropall ial mass includes a functional digestive tract, the so-called la rva l kidney 

complex. the la rva l shell with its underlying perivisceral epithelium, and t he man tle fold 

epithelium (Figs. 2, 4). 

The digestive tract is composed of a n esophagus, a stomach, a large left and much 

s maller right digestive g la nd, a nd an intestine (Figs. 2, 4, 5). After leaving the stomach, 

the intestine recurves anteriorly towar·ds the a nus located in the f1oor of the right mantle 

cavity (Fig. 5). The position of t he anus indicates partial torsion of the la rva l gut. The 

larval stomach has two major divisions that Thompson ( 1959) termed the ventral and 

dorsal stomach. The ventral stomach consists of a ciliated region that receives the 

openings of the esophagus and digestive glands and an a rea lined by a gastric s hield (Fig. 

4) . The dorsal stomach is lined on three s ides by a band of densely packed, transversely 

beating cilia (Fig. 6). A sparsely ciliated groove extends down the upper wa ll of the dorsal 
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stomach (Fig. 6 ). The manner in which food particles are trans ported and digested by the 

gut of opisthobranch veligers has been described previously (Thompson, 1959; Bicke ll et 

a l. , 1981; Kem pf. 1982). 

The larval kidney complex is a cluster of distinctive yet heterogeneous cells located 

adjacent to the anus on the right s ide of the veliger (Figs. 2, 4) . The function of these 

cells, which degenerate at metamorphosis, is not clear. Two nephrocysts, which a re 

uniquely la rva l structures whose function is enigm atic but may involve storage or 

excretion of waste material (Bonar, 1978a), are located on eithe r s ide of the esophagus 

(Fig. 6). 

At the a perture of the larval she ll, the perivisceral epithelium becomes the ma ntle fold 

epithe lium (Fig. 7 ). It extends from the rim of the larva l shell to the cephalic epidermis 

and can be s ubdivided into two components: s he ll-secreting cells attached to the r im of the 

larval s he ll and cells that line the floor of the mantle cavity. 

The muscle systems of the veliger of M. leonina extend through both the cephalopedal 

and visce ropallia l portions of the larval body. The base of the la rge larval retractor muscle 

is attached to the posterior end of the shell via s pecialized cells of the perivisceral 

epithe lium (Bona r , 1978b) and bra nches extend anteriorly into the t issues of the foot and 

velum. A bundle of accessory pedal retractor muscles orig inates on the pedal e pithe lium 

unde rlying the operculum and extends over the ventra l lip of the she ll to insert on the 

periviscera l e pithelium immediately ventral to the anus . Contraction of the la r val 

retractor and accessory peda l retractor muscles pulls the larval body and operculum into 

the shell cavity. In addition, a diffuse system of s lender visceral muscles is associated 

with t he digestive t r act and with the mantle fold and perivisceral e pithelium. 

At the time of larva l hatching in M. leonina, the only central ganglia that are clearly 

recognizable in one µ m sections are a pair of sm a ll cerebral ganglia connected dorsa lly 
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over t he esophagus by the cerebra l commissure (Fig. 6). Sensory structures include a pa ir 

of statocysts within the base of the foot (F igs. 2, 4), and tufts of stiff cilia extending from 

the s ides and apex of the foot (Fig. 2) . 

2. La r val Morphogenesis 

The s ketches in Figure 8 s how three la rval stages of Melibe leonina : the hatching 

stage, the eyespot • ma ntle retraction stage (16 to 20 days post-hatching), and the stage at 

which t he la rvae become capable of settlement and metamorphosis (30 to 48 days post­

hatching). The s he ll increases in length from L49 µ m (S .D. 9 µ m) at ha tching to 250 µm 

(S.D. 3 µm ) (Fig. 8). As descr ibed below, morphogenetic events occur throughout the 

la r val phase but tend to be concentrnted within the latter ha lf of development. 

T he mant le fold of M. leonina veligers undergoes a series of major morphogenetic 

cha nges during the la rval s tage. After secreting s he ll material during the initia l portion of 

la rval development, the mantle fo ld epithelium de taches from the rim of the she ll and is 

pulled posteriorly (Figs. 8b, 9), presumably by slender muscles that extend from the 

mant le fo ld and larval kidney complex to va rious s ites on the gut and periviscera l 

epithe lium. Cells within the retracted mantle fo ld epithelium subsequently proliferate and 

hypertrophy and eventua lly fo r m the rudiments of the primary cerata (Figs . 3, 8c, 10). 

Detailed description of this process is given in section B. Hypertrophied mantle fo ld cells 

a lso extend a s hor t distance over the latera l s ide of the large le ft digestive gland a nd a long 

the right s ide towards the a nus. 

The foot of the la rva is enla rged considerably by prolifera tion of the peda l epithe lia l 

cells (compare Figs. 4, 9, LO). During t he latte r ha lf of development, foot growth is 

accompanied by the differentiation of intr insic peda l muscles a nd of la rge peda l glands that 

expa nd within the peda l haemocoel as t hey become fi lled with secretory product. These 

events ult imately result in the development of the propodium, a large swelling on the 
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proximal, ventral s urface of the foot (Figs. 3, 10). The full development of the propodium 

a nd the concurrent growth of a dense covering of cilia over the ventral surface of the foot 

ena bles crawling, a behaviour that provides a convenient marker identifying 

metamorphica lly competent opisthobranch veligers. 

The cepha lic epithelium that lies immediately behind the velar lobes also proliferates 

and hypertrophies during the latter part of t he la rva l development of M. leonina (compare 

Figs. 9 a nd 10). This band of columnar cephalic epithe lium will form the epidermis of the 

postmetamorphic oral hood. 

The basic structure of the gut is preserved throughout the larval phase, a lthough the 

digestive tract grows considerably and the cells of the stomach and left digestive gland 

accumulate lipid depos its (F ig. 10). In late stage larvae, a vestigial radular rudiment 

becomes evident as a slight evagination of the ventral wa ll of the distal esophagus (Fig. 

10) , but neither radular teeth nor muscles differentiate in association with this 

outpocketing as typically occurs during the development of other opisthobranch larvae (see 

Bonar, 1978a). 

The nervous system of M. leonina becomes extensively e laborated during larval 

development. By the time of ma ntle retraction, the pedal and pleural ganglia have become 

recognizable, the cerebral ganglia have enlarged, and a pair of eyespots have differentiated 

(Fig. 9). Between the stages of mantle re traction and the onset of metamorphosis, the 

buccal and rhinophoral ganglia differentiate. 

Three additional deve lopments that occur during the la rval phase of M. leonina are the 

development of the pulsating larval heart soon after mantle retraction, the appearance of 

the adult kidney rudiment adjacent to the la rval kidney complex and intestine, and the 

enlargement of the gonadal rudiment (Fig. 10). 



19 

3. Metamorphosis 

Larvae of M. leonina do not require a specific, external chemical cue for the induction 

of meta morphos is. After full development of the propodium, larvae of this species settle 

onto the foot, ex hibit a brief period of cra wling, and commence metamorphosis. 

The events of metamorphosis that are seen during external inspection of this process 

are s hown in Figures l l through 16. The first superficial indication that meta morphosis is 

irreve1·s ibly underway is the dissociation of the ciliated velar cells (Fig. 12), followed by 

loss of the operculum and the larval s he ll (Figs. 13. 14l. The time interval between 

settlement and shell loss is vari~1ble but is usually between 12 and 24 hours. During and 

following shell loss, the ccrata a nd ora l hood undergo a period of rapid a nd pronounced 

enla rgement (Figs . 15, 16). 

Serial sections of M. leonina fixed at various s tages after settlement revea l that much 

structural reorganization a nd tissue morphogenesis occurs during meta morphosis. Some of 

these changes are illustrated diagrammatically in Fig. 17. 

Beginning soon after the dissociation of the velar cells, the trunk of the la rval retractor 

muscle becomes detached from the posterior wall of the shell. Subsequent contractions of 

this muscle appear to pull the visceral mass out of the s hell in a manner simila r to that 

described for other nudibranchs (Bonar and Hadfield, 1974; Bonar, 1976; Bickell et al., 

1981). T he larval retractor and accessory pedal retractor muscles degenerate following 

s he ll loss. 

During and immediately following shell loss, the hypertrophied mantle fo ld epithelium 

spreads posteriorly and latera lly over the stomach and digestive glands and anteriorly 

toward the hypertrophied epithelium of the presumptive oral hood (Figs. 17a to 17c and 

Fig. 18). The fate of the perivisceral epithelium is not apparent; it may be sloughed into 

the environment or overgrown and s ubseq uently phagocytized. Nevertheless, the lateral 
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and posterior margins of the mantle fold epithelium are continuous with the pedal 

epithelium by 5 hours after shell loss. 

The loss of the s he ll and operculum at metamorphosis permits a broadening of the 

connection between the visceral mass and the foot (Figs. 17d to 17g). In M. leonina, this 

process appears to be facilitated by a large increase in the volume of the haemal space 

within the foot a nd s urrounding the viscera. Ins pection of living animals and histological 

sections of metamorphosing M. leonina give the impression that a large volume of external 

fluid has passed through the body wall and into the haemolymph. A similar but much 

more pronounced expansion of the haemal space accompanies the rapid enlargement of t he 

cerata (compare Figs. 19 and 20) and the oral hood during and following shell loss . As 

these structures expand, the surface area of their covering epithe lia is increased by 

conversion from a columnar to squamous epithelial type. A marked increase in the 

vesiculation of the epithelial cells occurs concurrently with their shape change (F igs. 19, 

20, 21). Each ceras contains longitudina l and circular muscle fibres and isolated tufts of 

stiff cilia arise from the ceratal epide rmis (Figs. 20, 21). 

The a nus, larval kidney complex, and adult kidney rudiment of M. leonina are 

displaced posteriorly fo llowing she ll loss, presumably by the posterior migration of the 

mantle fold epithelium that surrounds the a nus and by the broadening of the connection 

between the foot and visceral mass (F igs. 17a, 17b). Subsequently, the anus moves 

dorsally to its definitive location slightly to the r ight of the mid-sagittal plane and the 

larval kidney complex degenerates. The proximal end of the intestine continues to exit 

from the dorsa l side of the posterior end of the stomach (Figs. 17g, 23) . 

T he diagrams shown in Figures L 7d to 17g illustrate the positional changes exhibited 

by the organs of the larval digestive system during metamorphosis of M. leonina. Unlike 

the process of gut metamorphosis in the dorid nudibranch Doridella steinbergae (Bickell et 
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al., 1981), the stomach of M. leonina does not undergo additional torsional displacement at 

metamorphosis, nor does it shift to the mid-dorsal surface of the large left digestive gla nd. 

Although the left digestive gland continues to reside beside t he stomach, a dramatic 

enlargement of the right digestive gland gradually displaces the stomach to a central 

pos ition within the visceral mass (Figs. 17g, 22 ). Soon after shell loss, both the left and 

right digestive glands begin to extend into the expanded haemocoel of their respective ceras 

(Figs. 2 l , 22). 

The conversion of the phytoplanktotrophic larva to the carnivorous juvenile - adult 

necessitates extensive changes of the tissues composi ng the larval gut. The cells of the 

densely ciliated band (style sac) have completely dissociated by the time the post-larva has 

lost the shell and the gastric shield subsequently peels away from its underlying cells (Fig. 

24). Soon thereafter, the cells that produced t he larval gastric shield and the cells of the 

vestibule begin to produce the cuticular ma teria l that lines the stomach of the 

postmetamorphic animal (Kje rschow-Agersborg, 1923b) (Fig. 25). 

Differentiation of muscles within the periphery of the oral hood enables it to close 

(compare f'igs. 26 and 27) if a tactile stimulus is applied to the ventral surface of the hood. 

M. leonina is able to capt ure and ingest ciliates us ing the oral hood and oral lips a t 

approximately 2.5 days after shell loss. 

During metamorphos is, the cerebral and pleura l ganglion on each side fuse to form a 

pa ir of cerebropleural ganglia and the neuropil region of all central ganglia enlarges. 

Several neurona l somata within the pleura l portion of the cerebropleural ganglia become 

noticeably la rger ( 10 µm diameter) than adjacent ganglionic cell bodies (3 to 5 µm 

diameter) (Fig. 28). The rhinophoral ganglia become associated with two distinctive 

patches of oral hood epithelium, which are the presumptive rhinophores (f'ig. 29). As the 

oral hood expands, each rhinophoral ganglion is carried apart from the ipsilateral cerebral 

ganglion but the two remain connected by a r hinophoral nerve (Fig. 29). 
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The initia l hood tentacles a ppear as 8 sma ll papillae distributed a round the pe riphery 

of the ora l hood (Fig. 16). In living anima ls, pa r ticula rly a fter the onset of feeding, 

prominent ne r ve tracts can be seen extending from t he cerebrnl ganglia to each hood 

tentacle (Fig. 26). The cerebral nerves terminate at s ma ll clusters of cells (periphera l hood 

ganglia) a t the base of the deve loping hood tentacles (Fig. 30). The epithelium of each 

hood tentacle gives rise to several tufts of s tiff cilia and additiona l cilia ry tufts occur on the 

ventrnl s urface of the hood. 

B. Morphogenesis of the Ceratal Rudiments and 

Pleural/Ceratal Nerves 

Although the me tamorphically competent la r va of M. leonina has two ceratal 

rudiments a nd two PC nerves, I describe the development of these structures on the r ight 

s ide only, unless stated otherwise. 

1. Ceratal Rudiments 

The deve lopment of the cera ta l rudiments during the la rva l stage can be divided into 

four stages: 1) mantle fold retraction from the aperture of the larva l s hell, 2) onset of 

mitoses by cells of the presumptive ceratal rudiments, 3) onset of cellula r differentiation 

within the presumptive ceratal rudiments (mitoses continue during this s tage), and 4) 

complete, premetamor phic development of the ceratal rudiments . 

As previous ly sta ted, the mantle fold epithe lium has two functiona lly distinct a reas: a 

ridge of shell-secre ting cells attached to the a pe rture of the la rval s hell, and cells lining t he 

f1oor of the ma ntle cavity. The latter por tion. which extends to the cepha lic epidermis, will 

be called the floor epithe lium. 
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Immediately after mantle fold retraction, the thickened ridge of former shell-secreting 

cells persists at the periphery of the mantle fold. In addition, a ridge of cuboida l cells is 

present within the otherwise squa mous f7oor epithelium and is located a short distance 

proximal to the former shell-secreting cells (Fig. 3 1). Slender processes of mantle retractor 

muscles insert periodically on the basal la mina of the floor epithelium thickening and 

haemocoelic cells are clustered immediately beneath the thickening (Fig. 3 U. 

Following mantle fold retraction, the former shell-secreting cells show signs of 

cytoplasmic deterioration (Fig. 32), whereas the cells composing the thickening of t he floor 

epithelium and the associated population of subepithelial, haemocoelic cells begin to 

multiply (Figs. 33 a nd 34). The floor epithe lium thickening on the right s ide of the larva is 

the presumptive, right ceratal r udiment. By the midpoint of the mitotic phase. the shell­

secreting cells are no longer present (F ig. 34). None of the epithelia l cells of the 

presumptive cera tal rudiment s how s igns of cellular differentiation at this stage. 

Continued mitotic activity within the presumptive ceratal rudiment eventually forms a 

prominent mound of ma ny epithelia l and subepithelial cells at the periphery of the floor 

epithelium (Fig. 35). Stage 3 begins with the onset of primary sensory cell differentiation; 

these are the first e pi thelia l cells to differentiate within the rudiment. Fig. 36 shows a 

pair of primary sensory cells at an advanced stage of maturation in a stage 3 ceratal 

rudiment. T hese cells occur in clusters of us ually 3 to 6 and their cytoplasm is more 

e lectron-lucent than other epit he lial and subepithelia l cells. Each has a s ubepithelial cell 

body, an a pical, ciliated dendrite that traverses the thickness of the epithelium together 

with other dendrites of the cluster, and a basal axon (Figs. 35 and 36; basal axons not 

shown). De ta iled description of the cera tal sensory cells in postmetamorphic animals is 

given in Ch. 4. 
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Sections through stages 3 and 4 of ceratal rudiment development show various phases 

of sensory cell differentiation and s uggest the following sequence of events . The first 

morphological signs of impend ing sensory cell differentia tio n are an increased e lectron­

lucency of a cluster of cel ls within the ep ithelium and the attachment of one or more 

centrioles to the ir apical plasmalemma (Fig. 37 and inset). Subsequently, the nucleus and 

perinuclear cytop lasm of each cell migrutes beneath the basal lamina (Fig. 38). Fina lly, 

the cytoplasm remaining within the thickness of the epit helium matures into a dendrite, 

with longitudinally a rrayed microtubules, apical cilia, and mitochondria clustered beneath 

the ciliary basal bodies, and the subepithel ia l soma extends an axon. The axons of each 

cluster of sensory cells remain bound together as they travel toward the anterior margin of 

the ceratal rudiment. 

At the stage of me ta morphic competence, the left and right ceratal rudiments form 

two, prominent conical masses overtop the visceral mass (Fig. 10). As s hown in Fig. 39, 

the epidermis consists of pseudostratified columnar epithelium and a solid mass of 

s ubepiderma l cells fill s t he interior. In addition to sensory cells, at least four other cell 

types have differentiated by this stage: subepiderma l muscles (Fig. 40), one or two very 

la rge, subepiderma l gla ndular cells with a duct that opens at or near the apex of the 

ceratal rudiment (Fig. 39), and two types of intraepidermal secretory cells . Many of the 

s ubepidermal cells are presumptive muscle cells, as evidenced by isolated clumps of 

myofilaments within the ir cytoplasm. 

One of the intraepidermal secretory cell types (type A) has a large centra l vacuole filled 

with a diffuse flocculence a nd sometimes concentric la me llae (Figs. 39 and 41). Bundles of 

microtubules lie adjacent to the limiting membrane of the central vacuole and the cells are 

innervated (Fig. 4 1). T hese characteristics are very s imilar to the type A secretory cell of 

the repugnatoria l glands of M. leonina, as described in Ch. 4. 
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T he second t,ype of intraepidermal secretory cell type (type B) has a very large Golgi 

that e la borates many secretory vesicles filled with e lectron-dense material (Figs. 4 1 and 

42) . 

2. Pleural/Ceratal (P C) Nerve 

The pleural ganglia begin to differentiate sometime between larval hatch ing and ma ntle 

fold retraction. At mant le fold retraction stage. t wo ne rves extend from the right pleural 

ganglion. As shown diagrammatically in Pig. 43, the larger nerve extends towards the 

larval kidney complex and terminal intestine, whereas the much smaller nerve, composed 

of 4 to 6 axons, travels beneath the noor epithelium towards the periphery of the mantle 

fold. The s mall ne rve is the presumptive PC nerve. The larval kidney nerve and the PC 

nerve usually leave the pleural ganglion separately, a lthough in one sectioned la rva, the 

PC nerve originated as a branch from the larval kidney nerve shortly after the latter 

emerged from the right pleural ganglion. 

ln the ·neck' region of the la rva, where the cephalic epidermis meets t he floor 

epithelium of the mantle fold, the sma ll PC nerve is associated with a non-neura l 

s upporting cell (Figs. 43 and 44). The support ing cell occurs at the only point whe re the 

developing PC nerve must cha nge direction along its trajectory between the pleural 

ganglion a nd the presumptive ceratal rudiment (Fig. 43). 

Towards the periphery of the PC nerve's trajectory at mantle retraction stage, it is 

closely associated wit h the basal la mina of the floor epithelium (F ig. 45). In the two larvae 

sectioned a t this stage, the axon bundle appears to dissipate into s lender cytoplasmic 

processes prior to reaching the thickened epithelium of the presumptive ceratal rudiments . 

The processes a re a lso associated with the basal lamina of the overlying floor epithelium 

(Fig. 46). Although small, e lectron-dense vesicles were occasionally present within axons 

composing the PC nerve (Fig. 45), no synaptic terminals were identified a t any point along 
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its length at mantle ret1·action stage. Therefore, the apparent structural dissipation of the 

distal extremity of the PC nerve may represent growth cone filopodia of the constituent 

axons. 

During the mitotic phase of ceratal .-udiment morphogenesis, the number of axons 

composing the developing PC nerve remains small but three s ignificant changes occur 

re lative to mantle retraction stage: l ) additional, supporting cells become associated with 

the ne rve (Figs. 4 7 A,B. 49. and 51): 2 ) actual contact between the peripheral segment of 

the ne rve and the overlying basal lamina of the floor epithelium is lost (Fig. 50); and 3) the 

nerve meets and follows a band of muscle that extends along the anterolateral margin of 

the proliferating ceratal rudiment (Figs. 51 and 52) and neuromuscula r synapses a re 

present (Fig. 52) . 

The PC nerve remains small during the period of ini tial sensory cell differentiation 

within t he ceratal rudiments (Fig. 53 and inset). The axons composing the nerve do not 

appear to travel in to the rudiment but remain associated with the muscle a round its 

anterolateral margin (Figs. 53 and 54). Axon fasc icles arising from newly differentiated 

sensory cells within the ceratal rudiment (Figs. 55, 56, and 5 7) extend to the area where 

the P C nerve innervates the basal muscle fibres (Fig. 54). The method of section 

preparation did not permit the sensory cell axons to be followed beyond their merger with 

the PC nerve. However, the number of axons within the PC nerve appeared 

approximately the same in stages sectioned before and after onset of ceratal sensory cell 

differentiation (compare Figs. 4 7 A, B and 48 with Fig. 53 a nd inset), s uggesting that 

primary sensory axons do not project back to the pleural ganglion at this stage of 

development. 

During the final phase of cellular differentiation leading to the complete, 

premetamorphic development of the ceratal rudiments, the number of axons within the PC 
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nerve increases tremendous ly (Fig. 58) . [ made no attempt to determine the source or 

targets of individua l axons within this la rge nerve. 

Figure 59 s hows the right PC nerve in a post-larva of M. leonina at approxi mately 48 

hours a fter s hell loss. After leaving the fused cerebropleural ganglion, the ne rve 

bifurcates; the s maller branch extends to the body wall immediately anterior to the ceras 

and the la rger branch extends into the ceras. This figure is referred to again in the 

Disc ussion. 
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DISCUSS CON 

A. La rva l and Metamorphic Development 

Although the developmental events that occur during t he larval stage of M. leonina a re 

simila r in kind and sequence to those of other opisthobranchs. three unus ua l featu1·es 

occur: the absence of radular teeth, the a ppearance of presumptive ora l hood tissue, and 

the precocious development of the primary cerata. 

The a lmost complet,e omission of the radula - odontophore complex from the sequence of 

developmenta l events in M. leoni na eliminates an unnecessary ene rgy expenditure as this 

s tructure has no larval function and is not required for food capture or ingestion in the 

adult. However. the s mall s ize of newly metamorphosed nudibranchs may preclude 

feeding on the same type of prey or in the same manne r as the adults of their species. At 

least one s pecies of nudibranch utilizes its radula to graze on an organic surface film until 

s ufficiently large enough to exploit the preferred prey of the adult s tage (Perron and 

Turner , 1977). Juveniles of M. leonina cannot employ this type of interim feeding due to 

the lack of a radula. Instead, meta morphosis in M. leonina in volves rapid diffe1·entiation of 

the oral hood, thereby permitting young juveniles to capture small prey in a manne r 

s imila r to that employed by the adult. Selective pressures acting to promote the rapid 

formation of the ornl hood during metamorphos is may have resulted in the preliminary 

deve lopment of this structure during the final pa rt of the la rval stage. 

Hypertrophy of the la rva l cepha lic e pidermis has not been noted in premeta morphic 

veligers of dorid nudibra nchs, which tend to lack a large ora l veil over the mouth, but is 

s hown in dra wings by Thompson ( l962) of premetamorphic veligers of Tritonia hombergi 

(Dendronotacea) and by Ta rdy ( 1970) of Aeolidiella a lderi (Aeolidacea). The juveniles and 

adults of both these species have a prominent ora l veil that is derived from this 

hypertrophied cepha lic tissue. These obse rvations confirm that the oral hood of M. leonina 

a nd the or a l ve il of other nudibranchs are homologous structures. 
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The a ppearance of ceratal rudiments in the larval stage of nudibranchs has not been 

reported previously, although many aeolids and dendronotids have been reared in the 

laboratory. It has been s uggested that the cerata of nudibranchs provide an increased 

s urface area for gas exchange with the environment (see Morton. 1958). This hypothesis 

is strengthened by the fact that the metabolically active digestive gland often extends into 

the cerata. Ajeska and Nybakken ( 1976) found that oxygen consumption/gm body weight 

was an inve rse function of animal s ize in M. leonina. They s uggested that the higher 

metabolic rate of young juveniles reflects the fact that they must actively seek-out their 

benthic prey, whereas larger animals simply extend their hood into the surrounding waters 

to intercept passing zooplankton. Of the 6 species of newly metamorphosed 

opisthobranchs t hat [ have observed, young juveniles of M. leonina a re by fa r the most 

active; the others tend to be s luggis h g1·azers on the prey organism that induced their 

metamorphosis. Together , these observations suggest that the development of ceratal 

rudiments during the larval stage of M. leonina and their rapid expansion and invasion by 

the left and right digestive gla nds during metamorphosis may be neccessary to susta in a 

high oxygen demand resulting from an active juvenile life style . 

I will comment on additional aspects of cerata l rudiment morphogenesis in section B of 

this discussion. 

My study of larval development and metamorphosis of M. leonina provides the second 

histological description of gut metamorphosis in a planktotrophic nudibranch veliger . As in 

the dorid nudibranch, Doridella steinbergae (Bicke ll e t a l. , 198 1), the morphologica lly 

complex s tomach of M. leonina ve ligers is transformed to the post-metamorphic stomach 

by dissociation of the cells composing the ciliated band (style sac) and loss of the gastric 

s hield. [n Doridella steinbergae, Bickell et a l. ( l 981) speculated that the gastric shield was 

lost by dissociation of the underlying cells. Observations made in the present study 
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indicate tha t the gastric s hie ld is s imply s loughed from the gut wall; t he underlying ce lls 

a re reta ined and s ubsequently secrete a port ion of the cuticle that lines the stomach of the 

postmetamorhic stage. 

The stomach of M. leoninu does not undergo additiona l torsiona l dis placement during 

metamorphosis, as observed in _Q. steinbergae (Bicke ll e t al.. 198 1 l , nor does it exhibit 

complete de tors ion, as described fo r the ueolid nudibranch Phestilla sibogae (Bonar and 

Hadfie ld, 1974). In M. leonina, t he dorso-lateral pos ition of the anus and the fac t that the 

intestine emerges from the dorsal aspect of the stomach are postmetamorphic vestiges of 

t he torted larval digestive tract. 

Larval settlement and metamor phosis has been observed in three s pecies of 

dendronotid nudibra nchs . Tritonia hombergi is typical of many opisthobranchs (see 

Had fie ld, 1978) in tha t metamorphosis will occur only in the presence of its 

postmetamorphic prey, Alcyonium digitatum (Thompson, 196 2). La rval metamorphos is of 

Tritonia d iomedea is promoted by the preferred penna tulacean prey of the adults, but will 

a lso occur without this externa l inducer. Kempf and Willows I t 977) suggested that the 

absence of a bsolute dependence on a n externa l me tamorphic trigger in I. diomedea may 

re la te to the fact that adults will a lso feed on severa l ot he r pennatulaceans . In M. leonina, 

the presence of a s ubs tratum a ppears to be the only requirement for the onset of la rva l 

settlement and meta morphos is . The prey of young juveni les (which were benthic ciliates 

and crus tacean nauplii in this study and benthic crus taceans a nd biva lve spat in the field 

s tudy of Ajeska and N yba kken, 1976) probably occur ubiquitous ly on marine s ubstra tes, 

and the zoopla nktonic prey of la rge r juveniles and adults is continuous ly trans ported 

t hrough coas tal wa ters. Therefore, the need for specific metamor phic induction to ensure a 

benthic food source (Thompson, 19 64; Todd, 1981) seems unnecessary in this s pecies. 
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Despite the apparent absence of environmental induction of metamorphosis. 

populations of M. leonina are consistently found in eel grass and kelp beds located in 

protected waters (Kjerschow-Agersborg, L923a: Hurst. 1968; Ajeska and ybakken, 

1976). Pe lagic individuals of this species, which include the larvae and postmetamorphir 

animals that have become dislodged from a surface (Hurst, 1968), may become passively 

concentrated in areas of reduced water now. The buoyant fronds of eel grass and certain 

large kelp species that are typical of these locations might be expected to promote the 

survival of M. leonina because the plants provide a submerged, tidally adjusting 

substratum (M. leonina cannot withstand atmospheric exposure) that is suspended within 

the upper levels of the water column where the flow of plankton-carrying currents is 

greatest. 

B. Morphogenesis of the Ceratal Rudiments and the 

Pleural/Ceratal erve 

1. Ceratal Rudiments 

With one exception (Bonar and Hadfield, 1974; Bonar, 1976), previous histological 

studies of nudibranch development have shown that the larval mantle fold gives rise to the 

dorsal epidermis of the postmetamorphic stage (Thompson, 1958; 1962; Tardy , 1970; 

Bickell, 1978; Bickell and Chia, 1979). These studies have not indicated whether the s hell­

secreting cells of the mantle fold participate in this process. In M. leonina, I have shown 

degeneration of the s hell-secreting cells following mantle retraction. 

An unusual feature of the mantle fold hypertrophy process in M. leonina is the 

conspicuous proliferation of haemocoelic cells beneath the epithelium of the presumptive 

ceratal rudiments. Previous histological accounts of mantle fold hypertrophy leading to the 
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formation of the dorsal epidermis in nudibranch lar·vae describe proliferation and 

enlargement of ma ntle fold epithe lial cells only. These studies were done on dorid 

nudibranchs, which lack cerata (Thompson. 1958: Bickell a nd Chia. 1979), or on species in 

which cerata begin to deve lop afte r metamorphos is (Thompson. 1962; Tardy, 1970). In M. 

leonina, some of the s ubepithe lia l cells are cell bodies of primary sensory cells, others are 

differentiated muscle fibres, and most of the remainde r are presumptive muscle cells. 

Premetamorphic development of ceratal musc les enables movement of the primary cerata 

of M. leonina immediately after shell loss. One function of ceratal movements (lateral 

' flicks' in response to light touch) in young juveniles is to deflect cilia tes and benthic 

nauplii, which have crawled onto the cerata, to the substrate a longs ide the foot where they 

can be captured by a lateral s wing of the oral hood (Page; unpublished observations). 

Although I cannot speculate on t he function of the very large, subepide rmal gland cells 

that diffe rentiate within the primary cerata, the two intraepidermal secretory cells are 

interesting because of their similarity to the two secretory cell types within the 

repugnatorial glands of adult M. leonina (see Ch. 4). This is particularly apparent for the 

type A cells in both the ceratal rudiment and the mature repugnatorial gland. Although 

the type B cell of the ceratal rudiment lacks the ordered, pa rallel lamellae of rough 

endoplasmic reticulum and the large central storage vacuole of the type B cell within the 

repugnatorial gland, both have a s imilar e laborate Golgi and a highly electron-dense 

secretory product. The types A and B secretory cells in both the ceratal rudiments and the 

mature repugnatorial gland are innervated. 

The possibility that the intraepidermal secretory cells in the ceratal rudiments are 

preliminary components of the repugnatorial glands has two implications: 1) the benthic 

stage of M. leonina has a chemical defense system even from the time of shell loss, and 2) 

defensive chemical in M. leonina is obtained by de novo synthesis, not from prey-derived 
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metabolites as occurs in most other nudibranchs (see reviews by Schulte and Scheuer 

(1982) and Faulkner and Ghiselin [1983]; for exceptions see Cimino et al. (1983: 1985] 

and Gustafson and Andersen [ 19 51) . 

2. Pleural/Cerata l (PC) L erve 

My observations on the development of the right PC nerve show that the proximal 

portion is formed initially by a small group of axons extending from the right pleural 

ganglion, rather than by ingrowing a xons of peripheral sensory cells. Sections through the 

presumptive PC nerve at mantle retraction stage show structural connection with the 

pleural ganglion but not with the epithe lial cells of the presumptive ceratal rudiment. and 

sensory cells within the presumptive ceratal rudiments do not begin to differentiate until l 

to 2 weeks (under laboratory culture conditions) after the proximal portion of the PC nerve 

tract has formed . Appearance of additional axons within the PC ne rve does not become 

marked until after the onset of sensory cell differentiation within the presumptive ceratal 

rudiment. 

It is instructive to compare my pre liminary observations on peripheral nerve 

development in M. leonina to those obtained from studies on insect neurogenesis. Recently, 

insect model systems have yielded detailed and impressive information about neuronal 

development because differentiating neurons can be individually identified at many stages 

of their development, and the preparations are amenable to various cell marking 

techniques and to experimental manipulations. 

In 1976, C.M. Bate s howed that certain peripheral ne rves of the antenna and thoracic 

limb buds of a grasshopper (Locusta migratoria) embryo are established initia lly by the 

ingrowing axons of one (limb bud) or two (antennae l pairs of sensory neurons that 

differentiate from the ectodermal epithelium near the distal tip of these embryonic 

appendages. T he axons of these so-called pioneer neurons, a term originally coined by 
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Ross Harrison (1910) during his observations of regenerating axons in frogs, a re 

subsequently followed to the central ganglia by axons of later differentiating sensor.v 

neurons within the epide rmis of the a ppendage. Bate ·s /1976) observations on peripheral 

nerve formation by pioneering axons of peripheral sensory cells have been confirmed and 

extended in an tennae (Ho and Goodman, l982; Bertot and Goodman, 1984), limb buds 

(Keshis hian, 1980; Bentley and Keshis hian, 1982; Ho and Goodman, 1982; Bentley a nd 

Caudy, 1983; Caudy and Bentley, 1986a; b), and cerci (S hankla nd and Bentley, 1983) of 

the grasshopper embryo, the cerci of cricke t embryos (Edwards and Chen, 1979; Edwards, 

1982), and the imagina l wing disc of Drosophila (Murray et a l.. L 984). Similarly, in the 

freshwater crustacean Daphnia magna, the optic nerve connecting the re tina of the eye 

with the optic la mina of the optic ganglion is pioneered by a pair of early differentiating 

axons from retina l photoreceptors, which are followed by axons of later differentiating 

photoreceptors (detailed description given in review by Flaster et a l., 1982). 

Other studies on the grasshopper embryo have shown that initial fibre tracts within 

the CNS are a lso established by axons of pioneering neurons (see reviews by Goodman fil 

a l., 1984; Bastiani e t a l., L 985). Furthermore, some peripheral fib re tracts in 

grasshoppers are pioneered by outgrowing axons of centrally located motoneurons, rather 

than ingrowing axons of periphera l sensory neurons (Ho and Goodman, 1982). This 

appears to be the case for the pioneering axons that form the proximal segment of the PC 

nerve in M. leonina, because their peripheral target is the muscle band along the 

anterolateral borde r of the developing ceratal rudiment. 

Pioneering axons in both the CNS and periphery of insects often follow a circuitous, yet 

stereotyped route before reaching the ir target. This suggests t hat axonal growth cones are 

guided by extrinsic cues within the loca l environment through which they navigate, rather 

than by a chemical attractant diffusing from the ir targets. Indeed. pioneering growth 
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cones follow their normal pathways in surgically isolated antennae and limb buds of 

grasshoppers (Berlot and Goodman, 1984) and imaginal wing discs of Drosophila (Blair 

and Palka, 1985; Blair et al. , 1985). Extensive testing of this hypothesis has led to the 

notion that axonal growth cones follow a labelled pathway that consists of a chronological 

sequence of recognition events between growth cone filopodia and surface molecules located 

on cellular or extrncellular components in the embryonic environment. For example, 

research reviewed by Bastiani fil a l. ( 1985) indicates that the fo rmation of the first three 

axon fascicles in the ventral nerve cord of grasshopper embryos involves seven key choices 

by seven pioneer axons. The choices provide examples of recognition events between 

pioneering axonal growt,h cones and basement membrane, a glial cell, and other axons. 

In the grasshopper leg, Bentley and Keshishian (1982) initially proposed that three 

'guidepost cells', distributed at intervals within the limb bud. p1·ovide the only cues 

directing the axonal growth cones of pioneering sensory axons. The guidepost cells are 

immature neurons and their recognition by pioneering sensory axons appears to be another 

example of a labelled pathways phenomenon. However, subsequent studies on 

grasshopper antennae and legs suggested that directed extension of pioneering axons 

within the distal portion of the appendage may be guided a lso by directional information 

encoded on the epithelium or basal lamina of the developing appendage, probably as a 

gradient of s ubstrate adhesiveness (Bentley and Caudy, 1983a; Berlot and Goodman, 

1984). Detailed studies by Caudy a nd Bentley (1986a; b) confirmed this notion but the 

authors found evidence that the guidpost cells manifest an attraction for growth cone 

filopodia that dominates over that of the epithelial basal lamina. Although the two distal 

guidepost cells may not be necessary for correct routing of pioneering sensory neurons, the 

most proximal guidepost cell is manditory (Bentley and Caudy, 1983b). 
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Research on peripheral nerve development within the imaginal wing discs of the moth, 

Manduca sexta also s uggests that a n adhesive gradient expressed on the basal lamina of 

the wing disc epi the lium may assist in guiding the growth cones of peripheral sensory cells 

(Nardi, 1983). However, neither proximo-d istal epithelial gradients nor guidepost cells are 

necessary to orient the pioneering growth cones of sensory axons in Drosophila imagi nal 

wing discs (Blair a nd Palka, 1985; Blai1· et a l. , 1985). The guidance mechanism that 

establishes these neural pathways remains unknown. 

Researchers studying insect mode l systems have been able to test their hypotheses 

about axona l guida nce by experimental manipulation, usually in the form of selective ce ll 

a blation. Nevertheless, purely descriptive studies of other preparations have suggested 

mecha nis ms of peripheral nerve formation s imila r in principle to those e lucidated in 

insects. Recently, Eisen et al. ( 1986) and Myers e t a l. ( 1986) have been able to 

individually identify several motone urons in the spina l cord of embryonic zebrafish 

(Brachvdanio rerio) for which the entire process of axonogenesis can be watched directly in 

living embryos. Their descriptive observations "strongly suggest that the pr imary motor 

growth cones a re seeking and using cues in the environment as they grow to their 

targets". The a uthors suspect that these cues reside on certain connective tissue 

structures, the horizonta l septum and the myosepta, within the environment navigated by 

the pioneering growth cones. 

In my descriptive study of PC ne rve development in M. leonina, I not.ed a close 

association between the initia l bundle of outgrowing axons (at mantle retraction stage) and 

a supporting cell in the ' neck' region of the larva, where the nerve must change direction 

to proceed to the presumptive ceratal rudiment. A second association was noted between 

the periphe ra l extremity of the axon bundle and the basal lamina of the overlying mantle 

11oor epithelium. 1 propose that the s upporting cell in the neck region may act as a 
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guidepost cell for the pioneering axons of the PC nerve, and the basal lamina of the floor 

epithelium may provide subsequent directional cues. 

The peripheral target for the outgrowing pioneer axons of the PC nerve is the muscle 

band extending around the anterolateral margin of the presumptive ceratal rudiment. 

This muscle was not recognized in sections through larvae at mantle retraction stage. 

Possibly, the outgrowing pioneer axons recognize progenitor cells of this muscle. with the 

subsequent interaction resulting in differentiation of the muscle cells and synapse 

formation by the axons. In the grasshopper embryo, muse-le progenitor cells provide 

guidance cues for the outgrowing axons of their innervating motoneurons (Ball et al. , 

1985), and the crucial influence of exploratory nerve fibres on muscle differentiation has 

be documented in vertebrates (see Filogamo, 1981). 

[n the metamorphically competent larva of M. leonina, the ceratal tissues and the PC 

nerve are crowded together due to the preceding period of rapid tissue growth within the 

cramped confines of the larval shell. However, when the haemocoel of the post-larva 

expands after metamorphic shell loss, it is clear that the PC nerve bifurcates into two 

branches as it approaches the ceras (Fig. 59). The smaller of the two branches extends to 

the body wa ll immediately anterior to the ceras. I propose that this branch, along with the 

proximal segment of the PC ne r·ve, is the fibre tract pionee reed by the outgrowing 

motoneurons from the pleural ganglion at mantle retraction stage. 

The motoneuron axons that pioneer the proximal segment of the PC nerve, and 

presumably the small branch to the dorsal body wall a nterior to the ceras, do not appear 

to extend past their muscle target, at least until sometime into the cellular differentiation 

phase of ceratal rudiment morphogenesis. Instead, these early motoneurons are met at 

the base of the enlarging ceratal rudiment by ingrowing axon fascicles from peripheral 

sensory cell clusters. These initial sensory axon fascicles may erect a framework for the 
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later establishment of nerve fibre tracts within t he ceras; providing a guidance substrate 

for ingrowing axons of later diffe rentiating sensory cells and poss ibly for outgrowing motor 

axons arriving a long the PC ne rve. My observations suggest that the la 1·ger branch of th!:' 

PC nerve, which extends into the ceras (Fig. 59), is pioneered by ingrnwing axons of 

pe riphe ral, ceratal sensory cells that unite with the previous ly established fibre tract 

pioneered by outgrowing motoneurons from the pleural ganglion. This hypothesis requires 

further inves tigation. 

fn summary, my morphological evidence s uggests that only the pleura l component of 

the PC nerve is pioneered by outgrowing central motoneurons within the pleural ganglion. 

whereas the ceratal component is pioneered by ingrowing axons of ceratal sensory cells. [t 

might be expected that the latter process is repeated each time a ceras is regenerated after 

ceratal a utotomy. 
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figure l : Juvenile of Melibe leonina a t 2.5 months after metamorphosis showing the foot 

<FL double row of pe ta loid cera ta (C) conta ining dendritic bra nches of the digestive 

gla nd, a nd oral hood (OH) surrounding the mouth. The ora l hood bears periphera l 

hood tentacles (HT) a nd a pa ir of rhinophores (R) mounted on a rhinophoral process 

(RP). The a rrowhead indicates the position of t he anus . 

Figure 2: Photomicrogra ph of a li ve la rva of M. leonina immedia te ly after hatching 

showing the velum (VE), foot (F ), and statocyst (S) of the cephalopeda l mass and 

the stomach (ST), right and le ft digestive gland (RD and LO, respectively), 

intestine (I), larva l kidney complex (LK), mantle fold (MF), and she ll (SH) of the 

visceropa llial mass. The a rrowheads indicates a tuft of long, stiff cilia at the a pex 

of the foot. 

figure 3: Photomicrograph of a live la r va of M. leonina nearing the stage of meta morphic 

competence showing the right eye (EY), propodium (P), enlarged stomach (ST), left 

digestive gland (LD), and the she ll (SH), s ta tocyst (S), and velum (VE). The 

arrowheads indica te the rudiments of the primary cera ta . 
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Figur·e 4: Oblique sagittal section of a newly ha tched la rva of M. leonina that passe~ 

through t he foot (F). operculum (0 ), statocyst (S), and velum (VE) of the 

cepha lopedal mass a nd the stomach (ST). le ft digestive gland (LO), in testine ([)_ 

la rva l kidney complex (LK). perivisceral epithe lium (P V), and mantle fold (MF) of 

the visceropa llia l mass. The section s hows the vestibule lV) a nd gastric shield 

(arrowheads) of the la r val stomach. 

Figure 5: Frontal section t hrough a newly hatched la r va showing the s ma ll right and 

la rge left digestive gla nd (RD a nd LD, respectively) f1a nking the stomach (ST). 

Also note the torted intestine (I) tha t terminates a t the anus (A) in the ma ntle 

cavity on the right s ide. MF, ma ntle fo ld. 

Figure 6: Frontal section through a newly hatched la r va showing the s pa rsely ciliated 

groove (CIG) and band of dense cilia (a rrowheads) wit hin the dorsal part of the 

la r val s tomach. Othe r abbrevia tions: CG, cerebra l ganglion; E, esophagus; I, 

intestine; N, nephrocyst; a nd VE, velar lobes . 

Figure 7: Detail of the mantle fold on the right s ide of a newly hatched larva. The mantle 

fo ld (MF) is a continuation of the periviscera l epithelium (PV). MC, mantle cavity; 

VE, velum. 
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Figure 8: Growth rate of the s he ll during the larval development of M. leonina. The 

points indicate the mean length of a minimum of five larvae and the vertical bars 

s how the standa rd deviation. Diagrams of the newly hatched stage (a), the mantle 

retraction stage (b), and the late la rva l stage (c) correspond in approximate s ize 

and age to the sites indicated by arrows on the graph. Abbreviations: C, ceras: 

CE, hypertrophied cephalic epithe lium; 8Y, eye; F, foot; I , intestine; LO, left 

digestive gland; MF, mantle fo ld; P, propodium; S, statocyst; SH , s hell; ST. 

stomach: VE, velum. 
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Figure 9: Sagittal section through a larva of M. leonina in which the mantle fo ld (MF) 

has retracted from the aperture of the shell. Note the eye (EY), statocyst (S), 

cerebral ganglion (CG), peda l ga nglion (PG), and pleural ganglion (PLG) of the 

larval nervous system and the thin cepha lic epithelium (CE), the foot (F ), and the 

gonadal rudiment (G). Other abbrevia tions: ST, stomach; RD. right digestive 

gland; and [, intestine. 

Figure I 0: Sagittal section through a metamorphically competent larva of M. leonina 

s howing the hypertrophied cephalic epithelium (CE), the right ceratal rudiment (C), 

the propodial swelling (P) on the ventral surface of the foot, the enlarged gonada l 

rudiment (G), and many large lipid deposits (arrowheads) within the walls of the 

stomach (ST) and left digestive gland (LD). A vestigial radular rudiment (asterisk) 

has evaginated from the ventral wall of the esophagus (E) at the level of t he 

cerebral commissure (CC). 
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Figures 11 to 16: Photomicrographs of a live la rva of M. leonina during successive stages 

of meta morphosis. 

Figure 11: Dorsa l view of a la rva of M. leonina that has settled onto the foot in 

preparation for metamorphosis. The stomach (ST), left digestive gland (LD) and 

eyes (EY) are visible through the transparent larval shell (SH). The velar lobes 

(VE) are retracted but still intact. 

Figure 12: Onset of metamorphosis. The slurry of cells indicated by the arrow are 

dissociated velar cells. [nset: latera l view of a post-larva after loss of the ciliated 

velar cells. 

Figure 13: Post-larva withdrawing the visceral mass from the shell (SH). 

Figure 14: Post-larva immediately after shell loss. Note the left ceras (C). 

Figun~ 15: Post-larva a t 10 hours after shell loss s howing the initial expansion of the 

cephalic epithe lium to form the oral hood (OH). Inset: lateral view of a post-la rva 

showing a ceras (C) and the oral hood (OH). 

Figure 16: Post-larva at approximately 36 hours after shell loss showing the cerata (C), 

the dramatic enlargement of the oral hood (OHJ, and the buds of the initial hood 

tentacles (HT). R, rhinophore. 



5't 

-75pm 

EV 

11 VE 12 

-75pm 75t,im 

SH 

13 14 

15 



Figure 17: S ketches of s uccessive s tages during the metamorphosis of _J_. leonina drawn 

from recons tructions of seria l, one ].lm sections. Figures l 7a to 17c show post-

la rva at the time of velum loss, a nd a t 5 and 24 hours a fter s he ll loss, respectively . 

These three diagrams illustra te the migra tory movements of the hypertrophied 

ma ntle fold and cepha lic epithe lium (the bo1·de rs of t hese epithelia are demarcated 

by broken lines), the invagination of the gonada l rudiment, a nd the postero-dorsal 

displacement of the anus. The a rrows indicate s pecific movements of the ma ntle 

fo ld epithelium. figures 17d to 17g s how post-la rvae a t velum loss, and at 5, 24, 

and 48 hours a fter shell loss, respectively. These four diagrams illustrate t he size 

and positiona l changes undergone by the component organs of the digestive system 

during metamorphosis. Abbreviations : A, anus ; AK, adult kidney rudiment; C, 

ceras ; CE, hyper trophied cepha lic e pit helium; CG. cerebra l ganglion; E, esophagus ; 

EY, eye; F , foot; G. gonada l rudiment; HT, hood tentacle; [. intestine; LD. left 

digestive gland; LK. la rva l kidney complex; 0 , operculum; OH, ora l hood; PG, 

pedal ganglion; R, rhinophore; RD;, right digestive gland; RG, rhinophoral ganglion; 

S, statocyst; SH, s hell; ST , stomach. 
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Figure 18: Cross section through the posterior portion of the foot (F) and visceral mass at 

5 hours after shell loss. The hypertrophied mantle fold epithelium (arrowheads) 

has spread over the viceral mass so as to completely cover the large left digestive 

gland (LD), the adult kidney (AK), and the invaginated rudiment of the gonad (G ). 

A, anus. 

Figure L 9: Longitudinal section through a primary ceras of a late stage larva of M. 

leonina. Occasional secretory cells (arrow) are embedded in the pseudostratified 

columnar epithelium of t he ceratal epidermis (CE). 

Figure 20: Longitudinal section through the apical portion of a primary ceras at 5 hours 

after shell loss. The ceratal epidermis (CE) is composed of highly vacuolated, 

squamous cells and occasional tufts of stiff cilia (arrow). A muscle fiber (MU) 

traverses the expanded haemocoel (H) of the ceras. 

Figure 21: Photomicrograph using Nomarski differential interference contrast optics 

(ND IC) of a primary ceras of M. leonina during metamorphosis showing the 

extens ion of the left digestive gland (LD) into the ceratal haemocoel a nd patches of 

stiff cilia (arrows) arising from the ceratal epidermis (CE). 
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Figure 22: Cross section of M. leonina at 5 hours after shell loss that passes through the 

left and right digestive glands (LO and RD, respectively) where they enter the 

stomach (ST). Both glands a re beginning to project into their respective ceras (C). 

Figur·e 23: Cross section of M. leonina at 5 hours after shell loss s howing the emergence 

of the intestine (I) from the dorsa l side of the posterior end of the stomach (ST). 

The left digestive gla nd (LO) and degenerating la rval kidney complex (LK) a re a lso 

shown. 

Figure 24: High magnification of the stomach area of Fig. 22. The larval gastric shield 

(large a rrows), which can be recognized by t he presence of small hya line rods 

(small arrowheads) embedded in the s hield matrix, is sloughing into the lumen of 

the stomach (ST). 

Figure 25. High magnification of the wall of the stomach (ST) at 24 hours after s he ll loss. 

The a rrowheads indicate the cuticle that lines the inner s ide of the gastric 

epithelium in postmetamorphic animals. 
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Figure 26: Ventral view of M. leonina at 5 days after shell loss showing the extended oral 

hood (OH). Nerve tracts (arrowheads) extend from the cerebral ganglia (CG) to the 

buds of the peripheral hood tentacles (HT). C, ceras. 

Figure 27: Same animal as t hat in Fig. 26 showing closure of the oral hood by contraction 

of peripheral hood muscles. 

Figure 28: Slightly oblique cross section through the esophageal region of M. leonina at 24 

hours after s he ll loss showing the buccal ganglia <BG), pleural part (PLG) of the 

fused cerebropleural ganglia, pedal ganglia (PG), a pleuropeda l connective (PPC), 

a nd a statocyst (S) . The arrow indicates an enlarged neurona l soma within Lhe 

r ight pleural ganglion. 

Figure 29: Slightly oblique cross section through the base of the oral hood (OH) and the 

anterior end of the foot (F) at 24 hours after shell loss showing the developing 

rhinophore (R), its underlying rhinophoral ganglion (RG), and a rhinophoral nerve 

(arrowhead). CG, cerebral ganglion; EY. eyespot. 

Figure 30: P hotomicrograph (NDIC) of a periphera l portion of the oral hood showing a 

cerebral nerve (CN) extending to a peripheral hood ganglion (HG). A tuft of stiff 

cilia (a rrow) extends from the tentacle bud. 
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Figure 3 1: Low magnification, transmission electronmicrogra ph (TEM) s howing the 

perivisceral epithelium (PV) and ma ntle fold of larval M. leonina at mant le 

retraction stage (long. section from the right side of the mid-sagittal plane). The 

mantle fold consists of a ridge of former shell-secreting ce lls <SS) and a noor 

epithelium (FE) composed of squamous cells except for a periphera l band of 

thickened epithelia l cells (E) with associated subepithelia l cells (SE). Other 

abbreviations: l , intestine; MC, ma ntle cavity; MR, short segment of mantle 

retractor muscle fibres. Sca le ba r = 5 µm. 

F igure 32: TEM of de teriorating, former s he ll-secreting cells short ly a fter mantle fold 

retraction. Abbrevia tions a re: CD, extracellula r , cytoplasmic debris ; L, 

a utolysosomes; , necrotic cytoplasm; SH, decalcified la rval s he ll . Scale bar = l 

µm. 
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Figure 33: TEM through the zone of thickened mantle Ooor epithelial cells (E) and 

associated subepithelial cells (SE) tha t constitute the presumptive ceratal rudiment 

during early mitotic phase. The a rrow indicates a mitotic subepithelial cell. Scalt> 

bar = 2 µm. 

Figure 34: Low magnification , TEM through the right, presumptive ceratal rudiment (CRJ 

during mid-mitotic phase showing the marked increase in numbers of epithelia l (EJ 

and subepithelial (SE) cells compared to mantle retraction stage. Arrowheads 

indicate mitotic cells. Squamous cells continue to form the remainder of the Ooor 

epithelium (FE) but the s hell-secreting cells have disappeared by this stage. I. 

intestine. Scale bar = 5 µm. 
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Figure 35: Low magnification, TEM through the ceratal rudiment during an early period 

of cellula r differentiation phase. Note t he large population of epidermal epithe lia l 

cells (E) and subepidermal cells (S E) and the cell body of a primary sensory cell 

(SC). [ntraepiderma l dendrites a re indicated by an arrowhead. Scale bar = 5 µm. 

Figure 36: TEM of ccratal, prima ry sensory cells at an advanced stage of maturation 

s howing the subepithelial cell bodies (CB) and intraepidermal dendrites ( D ). 

Bounda ry be tween the epidermal and subepidermal cell layers is indicated by 

a rrowheads. Scale bar = 2 µm. 

Figure 37: TEM of two sensory cells (SC) at an early stage of maturation. A centriole is 

associated with the apical plasmalemma (arrow; enlarged in inset), but the nuclei 

are s till within the epidermal layer (E). Basal lamina indicated by arrowheads. 

Scale bar = l µm . 

Figure 38: TEM of two maturing sensory cells. The nucleus (N 1) and perinuclear 

cytoplasm of one has migrated beneath the basal la mina (BL) of the ceratal 

epidermal epithe lium (E); the remaining cytoplasm (arrowheads) stays within the 

epidermal layer. The nucleus ( 2) of the neighboring sensory cell has not yet 

migrated through the basal lamina. Scale ba r = 1 µm. 
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F'igure 39: 'fEM of a longitudinal section through the cone-shaped ceratal rudiment of a 

metamorphically competent larva. The pscudostratified e pithelium tE) of the 

ceratal epidermis includes a bundle of ciliated sensory dendrites <DJ, a 1,ype A 

secretory cell (AS), and a type I3 (BS) secretory cell. The solid mass of 

s ubepidermal cells (SE) includes two large subepidermal gland cells (SG). Scale bar 

= 5 µm. 

F'igure 40: TEM s howing circular and longitudina l muscle fibres (CM and LM, 

respectively) beneath the epidermal basal lamina (arrowheads) of the ceratal 

rudiment in a metamorphically competent larva. Scale ba r = 0.5 µm. 
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Figure 4 1: TEM of the basal half of a type A secretory cell (AS) within the ceratal 

rudiment epide1·mis at the stage of metamorphic competence. Note the large, 

intracellular storage vacuole (CV), the bundles of mirrotubules (arrowheads) 

adjacent to the limiting membrane of the storage vacuole, a nd the neuroglandula r 

synapse (arrow). A type B secretory cell (BS) is also s hown. Scale bar = 1 µm. 
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Figure 42: TEM through two type B secretory cells (BS) within the ceratal rudiment 

epidermis a t the stage of metamorphic competence. Note the e laborate Golgi (G), 

the secretory vesicles containing very e lectron-dense product (arrowheads). and the 

neurogla ndula r synapse (arrow). BL, basa l lamina . Scale bar = 1 µm. 
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Figure 43: Sketch of la rva l M. leonina (right side) at mantle retraction stage s howi ng 

components of the nervous system associated with the right pleural ganglion and 

man tle fold (reconstructed from semi-serial sections; nerve diameters exaggerated: 

nervous tissue stippled). Two pe ripheral nerves extend from the pleural ganglion 

(PLG): the la1·ger ne rve lLK ) runs t◊ward the larva l kidney complex (LK) a nd 

t he s ma lle r, pleural/ceratal nerve I PC) runs beneath the floor epithelium I FE) of 

t he mantle fold but does not yet meet the pe ripheral thickening (E) of this 

epithelium. The PC nerve is associated with a supporting cell (a rrow labelled x) at 

Lhe junction of the floor epithelium with the cepha lic epidermis (CE). Micrographs 

through the PC nerve at positions labelled x, y, and z on this diagram are s hown in 

Figs. 44, 45, and 46, respectively. Other abbreviations: CG, cerebral ganglion; 

CE, cephalic epidermis; F, foot; I, intestine; PG, pedal ganglion; PV, perivisceral 

epithe lium; S, statocyst; SH, shell; SS, former shell-secreting cells; ST, stomach; 

VE, ve lum. 
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Figures 44 to 46: Profiles of the PC nerve a t three locations along its trajectory at mantle 

retraction stage (see Fig. 43). The micrographs were obtained from sagittal 

sections of the larva in which the PC nerve runs tangentially through the sections. 

The progenitor cells of the presumptive ceratal rudiments (CR) are beyond the left 

s ide of each micrograph. 

Figure 44: TE f of the supporting cell (SU) associated with axons of the PC nerve at the 

junction of the cepha lic epidermis (CE) and the floor epithelium (FE) of the mantle 

fold. Scale bar = 1 µm . 

Figure 45: TEM of the PC nerve at a distal point along its trajectory. Note the close 

associa tion between the axonal bundle and the basal lamina of the overlying floor 

epithe lium (FE). Arrowheads indicate cytoplasmic processes located distal to the 

PC nerve profile. Scale ba r = l µm. 

Figure 46: Terminal portion of the PC nerve. Although two of the profiles have 

dimensions a nd cytoplasmic features of axons (A), most of the profiles are through 

s lender cytoplasmic processes (arrowheads) spread over the basal lamina of the 

overlying floor epithelium (FE). T he small arrows indicate muscle fibres a round 

the wall of the intestine (I). Scale bar = 1 µm . 
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Figure 4 7 A,B: TEM collage of two frontal sections taken from the same specimen at the 

onset of the mitotic phase, but separated by a depth of 10 to 15 µm . Section A 

passes through the right pleural ganglion (PLG) and cephalic epidermis (CE) of the 

larva; section B passes through the floor epithelium (FE) of the mantle fold a nd the 

presumptive ceratal rudiment (CR). Collectively, the two sections pass through the 

PC nerve at 5 points, indicated by numbered arrows. Arrow 1 indicates the 

ganglionic root of the PC nerve; arrow 2 shows the PC nerve and associa ted 

s upporting cell at the junction of cephalic epidermis and f1oor epithelium (enla rged 

in Fig. 48): arrow 3 shows a second supporting cell associated with the PC nerve 

(see Fig. 49); arrow 4 s hows a subterminal section through the nerve (see Fig. 50); 

a nd arrow 5 shows the PC nerve associated with a muscle band at the anterior 

margin of the pres umptive ceratal rudiment (see Figs. 51 and 52). Other 

abbreviations: CG, cerebral ganglion; E, esophagus. Scale bar = 10 µm. 

Figure 48: TEM; enlargement of the PC nerve profile indicated by arrow 2 in Fig. 4 7 A,B 

s howing the PC nerve and s upporting cell (SU) in the 'neck' region of the larva. 

Scale ba r = 0.5 J.lm. 
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Figure 49: TEM of the PC ne rve a nd associated supporting cell in the a rea indicated b~, 

a rrow 3 in Fig. 4 7 A, B. The s upporting ce ll is dis ta l to that in the 'neck' region. 

Scale bar = 0.5 µm . 

Figure 50: TEM s howing a s ubtermina l region of the PC ne rve at onset of the mi totic 

phase. The axons a re not intimately associated with the basal lamina 

(arrowheads) of the ove r-lying floor epithe lium (FE). Scale ba r = 0.5 µm. 

Figure 5 1: TEM through the termina l portion of the PC nerve at onset of the mitotic 

phase. The axon bundle is extending between a supporting cell (S U) a nd a muscle 

fibre (MU) tha t runs a long the anterolatera l margin of the presumptive ceratal 

rudiment (located beyond the upper margin of this micrograph). FE, floor 

ep ithe lium. Scale ba r = L µm . 

Figure 52: TEM through the termina l por tion of the PC nerve a t onset of the mitotic 

phase s howing a neuromuscula r synapse (demarcated by a rrowheads) onto the 

muscle fi bre (MU) tha t runs along the anterola tera l margin of the presumptive 

ceratal rudiment . FE, floor epithe lium. Sca le ba r = 0.5 µm. 
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Pigure 53: Low magnification l'EM of a front.al section through la rva l M. leonina dur1111, 

early cellula r tlifferC'nLiation phase showing two profiles through the right PC ne n ~ 

(arrows) as it extends to the base of the presumptive ceratal rudiment (CR). The 

inset is an enla rgement of one of these profiles (scale bar of inset = 1 µm l. 

Although most of the presumptive ceratal rudiment is outs ide the plane of section. 

lhe l,, xed region is located at its anterola tera l margin, where the PC nerve merges 

with rn axon fascicle from a cluster of peripheral sensory cells . Enlargement of 

1 l,e b<,xNi an·a is s hown in Fig. 54. Other a bbreviations : E, esophagus; LO, left 

d 1gec,t 1, 1.: gland; LRM;. la rval re tractor muscle: S, left slatocyst. Scale bar = 10 

p,n . 
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Figure 54: TEM; enlargement of boxed area in Fig. 53. Anterolateral margin of righ1 

ceratal rudiment s howing merger of the PC nerve and an axon fascicle {AFJ 

derived from a cluster of peripheral sensory cells. The PC nerve is associated wi1,h 

a muscle band (MU) at the base of the presumptive ceratal rudiment and the arrow 

indicates a neuromuscular synapse. E, epidermis. Scale bar = l µm. 

Figures 55 to 57: Sections through three regions of the cluster of 5 peripheral, ceratal 

sensory cells that produced the axon fasc icle shown in Fig. 54. 

Figure 55: TEM; intraepidermal dendrites (arrowheads). One of the neighboring cells has 

an electron-lucent cytoplasm but an intraepithelial nucleus (not shown); it may be a 

sixth sensory cell in the process of differentiating. E, ceratal epidermis. Scale bar 

= 0.5 µm. 

Figure 56: TEM; subepidermal sensory cell bodies (arrowheads). BL, basal lamina of 

epidermis; SE, subepidermal cells. Scale bar = 2 µm. 

Figure 57: TEM; axons (arrowheads), bundled together as a fascicle, shortly after 

emerging from the sensory cell bodies. SE;, subepidermal cells. Scale bar = 0. 5 

µm. 





87 

Figure 58: TEM of a slightly oblique cross section through the PC nerve and associ,1ted 

supporting cell (SU) in a metamorphically competent larva. T he nerve containf; 

over 100 axons. MU, subepidermal muscle fibres. Scale bar = 1 µ m. 

Figure 59: Photomicrograph ( DCC) of a post-larva of M. leonina at approximately 48 

hours after shell loss showing the 1·ight cerebropleural ganglion (CPG; produced by 

metamorphic fusion of the larval cerebral and pleural ganglia) and the PC nerve. 

The open arrow indicates a bifurcation of the PC nerve; one of the branches is out 

of the plane of focus but the small, solid a rrow is parallel to its route. I propose 

that the proximal segment of the PC nerve (large, solid arrow) and the branch to 

the dorsal body wall (small, broken arrow) immediately anterior to the ceras (C) 

are pioneered by outgrowing motor axons from the larval pleural ganglion, whereas 

the second branch (small, solid arrow) that runs into the ceras is pioneered by 

ingrowing axons of peripheral sensory cells. Other abbreviations: F , foot; OH, 

oral hood. Scale bar = 50 µm. 





Cha pte r 2 

FU CTIONAL MORPHOLOGY OF THE CERATAL AUTOTONIY ZONt 

I THE UDIBRA CH MELIBE LEO l'.\!A tGOlJ L. D. I 52) 



INTRODUCTION 

Fredericq (1883) invented the term 'autotomie' to describe the a bility of some animals 

to rapidly discard a part of their body following a threatening external stimulus app lied 

directly to the detachable appendage. He interpreted the behaviour as a means of 

escaping predators. F or some lizards. there is good evidence that tail a utotomy may 

provide a decoy to distract an attacker or may a llow escape after a predator has trapped 

the tail (Congdon, et al.. 197 l; Dial a nd Fitzpatrick. 1983). Instances of tissue loss related 

to reproduction or to the normal ontogenetic development of animals were not included in 

t he original definition of auwtomy. This distinction, a lthough contrnve1·sial, has been 

uphe ld by Riggenbach (1903), Stasek (1967), and Emson and Wilkie (1980). 

Research before and after Fredericq ·s (1883) study has shown that autotomy is 

widespread among an ima ls. The most thorough mechanistic studies have been confined to 

certain members of the Echinodermata (see reviews by Emson and Wilkie, 1980; Wilkie, 

1984), the Arthropoda (see reviews by Mc Vean, 197 5; 1982). the Amphibia (Wake and 

Dresner, L 967), and the Reptilia (Sheppard and Bellairs, 1972 ). Stasek l L 967) reviewed 

the many instances of autotomy described for molluscs. However, with the exception of a 

study by Hodgson ( L984) on siphonal autotomy in the Solenacea (Bivalvia), little is known 

about the mechanism or physiological control of autotomy in the Mollusca. 

Wake and Dresner (1967) and McVean (197.5) point out that the process of autotomy 

must incorporate two components: a mechanism for detachment and a mechanism for 

wound closure and healing. Stasek (1967), Wilkie (1978a) and. in a subsequent paper, 

McVean (1982) suggest that provision for regeneration at the wound site should also be 

included as a component of autotomy. It might be expected that unique anatomical and 

physiological characteristics a re associated with the autotomy zone(s) of each species to 

faci litate detachment, wound closure, and regeneration. 
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The speed and a ppa rent ease with which a utotomy occu rs a fter a ppropriate stimulation 

may s uperficially suggest a zone of structural weakness at the detachment s ite. 

Nevertheless, for any one species this must, remain specu lat i, e un t il the region of the 

autotomy plane is carefully examined morphologically. In sala manders that s how a 

constriction at the base of their tai ls. Wake and Dresne r ( 196 7) ha ve provided histo logical 

evidence of structural weakness at the sites of skin breakage and vertebral and myotome 

sepa ration. Howeve r . in ec hinoderms such as the brittlestar Ophiocomina nigra studied by 

Wilkie (1978a; b; 1979) a nd Wilkie and Emson ( 1987), the potentia l a utotomy planes a long 

the length of the arms a re not structurally fragile. Instead, weakness develops only after 

a neurally mediated reduction in the tensi le strength of co llagenous structures, including 

the inw r vertebral ligament and adjacent muscle tendons. wit hin Lhe a utotomy plane . 

Regard less of whether the autotomy plane is inherently or onl_v potentially weak, 

musc ular activity us ua lly plays some role in the detachment process I Riggenbach, 1903). 

Leg autotomy in crabs such as Carcinus maenas is accomplis hed when a specia l 

arrangement of muscles a nd their tendons a re directed by ;.1 distinct orchestrat ion of 

nervous activity to cause rupture of cuticula r specializations at the base of the leg 

(McVean, 1973; McVean, 1974; McVean a nd Findlay, 1976). In the absence of the 

a utotomizing ner vous s ignals, all but one of these muscles a re also responsible for the 

normal wa lking movements of the leg. Alternatively, in salamanders with basal 

constrictions of their tails, Wake and Dresner (1967) have argued that loca l muscular 

activity may assist tail detachment. but actua l breakage can only occur if t,he salamander 

is a llowed to twist its trnnk while the tail is held by a n outside agency. 

Many nudibranch a nd ascoglossan molluscs a re notable fo r the apparent ease with 

which t heir cer a ta detach from t.he dorsal body wa ll following aversive stimuli \Thompson, 

1960; Edmunds, 1966; Stasek, 1967: Kress. l 968: Ros, 1976). So-called 'deciduous' 



cerata are possessed by Melibe leonina (Gould, 1852), a large dendronotid nudibranch 1,hut 

inhabits eel grass and kelp beds a long the west coast of North America (see Ajeska and 

Nybakken, 1976). The cerata of M. leonina are petaloid in s hape and are arranged in 

order of decreasing s ize in two rows along the dorsal surface of this nudibranch ( Pig. 60l. 

In living a nimals, t he otherwise trans lucent epidermis is marked by an opaque line around 

the narrowed basal region of each ceras Wig. 61) . This line marks the a utotomy plane. 

which is where the ceras separates from the dorsal body wall during autotomy. 

Previous histological studies have fai led to suggest specific hypotheses for the 

mechanism of ceratal a utotomy in nudibranchs. Severa l authors have identified a 

muscular sphincter at the base of the deciduous cerata of various nudibranchs (Graham, 

1938; Baba and Hamatani, 1965; Kress, 1968) and Kress I I ~168! identified a 'granular 

zone' at the base of the cerata of t hree species of Doto . These a uthors did not elaborate on 

the actual mechanism of a utotomy. 

I examined the ultrastructure of the ceratal autotomy zont> of M. leonina in the hope 

that detailed morphological information will suggest a mechanism for ceratal autotomy in 

this nudibranch . I found that ceratal autotomy is accompanied by disruption of connective 

tissue structures within the autot,omy plane and by degranulation of cells associated with 

t hese connective tissue structures . Contraction of sphincter and longitudinal muscles on 

e ither side of the autotomy plane appears to he lp rupture tissues. 



MATERIALS AN D METHODS 

Adult specimens of Melibe leonina measuring approximately 5 cm in relaxed foo t 

length were collected from the eel grass bed in Patricia Bay, Vancouver Is land by SCUBA 

divers. Juveniles having a relaxed foot length of approximately 0.5 cm were reared in the 

laboratory (see Ch. 1) from egg masses also collected from Patricia Bay. 

Prior to fixation, animals were lightly anaesthetized in an artifi cia l seawater solution 

contai ning an excess of magnesium ions (recipe according to Audesirk and Audesirk. 

1980). This procedure was necessary to prevent excessive constriction of the ceratal 

autotomy plane when the specimens we1 e placed in fixative. 

Following anaesthes ia, a portion from the base of a ceras was cut from each adul t a nd 

pinned to a small block of Sylgard (Dow-Corning) before being immersed in primary 

fixative for 5 hours. J uveniles were fixed whole for 5 hours . The primary fixative 

consisted of a 2.5% solution of g lutaraldehyde in phosphate buffer (pH 7 .6), with 0.34M 

NaCl added to ma ke the fixative isosmotic with seawater (Cloney and Florey, t968). 

After several rinses in 2.5% sodium bicarbonate (pH 7.2). the tissue was placed in a l: .I 

mixture of 4% os mium tetroxide a nd sodium bicarbonate buffer. Ethanol dehydration and 

infiltration with Epon 8 12 followed standard procedure. Thin sections were stained for 20 

min at 60 degrees C in aqueous urnnyl acetate, fo llowed by 10 min at room temperature in 

lead citrate and were photographed with a Philips EM300. 

Preliminary examination of one µ m thick sections and of thin sections s howed that the 

structural organization of the a utotomy zone was much easier to reconstruct in juveniles 

than adults because the amount of tissue (e.g. size of muscle bundles) is much less. 

Therefore, a series of sections through the intact autotomy zone of a juvenile ceras was 

prepared by cutting one to three l µm sections a lternating with five to seven grids of thin 

sections (ceras oriented longitudinally) until the a utotomy zone was sectioned completely . 
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The basic structure of t he a utotomy zone revea led by this specimen was confirmed by 

examining thin sections through selected regions of a ceratal autotomy zone in a second 

juvenile a nd through the autotomy zone of an adult ceras. 

Autotomized cerata for ult rastructural observations were obtained by two methods. 

Firstly, a utotomy was induced by a pinch with forceps to cerata of adults prior to their 

fixation, in which case no a naesthesia preceded fixation. Secondly, cerata were 

occasiona lly autotom ized when lightly a naesthetized juveniles were placed in fixative. 

S ubsequent p1·e pa ration of autotomized cera ta for e lectr·on microscopy followed the 

procedure outlined above. 



RESULTS 

A . .Behaviour During Ceratal Autotomy 

When a ce1·as of M. leonina is grasped firmly by forceps. the base of the held 

a ppendage becomes greatly constricted and eventua lly se pa rates from the dorsal body wall 

a t the leve l of this constriction. The muscles of the ceras are capable of contraction for 

many hours a fter autotomy, but the a utotomized ceras shows little spontaneous 

movement. In addition to ceratal a utotomy, pinching a ceras causes the whole animal to 

contract and eventua lly induces the swimming behaviour described by Hurst ( 1968). 

Swimming may begin before or after actual separation of the ceras. 

[n laboratory aqua ria, cra b a ttacks on M. leonina often cause one or more cerata t◊ 

a utotornize . However. a ceras a utotomizes only when grasped by the chela of the crab; 

neighbouring cerata do not a utotomize. Indeed, if an a nimal is secw·ed to a Sylgard-lined 

dish by pins through non-ce ra ta l parts of the body, none of the cerata s how basal 

constriction even when pins are placed close to the insertion of a ceras. If a ceras of this 

a nimal is grnsped by forceps, it becomes contracted arou nd its base a nd eventua lly 

autotomizes, but the basal regions of adjacent cerata remain re laxed. These observations 

suggest that each ceras must receive direct trauma to initiate events leading to its 

autotomy. 

After a ceras detaches, the resultant wound in both the ceras and the dorsal body wall 

is closed by continued constriction of the tissues on both s ides of the autotomy plane (F ig. 

62). P resumably, the circumferential contraction around the respective wounds is effected 

by sphincter muscles that lie on either side of the autotomy plane. Furthermore, as the 

e pidermis separates at the autotomy plane, the ceratal tissue s urrounding the wound is 

pulled away from the site of detachment in a manner s uggesting contraction of longitudinal 

muscles within the ceras. 
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Autotomized cerata a re s ubsequently regenera ted. In juveniles measuring 0.5 cm in 

relaxed foo t length, regenera tive buds appear at the site of ceratal detachment wit hin 2 to 

3 days a fter autotomy (n = 4). 

Populations of M. leonina were sampled to determine the ex tt>nt of ceratal losses in the 

fie ld. Two samples of 41 a nd 8 L anima ls, respective ly, were eollected from diffe rent 

locations a round southe rn Vancouver Is land at different times of year. Sixty-five (53.3%1 

of the 122 a nimals were in the process of regene ra ting lost cerata and 35 of t hese had 

more tha n one regene rative bud. 

B. Structure of the Cera ta l Autot0my Zone 

1. Intact Ceras 

Dissections of M. leonina show tha t 4 major structures extend across the a utOtomy 

pla ne a t the base of each ceras (Fig. 63): the epidermis, a bra nch of the digestive gland, 

the ceratal nerve (origina ting from the pleural nerve), and longit udina l muscle ba nds t hat 

originate within the dorsum of the body (proximal to the autotomy zone) a nd insert near 

the apex of the ceras. Although the digestive gland and the ce ratal ne rve eventua lly 

undergo extens ive branching within each ceras, they both ente r as a s ingle undivided 

trunk. In addition to these 4 structures, the complex system of Ouid-filled haemal sacs, 

which provides M. leonina with its hydraulic s keleton, extends from t he body into each of 

the ce ra ta . 

As previous ly described, a pa ir of sphincter muscles Oank the intact a utotomy plane. I 

will use the term 'autotomy zone' to describe the region that includes the autotomy pla ne 

and its adjacent s phincter muscles (Fig. 63). 
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Ultrastructural details of these components of the ceras and identification of addition,,! 

components are given below. 

a . Epidermis 

Most of the epidermis covering the cerata and the adjacent dorsal body wall of juvenile 

M. leonina is composed of highly vacuolated sq uamous epithelial cells (Fig. 64). However. 

around the base of each ceras, the cells of the epidermis become cuboidal. The resultam 

e pidermal thickening is most consistent and pronounced on the body side of the autotomy 

plane ( Fig. 65 ). whei·e many of the e pithelial cells conta in large nuclei with l or 2 

prominent nucleoli. Mitotic cells are not unusua l in this region of the epidermis. A less 

pronounced thickenin g of the e pide rmis may occur on the ceratal side of the autotomy 

plane (Fig. 65 ), but, this is not consistently present. However. ll1 rt'gions that s how an 

epidermal thickening on both t he body and ceratal s ide of the autotomy plane, the two are 

joined by 1 or 2 epide rma l cells that a re lower in height than those of the adjacent 

thickenings (Fig. 65). 

b. Autotomy Plane Nerve a nd Granule-Filled Ce lls 

Serial sections through the a utotomy zone s how that a prominent bundle of axons 

completely encircles the base of the ceras just be neath the ceratal epidermis . This nerve, 

which I call the autotomy plane nerve (APN), lies between the two sphincter muscles at 

the base of the ceras and is therefore positioned at the exact leve l of the autotomy pla ne 

(Fig. 6 .S). Serial sections a lso s how that the APN arises from the ceratal nerve a fter the 

latter has entered the ceras but before it gives rise to major branches within the ceras . 

Somata and cytoplasm ic processes of d istinctive . g1·anule-filled cells (GC1 a re intimately 

associated with the APN along its entire course around the base of the ceras (Figs. 66 and 

67). T he GC are contained within the perineurium of the APN a nd the cytoplasmic 



98 

extensions of the GC intermingle with the axons of the APN (Fig. 67). Each GC contain::. :-i 

large nucleus with prominent nucleolus (Fig. 66) and the perinuclear cytoplasm contain,; 

m itochondria, polyribosomes, smooth and rough endoplasmic reticulum, and several Go lg, 

bodies (Fig. 68). The Golgi give rise to primary vesicles containing an electron-dense 

material (Fig. 68) that a ppear to be precursors of the larger (max. 280 nm diameter ! 

membrane-bounded dense granules that are characteristic of this cell (Figs. 67, 68. 69, and 

70). Most of the latter occur within cytoplasmic processes of the granule-filled cells, where 

smooth endoplasmic reticulum is a lso abundant (F ig. 69). 

The axons composing the AP show occasional interneuronal synapses but most of the 

synaptic profi les I observed were onto the somata and cytoplasmic processes of GC (Fig. 

70). A mixture of clear and dense vesicles are present on the presynaptic side of the axon 

- GC synaptic contacts. 

Along the entire length of the APN, cytoplasmic extensions from the GC contact the 

basal lamina of the overlying epidermis in the restricted region of the autotomy plane 

(Figs. 65, 66, and 69). Furthermore, processes of the GC are closely associated with the 

longitudinal muscle bands where the latter intersect the autotomy plane. Further 

description of this association is given in section d. 

T he APN with its associated granule-filled cells is probably responsible for the opaque 

line that circumscribes the base of each ceras in living M. leonina. 

c. Sphincter Muscles 

Of the two bands of circular muscle (sphincters) that flank the autotomy plane, the 

band on the body (proximal) side of the autotomy plane is larger (F ig. 65). T he size 

difference is due to the relative number of constituent muscle fibres. The general fine 

structural features of the sphincter muscles are typical of gastropod non-striated muscle 

(Fig. 7 1) (see Plesch, 1977). 



The s phincter muscle on the body side of the a utotomy pla ne lies immediately beneath 

the prominent thickening of the epidermis . A mesh work of connective tissue fibril s invest ;,, 

the individua l muscle cells of this sphincter and binds the whole to its overlying ridge of 

epiderma l cells (Figs. 7 1 and 72\. Although the connective tiss ue fibr ils are likely some 

fo rm of collagen, they measure only 15 to 20 nm in diamt>rer a nd a re not banded. 

Hemidesmosome-like structures occur freq uently a long the sarcolemma of the s phincter 

muscles (Fig. 7 1). Nunzi and Franzini- Arms trong ( 198 1). studying the s mooth muscle 

por tion of a scallop adductor musc le, te1·med these hemifosciae adherentes to distinguish 

the fact that actin-containing fila ments (the thin myofila ments). rathe r than intermediate 

filaments (tonofilaments), insert on t he sarcoplasmic side of the membrane s pecia lization. 

Twarog e t a l. (1973) a nd Nunzi and Franzini-Armstrong (198 1) s uggest that hemifasc iae 

adherentes mediate attachment of intracellula r thin myofilaments onto extracellular 

fila ment ne tworks . Direct junctiona l complexes be tween ne ighbouring muscle cells were 

rare ly observed. Epidermal cells are anchored to the ir unde rly ing basal lamina by 

hemidesmosomes (Fig. 72). 

S ma ll bundles of axons lie alongside the sphincter m uscles a nd these form occasiona l 

neuromuscula r synapses (Fig. 73). 

d. Longitudinal Muscles 

Like the sphincter muscles, the longitudina l muscles of the ceras lack obvious cross or 

oblique striations. The muscle cells composing each longitudina l muscle band are he ld in 

staggered register by connective tissue and many hemifasciae adherentes a re located a long 

their sarcolemmae (Fig. 76). Each longitudinal band passes close to the inne r s ide of the 

two s phincter muscles as it extends from the ceras into the body proper (Figs. 74 and 76). 

Concentra tions of connective tissue fibril s a re located where the longitudina l a nd sphincter 

muscles a re juxtaposed (Fig. 76). 
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The longitudina l muscle bands actua lly pene trate through the APN-GC complex where 

the former cross the a utotomy plane (Fig. 74) . At the point of penetra tion, the individua l 

fibres of the muscle ba nd are interspe rsed with cytoplasmic processes of the GC (Fig. 75). 

In some sections, it a ppears that the longitudina l muscle bands s how a structura l 

discontinuity where they trave rse the a utotomy plane. As s hown in Fig. 75, a narrow. 

irregula r plate of connective tissue extends across the band so tha t longitudina l muscles 

from the ceras inser t on one s ide of the pla te and longitudinal muscles from the body insert 

on the opposite s ide. The extensions of CC interdigitaLe wit h the m uscle fibres on th t> 

cera tal s ide of the connective tissue plate. 

Profiles of neuromuscula r syna pses on to longitudina l muscle cells were found (F ig. 77). 

Figure 78 is a s ummary diagram showing the basic a rrangement a nd 

inte rre la tions hips of t he APN, the two s phincter muscles, a nd the longitudina l muscle 

bands within the cera ta l a utotomy zone of M. leonina . 

e . Gliointerstitia l Ce lls 

Glioin terstitia l cells, with the ir network of granule-filled cytoplasmic processes, are 

associated with the muscle cells of the s phincters (Figs. 71 and 79) and the longitudina l 

bands (Fig. 7 4), and wit h the small groups of axons that occur adjacent to the muscle 

tissue. A deta iled review of the s tructure and distribution of these cells within molluscs 

has been given by Nica ise (1973). Apa rt from their associa tion with peripheral nerves and 

muscles, the mos t distinguis hing cha racteristic of gliointe rstitial cells is their content of 

membrane-bounded granules having a verage dimensions of 250 to 350 nm in width and 

350 to 450 nm in length. Nicaise ( 1973) s tated tha t g liointers tial cells may have a trophic 

function or may be involved in the ionic regula tion of neurons and muscle . Cholinesterases 

a nd calcium ions have been cytochemically identified within t he storage granules. 
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In my tissue sections of M. leonina, the membrane-bounded granules within t he 

g liointerstitial cells a nd those of the GC associa ted with the APN are both electron-dense, 

yet the two a re easily d istinguishable . The granules of t he g liointerstitial cells a re larger 

(max. 400 nm dia meter ) than t hose of the GC (max. 280 nm diamete r) and gliointerstit ia l 

granules consistently s how irregula r s we lling of the limiting membra ne away from t he 

granula r product (compa re f igs. 80 and 8 1). 

f. Digestive Gland 

Throughout the cerata of M. leonina, the digestive g la nd is invested with occasiona l 

fibres of circular muscles. However, where the tr unk of the digestive g land enters the 

base of each ceras, it is encircled by two prominent sphincter muscles that lie on either 

side of the autotomy plane. Figures 82 and 83 s how the dig-esiive gland sphincter situated 

on the body s ide of the a utotomy plane. The d istance betwP.-'n the sphincters of the 

digestive g land is greater than that between the two subepidermal sphincters. 

In the mid-region of the lateral side of the ceras, the APN extends at least two 

branches toward the digestive g la nd (Fig. 85). Each bra nch merges with a single ne rve 

ring that completely encircles the digestive g land between the two digestive gland 

sphincters (Figs. 82 and 84). Somata of the GC are located at intervals a long the centrally 

directed branches of the APN and a long the entire course of the nerve ring encircling the 

digestive g land (Figs . 84 and 86). Gra nule-filled processes of the GC are apposed to the 

basal lamina of the digestive gland cells (F igs. 84 and 86) and to occasional profiles of 

muscle fibre (non-sphincter) associated with the gland. 

g. Ceratal Ne r ve 

[n each ceras, the trunk of the ceratal nerve crosses the autotomy plane in the mid­

region of the latera l s ide of the ceras. At the point of intersection, the ceratal ne rve 
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becomes associated with one of the branches of the AP extending toward the digestive 

g la nd. The APN branch, with accompanying GC, actually penetrates the perineurium of 

the ceratal nerve (Fig. 87) a nd granule-filled cytoplasmic processes of the GC are close ly 

applied to this perineurium (Fig. 88). 

Figure 89 is a diagram summarizing t he distribution of the various nerves and 

co nnectives found within the base of a ceras and the adjacenl body wall of M. leonina . 

2. Autotomized Ceras 

After ceratal autot,omy, the various tissues within the base of the ceras are compressed 

together (Fig. 90) due to contraction of muscles in the area. Nevertheless, the fo llowing 

observations were made from longitud inal thin sections through the base of the 

autotorn ized ceras. 

The subepidermal sphincter muscle on the ceratal side of the autotomy plane remains 

bound by connective t issue to the overlying basal lamina of the ceratal epidermis and to 

the underlying longitudina l muscle bands (F igs. 90 and 91). Dissections of autotomized 

cerata confirm that these two attachments are maintained throughout the process of 

autotomy. However, the longitudinal muscle bands terminate immediately proximal to 

their association with the s phincter muscle (Fig. 90). 

The subep idermal sphincter muscle and the broken ends of the longitudinal muscle 

bands border on a bundle of axons that lies immediately beneath the area of ceratal 

epidermis that has detached from the dorsal body wall of the nudibranc h (Fig. 90). The 

position of this axona l bundle, relative to the subepidermal sphincter muscle and the 

epidermis identify it as the APN. However. whereas the APN of the intact ceras includes 

GC with cytoplasmic processes containing many membrane-bounded dense gra nules, very 

few granules are present in the APN of an auwtomized ceras (Fig. 92). For example, in 

F ig. 85 of a non-autotomized ceras there is a combined total of 95 gi-anule profiles within 
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the section through the APN and the adjacent ne rve r ing a round lhe digestive gland (the 

granules within the nerve bra nch extending between the APN and digestive gland nerve 

1-ing a re not included in this tally), whereas only I I gra nu les are present in a 

corresponding region of the autotomized ceras shown in Fig. 90. 

The basal lamina underlyi ng the ceratal epide rmis is easily recognizable up to and 

including the level of the subepide rmal sphincter muscle (Fig. 91 !. Be_vond the sphi ncte r . .,\ 

rim of epide rmis only one to two cells thick is retained by the de1,ached ceras . These 

epiderma l cells, which overlie the APN. a re noteworthy because they lack a basal la mina 

(Fig. 92). 

The detached stump of the digestive gland often protrudes s lightly from the epiderma l 

wound following ceratal autotomy (Fig. 90). A sphincter muscle cor responding to that on 

t he ceratal side of the autotomy plane constricts the trunk of the digestive gla nd above t he 

level of detachment (Fig. 90). 

Due to the extreme constriction of tissues at the base of autotomized cerata, I was 

unable to pos itively ident ify the subd ivision of the AP N that encircles the digestive gland in 

the region of the a utotomy plane. However, clusters of dense gra nules, like those 

associated wit h t he CC of this nerve r ing in intact cernta, were rare ly fo und a longside the 

detached stump of the digestive gland. 



DISCUSS LON 

My descriptions of ceratal aut,otomy by live Melibe leonina and. particularly. of the 

ult1·astructure of the autotomy zone before and after separation suggest that GC granules 

and muscle contraction pa rticipate in the auLotomy mechani::;m. interpretation of the role 

of these two elemen ts is irivcn below. 

A. Granule-Filled Cells 1GCl 

I pl'Opose that the centra l rnech.rnism faci litating ceratal autotorny involves the GC 

associated with the autotomy plane ne rve ( APN) and its offshoot, the ne rve ring that 

encircles the digestive gland. Granule-filled cytopla mic processes from the GC impinge on 

the basal laminae and associated connective tissue of every major structure that extends 

from the ceras into the body proper: the epide rmis, longiwdinal muscle bands . ceratal 

nerve, and digestive gland. Furthermore, existing evidence indicates that contacts by 

granule-filled processes of GC are restricted to the region where these four structures 

separate during ceratal autotomy. Thin sections through randomly chosen locations a long 

the ceras, outside the autotomy zone, and a long the periphery of the oral hood showed 

gliointers titial cells but no cells similar to the GC of the ceratal autowmy zone. 

The GC are extensive ly innervated by axons within the A PN and therefore must be 

effectors responsive to neural stimuli. eural involvement in autotomy is suggested by the 

fact that each ceras is autotomized only after it receives a strong mechanical s timulus, 

even at some distance from the autotomy plane. and the response may occur within 

seconds of the stimulus. Additional evidence for neural involvement is given in Ch. 3. 

The foregoing observations, combined with morphologica l data showing relatively few 

GC granules in autotomized cerata and absence of basa l laminae where structures have 

sepa rated, suggest t hat neural s ignals elicit exocytosis of GC granules tha t disrupt 
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adjacent basal laminae and possibly associated connective tissue fib rils. De prived of thest• 

strengtheng elements, it might be expected that epithelial, muscular . and nervous tissu t:> 

would be highly susceptible to disjunction. Indeed, close inspection of the process of 

epidermal sepa ration a long the ceratal a utotomy pla ne of M. leon ina recalls Stasek's 

(1967) translation of Quoy a nd Gaimard's (1832) description of pedal a utotomy in the 

prosobranch Harpa ventricosa: " ... the separation resembl[es] an ungluing ra ther than a 

tearing of tissues" . 

Ra pid, irreversible loss of tensile strength by collagenous structures is the central 

mechanis m of autotomy in echinoderms. Three of the best studied cases a re: arm 

a utotomy in the ophiuroid, Ophiocomina nigra (Wilkie, 1978a: b; 1979; Wilkie and Emson, 

L987), a rm autotomy in the crinoid, Florometra serr atissima (Holland and Grimmer, 

L981), a nd evisceration in the dendrochirotid holothurian, Eupentacta quinguesemita 

(Byrne, 1985a; b; L 986). Eviscera tion requires tissue breakage at three widely separated 

sites within the a nima l. 

Breakage at the autotomy planes of these three echinoderms usually involves 

mechan ical failure of interstitial connective tissue (ligaments and dermal tissue), which 

contains banded fi brils resembling vertebrate type I collagen (see Wilkie, 1984). However, 

Wilkie a nd Emson ( 1987) have recently shown that autotomizing muscle tendons within 

the arms of Q. nigra are derived from the basal lamina of muscle cells and consist of non­

banded fibrils resembling collagen type [ V embedded within a markedly carbohydrate-rich 

ma trix. In addition, Byrne (1985a) noted disruption of muscle basal laminae in the 

autotomizing introvert of E. quinquesemita and dissociation of peritoneum from the basal 

lamina at two other autotomizing sites dur ing e visceration of this holothurian. 

Echinoderm autotomy is an extreme and irreversible expression of a more widespread 

ability by many echinoderm collagenous structures to rapidly, yet reversibly, switch 
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between extensible and inextensible ('catch ') states (see reviews by Emson and Wilkie. 

1980; Wilkie, 1984; Motokawa, 1984). Although the mechanism for this phenomenon ,,, 

still speculative, a number· of studies. particularly the excellent work of Hidaka and 

Takahashi (1983) on t he catch apparatus of echinoid s pines. s uggest that collagen fibri ls 

themselves are not broken down during the extensible state. [nstead, collagen fibrils can 

slip past one another during the extensible state, but become locked in place during t he 

catch state. Similarly, degradation of collagen fibrils does not appear to occur dur ing 

autotomy in echinoderms (Wilkie, 1978a; Holland a nd Grimmer. 198 I: Byrne, 1985a). 

It is currently thought that the co llagen fibrils of these variable tensility connective 

tissues are interlinked by non-covalent interactions with and between ground s ubstance 

proteoglycans and glycoproteins. Variable tensility may result from alteration of these 

weak (particularly e lectrostatic) interactions by active control of local pH or cation 

concentration (see Wilkie, 1984; Mot,oka wa, 1984). This hypothesis is consistent with in 

vitro results, obtained from a number of echinoderm collagenous structures, s howing 

sensitivity of their mechanical properties to pH, ionic strength, divalent cation 

concentration (particula rly calcium ion), a nd calcium ion chelators (Wilkie, 1978b; 1983; 

Smith !tl a l. , 1981; Eylers, 1982; Hidaka, 1983; Byrne, 1985b). 

The variable tensility connective tissues of echinoderms are infiltrated by cytoplasmic 

processes of acidophilc cells that, in e lectron micrographs, contain large, spher ical or oval 

dense-cored vesicles (LDVs) (see review by Wilkie, 1984). Using histochemical techniques, 

Wilkie (1979) found evidence of glycop rotein and calcium within the granules of the arm 

autotomy zones in the ophiuroid, Q. nigra. He speculated that the glycoprotein m ay 

trigger a utotomy changes in collagenous structures by chelating calcium ions within the 

extracellular matrix or by a more subtle cation exchange mecha nism . Wilkie and Emson 

(1987) s howed a bleaching of the granular product within the LDVs of a utotomizing 
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muscle tendons in Q. mgra. However , Holland and Grimmer (1981) found ultrastructural 

evidence of granule exocytosis in autotomizing arms of the crinoid. f:. serratissima. Their 

scanning electron micrographs of calcareous ossicles adjacent to the level of arm breakage 

show erosion of the ossicles, suggesting exposure to an acid medium or calcium chelatoi 

during the autotomy process. Byrne ( 1985a) fa iled to ftnd evidence of LDV degranulation 

in autotomizing tissues of the holothurian E. guinguesemita. She (Byrne, 1986). a long 

with Smith and Greenberg ( 1973) propose that a chemical factor, which can be isolated 

from coelomic nuid of eviscerating holothurians. directly or indirectly triggers the 

mechanical fai lure of collagenous structures during evisceration. 

Except for holothurian evisceration, their is good evidence that reversible tensility 

changes and irreversible autotomy phenomena in echinoderms are under direct nervous 

control. F'or example, ophiuroid arm autotomy occurs within seconds after an adequate 

stimulus. Anaesthetics block the response in vivo and a lso block the rapid drop in tensile 

strength of the intervertebral ligament induced in vitro by elevated potassium ion 

concentration (Wilkie, 1978b). Hyponeural nerves are associated with the granule-filled 

cells ('juxtaligamental cells') within the arm autotomy zones of Q. IJ..igra (Wilkie, 1979). 

The catch apparatus of sea urchin spines, which is capable of reversible changes in tensile 

strength, becomes extensible following application of ad renalin and stiffens fo llowi ng 

application of acetylcholine (Hidaka and Takahashi, 1983). 

The ceratal autotomy plane of' M. leonina, examined before and after a utotomy, reveals 

several striking structural simila ri ties to autotomy planes within echinode rms . Firstly, the 

autotomy plane of M. leonina is not inherently fragile. This is also true of the autotomy 

planes of echinoderms, as first emphasized by Wilkie (1978a) wh ile studying ophiuroid 

arm autotomy. Secondly, pr ior to ceratal autotomy, granule-filled cytoplasmic processes of 

GC impinge on basal laminae and associated connective t issue fibrils of a ll ceratal 
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structures where they cross the a utotomy plane, and degranulation occurs coincident with 

ceratal separation. The granules and cytoplasmic features of the GC a re structurally 

s imilar to the LD Vs and their synthesizing cells associated with autotomizing and variable 

tensiiity connective tissues in echinoderms (Wilkie, 1979; 1984). Thirdly . the GCs of M. 

leonina and the granula r ce lls associated with echinoderm a utotomy zones are innervated. 

Finally, a utotomy in M. leonina and in echinode rms is accompanied by disruption of 

connective tissue structures within the autotomy plane. 

Prior to my study on ceratal a utotomy in M. leonina, there had been no evidence from 

any phylum other than Echinodermata for rapid, neurally mediated control of the 

mechanical integrity of collagenous structures. [n mammals, the soften ing of collagenous 

structures associated with the ovarian follicle during ovulation and within the uterine 

cervix a nd symphysis pubis during pregnancy and partuition, .ind the degradation of 

uterine collagen following partuition appear to be effected by enzymatic activity. These 

processes are unde r hormona l control and require hours or weeks rather than seconds to 

develop (see Ronde ll, 1970; J effery a nd Koob, 1980; Steinetz et a l. , 1980). 

Additional research is req uired to determine if the connective tissue structures within 

the ceratal autotomy plane of M. leonina are collagenous, and to determine if enzymatic 

activity or control of chemica l microenvironment is responsible for the breakdown of these 

structures. Future work should focus on examining the biochemical nature of GC granules 

by means of histochemica l, cytochemica l, and other methods. 

It would be inte resting to examine the fine structure of autotomy planes within other 

mo lluscs to search for the presence of granule-filled cells as described here for M. leonina. 

It is intriguing that Kress (1968), using light microscopy, identified a granular zone around 

the base of the deciduous cera ta of three species of Doto (Nudibranchia), a lthough the GC 

granules of M. leonina are not resolvable in one µm sections. fn the only 



109 

other ultrastructural study of the a utotomy plane of a mollusc, Hodgson ( L 984) concluded 

that s iphonal autotomy in two species of Solen (Bivalvia) is simply the result of muscular 

action a nd a n inherent weakness of the autotomy pla nes in the form of reduced connective 

tissue. He does not describe granule-filled cells within the potential a utotomy s ites. 

B. Muscles 

Although t he CC may provide the major mecha nis m for ceratal autotomy in M .. 

leonina, the muscles of the ceras must play a contributory role . In living M. leonina, the 

most obvious structural change that immediately precedes ceratal autotomy is the marked 

contraction of the s phincter muscles and, less obviously, contraction of the longitudina l 

m uscle bands . 

The longitudinal muscle bands a 1·e composed of a staggei·ed a r ray of individual muscle 

cells in paralle l alignment. Direct membra ne junctiona l complexes between neighbouring 

muscle cells of the longit udinal ba nds a re rare. Instead, muscle cells are indirectly linked 

to their ne ighbours via connective tissue fibrils, which a re anchored to the sarcolemma by 

frequent hemifasciae ad he rentes. Twarog et a l. (1973) and Nunzi a nd F'ranzini-Armstrong 

( 1981) s uggest that hem ifasciae adherentes in molluscan non-striated muscle may a llow 

some of the very la rge tension generated by these muscles to be safely t ra nsferred to 

connective tissue components . Normally , the connective t iss ue binding each longitudinal 

muscle band is sufficiently strong to withstand the tensile stress experienced during 

contraction of the component muscle cells, resulting in a shortening of the entire muscle 

band. However, if this connective tissue suddenly lost tensile strength where the 

longitudina l muscle ba nds cross the autotomy plane (presumably by the action of 

exocytosed granules from the GC), muscle cells on either s ide of the weakened connective 

tissue would separate when the muscle band contracted. 
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On either side of the autotomy plane, the longitudinal muscle bands are attached to the 

epidermis via the two sphincter muscles. Consequently, once the longitudinal musclt:> 

bands have broken, tensile stress must be transmitted to the epidermis at the level of the 

autotomy plane. Cytoplasmic extensions from the GC are associated with the epidermis at 

the level where this stress would be experienced. 

At least three functions can be envisaged for contraction of the subepidermal sphincter 

muscles during aut0tomy. firstly, sphincter contraction must prevent haemal nuid from 

leaving the ceras during contraction of the longitudinal muscle bands. This would provide 

the ceras with a rigid hydraulic skeleton, allowing the contracting longitudinal muscle 

bands on the ceratal side of the autotomy plane to generate the large tensile stresses that 

help to separate tissues. Secondly, sphincter contraction may assist in breaking the 

longitudinal muscle bands by exerting an additiona l stress, directed at right angles to that 

generated by cont1·action of the muscle band itself, on the autotomy planes of these 

muscles. Finally, as previously s uggested by Graham ( 1938) for the ceratal sphincter 

muscles of several aeolids, a major function of the subepidermal and digestive sphincters 

must be for wound closure to prevent haemolymph loss following ceratal autotomy. 

McVean ( 1982) proposed that autotomy may have evolved initially as a means to limit the 

effect on the whole animal of random injuries sustained by an appendage. By converting 

all types of severe damage to one predictable injury, "all regenerating and wound healing 

resources can then be invested in this region" (McVean, 1982). 

My morphological and behaviournl evidence suggests that GC and ceratal muscles are 

synaptically driven to provide the direct mechanism for ceratal autotorny. Nevertheless, T 

cannot e liminate the possibility that a neurosecretory s ubstance, released into the 

haemocoel from a site outside the autotomy zone, might play a fac ilitory role . This 

possibility is discussed further in Ch. 3. 
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C. Function of Ceratal Autotomy 

Stasek (1967) characte1·ized autotomy in the Mollusca by a list of l l condit ions . which 

might apply equally we ll to other animals. His final two conditions st.ate that a utotomy 

must be functionally advantageous (presumably for escape), and additiona l behaviours 

may exist together with autotomy to fac ilitate escape from predators. The high incidence 

of regenerating cerata in field populations of M. leonina argue that. cerat.al autotomy is a 

frequent a nd important act during the life of this nudibranch. The three most probable 

potential predators of M. leonina in its natural environment are seastars. fi sh, and crabs. 

As described in Ch. 4, predatory seastars do not trigger ceratal autotomy by M. leonina: 

most of these predators are repelled by secretions from the repugnatoria l glands of this 

nudibranch. At least some fi sh are also repelled by the product of the repugnatorial 

gla nds, although the nudibranch will autotomize cerata if roughly mouthed. Predatory 

crabs, however , att.ack a nd eat M. leonina without hesitation. During over 50 hours of 

underwater observations on a dense population of M. leonina in Monterey Harbor 

(Ca lifornia, U.S .A.), Ajeska and Nybakken (1976) saw only five instances of predation on 

M. leonina and a ll five we.-e by the ke lp crab Pugettia producta. On several occasions, [ 

observed M. leonina escape from t he grasping chelae of a n attacking crab by a utotomizing 

one or more cerata held by the crab. The escape was faci litated by s ubsequent s wimmi ng 

behaviour by the nudibra nch, which carried the slug beyond the grasp of the crab. Water· 

currents in the natura l environment would s urely assist the latter part of this escape 

strategy. Edmunds ( 1966) has a lso s peculated that ceratal autotomy may protect 

nudibranchs from crab predators. 

Ceratal loss in M. leonina is a classic example of autotomy according to Fredericq's 

(1883) original definition of the term. Evidence presented in this chapter· suggests a 

mecha nism for cera tal detachment and wound closure. The following chapter provides 

some insight into the neurological control of the event. 
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Figure 60: Ventral view of a live specimen of M. leonina showing the foot (F), the large 

oral hood (OH) surrounding the slit-like mouth (M), and the two rows of petaloid 

cerata (C) extending from the dorsal surface of the nudibranch. Scale bar = l cm. 

Figure 61: Single ceras (C) of M. leonina in lateral view showing the opaque line 

(arrowhead) that marks the ceratal autotomy plane. The branched structur~ 

within the ceras is an extension of the digestive gland (DG). Scale bar = 4 mm. 

Figure 62: Light micrograph s howing the wound (W) in the dorsal body wall of M. leonina 

after autotomy of a ceras. Note the contracted sphincter muscle (arrowheads) that 

surrounds the wound . Scale bar = 0.5 mm. 



,,.,. 



ll8 

figure 63: Sketch of a cer as of M. leonina s howing structures tha t can be seen du ring 

dissection. Abbreviations a re: AP . .1utotomy plane; AZ. autolomy zone; C . 

ceratal ne rve: DC, digestive gla nd: E, epidermis: LM. longitudina l muscle ba ncls 

(only t wo s hown): PN. pleura l nerve: S M, s phincter muscle . Drawing not to sc.1lc . 
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Figure 64: Transmiss ion electronmicrograph (TEM) at low magnification showing the 

vacuolated, squa mous epithelial cells forming much of the general ceratal epide rmis 

(E) of M. leonina. Note subepidermal muscle fibres (MU). Scale bar = 5 µm. 

Figure 65: TEM at low magnification showing a longitudinal section through the ceratal 

a utotomy zone of M. leonina. The aut,otomy plane nerve (APN) lies at the level of 

the autotomy plane (large arrow labelled AP) and is flanked on either side by 

subepidermal s phincter muscles (SM). The epidermis (E) overlying the 

s ubep idermal sphincters is thickened, particularly on the body side of the AP . 

The latler epidermal cells have large nuclei (N) with prominent nucleoli. Scale bar 

= 5 µ m. 

Figure 66: TEM s howing deta il of the a utotomy plane nerve from a tissue section 

ne ighboring that in Fig. 65. Note the axons (A) and a cell body of a granule-filled 

cell (GC). The a rrowheads indicate where cytoplasmic processes of granule-filled 

cells come into close contact with the overlying e pidermis (E). Scale bar = 3 µm. 
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Figure 67: T EM of a granule-filled cell (GC) showing the nucleus (N) a nd a cytoplasmic 

process (dema rcated by arrowheads) located a longside axons (A) of the autotomy 

plane nerve. The asterisk indicates where a n axon forms a synapse onto the 

cytoplasmic process of the GC. Scale ba r = l µm. 

F'igure 68: T E l s howing the nucleus (N) and perinuclear cytoplasm of a granule-filled 

cell. The pr imary vesicles (arrowheads ) produced by the Golgi (G) give rise lo the 

cha racter istic, e lectron-dense gra nules (GR) within these cells. Scale bar = 0.5 

µ m. 

F igure 69: TEM showing cy toplasmic processes from granule-filled cells (GC) closely 

a pplied Lo the basal lamina (asterisks) of the epidermis (E) at the level of the 

autolomy plane (enla rged from Fig.66). Arrowheads indicate smooth endoplasmic 

,·eticulum. Scale bar = 0.5 µm. 

F igure 70: TEM showing deta il of a synapse (demarca ted by arrowheads) between a n axon 

(A) within the AP a nd a cytoplasmic process of a granule-filled cell (GC). Scale 

ba r = 0.5 µ m. 
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f igure 71: TEM of a slightly oblique cross-section through the subepidermal sphincter 

muscle on the body side of the autotomy plane. The section passes t-hrough the 

nuclei ( ) of two muscle cells and through a cytoplasmic process of a ghoint-erstitial 

cell <G[). Hemifasciae adherentes (hemidesmosome-like structures ) an' inuicatcd 

by arrowheads. Scale bar = l µm. Inset: Detail of a hemifascia adherens; S, 

sarcoplasm. Scale bar = 0.3 µm. 

Figure 72: TEM s howing the concentration of connective tissue fibrils (C F) between the 

muscle cells of a subepidermal sphincter (SM) and the overlying epidermis (E). 

Hemidesmosomes (arrowheads), with associated tonofilaments (T), attach the basa l 

membrane of the epidermal cells to the basal lamina. Scale bar = 0.5 µ m. 

f igure 73: TEM of a neuromuscular synapse (arrowhead) onto a fibre of subepidermal 

sphincter muscle (SM). Scale bar = 0.5 µm. 
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Figure 7 4: TEM of a longitudinal section through the ceratal autotomy zone where a 

longitudinal muscle band ( LM) penetrates t he autotomy plane nerve ( A PN) with 

associated g1·anule-filled cells (CC). The subepidermal sphincter muscles (SM ) are 

situated close to the epidermis (E) on one side and the longitudinal muscle bands 

(L [) on the other side. Cytoplasmic processes of gliointerstitial cells (GI) are 

associated with the longitudinal muscle bands. Scale bar = 5 µm. 

Figure 75: TEM showing an enlargement of the area in Fig. 74 where the longitudinal 

muscle band (LM) penetrates the autotomy plane nerve. ote the irregular plate 

of connective tissue (asterisks) extending across the muscle band and between 

(arrowheads) the muscle fibres themselves. Processes of granule-filled cells (GC) 

intcrdigitate with the muscle fibres on the ceratal side of the connective tissue 

plat,e. Scale bar = l µm. 
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Figure 76: TEM showing concentration of connective tissue fibrils (asterisks) between 

longitudinal muscles (LM) and a circula r fibre of the subepidermal sphincter· muscle 

(S M). Arrowheads indicate hemifasciae adherentes a long the sarcolemmae of the 

t wo muscle types. Scale bar = 0.5 µm . 

Figure 77: TEM of a neuromuscula r synapse (demarcated by arrowheads) onto a 

longitudinal muscle fibre (LM). Scale bar = 0.3 µm. 
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Figure 78: S ummary diagra m of the relationships between the major structures associated 

with the body wall in the cerata l a utotomy zone of M. leonina . The digestive gland 

a nd ce1·atal nerve a re not shown. The small x ·s indicate where two structures a re 

joined by connective tissue fibrils . 'fhe a utotomy plane ne rve (APN), which arise~ 

as a branch of the ceratal nerve, runs immediately beneath the e pide rmis ( E ) a t 

the level of the autotomy pla ne (AP) and is nanked on either side by a 

s ubepiderma l s phincter muscle (SM). The sphincter muscles are attached to the 

overlying epidermis . Within the autotomy zone (AZ) , the longitud inal muscle bands 

(LM) are attached to the two sphincter muscles and a re enveloped by the a utotomy 

plane ne r ve. Drawing not to scale. 
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Figure 79: T EM of a gliointerstitial cell (GI), with characteristic granules (arrowheads ). 

associated with several muscle cells (MU). Scale bar = 1 µm. 

F'igure 80: TEM of gran ules within a cytoplasmic process of a GC associated with the 

autotomy plane nerve. Scale bar = 0.3 µ m. 

Figure 81: TEM of granules within a cytoplasmic process of a gliointerstitial cell. Scale 

bar = 0 .3 µ m 
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F igure 82: TEM at low magnifica tion of a longitudinal section through the digestive gland 

(DG) where it extends across the a utotomy zone. The la rge sphincter muscle 

(DS) is located on the body s ide of the a utotomy plane. A second la rge sphincter on 

the ceratal s ide of the a utotomy plane is beyond the upper edge of this micrograph. 

The arrows indicate two profiles of the nerve ring that encircles the digestive gla nd 

at the level of the a utotomy plane (see Fig. 84 for enla rgement of one of these 

profiles). Scale bar = 10 µm. 

Figure 83: TEM of a cross-section through a por tion of one of the major sphincters (DS) 

surrounding the digestive gla nd (DG) (enla rged from Fig. 82) . Scale bar = 2 µm. 

Figure 84: TEM of a cross-section through the nerve ring (NR) tha t surrounds the 

digestive gland (DG) (enla rged from Fig. 82). Note the cell body (GC) and 

cytoplasmic processes (a rrowheads) of granule-filled cells. Scale ba r = 2 µm. 



135 



136 

Figure 85: TEM at low magnification showing a branch (arrows) of the a utotomy plane 

nerve (APN) tha t extends to the wa ll of the digestive gla nd (DG). Othe r 

a bbreviations a re: CN, cera tal nerve as it a pproaches the autotomy plane; OS, 

digesti ve gla nd s phincter (body s ide of the a utotomy plane); 8 , epidermis; and, SM 

s ubepiderma l sphincer muscles. Sca le ba r = 10 µm . 

Figure 86: TEM showing where a branch (arrow) of the autotomy pla ne nerve unites wi th 

the nerve ring (NR) tha t encircles the digestive gla nd (DG) a t the level of the 

a utot,omy pla ne (enla rged from Fig. 85). Profiles of axons (A) and cell bodies of 

granule-filled cells (GC) are present within the nerve ring. Arrowheads indicate 

granule-filled cytoplasmic- processes adjacent to the wa ll of the digestive gland. 

Sca le bar = 2 µm. 
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Figure 8 7: TEM of a longitudinal section through the ceratal autotomy zone where the 

ceratal ner ve (C ) penetrates an extension of the autotomy plane nerve (APNl. 

The ceratal ne1·ve runs obliq uely through the section. A granule-filled cell (GC) lies 

within the pe rineurium of the ceratal nerve. Scale bar = 3 µm. 

Figure 88: A periphera l po1·tion of the ccratal nerve (CN) within the autotomy plane 

showing cytoplasmic processes of granule-lilled cells (large arrows) lying adjacent 

to the pe rineurium (s mall a rrows) of the ceratal nerve. Scale bar = 1 µ m. 





Figure 89: Summary diagram of the major nerves located within the base of the ceras and 

adjacent dorsum of the body in M. lconina. The stippled ne1·ves are those that 

include granule-filled cells. The ceratal nerve (CN), after arising from the pleural 

nerve 1P. ), enters the ceras and gives rise to a connective (CO) that links the 

ceratal nerve with the circular autotomy plane nerve (A PN). The APN lies 

immediately benc..\th the ceratal epidermis at the leve l of the autotomy plane (large 

arrows labelled AP). Two or more branches (small arrows) of the autotomy plane 

nerve exlcnd Lo a nerve ring ( R) that encircles the digestive gla nd (DG). Two 

major sphincter muscles (DS) surround the digestive gland on either side of the 

nerve rin~. The occasional circular muscles associated with the digestive gland are 

not shown. Drawing not to scale. 
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Figure 90: TEM of a low magnification, longitudinal section through a n autotomized ceras 

adjacent to the level of detachment. The detached stump of the digestive gland 

(DG) protrudes slightly beyond where the epidermis (E) has broken (large arrow). 

The autotomy plane nerve (APN) lies beneath the terminal epidermal cells (see Fig. 

92) and the longitudina l muscle band (LM) has broken just beyond its association 

with the subepidermal sphincter muscle (SM), where the LM meet,s the APN. The 

digestive gland (DG), prior to its point of brea kage, is constricted by a large 

sphincter muscle (DS) a nd by occasional circula r mucles (OC) that invest this 

organ. Scale bar = 10 µm. 
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Figure 9 1: TEM of the subepide rma l sphincter muscle (SM) within an a utotomized ceras 

(enlarged from Fig. 90). Connective tissue fibrils (CT) are concentrated between 

the epidermis (E) and the muscle cells of the s phincter and between the sphincter 

muscle cells and a n adjacent cell of the longitudinal muscle band (LM). Note the 

prominent basal lamina (arrowheads) underlying the epidermis. Scale bar = 1 

µm. 
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Figure 92: TEM of a te rminal epidermal cell (E) and underlying axons of the APN within 

a n a utotomized ceras (enlarged from F ig. 90; overlaps Fig. 91). Basal lamina and 

connective tissue fibrils are not present beneath the epiderm al cell overlying the 

APN; the termi nation of the epiderma l basal la mina, jus t beyond the s ubepidermal 

sphincter muscle (SM) is ma rked by an arrow. An a pparent GC is devoid of 

granules, but a s ma ll cluster of granules (a rrowhead) remains within a cytoplasmic 

process overlying the protruding stump of the digestive gland (DG). Scale ba r = 1 

µm. 





Chapter 3 

EUROPHYSlOLOGTCAL CHARACTERISn cs OF' THE CERATAL 

PERLPHERAL NERVOUS SYSTEM OF MELIBE LEONI A (GOULD, 1852) 

AND ITS ROLE IN CERATAL AUTOTOMY 
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l TROD UCTION 

Molluscs ex hibit a remarkable range in the degree of nervous system cen1,ralization. 

However , even in moll uscs with pronounced cluste ring of neurons into centralized ganglia 

(the centra l ner vous system: C:--.1S). a large population of peripheral neurons remains (see 

Bullock and Horridge, 1 !)fif>). A com plete understanding of the neurona l bas is of moll uscan 

behaviour and behavioural plasticit.y must, include the cont1·ibu tion of both central and 

peripheral neurons and possible inte ractions between them (see Lukowiak and Peretz, 

1977: Kandel. 1979). 

T hree categor ies of per ipheral neurons in biva lves and gastropods have been desc ribed , 

based p1·imarily on locat.ion: l) periphera l, primary senso1·y cells, often having somata 

within or beneath the epide rm is (see Ch. 4 for references); 2) neurons 1,hat occur s ingly or 

in sma ll clusters (periphera l ganglia) strung out a long periphera l nerves or ner ve plexu es 

(P rior , 1972a: Pe re tz a nd Estes, 1974; Carew fil al. , 1974; Prior and Lipton, 1977; Ba iley 

et ,,tl., 1979: Abra ham. 1983a. b; earlie r literature revie wed by Bullock and Hor ridge. 

1965); and 3) individua l neurons located wit hin or a longs ide muscle bundles (Bowden and 

Lowry, 1955; Bowden. 1958: Peret.z and Es tes, 1974; Plesch, 1977). Pe r iphera l neurons 

are similar to neurons within the CNS wi th res pect to many fea tures of their fi ne 

structure (Prior and Lipton, 1977; Bailey ~ fil., 1979), neurophysiological cha racteristics 

(P rior, 1972a, b: Peretz and Moller, 1974: Ba iley et a l., 1979), and neurotrans miLt,er 

content (Peretz a nd Estes, 19 7 4). However, unlike centra l neurons, the exact number and 

loca tion of periphe ra l neurons is not strictly predictable be tween individua ls of a species 

(Peretz and Estes, 1974: Prior a nd Lipton. 1977; Bailey et a l. , 1979; see Bullock and 

Horridge for earlier literature). 

The research of Alkon and his co-workers (reviewed by Alkon. 1980) on the 

photoreceptors and sta tocyst ha ir cells of the opisthobra nch. Hermissenda ( = Phidia na! 
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crassicornis has provided the only intracellular analysis of molluscan primary receptor 

cells located outside the CNS. Like wise, there have been few unit recordings from neurons 

located a long distal ne rves compared to many from central neurons. To date, intracellula r 

recordings from non-sensory peripheral neurons have come from only three preparations: 

the s iphon of the opisthobranch. Aplvs ia californica (Ba iley et al. , 1979; Clark and Kande l. 

1984). the siphons of the biva lve . Sp isula solidissima (Prior, L972a, b), and the gill of 

Aplysia (Peretz a nd Moller, 1974). These three preparations have yie lded important 

ins ights into the ways that pe1·ipheral neurons can contribute to certain gastropod and 

biva lve beha viours. 

Lukowiak a nd J acklet (1972; 1975) re ported that the s iphon of Aplvsia responds to 

tactile stimulation even in t he a bsence of central innervation a nd the response can be 

ha bituated and dishabituated. This s uggests the presence of a peripheral reflex pathway 

within the s iphon. Peripheral neurnnal somata are located a long the s iphona l nerve within 

the siphon (Lukowia k and J ack let, 1972; Ba iley et a l. , 1979) and intracellula r recordings 

indicate that a ll but one, a s uspected ne urosecretory cell, are motor neurons to siphonal 

musculature (Bailey et al., 1979). T he siphonal musculature is a lso inne rvated by centra l 

motor neurons with somata in the parietovisceral (a bdominal) ganglion (Kupfermann et a l. , 

1974; Perlman, 1979). The motor fie ld of each centra l siphon motor neuron is much large r 

than that of individual periphera l motor neurons. Unit recordings showed that both 

peripheral and central motor neurons receive monosynaptic input from a single population 

of sensory neurons with somata located in the parietovisceral ganglion (Bailey et al., 

1979). Furthermore , repeated spiking of a central sensory cell causes decrement of post­

synaptic potentia ls in both peripheral and central motor neurons a nd the kinetics of these 

responses is simila r to that of behavioura l ha bituation. The important implication of these 

results is that the periphera l reflex path way, which persists in the a bsence of the 
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parietovisceral ganglion, is based on axonal reflexes between peripheral axon collaterals of 

central sensory cells and motor neurons with peripheral cell bodies and axons. 

Perlman (1979) reported that defensive siphon withdrawal in Aplvsia following weak, 

medium. or strong tact,ile stimuli to the siphon is mediated by conjoint participation of 

peripheral and central motor neurons, with the former contributing 45% of the total 

response. Lukowiak and Jacklet ( 1972: 1975) estimated a greater contribution by 

peripheral neurons during siphon withdrawal. These quantitative response differences 

may be due to differ·ences in experimental methodology (see Perlman, 1979). 

Siphon withdrawal in Aplvsia is an example of a single behaviour mediated by 

combined peripheral and central control of one effector, t he s iphonal musculature. The 

siphons of the biva.lve, Spisula solidissima provide an example of two separate behaviours, 

each mediated by different effector muscles, in which peripheral neurons control one 

behaviour and central neurons control the other. 

The peripheral neurons within the siphons of Spisula are grouped into small ganglia 

located at distal branch points of s iphonal nerves that arise from the visceral ganglion 

(P rior, 1972a, b; Prior and Lipton, 1977). As shown by Prior (1972a), the peripheral 

neurons are efferents that cause local contractions of the intrinsic siphonal musculature 

following weak tactile stimuli to the s iphons. Stronger tactile stimuli cause siphon 

withdrawal, which results from the recruited activity of central motor neurons within the 

visceral ganglion that innervate the siphon retractor muscles. Although he was unable to 

obtain intracellular recordings from sensory cells presynaptic to either category of motor 

neurons, Prior ( 1972b) demonstrated that the ability of peripheral and central motor 

neurons to discriminate stimulus intensity is due to differences in their membrane 

e lectrical properties. 
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The third preparation in which peripheral ref1ex pathways have been studied involves 

t he gill of Aplysia . Gill contractions can be induced by direct touch to the gill itself or b_v 

touches to the adjacent siphon. The former is a local renex called the pinnule response: the 

latter is a remote reflex called the gill-withdrawal re flex (see Kandel. 1979). As discussed 

below, some disagreement exists regarding the extent of centra l and periphera l control of 

gill behaviours in Aplvsia. Resolution of the controversy must await additiona l cellular 

studies on the peripheral neurons within the gill. 

Pe retz (1970) reported that the pinnule response can be elicited in gill preparations 

surgically isolated from the C S and the response can be habituated and dishabituatcd. 

Peretz and others (Pe retz, l970: Peretz and Estes, 1974; Carew fil al.. 1974) described 

peripheral neurons within the gill. Some of these form a gill (branchia l) ganglion along the 

course of the branchial ne rve from the parietovisceral (abdominal) ganglion. Intracellular 

recordings from 1,he peripheral gill ganglion, made in conjunction with extracellula r nerve 

recordings a nd measurements of gill withdrawa l responses, s uggested to Peretz and Moller 

(1974) that the peripheral ganglion contains interneurons that regulate the amplitude of 

the pinnule res ponse. The regulation , which is demonstrable during habituation of the 

response, may be exerted by varying degrees of presynaptic fac ilitation to periphe ral 

sensory-to-motor synapses. Unit recordings from the sensory and motor neurons, which 

Peretz a nd co-workers believe are also peripherally located, have not been perfor med 

(Peretz, 1970; Peretz and Estes, 1974; Peretz and Molle r, l974). 

Kupfermann ~ al. (1971: 1974) and Carew et al. (1974) confirmed Pere tz's (1970) 

observations on the pinnule response. They emphasized that the ref1ex response is 

confined to the pinnules sLimulated and argued tha t. even with C:--JS innervation intact, the 

peripheral nervous system is both necessary and s ufficient for the pinnule response 

following weak to moderate stimuli. However, Lukowiak and Peretz (1977) argue that, 
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some interaction between central and pe riphe ral neurons can be demonstrated, specifically 

during ha bituation a nd dishabituation. 

The gill-withdrawul renex of Aplvsia is a widespread contraction of the gill evoked by 

tactile stimulalion to the siphon (a remote re flex) a nd the reflex can be habituated . 

dishabituated, and sensitized tPinsker et a l., L970; Kandel et a l. , 1976). T he reflex is 

mediated by sensor·y and motor neurons both having soma ta within the parietovisceral 

ganglion (Kupfermann et al., 1970; 1971; 1974; Castellucci fil a l., 1970; Ca rew et al. , 

1974; Byrne et a l. , 1978). The sensory neurons are primary rece ptors (Byrne et a l.. 

l 97 4 l .lnd the motor neurons connect monosynaptica lly with gill muscles (Kupfermann et 

al., 197 l : Carew et a l.. 197 4). All these studies argue that the gill-withdrawal reflex is 

e ffected complete ly or a lmos t completely by central neurons within the parietovisce ral 

ganglion, yet Pe retz ::ind co-worke rs (P eretz et al., 1976: Lukowiak and Peretz, 1977) 

found that the re flex remains strong after remova l of the parietovisceral ganglion. They 

s uggested the gil l-withdrawal reflex involves an interaction between the peripheral and 

central ne rvous systems. The discrepancy between these results has been partially 

expla ined by differences in experimental des ign , enabling Carew e t a l. ( L 979) to develop a 

rigid experimental protocol in which central neurons evoke 90 to 95% of the gill­

withdrawal reflex. Nevertheless, evidence for some involvement of the peripheral nervous 

system during gill-withdrawal re flex must be accepted, particularly at strong stimulus 

intensities (Kupfe rmann et al., 1971; Carew et a l. , 1979) and during adaptive changes in 

t.he reflex (Peretz and Howieson, 1973; Peretz et a l. , 1976: Lukowiak and Jacklet, 1977). 

Under the heading of central ganglia, Bullock and Horridge (1965) include the category 

of accessory ganglia . According to them, 11 Most of the accessory ganglia are on nerves to 

sense organs ... for example, optic. rhinophore, tentacle, and osphradia l. 11 The distinction 

between accessory and peripheral ganglia is not obvious a nd may not be a ppropria te. 
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[ndeed, Bicker et a l. ( 1982) describe t he tentacular a nd rhinophoral ganglia of the 

opis thobranch Pleurobranchaea californicus as pe ripheral ganglia . However , the location 

a nd number of ganglia associated with major senso1·y organs is predictable in each member 

of a gastropod genus (see MacFarland, 1966; Bullock and Horr idge, 1965) and at least one 

of this category, the optic ganglion of t he nudibranch Hermissenda crassicornis, contains a 

fixed number of ce lls in each individua l (Stensaas et a l. , 1969). These a re features typica l 

of molluscan central ganglia rather than periphera l ganglia . Studies by Alkon and his co­

worke rs (see review by Alkon, 1980) on the optic ganglion of Hermissenda, by Chase 

( 198 1) on the tentacula r ganglion of the pulmonate Acha tina fulica, and by Bicker et a l. 

( L 982) on the tentacula r and rhinophoral ganglia of Pleurobra nchaea have shown tha t 

these accessory ganglia contain interneurons postsynaptic to receptors wi thin the 

associated sense organ. None of the cells pene trated were s uspected motor neurons. 

As descr ibed in previous chapters, .Melibe leonina is a large dendronotid nudibra nch 

with two rows of la rge, petaloid cerata a long the dorsal body wall. Each ceras is 

innerva ted by a s ingle ceratal nerve, which a rises from the ipsilatera l pleura l nerve (F ig. 

93), and contains a variable number of per ipheral ganglia . 

The cerata assume typica l postures dur ing feeding and mating (Ajeska and Nybakken, 

1976), and swimming (Hurst. 1968). They can be elevated or depressed, either 

s pontaneous ly or in response to a touch stimulus to the ceras or other body s urface. 

Noxious or strong intensity tactile stimuli to the cerata can release fixed action patterns; 

high threshold, stereotyped behavioural sequences often involving mul tiple body pa rts (see 

Kandel, 1976; pp. 346-349). For example , touch to a ceras by tube feet of Pvcnopodia 

helianthoides, a predatory seastar tha t induces dramatic escape responses in many marine 

ga stropods (Feder , 1963), often activates galloping behaviour by M. leonina . Galloping is a 

method of rapid pedal locomotion (see Kje rschow-Agersborg [1923] for description). Firm 
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pinching of a ceras induces ceratal a utotomy and usua lly releases swimming behaviour 

(see Hurs t (19681 for description of s wimming) . Contact by seastars does not, induce 

ce ratal a utotomy . 

[ investigated the properties a nd functions of t he periphera l ne rvous system contained 

within cerata of M. leonina by means of behavioura l observations a nd extracellular and 

intracellula r neurophysiological analysis . T wished to determine the function of cells wit hin 

the ceratal peripheral gangla a nd I was particula rly interested in the possible role of the 

ganglia in the process of cerata l autotomy. [n the preceding chapte r on the morphology of 

the ce ra ta l a utotomy zone, [ s uggested that both muscles and granule-filled cells (GC) 

within each ceras a re the e ffectors of cera ta l detachment during autotomy. 
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MATERIALS AND METHODS 

M. leonina was collected from Patricia Bay, Vancouver Is land, Canada by SCUBA 

divers. Animals were he ld in the flow-through seawater system at Friday Harbor 

Laboratories, University of Washington, U.S.A. Hold ing temperatures varied between 9 

and 12 deg1·ees Centigrade. 

Basal ganglia were prepared for one µm histological sections by first removing them 

from cerata and then fix ing, dehydrating, and embedding in Epon 812 according to the 

method given in Ch. 2. 

Three types of preparations were used for neurophysiological recordings: isolated 

cerata, isolated basal ganglia with attached nerve trunks, and whole animals . 

Isolated cerata were prepared by first severing the ceras by a cut through its narrow 

base and then pinning it to a petri dis h lined with Sylgard (Dow-Corning). The ceras was 

opened by a cut extending from its base to halfway down the midline of its lateral face. 

erves and ganglia within the ceras were exposed by carefully removing attached 

connective tissue. During neurophysiological recordings, the petri dish containing the 

isolated ceras was immersed in a chamber that received continuous iJTigation with 

seawater. Extrnce llular e lectrodes held by micromanipulators were attached to various 

nerves within the ceras as described in the Results. 

Intracellula r recordings were made from isolated basal ganglia. Each ganglion was 

removed from the ceras a long with lengthy portions of the ceratal nerve and several distal 

nerves. This was secured to a Sylgard-lined petri dish using spines of the cactus Opuntia. 

Isolated ganglia were not per fused with seawater during intracellular recordings but the 

seawater surrounding the preparation was periodically replaced. 

Whole a nima ls with intact cerata were prepared for extracellular recordings from a 

distal nerve within a ceras as described in the Results. Like isolated cerata. each whole 

animal preparation was continuously irrigated with seawater. 
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Extracellula r s uction e lectrodes were made by drawing out polyethylene tubing. 

Intr ace ll ula r e lectrodes were made from glass microca pilla ry tubes having a glass filament 

within the lumen. T he latter were filled with 3M KCl and had resistances of 50 to t00 

megohms . Neura l activity recorded by in tr acellular a nd extracellula r electrodes was 

a mplified a nd dis played accordi ng to conventiona l techniques. 

Tactile stimuli were a pplied to t he ceratal e pide rmis with a glass probe mounted on a 

microman ipulawr. Individua l seastar tube fee t wen=: a pplied to the ceras by s lipping the 

cylindrica l t ube foot ove1· the s ha ft of a micromanipula tor-held polyethylene electrode and 

securing it by a pplying suction. Ce ra ta were pinched with hand-held force ps. Electrical 

s timu li to var ious nerves within the ceras were a pplied via polyethylene s uction electrodes 

using a stimulator a nd stimulus isola tion unit. 
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RESULTS 

A. Structure of lhe Cerata 

The structure of the ccrata of l\l. leonina- is described elsewhere in this dissertation (see 

Chs. 2 and 4). Tht> fo llowing is a brief overview of the major effectors within these 

appendages and a summary diagram i:; g iven in Fig. 94. 

Each ceras contains three categories of muscle . The subepidermal muscle plexus 

consists of a delicate network of circular and longitudina l muscle fibres that mediate local 

contractions of the ceratal ep idermis . Beneath the subepidermal muscles a re prominent 

bands of longitudina l muscles that originate within the dorsum of the body and insert near 

the apex of each ceras. Contractions of the longitudina l muscle bands on opposing sides of 

a ceras cause depression or e levation of the a ppendage. These muscles act against 

interna l turgor pressure ma intained by an interconnected system of fluid-filled haemal sacs 

within each ceras and the adjacent dors um of the body. Fina lly, a pair of muscu lar 

sphincters is located within the base of each ceras; the sphincters lie on either side of the 

ceratal a utotomy plane (see Ch. 2). 

Repugnato1·ial glands. each consisting of several subepidermal secretory cells enclosed 

within a muscle caps ule, a re distributed abundantly throughout t he ceratal epidermis (see 

Ch. 4). Each ceras a lso contai ns a highly branched extension of the digestive gland. 

B. Organization of the Ceratal Nervous System 

Sensory cells with an apical ciliated dendrite, a subepidermal cell body, and a basal 

axon a re clustered beside the pores of the many repugnatoria l glands (see Ch. 4). These 

were the only receptors identified by scanning and electron microscopy, although others 

may exist. 
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The exact arrungement, of nerves and ganglionic swe llings within the cerata of M. 

leonina is variable both between animals and bet.ween cerala from the same animal. 

evertheless, my observations on over LOO dissected cera1,a have allowed me to recognize 

a generalized pattern for the gross ceratal neuroanatomy (Fig. 95). 

The cerata receive central innervation from the pleura l gangl ia exclusively. The left 

and right pleural nerves, after emerging from their respective pleural ganglion (part. of the 

C S), extend poster iorly beneath the dorso-lateral body wall of the nudibranch and sprout 

sequential branches into each ipsilateral ceras. These branches are the ceratal nerves 

(Fig. 93). Additional, usually smalle r branches of t,he pleural nerve extend t.o non-cerntal 

body wall and musculature within dorsal and dorso-laterul regions of the nudibranch. 

After entering 1,he ceras, the ceratal nerve invariably arrives at a ganglionic swelling 

that I have termed the ceratal basal ganglion (Fig. 951. The size of this basal ganglion 

varies between prcpar::llions but it is usually the largest cluster of neuronal cell bodies 

within the ceras. One basal ganglion that [ cut into seria l one µm sections contained 

approximately 100 somata measuring 25 µm or less in diameter. Most. neuronal somata 

are arranged as a cellular cap over the neuropil region of the ganglion (Fig. 96). 

With few exceptions, one or more of the nerves emerging from the basal ganglion is a 

connective to one or more seconda ry ganglia, often located towards the opposite (medial) 

s ide of the ceras. As shown in Fig. 95, both the basal ganglion and the secondary ganglia 

give rise to a variable number of distal nerves. 

Microscopic observations of live cerata showed that peripheral branches of the distal 

nerves extend towards the longitudinal muscle bands, repugnatorial glands. and to the 

region of the autotomy zone. However, when the present neurophysiological study was 

undertaken, T had not discovered the two nerve rings (the autotomy plane nerve a nd its 

subdivision surrounding the ceratal branch of the digestive gland) located at the level of the 

auwtomy plane (F ig. 95) (see Ch. 2). 
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C. Neurophysiological Character·istics of Cerata 

l. Isolated Cerata: Extracell ular· Recordings 

Excised cerata of M. leonina remain viable for at least 24 hours in seawater at 10 to 

12 degrees Centigrade, as evidenced by the fact that muscles continue to contract fol lowing 

a pinch to the epidermis and repugnatorial glands secrete when touched by a probe (see 

Ch. 4). Therefore, isolated cerata were used for initial neurophysiological investigation of 

the ceratal peripheral nervous system. 

By placing a recording s uction electrode on the peripheral, cut end of a distal nerve (see 

diagram accompanying Fig. 97 ), l recorded responses during three qualitatively different 

stimuli to the ceratal epidermis. T he stimuli were: touch with a glass probe having a 

diameter approximating that of a single seastar tube foot, touch with a single tube foot of 

the seastar Pycnopodia he lianthoides, and a firm pinch applied by forceps to the ceratal 

epidermis. The duration of each stimulus was approximately 1 sec. Neural responses 

obtained during this type of experiment were assumed to be discharges by prima ry or 

secondary sensory neurons. Nevertheless, at least some of the output may represent 

antidromic impulses of motor axons activated by peripheral sensory-to-motor axonal 

synapses located distal to the recording electrode. The results of a representative 

preparation are shown in Fig. 97. The pinch induced the largest neural output in the 

distal nerve (based on a mplitude and frequency of impulses) and the tube foot from 

Pycnopodia produced a greater response than did glass probe touch. In no instance did a 

distal nerve exhibit a patterned sequence of impulses following these stimuli. 

Results of a second type of experiment showed extensive overlap in t he sensory fields 

innervated by each distal nerve. Responses of two distal nerves were recorded 

simultaneously during 1 sec touches with a glass probe to four widely separated locations 
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on the lateral surface of the ceras (see diagram accompanying Fig. 98). Both nerves 

responded to three of the touches, although the magnitude of the response was obviously 

different in one of these, and neither nerve responded to the fourth touch (Fig. 98). Distal 

nerve responses did not marked ly outlast the duration of the touch stimulus and did nol 

show a n 'off' response following removal of the touch stimulus. 

A s ubsequent experiment examined the type of neuronal activity carried by the ceratal 

nerve after possible processing of sensory signals by the basal ganglion. The design of this 

experiment exploited the extensive overlap of sensory fields of distal nerves to directly 

compare pre- a nd post-ganglionic neuronal signals during epidermal stimu lation. As 

s hown in Fig. 99, one recording electrode (Rl) was placed on the peripheral, cut end of a 

distal nerve as in previous preparations. En passant recording from R 1 was undesirable 

due to possible centrifugal conduction along the distal nerve of signals emerging from the 

basal ganglion. A second recording e lectrode (R2) was placed on the ceratal nerve as it 

emerged from the basal ganglion. Stimuli were applied to the ceratal epidermis in a region 

likely to give rise to afferent signals within both the cut distal nerve (R l) and the intact 

distal nerves, thereby enabling these signals to be recorded by Rl but also conducted to the 

basal ganglion via intact nerves. Figure 99 s hows activity recorded from the two nerves in 

response to 4 different stimuli: a glass probe having a diameter similar to a starfish tube 

foot (Fig. 99a), a tube foot of the sea star Pisaster ochraceus (Fig. 99b), two diffe rent 

touches by a tube foot of t he sea star Pycnopodia (Figs. 99c and 99d), and a firm pinch by 

forceps to the ceratal epidermis (Fig. 99e) . 

The response of the distal nerve during each of the 4 stimuli was a non-patterned tra in 

of impulses, although the two Pvcnopodia tube foot touches and the pinch (latter not shown 

in Fig. 99e) produced impulses of higher amplitude than touches by the glass probe or 

Pisaster tube foot (see Fig. 97). The response of the ceratal nerve was also non-patterned 
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during touches by the glass probe a nd Pisaste r tube foot, and one of the tria ls with a 

Pycnopodia tube foot. However, the second application of a Pycnopodia tube foot a nd the 

pinch stimulus prnduced a dra matic response from the ceratal ne rve consisting of very 

high a mplitude s pikes (often greater than 200 µ V ) clustered together to form a series of 

bursts (Figs. 99d and 99e). The spike bursts were s uperimposed on a background of non­

patterned. low am plitude im pulses. Once the bursting sequence was initiated within the 

ceratal nerve. it greatly outlasted the neural activity recorded from the distal nerve. Of 9 

preparations in which the bursting was activated by a 1 sec touch by a Pvcnopodia tube 

foot. the output had a mean duration of 9 secs (range 4 to 15 secs). The mean duration of 

the patterned output after the ceras was pinched, cut, or impa led was 2 1.5 secs (range 5 

to 43 secs; n = 16). 

T he patterning of the ceratal ne rve response (output from the basal ganglion) compared 

to the non-patterned distal nerve activity (input to the basal ganglion), and the long 

duration of the ceratal ner ve discha rge compared to that of the distal nerve argues that 

neurons responding with the long-lasting tra in of high ampli tude spikes are post-synaptic 

to a fferent input to t he basal ganglion. 

The stimulus-response characteristics of the patterned discharge were investigated 

furthe r by applying s ingle e lectrical stimuli of various intens ities, via a suction electrode, 

to the proxima l end of a distal nerve while recording from the ceratal nerve (see diagram 

accompa nying F'ig. 100). In t he representative preparation shown in Fig. 100, s timuli of 

6 V, 1.5 msec and 8 V, 1.5 msec failed to e licit the high amplitude spike bursts, whereas a 

stimulus of 10 V , l. 5 msec resulted in a train of spike bursts which lasted 12 sec before 

terminating abruptly. This type of result was duplicated in a ll preparations (n = L 9) a nd 

confirms previous indications that the effective stimulus for generating the spike bursts 

must surpass a precise, critical threshold. Once initiated, the patterned discharge is self-



163 

perpetuating for a period greatly outlasti ng the stimulus duration (mean duration of 

patterned discharge activated by e lectrical stimulus = 7.8 sec; range 3 to 15 secs; n = 

19). I a lso found that the frequency of spike bursts varied (mean frequency = 6.8 

bursts/sec; range 4 to 13 bursts/sec; n = 19) and each preparation required a resting 

period of 1 to 2 secs before a subsequent stimulus of equal voltage and duration could e licit 

a renewed discharge of spike bursts. 

When a preparation like that shown in r ig. 100 was bathed in an artificial seawater 

solution containing excess Mg2 + and reduced Ca 2 + (recipe from Audesirk and Audesi,·k 

[1980)) to eliminate synaptic activity, the patterned output in response to electrical 

stimulation was not obliterated, although the threshold stimulus for activation was 

markedly elevated and the spike amplit ude and train duration was reduced. 

The patterned discharge was a lso recorded from distal nerves emerging from the basal 

ganglion, as s hown in Fig. 101. T he 12 preparations of this experiment s howed that all 

nerves emerging from the basal ganglion, and even those emerging from secondary 

ganglia, responded to a s uprathreshold electrical stimulus applied to e ither a dista l nerve 

or the cerntal nerve with a long-lasting patterned discharge. This was a lso true when a 

Pvcnopodia tube foot or a pinch to the ceras provided the suprathreshold stimulus. 

Furthermore, the bursts were synchronous in any pair of nerves (Figs. 10 lb and 10 le) 

and in no instance was there a diffe rence in the stimulus threshold for eliciting the 

bursting discharge in t wo nerves (compare Figs. 10 la and 101b). 

[ wished to determine if t he patterned output of spikes could be generated within distal 

nerves arising from secondary ganglia a fter the connective between basal and secondary 

ganglia had been cut. As s hown in Fig. l 02, the secondary ganglia, as well as the basal 

ganglion, can generate the patterned output. 
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The pre pa ration in F'ig . 102 a lso s hows a change in the form of the spike bursts 

recorded from the ceratal ne r ve IR I ) but not the distal nerve r R2) extending from the 

secondary ganglion , a fte r the connective was cut. The change consists of a reduction in 

the number of spiking units within each burst. The simplest explanation for th is result is 

that some of the spiking axons with in the ceratal nerve are activated by afferent synapses 

located proxima l to the cut connective (within the basal ganglion), whe reas others receive 

afferent synapses distal to the cut connective (within the secondary ganglion). 

2. Isolated Basal Ganglion: lntracellular Recordings 

The results described above s how that the neurons responsible for the patterned output 

recorded extr acellularly are post-syna ptic to a fferent fibres and the synaptic exchange 

occurs within t he basal and seconda ry ganglia. To determine if somata of these ne urons 

a re located within the basal ganglion, I made intrace llula r recordings from basal ganglion 

cells. A stimulating electrode was a pplied to one nerve trunk (the S nerve) of an isolated 

basal ganglion preparation and a recording electrode a pplied to a second nerve trunk (the R 

nerve) . A total of 18 basal ganglion cells from 6 preparations were penetrated. None 

s howed s pontaneous activity and 3 cells fai led to respond to a ll electrical stimuli applied to 

the S ne rve and to intracellula r injection of cutTent. These 3 may have been glia l cells (D. 

Prior, 1984; per sona l communication). Of the remaining 15 cells, 4 categories were 

recognized. 

The two cells in category no. l failed to respond to either subthreshold stimuli 

(insufficient to generate the patterned discharge from the R nerve) or supra thres hold 

stimuli (s ufficient to generate the patterned discharge from the R nerve) but did exhibit 

action potentials when injected with de pola rizing current. The intracellular spikes we re 

not re presented in the recording from the R nerve. 
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The 6 cells in category no. 2 were quiescent following subthreshold stimuli to the S 

nerve but began spiking soon after a stimulus that generated a patterned discharge within 

the R nerve. However, the intracellula r action potentials did not coincide with the spike 

bursts recorded from the R nerve a nd they stopped prior to the end of the burst train in 

the R nerve (Fig. I 03a) . 

Only a single cell of cau.1gory no. :~ was penetrated. During the first s uprathreshold 

stimulus to the nerve. this cell remained silent until the end of the pa tterned bursting 

recorded from the R ne rve, a t which time it exhibited a group of spikes. Subsequent. 

s uprathreshold stimuli applied to the S nerve failed to induce spiking in this cell but a 

distinct wave of depola rization accompanied the end of the patterned outbursts recorded 

from the R nerve. 

Wi th respect lo the focus of this study, the 6 cells in category no. 4 were most 

interesting. Like lhe cells in category no. 2, the fourth group failed to respond to 

subth reshold stimuli applied to the S nerve but began s piking immediately following 

stimuli that produced the patterned discharge in the R nerve. However, the train of action 

potentials in the category no. 4 cells began and ended s imultaneous ly with the output of 

la1·ge a mplitude s pike bursts recorded from the R ner ve (Fig. 103b) and each action 

potential occurred synchronously with each extracellular spike burst (Fig. 103c). 

Occasionally, during the initial period of s piking, 2 action potentials occurred during a 

s ingle extracellular burst (F'ig. 103b). Prepotentia ls and epsp's preceded the spikes in 

category no. 4 neurons (Fig. 103c). 

3. Whole Animal Preparation 

A number of observat.ions, taken toget.her , suggest that the long-lasting, large 

a mplitude spike bursts carried by a ll nerves radiating from the basal and secondary 

ganglia following a suprathreshold s timulus to the ceras may play a role during cerata l 
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autotomy (see Discussion). To investigate this possibili ty, I attempted to record 

extracellularly from a distal nerve of the ceras during the act of ceratal a utotomy. 

Whole, unanaesthetized specimens of M. leonina were pinned to a Sylgard-lined dish 

and the central ganglia completely removed by an incis ion through the epide rmis behind 

the oral hood. One of the cerata was pinned sparingly to the Sylgard and two distal 

ceratal nerves were exposed by an incision made distal to the autotomy zone. One of these 

distal nerves was cut quickly and cleanly and its proximal end attached to a recording 

suction e lectrode (the R ne rve; see diagram accompanying Fig. 104). Because of the 

trauma res ulting from these ma ni pulations to the ceras, many autotomized before 

electrophysiological recordings could begin. However, I was able to complete the procedure 

and obtain extracellular recordings from a distal nerve in 12 of approximately 40 

attempts . Nevertheless, the injury caused by the surgical procedure resulted in obvious 

constriction of the sphincter muscles within the autotomy zone before recordings could 

begin. This constriction suggests that physiological mechanisms that bring about 

autotomy, though not yet accomplishing the actual sepa ration, were probably begun prior 

to the onset of electrophysiological recordings. 

At the outset of t his experiment, l cut the second ceratal distal nerve previously 

exposed by dissection (the S nerve) while recording from the R nerve. If the cut failed to 

induce autotomy, the S ne rve was attached to a suction stimula ting electrode a nd given 

e lectrical stimuli of progressively greate r voltage until autotomy occurred. I expected to 

obtain the patterned discha rge from Lhe R nerve immediately before ceratal autotomy. 

With some qualifications, this was the result obtained. Figures L04a, 104b, and 105 show 

recordings from three representative preparations. In a ll of these, autotomy was preceded 

by a sequence of la rge amplitude spike bursts within the R nerve that were initiated by a 

stimulus to the S nerve (cutting the nerve as in Fig. 104a or electrically stimulating the 
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nerve as m Figs. 104b and 105). Notice that the train of spike bursts continued after 

autotomy occurred . 

In 7 of the 12 preparations, the train of s pike bursts was obscured at the t ime of 

autotomy and s hortly after by a barrage of additional neuronal discharges. An example is 

shown in Fig. 104b. The barrage likely represents injury discharges of neurons having 

axons in both the R nerve and in the ceratal nerve, because the latter is pulled apart as 

the ceras autotomizes (see Ch. 2) . Previous res ults showed that an electrical stimulus to 

the ceratal nerve could generate the patte1·ned discharge. Therefore, ruptLffe and 

consequent injury discharges of the ceratal nerve would explain why the patterned 

discharge is renewed, often with increased frequency of bursts and for long duration, 

immediately after autotomy takes place. 

Figure 105 s hows the record from a whole animal preparation in wh ich a short 

quiescent period occurred between the end of a patterned discharge within the R nerve and 

the occurrence of a utotomy. Injury s piking and a renewal of the patterned discharge were 

initiated at the time of autotomy. T his was found in two of the twelve preparations and a 

possible interpretation is given in the discussion. 

Stimuli to the S nerve that activated the patterned discharge within the R nerve d id 

not always r·esult in autotomy in the whole animal preparations. Nevertheless, patterned 

discharges were accompanied by abrupt contractions of the sphincter muscles and 

longitudina l muscle bands whether or not autotomy ensued. Muscle contraction was not 

monitored quantitative ly. 
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0£SCUSS10N 

Two questions were posed in the introduction to this chapter. firstly, what is the 

identity of neurons residing within the ceratal peripheral ganglia? Secondly, is the ceratal 

periphernl ne rvous s_vstem invol ved in controlling ceratal autotomy? The results of' this 

study provide at least partial answers to both questions. 

A. [dentity of Neurons Within Basal Ganglion 

The long-lasting, patterned output from the basal ganglion in response to short, 

unpatterned inpul indicates that synaptic exchange occurs within this peripheral ganglion. 

Studies on the Aplvsia siphon have s hown that synaptic transfer between sensory and 

motor neurons can occur at peripheral s ites and can continue to operate in siphons 

surgically isolated from the CNS, despite the fact that somata of the sensory cells are 

located wi thin the C S (Bailey et a l. , 1979). Therefore, in M. leonina, somata of sensory 

neurons or the ne urons responsible for the extracellula rly recorded bursting pattern, or 

both, could reside within the CNS. However, intracellula r recordings from the category no. 

4 neurons suggest that somata of neurons that produce the bursting pattern recorded from 

ceratal nerves are located in the basal ganglion. These cells show a single (occasionally 2) 

action potential coincident with each s pike burst recorded extracellula rly from nerves 

emanating from the basal ganglion. Furthermore, these cells are silent during 

subthreshold e lectrical stimuli delivered to a distal nerve, show synaptic prepotentials and 

e ps p's during spiking, a nd stop spiking s imultaneously with the end of the t ra in of spike 

bursts carried by an emergent nerve. Because no cells were found that showed 

intracellular bursts of spikes in synchrony with the extracellular spike bursts in emergent 

nerves, I s uggest that the action potentials of neurons in category no. 4 are somehow 

synchronized to produce the bursting pattern of neu ral activity recorded by the 

extracellular electrodes. 
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Intracellular recordings in this study were made only from somata within the basal 

ganglion. evertheless, dua l extracel lular recordings made from dis tal nerves emana ting 

from the basal and secondary ganglia before and after cutting the connective between 

these two ganglia provide evidence that a network of category no. 4 neurons resides in 

secondary as well as basal ganglia and the bursting of each network is synchronized 

between ganglia . Therefore, the basal and secondary ganglia a re probably subdivis ions of 

the same popu lation of neurons that a re clustered differently in different cerata. This is 

s imila r to the distribution of neurona l somata within the siphona l peripheral ganglia of 

Spisula (Prior and Lipton, 1977). The terms basal and secondary ganglia a re artificia l 

distinctions and I will s ubsequently refer to all ganglia within t he ceras as ceratal ganglia . 

Although dua l recordings from pairs of category no. 4 neurons were not attempted, the 

simplist explanation for the proposed synchrony of their action potentials is electrical 

coupling between these neurons. This explanation is cons istent with two other 

observa tions . First. high Mg2 +, low Ca 2 + failed to completely block the tra in of spike 

bursts elicited by an e lectrical stimulus to a distal nerve. Blockage would be expected if 

the response synchrony of category no. 4 neurons were mediated by interconnecting 

chemical synapses. This result a lso shows that category no. 4 neurons send axons into 

nerves extending from the ceratal ganglia . Second, the train of extracellular spike bursts 

requires a high stimulus intensity for activation. This could be a consequence of electrical 

coupling between category no. 4 neurons. Populations of electrically coupled neurons have 

low input resistances due to shunting of current throughout the group, and therefore, these 

cells require large synaptic currents for depolarization. Carew and Kandel ( L977) 

suggested that electrical coupling among motoneurons innervating the ink gland of Aplysia 

is part of the reason for the high threshold for activation of these motoneurons. 
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The three most probable targets. e ither directly or indirectly, for the category no. 4 

neurons are the repugnatorial glands, the granule-filled cells (GC) associated with the 

a utotomy plane nerve, and the ceratal muscles. As described in Ch. 4, both the secretory 

cells and the muscles of the repugnatorial glands receive chemical synapses and a bundle 

of axons is associated with each gland. However. discharge of repugnatorial glands was 

never observed coincident with the patterned discharge. Furthermore, touches by a glass 

probe or a Pycnopodia tube fool discharged only those glands actually touched (see Ch. 4). 

The highly localized stimulus-response character of repugnatorial gland discharge and the 

finding t hat the patterned discharge, once initiated, is carried by all nerves emerging from 

the ceratal ganglia is inconsistent with the notion that repugnatorial glands are the target 

of the pattern generating, category no. 4 neurons. evertheless, the possibility remains 

that the pattern generating neurons act on repugnatoria l glands to alte1· their threshold for 

discharge. Many of the axons within the nerve bundle associated with each repugnatorial 

gland are probably primary or secondary sensory axons from adjacent ciliated receptor 

cells . 

The fact that the patterned output is carried by al l nerves emerging from the ceratal 

ganglia also argues against the possibility that granule-lilled cells a re the target for this 

signal. As described in Ch. 2, axons that innervate the granule-filled ce lls appear to arise 

from the ceratal nerve only. Granule-filled cells will be discussed further in section B 

below. 

The longitudina l muscle bands of the ceras are each composed of a staggered array of 

muscle fibres that collectively extend from the a pex of the ceras into its base and continue 

into the body proper. Unquantified observations showing contraction of the longitudinal 

muscle bands and the basa l sphincter muscles coincident with the occurrence of the 

patterned discharge, and the fact that the patterned discharge is car ried by nerves 



17 L 

extending from the ceratal ganglia to regions throughout the ceras, s uggest t hat the 

pattern generating neurons a re motor neu1·ons to the longitudinal and sphincter muscles. 

Proof tha t pattern generating neurons a 1·e presynaptic to mL1scle fibres requires 

simultaneous intracell ular recordings from both neurons and muscle fibres. I did not 

attempt this . 

The obvious question a n s ing from t hese results is: Wha t might be the functiona l 

importance of generating a train of spike bursts rathe r than a train of randomly occurring 

or constant frequency impulses? Studies on the physiology of molluscan neuromuscular 

junctions have revealed that many molluscan muscles s how graded contractions that are 

proportional to the s ize of excitatory junctional potentials (Carew et a l., L974; Mayeri et 

a l. , 1974; Bla nkens hip et a l. , 1977; Cohen et al.. L978: Peters and Altrup, 1984). 

Frequently, these junctiona l potentials respond to the tempora l pattern of arriving 

neuronal impulses by ex hibiting s ummation , facilitation, and/or post-tetanic potentiation. 

Cohen e t a l. ( 1978) studying the accessory radula r closer muscle of Aplvsia and Peters and 

Altrup (1984) studying the pharyngeal muscles of He lix pomatia showed that repetitive 

burst activity in some motor neurons affected amplitude of muscle excitatory junctional 

potentials (and thus muscle tension) by caus ing facilitation within each burst a nd pos t­

tetanic potentiation between each burst. 

However, the patterned train of impulses carried by nerves emanating from the ceratal 

ganglia of M. leonina does not a ppear to be gene ra ted by a s ingle neuron, but by the semi­

synchronous spiking of a group of category no. 4 neurons . Therefore, if the burst pattern 

is to have temporal e ffects on the junctional potentia ls of ta rget muscles, like those 

described by Cohen et a l. (1978) and Peters and Altrup (1984), each muscle must be 

inne rva ted by a t least severa l of the category no. 4 neurons. Many studies have shown 

polyneurona l innervation of molluscan muscle cells (Mellon, L968; Kater et a l. , L97 L; 
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Carew et al., 1974; Mayeri et al., 1974; Peretz a nd Estes, 1974; Prior, 1975; Jacklet and 

Rine, 1977; Cohen et a l., 1978; Peters and Altrup, 1984), a lthough Blankenship et al. 

(1977) and Rock et al. ( 1977) point-out that apparent polyneuronal innervation of 

molluscan muscles may be on ly functional rather than anatomical due to extensive 

electrical coupling between muscle cells. 

The patterned discharge carried by distal nerves within the cerata of M. leonina may 

effect strong contractions of the longitudinal muscle bundles and sphincter muscles by 

virtue of polyneuronal innervation of muscle fibres (even if only functional) and plastic 

properties of the neuromuscular junction that a re influenced by the temporal pattern of 

arriving impulses. This hypothesis awaits testing. 

An additional or a lternative function for the co-occurrence of action potentials by 

category no. 4 neurons may be to effect simultaneous contractions of all muscle cells 

within the longitudinal muscle bands a nd s phincter muscles (see Mellon, 1968; Prior, 1975; 

Bailey et al., 1979). During a discussion of the stimulus - response characteristics of 

several neuromuscular systems in the bivalve, Spisula solidissima, Prior (1975) noted that 

motoneurons to the fast adductors show highly coincident activity that is correlated with a 

synchronous contraction of the muscle mass. However, the efferents to the siphon 

retractor muscle show less coincident activity and this muscle is capable of graded 

contractions. Therefore, the synchrony of action potentials among category no. 4 neurons, 

combined with their high threshold for activation, may contribute to the a ll-or-none nature 

of the autotomy behaviour. 

B. Ceratal Nervous System and Autotomy 

As described in Ch. 2, ceratal autotomy 111 M. leonina is initiated by a strong pinch 

directly to a ceras and only the pinched ceras is detached. Mechanical insults to other 

parts of the body, even the dorsal epidermis close to the base of a ceras, fai l to cause 
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autotomy or even contraction of the ceratal sphincter muscles. These observa tions suggest 

that receptors for stimuli initiating autotomy are confined to the ceras itself and a separate 

neural effector system for a utotomy exists for each ceras. The finding that autotomy can 

occur even when the CNS is removed indicates that a utotomy is a local response 

regardless of the location of neuronal somata involved in t he response. 

Ceratal autotomy is accompanied by marked contractions of the longitudina l muscle 

bands and the basal sphincter muscles of the ceras. [n the previous chapter on the 

morphology of the auwtomy zone. I described how contractions of these two categories of 

muscle operate together to he lp detach the ceras. In br ief, contraction of the basa l 

sphincter muscles prevents escape of haemal fluid from the ceras so that coincident 

contractions of the longitudinal muscle bands can generate a high intraceratal turgor 

pressure. T his turgor pressure provides a rigid s ke leton for the ceras, a llowing continued 

contractions of the longitudinal muscle bands on either side of the sphincte r muscles to 

exert strong tensile stress at the level of the a utotomy plane. For this model to work, all 

the muscle cells involved must contract synchronously and strongly. [n the present 

chapter, [ have argued that the longitudina l muscle bands and the sphincter muscles are 

the target of the network of pattern gene rating neurons located within the ceratal ganglia. 

The hypothesis that pattern generating neurons are part of the neuronal effector system 

for ceratal autotomy is supported by whole anima l preparations showing that autotomy is 

preceded by stimuli that initiate patterned output in the ceratal distal nerves. 

This hypothesis has a potential problem. In laboratory aquaria, touches by tube feet of 

Pvcnopodia to cerata of M. leonina never caused ceratal autotomy, yet in isolated cerata, 

35% of the Pycnopodia touches initiated the patterned discharge from nerves ema nating 

from the basal ganglion. F urthermore, in whole animal preparations, electrical stimuli of 

s ufficient strength to generate the patterned discharge were not a l ways sufficient to 

initiate ceratal autotomy. Two observations may resolve this apparent paradox. 
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Firstly, the frequency of spike bursts within the patterned discharge and the duration 

of the discharge were often variable; these factors may affect the strength of response by 

follower cells. The mean frequency of spike bursts following Pvcnopodia touch ( 5.1 

bursts/sec, n = 9) was significantly less than the frequency of spike bursts that followed 

autotomizing stimuli in whole animal preparations (7.9 bursts/sec, n = 12; p < 0.05; 

Student's t-test for unequal sample sizes) . Furthermore . the mean frequency of spike 

bursts following stimuli that did not result in autotomy in the whole animal preparations 

(5.3 bursts/sec. n = ll) was also significantly less than the frequency that preceded 

ceratal a utotomy (p < 0.05). Data given by Orkand and Orkand (1975) and Blankenship 

et al. ( L 977), who studied t he neuromuscu lar physiology of buccal and penis retractor 

muscles, respectively. of Aplvsia, show a marked increase in muscle tension when the 

impulse frequency of innervating neurons is increased from 5 to 8 Hz. The effect is 

largely due to facilitation at the neuromuscular junction. 

Duration of the patterned output in whole animal preparations was also significantly 

greater Ip < 0.05) following autotomizing stimuli (mean = 9.8 sec; time interva l between 

stimulus LO onse t of autotomy; n = 12) than tha t following non-autotomizing stimuli (mean 

= 4.4 sec; n = J 1 ). A more dramatic difference was obtained in isolated cerata, in which 

the mean duration of the train of s pike bursts following touch by a P vcnopodia tube foot 

was 9 sec (n = 9) compared to a mean duration of 21.5 sec (n = 16) following a strong 

pinch to the ceras. The similarity between the train duration following Pycnopodia tube 

foot touches in the isolated ceras and that preceding ceratal autotomy in whole animal 

preparations may re flect the fact that dissection prior to recording from the latter may 

have already activated some events leading to autotomy. 

The second and possibly more important explanation for the inability of a ll patterned 

discharges to cause ceratal autotomy is provided by morphological evidence that muscle 
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contraction may be of secondary importance for ceratal detachment, subordinate to the 

disruption of connective t issue s tructures within the autotomy zone by granule-filled cells 

(see Ch. 2). Although the gra nule-filled cells receive many chemical synapses, I have not 

identified the location or activity cha racteristics of neuronal somata that inne rvate t hese 

effector cells. However, because the axons innervating the granule-filled cells a re 

contained within a connective that runs proximally from the ceratal nerve to the r ing­

s haped autotomy plane nerve (Ch. 2; fig. 89), it is reasonable to propose that the neurona l 

e ffectors fo1· t he gra nule-filled cells have the ir somata within the basal ganglia . The s hort 

quiescent period between the cessation of the patterned discharge and the actua l 

occurrence of autotomy in 2 of the 12 whole animal preparations (Fig. 105), may represent 

a time period necessary for exocytosed granules to complete the disruption of basal 

la minae and connective tissue structu res within the autotomy zone. Because autotomy is 

a drastic a ll-or-none behaviour to be employed only in extremely threatening s ituations, it 

is like ly that motoneurons for granule-fil led cells or the gra nule-filled cells themselves have 

a very high threshold for activation . 

The fo regoing observations suggest that synchronous contractions of the longitudina l 

muscle bands, as directed by category no. 4 neurons, may be part of a genera l body 

retraction response to noxious (Pycnopodia touch) or avers ive mechanica l stimuli. 

However, only when the muscle contractions are sufficiently strong, and particula rly, only 

when they are coupled to GC degranulation, does autotomy occur. A strong pinch to the 

ceras is capable of s urpassing the critical stimulus threshold for the latter events, but 

touch by Pycnopodia tube feet is not. 

In this and the preceding chapter. [ have argued that the longitudinal muscle bands a re 

involved in the mechanis m of cera tal autotomy and in this capacity they a re directed by 

neurons within the ceratal ganglia . However, other ceratal responses (elevation and 
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depression) are exhibited when tactile stimuli a re given to non-ceratal body parts and 

cerata a lso have characteristic postures during various whole animal behaviours such as 

feeding a nd mating (Ajeska and t ybakken. 1976) a nd swimming (Hurst, 1968). Previous 

studies on molluscs have shown that both remote reflexes and fixed action patterns a re 

controlled mainly or exclusive ly by the CNS (see reviews by Ka ndel, 1976; 1979). 

Therefore. it would seem that the longitudina l muscle bands within the cerata of M. 

leonina are under dual or interactive control by both peripheral and central pathways. 

Brachyuran crabs are the only animals for which information is available on the neurnl 

control of a utotomy. As s hown by McVean and Findlay (1976), leg autotomy in Carcinus 

meanas. is accomplis hed entire ly by strong contractions of a s pecific arrangement of 

muscles that act on cuticula r specializations at the base of the leg. Three of the four 

muscles involved also function during normal walking movements of the leg. The 

autotomizing action of t he muscles is brought about by signals from phasic motor neurons 

t hat a re active only during autotomy and are coordinated to commence and terminate 

fir ing in a specific temporal pattern (McVean, 1974; McVean and Findlay, 1976). 

[n general principles. the mechanism of leg autotomy in C.. meanas shows some 

simila rities to the mechanism of ceratal a utotomy in M. leonina. Of the two muscle groups 

involved in ceratal autotomy in M. leonina, the longitudina l muscle bands are also 

functional during other cerata l behaviours, yet s trong contractions of the sphincter muscles 

seem to occur only in preparation fo r a utotomy (however, pa rtia l contraction of the 

s phincter muscles is reversible if ceratal stimulation is insufficient to trigger the entire 

programme of events necessary for ceratal detachment). Preliminary results reported in 

this study s uggest that, like C.. meanas, the coordinated activity of a particular group of 

neurons directs these two groups of muscles to help bring about autotomy. In Q. meanas. 

muscles act on a specialized region of the cuticle cause its rupture. In M. leonina, the 
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longitudinal muscle bands act on s pecia l regions of basal lamina and connective tissue tha t 

become disrupted during a utotomy, presumably by exocytosed granules of innervat,ed 

granule-filled cells (see Ch. 2). 

My behavioural, morphological, and neurophysiological evidence suggests that neural 

circuits within the ceras evoke degranulation of GC a nd strong contractions of ceratal 

muscles, which are directly responsible for ceratal autotomy in M. leonina . Nevertheless, [ 

cannot discount the possibility that autotomizing stimuli also cause release of a hormone or 

neurosecreto1·y substance from cells located outside the autotomy zone. Such a substance 

within the haemoly mph could act directly or indirectly on t he effectors of autotomy, 

possibly to potentiate the event. Factors isolated from the coelomic Ouid of eviscerating 

holothurians and from various tissues of non-eviscerating specimens can initiate 

evisceration when injected into intact holothurians (Smith and Greenberg, 1973; Byrne, 

L 986). Evisce ration in holothurians involves mechanical fai lure of connective tissues at 

severa l widely sepa rated sites within the animal. Motokowa (1982) isolated a metha nol 

soluble s ubstance and a methanol insoluble substance from holothuria n coelomic Ouid that 

increased and decreased, res pectively, the stiffness of the collagenous catch apparatus of 

echinoid spines (see Ch. 2 for additiona l discussion of variable tensility connective tissues 

in echinoderms). Dr. Roger Longley (Friday Harbor Laboratories, University of 

Washinton; pe1·sonal communication, 1984) found that the first in a series of ceratal 

autotomies by Phidiana (Hermissenda) crassicornis requires a high intensity stimulus 

(strong pinch and pull of the ceras), whereas s ubsequent cerata autotomize following 

stimuli of much lower intensity . The effect lasts for at least 10 min a fter the initia l 

a utotomy response. The potentiation of subsequent cera ta l autotomies in f. crassicornis 

may be mediated by the product of a neurosecretory cell, which is triggered to secrete into 

the haemolymph by the initial autotom izing s t,imulus . Alternatively, the phenomenon may 
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result from a neurally-mediated sensitization of sensory neurons within the ceras, s imi lar 

to the sensitization mechanis m involving the defensive gill withdra wal reflex in the 

opisthobranch Aplvsia califo rnica (reviewed by Carmardo et a l. , 1983). 

[n conclusion, the peripheral ner vous system within the cerata of M. leonina is s imilar 

to that described for severnl other mollusca n preparations in that a t least some of the 

peripheral ne uronal somata a re effectors, probably motor neurons. However, in other 

pre pa rations studied to date, the peripheral effector cells mediate only partia l responses or 

s ma ll local responses to weak stimuli , whereas stronger stimuli recruit neurons within the 

centra l ne rvous system that bring about more dra matic defensive responses. The ceras of 

M. leonina is the first molluscan pre paration to show that peripheral effector neurons play 

a n important role, and in fac t may be fully responsible, for a dramatic defensive behaviour 

involving a la rge str ucture: ceratal autotomy. 
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F'igure 9 :1 : Sketch of Ylelibe leonina in dorsal view showing the oral hood (OH), cerata <C ). 

and innervation of the cerata. The pleural nerves (PN '1 arise from the 

cerebropleural ganglia of the central nervous system <CNS) and extend branches 

ca lled cer:1tal nerves <CN) tO the basal ganglion (BG) within each ceras. Not drawn 

to scale. 

Figure 94: Sketch of a cer as of :.\L leonina showing longitudinal muscle bands ( LM) . 

sphincler muscles (SM), a portion of the subepidermal muscle plexus (SP), and 

rcpugnatorial glands (RG). );ot drawn to scale. 

F'igure 95: Sketch of a cer as of M. leonina showing general organization of the ceratal 

nervous s_vsLCm. Abbreviations are: APN, autotomy plane nerve; BG, basal 

ganglion: CN. ceratal nerve; ON, distal nerves; P . pleural ner ve: SC, sensory 

cells; and SC:, secondary ganglion. The autotom y plane nerve (.-\Pt ) , which 

encircles the base of the ceras just beneath the epidermis of t he autotomy plane, is 

drawn with broken lines because its existence was not known during this 

neurophysiological study. T he nerve ring encircling t he cerato.l branch of the 

digestive gland is not, shown . . ot, drawn to scale. 
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Figure 96: Histological section through the basal ganglion (BG), cera ta l nerve (C ), and a 

distal nerve (DN) from a ceras of Melibe leonina. Neurona l somata (arrowheads) 

a re concentrated on one side of the neuropil region (N) of the ganglion. Scale bar 

= 25 µm. 
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Figure 97: Response of a distal nerve, recorded extracellularly (R) as s hown on the 

accompanying d iagram, during 3 types of stimuli a pplied to the ceras: 

a .touch by a glass probe; t ime scale = 500 msec 

b. touch by Pycnopodia tube foot 

c. pinch by forceps 



188 

R 



189 

figure 98: Demonstration of extensive overlap in sensory fields innervated by two dista l 

nerves. The sketch shows positions of extracellular recording electrodes (Rl and 

R2) on two distal nerves during touches with a glass probe to 4 different sites on 

Lhe ceratal epidermis. Duration of each touch was approximately 1 sec. 

Abbreviations are: BG. basal gan lgion; CN, ceratal nerve: and DN, distal nerve. 

The chart traces. labelled u to d. show responses of the two distal nerves during 

touches to t he corresponding sites ma rked on the diagram. Time scale = I sec 
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Figure 99: S imultaneous responses of a distal nerve and the ceratal nerve, recorded 

extracellula r ly by R 1 and R2, as shown on the accompanying diagra m, during 4 

types of stimu li appl ied to the ceras: 

a . touch by a glass probe; t ime scale 

b. to uch by a Pisaster tube foot 

<.: . first touch by a Pycnopodia tube foot 

200 msec 

d. second touch by a P ycnopodia tube foot 

e . pi nch by fo rceps: distal nerve response not shown; t ime scale = 100 

msec 
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Figure 100: Responses of the ceratal nerve, recorded extracellularly by R as shown on the 

accompanying diagram. fo llowi ng electrical stimulation via S to the proxima l end of 

a cut distal ne rve . The magnitude of the stimuli were: 

a . 6 V. L.5 msec; time scale = 500 msec 

b. 8 V. 1.5 msec 

c. 10 V, 1. 5 msec: the asterisk marks a gap in the chart record of 8 sec. 
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Figure LO 1: Synchrony of spike bursts during the patterned discharge recorded 

s imultaneous ly from two nerves emerging from t he basal ganglion. The d iagram 

s hows the position of two extracellula1· recording electrodes. RJ and R2. on a distal 

nerve and the ceratal nerve. respectively. 

a . electrical stimu lus of 8 V, 2 msec a pplied via S, as s hown on the 

diagram. to proximal end of cut distal nerve; t ime sca le 500 msec 

b. e lectrical stimulus of LO V, 2 msec a pplied via S 

c. app lication of a Pycnopodia tube foot to ceratal e pidermis (recorded from 

different preparation than a and b) 
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F'igure 102: Demonstration of pattern generating ability by both the basal ganglion and a 

secondary ganglion. The diagram s hows the layout of nerves a nd ganglia in this 

preparation. Anatomical abbreviations a re: BG, basal ganglion; C, connective 

between basal and secondary ganglion: CN, ceratal nerve; ON, distal nerve; and 

SC, secondary ganglion. The chart records were obtained from the ceratal nerve 

(R 1) and from a d istal nerve arising from the secondary ganglion (R2) during t ht• 

following manipulations : 

a . 6 .5 V. 2 msec stimulus applied via S l as shown on diagram ; connectivf' 

in tact; time scale = 500 msec 

b. 6 .5 V, 2 msec stimulus applied via S l: connective previously cut 

c. 10 V, 2 msec s timulus a pplied via S2; connective previously cut 
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Figu1-e 103: 8 xtracellular records (Rl) from the ce ratal nerve a nd simultaneous 

intracellular records (R2) from basal ganglion neurons. 8lectrical stimuli were 

applied to the proxima l end of a distal ne rve. 

a . Category no. 2 neuron. Stimulus produced an antidromic spike Copen 

asteris k) fol lowed by a series of action potentia ls not coincident with the 

spike bursts recorded from the ceratal ne rve. Each action potential is 

preceded by a slowly depolarizing prepotentia l. Time scale for R l a nd R2 

= 300msec: vertical scale for R2 = 20 mV. 

b. Category no. 4 neuron. Stimulus produced an a ntidromic spike (open 

asteris k) followed by a series of action potentials that begins and ends in 

synchrony with the extracellular train of s pike bursts. The closed asteris ks 

mark gaps of 10 sec. Time scale for Rl and R2 = 100 msec; vertical scale 

for R2 = 20 mV. 

c. Ca tegory no. 4 neuron. Oscilloscope sweep during the recording shown 

111 Fig. 103b. Note the synchrony between each intracellula r action 

potentia l a nd each s pike burst recorded from the ceratal nerve. Also note 

epsps (atTows) between the action potentials . Time scale for R l and R2 = 

100 msec; vertical scale for R2 = 20 m V. 
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F'igure 104: Extracellular recordings from a distal ne rve (R on the accompanying diagram ) 

during ceratal a utotomy in two different preparations. The CNS was completely 

removed prior to each expe riment. 

a . Severing a distal nerve within the ceras induced a patterned discha rge 

of spi ke bursts wi1,hin the recorded distal ne rve and a utotomy of the ceras 

(a rrow) as determined by vis ual inspection of the preparation. Time scale 

:i OO msec 

b. Electrical stimulus applied to t he proxima l end of a distal nerve (S on 

the accompa nying diagram) induced a train of spike bursts within the 

recorded distal nerve and ceratal a utotomy (arrow). Note the 3 sec barrage 

of non-patterned, high frequency impulses that begins a t the onset of 

a utotomy (arrow). 
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figure 105: Continuous exLracellular recording from a distal nerve following elcct.rieal 

s timulation LO a second distal nerve (R and S , respectively in the diagram s hown in 

Fig. l04 l. A train of large a mplitude s pike bursts followed the electrical stimulus 

but arrested 7 :.cconds prior to the onset of ceratal autotomy (arrow). Time scale 

= .'i00 msec. 
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Chapter 4 

STRUCTU RE AND F'UNCTIO OF' THE REPUGNATORIAL G LANDS 

AND THEIR ASSOCIATED SE SORY CELLS IN 

MELfBE LEO [NA (GOULD, 1852) 
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I TRODUCTIO N 

The reduction or loss of the protective s he ll in opisthobranch gastropods is corre lated 

wit h t he development of' v;J.rious a lternative de fense mechanis ms against potentia l 

predators (F a ulkner a nd Ghiselin. 1983). These defenses include cryptic colouration, 

s picules within the dorsal epider mis . nematocysts sequestered from cnidarian prey, escape 

behaviours, acid secretions, a nd other toxic or unpa la tab le chemica l s ubsta nces (see T. 

Thompson, 1960a : b; 1984: Edmunds. 1966: 1968; Fa rme1·. 1970; Ha rris, 1971: Ros, 

1976). The effectiveness of these methods is attested to by the fact that most 

opisthobranchs are rarely preyed upon unde r natura l conditions and a re rejected by fis h in 

la boratory feed ing experiments (Herdma n, 1 90; T. Thompson, l 960b; Russell , 1966) . 

Recent research by organic chemists has identified a la rge number of unusual 

secondary metabolites in nudibranchs. Some of these, pa rticula r ly certa in terpenoid 

compounds, a re toxic or unpala ta ble to fish predators (Burreson et al. , 1975; Schulte e t a l. , 

1980; Ayer a nd Ande rsen, 1982; Cimino et a l. , 1982; 1985: Hellou et a l., 1982; J . 

Thompson fil a l. , 1982; Okuda et a l. , 1~83; Ca rte and Fa ulkner , 1986; Gunthorpe a nd 

Cameron, 1987). Unfortunately, othe r types of marine predators, notably cr a bs and 

seastars, have not been used in feeding bioassays of these chemica ls. The unp:..l latable 

meta bolites a re frequently der ived from the prey of' nudibranchs, including sponges, 

bryozoans, and soft cora ls (Schulte and Sche uer , 1982; J . Thompson et a l., 1982; Ca r te 

and Fa ulkne r, 1983; Grode and Carde llina, L 9 4; Coll et a l., 1985; Mebs, l 985), but some 

a re t he prod uct of de novo synthesis tCimino et a l., 1983; 1985: Gusta fson and Andersen. 

1985). Interestingly, several of the de fensive chemicals from nudibranchs are identical or 

related to a ntipredator s ubstances found in insects (Ayer and Andersen, 1982; Cimino et 

al., 1985:) a nd terrestrial plants (Cimino et a l. , 198 1; Schulte and Scheuer, 1982). 
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Studies by J. Thompson et a l. ( l 982) on Cadlina luteomarginata and Cimino e t al. 

(1983; 1985) on t he do rid nudibranchs Dendrodoris limbata and .Q. grandiflora, indica te 

t ha t the dors um, exc lus ive of the hepatopa ncreas, contains the highest concentrations of 

terpenoids that a re unpa la table to fi sh. Furthermore, toxic or unpa la table metabolites 

ha ve been isola ted directly from secretions of Phyllidia varicosa <Burreson et, a l. , 1975) and 

Tambja a bde re (Car te and Faulkne r , 1986). These findings imply that the active 

s ubs tances are located wit hin epidermal skin glands, yet li t t le is known about the deta iled 

structure or secretory mechanis m of these glands . Dra wings from his tologica l work by T. 

Thompson ( 1960b) and Edmunds ( l 966) show distinctive epidermal glands in the dors um 

of several dorid nudibranchs and the cerata of some eolid nudibranchs . As illustrated by 

these a uthors, the glands exhibit cons iderable interspecific differences in s tructure, but in 

each s pecies they tend to be concentrated in a reas of the body most vulnerable to 

predators . Fur the rmore, Thompson ( 19606) observed tha t the s lugs often react to 

dis turbances by concealing areas lacking these distinctive glands (henceforth ca lled 

repugnatorial glands) and exposing a reas well-endowed with glands. Edmunds (1966) 

described cilia ted sensory ce lls concentrated a t the apices of the cera ta in a ll but one of t he 

eolids he examined. He s pecula ted tha t vigorous prodding of the cerata induces secretion 

from the presumed repugnatoria l gla nds by firs t stimulating the cilia ted sensory ce lls . 

The dendronotid nudibra nch Melibe leonina, which can reach ve ry high population 

dens ities wit hin ee l grass and ke lp beds off the west coast of ort h America, has a 

distinctive odour when prodded or handled. Kjerschow-Agersborg (192 1; 1923) suggested 

that the odour derives from the secretion of notable multicellular gla nds dis tributed 

liberally beneath the epide rmis of t his nudibranch. More recently, Ajeska and Nybakken 

(1976) found tha t the predatory sea sta r , Pycnopodia helianthoides. is repelled by direct 

physical contact with M. leonina and by contact with a glass rod previous ly wiped over the 
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s urface of M. leonina . These a uthors s uggested the a romatic substance was the 

respons ible deterrent . Fina lly, Ayer and Andersen (1983) isolated two degraded 

monoterpenes from lVL leonina : one had no antifeedant acti vity in a standa rd goldfo,h 

bioassay wh ile the othe r , which embodied the cha racteristic odour of M. leonina . was said 

to be "too volatile fo r relia ble testing". 

[ examined the re pugnatoria l g la nds a nd the ir associated sensory ce lls of M. leonina 

us ing light microscopy a nd scanni ng a nd trans mission e lectron microscopy in order to 

fur ther the structura l observations made by Kjerschow-Agers borg ( L923) a nd to determine 

the e ffective stimulus and mechanis m for g landula r discharge. In addition, I observed 

responses of seasta rs . fi sh, a nd crabs to M. leonina to confirm and extend Ajeska and 

1 yba kken's ( 1976) cla im t ha t M. leonina is rejected by some, but not a ll, potentia l 

predaLOrs . 



MATERIALS AND METHODS 

A. Electron Microscopy 

All ultrastructural obser vations were made on repugnatorial glands from the cerata of 

laboratory reared, young juveniles 14 to 6 weeks postmetamorphosis) of M. leonina . 

Observations made by Nomarski differential interference contrast microscopy ( DIC) 

suggest that the structure of the ceratal repugnatorial g lands in young anima ls is identical 

to that of older individua ls . 

Prior to fixation, isolated cerata from small specimens of M. leonina were partially 

anaesthetized in a rtificial seawater containing increased concentration of magnesium ion 

and reduced concentration of calcium ion (high Mg2 +, low Ca 2 + seawater; recipe given by 

Audesi1·k and Audesirk. 1980) for 2 hours . Initial fixation was in phosphate buffered (pH 

7.6) 2.5% glutaraldehyde. made isosmotic to seawater with 0.34M NaCl (Cloney and 

F'lorey, L 968), fo r L2 hours at 4 degrees C. The tissue was subsequently fixed in 

phosphate buffered 2% osmium tetroxide for 1 hour at room temperature. 

T issue for scanning e lectron microscopy was dehydrated in a graded acetone series, 

critical point dried from liquid carbon dioxide (Bomar S PC critical point dryer; L 100 psi, 3 1 

degrees C), mounted on stubs with double-sided sticky ta pe. and coated with gold­

palladium (Technics hummer-sputte r system). The prepared specimens were examined 

with a JEOL J SM-35 scanning electron microscope. 

Tissue for transmission e lectronmicroscopy was dehydrated in a graded ethanol series, 

followed by propylene oxide, and embedded in E pon plastic. Silver-grey sections were cut 

with a Dupon t diamond knife on a Riechert ultramicrotome and examined with a Philips 

EM300. 
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B. Predator Expe riments 

These expe riments we re done using adult M. leonina collected by SCUBA divers from 

Patricia Bay, Vancouver [s land. Canada. The predator species were ohta ined from Vi.\rious 

s ites around the souLhern end of Va ncouver [sland by SCUB.L\ diu,1·,; or by intertidal 

collection at low tide. Animals were he ld eithe1· in the recircuL1t1ng natura l seawater 

system a t the University of Victor ia or in the flow-through seawute r system at F'riday 

Harbor Laboratories, University of Wi.lshington, C.S.A. 

Whole specimens of M. leonina were offered to seastars, fis h, and cra bs. [ considered 

these to be the most likely categories of potential predators of M. leonina in its natura l 

environment. The seastar s pecies were: Pvcnopodia he lianthoides, Le ptasterias hexactis, 

Dermasterias imbricata, Pisaster ochraceus. and Crossaster pa ppos us. The fish were: 

Oligocottus maculosus and Gobiesox meandricus. The crabs were: Cancer productus, 

Pugettia producta, a nd Scyra acutifrons . 

Tests with the seastars and crabs were conducted by pa iring each predator with a 

s pecimen of M. leonina and placing the two in a large glass bowl. The size of each membt:ff 

of t he pair was chosen so as to reasonably permit a predator - prey interaction and to 

facili tate observations within the experimenta l design. The response of the p1·edator 

following physical contact with M. leonina was scored as avoidance, neutral, or attack. 

In a second type of experiment, a small specimen of Pvcnopodia helianthoides was 

placed in each of five bowls that also contained single specimens of M. leonina a nd the 

limpet Collisella digitalis. The bowls we re observed following a 24 hour interval and 

instances of predation we re recorded. 

The two fish s pecies tha t were tested for their acceptance of M. leonina as a possible 

food had been accustomed for se\·eral months previously to aq uarium conditions and to 

being fed chunks of fresh limpet offered by forceps. At the time of testing, each fis h was 
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offered chunks of both limpet and excised cerata of _J. leonina and scored for acceptance or 

rejection of the offered item. 
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RESULTS 

A. Distribution and Structure of Repugnatorial Glands and Sensory Cells 

The repugnatoria l glands of Melibe leonina appear to the unaided eye as tiny opaque 

·spots' embedded within the otherwise transparent epide rmis of this nudibranch. The 

glands ,.ll'e distributed over the entire dorsal and laternl surface of M. leonina but a re most 

abundant on the cerata . particula rly the dista l portions, and on the dorsal surface of the 

la rge oral hood. They are absent from the ventral s urface of the hood and from the sole of 

the foot. 

Examination of the epidermis by light microscopy (NDTC) reveals that each of the 

repugnatoria l glands, which ra nge in diamete r from 40 to 120 µm. is composed of 3 to 6 

trans pa rent spheres embedded within a s urrounding sheath tFigs. 106 and 107). The 

glands a re located at terminals of small nerve branches that ramify beneath the epidermis 

(Fig. 107). 1 ore microscopy and scanning electron microscopy show that two or more 

bu ndles of s hort, stiff cilia a rise from the epithelium overlying each gland (Figs. 108 and 

109). These cil iary tufts are found nowhere else on the ceratal epidermis. 

The detailed structure of the repugna torial gla nds and the adjacent ciliated sensory 

cells, as determined by transmiss ion e lectron microscopy, is s ketched in Figure 110 and a 

low magnification transmission electron micrograph of a gland is shown in Fig. 111. Each 

of these multicellula r glands consists of two types of large secretory cells located 

completely below the thickness of the epidermis. The apices of the secretory cells impinge 

upon the proximal end of a s hort secretory duct that is exca vated within the overlying 

epidermis. The duct opens to the outside via a small pore. The sheath that envelops the 

secretory ce lls is composed of muscle cells. 

Additional description of the various components of the repugnatorial glands of M. 

leonina and their associated sensory cells is given below. 
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1. Secretory Duct 

The secretory duct is formed by epidermal cells that are invaginated within the 

e pidermis (Figs . LL 2 a nd L 13). The site of invagination remains open to form a secretory 

pore (Fig. 11 2). The secretory duct does not extend be low the thickness of the general 

e pidermis and the a pices of the secretory cells line the floor of the duct. A fe lt-work of 

microfilaments lies immediately beneath the apical cell membrane of the duct cells (F'ig. 

114). This cytoske leton may strengthen the apical cytoplasm of the duct cells so as to 

maintai n the s hape of the short lumen of the duct. 

2. Seci-etory Cell Ty pes 

I have designated the two secretory cell types of the repugnatorial gla nd as types A 

and B. Both have a large centra l vacuole containing the product of synthesis, but the two 

cell types can be distinguished by cytoplasmic characteristics and by the ultrastructural 

appearance of t heir secretory product. 

Type A: In th in sections, the material e laborated by the type A secretory cell appears as 

a diffuse meshwork of fine fibril s (Figs. l 11, 112, 115, and 116). T he la rge central 

vacuole containing this substance is very irregular in outline (Figs. 11 l and 112), probably 

due to fusion of s maller cytoplasmic vacuoles with the large central vacuole at the time of 

fixation. At the apex of the type A secretor y cell, the layer of cytoplasm lying between the 

limiting membrane of the centra l vacuole and the outer membrane of the secretory cell is 

very thin and devoid of organelles and inclusions (Figs. l 12, 113, and 1 15). Thus, the 

secretory product is separated from the lumen of the secretory duct by little more tha n 

these two membra nes. Along the lateral and basal portions of the type A secretory cells, 

the cell membrane is elaborated into ma ny e longate, interdigitating processes (Fig. 116). 
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The large, ovoid nucleus of the type A secretory cell is located toward the base of the 

cell. A large nucleolus is present and the nuclear chromatin is un iformly dispersed with 

only occasional sma ll clumps of heterochromatin (Fig. 1 L 1). 

As s hown in Fig. L 16, many free ribosomes and polyribosomes a re distributed 

throughout the cytoplasm of the type A cell and profiles of rough endoplasmic reticulum 

are present but not abundant. Each type A cell has many Golgi fields that give rise to 

primary vesicles containing a un iformly electron-dense substance. The primary vesicles 

a ppear to mature into secondary vesicles having a less e lectron-dense content, and these 

s ubsequently become the larger tertia ry vesicles containing a flocculent material identical 

to that in the centrnl lumen. 

The most distinctive cytop lasmic features of the type A secretory cell are their high 

den ~ Ly of mitochondria and the presence of bundles of microtubules having various 

orientations (F'ig. L L6). The microtubule bundles a re a lways situated close to the 

membrane of the central vacuole . 

Finally, synaptic profiles containing a mixture of clear and slightly e lectron-opaque 

vesicles contact the type A secretory cells (Fig. 117). 

Type B: The secretory product of the type B secretory cells a ppears as closely packed, 

e lectron-dense granules (Figs. 116, L 18. and 119) contained within a central vacuole that 

is generally more regu lar in outline than that of the type A cell (Fig. 11 1). However, as in 

the type A cell, the distal portion of the type B cells narrows as it approaches the secretory 

duct a nd the secretory product within the central vacuole is separated from the lumen of 

this duct by only a thin layer of featureless cytoplasm and the apical membranes of the 

cell and central vacuole (Fig. 1 15) . 

The nuclear structure of the type B secretory cells is simila r to that of the type A. The 

most distinctive feature of the cytoplasm in B cells is the a bundance of rough endoplasmic 
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reticulum that is arranged in regular, pa rallel lamellae around the central vacuole (Fig. 

118). The many, large Golgi profi les within these cells give rise t0 electron-dense vesicles 

that s ubsequently appear to fuse to form compound vesicles containing material similar to 

that in the central vacuole (Fig. 119). Type B cells contain fewer mitochondria than the 

type A cells and these are concentrated around the Golgi fields. Bundles of microtubules 

were not found within type B cells and the cell membrane is not elaborated into digitiform 

processes. 

Like the type A secretory cells . the B cells are innervated and the synaptic terminals 

contain both clear and s lightly opaque vesicles (F ig. 120). 

3. Muscle: 

Muscle tissue is a prominent component of each repugnatorial gland; it accounts for 

a pproximately 24% of the cross sectional area of each gland. This figure was obtained by 

first weighing cross-sectional profiles of five repugnatorial glands cut from photographic 

prints and then weighing the muscle portion alone. T he muscle cells are organized into 

two layers: the inner layer invests each secretory cell and the outer layer· encapsulates 

t he entire gland (Fig. 11 1). The long axes of the muscle cells are oriented in various 

directions, so that sections through neighboring cells often show the ir respective 

myofilaments oriented in opposing directions (Fig. 121). 

Unlike the longitudinal muscle bands of the ceras (see Ch. 2), the myofilaments of the 

repugnatorial gland muscle are sufficiently ordered to cause a lignment of the dense bodies 

into distinct rows. Sobieszek (1973), among others, has shown that the dense bodies of 

molluscan muscle are sites of thin filament attachment. The muscle shows characteristic 

features of oblique ly striated muscle (see Rosenbluth, 1972; Chantler, 1983). Single fibres 

cut in cross section show a non-homogeneous pattern of filament composition, in that areas 

consisting of both thick and thin filaments are intermingled with areas of thin fila ments 
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only (fig. 116). [n longitudinal section, the rows of dense bodies are oriented at an oblique 

angle to the long axis (Fig. 121) . Howeve1·, t his angle (the striation angle) is never less 

than 45 degi-ees from the long axis. 

The thick filaments of this muscle are short. A mean sarcomere length of 1.1 µm 

(range 1.1 to 1.7 µm ) was obtained from micrographs of 6 different muscles. 

Dense bodies with atta<:hed a r rays of thin filaments are a lso located a long the 

sarcolemma (Fig. l l 6). These sites look like hemidesmosomes, but unzi and Franzini­

Armstrong ( 19 l) s uggest the term hemifo.sciae adherentes to distinguish the fac t that the 

associated intracellular filaments contain of actin and are not intermediate filaments. 

Membrane-associated dense bodies may be sites where thin filaments of the sarcoplasm 

a re anchored to extracellu lar e lements of the external lamina a nd surrounding connective 

tissue (Twarog et a l. , 1973; Nunzi and Franzini-Armstrong, 1981). 

ln general. tubules of the sarcoplasmic reticulum (SR) a re confined to the peripheral, 

s ubsarcolemmal cytoplasm and do not extend along the lines of Z-bodies. Rare instances of 

S R located within myofilament bundles were confined to regions adjacent to the nucleus. 

Peripheral e lements of the S R often form surface couplings (also called peripheral 

couplings or dyads) with the sarcolemma. In these regions, the opposing membranes of 

the sarcolemma and the SR are closely aligned and electron-dense material fills the 

intervening gap (Fig. 119). 

The nuclei of the muscle cells, with associated Golgi, rough endoplasmic reticulum, and 

mitochondria are confined to the periphery of the gland (Fig. 111). Infrequent 

mitochondria a nd electron-dense granules that may be glycogen occur outside the 

myofilament bundles, beneath the sarcolemma . 

[ distinguished two genera l types of neuromuscular synapses based on the appearance 

of the synaptic vesicles. The first type, which is most abundant, contained many. small 
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vesicles with a clear or slightly electron-opaque content (Figs. 121 and 122). These are 

s imila r to the vesicles within the neuroglandular synaptic profiles. [n the second, 

re lative ly ra re type of neuromuscula r synapse, the synaptic vesicles a re similar in size to 

the former type but conta in a very e lectron-dense mater·ia l (Fig. 123). 

4. Sensory Cells: 

Each tuft of cilia that lies adjacent to the pore of a repugnatoria l gland arises from a 

bundle of dendrites t hat extends through the thickness of the epidermis (Figs. 124, 125, 

a nd 126). T he cell bodies of these prima ry sensory cells are located beneath the epider mal 

epithe lium and the bundle of dendrites is fl an ked by several ciliated supporting cells with 

intrae pit helia l ce ll bodies ffig. l 24l. 

Each dendrite contributes 2 to 5 cilia LO the cilia ry tuft. The cilia are relatively short 

(less than LO µm l. have o. 9 plus 2 o.xoneme, and a re interspersed among microvilli. The 

ciliary o.xoneme arises from a basal plate that is elevated a bove the level of the a pical 

membrane of the dendrite (type [I transition zone as defined by Pi telka, 1974) a nd the 

basal bodies bear a basal foot and a striated rootlet (Fig. 127) . Mi tochondria are clus tered 

immediately beneath the cilia ry basal bodies (Fig. 126) . Beginning in the region of 

mitochondria, the dendrites na1-row and contain longitudinally a rranged microtubules (Fig. 

125). 

The cytoplasm of the subepidermal, sensory cell bodies includes one or more Golgi 

bodies located distal to the nucleus , multivesicular bodies, and numerous s mall vesicles 

(Fig. 128). The cluster of sensory cell bodies is associated with a neuropil where synapses 

a re frequently encountered (Fig. 124). 
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B. Stimulus and Mechanism for Glandular Secretion 

'The repugnatorial gla nds of a n isolated ceras of Melibe leonina can be induced to 

secrete by touching a fine glass, wooden, or metal probe to t he epidermis overlying each 

gland. Each repugnatoria l gland behaves as a n independent effector in that a probe e licits 

discharge from the gland touched . but not from neighboring glands, and glands can be 

induced to secrete even a fte r the distal nerves of the ceras a re cut. As viewed under a 

dissecting microscope, the caps ule of the gland contracts abruptly as the secretory product 

is extruded from the central portion of the gland in the form of a coiled strand of mucous• 

like material. The secreted substance is sticky, in that it tends to adhere to the probe that 

evoked t he discharge. Afte r secretion, the cluster of refractile sphe res that are 

characteristic of undischarged glands is absent (compare Figs. 129 and 130). 

lf sec1·etion from several discharged glands is collected into a fine glass pipette a nd 

transferred to fil ter paper, the paper acquires the distinctive odour of a physically 

disturbed s pecimen of M. leonina. Kjerschow-Agersborg ( l 923) likened the odour to oil of 

bergamot, a lthough a better description might be a combination of lime and melon. 

Direct touch was the only stimulus I could identify that induced secretion from the 

repugnatorial glands. The intensity of these touch stimuli was not quantified, but very 

light touches ra rely caused glandular discharge and some of the glands failed to discharge 

even following vigorous prods . Between these two extremes, individual glands va ried with 

respect to their stimulus threshold fo r secretion. 

Electrical stimuli applied via s uct ion e lectrode to the distal stump of cut peripheral 

nerves (see Ch. 3 fo r method) failed to cause secretion from repugnatoria l glands. 

A fi ltered solution obtained by grinding tube feet from the sea star Pycnopodia 

helianthoides in a s mall amount, of sea water did not el icit secretion from the repugnatoria l 

glands when gently pipetted over the ceratal epidermis . Nevertheless, a cursory 
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experiment was performed to determine if unidentified tube foot chemicals might lower the 

threshold for touch-induced sec1·etion from the repugnatorial glands. One primary ceras 

was removed from each of 12 adu lt :VI. leonina and these were secured by two pins to the 

bottom of separate Sylgard-lined petri dishes. The seawater within the dishes was he ld a t 

12 degrees C by partial immersion in a water bath. Ten glands on one side of the midline 

of each ceras were touched with a clean glass probe having a diameter similar to that of a 

seastar tube foo t. a nd 10 gla nds on the opposite side of the midline were touched with o. 

freshly excised tube foot from £. helianthoides. The results, as shown in Table [, indicate 

that touches with a f. he lianthoides tube foot cause a significantly greater number of 

glands to secrete than touches with a glass probe. 

. ?+ 2+ Glandula r secretion is inhibited by bathing cerata in high Mg~ , low Ca seawater 

fo r 12 hours a nd the inhibition is reversible. This dispels the notion that prodding the 

glands effects discharge by s imply puncturing the distended secretory cells. 

C. Predator Experiments 

All seasto.r species, except Crossaster papposus. showed avoidance behaviour after 

their tube feet touched M. leonina. As previous ly described by Ajeska and Nybakken 

(1976), e ither the tip or the entire arm(s) that contacted the nudibranch flexed aborally 

and t he seastar altered its direction of movement. When f . helianthoides was placed in 

bowls containing both M. leonina and the limpet Collisella digitalis, the limpet was ingested 

but the nudibranch was unmolested afte r a 24 hour interval. 

Crossaster papposus a lso exhibited aboral flexion of the a rm(s) that contacted M. 

leonina. However, instead of retreating from further contact, Q. papposus era wled rapidly 

on top of M. leonina and everted its stomach. This 'pounce' behaviour is similar to that 

described by Mauzey et al. ( 1968) for attacks by the seas tar Solaster da wsoni on its prey, 

Solaster stimpsoni. 
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Like most seastars. the two fis h species consistently rejected cerata of M. leonina, but 

a ll 3 crab species attacked and, if capture was successful, ingested lVl. leonina. 
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D[SCUSSION 

[n order for an unpalatable chemica l secretion to be used economically but effectivel.v 

against potential predators, it might be expected that the release of the substance should 

fulfill at least four criteria. The defensive chemical should be: 1) released only at the 

appropriate time (Faulkner and Ghiselin. 1983), 2) released from a site like ly to be 

encountered first by an attacking predator (T. Thompson, 1960b; Edmunds . 1966; 

Faulkner and Ghiselin, 1983), 3) released in sufficient quantity to deter predators. and 4) 

released rapidly to prevent le thal damage before the distastefulness is detected by the 

predator. These criteria appear to be fulfilled in the present instance. 

The widespread distribution of many small repugnatorial glands over the body of M. 

leonina ens ures that all body surfaces exposed to predators are defended. With respect to 

the s ize and distribution of repugnatorial glands, it is interesting to compare M. leonina 

with the she ll-less pulmonate Onchidella borealis that inhabits crevices and kelp holdfasts 

in the middle to high intertidal (Young et a l. , 1986). Unlike M. leonina, Q. borealis is a 

small gastropod (usually less than one cm length) with a compact, limpet-like shape. The 

defensive chemical is concentrated in 20 or fewer large glands located around the margin 

of the dorsum and the secretion is elicited by and repels seastars (Young, et al., 1986). 

However, concentration of defensive chemical within a few large repugnatorial glands 

would seem particula rly inappropriate for a large animal such as M. leonina with a large 

surface area due to many outstretched appendages (the cerata and oral hood). 

Furthermore, relative to Q. borealis, the habit and habitat of M. leonina must impose 

much greater risk from fis h predators that would attack sparsely protected appendages; 

even if the nudibranch were eventually rejected, damage to non-autotomizing structures 

such as the oral hood might be lethal. 
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Whatever the nature of the defensive chemical, it is sufficiently potent to repel seastars 

after contact-induced secretion from only a small percentage of t he total number of glands. 

Therefore, distribution of potent defensive chemical among many small glands and the 

contact requirement for glandula r secretion conserves defensive chemical and ensures that 

some, indeed most, of the nudibranchs's chemical defense system is left intact after .,\ 

predator encounter. 

Crossaster papposus was the only seastar out of' five species tested that attacked and 

ingested M. leonina. This result supports fie ld observations made by Mauzey et al. 

(1968). Crab predators are not repelled by the defensive chemical of M. leonina. I have 

a rgued in Ch. 3 that ceratal autotomy is M. leonina's defense against crab predators. 

Examination of the repugnatorial glands of M. leonina by light and electron 

microscopy provides a morphological explanation fo r their behaviour as 'independent 

e ffectors'. Tufts of short, non-moti le cilia, each arising from a bundle of sensory dendrites 

with s ubepidermal cell bodies, are located close to the secretory pore of each repugnatorial 

gland. This type of molluscan primary sensory cell has been recognized since the last 

century (see Crisp, L 97 I ) a nd their ultrastructure has been described for a wide variety of 

molluscs (Crisp, 1971; Zylstra, 1972; Wright. 1974a, b; Kataoka, 1976; Emery and 

Audesirk, 1978; Phillips, 1979; Chia and Koss, 1982; Hodgson and Fielden, 1984). 

Among these, much variation exists regarding such things as number of cilia per cell, 

length of cilia, number a nd length of ciliary rootlets, and microtubule arrangement within 

the ciliary axoneme. Many authors have suggested t hat these structural differences 

reflect differences in the sensory modality that stimulates the receptors. However, in the 

absence of direct neurophysiologica l evidence. these are tentative speculations (see review 

by Croll, 1983). 
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The close spatia l association between the ciliated sensory cells and repugnatoria l 

g lands, and the fact that glandular discharge can be elicited only by direct touch to the 

epide rmis ove rlying each gland suggests that a touch stimulus activates a local circuit 

involving the ciliated sensory cells and efferents to the secretory cells and the investing 

musculature of the repugn .. ,torial g land. This hypothesis was previously proposed by 

Edmunds ( l 966i, whose histological work revealed both ciliated sensory cells and probable 

repugnatorial glands within the ceratal epidermis of several eolids. 

While the possibility that some aspects of the discharge process, fo r insta nce the 

variable discharge threshold, are regulated by nerves coming from other parts of the 

animal, there is at present no evidence for such extrinsic control. Therefore, the glands 

may be provisionally regarded as independent e ffectors (Parker, 1919). 

Additional evidence, albiet circumstantial, suggesting a mechanoreceptive role for the 

ciliated sensory cells associated with repugnatorial glands comes from neurophysiological 

recordings of impulse activity within distal nerves during touches to the ceratal epidermis 

(Ch. 3; Figs. 97. 98, and 99). These afferent responses like ly originate from the ciliated 

receptors associated with the re pugnatorial glands because: no other ceratal receptors 

were identified by scanning a nd electron microscopy , peripheral branches of distal nerves 

extend to each repugnato ria l g land, and the distribution of the ciliated sensory cells and 

the combined receptive fields of distal nerves to touch stimuli both cover the entire ceratal 

epidermis. 

Extracellular neurophysiologica l recordings from distal nerves of the ceras show 

greater neural activity during touch to the ceratal epidermis by Pvcnopodia tube foot than 

that induced by a g lass probe (Ch. 3; figs. 97 and 99). Furthermore, touches by a 

Pycnopodia tube foot were a more effective stimulus for eliciting secretion from 

repugnatorial glands than were touches by a glass probe !Table I). The latter result was 
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a lso fo und for the repugnatorial glands of Onchidella borealis (Young et al.. L 986). 

Pvcnopodia releases dramatic escape responses from many marine invertebrates (see 

Mauzey et a l. , L968), s uggesting a high concentration of saponins within the tube feet of 

t his seastar (see Mackie et al., L970). Saponins are potent s urfactants that lyse biological 

membra nes by interacting with cell membrane cholesterol (Mackie et a l. , L975). They are 

believed to provide a chemical defense for seastars (Mackie et a l. , L977), a lthough 

ironica lly, they a lso release avoidance and escape behaviours by their prey (Mackie et a l. , 

1968; Mackie, L970). Mackie (1970) suggested that saponins actua lly damage sensory 

cells of other in vertebrates. Therefore, the potentiation effect of Pvcnopodia tube feet on 

touch induced discharge of repugnatoria l glands and on touch induced a fferen t responses 

from distal nerves of the ceras may result from injury discharges of the sensory ce lls 

associated with the repugnator ia l glands. 

During extracellular recordings from the pa llia l nerve of two limpet s pecies (Acmaea 

lima tula and Acmaea scutum), Phillips (1975b) found afferent response to a probe touched 

to t he mantle margin and enhanced respo nse to touch by tube feet of several predatory 

seastars. However, he a lso described a second category of afferent activity that responded 

to e ffluent from predatory seastars. This was consistent with experimental results 

showing distinct behavioura l responses by the limpet depending on whe ther seastars were 

at a distance or had actually made contact (Phillips, L975a; b). A subsequent 

ultrastructural study showed two types of ciliated receptor endings on the pallial tentacles 

(Phillips, L977; 1979), one of which (the type II receptor), is simila r to that of the ceratal 

sensory ce lls of M. leonina . Yoshii et a l. (1978) also obtained evidence from extracellular 

electrophysiological recordings for distance chemoreception of predatory seastars in the 

clam, Spisula sachalinensis . Neither Acmaea nor Spisula is known to possess defensive 

chemicals, so avoida nce behaviour initiated by distance chemoreception of approaching sea 

stars is appropriate. 
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Although receptors sensitive to dissolved chemicals from dis tant seastars may be 

present on the rhinophores or hood tentacles M. leonina, my unquantified observations did 

not suggest that M. leonina .1voids approaching seastars . Avoidance behaviour ma_v be 

unecessary due to the effectiveness of the defensive chemical released by contact 

s timulation of are.1s of epidermis provided with repugnatoria l glands. 

As described below. the structure of the repugnatorial glands exhibits several 

charact.eris tics that ensure ra pid release of the entirn store of secretory product within 

each gland. 

Storage of secretory product within a single large vacuole must fac ilitate rapid, all-or­

none secretion upon appropriat.e stimulation of the synthesizing cell. A s ingle fusion event 

between the membranes of the central vacuole and the limiting membrane of the glandular 

cell exposes the entire bulk of secretory product to the extracellular environment. The 

phenomenon is the same as occurs during the acrosome reaction of some types of sperm 

(see Colwin and Colwin, 1961; Summers et al.. L975). The acrosome reaction is also a 

secretion event that demands rapid a nd complete extrusion of a n intracellularly-stored 

secretory product, the contents of the acrosomal ves icle. 

Ultrastructura l data s how that each secretory cell within the 1·epugnatoria l gland 

complex receives synaptic input. The work of Kater and co-workers on molluscan salivary 

glands (Kater e! al., L978a, b; Goldring ru; al. , L9 3) showed that nervous excitation of 

glandular cells. either by direct synaptic contact or by electrotonic spread from innervated 

ce lls, opens voltage sensitive ion channels in the gla ndula r cell mem brane. The 

overshooting membrane depolarization is carried by calcium ions and results in release of 

the gl.1ndular product. A similar mechanism may open the centra l s torage vacuoles of the 

repugnatorial gland cells in M. leonina. with the ciliated receptors acting as presynaptic 

cells. 
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Alternatively, the apical membrane of each secretory cell a nd its underlying storage 

vacuole may be mechanical ly ruptu1·ed by contraction of the investing muscle. However 

1,he central vacuole is opened. mu cle contraction must expe l the secretory product from 

each gland cell and s ubsequently from t he secretory pore. 

The structure of this muscle is in teresting in several respects. Firstly, obliquely 

striated muscle is relatively uncommon in adult gastropods and tends to be restricted to 

components of the buccal mass ( latisson and Arvidsson, 1966; Nisbet and Plummer, 

1968; Plesch, 1977). Secondly, t he effective sarcomere length (1.3 µm), and therefore t he 

thick filament length of the repugnatorial gland muscle is short compared to thick filament 

lengths of greater than 2 µm that are typical of most obliquely striated molluscan muscles 

(Hanson and Lowy, 196 1; Schlote, 1963; Nisbet and Plummer. 1968; Plesch. 1977; 

Amsellem and Nicaise, 19 0; Kier, L985). 

Oblique ly striated molluscan muscles have contraction s peeds thal are less than cross 

striated fibres but, considerably greater tha n molluscan non-striated (s mooth) muscle (see 

Millman. 196 7). The short sarcomere length of the repugnatorial gland muscle must 

contribute to a high s hortening ve locity. According to J osephson ( 1975) shortening velocity 

of s triated muscle is directly proportional to muscle length and inversely proportiona l to 

sarcomere length (othe r factors being equal). The latter relations hip is due to the fact t hat 

s hort sarcomeres result in a greater number of sarcomeres per unit length of muscle, and 

s hortening velocities of elements connected in series a re additive. The length of the muscle 

investing each repugnatoria l gland is short; even the outer muscle layer must have a 

maximum length that is no greater than the circumference of t he gland. Therefore. t he 

unusua lly short sarcomer·e length ma.v compensate for a short overall muscle length to 

a llow a reasonably fas t contraction velocity. In this respect. it is interesting that a nother 

shor t, oblique ly striated molluscan muscle, the muscles that expand the chromatophores of 
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1&.!.igQ, have a length of only 30 µm and a sarcomere length of less than 1 µm 

(measurements taken from micrographs in Cloney and Florey r 1968]) . 

Direct observations of living glands confirm the phasic contraction of the investing 

muscle, yet fast contraction must. be coupled with the ability to generate large contractile 

force (tension) in orde1· to abruptly expe l the bulky, viscous secretory product through the 

narrow secretory pore. The required force may be a simple result of the pronounced 

thickness of the muscular investment of each secretory cell, because maximum tension 

produced by striated muscle is proportional to its cross sectional area (Josephson, 1975). 

Finally, although mitochondria a re common within the restricted perinuclear cytoplasm 

of the repugnatorial gland muscle, they are scarce alongside the myofilaments. Ln 

contrast, many mitochondria a re found throughout the length of obliquely striated 

myofibres that operate the radula of gastropods (Matisson and Arvidsson, 1966; isbett 

and Plummer, 1968: Plesch, 1977). This difference can be explained by the fact that 

radular muscles must perform long-term repetitive contractions requiring a high and 

continuous supply of metabolic energy, whereas functional contractions of the 

repugnatorial gland muscle occur only at the time of glandular discharge. 

The significance of two types of glandular cells with morphologically distinct secretory 

products is unknown. Previous investigators have noted that mucus is released 

concurrently with the defensive chemicals of certain other nudibranchs (Schulte and 

Scheuer, 1982; T. Thom pson, 1960b; Edmunds 1966; Carte and Faulkner, 1986). T. 

Thompson (1960b) suggested that mucus may retard the diffusion of volatile defensive 

chemicals and thus prolong their protective function to the threatened nudibranch. One of 

the secretory cell types of the repugnatorial gland of M. leonina may be a mucocyte. The 

combination of mucocytes and glandular cells that release defensive chemical within a 

single, multicellular gland would ensure the mixing of these two materials within the 

secretory duct during glandular discharge. 
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Table l: Number of repugnatorial glands that secreted in response to touches with a glass 

probe, compared to number that secreted in response to touches with a freshly 

excised tube foot of the seastar Pycnopodia helianthoides. The results are highly 

significantly different (p< < .0 l; Chi squared test for homogeneity with correction 

for continuity). 

Test Ceras Number of Glands Secreted (x/10) 
Glass Probe Tube foot 

1 4 7 
2 0 8 
3 3 6 
4 4 9 
5 6 6 
6 7 10 
7 9 9 
8 4 9 
9 8 7 
10 6 7 
11 3 5 
12 2 7 

Total: 56 (46. 7%) 90 (73%) 



Figure 106: Light micrograph (NDIC) of a portion of the ceratal epidermis of Melibe 

leonina s howing three repugnatorial glands (arrowheads). Scale bar = 100 µm. 

Figure 107: Light micrograph ( DIC) showing a ceratal repugnatorial gland located at the 

end of a smal l peripheral nerve (arrowheads). Scale bar = 25 µm. 

Figure 108: Light microgra ph (J OTCl of a repugnatoria l gland in latera l view s howing a 

tuft of s hort, stiff cilia (arrowhead) arising from the cera ta l epidermis (E) overlying 

the gland. Scale ba r = 25 µm. 

Figure 109: Scanning e lectron micrograph of the ceratal epidermis showing the secretory 

pore (P) of a repugnatorial gland surrounded by tufts of sensory cilia (arrowheads). 

Scale bar = 5 µm. 
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Figure 110: S ketch of a repugna torial gland of Melibe leonina in longitudina l section 

s howing the types A and B secretory cells, each with a la rge centra l vacuole (CV) 

contai ning the secretory product, and the muscle (M U) that encircles the gla nd and 

extends between t he individua l secretory cells. A bundle of ciliated sensory 

dendrites (CD) ha ving subepidermal cell bodies (CB) lies adjacent to the secretory 

duct (D) and secre tory pore (P ) of the g land. Ciliated supporting ce lls (S) flank the 

bundle of dendrites as they tro. verse the epide rmis (E). A nerve (N) extends to 

each repugnatoria l g la nd. Drawing not to scale . 
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Figure l 11: T ransmiss ion electronmicrograph (TE1VI) of a repugnatorial gland of Melibe 

leonina in oblique transverse section . The section passes through the central 

vacuole (CV) of two type A cells a nd one type B cell , and the nuclues (NU) of a 

type A cell and a muscle cell. Note the inne r and outer muscle layers (IM and 

OM). Scale bar == 5 µ m. 
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Figure 112: TEM of the secretory duct (D) and the distal portion of a type A and B 

secretory cell cut in longitudinal section. The extreme apical membrane of the 

secretory cel ls (arrowheads ) forms part of the floor of the secretory duct, which in 

turn opens external ly via the secretory pore ( P). The section also passes through a 

tuft of sensory cilia (C) located close to the pore. Scale bar = 5 µm. 

Figure 113: TEM of a cross section through a secretory duct (D) within the ceratal 

epidermis (E). The section passes through the apices of two type A secretory cells 

where they project into the lumen of the duct. Scale bar= 5 µm. 

Figure 114: 'TEM of a duct cell showing the fe lt-work of microfilaments (arrowheads) 

immediately beneath the microvilli (Ml) of the apical cell membrane. Scale bar = 

1 µm. 

Figure 115: Higher magnification of the apices of the type A and B secretory cells where 

they form the f1oor of the secretory duct (D) (enlarged from Fig. 112). In both 

cells, the apical membrane of the central vacuole (single arrows) is closely apposed 

to the apical membrane of the secretory cell (double arrows). Scale bar = 1 µm. 
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Figure 116: TEM through the cytoplasm of a type A secretory cell s howing a Golgi profile 

(G) and primary ( l V), secondary (2V), and te1·tiary (3V) cytoplasmic vesicles. The 

cytoplasm also includes bundles of microtubules 1,a rl'Owheads) adjacent to the 

central vacuole (CV) and many mitochondria (M ). The basal membrane is 

e laborated into interdigitating processes (P). The adjacent muscle fibres show 

several hemifasciae adherentes (arrows). Scale bar = 0.5 µm. 

Figure 117: TEM of a neuroglandular synapse onto a type A secretory cell. Scale bar = 

0.5 µm . 
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Figure 118: TEM of a portion of a type B secretory cell showing the parallel lamellae of 

rough endoplasmic reticulum (ER) arranged circumferentially around the central 

vacuole (CV). Scale bar = l µm. 

Figure 119: TEM of the cytoplasm of a type B secretory cell showing mitochondria (M), 

rough endoplasmic reticulum (ER), and a Golgi body (G) with associated vesicles 

(V) having an e lectron-dense content. The largest of these vesicles appears to be 

merging (arrowheads) with the central vacuole (CV). Also note the surface 

coupling (circled) between the sarcolemma of an adjacent muscle cell (MU) and a 

tubule of sarcoplasmic reticulum. Scale bar = 0.5 µm. 

Figure 120: TEM of a neuroglandular synapse onto a type B secretory cell. Scale bar 

0.5 µm. 
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Figure L2 l: TEJ\11 of t,wo muscle cells labelled MU 1 and lU2 adjacent to a type A 

secrewry cell. Axonal varicosities (arrowheads) containing clea r and s lightly 

e lectron-opaque vesicles lie close to both muscle cells and the myofilaments of the 

two are orie nted in opposing direct,ions. The section through MU L passes through 

its nucleus (NU) and also shows the oblique orientation of Z-bodies (arrowheads). 

Scale bar = 1 µ m. 

Figure L22: TEM of a neuromuscular synapse wit,hin a rcpugnatorial gland. Scale ba r 

0.5 µm. 

Figure L 23: TE { of several axona l profiles (A) extending between muscle fibres (MU) 

within a repugnat,orial gla nd. The a rrowhead indicates a neuromuscular synapse 

in which t,he content. of the synapt,ic vesicles is highly electron-dense. Scale bar = 

L µm . 
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F igure 124: TEM s howing a bundle of ciliated sensory dendrites (CD) flanked by 2 ciliated 

s uppor ting cells (S). The a rrowheads demarcate one side of a sensory dendrite as 

it penetrates the basal la mina of the epide1·mis and merges with its subepidermal 

cell body (CB). A neuropil (NP) showing a synapse (arrow) lies adjacent to the 

sensory ce ll body. Scale bar = 1 µm . 

F igure 125: T EM of a portion of sensory dendr ite cut in longitudina l section just distal to 

the basal lamina of t he cerata l epidermis. Note the microtubules (arrowheads). 

Scale bar = 0.25 µm . 

Figure 126: TEM of a tr ansverse section through a bundle of sensory dendrites. The 

dendrites contain a n aggregation of mitochondria (M) at this level of section Uust 

proxima l to the cilia ry basal bodies). The many small circular profiles 

(arrowheads) a re microtubules in cross section. Sca le ba r = 0.5 µm . 

Figure 127: TEJVI of cilia at the distal end of a group of sensory dendr ites (CD). Note the 

basal plate (BP), cilia ry rootlet (R) and basal foot (F). Scale bar = 0.5 µm. 

F igure 128: TEM s howing a portion of the nucleus (NU) and perinuclear cytoplasm of a 

sensory cell. The cytoplsam contains a multivesicular body (MB) and a group of 

many s ma ll vesicles (arrowheads). Scale ba r = 0.5 µm. 
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f igure 129: Light microgra ph of an undischarged repugnatorial gland (RG) beneath the 

ceratal epidermis of Melibe leonina. The prominent spheres within the capsule of 

the gland a re secretory cells filled with secretory product. Scale bar = 50 µm . 

Figure 130: Light micrograph of the same gland (RG) as shown in Fig. 129 photographed 

after touch by a probe induced discharge of the secretory product. The capsule of 

t he gland has cont racted and the prominent spheres a re a bsent. Scale bar = 50 

µm . 
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