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The gills of an Oregon crayfish, Pacifastacus leniusculus Dana, 

were examined with histological and histochemical techniques and 

their fine structure was investigated by electron microscopy. Special 

attention was given to the structural basis of active ion uptake. 

The histology of these gills was the same as that of other cray- 

fish species described by earlier workers. There are basically 

three cell types: hypodermal cells of stalk and tubules, connective 

tissue cells, and nephrocytes. In addition two cell products are 

present: the cuticle and connective tissue fibers. The hypodermal 

cells of the stalk combine into a solid sheet underlying the cuticle 

while those of the tubules are pear- shaped with a body, neck, and 

cytoplasmic sheet. The body, containing the nucleus, continues into 



a smaller neck which flares out into the flattened sheet running per- 

pendicular to the length of the neck but parallel to and closely apposed 

to the cuticle. Nephrocytes are large, multinucleate phagocytes 

attached to the walls of efferent vessels of the stalk and tubules as 

well as the stalk mantle canal. These cells are found to contain much 

acid phosphatase activity. 

Electron microscopy reveals that the nephrocytes are covered 

on the surface with a system of long microvilli which drape over cis - 

ternae. The plasma membrane delimits the inner surface of the cis - 

ternae on which numerous micropinocytotic vesicles can be seen in 

favorable sections. Within the cytoplasm are dense bodies, vesicles 

resembling micropinocytotic vesicles, peripheral vacuoles, and large 

central vacuoles. Dictyosomes and large mitochondria with few cris- 

tae and of low electron density are occasionally seen. It is suggested 

that material which is phagocytized by micropinocytosis may be com- 

bined with dense bodies, which may contain lytic enzymes, to form 

peripheral and thence central vacuoles where intracellular digestion 

would occur. 

The surface position of the hypodermal cells of the stalk or 

tubules makes them both likely candidates for a role in active ion 

uptake. The apparent lesser density of the tubule cuticle and greater 

abundance of mitochondria in the pear-shaped hypodermal cells of the 

tubules, compared with the stalk cuticle and hypodermis, indicates 

that the pear- shaped cells are more likely involved in such a process. 



Chloride localization with silver salts at the organ level indi- 

cates that the cuticle of tubules arising from the base and mid- 

section of a gill stalk are strikingly more ion permeable than tubules 

from the tip, the stalk, or other parts of the whole body surface. 

This permeability difference correlates with a fine structure differ- 

ence in tubular cuticle and pear- shaped cells depending upon their 

location. The cytoplasmic sheet of pear- shaped cells from the gill 

tip is thinner and may contain fewer mitochondria while the cuticle 

in this region has an epicuticle of higher electron density. 

Chloride localization with silver acetate at the fine structure 

level somewhat suggests the same base -to -tip differentiation and 

shows localization of the precipitated silver at the outer membrane 

of pear - shaped cells and cytoplasmic sheet. This suggests that the 

chloride pump is located in the outer membrane of the pear- shaped 

cells and cytoplasmic sheet located in the tubules of the lower half 

of the gills. 
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THE FINE STRUCTURE OF THE ARTHROBRANCH 
OF THE CRAYFISH, PACIFASTACUS LENIUSCULUS DANA, 

WITH SPECIAL REFERENCE TO ACTIVE ION UPTAKE 

I. INTRODUCTION 

The gills of the European crayfish, Astacus, have been investi- 

gated by Huxley (1878) and more thoroughly by Bock (1925). Studies 

have not been found in the literature concerning either the histology 

of the gills of Pacifastacus or the electron microscopy of the gills of 

any crayfish species. Thus it was decided to compare some of the 

work of Huxley and Bock with the local crayfish and to examine the 

fine structure of these gills with special reference to ion uptake. 

Morphology 

Crayfish gills occur as extensions of the appendage joint in a 

lateral- thorax position, projecting into the branchial chamber which 

is covered exteriorly by the branchiostegite, an extension of the cara- 

pace (Plate 1). An outer bank of gills, the podobranchs, conceals an 

inner bank, the arthrobranchs. Water is drawn in at the base of the 

gills between the margin of the branchiostegite and the body wall and 

is expelled anteriorly by the action of the scaphagnothite or gill 

bailer. In Plate 1 the podobranchs are visible, while the arthro- 

branchs are covered by the broad flattened lamina of the podobranchs. 

Podobranchs arise from the epipodites, or coxae, and arthrobranchs 
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from the joint membrane between the coxae and the body wall. For 

each gill- bearing appendage there is typically one podobranch and 

two arthrobranchs, of which one is anterior and one posterior. The 

structure of arthrobranch and podobranch is identical except for the 

lamina of the podobranch, and remarks hereafter will be confined to 

the arthrobranch only. 

A gill is composed of an elongated hollow stalk with lateral 

branchings of tubules (Plates 2 and 6). Internally, a stalk is divided 

longitudinally into an afferent vessel, mantle canal, and efferent 

vessel, while the tubules are divided into afferent vessel, lacunae, 

and efferent vessel (Plate 5A). Bock (1925) showed that the blood 

must travel in the following sequence: ventral body sinus - afferent 

stalk vessel - afferent tubule vessel - efferent tubule vessel - mantle 

canal - afferent tubule vessel - efferent tubule vessel - efferent stalk 

vessel - branchial pericardial canal - heart (Plates 4, 5, 6). This 

sequence provides that all blood must pass through two tubules and 

thus be twice oxygenated. Bock recognized that the lacunae of the 

tubules (Plates 3A, 5B) were filled with blood but did not directly 

implicate them in the circulatory pattern. 

Histology and Cytology 

According to Bock (1925), describing Astacus, the gill shaft is 

covered with a cuticle of about 15 microns under which lies a tightly 
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packed hypodermis. The shaft septum between afferent and efferent 

canals is formed from a cellular and fibrous connective tissue. The 

gill tubules are covered by a cuticle of about four to eight microns in 

thickness which is laminate in appearance and penetrated by fine pore 

canals (Balss, 1944, p. 531). The respiratory epithelium is made up 

of pear-shaped cells of about 30 microns thick which flatten out at 

the surface to form a one micron -thick cytoplasmic sheet. This 

sheet lines the whole inner surface of the tubule cuticle except where 

cell bodies contact the surface. Between the neck parts of adjacent 

pear- shaped cells are found the spaces called lacunae (Plates 5B, 19). 

The tubular septum is formed by anucleate processes of connective 

tissue cells and separates the tubule into afferent and larger efferent 

vessels. 

Attached within the mantle canal and efferent vessel of the 

stalk and the efferent vessel of the tubules are large multi - 

nucleate cells called "nephrocytes" ( Cuénot, 1895). These cells 

contain one or more large central vacuoles which contain yellow 

colored granules thought to be metabolic waste products. The rest 

of the cell is filled with small colorless vesicles called peripheral 

vacuoles. Clusters of these cells have also been called "branchial 

kidneys of Cuénot". They were called nephrocytes because of their 

great similarity to the large cells of the sacculus portion of the 

crayfish kidney. Cuénot (1895) showed that nephrocytes and cells of 



4 

the sacculus of the kidney both actively took up the following sub- 

stances when injected into the bloodstream: methyl green, ammo- 

nium carminate, brilliant congo G, tournesol blue, and hemaglobin. 

When tournesol blue was taken up, it turned to a salmon red color, 

indicating the acidic reaction of these cells. Drach (1930) showed 

that in some cases injected dye particles were taken up by the peri- 

pheral vacuoles within one to three hours and then entered the central 

vacuole, while in other cases the dye remained in fine grains through- 

out the cytoplasm. He never observed the central vacuole to empty 

except during molt. 

Observations have been made on the fine structure of nephro- 

cytes of two marine crabs, Pachygrapsus crassipes and Hemigrapsus 

oregonensis (Wright, 1964). Wright reported three cell types in 

these crab gills: epithelial cells associated with the cuticle, con- 

nective tissue or "Leydig" cells, and nephrocytes. Using potassium 

permanganate fixation, he found that the nephrocytes contained one or 

two central vacuoles, often larger than the nuclei which contained 

deposits of dense granular material. The vacuoles also contained 

myelin figures produced by the aqueous fixation of phospholipids. 

Central vacuoles were often completely surrounded by a membrane 

which gave Wright the impression of large lysosomes. In addition 

to the central vacuoles and peripheral vacuoles reported by light 

microscopists smaller vesicles were found which he interpreted as 
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micropiñocytótic vesicles. The most striking feature of a nephro- 

cyte was the surface tubular complex in which the cell surface is 

modified into micro -villi which drape over the cell surface (Plate 13). 

Under these areas of the surface tubular complex were found cis - 

ternae which Wright called the "sub- surface cisternae ". Wright also 

confirmed the work of Drach (1930) at a finer level and suggested that 

in the case where the dye particles appear to be diffusely spread over 

the cytoplasm, they may be enclosed in the small cytoplasmic vesi- 

cles which are not resolveable by light microscopy. He also noted 

that the central vacuole limiting membranes were discontinuous dur- 

ing molt. This also supported the findings of Drach that the central 

vacuole may empty during this stage. 

Physiology 

The stalk of these gills has been considered a duct system 

which carries blood to and from the gill tubules where actual exchange 

of gasses takes place (Balss, 1944, p. 532). This interpretation was 

probably based on the greater thickness and density of the stalk cuti- 

cle compared to that of the tubules (compare Plates 8, 21). The 

process of gas exchange is probably passive and occurs where the 

cuticle is sufficiently permeable. On the other hand, active salt up- 

take requires an organized, specific mechanism of transport which 

requires energy (King, 1965, 1966). 



6 

If a crayfish is placed in distilled water, it will lose salt and 

eventually die if not replaced in fresh -water (Huf, 1933). The re- 

covery phase in fresh -water involves the active absorption of chloride 

over the body surface, presumably at the gills (Krogh, 1939, p. 90). 

It has been found recently that salt will be actively taken up from 

fresh -water used to selectively perfuse the gill chamber (Bryan, 

1960a). Several investigators have shown that the kidney of the 

crayfish is able to produce urine which is hypotonic to blood (Schlieper 

and Herrmann, 1930). The crayfish solves the osmotic problem of 

fresh -water existence by: (1) low water turnover, (2) producing 

urine hyposmotic to the blood, (3) low blood osmolarity (about one 

half that of its marine counterparts), and (4) active salt uptake. 

Maluf (1940), working with Cambarus (an American crayfish), 

and Shaw (1960 a), using Astacus (a European crayfish), have shown 

that chloride at fresh -water concentration was absorbed from potas- 

sium chloride without taking up the potassium. Likewise, sodium 

was absorbed from sodium sulphate without taking up the sulphate. 

This suggests that the uptake mechanism is one of specific ionic 

absorption, probably involving two separate mechanisms. Where 

only one ion is being absorbed, some exchange phenomenon may be 

occurring, perhaps trading ammonium or hydrogen ions for anions 

and bicarbonate ions for cations. However, branchial ammonia 

excretion apparently does not regulate ion uptake rate in the European 
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crayfish, as increased salt uptake was not accompanied by an in- 

crease in ammonia production (Shaw, 1959). Bryan (1960 b) showed 

that salt - loaded Astacus lost salt rapidly because of a much higher 

outflux, as would be expected, coupled with a much lower influx. 

This indicates that high concentrations of blood salt inhibit the in- 

ward transport mechanism. Conversely, sodium depleted animals 

were shown to experience a considerable increase in sodium influx 

(Bryan, 1960 b). Shaw (1960 c) suggested that the sodium uptake 

mechanism is primarily responsible for setting and maintaining the 

total salt concentration of the blood whereas the chloride transport 

mechanism is controlled by the difference which exists between 

sodium ion concentration and chloride ion concentration. That is to 

say, the chloride level seeks the sodium level set by the sodium 

pump. 

Shaw (1960 c) also demonstrated that ion uptake in Astacus is 

carried out against an electro- chemical gradient. He measured an 

electrical potential from the pericardial cavity to an outer medium of 

0. 3 mM /liter KC1 amounting to five to 47 mV, with the haemolymph 

negative. Later, Croghan, Curra, and Lockwood (1965) using the 

British crayfish, Austropotamobius, showed that the potential across 

the isolated podobranchs was considerably more: 60± 12 mV, 

inside negative, using Ringer's inside and 0.01% Ringer's outside. 

In the latter case, comparison of Nernst potentials shows that for 
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sodium to be in electro- chemical equilibrium, the potential would 

have to be 116 mV, inside negative, and for chloride, 116 mV, 

inside positive. Neither are satisfied, which indicates that both 

ions are pumped across the gill surface by an active transport 

mechanism. 

Site of Ion Transport 

One approach to determine the site of salt uptake is to immerse 

the living animal in a dilute solution of silver nitrate for chloride 

localization. Maluf (1940) used an 0.025% solution of silver nitrate 

into which he placed living Cambarus. The animals died in about an 

hour after which their branchiostegites were removed and the whole 

animals exposed to light to reduce the precipitated silver salt. He 

found that darkening, indicating the presence of silver salt, occurred 

only on the gill stems and tubules. Paraffin sections revealed that 

the silver deposited only in the cuticle and not in the underlying hypo - 

dermis. Maluf destroyed the brain of a crayfish and after one hour 

repeated the above experiment. He observed no silver staining and 

concluded that the process was one requiring energy. 

To determine the importance of the alimentary canal in salt 

uptake, Maluf placed crayfish in a bath containing phenol red. After 

six hours the animals were sacrificed and their kidneys, blood, ali- 

mentary tract and hepatopancreas were examined for phenol red by 
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the use of ammonia. The results were negative, indicating that these 

animals drink little if any water while fasting whereas they continue 

to absorb salt in the usual manner. 

Bryan (1960 a) repeated some of Maluf's experiments on 

Astacus. Contrary to Maluf, he found that silver staining occurred 

in animals which had been poisoned with sodium azide or eserine as 

well as in normal animals. A possible error in Maluf's work stems 

from the inability of the bathing medium to readily contact the gills 

when the gill bailer is not functioning. Bryan found silver to be con- 

fined to the tubules of the lower half of the stem. Unlike Maluf, he 

found no silver staining on the stem itself. Further evidence that the 

gill chambers are the site of salt uptake in Astacus was demonstrated 

by selectively perfusing fresh water through these chambers and 

following the uptake of salt (Bryan, 1960 a). Bryan therefore con- 

cluded that the branchial tubules of the lower stem form an anatomi- 

cally distinct region of the gill which is much more silver -permeable 

than other regions. Silver chloride may form on dying as well as 

living animals as the chloride diffuses outwardly with the gradient. 

However, the distribution of silver salt gave some useful information 

concerning which parts of the gill are most permeable to ions. 

More specific evidence of the ability of crayfish gills to ac- 

tively transport ions was furnished by Bielawski (1964) using Astacus. 

He used isolated podobranchs fitted on cannuli for circulation of 
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Ringer's solution through gill vessels and immersed them in various 

concentrations of sodium chloride. He found, indeed, that isolated 

gills were capable of salt uptake against a concentration gradient. 

His work showed further that the pump is saturated at about 34 mMolar 

NaC1, which is about twice the concentration of salt in fresh water. 

These preparations remained operable for about 30 hours after re- 

moval from the whole animal. 

Croghan (1965) considered it logical that a specific ion pump 

should be located on a membrane which is relatively impermeable 

to that ion. He has determined that the passive permeability of the 

outer membrane of isolated crayfish gills for chloride is significantly 

less than for sodium, indicating that the chloride pump may be found 

there. By analogy with the frog skin, he suggested that the sodium 

pump may be on the cell membrane facing the blood supply. 

Another question which arises is that of cell specialization for 

ion transport. Does the crayfish gill possess cells analogous to the 

"chloride cells" which are commonly found in teleosts (Copeland, 

1948)? 

In view of the interest in salt transport by the crayfish gill, it 

was thought that a study of the fine structure of these gills would be 

helpful in the interpretation of physiological work. In addition, some 

clue might be found concerning the specific cell type which is in- 

volved in ion transport. Such cells should be sufficient in number, 
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would probably be in a position where contact with outer and inner 

medium could be made, and should be well supplied with mitochondria 

for energy. In addition, electron -dense precipitates localizing ion 

pumps at a very fine level have been used successfully on gills of 

teleosts (Philpott, 1965), salt glands of birds (Komnick and Komnick, 

1963), and corneal cells (Kaye, Cole, and Donn, 1965), and it was 

thought desirable to apply such a technique to the crayfish gill. 
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II. MATERIALS AND METHODS 

The crayfish used in this study were male Pacifastacus lenius- 

culus Dana from six to eight centimeters in length. They were col- 

lected with minnow traps at the Peavey arboretum north of Corvallis, 

Oregon and stored in large holding tanks. Corvallis city tap water 

was filtered with a charcoal filter (Pritchard, Kerley, and Heath, 

1960) to remove chlorine and kept running continuously with constant 

aeration. The animals were fed fish food every few days. Only 

animals which displayed vigorous activity were used. Chloride 

localization on a gross level was determined by immersing the whole 

crayfish in 0.05% silver nitrate, rinsing and exposing the gills to 

light according to the method of Ewer and Hattingh (1952). Some of 

these gills were fixed in Bouin's fixative and embedded in paraffin 

for sectioning. 

To obtain gills, the branchiostegites (gill coverings) were 

removed and the fourth podobranchs excised to expose the fourth 

arthrobranchs which correspond to the second walking leg. The 

bases of the two arthrobranchs were grasped firmly with watch- 

maker's forceps, pulled from the animal and immersed in fixative. 

For routine histology with paraffin sections, Bouin's fixative was 

employed, while frozen sections for histochemistry were cut from 

gills previously fixed 18 hours in cold sucrose - formol fixative 
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followed by two hours of 10% gelatin infiltration at 37°C. For 

electron microscopy whole arthrobranchs were immersed in two per- 

cent glutaraldehyde made up in 0.075 molar phosphate buffer. At 

this stage transverse sections of approximately one mm were cut 

from the base or tip of the gills with the aid of two opposing razor 

blades and fixation was continued in glutaraldehyde for two hours. 

The tissues were then washed from two hours to overnight in 0.14 

molar phosphate buffer and post -fixed in 1% osmium tetroxide 

prepared in 0.2 molar phosphate buffer. In some cases the pre - 

fixation in glutaraldehyde was omitted with the notable result that 

resin infiltration through the cuticle was hampered, making section- 

ing difficult. After two hours in the osmium tetroxide fixative the 

tissues were rinsed in buffer and dehydrated in an alcohol series 

and three changes of propylene oxide. Finally they were infiltrated 

and embedded in Epon according to the method of Luft (1961). 

For chloride localization gills were fixed in a fixative composed 

of the following: 1% osmium tetroxide, 0.6% silver acetate, 0.2 

molar sodium acetate, and 3. 6% dextrose. 

Some blocks of tissue were electron stained during dehydration 

by addition of 3. 5% uranyl acetate to the usual 70% alcohol bath. 

After 30 minutes in uranyl acetate, the blocks were washed in 95% 

alcohol, and two changes of absolute alcohol, then stained again for 

30 minutes in absolute alcohol to which was added 1% phosphotungtic 
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acid (Komnick and Komnick, 1963). Dehydration and embedding 

was carried out as usual. 

Sections were cut on a Porter -Blum Servall microtome with 

glass knives and picked up on copper grids either bare or covered 

with formvar films. The sections were stained with uranyl acetate 

followed by lead citrate (Reynolds, 1963; Venable and Coggeshall, 

1965) or with uranyl magnesium acetate at 40°C for two or three 

hours followed by lead citrate (Frasca and Parks, 1965). Micro- 

graphs of sections were taken with an R. C. A. EMU -2D or R. C. A. 

EMU -3H electron microscope. 

To test for polysaccharides a routine method of the PAS reac- 

tion was employed with diastase in some sections to determine the 

presence of glycogen (Barka and Anderson, 1963, p. 73). Non -- 

specific esterase was determined by an alpha naphthyl acetate -azo 

dye method, using eserine in some cases to inhibit cholinesterase 

(Barka and Anderson, 1963, p. 261). Alkaline phosphatase activity 

was demonstrated by the Gomori method (Barka and Anderson, 1963, 

p. 216) while an azo dye method using a substrate of alpha naphthyl 

phosphate was used to determine acid phosphatase (Barka and Ander- 

son, 1963, p. 242). 
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III. RESULTS 

Histology 

Routine histological investigations revealed that the gills of 

Pacifastacus are apparently identical with those of the European 

Astacus (Plates 1 through 6). Staining the whole animal with silver 

nitrate confirmed the work of Bryan (1960 a) showing that the ion - 

permeable regions are the gill tubules branching from the lower half 

of the stalk (Plates 1, 2). There is some scattered silver staining 

at the gill tip, but the contrast between lower stalk and tubules, or 

lower tubules and tip tubules, is quite marked (Plate 2). Plate 3 

shows light micrographs of longitudinal sections of tubules, taken 

from the gill base (A) and the gill tip (B), respectively. In A the 

silver has solidly blackened the cuticle while in B the cuticle is 

rather clear except for scattered spots of silver. Darkening of cell 

parts in these pictures is due to H and E staining. 

As stated earlier, Bock (1925) recognized that the blood coursed 

from the afferent vessels to the efferent vessel of the tubule and that 

the lacunae were filled with blood, but he did not elucidate the path of 

the blood into or out of the lacunae. In the present work, one micron 

Epon sections have been observed with the light microscope and con- 

nections between the afferent duct of the tubule and lacunae have been 

found to occur anywhere along the length of the tubule. Likewise, 
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connections have been found between lacunae and the efferent vessel 

of the tubule. This indicates that perhaps the blood does not all run 

to the tip in the afferent vessel and then all return in the efferent 

vessel, but that there is a short circuit by way of the lacunae. 

Lacunae often appear as discrete, single cavities in section, but in 

reality they probably represent a catacomb -like arrangement where 

the channel of blood connecting afferent and efferent duct is frequent- 

ly interrupted by pillars which are the necks of the pear- shaped cells 

(Plates 19, 27A). Thus the blood is continuously flowing over the 

surface of the cytoplasmic sheet wherever this sheet occurs. 

Fine Structure 

General orientation for the work that is to follow may be found 

in Plates 1 through 6. Reference to these plates is useful for inter- 

pretation of the electron micrographs. 

The Stalk Wall 

The stalk wall is exteriorly limited by a dense, laminated 

cuticle and tightly adhering hypodermis (Plates 7, 8). Covering the 

blood canal side of the hypodermis is a sheath composed of very fine 

filaments of the same order of magnitude as a plasma membrane. 

The nuclei show dense peripheral chromatin clumping and deep infold- 

ings of the envelope whose outer membrane appears ruffled (Plate 8). 
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Outside the gills in the fresh -water medium of the gill chambers, 

called here the extrasomatic medium, one can often see various 

interesting structures (Plate 7). Some of the round or oval struc- 

tures are probably bacteria which adhere to the surface during fixa- 

tion. This suggests a surface layer of mucous or other material 

which could hold these particles intact during fixation. Extrasomatic 

adherants are not always observed (Plate 8) indicating that the condi- 

tion is not continuous over the whole surface of gills. In these cells 

mitochondria are present but not abundant. Membranes of adjacent 

cells sometimes appear to be joined into one membrane and at other 

times are slightly separated (Plate 8). 

The Stalk Septa 

The central stalk septum is composed largely of a mass of 

connective tissue filaments and scattered connective tissue or septal 

cells (Plate 9). Cytoplasmic layers are interspersed and covered on 

both sides with the filamentous layer and nephrocytes occur only on 

the efferent side, covered also by a continuation of the filamentous 

layer. The septum separating the afferent vessel and mantle canal 

is really a continuation of the central septum and is quite similar in 

appearance (Plates 10, 11). 

Parts of two septal cells whose plasma membranes are closely 

apposed are shown in Plate 10. The nuclei of these cells, like those 
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of the hypodermis show extensive peripheral clumping of chromatin 

and ruffling of the outer nuclear membrane. It is typical for the long, 

flattened processes of these cells to be overlapped, sometimes in 

three or four layers. Here, as in the central stalk septum, both 

sides of the septum are bound by filamentous layers. As noted before, 

nephrocytes are seen to be associated with the mantle canal side of 

the septum but not with the afferent vessel side (Plates 10, 12). The 

filaments of the filamentous layer are shown to have a suggestion of 

periodicity when cut in longitudinal section (Plate 11). Also, the 

deep, finger -like infoldings of the nuclear membrane are striking. 

In Plate 12 one nephrocyte actually makes up part of the septum along 

with the septal cell. This picture shows how parts of nephrocytes 

are also stratified at times. Plate 13 is a higher magnification of a 

portion of Plate 12, showing again in the septal cell a high degree of 

ruffling of the nuclear membrane and some tubular endoplasmic 

reticulum. This micrograph shows also the continuous layer of 

filaments which surrounds the cells associated with the septum. 

Nephrocytes 

The most striking elements of nephrocytes are the large central 

vacuoles and the surface tubular complex (Plates 12 through 18). 

Wright's interpretation of the surface complex of crab gill nephro- 

cytes (1964) seems to apply to those of the crayfish. The joined 
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vesicles, which appear to line the surface (Plates 13, 15) are profiles 

of tubules cut in cross section (Plates 16, 17, arrows). Furthermore, 

these tubules are continuous with the cytoplasm (Plates 17 A, B). 

These processes should then be interpreted as long microvilli which 

drape over the surface of the cell in orderly, parallel array, cop.- 

nected to one another by longitudinal membranes (Plate 27B). This 

connecting membrane appears much like a "string" on which "beads" 

are strung (Plates 13, 15). Beneath this tubular complex is a fluid 

filled space or cisterna. The inner surface of the cisternae are 

limited by the plasma membrane which appears to be engaged in 

micropinocytosis (Plates 13, 18). Notice especially the apparent 

illustration of the various stages in the formation of a micropino- 

cytotic vesicle (Plate 18, arrows). 

Within the nephrocyte is found one or more nuclei which appear 

much like those previously described. One or more large central 

vacuole is surrounded by the cytoplasm which is filled with many 

vesicles, vacuoles and other organelles (Plates 14, 15, 16). The 

nucleus may lie within an indentation in a central vacuole, but is still 

surrounded by a thin sheath of cytoplasm (Plate 14, arrows). The 

central vacuoles are completely or only partially surrounded by a 

single membrane (Plates 14, 15), and other membranes are some- 

times found transecting the cytoplasm (Plate 15). The membranes 

run between the two nuclei and may be continuous with a surface 
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invagination (Plate 15, arrows). Near the base of the photograph 

the two membranes appear to fuse into a dense, single attachment - 

like structure. This could mean that the nephrocyte known as multi - 

nucleate could be a multicellular complex. On the other hand, the 

membranes could represent long tubular invaginations of the plasma 

membrane cut in longitudinal section. A suggestion of this is also 

seen in Plates 16 and 17. The Golgi apparatus is seen to occur in 

the form of dictyosomes containing and surrounded by small vesicles 

(Plates 16, 17). In one photograph (not shown) a dictyosome appeared 

to be located within a central vacuole. Here again, it might have 

been resting within a cup of the vacuole and was only apparently 

surrounded by it. Mitochondria in the nephrocytes are rather large, 

few in number, and not very electron dense (Plates 13, 17). It is 

difficult to discern the presence of endoplasmic reticulum because of 

the large quantities of plasma membrane infoldings and various vesi- 

cles. If the endoplasmic reticulum here is like that of some of the 

tubule cells (Plate 20), it is probably tubular or vesicular and there- 

fore would be hard to distinguish. Small membrane profiles which 

are smaller than micropinocytotic vesicles and of various shapes 

are probably representative of nephrocyte endoplasmic reticulum 

(Plate 18). 

The vacuoles of these cells are highly variable and very likely 

represent a continuum rather than several discrete species. This is 
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especially likely in light of the work by Drach (1930) and Wright 

(1964) where the fate of phagocytized particles was followed through 

the various vacuoles of the cell. However, for descriptive purposes, 

various vacuoles and vesicles will be differentiated. Micropinocyto- 

tic vesicles contain a granular material and are exteriorly covered 

by granules, whether partially or fully formed (Plate 18, arrows). 

Evident also are the very numerous, dense, worm -like structures 

which will be referred to as dense bodies. These small dense bodies 

are seen to be closely associated with and even attached to larger 

dense bodies (Plates 13, 18). Peripheral vacuoles resemble central 

vacuoles in structure and content (Plates 15, 16, 17A). Both are 

lightly granular with occasional dense inclusions and have a peri- 

pheral limiting membrane which is not always complete (Plate 17A). 

Some peripheral vacuoles do differ sharply with respect to the pres- 

ence or absence of peripheral dense bodies (Plates 16, 17A). The 

function of nephrocytes will be considered in the discussion. 

Tubules from the Gill Mid - Section 

As mentioned earlier, the tubules (called filaments by earlier 

workers) are branches from the main stalk of the gill. Plate 19 

shows a low magnification electron micrograph of a portion of tubule 

in cross section. This picture shows part of the efferent vessel, 

parts of two lacunae separated by pear- shaped cells, and the 
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cytoplasmic sheet overlain by the relatively thin cuticle. It may be 

observed that pear cells are continuous with the cytoplasmic sheet 

and apparently the cytoplasm of adjacent pear cells is thereby joined. 

The author's conception of the three dimensional relationship of this 

complex hypodermis is shown in Plate 27A. It sometimes appears 

that two or more pear cells occur side -by -side with some differ- 

ences in cytoplasm. A great difference in density of cytoplasm in 

various pear cells is occasionally seen (Plates 19, 23). 

Dense mitochondria, large clear vacuoles, extensive infolding 

of the plasma membrane and tubular, granular endoplasmic reticulum 

are characteristic of these cells. Occasionally there are suggestions 

of nuclear pores (Plate 20, arrows). The large clear vacuoles have 

a density similar to that of the lacuna, and it is possible that they 

are invaginations of the cell surface cut in cross section. 

Covering the body and neck of pear- shaped cells is a layer of 

cytoplasm from an adjacent cell or cells called the cytoplasmic 

sheath (Plates 21, 22). This is not to be confused with the cytoplas- 

mic sheet, which is continuous with the pear cell neck and closely 

apposed to the cuticle. The cytoplasmic sheath does not continue 

over the cytoplasmic sheet. Plate 19 shows that one cell ensheaths 

another cell with a cytoplasmic sheath, and it is difficult to deter- 

mine if there is cytoplasmic continuity between different cells. 

Overlying the cytoplasmic sheath is a thin filamentous layer which 
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lines all surfaces in the gill which are exposed to blood. This layer 

is absent, however, on the outer surface of the cytoplasmic sheet 

(Plates 20, 21, 22). Mitochondria in pear cells are especially 

abundant in the neck region along with the numerous infoldings of 

the plasma membrane (Plate 21). Infoldings continue onto the cyto- 

plasmic sheet on the blood -space side, and mitochondria are also 

often seen within the sheet. On the cuticular side of the cytoplasmic 

sheet, one observes numerous microvilli projecting into the sub - 

cuticular space. 

The cuticle here is usually finely lamellar (Plates 21, 26) but 

may have a more amorphous appearance, perhaps caused by a more 

tangential plane of section (Plate 22). The exterior surface of the 

cuticle in either case shows a thin, electron -dense layer which 

probably corresponds to an epicuticle. 

Evidence is presented that the hypodermal pear cells of the 

tubules are not syncytial as supposed by previous workers, but are 

delimited in the cytoplasmic sheet or beneath the necks of cell 

bodies by membranes which could not be resolved with the light 

microscope (Plates 24, 26). The closely parallel membranes are 

also shown to have desmosome -like plaques which presumably aid 

in attachment. 
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The Tubule Septum 

It may be observed that the septum is composed of two cyto- 

plasmic layers, probably from two different connective tissue cells 

(Plates 2&, 29). Notice also that the afferent surface of the septum 

and associated connective tissue cells are furnished with irregular 

processes which may be crests or microvilli. 

Along the efferent side of the tubular septum are occasionally 

found nephrocytes which are apparently identical to those of the 

stalk (Plate 30). Adherance to the septum appears to be affected by 

means of the continuity of the filamentous layer over both septum and 

nephrocyte. 

Tubules from the Gill Tip 

As shown previously the gill tip is distinct from the base and 

mid - section with regard to its reaction with silver salts (Plate 2). 

Structural differences have been found which may correlate with 

these staining distinctions (Plates 31, 32, 33). In some cases the 

cytoplasmic sheet is very attenuated and mitochondria are quite 

sparse (Plate 31). In others the sheet looks more like that found in 

tubules of the mid - section, although bounded by a cuticle whose epi- 

cuticle (outer layer) is noticeably more electron dense (compare 

Plates 32 and 33 with Plate 22). In addition, the mitochondria from 
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pear cells of the gill tip (Plates 32, 33) are strikingly less dense 

than those in comparable sections from the gill mid - section (Plates 

20, 21, 22). What these variations may mean with respect to ion 

uptake will be considered in the discussion. 

Whorl Cells 

Peculiar structures filled with whorls of evenly spaced mem- 

branes have been observed in sections coming from a single tissue 

block (Plate 34, 35). These cell -like structures were found in the 

efferent vessel of a mid - section tubule near or attached to the tubule 

septum. Nephrocytes often occupy this position (Plate 30). These 

structures are assumed to be symptoms of cell death, autolysis, or 

fixation artifact, although the usual methods of fixation and section 

preparation were employed. At first glance one concludes that these 

whorls, resembling the rings of an onion in section, may be mem- 

branes formed by the aqueous fixation of phospholipids similar to 

those forming myelin figures. Wright (1964) has reported myelin 

figures in central vacuoles of crab nephrocytes fixed in potassium 

permanganate. However, in about half of the whorls there is a 

honeycomb pattern which indicates a more complex structure, if 

all of the whorls do indeed represent the same structure sectioned 

in various planes. In Plate 34 the whorl cell is surrounded by what 

appear to be normal cells, while the cell in Plate 35 appears to have 
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limiting membrane. 

Histochemistry 

Electron Microscopy 

26 

Examination was made of unstained sections from a gill mid- 

section which had been fixed in silver acetate- osmium tetroxide for 

the localization of chloride (Plates 36, 37, 38). In general there is 

a scattering of silver salt throughout the section, with heavier con- 

centrations found especially along the outer border of the cytoplasmic 

sheet and at the outer border of the cuticle. Not all cells show this 

localization along the outer membrane of the cytoplasmic sheet, 

although it persists at the outer border of the cuticle (Plate 38). 

In a tubule from the gill tip, very little silver salt is seen 

within the cuticle and no localization in the cytoplasmic sheet is 

found with one exception (Plate 39). In all cases in tubules from the 

gill tip there appears to be a thick layer overlying the cuticle which 

has many large grains of silver salt. Along the surface of the cuticle, 

the localization is not evenly spread but huge, extremely dense clumps 

are found in pits on the cuticular surface. These clumps probably 

correspond to the many dark spots found on the cuticle of gill tip 

tubules treated with silver nitrate for light microscopy (Plate 3B). 



27 

Light Microscopy 

Histochemical data based on light microscopy is shown in 

Table 1. The periodic acid Schiff's test for polysacchorides (PAS) 

was very strong in the cuticle, blood cells, and septa of stalk and 

tubules, moderate in the cortex of the nephrocytes and pear - shaped 

cells, and negative in the stalk hypodermis. The same pattern was 

observed in sections pre- treated with diastase, indicating the pres- 

ence of little or no glycogen. 

The reaction for non - specific esterase was very strong in the 

stalk hypodermis, filamentous layers of the stalk septum, cortex 

of the nephrocytes, and the pear- shaped cells, while it was moderate 

in the cytoplasmic sheet of the pear cells, tubule septum, and the 

filamentous layer lining the tubule afferent vessels. No reaction was 

observed in the cuticle, blood cells, connective tissue cells of the 

stalk or tubule septa, and the nephrocyte vacuoles. With eserine 

inhibition, little or no esterase reaction appeared, indicating that 

most, if not all of the esterase present in these gills is cholinester- 

ase. 

Alkaline phosphatase activity appeared in moderate quantity 

in the cuticle, pear cell nuclei and the cytoplasmic sheet. Lesser 

activity was observed in the pear cell bodies and connective tissue 

cells of the tubule. 
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Acid phosphatase reaction was present only in nephrocytes but 

was very plentiful there. In some nephrocytes the pattern appeared 

to be roughly granular, perhaps corresponding to some of the large 

vacuoles of these cells. 

Table 1. Summarized histochemical data. 

dia es alk. acid 
Structure PAS PAS E -ase E -ase P -ase P -ase 

Stalk 

blood cells 

cuticle 

++ 

++ 

++ 

++ 

- 

- + 

- 

- 

hypodermis - - ++ - 

septal cells - - - - - 

septal fibers ++ ++ ++ - - - 

Nephrocytes 

+ + ++ - - ++ cortex 

central vacuoles - - - - - ++ 

Tubule 

+ + ++ - ( +) - pear 'cell bodies 

cytoplasmic sheet - - + - + - 

connecting cells - - - - ( +) 

filamentous sheath ++ ++ + - - - 

dia/PAS - - - diatase and PAS ( +) slight 
E -ase - - - esterase + positive 
es /E -ase- - - eserine and esterase ++ very positive 
P -ase - - - phosphatase - negative 

- 

- 

- 
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IV. DISCUSSION 

There are two questions which have been raised that require 

discussion. First, what function is suggested by the fine structure 

and histochemistry of nephrocytes, and second, what structures can 

be implicated in active salt uptake? 

Hypothesis for Nephrocyte Function 

As cited earlier, it is well known that nephrocytes of crabs 

and crayfish are phagocytic in function and acidic in reaction (Cuénot, 

1895). The work of Drach (1930) and Wright (1964) has shown that 

phagocytized particles enter these cells, pass to peripheral vacuoles 

and then to a central vacuole. It has been shown, using two histo- 

chemical techniques simultaneously, that phagocytic vacuoles and 

lysosomes in kidney and liver fuse, presumably to allow the lytic 

enzymes of the lysosome to hydrolize the material phagocytized 

(Straus, 1964). Such a process also seems likely in nephrocytes. 

Referring to Plates 13 and 18 it will be noticed that many of the 

small dense bodies are in close proximity to micropinocytotic vesi- 

cles. These dense bodies may represent small pockets of lysosomal 

material which might coalesce into the larger dense bodies. These 

larger dense bodies may then represent lysosomes which might 

combine with masses of micropinocytotic vesicles. This combination 
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is the possible make -up of a peripheral or central vacuole. Plates 

13, 16, 17A, and 18 all show combinations of electron -dense material 

resembling the dense bodies and a material of approximately the 

same density as the micropinocytotic vesicles. These combinations 

appear to be in the general position of peripheral vacuoles to which 

phagocytized material is known to be transferred. Pheripheral 

vacuoles are usually membrane limited (Plates 13, 15) although such 

is not always the case (Plates 16, 17A). Further evidence for the 

idea that the vacuoles represent huge lysosomes comes from the fact 

that nephrocytes have been shown to be strong in acid phosphatase 

activity. Wright (1964) also stated that the peripheral and central 

vacuoles of crab nephrocytes resembled large lysosomes. 

The pinocytotic process itself "drinks" from the subsurface 

cisternae which is apparently separated from the blood by two bar- 

riers. On the blood side is the filamentous layer which overlies the 

surface tubular complex. Both appear to act as semi - permeable 

membranes which are probably important in determining what is 

allowed to be phagocytized. It is possible that partially broken down 

macromolecules and certain molecules which constitute waste prod- 

ucts are allowed to enter the subsurface cisternae while native blood 

proteins are not. In addition, the tubular complex may act as a 

mechanical support under which huge invaginations can occur to 

vastly increase the available area for micropinocytosis (Plates 15,16). 



31 

Why are nephrocytes found only in vessels of the gills which 

contain blood that has been at least once oxygenated? In the present 

state of knowledge concerning the metabolic processes which occur 

in nephrocytes it is only a guess to say that these processes may 

require more oxygen than is present in the oxygen - depleted blood of 

afferent vessels. Contradicting this hypothesis is the fact that no 

nephrocytes are seen in the afferent vessels of the secondary tubules 

whose blood has already been oxygenated in the primary tubules. 

Perhaps nephrocytes could function in the afferent vessels of second- 

ary tubules but are not found there simply for embryological reasons. 

Cytological Evidence for Ion Transport 

For many years it has been assumed that gills are the site of 

salt uptake in crayfish simply because they lack the heavy calcifica- 

tion present over the rest of the body surface. As a result of the gill 

chamber perfusion work of Bryan (1960 a) and Bielawski's experi- 

ments with salt uptake in isolated gills (1964), we may now build 

hypotheses on the strong evidence that salt uptake does indeed occur 

in the gills. In addition, as brought out earlier, it has been shown by 

several workers and by this research that an insoluble silver salt is 

precipitated from silver nitrate on and in the gill cuticle. Further- 

more, this silver salt, which is probably silver chloride, is localized 

heavily upon the tubules of the base and mid - section of the gills, but 
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scattered very lightly over the tubules of the gill tip. It may be 

concluded that the tubules of the gill base and mid - section are most 

permeable to ions (either silver or chloride) and thus the most 

likely sites for active salt uptake. 

As indicated in the introduction, one would expect that cells 

engaged in active ion transport should be located at a site where 

transfer from outer medium to blood could be accomplished. Both 

the hypodermal cells of the stalk and the pear- shaped hypodermal 

cells of the tubules satisfy this requirement. However, it has been 

shown that the stalk hypodermal cells are poor in mitochondria com- 

pared with the pear- shaped cells and that the stalk cuticle appears 

much denser than that of the tubules. Therefore, pear- shaped cells 

in the tubules are the most likely site of active ion uptake. 

Esterase, probably cholinesterase, is found in abundance in 

both pear- shaped cells and stalk hypodermis and to some extent in 

the cytoplasmic sheet. Linton (1965), working with several crabs of 

varying hyper- regulatory ability (ability to maintain blood at a higher 

concentration than medium), found that gill cholinesterase levels 

correlated strongly with the ability to actively take up salt from a 

20% dilution of their normal environment. Furthermore, Koch (1954) 

using Eriocheir, found that cholinesterase inhibitors inhibit active 

ion uptake when placed in the bathing medium, but not when they are 

injected into the blood. He concluded that cholinesterase may be an 
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important component in the ion transport mechanism of this crab 

gill and must be present on the exterior surface of the gill epithelium. 

The presence of cholinesterase in the pear- shaped cells of crayfish 

gill tubules may be important in ion uptake, although it should be 

kept in mind that there is no strong evidence at present for any 

specific role played by this enzyme in such a process. The presence 

of cholinesterase in tissues which actively transport ions does not 

demonstrate that it is directly involved in that process. 

Pear - shaped cells in tubules from the tip of the gill are covered 

by denser cuticle, have fewer and less dense mitochondria and a more 

attenuated cytoplasmic sheet than pear- shaped cells of tubules from 

the gill base. This seems to indicate that the differential silver 

localization on tubules is correlated with morphological differences 

in the cuticle which may account for the relative ion impermeability 

of tip tubules. The difference in thickness and in mitochondrial con- 

tent of the cytoplasmic sheet indicates that this sheet is probably in- 

volved in active ion uptake along with the neck and body of pear - 

shaped cells of tubules from the gill mid-section and base. 

Fine level chloride localization with silver acetate indicates 

that chloride may be held by some sort of acceptor or carrier in the 

outer membrane of the cytoplasmic sheets of the pear cells. This 

apparently supports the hypothesis of Croghan, Curra, and Lockwood 

(1965) that the chloride pump is located on the outer membrane of 
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hypodermal cells. 

Judging from gross chloride localization (Plate 2) one would 

expect to find a strong localization of chloride along all sub- cuticular 

membranes in tubules of the gill base and mid - section, whereas little 

or none should be found in sub - cuticular membranes of tubules from 

the gill tip. This is usually the case, although exceptions are ob- 

served (Plates 38, 39C). 

There are two main variables here which should be reckoned 

with. Pear- shaped cells may or may not be able to actively trans- 

port ions, and the cuticle may or may not be ion permeable enough 

to allow significant ion uptake. If all pear cells are potentially able 

to take up ions, they still must have differences with regard to the 

specific type of cuticle which they secrete. These cells might be 

induced to manufacture the enzymes and /or structures for ion uptake 

by the availability of ions at their outer membrane. Alternatively, 

only pear- shaped cells which secrete a relatively ion -permeable 

cuticle may be able to transport ions. Either alternative requires a 

difference in cellular make -up to explain differences in function. 

Further evidence that we are dealing with two different types 

of pear- shaped cells is that cytoplasmic density between adjacent 

cells may vary strikingly (Plates 19, 23). The hypodermis of basal 

tubules may be composed almost entirely of pear- shaped cells 

capable of secreting a permeable cuticle and carrying on ion 
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transport, while most pear- shaped cells of tip tubules may be capable 

of neither. There may be, placed here and there in the hypodermis 

of basal tubules, pear- shaped cells which cannot transport ions, and 

conversely, some in the hypodermis of tip tubules which are capable 

of ion uptake. This could account for the exceptions in chloride 

localization mentioned above. 
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V. SUMMARY 

The gills of Pacifastacus have been examined with techniques 

of light microscopy, histochemistry, and electron microscopy. 

The histology of these gills was the same as that of other 

crayfish species described by earlier workers. Cell types which 

are present are: hypodermal cells of stalk and tubules, connective 

tissue cells, and nephrocytes. 

Hypodermal cells of the stalk combine into a solid sheet under- 

lying the cuticle while those of the tubules are pear- shaped, with a 

body, neck, and cytoplasmic sheet. The body, containing the nucleus, 

continues into a smaller neck which flares out into the flattened sheet 

running perpendicular to the length of the neck but parallel to and 

closely apposed to the cuticle. 

Nephrocytes are large, multinucleate phagocytes attached to 

the walls of efferent vessels of the stalk and tubules as well as the 

stalk mantle canal. These cells are found to contain much acid 

phosphatase activity. 

Electron microscopy reveals that the nephrocytes are covered 

on the surface with a system of long microvilli which drape over 

cisternae. The cisternae are limited inwardly by the plasma mem- 

brane on which may be seen numerous micropinocytotic vesicles. 

Within the cytoplasm are dense bodies, vesicles resembling 



37 

micropinocytotic vesicles, peripheral vacuoles, and large central 

vacuoles. Material which is phagocytized by micropinocytosis may 

be combined with dense bodies, which perhaps contain lytic enzymes, 

to form the larger vacuoles where intracellular digestion could occur, 

Although both stalk and tubule hypodermal cells are in favor- 

able positions to function in active ion uptake, those of the tubule 

appear to be best equipped for this job. The pear-shaped hypodermal 

cells of the tubule are covered exteriorly by a thinner cuticle and are 

better supplied with mitochondria than those of the stalk. 

Chloride localization with silver salts at the organ level indi- 

cates that the cuticle of tubules arising from the base and mid - section 

of a gill stalk are strikingly more ion permeable than tubules from 

the tip, the stalk, or other parts of the whole body surface. This 

permeability difference correlates with a fine structure difference 

in tubular cuticle and pear- shaped cells depending upon their loca- 

tion. The cytoplasmic sheet of pear- shaped cells from the gill tip 

is thinner and may contain fewer mitochondria while the cuticle in 

this region has an epicuticle of higher electron density. 

Chloride localization with silver acetate at the fine structure 

level somewhat suggests the same base -to -tip differentiation and 

shows localization of the precipitated silver at the outer membrane 

of pear - shaped cells and cytoplasmic sheet. This suggests that 
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the chloride pump is located in the outer membrane of the pear - 

shaped cells and cytoplasmic sheet located in the tubules of the 

lower half of the gills. 
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APPENDIX 



PLATE 1 

Two male crayfish with branchiostegites (gill coverings) 

removed to show the gill chamber. The upper animal was immersed 

in dilute silver nitrate before being killed in alcohol and exposed to 

light for silver reduction. Note the strong silver stain at the base of 

the gills but not at the tips. The lower animal is a control and shows 

scattered dark dots of gill pigment. 

3. 5 X 
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PLATE 2 

Arthrobranchs excised from a crayfish which had been immersed 

in silver nitrate. Note the gill structure and distribution of reduced 

silver. 

A. 11 X 

B. 21 X 

ST - - - stalk 

T - - - tubule 
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PLATE 3 

Paraffin longitudinal sections for light microscopy showing the 

internal structure of the tubules and distribution of reduced silver 

taken up by the living animal. 

A. From gill mid-section 

B. From gill tip 

Bouin's fixed; H. and E. stained; 1,050 X 

of - - - afferent vessel 

CU - - - cuticle 

cs - - - cytoplasmic sheet 

of - - - efferent vessel 

L - - - lacuna 

PC - - - pear cells 

S - - - septum 

si - - - silver 
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PLATE 4 

Paraffin section of an arthrobranch cut perpendicular to its length. 

Bouin's fixed; H. and E. stained; 140 X 

of - - - afferent vessel 

of - - - efferent vessel 

me - - - mantle canal 

S - - - septum 

ST - - - stalk 

T - - - tubule 
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PLATE 5 

Paraffin sections of arthrobranchs showing path of circulation 

(arrows). Note that nephrocytes are found only in the mantle canal 

and efferent vessels of stalk and tubules. 

A. Cross section 

B. Longitudinal section 

Bouin's fixed; H. and E. stained; 250 X 

of - - - afferent vessel 

of - - - efferent vessel 

es - - - extra - somatic medium 

by - - - hypodermis 

L - - - lacuna 

me - - - mantle canal 

NE - - - nephrocyte 

PC - - - pear cell 

ST - - - stalk 

T - - - tubule 
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PLATE 6 

Diagramatical drawing of a portion of an arthrobranch with circula-. 

tion indicated by arrows. Usual positions of nephrocytes are also 

indicated. 

of - - - afferent vessel 

of - - - efferent vessel 

me - - - mantle canal 

NE - - - nephrocyte 
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PLATE 7 

Low power electron micrograph showing the stalk hypodermis lining 

the mantle canal. Note the characteristic peripheral denseness and 

deep infoldings of the nuclei. 

glutaraldehyde- osmium tetroxide fixed; uranyl acetate -lead citrate 

stained; 6, 350 X 

BC - - - blood cell 

CU - - - cuticle 

es - - - extra - somatic medium 

f - - - connective tissue filaments 

me - - - mantle canal 

N - - - nucleus 
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PLATE 8 

Montage of stalk hypodermis lining the efferent vessel of the stalk. 

glutaraldehyde- osmium tetroxide fixed; uranyl magnesium acetate - 

lead citrate stained; 6, 350 X 

CU - - - cuticle 

of - - - efferent vessel 

es - - - extra - somatic medium 

f - - - connective tissue filaments 

m - - - mitochondria 

N - - - nucleus 

pm - - - plasma membranes 
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PLATE 9 

Cross section of the stalk septum. Note the connective tissue 

filamentous layer (f) stacked up on the afferent side and portions of 

two nephrocytes attached to the septum on the efferent side. 

glutaraldehyde- osmium tetroxide fixed; uranyl magnesium acetate - 

lead citrate stained; 6, 000 X 

of - - - afferent vessel 

BC - - - blood cell 

of - - - efferent vessel 

f - - - connective tissue filaments 

NE - - - nephrocyte 

SC - - - septal cell 
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PLATE 9 



PLATE 10 

Cross section of the septum separating the afferent vessel and 

mantle canal. Note the extensive overlapping of septal cells and 

surface filaments. 

glutaraldehyde- osmium tetroxide fixed; uranyl acetate -lead citrate 

stained; 11,000 X 

of - - - afferent vessel 

f - - - connective tissue filaments 

m - - - mitochondria 

NE - - - nephrocyte 

NU - - - nucleolus 

pm - - - plasma membrane 
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PLATE 11 

Same as Plate 10. Note the deep nuclear infoldings and the orienta- 

tion of connective tissue filaments which show a suggestion of 

periodicity (arrows). 

glutaraldehyde- osmium tetroxide fixed; uranyl acetate -lead citrate 

stained; 11, 000 X 

of - - - afferent vessel 

f - - - connective tissue filaments 

N - - - nucleus 

nm - - - nuclear membrane 

pm - - - plasma membrane 
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PLATE 12 

Same as Plate 10 showing a septal cell and parts of three nephro- 

cytes. 

glutaraldehyde- osmium tetroxide fixed; uranyl acetate -lead citrate 

stained; 7, 800 X 

of - - - afferent vessel of stalk 

me - - - mantle canal 

NE - - - nephrocyte 

SC - - - septal cell 
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PLATE 13 

Higher magnification of a portion of Plate 12 showing the relationship 

of the septal cell and nephrocyte. In the nephrocyte, notice the sur- 

face tubular complex, the sub- surface cisterna, micropinocytotic 

vesicles, and the great variety of cytoplasmic vesicles and vacuoles. 

glutaraldehyde- osmium tetroxide fixed; uranyl acetate -lead citrate 

stained; 17, 200 X 

ci - - - sub-surface cisterna 

db - - - dense bodies 

er - - - endoplasmic reticulum 

m - - - mitochondria 

mp - - - micropinocytotic vesicle 

PV - - - peripheral vacuole 

tc - - - surface tubular complex 
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PLATE 14 

Low power micrograph of two adjacent nephrocytes especially showing 

the large central vacuoles and the string -of -beads appearance of the 

surface tubular complex. Arrows indicate the path of the membrane 

of a central vacuole, showing that the nucleus is not contained by the 

vacuole. 

glutaraldehyde- osmium tetroxide fixed; uranyl acetate -lead citrate 

stained; 6, 350 X 

CV - - - central vacuole 

me - - - mantle canal 

tc - - - surface tubular complex 
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PLATE 15 

A higher magnification of a section serial to that of Plate 14. Here 

we see the connective tissue sheath covering the nephrocytes, the 

surface tubular complex, and the penetration of the plasma membrane 

in between the two nuclei (arrow). The dense attachment -like area 

at the base of the picture (double arrow) may suggest that the two 

nuclei do not share the same cytoplasm. 

glutaraldehyde- osmium tetroxide fixed; uranyl acetate -lead citrate 

stained; 11,000 X 

CV - - - central vacuole 

f - - - filamentous layer 

N - - - nucleus 

PV - - - peripheral vacuole 

tc - - - surface tubular complex 
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PLATE 16 

A low magnification view of a nephrocyte resting on the mantle canal - 

afferent vessel septum. Note the deep penetration of the plasma 

membrane, peripheral vacuoles flanked by peculiarly shaped dense 

bodies, and a cup- shaped Golgi apparatus. The surface complex is 

here shown to be tubular rather than vesicular (arrows). 

glutaraldehyde- osmium tetroxide fixed; uranyl acetate -lead citrate 

stained; 6, 350 X 

of - - - afferent vessel of stalk 

ci - - - sub- surface cisterna 

db - - - dense body 

G - - - Golgi complex 

me - - - mantle canal 

N - - - nucleus 

PV - - - peripheral vacuole 

tc - - - surface tubular complex 
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PLATE 17 

A. A higher magnification of a portion of Plate 16. Note the sparse 

mitochondria, Golgi apparatus, and the apparent absence of mem- 

branes around the two peripheral vacuoles. Connection between 

tubular complex and cytoplasm are seen at arrow. 

glutaraldehyde- osmium tetroxide fixed; uranyl acetate -lead citrate 

stained; 14, 800 X 

B. A high power micrograph showing the relationship of the tubules 

of the surface tubular complex with the cytoplasm. Tubules are 

continuous with the cytoplasm (arrow). 

osmium tetroxide alone; block stained with phosphotungstic acid and 

uranyl acetate; 32, 600 X 

ci - - - sub- surface cisterna 

db - - - dense body 

G - - - Golgi complex 

m - - - mitochondria 

N - - - nucleus 

PV - - - peripheral vacuole 

tc - - - surface tubular complex 
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PLATE 18 

Mantle canal- afferent vessel septum and process of a nephrocyte. 

Note the suggestion of a sequence in the formation of micropinocy- 

totic vesicles (arrows). 

glutaraldehyde- osmium tetroxide fixed; uranyl acetate -lead citrate 

stained; 49, 800 X 

ci - - - sub- surface cisterna 

db - - - dense bodies 

er - - - endoplasmic reticulum 

f - - - connective tissue filaments 

mp - - - micropinocytotic vesicles 

SC - - - septal cell 
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PLATE 19 

Low magnification montage of a section transverse to the length of a 

gill tubule (see Plate 2). The pear- shaped cells are continuous with 

the cytoplasmic sheet and bound to one another by connecting cells. 

Notice the difference in density in the cytoplasm of different pear - 

shaped cells. 

glutaraldehyde- osmium tetroxide fixed; uranyl acetate -lead citrate 

stained; 3, 000 X 

BC - - - blood cell 

CU - - - cuticle 

CC - - - connecting cell 

cs - - - cytoplasmic sheet 

of - - - efferent vessel of tubule 

es - - - extra - somatic medium 

L - - - lacuna 

nk - - - neck of pear shaped cell 

scs - - - sub - cuticlar space 

PC - - - pear - shaped cell 
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PLATE 20 

Medium power view of the bodies of two pear- shaped cells. Notice 

the outer sheath of filaments and cytoplasmic sheath from another 

cell. Endoplasmic reticulum here appears to be tubular and rough 

surfaced. Numerous infoldings of the plasma membrane and clear 

vacuoles are characteristic of these cells. Suggestions of nuclear 

pores are shown at arrows. 

glutaraldehyde- osmium tetroxide fixed; uranyl magnesium acetate - 

lead citrate stained; 7, 800 X 

cl - - - clear vacuole 

er - - - endoplasmic reticulum 

L - - - lacuna 

N - - - nucleus 

nm - - - nuclear membrane 

NU - - - nucleolus 

sh - - - cytoplasmic sheath 
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PLATE 21 

A pear-shaped cell showing its numerous mitochondria concentrated 

in the neck, membrane infoldings, and connection with the cytoplas- 

mic sheet. Note that the cytoplasmic sheath covering the cell body 

ends at the neck line, whereas the thin filamentous layer continues 

to line the lacunal side of the cytoplasmic sheet. 

glutaraldehyde- osmium tetroxide fixed; uranyl magnesium acetate - 

lead citrate stained; 7, 800 X 

CU - - - cuticle 

cl - - - clear vacuole 

cs - - - cytoplasmic sheet 

of - - - efferent vessel 

er - - - endoplasmic reticulum 

L - - - lacuna 

m - - - mitochondria 

nk - - - neck of pear- shaped cell 

nm - - - nuclear membrane 

sh - - - cytoplasmic sheath 
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PLATE 22 

A higher magnification of the connection of a pear- shaped cell and 

its cytoplasmic sheet. Notice that the cuticular side of the cyto- 

plasmic sheet has long microvilli while the lacunar side has mem- 

brane infoldings. Mitochondria are commonly seen in the sheet. 

glutaraldehyde- osmium tetroxide fixed; uranyl acetate -lead citrate 

stained; 11, 100 X 

cs - - - cytoplasmic sheet 

CU - - - cuticle 

es - - - extra- somatic medium 

L - - - lacuna 

m - - - mitochondria 

mi - - - membrane infolding 

my - - - microvillus 

scs - - - sub - cuticular space 
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PLATE 23 

By referring to Plate 19 one can see how these two pear- shaped cells 

combine into one neck. Note the distinct difference in cytoplasmic 

density and the tortuous interdigitation of the two cells. 

glutaraldehyde- osmium tetroxide fixed; uranyl acetate -lead citrate 

stained; 9, 800 X 

BC - - - blood cell 

cs - - - cytoplasmic sheet 

L - - - lacuna 

m - - - mitochondria 

N - - nucleus 

nk - - - neck of pear- shaped cell 

pm - - - plasma membrane 

- 
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PLATE 24 

The edge of a pear- shaped cell body and cytoplasmic sheet bound by 

cuticle. Note that the mitochondria are often within membrane 

infoldings. The surface layer is here shown not to be continuous 

but separated by a membrane (arrows). 

glutaraldehyde- osmium tetroxide fixed; uranyl acetate -lead citrate 

stained; 4, 700 X 

CU - - - cuticle 

cs - - - cytoplasmic sheet 

es - - - extra- somatic medium 

er - - - endoplasmic reticulum 

L - - - lacuna 

m - - - mitochondria 

mi - - - membrane infolding 

sh - - - cytoplasmic sheath 
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PLATE 25 

Here the mitochondrial cristae, tubular endoplasmic reticulum, and 

polyribosomes are shown in a pear- shaped cell closely overlying the 

cytoplasmic sheet. 

glutaraldehyde- osmium tetroxide fixed; uranyl magnesium acetate - 

lead citrate stained; 23, 100 X 

cr - - - cristae 

CU - - - cuticle 

er - - - endoplasmic reticulum 

L - - - lacuna 

mi - - - membrane infolding 

my - - - microvilli 

r - - - ribosomes 
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PLATE 26 

Both pictures show that the cytoplasm of adjacent pear- shaped cells 

is not continuous. Note the limiting membranes and desmosomes. 

A. Area under two pear- shaped cells whose necks join as Plate 23 

B. Cytoplasmic sheet 

glutaraldehyde- osmium tetroxide fixed; uranyl magnesium acetate- 

lead citrate stained; 23, 100 X 

1 - - - cell one 

2 - - - cell two 

d - - - desmosome 

pm - - - plasma membrane 
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PLATE 27 

A. Photograph of a model showing the author's conception of how 

the tubule pear-shaped cell complex might appear in three dimen- 

sions. The connecting cell has been omitted on the right showing a 

pear- shaped cell standing alone and the structure labeled neck has 

the rest of the cell removed. 

B. Photograph of a model showing the possible appearance of the 

surface of a nephrocyte. 

CC - - - connecting cell 

ci - - - cisternae 

cs - - - cytoplasmic sheet 

nk - - - neck of pear- shaped cell 

PC - - - pear-shaped cell 

tc - - - surface tubular complex 





PLATE 28 

A connective tissue cell bordering the septum of a gill tubule in 

cross section. Note the extensive endoplasmic reticulum and cell 

surface specializations on the afferent side. 

glutaraldehyde- osmium tetroxide fixed; uranyl acetate -lead citrate 

stained; 14, 900 X 

of - - - afferent vessel 

of - - - efferent vessel 
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PLATE 29 

The septum of a tubule in cross section. Here one can observe the 

villi present on the afferent but absent on the efferent side. Exten- 

sions of two different cells appear to be making up the septum at 

this point. 

glutaraldehyde- osmium tetroxide fixed; uranyl acetate -lead citrate 

stained; 7, 800 X 

of - - - afferent vessel 

of - - - efferent vessel 
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PLATE 30 

This shows the relationship of a tubule nephrocyte to the septum. 

The nephrocyte appears to be the same as those found in the stalk. 

glutaraldehyde- osmium tetroxide fixed; uranyl magnesium acetate - 

lead citrate stained; 6, 350 X 

of - - - afferent vessel 

of - - - efferent vessel 

NE - - - nephrocyte 

S - - - septum 
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PLATE 31 

A. and B. Pear - shaped cell bodies and cytoplasmic sheet from a 

tubule at the tip of a gill. Note the thinness of the sheet and scarcity 

of mitochondria in both cell bodies and sheet. 

C. A section of cytoplasmic sheet from the gill mid-section near a 

pear- shaped cell neck, fixed and stained identically to A, and B to 

show that the thinness of the sheet and lack of mitochondria are not 

caused by excess shrinkage or poor fixation. Note abundance of 

mitochondria and compare thickness of sheet of B and C. 

A. 7, 800 X 

B. 6, 350 X 

C. 6, 350 X 

CU - - - cuticle 

cs - - - cytoplasmic sheet 

L - - - lacuna 

PC - - - pear-shaped cell 

scs - - - sub - cuticular space 
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PLATE 32 

A pear- shaped cell neck and cytoplasmic sheet from a tubule near 

the gill tip. The form is much the same as those near the gill 

mid - section except that the mitochondria appear to be less electron - 

dense (arrow). Note the very dense band at the exterior of the 

cuticle compared to Plate 22. 

glutaraldehyde- osmium tetroxide fixed; uranyl magnesium acetate - 

lead citrate stained; 11, 100 X 

CU - - - cuticle 

cs - - - cytoplasmic sheet 

e s - - - extra- somatic medium 

L - - - lacuna 
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PLATE 33 

The material is the same as Plate 32 and includes only the cuticle 

and cytoplasmic sheet. Here the sheet appears quite similar to that 

in the mid -gill region but the cuticle shows an extra dense outer 

band (arrows). 

glutaraldehyde- osmium tetroxide fixed; uranyl magnesium acetate - 

lead citrate stained 

A. 14, 900 X 

B. 23, 100 X 

CU - - - cuticle 

cs - - - cytoplasmic sheet 

L - - - lacuna 
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PLATE 34 

An anomolous structure occuring along the tubular septum on the 

efferent side where nephrocytes usually occur. It is possibly a 

picture of partial autolysis. 

glutaraldehyde- osmium tetroxide fixed; uranyl magnesium acetate- 

lead citrate stained; 7, 800 X 
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PLATE 35 

Another structure similar to that of Plate 34. Note the apparent 

breakdown of the limiting membrane. This cell has broken away 

from the septum, so is surrounded by efferent vessel (ef). 

glutaraldehyde- osmium tetroxide fixed; uranyl magnesium acetate- 

lead citrate stained; 11, 100 X 
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PLATE 36 

Sections from a mid- section tubule fixed in osmium tetroxide- silver 

acetate. Silver is shown as dark dots. Note the localization along 

the outer border of the cytoplasmic sheet and cuticle (arrows) as 

well as random distribution. 

osmium tetroxide- silver acetate fixed; unstained 

A. 7, 800 X 

B. 29, 800 X 

cs - - - cytoplasmic sheet 

CU - - - cuticle 

es - - - extra- somatic medium 

L - - - lacuna 
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PLATE 37 

A pear- shaped cell neck and cytoplasmic sheet from a mid - section 

tubule. As in Plate 36 the silver occurs randomly and localized 

(arrows). 

osmium tetroxide - silver acetate fixed; unstained; 20, 400 X 

BC - - - blood cell 

cs - - - cytoplasmic sheet 

CU - - - cuticle 

es - - - extra- somatic medium 
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PLATE 38 

Both A and B are sections from a mid-section tubule showing little, 

if any, localization of silver in the cytoplasmic sheet as shown in 

previous plates. However, the cuticle still shows a strong localiza- 

tion along its outer border. 

osmium tetroxide- silver acetate fixed; unstained 

A. 19, 600 X 

B. 14,900 X 

cs - - - cytoplasmic sheet 

CU - - - cuticle 

es - - - extra- somatic medium 

L - - - lacuna 

scs - - - sub- cuticular space 
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PLATE 39 

Sections of tubules occurring at the gill tip. Note in A and B the 

absence of localization in the cytoplasmic sheet and localization in 

apparent pits in the cuticle in A, B, and C. Photograph C shows 

some localization along the cytoplasmic sheet. 

osmium tetroxide- silver acetate fixed; unstained 

A. 10, 500 X 

B. 23, 100 X 

C. 23, 100 X 

cs - - - cytoplasmic sheet 

CU - - - cuticle 

es - - - extra- somatic medium 

L - - - lacuna 

nk - - - neck of pear- shaped cell 
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