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Abstract. The larval kidneys of prosobranch gastropods

have long been assumed to be involved in handling wastes,

but with little supporting evidence. In this study, the larval

kidneys of Searlesia dira and Niicella canalicu/ata were

studied with light, electron, and fluorescence microscopy.

They consist of three cell types: ( 1 ) a large external ab-

sorptive cell swollen with heterophagosomes and pos-

sessing an endocytotically active external surface; (2) an

internal crystal cell with numerous vacuole-bound crystals

of a calcium salt and with morphologically complex can-

aliculi: (3) an internal pore cell characterized by slit-pores

that lead to subsurface cisternae. a tubular network, and

one or two ciliated ducts that open into the hemocoel.

Empirical evidence indicates that the absorptive cell rap-

idly takes up and stores albumen proteins from the cap-

sular fluid. Absorptive cells were found in 1 7 of 1 9 species

tested, representing three prosobranch orders, but were

not found in 2 opisthobranch or 1 pulmonate species. We
hypothesize that the absorptive cells have become spe-

cialized for the uptake of capsular albumen prior to the

functional differentiation of the gut. However, the nutri-

tional importance of the absorbed albumen proteins and

the functions of the crystal and pore cells are presently

unknown. No evidence for an excretory function was

found for the larval kidney complex: it may be a vestigial

protonephridium. the components of which have become

disorganized and functionally altered.

Introduction

Larval kidneys are prominent structures found in the

neck region in many prosobranch embryos. They have

long been considered to excrete actively or to accumulate

waste products (Bobretzky, 1877; Heymons, 1893;Glaser.
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1904: Pelseneer, 1911: Franc. 1940). The hypothesis that

these structures are organs of accumulation is attractive

because it explains the large cells as an adaptation for

encapsulated development (Pelseneer, 1911; Eisawy and

Sorial. 1974). Embryos might better sequester their wastes

than pollute the surrounding capsular fluid.

Prosobranch larval kidneys have been described as

paired, laterally located uni- or multicellular structures

that protrude from the region behind the velum, and are

usually considered to be of ectodermal origin (Casteel,

1904; Portmann. 1930: Franc, 1941). Bobretzky (1877),

Conklin (1897). Glaser (1904), and D'Asaro (1966) de-

scribed them as enlarged ectodermal cells that either re-

leased excretory granules or were completely cast offbefore

hatching. In Ocenehru ueicitlala. Franc ( 1940) found the

larval kidneys to consist of a larger outer vacuolated cell

overlying a smaller internal cell containing green vacuoles.

He tried unsuccessfully to demonstrate experimentally an

excretory function of the larval kidneys. However, he did

find what he described as yolk platelets in the larger ex-

ternal cell of O. ac/culata and Thais haemastoma (Franc,

1940. 1941). Although Franc realized that the presence

of yolk would suggest that larval kidneys were involved

in something other than excretion, he retained the classical

assumption that they were organs of waste accumulation

and hypothesized that the yolk supplied the energy used

for waste acquisition (Franc, 1941 ).

Although the presence of larval kidneys in prosobranch

embryos has been reported by numerous authors, they

are poorly understood. The material accumulated in the

enlarged ectodermal cells of the larval kidneys has not

been identified, although Glaser (1904) claimed that an

aqueous extraction of larval kidney cells contained dilute

urea. Furthermore, little is known of the ultrastructure of

prosobranch larval kidneys. In this study I describe the

ultrastructure of the three cells that make up the larval
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kidney in the marine snail Searlesia dim and the ontogeny

of these cells, from the early trochophore to the mid-veliger

stage. Similar observations of the larval kidneys of Nucella

cana/icii/a/ti are included. Morphological and experi-

mental evidence shows that the large size of the larval

kidneys is due to endocytotically absorbed albumen pro-

teins, not stored waste products. Twenty other species of

gastropods were tested for larval kidneys that absorb dis-

solved proteins from the surrounding fluid.

Materials and Methods

Collection of egg masses and egg capsules

Most egg masses or capsules used in this study were

collected in intertidal or subtidal areas around San Juan

Island. Washington, or were obtained from animals

maintained in aquaria at the Friday Harbor Laboratories.

Egg capsules ofOcenebrajaponica were collected on oyster

flats in southern Puget Sound. Washington, and those of

Nucellu lapil/us at York Beach, Maine.

Specimen preparation for light and electron microscopy

Searlesia dira and Nucella canaliculala embryos to be

examined with scanning electron microscopy were re-

moved from their capsules, rinsed in filtered seawater,

relaxed with 7.5% magnesium chloride and fixed for one

to two hours at room temperature in 2%osmium tetroxide

in 1 .25% sodium bicarbonate at pH 7.2 (Wood and Luft,

1965). The embryos were then rinsed in distilled water,

dehydrated in ethanol, critical point dried, mounted, and

coated with gold. The embryos were examined with an

ETEC Autoscan or a JEOL JSM-35 scanning electron

microscope.

Satisfactory fixation of larval kidney cells for trans-

mission electron microscopy was difficult. Fixatives that

appeared suitable for adjacent ectoderm and subjacent

endoderm often produced fixation artifacts in the larval

kidney, particularly in the outer absorptive cell. The het-

crophagosomes of this voluminous cell appeared partic-

ularly sensitive to the osmolarity of the fixative. The larval

kidneys of Searlesia dira were most satisfactorily fixed in

a cacodylate buffered glutaraldehyde solution containing

ruthenium red. a method modified from Cavey and Clo-

ney (1972). Embryos removed from their capsules and
rinsed with seawater were placed in 2%glutaraldehyde in

a solution buffered by 0.2 Msodium cacodylate adjusted
to 1000-1 100 mOsMwith sucrose and containing 0.05%

ruthenium red and 0.002 Mcalcium chloride. Final pH
was adjusted to 7.4. This fixative did not work well for

the larval kidneys of Nucella canalicu/ata. which showed

better preservation using a 3% glutaraldehyde solution

containing 0.1 Msodium cacodylate and 0.001 /I/calcium

chloride and adjusted to 1000-1 100 mOsMwith sodium

chloride. This worked satisfactorily for light microscopy
but produced severe artifacts at the ultrastructural level.

The embryos were postfixed in 2% osmium tetroxide

in freshly mixed 1.25% sodium bicarbonate (pH 7.2) for

one hour at room temperature. The embryos were then

dehydrated and embedded in EPON(Luft, 1961).

One micrometer thick sections for light microscopy
were stained with a mixture of Azure II and methylene
blue in 0.5% sodium borate (Richardson et ai, 1960).

Serial thin sections for transmission electron microscopy
were stained with uranyl acetate and lead citrate (Reyn-

olds, 1963) and examined with a Philips EM-300 electron

microscope.

The Searlesia dira developmental stages that were sec-

tioned included early trochophores prior to or just after

the initiation of nurse egg feeding, late trochophores near

or just after the end of nurse egg feeding, early veligers

with the cephalopedal elements elevated from the main

embryonic body and the mantle fold near the anterior

end, and mid-veligers with greater differentiation of the

cephalopedal elements and a small mantle cavity. The

Nucella canaliculata developmental states that were sec-

tioned included late trochophores, early veligers, and mid-

veligers.

Exposure of embryos to test solutions

To study the uptake of material by the larval kidneys,

embryos were initially exposed to isosmotic solutions of

ferritin. Later experiments included placing embryos in

isosmotic solutions containing fluorescein, bovine serum

albumin (BSA). capsular albumen, fluoresceinisothio-

eyanate labelled BSA (FITC-BSA, Sigma Chemical Com-

pany), and/or FITC-capsular albumen.

The capsular albumen proteins of Searlesia dira were

labelled with FITC as follows: ( 1 ) seventy capsules less

than three weeks old (before the embryos had begun to

feed on the nurse eggs) were opened in 4C filtered sea-

water containing 10 Mg/ml of the antibiotic rifampicin.

The albumen was separated from the embryos and nurse

eggs by using a 152 ^m Nitex screen. (2) The seawater-

diluted albumen was centrifuged to remove any debris.

(3) The supernatant was placed in dialysis tubing on a

bed of Aquacide (CalBiochem) to extract water and con-

centrate the proteins. (4) The protein content of the so-

lution was estimated by spectrophotometrically measuring

absorbance at 280 m// and assuming the extinction coef-

ficient of capsular albumen is 6.2 (intermediate between

the extinction coefficients of BSA and human serum al-

bumin). (5) Sufficient NaHCO3 was added to make a 0.1

Msolution with a pH of about 9.2. (6) FITC (approxi-

mately one-tenth the weight of the estimated protein in

the solution) was dissolved in one drop of 0.5 A' NaOH.
then the buffered albumen solution was added. (7) The
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Figure 1. SEMof a Scarlcxia dira embryo shortly after the onset of feeding on nurse eggs showing the

protruding absorptive cells of the larval kidneys.

Figure 2. SEMof an older feeding stage o( S. dira fixed while swallowing a nurse egg. The absorptive

cells are larger and protrude further from the embryo's surface.

Figure 3. SEMof an 5. dira intracapsular veliger showing the developing cephalopedal structures and

the bulbous nature of the left absorptive cell.

Scale bars represent 100 ^m; ac. absorptive cell of the larval kidney; cv, cephalic vesicle: f, foot; oc, oral

cilia; m. mantle margin; ne. nurse egg; v. velum.

mixed solutions were incubated at 20C for 20 h. (8) Un-

reacted FITC was removed by adding 50 mg powdered
charcoal per mg FITC. spinning the charcoal down after

30 min and repeating this step. (9) The pH was adjusted

to that of seawater with 0.1 A' HC1 and the final solution

was dialyzed against seawater for four hours. This solution

contained approximately 0.37 mg/ml protein, as deter-

mined spectrophotometrically.

Embryos were transferred to a test solution at 12C
after first being removed from their capsules and rinsed

in filtered seawater. After periods of 10 min to 4 h. the

embryos were rinsed again in seawater and examined us-

ing light, fluorescence, or transmission electron micros-

copy.

To examine the nature of the crystals found in one of

the inner cells of Searlesia dim larval kidneys, live and

heat-killed embryos were examined with polarized light

while exposed to one of the following solutions: Millonig's

phosphate buffer at pH 3.5 to 7.5: 0.1 .17 glycine at pH
9.2: buffered (pH 8.5) and unbuffered (pH 3.0) 10% for-

malin in seawater: 0.1 MEGTA (pH 9.0) in seawater,

100% ethanol: 10% Triton-X 100 in distilled water; sat-

urated aqueous calcium chloride. Some live embryos were

placed in a 2 c
r alizarin red S solution in seawater for 48 h.

Some Searlesia dira embryos at the early veliger stage

of development were micro-injected in the hemocoel be-

hind the velum with an isosmotic ferritin solution. After

10 to 60 min. these embryos were fixed and prepared for

examination with transmission electron microscopy.

Larva/ kidney histochemistry

The periodic acid-Schiff reaction was performed on 10

^m thick serial paraffin sections of Searlesia dim embryos

fixed in Carnoy's fixative (Humason, 1972). As a control

for glycogen. some sections were incubated in saliva at

37 C for 1 h before applying the PAS technique. The

hexamine silver method (Pearse, 1972) was used to test

for urates in paraffin sections of embryos fixed in 100%

ethanol or Carnov's fixative.

Results

Searlesia dira

External morphology />/ the larval kidneys. The two

larval kidneys develop laterally on the embryo just pos-

terior to the mouth (Fig. 1 ). They are discernible as pro-

trusions on live embryos within four weeks of oviposition

at 12C. before the embryos have begun to feed on nurse

eggs. At this early trochophore stage, the larval kidneys

are circular in outline and 40 to 50 ^m in diameter. During

the one to two and a half weeks that the embryos are

feeding on nurse eggs and for a week or two afterwards.

the larval kidneys enlarge, bulging outward from the em-

bryo (Fig. 2). As they enlarge they become more hemi-

spherical, but their shape and size varies among embryos.

After nurse egg feeding has ended, the cephalopedal

elements grow out from the previously roundish embryo.

At this point the larval kidneys are on the neck region of

these veligers, posterior to the developing velar lobes but

anterior to the forming mantle cavity. The right larval

kidney has typically become elongate in the dorso-ventral

axis, extending dorsally from the midlateral line. In con-

trast, the left larval kidney has become more bulbous,

protruding at the level of, or slightly ventral to. the left

lateral midline (Fig. 3).
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Figure 4. Schematic drawing of a section through the three cells making up a larval kidney complex in

a Searlfsia (lira veliger. Proportions are not relative. The crystals in the vacuoles of the crystal cell dissolve

during fixation and were not seen in sections.

Figure 5. One micrometer thick section of the larval kidney complex in S (lira The pore cell can only

be positively identified in fixed material with TEM.
Scale bar represents 25 jim; ac. absorptive cell; ca. canaliculus; cc. crystal cell; cd, ciliated duct (one of

two); db, dark body; ec, ectoderm; el, external lamina; en. endoderm; ev, endocytotic invaginations and

vesicles: h. heterophagosomes; ma, macromere of swallowed nurse egg; mv. microvilli; pc, pore cell; tn.

tubular network; sc, subsurface cisternae; sp, split pores; v, vacuoles.

The larval kidneys have achieved their maximum size

by the time the advancing mantle margin begins to form

the mantle cavity. The elongate right larval kidney can

be up to 100 /urn long and 35 /jm wide, while the more

spherical left larval kidney may reach 80 /^m in diameter.

The larval kidneys have no distinctive coloration, but ap-

pear more yellowish-white than adjacent ectodermal cells.

Both larval kidneys maintain their relative shape, position,

and size during the intracapsular veliger phase of devel-

opment. During the intracapsular metamorphosis that

follows, the larval kidneys diminish in size until they are

no longer discernible before the end of velar lobe resorp-

tion. There is no evidence suggesting that the larval kid-

neys fall off or spontaneously release their contents into

the lumen of the capsule. There is also no evidence of a

pore near the larval kidney as reported in Ilyanassa ob-

soleta (Tomlinson. 1987).

Ultrastructure ol ilie larva/ kidney* ofSearlesia dira.

Each larval kidney is a complex of three cells: absorptive,

crystal, and pore cells. An exception was found in one

sectioned embryo that had a small second crystal cell ad-

jacent to the main one. Absorptive cells are named after

their ability to absorb external proteins. Crystal cells have

been reported in prosobranch larval kidneys by Portmann

( 1930) and Fioroni ( 1985). Larval kidney pore cells have

surface specializations similar to pore cells found in mol-

luscan connective tissue (Sminia and Boer, 1973), al-

though they are called rhogocytes by Fioroni el a/. (1984).

Each cell type is identifiable in thin sections of the pre-

feeding trochophores, the earliest stage examined. Figure

4 schematically illustrates the distinctive features of these

three cells in an early veliger.

Absorptive cell. The absorptive cell is the outermost

and largest of the three cells that comprise the larval kidney

complex (Figs. 4. 5). The external surface of the absorptive

cell is exposed to the capsular fluid surrounding the em-

bryo. Morphological and experimental evidence indicate

that it is a surface active in receptor-mediated endoc\ tosis.

It is elaborated into numerous microvilli up to 1.8 /urn

long that have endocytotic vesicles forming around their

bases (Fig. 6). Adjacent endocytotic vesicles apparently

fuse shortly after their formation, and the resulting small

heterophagosomes fuse with larger, deeper heterophago-

somes. The size of the absorptive cell may be due mostly

to a few large heterophagosomes, which can reach 35 ^m
in diameter. In live embryos, large heterophagosomes can

easily be detected in the absorptive cell with light mi-

croscopy, they appear refractile and colorless.
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When embryos are soaked in a territin solution for 10

min or more, ferritin is found in endocytotic vesicles and

heterophagosomes (Fig. 6). Thus, the heterophagosomes

contain material brought into the cell by endocytosis. In

untreated embryos, the contents of the heterophagosomes

appear fairly uniform with scattered granules, fibrils, or

membranous structures. The density of the contents varies

among the heterophagosomes within a cell. This appears

to be due to differences in concentration of the contents,

not to a segregation of material brought into the cell. This

is supported by the fact that ferritin is eventually found

in all the heterophagosomes in treated embryos. After an

embryo has soaked 20 min in a reddish ferritin solution

at 15-18C, the absorptive cell takes on a light reddish

color. This color is restricted to small heterophagosomes

in the external cortex of the cell. After another 30 min in

the solution, the color can be perceived in larger hetero-

phagosomes deeper inside the cell. After an hour or more,

the absorptive cells are deep red. This contrasts with the

rest of the ectoderm which has remained translucent and

colorless. There is also no concentration of ferritin in cells

lining the gut.

The heterophagosomes comprise an estimated 80-90%

of the absorptive cell's volume when the cell has reached

its maximum size. The nucleus is usually centrally located,

surrounded by heterophagosomes that indent the nuclear

membrane. Few organelles occur in the apical cytoplasm;

Golgi cisternae, mitochondria, and dense concentrations

of rough ER are found laterally and basally. The ground

cytoplasm appears more electron-dense than that of ad-

jacent ectodermal cells or the subjacent crystal cell (Fig.

7. upper right).

The heterophagosomes showed a positive periodic-acid

Schiff reaction which did not change after incubation of

sections with saliva. This indicates the presence of a car-

bohydrate or carbohydrate-protein complex, but not of

glycogen (Humason, 1972). Also, glycogen was not seen

in electron micrographs. Tests for urates were negative,

and no crystals or large granules were found in the het-

erophagosomes or cytoplasm. The heterophagosomes

contained a few myelinic bodies, but these were uncom-

mon and probably fixation artifacts. Experimental evi-

dence (described below) indicates that the heterophago-

somes contain albumen proteins taken in from the cap-

sular fluid.

Crystal cell. The crystal cell is subjacent to the absorp-

tive cell (Figs. 4. 5, 7). The plasmalemmae of these two

cells are closely apposed. although occasionally small in-

tercellular spaces are found. Junctional complexes be-

tween them were not found. The crystal cell covers most

of the inner surface of the absorptive cell.

In live embryos, the crystal cell can be discerned under

the absorptive cell because of its crystals. These crystals

can be seen most easily in early veliger stages. They are

irregularly shaped and usually occur singly within vacu-

oles, but may be in clusters of up to five crystals. The

crystals measure up to 5 //m in diameter and are birefrin-

gent under polarized light. There are from 20 to 60 crystals

in each crystal cell in early veligers. The crystals are sol-

ubilized, as determined by the loss of birefringence, within

2-5 min in heat killed embryos in pH 3.5 Millonig's

phosphate buffer or in pH 9.0 0.1 MEGTA in seawater.

They quickly dissolved when live embryos were fixed in

unbuffered pH 3.0 10% formalin, but not in buffered pH
8.5 formalin. The crystals were not solubilized within 10

min in phosphate buffers with a pH from 5.0 to 7.5, in

pH 9.2 0.1 Mglycine, in ethanol, or in live embryos in

the EGTA solution. The crystals quickly dissolved in 1

TV NaOHand in a 10% solution of the detergent Triton-

X 100 as soon as the vacuoles containing the crystals broke

open. However, in 10% Triton-X 100 made up in a sat-

urated calcium chloride solution, the crystals dissolved

more slowly after the vacuoles were lysed. In live embryos
that were soaked in a filtered 2% alizarin red S solution

in seawater for 24 h, the normally lightly greenish-yellow

crystals were reddish, as was the growing edge of the shell.

The distinctive features of the crystal cell in sectioned

material are the presence of numerous membrane-bound

vacuoles and a complex canaliculus. The vacuoles are few

and small in pre-feeding trochophores (Fig. 8), but they

become larger and more numerous as development pro-

ceeds (Fig. 7). The vacuoles originally contained the crys-

tals that were solubilized during fixation. The appearance

of the vacuolar contents varies with the fixation used, but

they generally appear light under light and electron mi-

croscopy. In material fixed in cacodylate buffered glutar-

aldehyde with ruthenium red and post-fixed in osmium

tetroxide, the contents include small granules, fibrils, and

membranous or myelinic bodies. Larger electron-dense

granules are occasionally found, especially when osmium

tetroxide is used as the primary fixative. These may be

the remnants of partially dissolved crystals.

The canaliculus that also characterizes the crystal cell

is morphologically complex and ends blindly. Its devel-

opment is associated with the development of a ciliated

duct in the pore cell. In the early trochophore, the opening

of the canaliculus faces the pore cell in an area surrounded

by a zonula adherens between these two cells (Fig. 8). At

this stage there is no communication between the lumen

of the canaliculus and the nearby hemocoel. The walls of

the canaliculus possess numerous plications and microvilli

that protrude into the lumen, vastly increasing the surface

area of the canaliculus. Cilia arising from a duct in the

pore cell extend into the lumen of the canaliculus. The

canaliculus can extend for most of the length of the crystal

cell before it ends. It has many short side branches, and

it may bifurcate near its blind end. As development pro-

ceeds, the plications and microvilli become more nu-



310 B R RIVEST

mv
.*

.V--

fW*to_

'"PP' w 5- JBKK'Si/.' ''<\ "-.

i
Figure 6. TEM of the external border of an absorptive cell in a Sear/esia (lira trochophore that had

been soaked in a lerritin solution for 2 h prior to fixation, illustrating the endocytotic uptake of ferritin and

its accumulation in heterophagosomes. Scale bar represents 1 /jm.

Figure 7. TEMshowing two crystal cells, a pore ceil and the inner edge of the absorptive cell in a larval

kidney of an early S. dim veliger. Most larval kidney complexes have only one crystal cell. The pore cell at

this stage has little contact with the crystal cell, and has become branched. Scale bar represents 5 jim.

c indicates the canaliculus: cc. crystal cell: ev. endocytotic vesicles; f, ferritin; h. heterophagosomes of

absorptive cell; he. hemocoel; mv, microvilli; pc. pore cell; v, vacuole.

merous and more cilia grow into the canaliculus from the

pore cell as the canaliculus becomes longer (Fig. 9). Oc-

casional invaginations of coated membrane in the cana-

licular wall and nearby coated vesicles suggest receptor-

mediated endocytotic uptake of material from the cana-

licular lumen.

By the time the embryo has developed into an early

veliger, the crystal cell has lost its close association with

the pore cell. These two cells still adjoin each other in a

small area, but junctional complexes between them are

no longer found. With the separation of these cells, the

cilia from the pore cell no longer extend into the canalic-

ulus of the crystal cell. Both the canaliculus of the crystal

cell and ciliated duct of the pore cell now open into the

hemocoel. However, the lumen of the canaliculus has be-

come generally occluded by plications and microvilli.

These structures fill the canalicular opening so that it is

reduced to a web of anastomosing slits (Fig. 10). Only at

one or two sites inside the cell does the lumen of the

canaliculus open up into spaces that are lined by microvilli

(Fig. 1 1 ). At these locations, the contents of the lumen

appear finely granular. Elsewhere there is very little space
within the walls of the canaliculus. Even the finger-like

side branches contain long microvilli that fill the lumen.

A transverse section of these filled branches appears as

two concentric rings of unit membrane (Fig. 1 I ).

Pore cell. The pore cell is the inner most of the three

cells which comprise the larval kidney complex. It is char-

acterized by slit-pores on the cell surface leading to sub-

surface cisternae, an extensive network of membranous

tubules, and one or two ciliated ducts that eventually open
into the hemocoel.

In the prefeeding trochophore, the pore cell is discoid

and adheres closely to the hemocoelic side of the much

larger crystal cell ( Fig. 8 ). It is relatively undifferentiated.

having few if any slit-pores and little tubular network.

At this stage about six cilia arising from a shallow in-

vagination have grown into the canaliculus of the crystal

cell. The invagination deepens and the cilia become

more numerous as the cell continues to differentiate

(Fig. 9). As the crystal cell and pore cell become less

closely associated, the cilia may extend into the hem-

ocoel.

As the pore cell enlarges and differentiates, it grows

away from the crystal cell into the hemocoel and becomes

branched. As seen by Nomarski differential interference

contrast microscopy, the branches attenuate into filopodia

that extend toward the esophagus or to nearby ectodermal
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cells. The cell body is thus suspended in the hemocoel

underneath the crystal cell.

The cell surface develops slightly flattened, interdigi-

tating linger-like processes that lie over spaces called sub-

surface cisternae (Skelding and Newell, 1975) (Figs. 12-

14). The subsurface cisternae are typically around 200 to

300 nm deep, but their width varies considerably and in

relation to the number of processes that form their roof.

Although subsurface cisternae eventually develop under

most of the cell surface, they are not interconnected.

The interdigitations are separated by slit-pores of a uni-

form 22.5 to 24.0 nm width that connect the subsurface

cisternae with the hemocoel. The gap may contain fibrous

material, but there was no evidence suggesting that the

slit-pore is spanned by a diaphragm or membrane. An

external lamina covers the surface of the pore cell, al-

though in many preparations it has separated from the

cell surface, possibly a result of fixation (Fig. 14). A dense

material lies beneath the plasmalemma on either side of

the slit-pores (Figs. 12. 13).

The floor of the subsurface cisternae consists of an en-

docytotically active plasmalemma. Imaginations of

coated membrane pinch off to form vesicles that contain

material brought in through the slit-pores (Fig. 14). The

slit-pores could be a site of filtration, although particles

as large as ferritin injected into the hemocoel pass through

the slit-pores into the subsurface cisternae and are taken

up by endocytotic vesicles (Fig. 15). The external lamina,

however, may act as a partial barrier to the passage of

ferritin because the density of ferritin within the subsurface

cisternae was less than that in the hemocoel.

An extensive tubular network is found throughout the

cytoplasm of the pore cell. This anastomosing network

contains material taken in from the subsurface cisternae

by endocytosis. Ferritin injected into the hemocoel is

found within 10 to 15 min in endocytotic vesicles and the

tubular network (Fig. 15). In non-injected embryos, a very

fine fibrillar material is found adjacent to coated

membranes in the subsurface cisternae, in endocytotic ves-

icles, and in some parts of the tubular network (Fig. 16).

Some inflated parts of the tubular network contain dark

bodies. The dark bodies appear homogeneous and consist

of a finely granular material. Small dark bodies may be

surrounded by regions of the lumen of the tubular network

(Fig. 16, near top), but this is not true with large dark

bodies(Figs. 7, 15, 16, near bottom, and 17). Dark bodies

are apparently formed by a condensation of material taken

up endocytotically from the subsurface cisternae and

channeled into the cell by the tubular network. Although
the dark bodies appear electron dense in the transmission

electron microscope, they are colorless and refractile in

live embryos.

Golgi complexes are often found near enlarged regions

of the tubular network (Fig. 17). Small vesicles about 80

nm in diameter frequently found near the Golgi cisternae

may arise from the ends of the Golgi cisternae and fuse

with the tubular network.

During development, the ciliated inpocketing of the

pore cell deepens until the cilia arising from the proximal

end of the duct no longer extend distally beyond the duct

opening into the hemocoel. A second ciliated duct de-

velops, apparently separate from any association with a

canaliculus in the crystal cell. Regardless, it is morpho-

logically indistinguishable from the first duct. As devel-

opment of these ducts proceeds, additional cilia form, both

at the proximal ends and scattered along the walls. Trans-

verse sections of each duct reveal from 10 to 70 cilia. The

number becomes greater in distal regions of the ducts and

with greater cell differentiation. Occasional inpocketings

of coated membrane indicate a low level of endocytotic

activity. The duct walls are surrounded by a continuous

plasmalemma for most of their length, but are perforated

by a few slit-pores in a some distal areas (Fig. 16). In

contrast to the other slit-pores, these are openings between

the duct lumen and the hemocoel. When present. ~ie

are usually only one to five slit-pores in a transverse section

through a ciliated duct. Even when they are more nu-

merous, they have never been seen to occur around more

than one third of the periphery of the duct, nor do they

occur along much of the duct length. Presumably, the

beating of the cilia in the duct could draw hemolymph in

through the slit-pores. However, no ferritin was found in

the ciliated ducts of embryos that had been injected with

ferritin fifteen minutes before fixation.

The internal walls of the duct occasionally possess slit-

pores leading to subsurface cisternae (Fig. 16). These

structures have the same morphology as those on the per-

ipheral cell surface and show some endocylotic activity,

but are not common.

In the mid-veliger stage, prior to the formation of a

mantle cavity into which the cephalopedal elements can

be withdrawn, the distal region of each ciliated duct is

found in a tubular outgrowth from the pore cell. The walls

of this tube may be as thin as 0.3 /jm, but are only oc-

casionally perforated by slit-pores even though some slit-

pores leading to subsurface cisternae are found on the

hemocoelic surface of the tube. As in the more proximal

regions of the duct, some cilia arise within this tubular

section. The ciliated ducts' opening into the hemocoel

has no morphological specializations, although cilia orig-

inating from \\ithin and around the opening extend into

the hemocoel.

The branches of the pore cell containing the ciliated

ducts do not appear to be extending towards a particular

point within the embryo. The distal tubular sections of

the ducts and their openings were found in a variety of

locations: just beneath nearby ectodermal cells, internally
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Figure 8. TEMshowing the close association of the developing ciliated duct of the pore cell with the

canaliculus of the crystal cell in an early trochophore ofSearlesia dint

Figure 9. TEMof the same association seen in Figure 8, but in an older trochophore. Numerous cilia

arising from the duct in the pore cell extend into the canaliculus of the crystal cell.

Figure 10. TEMof the opening of the crystal cell's canaliculus into the hemocoel in an early S dim

veliger. The opening of the canaliculus is no longer obstructed by the pore cell, but plications and microvilli

from the canahcular wall reduce the opening to a web of anastomosing slits.
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closer to the esophagus, or at some point between the

esophagus and ectoderm.

In living early veligers, the ciliated ducts could be ob-

served with Nomarski differential interference contrast

microscopy. This stage was most suitable for observations

because the larval kidneys were on the transparent neck

region of the embryo. As seen in sections, the branching

pattern and location of the pore cell relative to the crystal

cell varied among embryos and between sides of the same

embryo. Cilia within the ducts were seen actively beating,

but those that extended for most of their length into the

hemocoel beat irregularly and slowly. Occasionally the

beat of the cilia would stop, at which time the ducts could

not be discerned. In some preparations where the embryos

were favorably oriented, two ciliated ducts within a single

pore cell could be distinguished. However, only one could

be discerned in most.

Uptake oj fluorescein-labe lied proteins by the absorptive

cell. The initial endocytotic uptake and concentration of

ferritin by absorptive cells raised questions regarding the

kinds of material that normally would be removed from

the capsular fluid by the these cells. If the larval kidneys

were a storage site for wastes or foreign molecules picked

up from the capsular fluid, then the absorptive cells may
have reacted to the apoferritin protein coat as an exoge-

nous molecule and removed it from the external milieu.

To determine if the absorptive cells take up the endoge-

nous albumen proteins to which they are normally ex-

posed, embryos were soaked in a solution of FITC-labelled

capsular albumen proteins for 10 min to 4 h, then rinsed

with seawater. Under UVepi-illumination, the absorptive

cells on these treated embryos fluoresced, whereas no other

cells did at a visible level (Figs. 18, 19). This was true for

all developmental stages examined, from early prefeeding

trochophores with absorptive cells barely protruding from

the embryo, to late veligers with absorptive cells that

were diminishing in size. No cells in control

embryos examined immediately upon removal from their

capsules fluoresced.

Absorptive cells on embryos soaked in FITC-BSA flu-

oresced in a manner indistinguishable from those exposed

to FITC-conjugated capsule albumen proteins. Therefore,

FITC-BSA was used for many observations on Searlesia

(lira as well as other species. Some embryos, particularly

trochophores during the nurse egg feeding stage of devel-

opment, had swallowed enough of the FITC-BSA solution

so that the gut lumen fluoresced. However, the level of

this fluorescence was comparable to that of the soaking

solution, which was low relative to the brilliance of the

absorptive cells.

The absorptive cells did not take up unconjugated flu-

orescein in quantities visible even after soaking for 24 h.

Furthermore, no fluorescence was seen in the absorptive

cells when glucose, urea, BSA, capsular albumen, or fer-

ritin was added to the fluorescein solution, even when the

ferritin was taken up at levels detectable at the light level.

Contrary to the absorptive cells, the crystal cells did

fluoresce in embryos that had been exposed to fluorescein

solutions. In contrast to FITC-conjugated proteins, flu-

orescein entered the embryos so that the hemocoel flu-

oresced. However, the fluorescence of the crystal cell was

greater than that of the hemocoel. Approximately 50% of

the fluorescing crystal cells possessed an internal structure,

possibly the canaliculus, whose fluorescence was markedly

brighter than the rest of the cell. It was around 5 to 6.5

j/m wide and 30 to 35 nm long, traversing about two-

thirds of the cell. Although this is up to twice the diameter

of the canaliculus visualized in sectioned material, no

other structure in the cell more closely approximates these

dimensions. The vacuoles containing the crystals were

not distinguishable in these treated embryos under UV
epi-illumination.

The pattern of fluorescence in the absorptive cells of

the embryos exposed to FITC-BSA depended on the

length of time of exposure and on the time since they

were removed from the FITC-BSA. After 10 min of ex-

posure, fluorescence could be detected in a few small het-

erophagosomes lying beneath the plasmalemma. With

increasing time of exposure, fluorescence was seen in

many more small heterophagosomes, in larger hetero-

phagosomes further inside the cell and with greater in-

tensity. The larger internal heterophagosomes were dimly

fluorescent within 2 h, and brightly fluorescent after 4 h.

After 7 h, the fluorescence in the larger heterophagosomes

was uneven, suggesting a heterogeneity of protein con-

centrations within those structures. In embryos that were

exposed to FITC-BSA for 3 h and then placed in normal

seawater, few fluorescent small heterophagosomes were

seen after another 3 h, with most of the fluorescence re-

stricted to larger heterophagosomes. The fluorescence

from the FITC-BSA taken in during the 3-h exposure was

still present in the larger heterophagosomes three days

later, the longest embryos survived after excapsulation.

The fluorescence did not appear to diminish in intensity.

Figure 11. TEMof a cross section of a canaliculus in the pore cell of an S. dira early veliger. The lumen

of the canaliculus is surrounded and often occluded by microvilli. There are numerous finger-like side

branches of the canaliculus. each of which is filled by a microvillus.

Scale bars represent 2 /im; ac, absorptive cell; c, canaliculus; cc, crystal cell; cd. ciliated duct; ci, cilia; co.

openings of ciliated duct; en. endoderm; h, heterophagosome of absorptive cell; he. hemocoel; mi, microvilli;

pc, pore cell; sb. side branches of the canaliculus each filled by a microvillus; v, vacuole; za, zonula adherens.
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Figures 12 and 13. TEMs of two sequential grazing sections of the surface of the pore cell in Si'urliviu

dira. illustrating how the interdighations of finger-like processes form uniform 23 nm wide slit-pores and

subsurface cisternae.

Figure 14. TEMof a pore cell in an 5. dira early veliger, showing the extensive tubular network and

endocytotic vesicles forming from the floor of the subsurface cisternae.

Figure 15. TEMof the pore cell of an .f. dira early veliger whose hemocoel had been injected with

ferntin 1 5 min prior to fixation. The ferritin solution still fills the hemocoel. Femtin has entered the subsurface

cisternae and was taken up in endocytotic vesicles which then fused with the tubular network.

Scale bars represent 1 ^m; cd. ciliated duct: db. dark body; e. endocytotic invagination; el. external lamina:

i endocytotic vesicle; f. ferritin; he. hemocoel; m. mitochondrion; pr, cell processes; sc. subsurface cisternae;

sp. slit-pore: tn, tubular network.

nor did it appear in other cells. However, within 1 5 h of

exposure to FITC-BSA, the fluorescence was not clearly

confined to the heterophagosomes; the cytoplasm of the

absorptive cell also fluoresced. although dimly. This may

indicate that labelled material is passed to the cytoplasm,

that some heterophagosomes had burst, or that digestion

of the FITC-BSA was releasing fluorescein which was dif-

fusing into the cytoplasm.
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Figure 16. TEMshowing the ciliated duct, endocytotic activity and dark bodies in the pore cell of a

Searlesia dira early veliger. Note the early stage of dark body formation within the tubular network near

the upper surface of the cell and the slit-pores within the ciliated duct.

Figure 17. TEMof the pore cell of an early trochophore of S. dira showing a large Golgi complex near

a small dark body (near the upper cell surface) that is surrounded by smaller membrane-bound vesicles of

similarly electron-dense material. Membranes are not always clearly seen around large dark bodies, as is

evident at the bottom of this figure.

Scale bars represent 1 /jm: cd, ciliated duct: db. dark body; e. endocytotic imaginations or vesicles; g,

Golgi complex; he, hemocoel; m, mitochondria; n, nucleus: IT. rough endoplasmic reticulum; sc, grazing

sections of subsurface cisternae: sp. slit-pores; tn, tubular network.

Niicella canaliculata

As in all other species examined, the larval kidney

complexes in A', canaliculala are located laterally in the

neck region. They are first discernible in live embryos
about the time the cephalic vesicle begins to enlarge on

early trochophores. They increase rapidly in size and are

prominent structures on late trochophores (Fig. 20). They
reach their maximum size by the early veliger stage, a

stage by which all nurse eggs have been eaten and the

viscous capsular albumen has been absorbed or eaten.

The A', canaliculata absorptive cells become the largest

cells in the embryo. They are larger than absorptive cells

in any other species examined in this study except for

those in A', lamellosa. which are comparable in size. They
are hemispherical to almost spherical in shape. Their di-

ameter can reach 300 jum, which means the two absorptive

cells can comprise approximately 20%of the tissue volume

of the embryo. The absorptive cells are fragile; their plas-

malemmae are easily ruptured by handling of the embryos

or by osmotic shock, slowly releasing intact heterophago-

somes that may adhere to the outside of the cell (Fig. 2 1 ).

Only a general ultrastructural examination of the N.

canaliculata larval kidney was completed because a sat-

isfactory fixative was not found. Early trochophores

through late veliger stages were sectioned for examination

with light microscopy, but only the late trochophore stage

was serially thin sectioned for TEM. The larval kidney in

jV. canaliculata consists of the same arrangement of an

absorptive cell, a crystal cell and a pore cell as found in

S. (lira. The cytology of the absorptive cell in Ar
. canali-

culata is also similar. The external plasmalemma with its

microvilli (Fig. 21) is endocytotically active. The heter-

ophagosomes are heterogeneous in their density at both

the light (Fig. 22) and TEM level. Rosettes of glycogen

are present in the cytoplasm. Ferritin is rapidly taken in

and stored in heterophagosomes, as is FITC-BSA (Fig.

23). These cells are endocytotically active throughout the

intracapsular veliger phase of development. The crystal

and pore cells differentiate in association with each
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Figure 18. Light photomicrograph of a live Searlesia dim early veliger that had been soaked in a solution

of FITC-capsular albumen for 3 h.

Figure 19. Epifluorescence photomicrograph of the same veliger seen in Figure 18, showing the bright

absorptive cells that accumulated the fluorescein-labelled protein.

Scale bar represents 100 ^m; ac. absorptive cell; ec, ectoderm; f, foot; ne, swallowed nurse eggs; v, velum.

other and develop the same ultrastructures they do in

5. dim.

Presence ofahsor/nive cells in di/fercnt gastropod spe-

cies. Embryos and some larvae from the three gastropod

subclasses were tested for the presence of larval kidney

absorptive cells. The species examined normally hatch

either as veligers or postmetamorphic juveniles. Embryos
were removed from their capsules, rinsed in seawater and

placed in an FITC-BSA solution for at least I h before

being examined under UVepi-illumination. Posthatching

veligers of several species were obtained from cultures for

testing.

In all seven prosobranch species tested that hatch as

veligers, paired absorptive cells were found in prehatching

stages (Table I). After hatching, veligers lost their absorp-

tive cells within two or three days. Crystal cells were also

detected in Oenopota levidensis veligers with polarized

light. These cells were no longer detectable after the ab-

sorptive cells were resorbed during the second to third

day after hatching.

Of the twelve prosobranch species tested that hatch as

juveniles, only ten had embryos possessing paired ab-

sorptive cells (Table I). In these species, the absorptive

cells were resorbed or at least did not protrude from the

embryos after intracapsular metamorphosis. Littorinu

sitkanu and Petaloconchus moniereyensis embryos were

the only prosobranchs that did not show absorptive cells

at some stage. The capsules of L. silkana contain albumen,

but those of P. nn >ntereyensis possess little or none as they

are packed with nurse eggs. None of the opisthobranch

or pulmonate embryos had absorptive cells.

Discussion

Lack of evidence of waste accumulation

Marine prosobranchs are basically ammoniotelic, al-

though uric acid may be found in various tissues (Nicol,

1960; Duerr, 1968). The larval kidneys, however, do not

contain uric acid. The histochemical tests for urates in

Searlesia dim and Nncella canaliculata embryos were

negative, and there was no ultrastructural evidence for

urates like that seen in terrestrial snails by Bouillon and

Vandermeerssche (1962) and Pecheco (1971). The lack

of uric acid and the positive PAS staining of the absorptive

cells indicates that their large size is due to polysaccharides

or polysaccharide-protein complexes and is unlikely due

to accumulation of waste products.

Although no evidence for excretory activity by the larval

kidneys was found during this study, previous reports in-

dicating such a function may have been a consequence

of several factors. First, these complexes of cells were called

larval kidneys without any apparent definitive elucidation

of their function, thus possibly biasing others as to their

supposed role. Second, the delicate nature of the absorp-

tive cells and the difficulty in fixing them well for ultra-

structural studies help explain some of the observations

of 'excretory' activity that have been reported. These large

cells often break open, releasing intact heterophagosomes,

before other structures visibly deteriorate in embryos re-

moved from their capsules. Thus, the "excretory granules"

seen by D'Asaro (1966, p. 895) emanating from the larval

kidneys of Thais haeimistoma and what Portmann (1930)

thought were escaping waste-ladened wandering cells in

Biieeinum iindatitin embryos were likely to be hetero-

phagosomes spilling from ruptured absorptive cells. The

fragility of these cells may be due to the proteins they

have accumulated causing osmotic shock when the em-

bryos are removed from their capsules. This may be why
these cells are difficult to fix well for ultrastructural study.

The exocytosis cited as evidence for excretion by the ab-

sorptive cells in Nncella lapillns (Fioroni, 1985; Fioroni

el u/-. 1985) is similar to that seen in poorly fixed embryos
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Figure 20. SEMof a A'/<a'//a canaliculata late trochophore showing the large size of the absorptive cells.

Figure 21. SEMof an absorptive cell on an early veliger of A'- canaliailuia. The cell has broken open

revealing heterophagosomes. Microvilli are evident covering the external surface of the cell.

Figure 22. A light photomicrograph of a l-/tm thick section of an absorptive cell in an early veliger of

N. canaliculata. Although the heterophagosomes are evident, the internal ultrastructure of the cell was

greatly affected by fixation artifacts.

Figure 23. An epifluorescence photomicrograph of an absorptive cell on a live A', canaliculata early

veliger that had been soaked for 1 h in a solution containing FITC-BSA. Heterophagosomes are clearly

visible, with their level of fluorescence differing according to the amount of FITC-BSA they contain.

Scale bars represent 100 /jm; ac. absorptive cell: cv. cephalic vesicle; ec. ectoderm: en. endoderm; f, foot;

h. heterophagosome; sh, shell: v. velum.

of S. (lira and A', canaliculata. It would seem illogical to

describe the larval kidneys as specialized organs for en-

capsulated development that accumulate waste and then

release it into the capsular fluid that bathes the embryos.

Absorptive cell

The absorptive cell is the only cell of the larval kidney

complex that is exposed to the capsular fluid. It is clear

from the experimental exposure of S. (lira embryos to

ferritin and FITC-capsular albumen that the absorptive

cells rapidly take up protein from the external milieu by

endocytosis and store it in heterophagosomes.

The early differentiation of the absorptive cells is con-

sistent with the hypothesis that the albumen is an impor-

tant source of nutrition for which capsulemates compete.

The earlier an embryo has functional absorptive cells the
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Table I

The presence of paired, laterally located fluorescent ectodermal absorptive cells in gastropod embryos or larvae exposed to FITC-BSA

Species (hatching stage*) Fluorescing cells Developmental stages tested

PROSOBRANCH1A
Mesogastropoda

Lacuna variegala (V)

Lil/orina silkana (J)

Pelaloconchus montereyensis (J)

Calyptraea fastigiata (V)

Crepidula fonncala (V)

Crepidula adunca (J)

Trichoimpis camvllaia (
V )

Lamellaria sp. (V)

Neogastropoda

Nucclla canaliculate (J)

NHcellii cnuirginala (J)

Nucella lamellosa (J)

Nucclla lapillus (J)

Nucella lima (J)

Ocenebra japonica (J)

Ceralostnma foliatuin ( J )

Amphissa columbiana (V)

Scarlcsia dira (J)

Neptunea lyrala (J)

Oenopota Icvidensis (V)

OPISTHOBRANCH1A
Onchidoris bilamellata (V)

Tn Ionia diomedea (V)

PULMONATA
Lymnaea stagnalis (J)

+ (weak)

+ (weak)

Prehatching and 2-day-old veligers

Veligers

Before, during, and just after feeding on nurse eggs

Late trochophore

Prehatching veligers

Early to late shell formation

Prehatching to 3-day-old veligers

Prehatching veligers

Trochophores to late veligers

Trochophores, late veligers

Trochophores to late veligers

Trochophores to early veligers

Trochophores to early veligers

Early veligers

Early trochophores

Prehatching veligers

4 days post-hatching

Trochophores to late veligers

Late trochophores

0-2-day-old veligers

Veligers older than 2 days

1-2 days posthatching

Prehatching veligers

Before and during intracapsular albumen ingeslion phase

V =
veliger; J =

crawling juvenile.

greater are its chances of getting a larger share of the al-

bumen in the capsule. The larval kidneys may be present

as early as before (Franc, 1940) or just after (Eisawy and

Serial, 1974) the end of gastrulation. In living 5. dira and

N. canaliculata embryos, the absorptive cells are visible

with light microscopy and are increasing in volume by
the early trochophore stage. The cells reach their maxi-

mumsize by the early veliger stage, a time by which no

viscous albumen remains in the capsular fluid. There are

great differences in absorptive cell sizes among proso-

branch species, but this does not necessarily mean differ-

ences in the amount of albumen available. In species with

smaller absorptive cells, the absorbed proteins may be

passed to the rest of the embryo more rapidly or sooner

than in species with larger absorptive cells.

It appears that when the larval kidneys of 5. dira and

N. canaliculata diminish in size they are totally resorbed,

but the cytology of post-resorption stages has not been

examined. No ultrastructural evidence of lysosomal ac-

tivity was found in S. dira absorptive cells up through

mid-veliger, the oldest stage examined. Resorption occurs

during intracapsular metamorphosis in all the neogastro-

pod species examined in this study that hatch as juvenile

snails. However. Conklin (1897, p. 143) said the larval

kidneys in Crepidula ionttcata embryos "appear to be

pinched off completely" and in C'. adnnca, Moritz ( 1939)

said they were rolled off by the advancing mantle edge on

the left side and by the larval heart on the right. In my
examinations of these two species and on the confamilial

Calyptraea fastigiata, the larval kidneys became almost

spherical and then were easily dislodged when the capsules

were opened. Observations through the clear walls of

carefully handled capsules never revealed cast off absorp-

tive cells. Rather, they were resorbed.

For species that hatch as veligers, the time of absorptive

cell resorption varies. In Thais savignyi (Eisawy and Sorial,

1974) and T. hacmasionui (Belisle and Byrd, 1980), they

are resorbed before hatching. If the primary function of

the absorptive cell is the uptake of capsular albumen dur-

ing encapsulated development, then they are no longer

needed after hatching. However, some species retain their

absorptive cells for a few days after hatching. Tests with

FITC-BSA indicate that the veligers of Lacuna vancgata,

Trichotropis canccllata. and Oenopota Icvidcnsis have
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functional absorptive cells for at least two or three days

after hatching. Similarly, the larval kidneys of Trivia eu-

ropea persist after hatching, but only for a short time (Le-

bour, 193 1 ). Thus, the absorptive cells appear to be prin-

cipally an adaptation for intracapsular development.

The tests using FITC-BSA on a few opisthobranch and

pulmonate species did not reveal structures that absorbed

and concentrated proteins as did the prosobranch ab-

sorptive cells. Opisthobranch veligers may have an un-

paired ectodermal larval or secondary kidney that consists

of several types of cells near the anus (Bonar and Hadfield,

1974; Bickell and Chia, 1979). The veligers of Aeolidia

papillosa are reported to possess protonephridia (Barto-

lomaeus, 1989). In pulmonates, some albumen is taken

up generally during early embryogenesis by endocytosis,

but most of the albumen is ingested after the gut becomes

functional (Raven, 1946, 1975). Thus, prosobranch ab-

sorptive cells, as specialized embryonic ectodermal struc-

tures for the uptake of capsular albumen, may be unique

among the invertebrate phyla.

Crystal cell

Although the function of the absorptive cell appears to

be the uptake and storage of capsular albumen, the func-

tions of the crystal and pore cells are less clear. The as-

sociation of the crystal cell with most of the absorptive

cell's internal surface suggests that the functions of these

cells may be related, but evidence for this is presently

lacking. The association may simply reveal an ancestral

relationship.

In the crystal cell, vacuoles containing the crystals in-

crease in number as the embryos develop. The crystals

are likely to be made of a calcium salt. They are possibly

calcium carbonate, for they were more soluble in acids

than bases, were quickly dissolved in a solution of EGTA,
which chelates Ca++

ions (Schmid and Reilley, 1957), and

were stained by alizarin red S, which stains bone (Emmel
and Cowdry, 1964) and calcium carbonate (Buddemeir

and Kinzie, 1976). The crystals are in a readily soluble

form, as indicated by their rapid dissolution after vacuolar

membrane breakdown in non-salt-saturated solutions.

The vacuolar membrane clearly protects the integrity of

the crystals. The EGTAsolutions did not affect the crystals

in live embryos, but quickly dissolved those in heat-killed

embryos. Although the crystals are more likely to contain

calcium than uric acid, which dissolve more readily in

high pH solutions (Thorpe. 1930), the function of se-

questering calcium is unclear.

Endocytotic activity along the canaliculus in the crystal

cell suggests that the contents of the vacuoles may origi-

nate from the canalicular lumen. However, the evidence

indicates a very low level of endocytotic activity, and vac-

uoles are formed both before and after the separation of

the pore cell and crystal cell when the canaliculus is first

open to the hemocoel. Thus the relationship between the

function of the canaliculus and crystal formation is un-

certain. The canaliculi in the parietal cells of the vertebrate

gastric mucosa are implicated in ion transport for HC1

secretion (Ito and Winchester. 1963). However, the can-

aliculi in the crystal cells of S. dira are unlikely to be

heavily involved in ion transport, for they lack the close

association with numerous mitochondria that is charac-

teristic in cells that do (Lawn, I960; Copeland, 1967; Sar-

det et al.. 1979). Although the large surface area of the

canaliculus due to the numerous microvilli and plications

suggests a membrane-dependent function, the restricted

nature of the lumen indicates an impeded movement of

material either into or out of the canaliculus.

In experiments exposing 5. dira embryos to solutions

of tluorescein. the crystal cells fluoresced brightly. How
the fluorescein is concentrated and what role the canaliculi

play in the concentrating mechanism remains unknown.

Crystal cells have been reported in several other pro-

sobranch embryos (Portmann, 1930; Franc, 1940;Fioroni,

1966, 1985). Franc ( 1940) described a vacuolated cell lying

under the large external larval kidney cell in the embryos

of Oceanebra aciculata. As in S. dira, the cell increased

in size and became filled with vacuoles, but the vacuoles

in O. aciculata became greenish in older developmental

stages. In most of the species listed in Table I, the larval

kidney cells had a yellowish color with the crystals in the

crystal cells being a dark yellow to yellow-green. However,

in additional observations on embryos of Oceanebra (ei-

ther O. interfossa or O. lurida), the crystal cells were

greenish-yellow with green granules (pers. obs.). There was

no green color in young embryos, nor was there any green

color elsewhere in the capsule. Therefore, the pigment

likely was synthesized dc novo.

Pore cell

Pore cells are a conspicuous cell type in the connective

tissue of gastropods and bivalves (Sminia and Boer, 1973).

There are also pore cells, referred to as nephrocytes or

podocytes, in the blood spaces of decapod gill shafts

(Wright, 1 964; Strangways-Dixon and Smith, 1970; Foster

andHowse, 1978: Taylor and Greenway, 1979). 'Nephro-

cyte' is an appropriate label for these cells if the material

they remove from the hemolymph is an excretory product,

but pore cells have also been implicated in the production

of blood pigments in mollusks (Sminia and Boer, 1973;

Skelding and Newell. 1975). Calling them 'pore cells" aptly

describes their distinctive morphological features without

implying function, whereas calling them 'podocytes' is

misleading because of their morphological and functional

differences with vertebrate kidney podocytes (Bloom and

Fawcett. 1968).
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In 5. dim pore cells, material from the hemolymph
passes through the slit-pores and is taken into the pore

cell by endocytotic vesicles that form from the basal

membranes of the subsurface cisternae. The external

lamina may act as a filter, for in experimentally injected

5. dira embryos the density of ferritin molecules inside

the subsurface cisternae was markedly less than that in

the hemocoel. Additional filtration is unlikely at the slit-

pores, because their gaps are much wider than the di-

ameter of the ferritin molecules. Furthermore, a mem-
brane or diaphragm like that found in the nephrocytes of

shrimp gills (Foster and Howse, 1978) was not seen span-

ning the slit-pores in S. dira. The material taken in by

endocytosis is transferred to an extensive network of tu-

bules, where it appears to be condensed to form large

dark-staining bodies. A similar ultrastructure is found in

pore cells in the gill blood vessels of a land crab, Hol-

thitisana tmnsversa (Taylor and Greenway, 1979). In

general, pore cells appear to remove material from the

hemolymph. However, the nature of this material and its

fate remains to be elucidated.

A characteristic of the pore cells of S. dira and N. can-

aliculata that has not been found in pore cells in other

species is the ciliated ducts. In S. dira, only the first of

the two ciliated ducts develops in association with the

canaliculus of the crystal cell, but eventually the two ducts

are indistinguishable. They both originate near the cell

center, contain a similar number of cilia, possess some

slit-pores leading to the hemocoel somewhere along their

length, and open into the hemocoel. The duct lumens in

most places are only slightly wider than the cilia they con-

tain. Movement of the cilia could move fluid down and

out of the ducts. However, the low number of slit-pores

to the hemocoel in the duct walls would result in a low

flow rate. Indeed, no ferritin was found in ducts in injected

embryos.

Comparison with protonephridia

It is logical to compare the 'larval kidneys' of S. dira

and N. canalicidata to protonephridia because of their

name, their bilateral location, and the fact that protone-

phridia have been described in other prosobranch, opis-

thobranch, and pulmonate gastropods, in chitons, and in

bivalves (Erlanger, 1894; Brandenburg, 1966; Bartolo-

maeus, 1989; Ruthensteiner and Schaefer, 1991). This

comparison is especially attractive in light of the pore
cells' ciliated ducts with their slit-pore perforations to the

hemocoel being so similar in morphology to many pro-

tonephridia. Although protonephridia are diverse in de-

tails of their morphology (Goodrich, 1945; Brandenburg.
1966, 1975; Wessing and Polenz, 1974; Wilson and

Webster, 1974; Ruppert and Smith. 1988), they basically

consist of a terminal cell or cells with one or more cilia

within a cytoplasmic tube that leads to a channel cell or

tubule that opens externally. The beating of the cilia draws

hemolymph into the tubule through a weir of slits formed

in some species by the interdigitation of microvilli from

both the terminal and channel cells (Brandenburg, 1975;

Kummel, 1975).

It is clear that the larval kidneys of 5. dira and N. can-

alicidata are not functional protonephridia because a fil-

tration weir never develops and the ciliated ducts lead not

to the external milieu, but to the haemocoel. However, it

is possible that the larval kidneys may have evolved from

protonephridia and that the components have become

disorganized and functionally altered. If this is so, the

pore cell probably evolved from a protonephridial ter-

minal cell. The pore cell's ciliated ducts are reminiscent

of protonephridial 'flames.' and the slit-pores and sub-

surface cisternae are similar to that seen in a section of

the terminal cell of the trochophore of Pomatoceros tri-

cjiteter (Wessing and Polenz, 1974, Fig. 2b). The crystal

and absorptive cells may have evolved from channel cells.

The canaliculus may be the last remnant of the crystal

cell's ancestral duct, with no such vestige remaining in

the highly altered absorptive cell.

The presence of larval protonephridia may represent

the ancestral condition in mollusks (Bartolomaeus, 1989),

but gastropod embryos undergoing encapsulated devel-

opment experience an environment different from the

open-ocean surroundings experienced during develop-

ment of their free-spawning, more primitive relatives. The

egg capsules with their intracapsular fluid presumably
create an osmotic environment different from that of sea-

water. This is supported by two observations made during

this study. One is the fixation artifacts seen. These artifacts

suggested an osmotic problem and were diminished when
fixatives with osmolarities higher than seawater were used.

The second is the bursting of the absorptive cells when

embryos were carefully excapsulated into seawater. This

was most noticeable in species where these cells are par-

ticularly large, and is presumably due to the osmotic im-

balance between the concentrated proteins within the

heterophagosomes and the seawater. Because protone-

phridia are reported to be involved in osmoregulation

(Braun cl al., 1969) and the filtration and reabsorption

of macromolecules from coelomic fluid (Smith and Rup-

pert, 1988). it would seem logical for encapsulation to

reduce the selective pressures that maintain protone-

phridia as osmoregulatory organs. It is thus possible that

the larval kidneys described herein may represent rudi-

mentary protonephridia. The lack of organization among
the components is not surprising if the need for functional

protonephridia is lacking. The vestigial eyes of cave fish

show a similar disorganization of components (Remane,

1971). The functions of the larval kidneys' cells also have

changed. The pore and crystal cells have functions that
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are presently unknown, and may simply be vestigial

structures. The absorptive cell, however, has taken on a

new role. It does not accumulate wastes as previously

thought (('.#.. Franc, 1940). but is specialized for the ac-

quisition of capsular albumen.

An ultrastructural study of the ontogeny of the larval

kidney complex in Nassarius reticitlatux might shed light

on this question of homology, for Ruthensteiner and

Schaefer (1991) found in their light microscopical study

protonephridia with what appears to be an enlarged ab-

sorptive cell adjacent to the excretory pore. A similar study

on the early ontogeny of the larval kidney complex of 5.

dira or N. canaliculata might help reveal the germ layer

origins of the component cells and their homology with

cells in other protonephridia. Investigators have described

the larval kidneys as being ectodermal or also part me-

sodermal (Hey nions. 1893;Conklin, 1897; Casteel, 1904;

Pelseneer, 1911; D'Asaro, 1966). The absorptive cell in

5. dira embryos is probably derived from an ectodermal

cell for it has junctional complexes with the surrounding

unspecialized ectodermal cells. However, the origins of

the inner two cells is unclear. If they are protonephridial

in nature, then they may be ectodermal (Goodrich, 1945).

However, the pore cells in 5. dira larval kidneys have

similarities with pore cells in the connective tissues of

other gastropods and bivalves (Sminia and Boer, 1973),

which suggests that they may be mesodermal in origin. It

should be noted here that protonephridial terminal cells

(presumably ectodermal in origin) in the larvae of the

polychaete Sabellaria transform into a podocyte (pre-

sumably a mesodermal cell) in the coelomic lining at

metamorphosis (Smith and Ruppert, 1988), indicating

that caution must be exercised in making assumptions

about germ layer affinities (Ruppert and Smith. 1988).

Nutritional role of capsular albumen and other

suggested functions

Although albumen in prosobranch egg capsules does

not appear to be bactericidal (Rivest, 1981; Pechenik ct

ai. 1984), it may serve several other functions. It may be

important physically by increasing the viscosity of the in-

tracapsular fluid relative to seawater so that embryos can

maneuver and teed on nurse eggs (Rivest, 1983). It may
be important osmotically by protecting embryos from os-

motic shock (Pechenik, 1983) or by aiding hatching (Her-

tling, 1928). The albumen, containing proteins and car-

bohydrates and sometimes lipid (Bayne. 1968; Stock-

mann-Bosbach and Althoff. 1989), also can have nutritive

value for prosobranch embryos. It can influence the de-

velopmental stage that hatches (Giglioli, 1955) or the size

at hatching (Rasmussen. 1951; Rivest. 1986). Its nutri-

tional value is suggested also by its endocytotic uptake in

early cleavage stages (Elbers and Bluemink, 1960; Fioroni,

1977) and by the presence of a special transitory albumen

digestive sac in the embryonic gut of some species (Port-

mann, 1955; Portmann and Sandmeier, 1965). In the

closely allied pulmonates, protein gains in the growing

embryo are positively correlated with protein losses in the

capsular fluid (Morrill, 1964). Thus, it is apparent that

regardless of its other functions, the proteinaceous albu-

men can be important nutritionally.

The albumen taken up by the absorptive cells in pro-

sobranch larval kidneys is presumably used for embryonic

nutrition, but the nutritional significance of this absorbed

albumen is presently unknown. Assuming that the abor-

tive cells' volume is due primarily to absorbed albumen

proteins, the fact that these cells in N. canaliculata can

comprise 20% of an embryo's tissue volume suggests that

in this species the larval kidneys may procure a significant

quantity of albumen. It would be difficult to empirically

examine this in Nucella unless techniques for culturing

encapsulated embryos improve. Although early embryos
of Conns pennaceus can be reared to the veliger stage

outside their capsules with no apparent detrimental effect

(Perron, 1981), young Nucella embryos do not survive

very long once removed from their capsule (Pechenik el

ai, 1984; Stockmann-Bosbach, 1988; pers. obs.).
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