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A living representative of the ~nolluscan order Tryb- 
lidiacea, captured by the Galathea Expedition, has 
been described by LEMCHE (1957a) under the name 
of Neopilina gulutheae. An account of its anatomy 
was presented to the XVth International Congress 
of Zoology in London (LEMCHE and WINGSTRAND 
1959), and the phylogenetical implications were 
discussed by LEMCHE (1959a, 1959 b). Several other 
comments have been published but do not record 
new facts about the original material (BEKLEMISHEV 
1958, GLASS 1957, KNIGHT and YOCHELSON 1958, 
1959, LEMCHE 1957b,c, 1958a,b, YONGE 1957a,b, 
1958). A chapter summarizing the more important 
features has been prepared for the "Trait6 de 
Zoologie".l 

The preliminary note on the find aroused so 
considerable interest among zoologists, and the 
animal proved to be of such importance for the 
interpretation of fossil forms, that it was decided to 
lay special stress on a detailed description. As, how- 
ever, the uniqueness of the find made it most impor- 
tant to distinguish very clearly between the facts 
observed and their theoretical implications, whether 
systematical or phylogenetical, it was decided to 
publish the mere facts about the structure of Neo- 
pilina in the Galathea Reports at the very first date 
possible, whereas the discussion of its consequences 
in phylogeny and systematics should be reserved for 
papers to follow elsewhere. 

I n  order to present a prompt and extensive report 
on the anatomy of Neo/7iIina the present authors 
joined in its preparation. But, as we found ourselves 
entangled in comparisons and phylogenetical spec- 
ulations as soon as we left the level of pure descrip- 
tion, we soon decided to exclude from our paper 
almost every reference to the literature. 

The authors are highly indebted to the Carlsberg 
Foundation for granting support towards the in- 
vestigations. The presentation of this paper has 
been greatly facilitated through the enthusiastic 
cooperation of the staff of the Institute for Com- 
parative Anatomy and Zoological Technique. The 
painstaking work of preparing the illustrations for 
printing is due to Miss J. TESCH and Mr. A. @YE. 
Some drawings have been made by Mr. P. WINTHER, 
whereas most of the originals have been produced 
by the authors themselves. Comparison with the 
fossil material was made possible through the 
courtesy of Prof. E. STENSIO of the Museum of 
Natural History, Stockholm, and Mr. E. YOCHEL- 
SON of the National Museum in Washington, both 
of whom have sent us rubber squeezes of fossil 
Tryblidians. Prof. STENSIO has also placed the 
beautiful photograph of Pilina unguis (Fig. 134) at 
our disposal. The English text has been revised by 
Mr. N. HAISLUND. TO all those who have helped us 
in these various ways, we wish to extend our most 
cordial thanks. 

MATERIAL AND METHODS 

The material was obtained from station 716, 9' 23' 
N., 8gC32' W.%, 3,570 m depth (corrected), "dark, 
muddy clay, herring otter trawl", on May 6th, 1952. 
The sample contained 10 specimens with the soft 
parts preserved but more or less damaged, and 
three empty shells. The specimens were washed out 
of the muddy content of the trawl by means of 
surface water at a temperature of 28"C., which must 
have killed the animals immediately, if they did not 
die already during the transport to the deck of the 
ship from the abysses with its temperature of only 
2°C. After lying some time on the deck and in the 

sieves, the animals were preserved in 70 % ethyl 
alcohol (8 specimens) or 2 % formaldehyde (2 spec- 
imens). Later, all of them were transferred to one 
jar with 70% ethyl alcohol. Originally, the empty 
shells were kept in the same jar with alcohol as 
the other specimens, but unfortunately an attempt 
was made afterwards to dry the shells, with the 
result that all of them broke to pieces. 

When in the autumn of 1956 the specimens came 
to be investigated and their importance was realized, 
it was decided very soon to give them individual 
Roman numbers for easier registration, and to 
keep them apart from each other. Since then, the 

1. After our manuscript was sent to the printer, a new species specimens been treated as shown in ~ ~ b l ~  1. 
of Neopilinn was described (CLARKE and MENZIES 1959). 

2. In the Proceedings of the Zoological Congress (LEMCHE & 
The main part of the investigation has been 

WINGSTRAND 1959) a misprint occurred in the longitude carried Out on the two sectioned (IT1 and - 
record. IV). These were refixed for three days in 80 % 



Table 1. The state of preservation and the use of the ipecimeils of Neol1111 
-- - - - - - - --- - - - - - -  - 

Spec. ' Length x  breadth State of preservation 
No. x height, mm. 1 

Use 

VI ab. 25 x 22 x 9 

VII 37~35x13  

VIII 37x ? XI2 

IX ab. 29 x 25 X 8 

Intact shell and intact soft parts. 

Well preserved. Formalin fixation? 

Mature $2. Apex preserved in spite of rupture in 
the apical region. Larval shell present. Probably 
formalin fixation. 

Mature 3. Apex preserved, but slightly damaged. 

Apical region destroyed, liver collapsed, radula 
emerging from the hole. Ventral side relatively 
well preserved. 

Shell broken lengthwise, the right side of the 
animal slightly damaged along the margin. 

A large hole in the apical region. Anterior end 
much damaged. 

Apical region present, but the whole right side 
of the animal and shell crushed. 

Broken lengthwise and folded almost like a bi- 
valve. 

Mature $2. Loosened from the shell which was 
kept among the dried ones and afterwards broke 
to pieces. Animal much damaged in front. 

Empty shells, afterwards broken to pieces. 

Holotype, untreated. 

Paraffin embedding attempted. An~mal  did not 
stand treatment with acids. Practically lost. 

Cut into transverse sections. See text! Larval 
shell preserved in a block of celloidin in alcohol. 

Cut into horizontal sections. See text! 

Kept untreated. Used for exhibitions. 

Studies on gill position. 

Additional studies on the radula. 

Shell removed from the left side for studying 
muscle insertions. Pieces of right side mantle 
used for detailed studies. 

Preliminary studies of the intestinal content 
and of the radula. Studies of muscles. 

Crystallographical studies. Trace elements, etc. 

alcohol : 40 % formalin : glacial acetic acid (90 : 5 : 
5 per volume). They were washed in 90 % alcohol 
and decalcified in 90 % alcohol with 2 7;  (per vol- 
ume) of concentrated hydrochloric acid. Continu- 
ous 50 p celloidin sections were prepared from both 
specimens. Spec. 111 was cut transversally, Spec. IV 
horizontally. The slides were stained in Mallory's 
phosphortungstic acid hematoxylin without dis- 
solving the celloidin (WINGSTRAND 1951, p. 15). 

The examination of the slides was supplemented 
by direct observations on the other specimens. Gra- 
phic as well as wax-ylate reconstructions have been 
made whenever suitable, using lines of reference 
derived from photographs of the whole animals 
taken before sectioning. Careful search has been 
carried out throughout both series for detecting all 
possible structures present. The drawings as here 
given are of three kinds: graphic reconstructions 

as mentioned above, semi-diagrammatical ones to 
illustrate our ideas of the structures as based on the 
sum total of all our observations and, finally, de- 
scriptive ones made as naturalistic as possible to 
show just how much (and not more) it has been 
possible for us to observe on the material present. 
Hence, whereas the two first types of illustrations 
have been made as clear as possible, the last type is 
meant to be no clearer than the material allows, 
interpretation being kept down to a minimum. 
Finally, unretouched photographs have been used 
to provide documentation in a number of cases. 

Although a considerable amount of facts could be 
derived from the available material, the following 
report will emphasize the need of getting living and 
well-fixed material, if possible even of larval stages, 
for the solution of many structural and functional 
problems. 



GENERAL DESCRIPTION 

The animals are bilaterally symmetrical. Small 
asymmetries are visible in some of the shells (Fig. 
7), whereas those seen in the position of the anal 
opening, of the foot, and of the mouth in the 
preserved specimens are not constant in degree and 
perhaps may depend upon muscle contractions at 
the moment of fixation. 

The whole dorsum is covered by a single, almost 
circular, cap-shaped shell, hiding the soft parts when 
the animal is viewed from all sides except the ven- 
tral one (Figs. 1-7). 

The ventral side of the animal is soft, the epithe- 
lial surface almost everywhere being naked and 
often ciliated. There is a continuous pallial fold of 
almost uniform size and structure all round the 
animal (Figs. 1, 7). In the preserved specimens this 
fold is detached from the shell margin, whereas in 
the living animal it certainly underlies the peripheral 
part of the shell out to the very edge. This fold 
covers a likewise continuous pallial groove, sur- 
rounding the mouth region and the centrally placed, 
almost circular foot, the radius of which is about 
half that of the shell. The ventral surface of the foot 
is flat. Its muscular marginal parts are somewhat 
thickened, protruding, and irregularly folded (Figs. 
9, 12). In the membranous central parts of the foot, 
the viscera are shining faintly through. 

The mouth is situated approximately half-way 
between the anterior margins of the foot and of the 
shell. It is surrounded by an anterior lip and a 
small posterior one (Figs. 66, 67, 74). The anterior 
lip is closely associated with a preoral transverse 
fold dilating into broad ciliated flaps on each side, 
the "velum" of the present paper. The posterior lip 
is fused to a pair of ridges protruding from the 
ventral body wall, each carrying a fan-like tuft of 
tentacular appendages. The ventral body wall be- 
tween the foot, the tentacle ridges, and the mouth 
forms a smooth, triangular propodial area. A small, 
thumb-like preoral tentacle is situated on each side 
of the mouth in the furrow between the velum and 
the anterior pallial fold. 

Laterally to the foot, five pairs of gills are placed 
at regular intervals in the pallial groove, their origi- 
nal shape having been much disturbed during cap- 
ture and preservation (Figs. 7, 12). The first pair of 
gills is situated at a slightly greater distance from 
the tentacle tufts than from the second pair of 
gills. A nephridial pore is present postero-medially 
to each gill base, visible only in microscopical sec- 
tions. Still another pair of nephridial openings is 
found more anteriorly in the pallial groove without 
any traces of gills in the corresponding positions. 

Posteriorly the anus is placed on a distinct papilla 
almost in the median line, half-way between the 
hind border of the foot and that of the mantle 
(Fig. 7). 

The main arrangement of the interior organs is 
as follows. The anterior body region is occupied by 
a large blood space surrounding the pharynx, the 
radular apparatus, the subradular organ, the salivary 
gland, and the oesophagus, all of which organs 
are more or less median, and by a large number of 
muscles. Just under the shell in this region, ramifi- 
cations from the dorsal coelomic cavities extend 
forwards associated with the paired pharyngeal 
diverticula (Fig. 11). 

Further back, in the large peri-intestinal blood 
sinus, the stomach is found, surrounded by the 
paired liver (Figs. 8, 9, 167). Laterally, the large 
dorsoventral muscles pass down to the foot margin, 
and still more laterally the pallial folds contain the 
kidneys. More caudally the coils of the voluminous 
intestine occupy most of the space in the peri- 
intestinal blood sinus together with the ventral 
gonads (visible through the central parts of the 
foot). The paired dorsal coelomic cavities extend 
under the whole dorsal body wall. The last, medially 
placed part of the intestine is accompanied on each 
side by a pericardial cavity containing the paired 
heart (Fig. 10). Almost all parts of the nervous 
system are situated in or in close contact with the 
ventral body wall. 



THE OUTER EPITHELIA 

For the sake of completeness a description of the 
appearance of the outer epithelia is here given, in 
spite of their admittedly poor state of preservation. 
I t  may be mentioned already here that no single 
subepithelial gland cell has been discovered in the 
whole body in spite of intense search, and that no 
true invaginated glands occur in the body wall. 
Furthermore, most of the glandular areas show 
little specialization of the slender, ciliated interstitial 
cells between the secretory ones. In other molluscs, 
these ciliated cells usually appear only as minute 
triangular bodies facing the surface with their 
ciliated side and thinning out proximally between 

one in Neopilina, being only 15-20 p high. The cells 
carry cilia, but the destruction in these areas is such 
that it is very difficult to state their presence (Fig. 61). 

(d) The epithelium of the tentacle tufts is rather 
typical, 15-35 p high, and its cells contain some 
finely granular substance. Some cells carry long 
cilia. (Fig. 22). 

(e) The epithelium of the velar base is very similar 
to that of the tentacle tufts, 30-40 p high, although 
the granular matter seems to be somewhat coarser 
and more abundant. The surface is covered by 
cilia of moderate length (Fig. 17). 

the secretory cells, so that their basal attachment is 
extremely difficult to recognize. In Neopilina, how- 

SPECIALIZED CILIATED EPITHELIA 

ever, they are nearly always rather easy to trace (f) The epithelium of the ventral foot surface is a 
down to the basement membrane. 

SLIGHTLY SPECIALIZED 
EPITHELIA 

Under this heading we describe those epithelia in 
which no particular specialization has been dis- 
covered. 

(a) The predominant pallial-groove epithelium 
(Fig. 20) consists of cells 20-30 high and about 5 p 
broad, with nuclei measuring 6 x 4 p. The latter 
are scattered somewhat irregularly although mainly 
placed in the basal half of the cells. Most of the 
cells contain a granulated cytoplasm with its 
greatest staining property in the region distal to the 
nuclei. In the area around the foot base the epithe- 
lium differs slightly in being a little lower and less 
intensely stained. A peculiar feature in the latter 
area is the presence of indistinct large globules (or 
rolls) attached to the basement membrane. (Fig. 14). 
Cilia have been observed on the surface of some of 
the cells. 

(b) The epithelium on the sides of the foot is about 
40 p high. It  differs from the one just described in 
containing numerous granules of a yellowish- 
brownish substance (at least after staining), which 
might be either a pigment or a secretory substance 
(Fig. 15). Lighter cells or interspaces are seen be- 
tween the normal cells. There is a cover of mod- 

monolayer of 50 p high and very narrow cells (Figs. 
16, 26). The nuclei are situated at different levels. 
Close to the basement membrane a somewhat irregu- 
lar layer of rounded nuclei of 3 p size is found. The 
cells to which belong these nuclei soon reach their 
full width of 6-8 p and keep this size almost to the 
distal end with some tendency to attenuate a little 
(Fig. 16). These cells appear to be glandular since 
they are filled up sometimes with indistinct yellow 
granules. Between the glandular cells other and 
still more slender ones are inserted with a darker 
cytoplasm and more elongate nuclei placed about 
half-way up the cells. Many of the supposed secre- 
tory cells appear to bulge out a little at the surface, 
whereas the interstitial cells are covered by 6-8 p 
long cilia. 

(g) The epithelium of the tips of the gill lamellae. 
The very tip of each gill lamella (with the possible 
exception of the longest ones) is covered by a short 
streak of strongly staining cells, 35 p high and 3-10 p 
broad (Fig. 18). No secretory cells are found be- 
tween them, in contrast to the other areas of the 
gills. The nuclei are oblong and placed in the basal 
half of the cells. On the outer surface a dense cover 
of long cilia (up to 20 p) is present, gradually 
decreasing in size to both sides of the tip. 

(h) A dense, ciliated columnar epithelium is found 
on the more distal parts of the velum, on the swollen 
medial ends of the stems of the tentacle tufts, and 

erately long cilia which may arise only from the also in a narrow zone on the middle marginal fold 
normal epithelial cells and not from the lighter of the pallium (Figs. 19, 24, 32, 75). The thickness 
parts. of this epithelium amounts to 90 p. The cells are 

(c) The epithelium on the sides of the bvanchial extremely narrow, their cytoplasm stains densely so 
lamellae would appear to be the lowest unprotected that the whole epithelium looks rather dark. Most 



of the long and slender nuclei are situated in the 
basal half of the cells, although none of them reach 
down to the basement membrane. The surface carries 
a dense cover of about 10-1 5 p long cilia. A certain 
number of glandular cells are present. They contain 
in their outer part an oblong secretory mass of the 
same appearance as in the pedal gland cells. The 
structure of the basal parts could not be made out. 

GLANDULAR EPITHELIA 

(i) Epithelia with scaftered mucous cells. On the 
ventral pallial surface, in the region just above the 
gills, the usual columnar epithelium contains many 
scattered goblet cells, which appear as light, empty 
spheres (Fig. 29). All nuclei are placed in the basal 
half of the cells, but it has not been possible to 
distinguish those belonging to the goblet cells. The 
interstitial cells seem to be covered by cilia. Quite 
a similar type of epithelium is present along both 
edges of the gill lamellae (Figs. 61, 64). 

(k) The marginal mucous gland is a narrow zone 
along the inner side of the innermost marginal fold 
all round the body. In fact, it could be regarded as 
merely an extreme development of an epithelium 
like that just described, but the preponderance of 
the mucous cells justifies its being regarded as a 
distinct gland. The ciliated interstitial cells are 
elongate, but are distinct all the way to the basement 
membrane. The epithelium is almost 100 p high 
(Figs. 31, 47). 

(1) The hvpobranchial gland epithelium forms one 
of the most highly developed secretory tissues in 
the outer epithelia, placed at the bases of the gills 
in the vicinity of the renal pores. It is formed by 
enormously swollen mucous cells with very few 
ciliated interstitial ones between them (Fig. 30). 
The height of the epithelium is 100-110 p. The 
nuclei of the interstitial cells are often placed rather 
near the surface or at least half-way up the epithe- 
lium. The peripheral parts of these cells form more 
or less triangular patches of unchanged cytoplasm, 
whereas their lower parts are more or less difficult 
to trace down to the basement membrane. This tis- 
sue, therefore, constitutes almost an exact parallel to 
what is the usual type of secretory epithelia in 
molluscs. 

(m) The dark-staining, granulate gland cells. On 
the anterior side of the preoral tentacle, a small 
group of very peculiar glandular cells is found (Fig. 
28). The secretion stains strongly and is concen- 
trated into large, sausage-shaped or pear-shaped 

drops, each filling the interior of one of the secre- 
tory cells. Each large drop consists of numerous 
small globular droplets lying densely together. Such 
droplets are also found distally to several of the 
gland cells in such a way that they may perhaps 
indicate the secretion to be given off continuously. 
The nuclei are difficult to observe, but seem to be 
rounded and of double the size of the usual epi- 
thelial ones. They appear to be placed near the 
lower end of the larger drops. In all, hardly more 
than 25 such secretory drops are found in each 
preoral tentacle. Scattered cells of the same type 
are present in the glandular zone along the anterior 
margin of the gill stems. 

(n) The pedal gland epithelium covers the ventral 
side of the anterior foot margin. The thickness of 
this epithelium exceeds that found anywhere else on 
the outer surface, being up to 120 p (Fig. 23). Two 
distinctly different types of cells occur in that region, 
viz. (1) normal slender ciliated interstitial cells with 
their very elongate nuclei placed at the usual dis- 
tance from the surface (at the same level as in the 
neighbouring epithelium), but with very narrow 
basal ends, and (2) secretory cells having basally 
placed, rounded nuclei with a diameter from 3 to 5 p. 
Single nuclei of large size (up to 8 p) are found at 
different levels. Most of the cytoplasm of the glandu- 
lar cells is placed below the level of the nuclei of 
the interstitial ones, so that the lower third of the 
epithelium almost looks as if consisting solely of 
secretory cells lying close together. The cytoplasm 
in the most basal 10 p around the nuclei stains 
distinctly darker. Farther up in the epithelium the 
secretory cells are much narrowed in order to pass 
between the broader parts of the interstitial cells, 
but especially in the uppermost, rather unstained 
layer the secretory cells are sometimes seen to 
broaden once more, containing an oblong drop of 
some homogeneous secretory matter which stains 
rather slightly with a dull brown in the sections. 

In many places at least the cilia are well developed 
on the interstitial cells, being both abundant and 
long, and the secretion is often found to form irre- 
gular globules or masses between the bases of these 
cilia. 

CUTICLE-CARRYING EPITHELIA 

(0) The epithelium of the lips. The upper lip is 
strongly folded in the preserved specimens. Both 
lips are covered by an epithelium (Fig. 27) looking 
much like the other high and dense ones (cf. Fig. 



l9), but it differs in being covered by a strong and The different kinds of epithelia associated with 
continuous cuticle. The cells are about 90 p high shell formation, such as 
and their elongate nuclei are more distinct than 
those of the ciliated epithelia. The cuticle increases 
in thickness from the outer surfaces of the lips 
(being less than 10 p in these areas) into the mouth, 
inside which the cuticle suddenly increases in thick- 
ness to form the "jaws". In some places there is an 

(p) the periostracum gland cells, 
(q)  the prism-forming epithelium, 
(r) the sterile shell epithelium, 
(s) the nacre-forming epithelium, 
(t) the muscle attachment cells 

and 

apparent stratification of the cuticle, but its impor- will he described in the immediately following chap- 
tance is not too well understood. ter. 

THE SHELL AND THE PALLIAL FOLD 

The pallium forms a wide and strong circular fold 
all round the body. Its structure and shape is the 
same anteriorly, laterally, and posteriorly. For con- 
venience the proximal limit of the pallial fold is 
taken to be along the lateral surfaces of the big 
dorso-ventral foot retractors, i. e. at the periphery 
of the foot base. Anteriorly the limit is taken to be 
along the base of the velum. 

The outermost part of the pallial fold carries on 
its ventral side two smaller circular folds, both 
pointing ventrally, perpendicular to the mantle sur- 
face (Figs. 33, 45, 47). These two smaller folds are 
here mentioned as the middle and the inner mar- 
ginal folds, respectively, whereas the part of the 
pallial fold lying distally to the middle fold is called 
the outer marginal fold. 

The pallial fold is covered by two epithelia, the 
dorsal one with the shell, and the ventral one, which 
seems covered by cilia in most places. The ventral 
epithelium is the seat of two distinctly marked glan- 
dular areas, viz. the hypobranchial glands under the 
gill bases in close connection with the renal pores, 
and the marginal mucous gland forming a continuous 
strip of glandular epithelium all round the animal 
on the proximal side of the inner marginal fold. 

The interior of the pallial fold is occupied by 
blood spaces, muscles, and connective tissue, with 
few viscera other than the kidneys which are found 
in the thicker proximal parts of the fold (Fig. 157). 
Ventrally, below the kidneys the ctenidia are in- 
serted. Just centrally to the gill bases, the lateral 
nerve cord is placed closely inside the ventral epi- 
thelium, separated from the basement membrane 
only by a thin layer of muscle fibres. 

The peripheral parts of the mantle are thin and 
contain almost only muscle fibres, connective tissue, 
and blood spaces with blood cells (Fig. 47). Also, 
an astonishingly rich nerve supply is found running 

out to the very marginal parts, most of the nerves 
continuing even into the outer marginal fold, al- 
though it is completely surrounded by the perio- 
stracum of the shell. 

TIze shell, as seen from above, is a rather flat cap 
of almost circular outline (Fig. 2) the diameter of 
which is slightly larger longitudinally than trans- 
versely. The largest specimen measures 37 \< 35 >. 
13 mm, the smallest one about 25 < 22 < 9 mm, 
whereas the type specimen is 33 x 30 x 10 mm. The 
thickness of the shell rarely exceeds 0,3 mm. Mostly 
it is below 0.2 mm. It would seem to be only in fully 
grown shells that the greater thickness occurs, and 
always only in a narrow belt rather near to the shell 
margin - as will be explained in more detail below. 

Lines of growth are closely set on the shell surface, 
they are very fine but distinct (Figs. 36-37). About 
every fifth of them is stronger than the others and 
protrudes somewhat over the next younger part of 
the shell. The lines of growth are crossed by 30-60 
narrow and slightly elevated ribs radiating from the 
apical region (Fig. 36). Their distinctness dimin- 
ishes with increasing distance from the apex, and 
they almost disappear in the outer, younger parts 
of the shell. 

The apex is situated in the median plane almost 
vertically over the front margin of the shell, the 
anterior side of which is concave (Fig. 3,4). As seen 
from the side, the dorsal surface of the shell forms 
a spiral so that, in the more apical part, about "/, of 
a full exogastric coil is produced. The small apical 
prominence points obliquely downwards and for- 
wards. In the largest specimen this point is found 
some 8 mm. above the anterior shell margin. The 
posterior slope of the shell becomes less and less 
convex caudally. It is very difficult to trace any 
asymmetry in the adult shell, the general appearance 
of which is one of bilateral symmetry. 



A larval shell has been found in one of the speci- 
mens captured, evidently having been lost in all of 
the others, where only the slightest traces of an im- 
pression from the larval shell margins may be de- 
tected (Fig. 35). The larval shell (Figs. 34, 49) is 
peculiar in being dextrally coiled in a manner imi- 
tating that of prosobranch protoconchs, but the 
pronounced asymmetry disappears almost at once 
at the transition to the first part of the adult shell 
formed beneath the larval one. When, therefore, 
the larval shell becomes lost - as in most specimens 
- the remaining surface of the shell appears almost 
undisturbed (Fig. 35). The orientation of the larval 
shell is such that it opens into the morphologically 
posterior direction. In the actual, adult specimen the 
opening points upwards and forwards because of 
the coiling of the shell (Fig. 163A). 

The colour of the adult shell is a dull brown which 
grows darker towards the apex until it appears al- 
most black, most of the black pigment being con- 
centrated on the ribs and lines of growth. Towards 
the margin the shell shows a more uniform light 
brown, almost straw-coloured. Mostly, the surface 
of the shell is irregularly corroded, apparently 
through the action of sessile organisms. 

As seen in our sections, the adult shell is com- 
posed of three layers, the outermost of which is 
a rather thin periostracum with more or less pig- 
ment (Figs. 39, 46). The middle layer is a thick 
prismatic one, on the inside of which the lamellate 
nacreous layer is found (Fig. 48). The thickness of 
the periostracum is nearly the same all over (3-5 p). 
The two calcareous layers have proved to vary so 
regularly as to indicate the manner in which the 
shell substance is formed, and by which areas of the 
mantle (Fig. 33). 

Of the three layers the periostracum is the only 
one bending round the outer edge of the shell and 
the underlying outer marginal fold to continue in- 
wards on the ventral side thereof until - some 
millimeters from the margin - it reaches the perio- 
stracurn gland. This gland forms a narrow circular 
band all round the animal at the base of the outer 
marginal fold. It consists of some 30 columnar 
epithelial cells in each cross section (Figs. 32, 50). 
Each cell appears as if delimited from its neigh- 
bours by a light interspace which may be artificial. 
Some of the nuclei of the epithelial cells are placed 
half-way up, but others seem to be placed more 
basally, although the presence of the latter cannot 
be proved because of the inadequate fixation. The 
glandular cells increase in height from the two or 

three low ones on the medial side of the strip to the 
most lateral ones, which are almost ten times as long 
as broad. 

In the sectioned specimens the periostracum has 
broken along the very shell edge, owing to the con- 
traction of the radial muscle fibres in the outer part 
of the pallium (Fig. 45). In fresh specimens the 
periostracum on the ventral side of the pallium 
forms an iris-like membranous ring inside the edge, 
especially distinct anteriorly. 

As soon as the periostracum has bent round the 
margin to the dorsal side of the pallium, lime sub- 
stance begins to be added to its interior surface. To 
get an impression of the places in which new sub- 
stance is added, measurements have been taken on 
Spec. 111, in which the thicknesses of the prismatic 
and the nacreous layers were measured along the 
median line of the shell and along three transverse 
sections. The prismatic one was also measured 
approximately over the periostracum gland (i. e. in 
the area where it was found to be thickest). The 
results are given in Text-fig. 1. 

As seen in the diagram (Fig. 33), no nacreous 
substance is found in a zone immediately inside the 
margin, where, on the other hand, the prisms in- 
crease in height. Thus the prismatic layer must be 
formed by the dorsal epithelium of the outer mar- 
ginal fold. As growth proceeds, new parts of the 
periostracum must bend up over the margin from 
the ventral side and new prisms must be initiated 
distally, at the same time as more and more sub- 
stance is added to the more proximal prisms. Hence, 
the height of these prisms increases from the mar- 
gin on to the region above the periostracum gland. 
When the height of the prisms decreases medially 
to this line, it means that no more substance is 
added. The larger the animal, the higher will be the 
prisms before they eventually come to lie inside 
their secretory area. Thus the younger parts of the 
shell are thicker than the older, more apical ones. 
In the diagram (Text-fig. 1) this fact is borne out by 
the measurements along the median line, showing 
a gradual increase in thickness from the apical 
region caudally. The diagram also shows that the 
maximum thickness of the shell is found laterally 
near the anterior end. 

In a few places it is possible to see a fine dark 
line running through the prismatic layer almost 
parallel to the formative surface (Figs. 33 and 51). 
Such a line, when crossing the boundaries between 
the individual prisms, widens a little to form a small 
dark dot. The length of such a line, as measured 



Text-fig. 1. The thickness of the shell (nacreous 
layer black, prismatic layer white) along the 
median line, along three transverse sections 
(left), and along the zone of maximum thick- 
ness inside the margin (right). The double line 
at the bottom of each graph indicates the line 
along which the measurements were taken in 
the celloidin sections. The scale is the same in 
all cases. 

along a radius, is about 8-10 times the height of the 
prisms in the area in question. The same relation is 
found to exist between the width of the prism-form- 
ing marginal zone, and the height of the fully devel- 
oped prisms just inside. Hence, there would seem 
to be little doubt that the said lines indicate tem- 
porary stops of growth. I t  is rather strange, how- 
ever, to find so extremely few of these lines, none of 
our sections showing more than a single one each. 

The nacreous substance makes its first appearance 
above the region of the periostracum gland and 
increases in thickness until reaching its definite 
thickness of approximately 12 p just centrally to the 
insertions of the pedal retractors. Little increase of 
this layer is found in the central parts of the shell 
(Fig. 33 and Text-fig. I). This means that the 
formative zone of the nacreous substance is the 
same as that in which muscles attach to the shell. 
The nacreous substance consists of quite a number 
of extremely thin lamellae. 

The crystallographical properties of the shell are 
treated by W. J. SCHMIDT in a separate paper of 
this volume. 

The prism-forming epithelium covers the dorsal 
surface of the outer marginal fold, but as this fold 
has been detached from the shell by the strong con- 

traction at death, the epithelium is so greatly de- 
formed that it is difficult to describe. As now seen 
in transversal sections (Fig. 38), this epithelium 
forms a rather narrow band - about 50 cells broad - 
centrally continuous with the one forming the nacre 
(Fig. 33). 

Apparently the epithelium is built up of high 
columnar cells, but it should be remembered that 
lateral compression caused by the said contraction 
of the fold has increased the relative height of the 
cells. The number of prisms in a cross section 
through. the marginal area of the shell is similar 
(about 50) to that of the number of cells in a section 
through the epithelium here described. It  is prob- 
able, therefore, that each prism is formed by a single 
cell, which means that the epithelium must have 
covered the whole of the five times broader form- 
ative zone of the prismatic layer when the animal 
was alive. These considerations indicate the original 
epithelium to have been rather low, in appearance 
much like the nacre-forming one. The amount of 
cytoplasm is not very large, and the nuclei are 
placed almost centrally. 

The sterile shell epithelium. The central part of the 
dorsum is covered by an extremely flat epithelium, 
the only outer one known to be squamous in this 



animal. As the shell shows a strong tendency to 
detach from the epithelium beneath, t k s  delicate 
membrane is rarely undisturbed. In some few places, 
however, over the hindmost parts of the intestine, 
this epithelium is visible as a much flattened layer, 
less than 5 p. thick. Flattened nuclei are scattered in 
it without visible cell walls between, and with no 
special cytoplasmatic structures to be seen (Figs. 
33, 41). 

The nacve-fouming epithelium is much higher than 
the preceding one although still rather low (Figs. 
43, 52, 55). The height is about 15 [L and the width 
of the cells is about 8-10 p. The nuclei are corre- 
spondingly more globular or - often - slightly 
flattened, not elongate as in most other epithelia, 
and most of them are placed rather close to the 
outer surface. The cytoplasm is poorly preserved. 
The epithelium as seen in the present sections varies 
considerably in height in different places, but it has 
not been possible to find out whether this pheno- 
menon is natural or artificial. 

The muscle attachment cells. The zone of the 
nacre-forming epithelium on the dorsum is the only 
area in which muscles attach themselves to the 
shell (Fig. 130). This attachment takes place through 
specialized cells much larger than their neighbours 
and penetrated by a number of tonofibrils. These 
cells are found either scattered between the normal 
epithelial cells (Fig. 52) or concentrated into groups 
with no other cells interspersed (Figs. 44, 48, 53). 
When seen in tangential sections, the bulk of each 
cell consists of a circumscribed bundle of tonofibrils 
surrounded by some unchanged cytoplasm, with 
the nucleus situated at the surface of the bundle. 
In a few places, several nuclei have been observed 
lying inside their respective fibril bundles (Fig. 54). 
The preparations were not good enough for a de- 
tailed description of the tonofibrils, but it is evident 
that they are placed almost in parallel, having a 
direction that corresponds to that of the pull pro- 
duced by the muscle fibre(s) attached. 

In cross section the plates containing tono-fibrils 
appear as darker bodies separated from each other 
by ovate cavities corresponding to  the interspaces 
as found in the tangential sections (Figs. 42,44,48). 
There is some tendency for the nuclei in some areas 
to be placed to the medial side of their respective 
fibre bundles. 

The marginal folds. The outer edge of the pallium 
is enclosed within the doublure formed by the perio- 
stracum as it turns over from the dorsal to the ven- 
tral side. Immediately centrally (or proximally) to 

the periostracum gland two other folds appcar on 
the ventral pallial surface. These three folds are 
termed the outer, the middle, and the inner marginal 
folds, respectively (Figs. 33, 45). 

The outer marginal fold is covered on its dorsal 
side by the prism-forming epithelium described 
above. The ventral epithelium consists of cells 
which, although contracted almost to the degree of 
being distorted, still show signs of having been no 
higher than cubical. Apparently the ventral epithe- 
lium is devoid of gland cells. Towards the edge the 
cells enlarge and become narrower, and the edge 
itself would seem to carry high and narrow colum- 
nar cells. As mentioned above, the whole outer 
marginal fold is strongly contracted. It  has been 
detached from the shell, and the periostracum has 
broken at the shell margin in the preserved speci- 
mens. Just beneath the prism-forming epithelium a 
layer of muscle cells is placed (Fig. 38). Probably 
these muscle strands are responsible for much of 
the pull which has torn away the outer marginal 
fold from its original attachment to the shell. 

The interior of the outer marginal fold is occupied 
by a mixture of Leydig cells, blood cells, and cross- 
ing myofibres, all bathed as usual in the body fluid 
present. The whole fold appears to have been very 
flat, attenuating distally, but without any very strong 
attachment to the shell. The strong innervation 
along the ventral epithelium should be especially 
noticed. No sense organs have been detected there, 
but the nerves are far too strong and abundant to be 
without specific function. I t  is strange to find such 
a strongly developed innervation under an epithe- 
lium covered by a strong periostracum. 

In every section fine muscle fibres are seen to 
attach to the basement membrane of the periostra- 
cum gland situated at the base of the outer marginal 
fold. These fibres run straight in an obliquely in- 
ward and upward direction, inserting to the shell 
above the innermost part of the marginal fold 
region (Fig. 33). They contribute to the formation 
of a pallial line all the way round the shell - almost 
as in bivalves. 

Just proximally to the periostracum gland a thick 
ventral fold arises, large enough to appear very 
distinctly to the naked eye in preserved specimens 
(Figs. 32, 33, 45, 47). This middle marginal fold 
might well have become more pronounced through 
contraction, but there is good evidence that a thick- 
ening in this place is natural. The distal side of this 
fold is covered by closely set, very high and narrow 
columnar cells with a strong ciliation (cf. p. 13). In 



cross sections the cells of this ciliated band are 
arranged in a fan-like manner. Those nearest to the 
periostracum gland have a lighter cytoplasm and 
probably no cilia. They would seem to form merely 
a covering of the newly formed edge of the perio- 
stracum, which, therefore, is well protected within 
an invagination of the epithelium. 

No glandular cells are found on the strongly 
ciliated distal side of the middle marginal fold, but 
at its ventral edge the epithelium becomes lower, 
and the first globular mucous cells appear. This 
type of epithelium with scattered mucous cells con- 
tinues down the proximal side of the said fold and 
up along the distal side of the inner marginal one. 

The inner marginal fold (Figs. 25, 31, 33, 47) is 
less constant in shape than the other two. On the 
medial side it carries the marginal mucous gland 
(cf. p. 14). Farther proximally, on the ventral side 
of the pallial fold proper, the height of the epithe- 
lium diminishes again, the glandular activity becom- 
ing less and less pronounced, so that when reaching 
the base of the gills the epithelium is of the usual 
type with scattered mucous cells (as in Fig. 29). 

Branches of the marginal pallial nerves supply not 
only the outer, but also the middle and the inner 
marginal folds, the interior of which is mostly oc- 
cupied by connective tissue, scattered muscle fibres, 
and small blood spaces. 

THE GILLS 

Five pairs of well-developed gills are situated in the 
pallial groove lateral to the foot (Figs. 1, 7, 57). In 
the preserved specimens they appear as being far 
apart, with no relationships to each other. Their 
normal shape, however, is much disturbed, partly 
through contraction, and partly through the large 
amount of mud which, during dredging, had been 
pressed into the pallial groove. Fortunately one of 
the specimens had been laterally compressed in such 
a way as to simulate a bivalve, and in this specimen 
what is believed to be the original position of two 
successive gills could be studied. The results thus 
obtained were used as a control of - and have 
corroborated -the views reached from the examina- 
tion of other specimens, especially the wax-plate 
reconstructions of Spec. I11 and the few remains of 
the destroyed Spec. 11. 

Each gill consists of an elongate stem and a series 
of 7-8 lamellae on one side (Figs. 58,59). Sometimes 
there is an additional rudimentary series on the 
other side. The stem is compressed and slightly 
tapering, inserting dorsally in the pallial groove. The 
anterior end of the elongate insertion area points 
antero-laterally (In the present description of the 
gills, the direction of the pallial groove is regarded 
as longitudinal). The renal pores are placed close 
to the rear - postero-medially - of the respective 
gill bases. The stem of the gill immediately bends 
strongly, sweeping latero-posteriorly along the roof 
of the pallial groove, at an angle of 30-40" to the 
margin of the foot (Figs. 1, 57). 

Seven or eight lamellae arise from the ventral 
(morphologically anterior) side of the stem, each 
lamella being as long as or somewhat longer than 

the part of the stem which is distal to the base of the 
lamella in question - only that the innermost two 
or three lamellae are still somewhat longer (Figs. 
58, 59). Arising at almost equal intervals along the 
stem, the lamellae bend backwards and twist suf- 
ficiently to let the originally anterior margin be- 
come ventro-lateral, and the originally posterior 
one dorso-medial (Figs. 58,59). The tips of many of 
the outer lamellae almost touch the roof of the 
pallial groove, but at  present we cannot decide 
whether this is a natural position. The innermost 
two or three lamellae would seem to be long enough 
to touch the foremost parts of the gill behind with 
their tips. On each gill the innermost lamella arises 
in such a way that it might be more correct to state 
that it originates directly from the pallial roof close 
to the base of the true gill. 

Although the stem - as mentioned above - is 
placed rather close to the roof of the pallium, a 
series of additional, very short lamellae are present 
on the dorsal side of the stem. These rudimentary 
lamellae have been seen with certainty in the three 
anterior pairs of gills, alternating with the much 
larger ventral lamellae (Figs. 56, 59). Hence, the 
structure of the gills in Neopilina does not prevent 
a comparison with the biserial gills ofother molluscs. 

For the description of the structure of each 
lamella it is suitable to distinguish between the 
epithelial and the subepithelial tissues. 

The marginal areas lining the ventral and dorsal 
edges of the lamellae are covered by a ciliated 
epithelium with many globular mucous cells (Figs. 
61, 64). The nuclei of the latter are either rounded 
or somewhat flattened on the side facing the secre- 



tory drop. They are placed rather far basally. Quite 
a number of other nuclei are found at the same level 
in the epithelium, many of them being more elon- 
gate. Similar, elongate nuclei are scattered at almost 
any higher level. Most of the latter belong to the 
ciliated cells which form the greater part of the 
surface of the epithelium. Because of the presence 
of the globular cells many of the ciliated ones are 
somewhat curved and expand towards the surface. 
The cilia do not appear to be very long. 

The flattened sides of the lamellae (often vaulted 
through the contraction of the muscle fibres inside) 
are covered by another type of epithelium. Because 
of contraction i t  is difficult to obtain any definite 
idea about the normal shape of these cells (Figs. 
13, 63). The epithelium consists of two kinds of 
cells, slender ones with elongate nuclei and strong 
ciliation and broader cells with more rounded nuc- 
clei. The latter may perhaps be secretory, as they 
contain inclusions in their plasm. The bases of the 
cells have a stronger affinity to the stains than the 
rest of the cytoplasm. Probably this epithelium is 
the lowest unprotected one in Neopilina, but in the 
contracted state it is as high as the marginal one, 
20-30 p, in a few apparently undisturbed places 
only 15-20 p. The cilia appear to be relatively long, 
perhaps about 10 p. 

Almost the whole of the gill surface - on the 
stem as well as on the lamellae - is covered by the 
two types of epithelia described above. A third type 
is found on the very tip of the lamellae, spreading 
out a little more on their ventral side than on their 
dorsal one. This epithelium (Fig. 18) consists almost 
solely of very dense, strongly staining columnar cells 
with very long and powerful cilia, measuring at least 
20 p. No mucous globular cells appear there, but 
very scattered dark granulated cells may be present. 

As to the interior gill tissues, the same approxi- 
mate symmetry is found as in the epithelia (Figs. 61, 
63, 64). In every lamella each of the marginal secre- 
tory areas surrounds a nerve which is placed very 
close to the basement membrane of the epithelium, 
with very few and slender muscle fibres running 
peripherally around the nerve. These nerves give off 
again and again very small branches scattering in 
the more central part of each lamella, always very 
close to the epithelium. On each side of the nerve 
or a little more centrally in the lamella, some strong 
muscle fibres are found, running longitudinally in 
the lamella and tending to form two distinct, al- 
though close-set, bundles. 

The remaining parts of the interior of each lamella 

are filled with a tangle of fibres of muscular and 
perhaps also connective tissue fibres, which, in the 
contracted lamellae, appear to cross abundantly in 
all directions in the centre (Figs. 61, 118). It  would 
seem, however, that this condition is artificial, and 
that the functioning lamella is flat, with fibres run- 
ning obliquely across from the epithelium of one side 
to that of the other. Almost no fibres have been 
found running obliquely proximo-distally. There- 
fore, the crossing fibres cause the lamella to become 
narrower and to thicken in the mid-line, but they do 
not shorten it. It  must be the strong double pair of 
longitudinal muscles (gill retractors) that shorten 
the gills and their lamellae. 

The crossing fibres do not, however, fill the whole 
of the interior of the lamella, small spaces con- 
taining body fluid and blood cells occurring every- 
where although concentrating into two vessel-like 
blood sinuses, one inside the ventral and one inside 
the dorsal margin. In general these two main sinuses 
are placed immediately centrally to and sometimes 
between the double longitudinal retractors (Figs. 61, 
63). A comparison with the vessels and blood spaces 
in the body proper has shown that the dorsal sinus 
is the afferent one, communicating with the large 
peri-intestinal blood sinus, whereas the more ventral 
and lateral sinus in the gill carries the oxygenated 
blood away from the gill past the kidney towards the 
auricle (Fig. 143). 

In some cases elongate nuclei have been observed 
which presumably belong to the muscle fibres in the 
central tissues, whereas other, rounded nuclei cer- 
tainly belong to the blood cells. It  is not possible 
to make out whether there may be additional types 
of cells involved, either Leydig cells or cells of 
fibrous connective tissue. No trace of any skeletal 
(cartilaginous) tissue has been observed. 

All of the said longitudinal nerves, muscles, and 
blood sinuses appear stronger on the afferent (dor- 
sal) side than on the ventral side. Also, all these 
structures decrease in size with increasing distance 
from the base of the lamella. At the very tip first the 
blood space, then the muscles, and finally the nerve 
disappear, indicating that none of these structures 
continue around the tip. 

The structure of the stem is in the main the same 
as that of a single lamella (Figs. 59, 62). The epithe- 
lium of the flattened sides looks very similar to that 
of the lamellae. The anterior and posterior margins 
of the stem also carry a similar epithelium with 
many interspersed globular mucous cells as found 
on the lamellae. There is a distinct difference, how- 



ever, between the development of the two margins 
of the stem, the glandular elements being compara- 
tively fewer and exclusively of the globular mucous 
type on the posterior margin. Anteriorly the globu- 
lar gland cells are also the predominant cell element, 
but between them dark-staining granulate cells are 
common, particularly on the first and last gills. This 
secretory area on the stem of the gill with both kinds 
of glandular cells continues a little on the nearest part 
of the pallial epithelium, just antero-laterally to the 
gill base. 

The internal structure of the gill stem also shows 
a picture similar to that of the lamellae. The efferent 
vessels along the ventral side of the lamellae fuse to 

form a longitudinal vessel along the anterior side of 
the stem, which, therefore, is the efferent or arterial 
side. The venous blood is distributed in quite a 
similar way along the opposite margin to the dorsal 
side of the lamellae. The nerves are arranged in 
exactly the same manner, lying between the vessels 
and the epithelium. As to the retractor muscles, they 
take a very similar course, but the presence of two 
separate bundles along each margin of the stem is 
not always as distinct as in the lamellae (Figs. 59, 
60, 62, 65). 

The comparative and functional implications of 
the investigations of the gills of Neopilina will be 
discussed on page 65. 

THE FOOT 

The circular foot occupies the central parts of the 
ventral side of the animal (Fig. 7). Being strongly 
contracted in the preserved specimens, its diameter 
is about half that of the shell. For descriptive pur- 
poses the foot is here regarded as the ventral body 
wall underlying the large peri-intestinal blood sinus 
(Figs. 8, 9, 10). Its central part forms a circular 
membranous disc which, at places, is little more 
than 0.1 mm thick and therefore somewhat trans- 
parent even in the preserved material. The periphery 
of the foot is developed as a prominent muscular 
foot margin all round the organ. The anterior foot 
margin is thickened by the presence on its ventral 
surface of the high pedal gland epithelium. All the 
other parts of the margin decrease in thickness 
towards a very sharp edge. The free margin is 
strongly folded because of contraction. Numerous 
deep circular folds on the vertical sides of the foot 
indicate that this organ has been subjected to a 
strong retraction. This is evident also from the fact 
that the foot has to be extended considerably from 
its position in the preserved specimens to reach the 
horizontal level of the shell margin (Figs. 8, 9). 

The ventral surface of the foot - except along the 
anterior margin - is covered by a ciliated epithelium 
with many glandular cells (Figs. 1 6,26) forming a cree- 
ping sole. The epithelium of the vertical sides of the 
foot differs in being less strongly ciliated and in con- 
taining coarse granules in many of its cells (Fig. 15). 
The change from one kind of epithelium to the other 
at the edge of the foot margin is very abrupt. 

Ventrally along the anterior foot margin, just 
inside the edge, a transverse strip of thickened 
glandular epithelium is found, constituting a pedal 

gland (Figs. 23, 73). This epithelium extends later- 
ally to a point just inside the first gill and does not 
transgress the edge of the foot anteriorly. It  is sep- 
arated from the epithelium of the side of the foot by 
a narrow zone of epithelium similar to that of the 
ventral surface proper (Fig. 73). In preserved spe- 
cimens, a slight swelling of the tissue indicates the 
place of the pedal gland (Fig. 74). The whole area 
in question is folded in the preserved and contracted 
specimens, but there is no true invagination involved 
(Fig. 12). On the analogy of conditions in other 
molluscs it is suggested that the function of the 
pedal gland is the production of the mucus neces- 
sary for creeping. The presence of such a well- 
developed gland in this place, therefore, is an indi- 
cation that the living animal is not quite sessile. 

The interior of the foot is occupied by a tangle 
of connective tissue and muscular fibres. The latter 
form a delicate loose reticulum in the membranous 
centre of the organ (Fig. 117). The margins of the 
foot are highly muscular, containing two different 
circular muscle systems and also the ramifications 
of the large dorso-ventral pedal retractors (Fig. 119). 
These retractors consist of lateral and medial por- 
tions. The lateral ones (mm. latero-pedales) spread 
like fans into the margin of the foot and appear to 
have caused its retraction in the preserved speci- 
mens. The fibres of the medial portions (mm. medio- 
pedales) spread in a central direction in close contact 
with the peri-intestinal blood sinus and are soon 
lost in the reticulum of fibres in the membrane 
forming the centre of the foot. The combined actions 
of both portions seem to have caused the lifting up 
of the foot as a whole. 



Blood spaces are present particularly in the more 
interior parts of the foot, but are scarce near the 
brim and close to the sole. The pedal nerve cord on 
each side lies within a blood sinus just inside the 
base of the free brim of the foot, fusing posteriorly 
with the one from the other side. There is a strong 
inter-pedal commissure basal to the anterior foot 
margin, i. e. above the pedal gland. This means that 
there is a continuous circular nerve cord all round 
the foot (Fig. 135). 

Certainly the living animal must be able to extend 
the foot below the level of the shell margin. The 
circular muscles along the sides of the foot (Figs. 
119, 121) would seem to be able to constrict the 
"stalk" of the extended foot, and the big dorso- 
ventrals to retract it. The broad marginal parts of 
the foot can probably be extended to reach almost 
to the pallial margin, thus closing off more or less 
completely the pallial groove from the ventral side. 

Superficially, the foot of Neopilina looks very 

much like a sucker. But no muscles attach to the 
central foot membrane in such a way that they 
could possibly lift it efficiently, thereby producing 
the necessary under-pressure below the centre of the 
foot. The medial portions of the foot retractors only 
spread in the peripheral parts of the large mem- 
brane. Thus it appears that the organ cannot func- 
tion efficiently as a sucker. This is in accordance with 
the fact that Neopilina was found on soft bottom and 
that the trawl did not contain hard objects with 
smooth surfaces suitable for a sucker. The undam- 
aged state of some of the specimens indicates that 
the animals have hardly adhered to any hard sub- 
stratum left in the depths, from which the animals 
could have been torn off by the trawl. Moreover, 
the presence of three empty shells in the trawl shows 
that Neopilina lives on the spot and has not been 
attached to some drifting objects which, by accident, 
failed to come into the trawl, and from where the 
animals dropped off. 

T H E  MOUTH REGION 

The position of the mouth is definirely ventral. It is 
placed about half-way between the frontal edge of 
the shell and the anterior foot margin. Between the 
mouth and the foot there is a distinct, smooth tri- 
angular area, the propodial area (Figs. 66, 67). On 
all other sides the mouth region is surrounded by 
the anterior part of the pallial fold. 

The mouth itself is delimited by the anterior lip 
in front and a small posterior lip behind (Figs. 66, 
67, 74). In front of the anterior lip there is a low 
transverse fold which on each side forms a broad 
flap-like appendage. This entire structure is called 
the velum, because we regard it as a homologon of 
the larval velum of other molluscs. A small preoral 
tentacle is situated on each side anterior to the 
lateral part of the velum. The propodial area is 
delimited anteriorly and laterally by a strong ridge 
on each side, ending postero-laterally in a number 
of tentacles, the postoral tentacle tuft. 

similar to the common epithelial covering of the 
pallial groove. From an average height of some 15 p 
near the base the epithelium increases more or less 
stepwise in height to reach a thickness of 80-90 p 
on the tip. Conversely, the ciliation seems to be 
densest and the cilia longer at the base (15-20 p). 
As mentioned on p. 14, a group of some 25 dark 
granulate gland cells appears on the anterior side of 
the basal part of the tentacle (Fig. 70). Scattered 
light-staining secretory cells similar to those found 
in the pedal gland are present in the higher epithelia 
covering the outer parts of the tentacle. The high 
epithelium on the tip consists of several cell types, 
ciliated epithelial cells, secretory cells, and undeter- 
mined ones, corresponding to at least three kinds of 
nuclei. More precise correlation of the types of 
nuclei with those of the cells could not be carried 
out, but the rich innervation indicates that the tip 
epithelium is a sensory one. 

The interior of the tentacle inside the basement 

THE PREORAL TENTACLES 
membrane is occupied by a mixture of branching ner- 
ves, connective tissue, and muscle fibres. A thick nerve 

Antero-laterally to the base of the velum, in the from the cerebral ganglion enters the tentacle al- 
furrow between this organ and the roof of the pal- most axially, giving off small branches all the way 
lial groove, there is on each side a thumb-like, about towards the epithelium. The main part of the nerve 
0.3 mm long appendage, the preoral tentacle (Figs. continues to the tip region, forming a plate-like 
69, 71). Each tentacle is lined by a ciliated epithe- plexus just below the high, presumably sensory epi- 
lium, which at the base is continuous with and thelium. The plexus contains several small dark 



nuclei not found further inwards in the tentacle. The 
nature of the cells to which these nuclei belong, 

THE POSTORAL TENTACLE TUFTS 

could not be ascertained, nor could the sensory 
cells be identified with certainty in the epithelium. 

THE VELUM 

Immediately in front of the anterior lip a low trans- 
verse crest, the anterior velar ridge, forms the an- 
terior limit of the mouth region (Figs. 66, 67, 74). 
Just laterally of the mouth this ridge increases in 
height and bends latero-caudally on each side for 
some three millimeters, gradually growing higher 
and higher. At the level of the posterior lip the 
ridge loses its contact with the body wall and forms 
the broad and thick, almost quadrangular flaps. The 
whole structure is ciliated and corresponds to the 
velum of mollusc larvae. The ventral border except 
on the anterior ridge, from the point where the 
velum begins to increase in height and a little up the 
distal border, appears more whitish than the rest 
in the preserved specimens and is somewhat thicker 
than the other parts (Fig. 74). Probably the whole 
velum is much contracted and distorted in shape in 
the preserved specimens. 

As to the histology the whitish marginal zone is 
formed by a very high epithelium (Figs. 19, 24) with 
strong ciliation, whereas the basal part of the medial 
side and almost the whole outer side is covered by 
a lower epithelium (Figs. 17, 21) with a less dense 
and shorter ciliation (Fig. 78). 

The interior of the velum is occupied by an inner 
parenchyma in which connective tissue elements, 
muscle fibres, and small nerves are present. All 
these nerves are branches of the numerous nervi 
velares, which come from the cerebral commissure 
and from the cerebral ganglia (see Fig. 136). These 
nerves enter the velum close to its inner surface and 
spread in all directions, usually following along the 
basenlent membrane of the epithelium at a distance 
equalling the height of the epithelial cells. Around 
most of these nerves shrinkage or blood sinuses 
produce empty spaces sufficiently broad to demon- 
strate that the interior is occupied by an interstitial 
substance looking rather solid and homogeneous. 
Its exact character could not be made out from the 
available preparations. The muscle fibres are partly 
ramifications of the velum retractors (See p. 38), 
partly fibres crossing the velum in other directions. 
The impression is that of an organ of great flexi- 
bility, but rigid enough to be capable of being moved 
intentionally and efficiently in many directions. 

Immediately behind the posterior lip there is a 
strong transverse fold or ridge interrupted by a deep 
median notch. This notch indicates that we have to 
do with a truly paired structure (Figs. 66, 67, 74). 
Laterally the ridge bends sharply in a latero-caudal 
direction (Fig. 68) and becomes thinner. Two to 
three millimetres further back it bends laterally once 
more in a curve which ends in pointing antero- 
laterally or even anteriorly (Figs. 66, 136). The 
curved part of the ridge carries a number of slightly 
branching tentacles on its free margin. Since the 
tentacles are present right up to the point where the 
free margin joins the ventral body wall, and be- 
cause of the curvature of the attachment of this 
part of the ridge, the tentacles form a large fan-like 
structure behind the velum (Figs. 66, 68). This de- 
scription is based on a careful study of sections and 
dissected specimens. Most of the specimens do not 
show the said arrangement very clearly. They often 
show the tentacles disordered so as to appear merely 
as simple tufts (Figs. 67, 74). Even in the specimen 
where the tentacles are least contracted, they do not 
by far reach the base of the first gill, but whether 
they are able to do so in the living animal is an open 
question. However, since they appear poorly cili- 
ated, they can hardly serve as efficient organs for 
transportation of food from the gills - in the manner 
of the labial palps in the lamellibranchs. 

The tentacles themselves are covered by an epithe- 
lium of rather ordinary-looking columnar cells, 
measuring 15-35 i ~ ,  in height and containing some 
finely granular substance. Rather few scattered cells 
carry distinct cilia, whereas the other cells hardly do 
so (Fig. 22). The whole surface is strongly folded 
because of the contraction of the longitudinal mus- 
cular elements in the interior (Fig. 79). An epithe- 
lium of an entirely different type is present on the 
transverse part of the tentacle ridge behind the 
mouth. The tip of the lateral corner of this ridge is 
covered by an epithelium almost identical to that of 
the whitish marginal zone of the velum with high, 
narrow cells and a strong ciliation. The more medial 
parts have a little lower and broader cells in the 
epithelium which has been folded by the contrac- 
tion of the animal, whereas the higher one of the 
corner has kept smooth (Figs. 72, 75). The folded 
parts do not seem to be ciliated, but may perhaps 
be covered by a very thin cuticle. 

The interior of the tentacles proper looks like a 
fairly dense connective tissue containing quite a 



number of muscular fibres which tend to keep along 
the surface. Towards the base the muscle fibres join 
to form big bundles which eventually form the 
retractor muscles (Fig. 80). Several small nerves 
pass down into the tentacles. They are branches 
from the second latero-pedal commissure, from the 
pedal nerve cord, and (the transverse part of the 
ridge) almost directly from the cerebral ganglion 
(Fig. 136). 

Because of their situation and innervation the 
tentacles and the ridge upon which they are placed 
must be regarded as postoral structures. 

THE FEEDING FURROW 

Between the bases of the velum and of the tentacular 
ridge a deep and rather wide furrow leads into the 
mouth from each side (Figs. 66, 67,71). This furrow 
in the contracted specimens at hand is almost closed 
ventrally by overhanging parts of the said appen- 
dages, but above these it forms a rather wide canal 
filled with bottom material. This filling might be 
accidental, as matter intruded during dredging 
would not easily be washed out again, but it might 
also mean that this furrow is the main feeding 
tract, being the natural course for the bottom ma- 
terial to follow when it has been picked up by the 
velum or tentacles or both. 

The epithelium in the furrow is irregularly folded, 
probably because of contraction, and its state of 
preservation is poor. However, it appears much 
like that of the adjacent parts of the velum and of 
the tentacles. Scattered ciliated cells are present as 
on the tentacles, but it has not been possible to find 
any place with a stronger ciliation within this furrow 
proper. However, attention should be paid to the 
strong ciliation on the velum proper and on the 
corner of the tentacular ridge bordering on the fur- 
row ventrally (Fig. 72). 

THE LIPS 

The lips are unpaired structures and surround the 
mouth from the anterior and posterior side, respec- 
tively. On each side there is a cleft between the an- 
terior and the posterior lip, through which the 
mouth cavity communicates with the feeding furrow 
(Figs. 66, 67, 71). 

The anterior ("upper") lip is crescent-shaped and 
appears strongly contracted in the preserved spe- 
cimens, being highly folded transversally. From the 
anterior ridge of the velum this lip is separated by a 

shallow furrow only, so that its median parts are 
almost directly continuous with the preoral body 
wall (Fig. 81). The lateral corners of the lip project 
to form free points on each side of the mouth 
medially to the bases of the velar flaps (Fig. 66). 
The anterior lip consists of a parenchyma rich in 
muscle fibres and covered by a high, columnar epi- 
thelium. On the inner (oral) side of the lip this epi- 
thelium is covered by a cuticle about 15 p thick. 
More deeply inside the mouth the thickness sud- 
denly increases to 50-100 p, thereby forming a 
cuticular plate covering the ventral ("anterior") 
wall of the pharynx (Figs. 76, 81, 90). This thick 
cuticular plate continues posteriorly on each side 
along the wall of the oral cavity, forming a strip of 
strengthened cuticle about 50-70 p thick. These strips 
end up in jaw-like projections covering the lateral 
points of the anterior lip (Figs. 66, 71, 77). Exter- 
nally the anterior lip is covered by a cuticle only 
3-10 p thick. This thin external cuticle is soft, as is 
also that of the median parts of the oral side, for the 
median part of the lip is strongly folded transversely. 
The highly cuticularized parts inside the mouth 
and in the pharynx form a kind of upper jaw, com- 
pletely separated from the cuticularized parts of the 
posterior lip. 

The posterior ("lower") lip is only a narrow shelf 
on the oral side of the transverse part of the tenta- 
cular ridge (Figs. 66, 67, 74), forming a sort of 
anteriorly placed bridge across the median notch 
of the latter (Fig. 71). It is marked off laterally from 
the tentacular ridge by a distinct furrow. The lip is 
covered by a cuticle about 40 p high in the central 
parts, the thickness decreasing to 5-10 p laterally. 
This cuticular plate of the posterior lip - or lower 
jaw - continues inwards along the posterior wall of 
the oral cavity into the subradular sac (Fig. 81). 

COMPARATIVE REMARKS 

Although we shall not enter into any detailed dis- 
cussion, some homologies appear so evident that 
they can hardly be left uncommented on. 

The preoral tentacles in Neopilina, being preoral 
sense organs innervated directly from the cerebral 
ganglia, are obviously homologous to the tentacles 
of prosobranch gastropods. 

The velum, being a preoral, transversal, ciliated 
fold, is evidently a homologon of the velum of mol- 
lusc larvae. Consequently, the lateral flaps of the 
velum in Neopilina should be homologous to the 
outer labial palps in bivalves. The upper lip in the 



latter, however, could be either corresponding to the 
anterior velar ridge or to the anterior lip in our 
animal. 

Similarly, the postoral tentacles must be equi- 
valents to the inner labial palps of bivalves, being 
postoral and connected with the posterior lip in 
both groups. The innervation and ontogenetic de- 
velopment of the arms of cephalopods and of the 
captacula of scaphopods would seem to indicate 
that these organs have the same origin. 

The cuticularized parts in front of and behind the 

mouth in Neopilina have been called jaws in the 
above because they seem to be homologous to the 
jaws in so many other molluscs. A strengthening of 
both jaws in Neopilina could easily transform this 
whole structure into something like the beak of 
cephalopods. A reduction of the lower lip and of 
the medial part of the upper lip would produce 
paired jaws as e. g. in opisthobranch gastropods, and 
the reduction of the lateral parts of the upper jaw 
would result in the unpaired ones of many other 
gastropods. 

THE DIGESTIVE SYSTEM 

THE ORAL CAVITY Spec. 111. Then the subradular organ is exposed 

AND THE SUBRADULAR SAC 
towards the oral cavity, and the transverse fold 
subdividing the organ is not so distinct (Fig. 82). 

The oval cavity may be defined as the space inside 
the mouth opening, but its lumen is rather narrow 
and the space not very well delimited. The anterior 
and posterior walls are formed by the respective 
lips. Laterally, the cavity receives the feeding furrow 
(Figs. 66,71). The dorsal wall of the cavity looks dif- 
ferent in the two sectioned specimens because of the 
different position of the radula and the subradular 
organ. In Spec. IV the radula is protracted so as to 
form part of the roof of the cavity, and the subra- 
dular organ is retracted into a blind sac opening 
through a narrow slit just at the base of the posterior 
lip (Fig. 81). In Spec. I11 the radula is retracted so 

The lumen of the subradular sac is lined by a 
single layer of high columnar epithelial cells. These 
cells are particularly high (more than 200 p) in the 
part regarded as the subradular organ (Fig. 81), so 
identified by us because it is closely connected with 
the subradular ganglion. Admittedly, however, the 
sensory cells in this organ could not be identified in 
the material at disposal. The cuticle of the posterior 
lip continues along the posterior wall of the oral 
cavity on to the posterior wall of the subradular sac. 
This sac is immediately surrounded by the blood 
sinuses of the anterior body region (Figs. 11, 129). 

that it does not reach into the oral cavity, but ends THE PHARYNX AND 
in front of it in the roof of the pharynx. In this 
specimen the subradular sac is more everted and the 

THE RADULA APPARATUS 

subradular organ lies uncovered in the roof of the 
oral cavity. 

The lining of the oral cavity is a columnar epithe- 
lium covered by a cuticle on the anterior and pos- 
terior lips as described above. The roof of the cavity 
can be invaginated into the subradular sac as seen 
in Fig. 81. It is a naked, single-layered epithelium 
with numerous glandular cells. Their secretory ma- 
terial is visible as a string of granules extending 
from the cell base almost to the surface to end in a 
bigger oblong droplet. 

The subvadulav sac is a broad pouch opening into 
the dorso-posterior part of the oral cavity. If re- 
tracted as shown in Fig. 81, it is partially subdivided 
into two sacs by a transverse fold which contains 
the unpaired subradular ganglion and the subradu- 
lar nerves (Fig. 136). If protracted, the anterior wall 
of the sac may form the roof of the oral cavity as in 

Thepharynx. From the oral cavity the pharynx runs 
anteriorly towards the frontal shell wall, then turn- 
ing dorsally and finally dorso-caudally to continue 
into the oesophagus near the apical region of the 
shell. Throughout, the lumen of the pharynx has its 
greatest extension in the transverse direction, in 
contrast to the oesophagus, which is strongly com- 
pressed and has a vertical, cleft-like lumen. The 
pharynx, as defined in this way, corresponds to the 
part called pharynx in chitons, but we do not intend 
to enter into any discussion here as to whether it 
contains entodermal elements as in the latter group 
(HAMMARSTEN and RUNNSTROM 1925). For descrip- 
tive purposes the horizontal part of the pharynx 
may be distinguished from its vertical part. 

The former, horizontal part of the pharynx is 
dorso-ventrally flattened. Laterally, the dorsal and 
ventral walls lie in direct contact with each other 



(Fig. 90, right). The dorsal wall 1s lined with the 
broad subradular membrane, which, in ~ t s  median 
part, carries the teeth of the radula. These structures 
will be described separately below. The ventral 
("anterior") wall is connected with the preoral body 
wall by means of numerous small muscular strands 
(Fig. 127). Its median parts are covered by a 50-90 
p thick epithelium, carrying the strong cuticular 
plate which is continuous with the covering of the 
anterior lip. This plate must be the counterpart 
against which the radula acts. Laterally, the ventral 
wall is soft, without a cuticle, and the epithelial cells 
decrease in height down to 8-12 p most laterally. 
Apparently this soft part of the ventral wall makes 
the subradular membrane movable in relation to the 
ventral ("anterior") cuticular plate. 

The vertical part of the pharynx has a broad 
lumen which is crescent-shaped in cross sections 
(Figs. 89, 129). The wall consists of a connective 
tissue membrane and a high columnar epithelium, 
with a very distinct row of basal granules under the 
free surface (Fig. 102). These, together with a very 
distinct striation in the peripheral part of the cells, 
indicate the presence of a ciliation. Actually, long 
cilia have been observed in a few places. The nuclei 
with very distinct nucleoles are placed basally in the 
cells. 

There are three kinds of structures connected 
with the pharynx of Neopilina (Fig. 81), viz. the 
anterior salivary gland opening into the antero-ven- 
tral bend of the pharynx between the horizontal and 
the vertical part, the radular sheath lying dorsally to 
the oral cavity and the subradular sac and opening 
into the vertical part of the pharynx, and the pha- 
~yngeal diverticula joining the pharynx from each 
side just before it turns into the oesophagus. 

The anterior salivary gland is an unpaired struc- 
ture, situated in the pallial fold in front of the mouth 
(Fig. 81). The term has been chosen because of the 
apparent homology with the so-called salivary gland 
in chitons (FRETTER 1937). The gland projects as a 
diverticulum from the anterior wall of the antero- 
ventral bend of the pharynx. The gland is broad and 
its lumen is in open communication with that of the 
pharynx (Fig. 92). The posterior ("ventral") wall 
of the diverticulum is even and smoth. covered by 
a high columnar epithelium with a cuticle. contln- 
uous with that of the ventral wall of the pharynx 
(Fig. 81). The anterior wall forms several strong 
vertical folds. Its high columnar epithelium seems 
secretory, the basal parts of the cells staining much 
more intensely than the distal parts. Two lcinds of 

cells are present, viz. narrow ciliated ones broaden- 
Ing only at the surface, and slender secretory ones 
appearing as lighter interspaces with indistinct con- 
tents. 

The radula sheath is a very large posteriorly di- 
rected diverticulum arising from the vertical part of 
the pharynx (Fig. 81). In both specimens, the distal 
end is irregularly coiled (Fig. 84). The coils are 
placed mainly to the left in one specimen and to the 
right in the other one sectioned. The sheath is ap- 
proximately cylindrical, a little depressed "dorso- 
ventrally". Its diameter is 0.4-0.5 millimetres. Only, 
the proximal part of the sheath, opening into the 
pharynx, is a broad plate-like structure as in chitons. 
There is a very sudden change from the cylindrical 
part to the inflated one, the latter having a constant 
width of 2.6 millimetres down to the junction with 
the equally broad pharynx (Fig. 83). In the inflated 
part we may, for descriptive purposes, distinguish a 
central lumen containing the radula, from the two 
lateral wings called the radula diverticula. 

The radula sheath is suspended in the blood si- 
nuses of the anterior body region. Just distally to 
the inflated part, a small transverse muscle appears 
to stabilize the proximal parts of the cylindrical 
sheath in a median position, whereas the more distal 
parts are allowed to coil up irregularly (Figs. 83,84). 
The sheath is surrounded by a hardly detectable 
membrane of connective tissue, which measures 
about 1 p only. Inside this membrane the sheath 
consists of an epithelium which in the distal part 
secretes the radula. The arrangement of the cells in 
the distal part of the sheath is tolerably distinct (Fig. 
91). That side of the tube which, further down, be- 
comes the ventral side, has a lower and smooth 
epithelium. Dorsally, the epithelium is very high, 
forming several longitudinal ridges which tend to 
fill up the lumen. When the teeth are formed in the 
remaining clefts of the original lumen, they are at 
first slightly stainable only, but further downwards 
in the sheath they stain darkly with hematoxylin. 
Still further down their own yellow-brown colour 
can be seen. As soon as the teeth have appeared, 
the arrangement of the epithelium becomes less 
distinct. There is still a smooth basal epithelium 
with almost cubical cells under the teeth, but the 
space between these is filled by a complicated mass of 
cells hanging down from the dorsal wall. Soon after 
the teeth have appeared, a fairly thick subradular 
membrane can be seen between their basal parts, 
apparently secreted by the smooth ventral epithe- 
lium. 



Peculiar features are the large number of almost 
invisible, colourless rows of teeth contained in the 
distal half of the sheath, and the absence of even 
rudimentary teeth in the first quarter of a millimetre, 
together with the enormous numbers of cells appar- 
ently involved in the formation of the single teeth 
(Fig. 91). 

A cross section of the sheath (Fig. 93) just behind 
the transition to the inflated part shows the smooth 
basal epithelium of its bottom and sides to be cov- 
ered by a hyaline subradular membrane. The teeth 
are situated on this membrane, the lateral ones being 
placed high up on the side walls. The lumen is filled 
with the invaded epithelial cells of the dorsal wall, 
but the arrangement of these cells could not be 
made out in the available material. 

The picture changes abruptly at the transition to 
the inflated part. In the latter the wall of the sheath 
extends into a broad and flat diverticulum on each 
side (Fig. 94). The radular teeth and the original sub- 
radular membrane are situated in a 0.5 millimetre 
broad median groove in which the median teeth 
occupy the bottom, whereas the lateral ones are 
placed along the sides (Figs. 95,99). The subradular 
membrane rests on a low epithelium of cubical cells, 
which continues laterally to cover the smooth ven- 
tral wall of the radula diverticula. This epithelium 
secretes the secondary subradular membrane, which 
is continuous with the primary one but much broad- 
er, so that it reaches the lateral extremities of the 
diverticula (Figs. 83, 94). The dorsal wall of the in- 
flated part has a higher and highly folded epithelium. 

When the dilated part of the radula sheath opens 
into the vertical part of the pharynx, the subradular 
membrane with the radular teeth bends first ven- 
trally and then caudally, following the dorsal ("po- 
sterior") wall of the pharynx (Fig. 81). All the way 
the epithelium under the subradular membrane con- 
sists of cubical cells. 

The vadula is a very strong structure, 14 milli- 
metres long in the rather small Spec. VI, occupying 
almost the whole width of the primary subradular 
membrane. Each of the 45 rows forms a V-shaped 
figure with the tip of the V pointing towards the 
mouth (Fig. 88). The oldest 10-11 rows are placed 
in the part of the radula to which the broad secon- 
dary subradular membrane is attached, whereas the 
remaining rows are contained in the cylindrical ra- 
dula sheath. The youngest 10 rows are more hyaline 
than the others and seem to be in a state of forma- 
tion, and even the next 5 rows might not be quite 
finished. The following 20 rows seem to be fully 

formed, but not yet involved in the actual feeding 
function, which apparently is confined to the oldest 
10 rows, where denudation is more or less distinct. 

Each row has the formula 5-1-5 (Fig. 88), its 
lateral teeth varying much in shape. The median 
tooth is a slender, rod-like structure with almost no 
hook at all. From its somewhat broadened base a 
median, rounded keel arises, increasing gradually 
in width and height until most orally it takes up the 
whole width of the tooth. The whole median tooth 
measures 0.15 x 0.02 mm. Close to the median 
tooth the first lateral one is placed. It  is somewhat 
larger, but of almost the same shape, with the ex- 
ception that the oral end forms a rudimentary hook. 
The size of this first lateral tooth is 0.2 x 0.03 mm. 

The second lateral tooth is a strong and broad 
hook with a blunt free end. Its base is almost 0.1 mm 
broad and 0.35 mm long exclusive of the free hook. 
This hook seems to project about 0.1 mm from the 
subradular membrane. Its tip is almost at the same 
level as that of the first lateral tooth. 

The third lateral tooth is of almost the same 
shape, still more aboral in position, and with a 
much more prominent hook. It is the largest tooth 
in the radula. It  is followed immediately by a mem- 
branous tooth, the comb-tooth or 4th lateral, which 
is of almost the same length and projects equally 
far into the lumen. The base of the comb-tooth, 
however, is narrow and rhomboidal, placed closely 
along the outer side of the base of the 3rd lateral. 
From this small and rather weak base the tooth 
itself extends inwards aborally or laterally to the 
3rd one. Instead of a hook, the comb-tooth ends up 
in a transversely cut margin, slit up into some 40 
long and curved denticles pointing aborally (Fig. 
87). Only the outermost lateral denticles decrease 
in size, the inner about 20 ones being of almost equal 
length. 

The fifth lateral tooth has a triangular base of the 
same, not very impressive thickness throughout, and 
a rudimentary hook indicated merely as an elongate 
and slightly curved, gently rounded elevation of the 
same height from one end to the other. The width 
of this rudimentary hook is almost the same as that 
of the second and third lateral. 

In the pharynx the central parts of the subradular 
membrane carrying the radular teeth is 30-100 p 
thick, whereas the lateral wings formed in the ra- 
dula diverticula are 10-12 p, or still less towards the 
margin. The membrane consists of a hyaline layer of 
considerable thickness, and a thin stainable layer at 
the surface. The latter layer, which stains blue with 



the phosphortungstic acid hematoxylin, measures 
5-15 p in  the central part and about 2 p in the lateral 
parts of the membrane. 

The deep median groove formed by the subradu- 
lar membrane in the inflated part of the radula 
sheath is straightened out in the roof of the pha- 
rynx. In transverse sections the groove has a fairly 
flat bottom bordered laterally by almost vertical 
walls (Fig. 95). The really hook-like teeth, viz. the 
median and the three inner laterals, are all placed 
on the plane bottom of this radular groove. The 
fourth, comb-like lateral is situated right in the 
angle between the bottom and the sides, and the 
5th lateral tooth sits on the side wall (Fig. 99). Since 
the groove is so distinct in the inflated part of the 
sheath, but is straightened out when bent down into 
the pharynx, the comb-like teeth must make some 
transverse movements when the radula is used. Al- 
though we cannot analyze in detail the function of 
the radula, attention should be called to the position 
of the two big hooks immediately behind each other, 
so that all the big hooks together form two symme- 
trically placed rows all along the radula (Fig. 100). 
Hereby a suitable arrangement for food transport 
up along the pharynx is established. The sweeping 
movements of the comb-teeth may in some un- 
known way assist in this transport. Observations on 
the freshly dissected radulae as well as on the sec- 
tions revealed quite an amount of bottom material 
lying aborally of each hook, including the comb. 

The supportive mechanism of the radula is very 
similar to that of chitons. In the angle between the 
pharynx and the radula sheath there is a transverse 
bar consisting of a median, unpaired muscle and a 
pair of short, rod-like cartilages over which the 
subradular membrane can slide (Figs. 81, 82, 95). 
The cartilaginous ends of this bar are intimately 
connected with a pair of radula vesicles, which are 
fixed and apparently also moved by a number of 
muscles as described on page 41 (Figs. 83, 90, 128). 

The medial ends of the paired cartilages are con- 
nected over the mid-line by the above-mentioned 
m. impar radulae, and their lateral ends partly sur- 
round the radula vesicles. The tissue of the carti- 
laginous rods looks vesicular, with intercellular 
walls between the numerous bladders which con- 
tain the cell bodies (Fig. 96). This tissue appears 
to be a kind of primitive cartilage, corresponding to 
that found in the radula apparatus of gastropods 
and chitons, although admittedly no specific car- 
tilage stains have been used for proving this state- 
ment. 

The radula vesicles are fairly slender, spindle- 
shaped structures. The antero-medial end of each 
sticks in the cartilage of the transversal bar. The 
other end points postero-laterally and is fixed to the 
ventral body wall by several muscles (Fig. 83). The 
vesicle also serves as an insertion point for the big 
retractors of the radula and for some other muscles 
(pp. 39-40). Certainly, these radula vesicles must 
be rigid in the living animal to serve as a kind of 
skeleton. The walls of the vesicles are about 25 p 
thick and consist of several lamellae of connective 
tissue. However, the vesicles have collapsed in both 
of the sectioned specimens (Fig. 94). The walls ap- 
pear wrinkled and the connective tissue lamellae are 
no longer closely attached to each other. Probably 
these vesicles in the living animal are filled with a 
fluid, the pressure of which distends them to make 
them rigid. In chitons, the homologous radula vesic- 
les have been said to be filled with gas (PLATE 1898, 
p. 40), but this cannot hold good in Neopilina, which 
lives at a depth of 3600 m. in the ocean, where gas 
secretion would be more than difficult. So we re- 
examined the contents of these vesicles in a living 
chitonid, Lepidopleurus asellus, from Danish shallow 
waters. No gas was present, but the vesicles were 
hard and distended by their fluid contents. 

These bladders - like those in chitons - must 
serve as a kind of skeleton to which attach muscles 
mainly with the following two functions. Some are 
concerned with the movements of the radula mem- 
brane, others move and fix the vesicles in different 
positions. Since the vesicles are stiff and firmly con- 
nected with the radula cartilage, their movements 
will be transferred immediately to the transverse bar, 
thus assisting in the manipulation of the radula. 

The pharyngeal diveuticula. The pharynx is broad 
and flattened in the region above the radula sheath, 
but high up under the shell and immediately in front 
of the oesophagus the pharyngeal walls push out 
into a pair of extensive sacs. These pharyngeal di- 
verticula (Figs. 81, 85, 86, 89, 129) extend closely 
below the dorsal shell epithelium in the anterior 
part of the animal, and their frontal pouches reach 
almost to the apex. The lumen of these diverticula 
is narrow and cleft-like in some places in the sec- 
tioned specimens. Unfortunately both of these are 
somewhat damaged in the apical region, a fact which 
together with the fairly complicated morphology of 
these organs makes the reconstruction in Fig. 86 
less reliable in some details. 

The pharyngeal diverticulum on each side is a 
flattened sac communicating with the pharynx just 



behind the apex. I t  has several secondary pockets, 
but there are three main pouches on each side (Fig. 

THE STOMACH AND THE LIVER 

86), namely (1) a caudal one lying like a flattened 
tube above the liver and the intestine, just under the 
shell, and continuing to the level of the stomach, 
(2) an anterior pouch on each side from the frontal 
margin of the primary pharyngeal diverticulum. The 
two anterior pouches meet in the mid-line in front 
of the pharynx just below the apex. (3) A pair of 
dorsomedial pouches starting from the dorsal sur- 
faces of the primary diverticula. They meet in the 
mid-line above the oesophagus. 

The epithelium of the pharyngeal diverticula is 
quite different from that of the pharynx proper and 
the oesophagus, being a low columnar one, or even 
cubical, and 10-30 p high (Fig. 103). This epithelium 
is very similar to that of the dorsal coelomic cavities, 
but it does not contain pigment. It was not possible 
to detect structurally different parts of this badly 
preserved epithelium. However, the openings of the 
diverticula into the pharynx are lined with an epi- 
thelium very similar to that of the pharynx proper, 
but its cells contain big granules in their distal half 
(Fig. 104). 

THE OESOPHAGUS 

The oesophagus is compressed so much that its 
lumen forms a vertical slit (Fig. 8). From its point 
of junction with the pharynx immediately behind 
the openings of the pharyngeal diverticula (Fig. 85) 
the oesophagus passes almost straight caudally and 
a little downwards, gradually withdrawing from the 
vicinity of the shell. It is covered by the dorso- 
medial pouches of the pharyngeal diverticula, and 
it is surrounded on both sides by the liver. Passing 
above the propodial area it runs ventrally of the 
intestinal loops and becomes separated from the 
ventral body wall only by some lobules of the liver. 
In the region above the anterior foot margin the 
oesophagus opens into the stomach. 

The wall consists of a very thin membrane of 
connective tissue and a very high epithelium, the 
cells of which are about 60 p high and 4 p broad 
(Fig. 101). Basally in the cells a 10 p high zone of a 
more stainable cytoplasm is found. Next, the nuclei 
are found, followed by a light-staining granulated 
zone occupying the middle half of the cells. The 
distal end looks almost exactly like that of the 
pharyngeal cells with strong striation and very dark 
basal granules. A dense ciliation has been clearly 
observed in the oesophagus, the cilia being half as 
long as the cells themselves. 

The stomach is median, situated above the anterior 
foot region, partly in contact with the ventral body 
wall (Fig. 98). It is surrounded latero-ventrally by 
the gonad, laterally by the liver, and dorsally by the 
intestinal loops. The stomach is roughly triangular 
in shape, the broad posterior wall forming the base 
of the triangle (Fig. 85). The oesophagus opens at 
the opposite, anterior angle. The paired liver opens 
through long, slit-like openings along the two sides 
of the triangle. The intestine starts from the poste- 
rior wall near the mid-line. Dorsally to its exit there 
is a blind pocket in which a crystalline style is 
formed. 

The epithelial lining of the stomach, inside a thin 
connective tissue membrane, is very like that of the 
oesophagus. The broad connections with the liver 
on each side (Fig. 98) makes it necessary to define 
the stomach as the part which is lined by the oeso- 
phageal type of epithelium, as indicated in Fig. 85. 
Only, the stomach epithelium does not reach as far 
laterally on the ventral side as on the dorsal one 
shown in the figure. 

The crystalline style is very distinct in Spec. 111, 
but poorly preserved in Spec. IV. Its position is 
dorso-median in the stomach. The posterior end 
sticks in the blind pocket above the exit of the in- 
testine, and the anterior end extends to the vicinity of 
the entrance of the oesophagus. Probably the style 
is formed in the blind pocket, the strongly ciliated 
epithelium of which differs from that of the stomach 
proper merely in being somewhat lower (about 40 p 
high) and with somewhat broader cells (5-6 p). The 
strong ciliation in the pocket would seem to be 
sufficient to rotate the crystalline style in the usual 
manner. 

In transverse sections the style appears to consist 
of several concentric layers (Fig. 97), which, how- 
ever, are only cross sections of cornet-shaped mem- 
branes sticking in each other with the points directed 
caudally. The point of the final cornet sticks in the 
blind pocket above the intestine. All this indicates 
that the style is formed in the blind pocket and is 
continuously pushed forwards towards the aperture 
of the oesophagus, but it seems to be dissolved before 
reaching this point. At any rate it does not enter the 
oesophagus. We have failed to find any plate ante- 
riorly in the stomach against which the style could 
work. The facts give little support to the idea that 
the structure should instead be a mucous string 
from the oesophagus, like the one present in some 



other molluscs, for then it would enter the intestine 
(See discussion following the paper of LEMCHE and 
WINGSTRAND, 1959). Moreover, the orientation of 
the cornet-shaped membranes indicates that the style 
is formed caudally. A mucous string coming from 
the oesophagus would hardly show this structure. 

The liver (hepatopancreas) is paired and opens 
into the stomach by a long, slit-like opening on each 
side. Each liver is extensively ramified, much more 
than shown in Fig. 85, in which only the most 
apparent lobules are indicated. The position of the 
liver is lateral to the stomach and the oesophagus 
(Figs. 8, 89). Caudally it covers the anterior part of 
the gonad and is itself covered by the intestinal 
loops. It extends to the segmental muscles in a 
lateral direction, and big lobules reach forwards al- 
most to the pharynx. The anterior parts of the liver 
are separated from the dorsal body wall only by 
the inflated pharyngeal diverticula (Fig. 86). 

The epithelium of the liver consists of cells which 
are 80-130 p high and 10-15 p broad. The cells have 
a very stainable basal part, whereas peripherally 
they contain several big granules each (Fig. 107). 
A yellowish-brown colour may perhaps indicate that 
the granules contain pigment. The size of these sphe- 
roid granules is usually between 7 and 10 p, but 
some smaller granules are also present. Usually 5-10 
granules form a single row in the peripheral part of 
each cell (Fig. 108). The small granules, when pres- 
ent, are all situated in the basal part of the row, i. e. 
near the stainable part of the cell. The peripheral 
end of the cell often projects like a tongue into the 
lumen. Often the spherules have dark centres and 
light peripheral zones, but their nature could not be 
established with certainty. 

There is little content in the lumen of the liver 
whereas the stomach is well filled. 

THE INTESTINE 

The exit of the intestine from the stomach is situated 
in the mid-line near the ventral body wall below the 
blind sac of the crystalline style (Fig. 85). From 
there, the intestine immediately turns to the left to 
coil up in an anti-clockwise direction (as seen from 
above). There are six coils, arranged so as to form a 
flattened cone with the small coils dorsally (Figs. 9, 
86, 157). The first two coils are the widest, thefollow- 
ing ones becoming successively smaller and situated 
more dorsally, but the arrangement is somewhat 
irregular. The last (6th) coil forms the top of the 
cone ending in the rectum which runs straight cau- 

dally near the median line to the anal opening. The 
rectum, like other dorsally situated parts of the 
intestine, lies close to the dorsal body wall, separated 
from it by the dorsal coelomic cavity. 

The coils of the intestine occupy most of the space 
above the foot and inside the segmental muscles. 
They are suspended in the peri-intestinal blood sinus 
(Figs. 9, 157, 167). Ventrally the coils rest directly 
on the ventral body wall or are separated from it by 
the gonads, anteriorly also by the stomach, the liver, 
and the oesophagus. 

Histology of the intestine. The lumen of the inte- 
stine is circular or oval in cross sections, and there 
are no folds of any kind. The wall consists of a thin 
membrane of connective tissue directly bordering 
on the hemocoelic body cavity, and an epithelium 
lining the lumen. The connective tissue membrane 
is very thin (1-5 p), but may be stratified in places. 
The histology changes gradually in a characteristic 
manner along the intestine. Just behind the exit 
from the stomach, the epithelium is very high and 
is similar to that of the stomach. The cells are about 
45 p high and 4-5 p broad. The nuclei are distinct 
with prominent nucleoles contrary to conditions in 
the stomach. The surface is probably ciliated since 
basal granules are easily seen. 

Already after half a coil the epithelium is only 
25-35 p high, decreasing still more through the 1st 
and 2nd coils, so that it reaches the final height of 
10-15 p in the 3rd to the 6th coils (Figs. 105, 106). 
The cells also become a little broader. They are 10- 
15 p broad in some places in the 3rd coil, and 6-10 p 
in the 4th to 6th coils. The basal granules are very 
distinct all over, and cilia have been observed with 
certainty. 

The two last coils differ in that granules appear 
in the plasm of the cells. In the 5th coil the granules 
are rather sparse, becoming numerous in the 6th 
one. They are very dark and look like pigment. 
Usually they form a small group in the middle of 
the cell (Fig. 106). 

The rectum has an epithelium similar to that of 
the last coiled part of the intestine. The dark-stain- 
ing granules are numerous in the cells, which are a 
little higher than before (15-30 p). Ciliation is dis- 
tinctly present (Fig. 108 A). 

Above, we have only described the predominant 
ciliated cells of the intestine, but this should not be 
taken to mean that no other cell types are present. 
Some observations in the poorly preserved material 
made us suspect the presence of some sort of secre- 
tory cells - as would, of course. be expected. 



The anal opening is situated on a low papilla in 
the pallial groove behind the foot. The epithelium 
of the rectum is very uneven and variable in height 
just before the anal opening (1 5-60 p). The very lips 
of the opening are covered by a ciliated epithelium, 
about 100 p high (Fig. 109). 

COMPARATIVE REMARKS 

The oesophagus, the stomach, the liver, and the 
intestine of Neopilina is of the ordinary mollusc 
type. The distinctly paired and symmetrical liver 
recalls conditions in bivalves. In the presence of a 
crystalline style Neopilina differs from the recent 
polyplacophorans and is similar to many bivalves 
and some gastropods feeding on finely dispersed 
matter. The presence of such a style in the three 
molluscan groups Gastropoda, Bivalvia, and Try- 
blidiacea may indicate that this structure is a phylo- 
genetically old feature in molluscs, although lost in 
a number of lines. 

The pharyngeal apparatus, including the pharynx 
proper, the subradular organ, the anterior salivary 
gland, the radula apparatus, and the pharyngeal 
diverticula, shows much the same development in 
Neopilina and chitons (Compare figs. 81 and 169). 
Features common to Neopilina and chitons, but ab- 
sent or problematic in other molluscs, are the pres- 
ence of radula vesicles, the anterior position of the 
salivary glands, the great development of the phar- 
yngeal diverticula, and the morphology of the sub- 
radular organ. On the other hand, Neopilina differs 

from chitons in having a coiled, not a straight radula 
sheath, and a symmetrical liver (cf. FRETTER 1937). 

The morphology of the radula teeth is such as 
to allow a comparison with at least both polypla- 
cophorans and gastropods. The median tooth, the 
big lateral hooks, and the triangular 5th lateral are 
very similar to teeth present in the radula of chitons. 
The comb-like 4th lateral of Neopilina is of a type 
indicated also in the development of the 5th lateral 
in Nuttalochiton and Tonicella (PLATE 1899). On the 
other hand, each row in the chitonid radula con- 
tains 8 $. 1 + 8 teeth. 

Comparison with gastropods suggests that the 
docoglossan type of teeth are related to the type 
represented by the median and three inner laterals 
of Neopilina, being hooked rods firmly fixed to the 
subradular membrane. Comparison with the typical 
rhipidoglossan radula opens up the possibility that 
the comb of slender marginal teeth in the latter 
corresponds to the single comb-like tooth in Neopi- 
lina. Both are situated on the sides of the radula 
furrow and are moved transversely when the radula 
functions. On this assumption it must be supposed 
that each of the denticles of the 4th lateral of Neopi- 
lina has become independent in the Rhipidoglossa, 
but there is another - and just as plausible - inter- 
pretation. In Pleurotomaria numerous bristles are 
present on the tips of some of the many lateral or 
marginal teeth (WOODWARD 1901), a development 
which might not be too different from that of the 
4th lateral of Neopilina. So we leave the problem 
open. 

THE MUSCULAR SYSTEM 

This account of the muscular system is based mainly 
on the sectioned specimens (TIT and IV), but we have 
made quite a number of comparisons, particularly 
with the dissected Spec. X. The state of preservation 
of the muscles in the sections is excellent, although 
they have been fixed in a more or less contracted 
state. So we did not hesitate to carry out the exam- 
ination in as much detail as ever possible, feeling 
that the muscular system is of fundamental im- 
portance in any discussion of the segmentation of 
this animal, and for its comparison with the fossil 
tryblidians. The presence of two series of sections, 
one horizontal and one transversal, facilitated the 
study of the different muscles considerably, because 
fibres difficult to trace in one series could often be 
clearly followed in the other. The two specimens are 

almost exactly alike in their myology which, of 
course, indicates that the structures described are 
typical of the species. Some differences between the 
two specimens in a few small muscles were noticed 
and will be mentioned in the text. 

The complexity of the muscular system made it 
necessary to apply particular methods. First, the 
gross anatomy of the muscles was laid down by 
means of wax-plate reconstructions including the 
muscles, the wall of the pallial groove, the foot, and 
some other organs to which muscles attach (oeso- 
phagus, radula apparatus, etc.). The entire animal 
was reconstructed in 25 times enlargement from the 
horizontal series (TV), and the left side of the other 
specimen (111) again in 50 times enlargement. In 
both cases the orientation of the wax-plates was 



based on photographs of the intact specimen, taken 
when it had been embedded in celloidin. 

The diagrams illustrating this chapter are graphic 
reconstructions based on the transversal series (111), 
but the presence and course of the muscles shown 
have been checked on Spec. IV and on the wax-plate 
reconstructions. 

For descriptive purposes the musculature is here 
divided into two main parts, viz. that of the body 
proper and that of the anterior region. The muscu- 
lature of the body consists of three major subdivi- 
sions, viz. (1) the big pedal retractors, (2) the three 
circular (longitudinal) systems in the mantle and the 
foot, and (3) the gill muscles and some other small 
ones in the mantle fold and the foot. 

In the anterior region we can distinguish three 
major subdivisions, viz. ( I )  the anterior continuation 
of the subepithelial circular muscle system, (2) the 
retractors of the velum, of the tentacles, and of the 
mouth region, and (3) the radular and other buccal 
muscles. 

In most cases the nomenclature used is plainly 
descriptive, and only in a few cases have we ventured 
to use the terms of polyplacophoran anatomy. We 
have done this when the homology with chitonid 
muscles was evident, each time commenting on this 
in the text. 

The lettering is made so that the big segmental 
muscles of the body proper are called A, B, C, . . . 
H, whereas the smaller ones attaching to the shell 
in their neighbourhood are called A,, B,, A,, B,, 
etc. (Fig. 121). The three groups of muscle attach- 
ments to the shell in the anterior region are called 
X, Y, and Z (Fig. 84) in order to avoid any figures 
which could suggest segmental numbers, as we do 
not wish here to enter into any speculation about 
head segmentation. 

HISTOLOGICAL REMARKS 

In all the different kind of muscle fibres, the fibrils 
are packed together into a dense central bundle 
surrounded by a narrow sheath of sarcoplasm. 
There are fairly few nuclei, and it is our general 
impression that there is only one nucleus present in 
each fibre. These nuclei are more or less elongate in 
the direction of the muscle and are situated in the 
superficial sarcoplasm. Nuclei situated in the centre 
of the bundles of fibrils have not been observed. The 
length of the fibres varies as usual with the length 
of the muscle itself. The diameter of the fibres varies 
considerably, from 0.3 to 15 p, and can be used, to- 

gether with other histological details, for a rough 
classification. 

(1) The buccal musculatuve, including all muscles 
connected with the radula apparatus and the phar- 
ynx, has the thickest fibres with a diameter of 6-15 p, 
considerable variation occuring within one and the 
same muscle. The fibres are characterized by the 
presence in their plasm of small granules which, in 
the celloidin sections stained with phosphotungstic 
acid hematoxylin, assume a blue black colour sim- 
ilar to that of the nuclei (Fig. 115). Some buccal 
musculature shows a cross striation which is par- 
ticularly distinct in the radula retractors (Fig. 116), 
but it has been observed in other buccal muscles as 
well, when their orientation and plane of sectioning 
was suitable. We do not know for certain whether 
all or only some of the buccal muscles are striated. 

(2) The big somatic muscles, including the pedal 
retractors, the large circular muscles of the foot, and 
those associated with the gills, the velum, etc., con- 
sist of very closely packed fibres measuring 4-8 p 
in diameter (Figs. 112, 11 3). Their bundles of fibrils 
stain a deep red and are highly refringent, much 
more so than in the buccal muscles. In spite of care- 
ful search, cross striation could not be detected. 

(3) Subepithelial and diffuse muscles Jibves in the 
foot and in the mantle are from 0.3 to 3 p broad. 
The bigger of these fibres have a central bundle of 
fibrils and show the same staining properties as 
those mentioned above, so that their interpretation 
seems to be reasonably well founded. From such 
fibres there seems to be a continuous series of thin- 
ner ones down to the very smallest. I t  is doubtful 
whether all the thinnest ones are truly contractile, 
or whether some of them are connective tissue 
elements. A dense, continuous layer of parallel, 
definitely muscular elements is present beneath the 
epithelium of the inner part of the pallial groove 
(Fig. 114). Similar fibres form a diffuse system in the 
peripheral part of the mantle and in the margin of 
the foot. The central parts of the latter contain a 
fairly thin plate of straight muscle fibres in a hori- 
zontal, criss-cross arrangement (Fig. 117). Branched 
muscle fibres have been observed with certainty in 
the gills (Fig. 118) and may well occur elsewhere, 
too. 

Arrangement of thejibres in the muscles. The ma- 
terial is not particularly suitable for studies of the 
associated connective tissue. In the big pedal re- 
tractors, etc., the fibres are closely packed with 
rather few connective tissue nuclei present. The 
latter are either round or elongate at right angles to 



the direction of the muscles. Similarly, the connec- 
tive tissue fibres appear to be transversely orientated, 
the superficial ones thus surrounding the entire 
muscle. The buccal muscles have a looser structure 
and contain considerably more connective tissue. 

The attachment of the muscles to the shell is the 
one usual in molluscs. In the big somatic muscles 
the stainable part of the fibres ends at a considerable 
distance from the shell and is continued to the epi- 
thelium at the point of attachment by a fibrous 
tendon staining only slightly in our preparations 
(Fig. 110). The epithelium involved has been des- 
cribed on page 18. I t  is traversed by tono-fibrils 
placed as continuations of the fibrils of the tendon. 

The smaller muscles attaching to the shell, and 
also the buccal muscles, have only very short or no 
tendinous parts, but the appearance of the mantle 
epithelium with its tono-fibrils is the same as that 
described above (Fig. 11 1). 

THE MUSCLES O F  THE BODY PROPER 

The three main systems of musculature of the body 
proper will be dealt with separately here, as follows : 
(1) the eight pairs of big, segmental foot retractors, 
(2) the three circular systems with their branches to 
the shell, and (3) the gill muscles, the small pallial 
muscles, and the diffuse muscle fibres of the foot 
and mantle. 

Since, like most other molluscs, Neopilina has a 
single continuous shell, it is not surprising that it 
completely lacks the complex system of dorsal mus- 
cles characteristic of the Polyplacophora, which 
system, in the latter group, serves only to move the 
shell pieces relative to each other. 

The Segmental Foot Retractors 

The 8 pairs of foot retractors attaching to the shell 
are a most conspicuous feature (Figs. 121, 126). The 
first three pairs attach to the shell a little higher up 
on the sides (Fig. 89) than the following five pairs 
(Figs. 11, 123). The points of attachment of the 
former are in front of the transversal plane through 
the anterior margin of the foot. They are also placed 
a little closer together than the next ones and there- 
fore can be said to form a group of three on each 
side. The other five pairs follow in regular sequence 
to the hindmost one, which is situated just laterally 
to the rectum (Figs. 121, 130). 

Each retractor consists of two different portions 
clearly homologous with the m. latero-pedalis and 

m. medio-pedalis, respectively, in chitonids (cf. HOFF- 
MANN 1930 pp. 222-224) (Figs. 166-167). When 
reaching the foot the m. medio-pedalis becomes the 
more dorsal one. It  runs dorsally to the m. obliquus 
anterior of the following segment (Figs. 110, 119) 
and, when passing above the foot margin, ramifies 
dorsally to the m. circularis pedis to spread in the 
space between the wall of the peri-intestinal blood 
sinus and the pedal nerve cord (Figs. 120, 122). 

The m. latero-pedalis spreads more ventrally and 
laterally in the foot. It  runs ventrally to the obliquus 
anterior of the following segment and of the major- 
ity of bundles belonging to the m. circularis pedis, 
ramifying partly in the muscular margin of the foot, 
partly more medially but always ventrally to the 
pedal nerve cord (Figs. 119, 122). 

When reaching the foot margin the fibres of the 
m. latero-pedalis fan out to intermingle with the 
fibres from the same muscle of the neighbouring 
segments (Fig. 120). A horizontal section at a more 
ventral level, therefore, shows a continuous zone of 
retractor fibres passing down to the foot margin 
with no indication of the segmentation (Figs. 11, 
123). The mm. medio-pedales behave similarly, 
forming a continuous ring of centrally directed fibres 
in the periphery of the foot, along the bottom of the 
peri-intestinal blood sinus (Fig. 120). 

Since, in some fossil tryblidians, there are double 
muscle insertions on the shell corresponding to each 
foot-retractor portion as here described, the inser- 
tions of these muscles in Neopilina were analyzed 
thoroughly (Fig. 130). It  was found that the m. 
medio-pedalis and m. latero-pedalis insert separa- 
tely on the shell, but the two areas of attachment are 
confluent, and there may be some mixing of fibre 
bundles from the two portions. The areas of inser- 
tion are indicated in Fig. 130. In Muscle A, the two 
areas are well separated and distinct, the medio- 
pedalis inserting caudally to the latero-pedalis. In 
each of Muscles B-F the said areas are confluent, but 
the medio-pedalis inserts caudally of the latero- 
pedalis. Muscle G is remarkable on both sides of 
both of the sectioned specimens in that the medio- 
pedalis is double with one head inserting antero- 
laterally and the other caudo-medially to the latero- 
pedalis. In Muscle H the two portions are very dif- 
ficult to follow and it is by no means certain that the 
areas marked in Fig. 130 are correct. 

Whereas Muscles B-F are all very similar and 
differ only slightly from G and H, the first retractor 
(A) looks considerably different (Figs. 84, 120, 121). 
The m. latero-pedalis A behaves typically and ram- 



ifies in the anterior margin of the foot. The m. 
medio-pedalis A has one portion running caudo- 
medially to the anterior part of the foot, ramifying 
dorsally to the pedal nerve cord like the typical 
medio-pedalis muscles, but another portion (m. ora- 
lis posterior) runs medially or antero-medially and 
acts as a retractor in the mouth region. One small 
band (m. transversalis A) branches off from the 
m, oralis posterior to form an unpaired transverse 
muscle in an inner ridge of the body wall above the 
propodial area (Figs. 84, 129). Another strong por- 
tion of the m. oralis posterior turns antero-medially 
and constitutes the main retractor of the velum 
(Figs. 127, 129). Other ramifications run to the body 
wall of the mouth region, and one small string 
passing down into the tentacle ridge seems to act as 
a tentacle retractor (Fig. 127). 

As to the function, it is apparent that the mm. 
latero-pedales act as retractors of the foot margin 
and, together with the mm. medio-pedales, retract 
the foot as a whole. The opposite movements must 
be brought about by blood pressure as in other 
molluscs. The rnrn. medio-pedales A-C may also act 
as protractors and the medio-pedales F-H may sim- 
ilarly move the base of the foot caudally. 

The Circular (Longitudinal) Systems 

There are three distinct circular muscle systems in 
the body proper, viz. (1) the m. circularis pedis, 
forming an internal muscular ring in the peripheral 
part of the foot, (2) the m. circularis intermedius, a 
broad muscle band along the base of the foot near 
the bottom of the pallial groove, and (3) the m. cir- 
cularis pallii, which forms a subepithelial mem- 
brane of circular fibres under the wall of the pallial 
groove (For orientation see Figs. 119 and 121). All 
these systems give off bundles attaching to the shell 
in different ways. 

The m. circularis pedis forms a circular system of 
loosely packed, but strong muscle bundles in the 
peripheral part of the foot (Figs. 121, 126). The 
muscle does not give any immediate impression of 
being an anatomical unit and can be confused with 
ramifications of the foot retractors when the scat- 
tered muscle bands are seen in cross section. How- 
ever, in horizontal sections and dissected specimens 
the fibres reveal their strict circular course and can 
be seen to form a system of their own, independent 
of the foot retractors (Fig. 121). The muscle sepa- 
rates the m. latero-pedalis from the m. medio-peda- 
lis, but its dorsal and ventral fibres may intermingle 

with those of the said muscles (Fig. 119). The entire 
muscle is situated laterally to the pedal nerve cord 
which it follows all round the foot. Posteriorly, the 
muscle is continuous over the mid-line below the 
rectum, but at the anterior margin of the foot there 
is no or little such continuity. It is true that some 
fibres of the m. circularis pedis pass over to the 
other side anteriorly, but the greater number con- 
tinue to the shell and do not merge with the circula- 
ris pedis of the other side (Figs. 121, 127). 

In general the m. circularis pedis inserts on the 
shell by means of a great number of small muscle 
bands which are strictly segmentally arranged, but 
may show some variation in the anterior and poste- 
rior ends of the body. In addition some of the re- 
tractors of the buccal region seem to contribute to 
this muscle. In the typical segments, i.e. E and F, 
we find two shell insertions of branches connected 
with the m. circularis pedis. Because of their oblique 
antero-lateral or postero-lateral course they are 
called the m. obliquus anterior and m. obliquus 
posterior, respectively (Fig. 121). The majority of 
shell insertions of the m. circularis pedis appear to 
be referable to one or other of these categories. In 
addition a posterior retractor of the tentacles and 
of the velum (The m. cruciatus) fuses with the m. 
circularis pedis. This will be dealt with on p. 38 
(Fig. 127). 

The mm. obliquii anteriores are present in all seg- 
ments from A to PI, although that of Segment A 
differs a little from the following ones. A typical 
obliquus anterior in the middle body region inserts 
latero-caudally to the foot retractor, runs antero- 
medially under the latter to be flattened out as a 
broad and thin band along the wall of the pallial 
groove (Figs. 119, 121). Then it passes on antero- 
medially to the preceding segment, running between 
the latero-pedalis and medio-pedalis to fuse with the 
bundles of the m. circularis pedis. When the obliquus 
anterior is in contact with the wall of the pallial 
groove it gives off some fibres to the subepithelial 
circular muscle there (the m. circularis pallii). It can 
be very clearly seen that the m. obliquus anterior 
fuses with the m. circularis pedis and runs for at 
least some segments anteriorly as part of this muscle, 
but how far each fibre extends could not be stated. 

The mm. obliquii anteriores of Segments B to H 
are all very similar and fit the above description very 
closely, disregarding the fact that the first two (B 
and C) are very small, and that the obliquii anteri- 
ores of B-D seem to lack connections with the m. 
circularis pallii. The so-called m. obliquus anterior 



A differs considerably, and its interpretation is 
somewhat hypothetical. This muscle is considerably 
stronger than those of Segments B and C,  and its 
point of insertion is not postero-lateral but antero- 
lateral to the corresponding foot retractor (A). 
Furthermore, its fibres take a more postero-medial, 
not antero-medial course, and cross over to the 
other side in front of the foot to fuse with the circu- 
laris pedis of that side (Figs. 127, 129). On the other 
hand, the obliquii anteriores B and C form a kind 
of transition from the typical obliquus muscles to 
the obliquus anterior A, as can be seen in the dia- 
gram. Also, the latter muscle is connected with the 
m. circularis pedis as are the typical members of this 
series. Therefore it would not seem hazardous to 
interpret this muscle as done here, accepting it as 
the first member of the series of obliquii anteriores. 

The mm. obliquii postevioves are typical only in 
Segments E and F. The insertion is antero-lateral in 
relation to the corresponding foot retractor. From 
this insertion the muscle runs postero-medially be- 
neath the foot retractor, crosses the obliquii an- 
teriores of the two following segments in somewhat 
variable ways (Fig. 121) and passes along the wall 
of the pallial groove into the m. circularis pedis. 
Connections with the m. circularis pallii have not 
been seen with certainty. In the transversal series 
(Spec. 111) the obliquii posteriores of the segments 
E and F are the only typical ones present. In the 
Spec. IV there is a small but typical obliquus poste- 
rior on each side also in Segment C. It attaches 
antero-laterally of the foot retractor C and runs 
postero-medially, but its very fusion with the circu- 
laris pedis could not be traced because the muscle 
is too small. 

Another muscle which may be regarded as an 
obliquus posterior is the one called Y,, which in- 
serts far anteriorly, but runs caudally along the ven- 
tral body wall to fuse with the m. circularis pedis of 
the same side (Figs. 71, 121, 127). It might be an 
obliquus posterior A, but its attachment together 
with typical buccal muscles in the preoral region 
makes this interpretation somewhat doubtful. 

The whole m. circularis pedis is supposed to be a 
constrictor of the foot base. Probably the obliquii 
anteriores and posteriores serve mainly to fix the 
system firmly, but of course they may also help 
partly to move the foot, partly to rotate it relatively 
to the shell. 

The m .  civculavis intevmedius is situated along the 
bottom of the pallial groove, ventrally to the foot 
retractors (Fig. 11 9). It is not immediately in touch 

with the epithelial basement membrane, but runs as a 
plate of discrete bundles of fibres, at some distance 
from the strongly folded wall of the foot base, into 
the longitudinal folds of which the bundles tend to 
dive down further caudally. The muscle consists of 
rather thick fibres of the usual somatic type (Fig. 
11 3), which make it easily distinguishable from the 
m. circularis pallii, the very thin fibres of which are 
located in contact with the basement membrane of 
the epithelium (Fig. 114). Posteriorly, the m. circu- 
laris intermedius is directly continuous with the same 
muscle of the opposite side, the crossing of the mid- 
line taking place within the transverse folds at the 
base of the foot beneath the rectum. Anteriorly 
there seems to be an interruption of the ring (Fig. 
121), since the fibres of this muscle attach to the 
shell. 

The m. circularis intermedius is connected with 
the shell through two pairs of muscles, one anterior 
and one posterior. The anterior head inserts later- 
ally to the foot retractor A and is a muscle of 
considerable strength (Fig. 127). It runs almost 
straight caudally under the anterior three foot re- 
tractors and flattens out to form a membrane near, 
but not in contact with, the bottom of the pallial 
groove. This muscle is the direct anterior con- 
tinuation of the m. circularis intermedius, which 
therefore embraces the foot base like an U with the 
opening directed anteriorly. 

The other insertion of the m. circularis interme- 
dius is situated beside the anus, latero-caudally to 
the foot retractor H. A muscle runs antero-medially 
from the said point of insertion, ventrally to the 
retractor H and the corresponding obliquus anterior. 
The muscle crosses its counterpart from the other 
side and gives off some fibres to the m. circularis 
pallii. After reaching the opposite side the muscle 
fuses with the m. circularis intermedius (Fig. 121). 

The details of the function of this whole muscle 
remain obscure, but it is supposed to assist the m. 
circularis pedis in constricting the foot base, and it 
may also help in pulling the whole foot forwards. 

The m. circulavis pallii is particularly interesting, 
since it is a typical cutaneous muscle situated inside 
the epithelium of the pallial groove. Laterally it 
reaches the base of the gills (or the lateral nerve 
cord, which means the same). Thus it is absent from 
the peripheral part of the mantle. Medially it ex- 
tends approximately half-way down the sides of the 
foot, but it is lacking in the lower part of that organ 
(Fig. 119). It consists of a single layer of very thin, 
parallel muscle fibres lying in contact with the base- 



ment membrane of the epithelium. Consequently it 
is folded in the same way as the epithelium. The 
muscle is not so impressive in transverse sections, 
but as seen from the surface in horizontal sections 
it shows up as a distinct membrane of closely 
packed, parallel muscle fibres (Fig. 114). 

Posteriorly the muscle is directly continuous with 
that of the other side (Fig. 121). The crossing of the 
median line takes place along the transversal parts 
of the pallial groove and of the foot side in front of 
the anus. Anteriorly there is also some direct con- 
tact from one side to the other in the propodial 
region and along the surface of the foot, but a con- 
siderable portion of the muscle passes forwards 
laterally to the velum and to the mouth to form the 
more diffuse subepithelial muscle of the anterior 
body region (Fig. 127). 

In the body proper there are no separate shell in- 
sertions of the m. circularis pallii, but some of the 
previously described mm. obliquii anteriores give off 
fibres spreading over the surface of the pallial groove 
(Fig. 121). It could not be decided with certainty 
whether these fibres only attach to this wall, or 
whether they really share in the formation of the 
circular pallial muscle. The question is hardly of 
fundamental importance, for their function will be 
the same whatever the case may be. Such pallial 
fibres have been seen to arise from the mm. obliquii 
anteriores D-H, but not from the obliquii anteriores 
A-C (Fig. 121). Likewise, the muscles Y, and the 
posterior head of the m. circularis intermedius give 
off some fibres to the circular pallial muscle, whereas 
the mm. obliquii posteriores E and F could not be 
seen to do so, although for some distance they run 
closely along the wall of the pallial groove. In the 
anterior region this muscle system inserts on the 
shell at several places (Fig. 127). 

Since the shape of the living animal is not exactly 
known, it is difficult to suggest a function for the m. 
circularis pallii. The muscle may help keeping the 
pallial groove open, or it may influence the pressure 
of the body fluid. At all events this pressure must be 
essential in the movements of the animal, since the 
muscles mainly act as retractors and constrictors, 
whereas extension must be effected by blood pressure. 

The Smaller Muscles of the Gills, Mantle and Foot 

The different components assembled under this 
heading are probably of heterogeneous origin. The 
muscles of the gills and pallium show some ana- 
tomical similarities in so far as they insert on the 

shell and run to pallial structures, i.e. to the gills 
and to the epithelium of the pallial groove, respec- 
tively. The diffuse musculature of the gills, mantle, 
and foot may well be of quite different origin. 

The mm. branchiales. As mentioned in the des- 
cription of the ctenidia (pp. 20-2 1) each gill stem con- 
tains two double muscles, one external along the 
arterial side and one internal along the venous side. 
Both muscles give off branches into the lamellae of 
the gills (Figs. 60, 65). The m. branchialis externus 
is accompanied by the external gill nerve and the 
efferent gill vessel, the m. branchialis internus runs 
along the afferent gill vessel and the internal gill 
nerve. Both muscles pass between the nephridial 
lobules and through the blood sinuses of the mantle 
fold upwards to their insertion on the shell (Fig. 125). 

The internal gill muscle is always well developed 
and emerges from the postero-medial corner of the 
gill base (Fig. 59). Its course is more or less dorso- 
medial from the gill base to the shell, where it in- 
serts behind (or, in Segments D and E, postero- 
medially to) the foot retractor (Figs. 121, 130). The 
first gill (in Segment C) is exceptional in that its m. 
branchialis internus inserts laterally to the foot re- 
tractor. The external gill muscle is always present, 
but it is smaller than the internal one and is almost 
vestigial in the first two gill-bearing segments. It is 
present in the gills proper, but its continuation up 
to the shell consists of a few fibres, only. The inser- 
tion on the shell lies antero-laterally to that of the 
other muscle and is situated just outside the inser- 
tion of the foot retractor. (The lettering of these 
muscles is purely descriptive and should not be 
taken to involve any interpretation as to segmental 
limits). 

Contraction of the entire system of the mm. bran- 
chiales must result in a withdrawal of the whole 
gill. In the stem the contraction of the double inter- 
nal muscle alone will probably swing the stem back- 
wards, the external one working antagonistically. 
Similarly, the single lamellae may be moved up and 
down by their respective rami of the same muscles. 
On the other hand, the two bundles present along 
each edge may perhaps be able to cause bending at 
right angles to the flattened surfaces of either the 
stem or the single lamellae (Figs. 59, 60). 

The diffuse interior musculature of the gills is the 
only one in which branching of the single muscle 
cells has been observed with certainty in this animal 
(Fig. 118). Its arrangement has already been dealt 
with in detail on p. 20. 

The mm. pallii dorsoventrales. The small muscles 



inserting on the shell and running to the epithelium 
of the pallial groove are collected under this heading. 
They seem to be fairly variable, as considerable dif- 
ferences have been found between the two sectioned 
specimens. Such a muscle is constantly found just 
caudally to the foot retractor of each segment, with 
which it has a more or less confluent area of inser- 
tion, sometimes including that of the internal gill 
muscle. From the insertions the dorso-ventral pallial 
muscles pass vertically down to the epithelial lining 
of the pallial groove. In the reconstruction (Fig. 121) 

THE MUSCLES OF THE ANTERIOR 
BODY REGION 

The musculature of the anterior body region in- 
cludes three fairly distinct parts, viz. (1) the sub- 
epithelial muscles of the body wall and their inser- 
tions on the shell, (2) the retractors of the oral 
region, of the tentacles, and of the velum, and (3) 
the buccal muscles, i.e. those of the radula appa- 
ratus and of the other parts of the digestive system. 

they are shown only in Segments B and C, but they The Subepithelial Muscles of the Body Wall 
are present in all segments although hidden under 
the respective foot retractor (see Fig. 130). They 
may reasonably be supposed to help maintaining the 
depth of the pallial groove. 

Small muscle strands are also common, running 
from the base of the gills upwards to the shell, but 
since they only consist of a few scattered fibres each, 
they have not been included in Fig. 121. 

The difluse muscles of the mantle. The peripheral 
parts of the mantle fold, from the nephridial area to 
the margin, are occupied by a loose meshwork of 
scattered fibres not assembled into distinct muscles. 
Some of these fibres take a circular course and 
others a radial one. Among the latter there are 
some forming a more regular pattern of a m. retrac- 
tor marginalis pallii to be found all around the ani- 
mal. The fibres in question arise from a circular line 
on the interior surface of the shell outside the larger 
muscle insertions (Figs. 33, 130). They run out- 
wards - at least partly - into the outermost parts of 
the outer marginal fold. Other fibres from almost 
the same area of insertion run to the base of the 
periostracum gland. 

The dzyuse muscles of the foot. The discrete mus- 
cles, i.e. foot retractors and m. circularis pedis, are 
restricted to the thickened periphery of the foot, 
from which the margin protrudes. The central parts 
of the foot is a comparatively thin plate forming the 
wall beneath the peri-intestinal blood sinus. This 
membrane is externally covered by the foot epithe- 
lium, but its main part is a parenchyma in which 
there is a meshwork of fibres, many of which appear 
muscular although partly of a very small calibre and 
mostly extending in the horizontal plane (Fig. 117). 
Some of them may originate in the mm. medio- 
pedales. Also, the interior of the foot margin is 
traversed by scattered fibres, many of which con- 
nect the lowermost lateral wall of the foot with its 
ventral surface, apparently serving to maintain the 
foot edge as such. 

The subepithelial muscles of the anterior body re- 
gion are direct extensions of the m. circularis pallii. 
Like this muscle they are situated in the body wall, 
forming thin membranes of densely packed parallel 
fibres close to the basement membrane s f  the epithe- 
lium. All these fibres are very thin. 

When, coming from behind, the m. circularis 
pallii reaches the level of the anterior margin of the 
foot, some of its fibres pass over to the other side 
(Fig. 127). The remaining fibres continue cranially 
to become concentrated into a powerful band in the 
body wall just lateral to the tentacles and the velum. 
When arriving in front of the mouth, some of 
its fibres cross over to the other side as a preoral 
transverse muscular membrane, which, however, is 
not very strong. 

Other fibres form a postoral muscular membrane 
with transversal fibres in the propodial area between 
the tentacle ridges. They complete the sphincter-like 
subepithelial muscular system around the mouth. 

The peripheral part of the pallial fold in the an- 
terior region is devoid of subepithelial muscular 
membranes, but there are some scattered fibres 
running more irregularly. The musculature of the 
mantle edge does not differ from that of the body 
proper, as described above. 

The subepithelial muscular membrane receives 
fibres not only from Muscle Y, but also from two 
powerful muscles of the anterior region, viz. the m. 
praeoralis and them. oralis anterior (Figs. 121,127). 
The latter attaches to the shell within the insertion 
area named Y and consists of several portions. The 
most lateral one comes into close contact with the 
body wall at the level of the lateral parts of the 
velum (Fig. 127). At the same time it becomes flat- 
tened and divides into many small bundles. Further 
caudally the fibres of these bundles are lost among 
those of the subepithelial muscle. 



The m. praeoralis belongs exclusively to the pre- 
oral body wall (Fig. 127). It  inserts on the shell just 
laterally to the pharynx in the insertion area called 
X (Figs. 84, 132) and runs almost straight posteriorly 
down to the preoral body wall. Some of its fibres 
bend laterally to intermingle with the subepithelial 
muscle, but the majority turn medially, partly diving 
down into the preoral velar ridge and into the upper 
lip and partly forming a preoral transverse muscle. 
The latter, however, is only subepithelial to a small 
extent, as most fibres are situated deeper in the 
thickened body wall present in this region. Appar- 
ently the muscle serves as a protractor of the mouth 
region, and as a retractor of the upper lip and velar 
ridge. 

Probably the main function of the subepithelial 
muscle is to support the ventral body wall of the 
anterior region. Also, it may act as a constrictor of 
the mouth region. 

Retractors in the Mouth Region 

Of the five retractors of the mouth region the three 
major ones attach to the shell (m. praeoralis, m. 
oralis anterior, and m. oralis posterior). The other 
two lack such a connection (m. cruciatus and m. 
tentacularis transversus). 

The m. praeoralis was described above as a pro- 
tractor of the mouth region and as a retractor of 
the anterior lip and the anterior velar ridge. 

The m. oualis anterior is a fairly complex muscle, 
inserting on the shell within the area Y and running 
in a medio-posterior direction to divide into 5 or 6 
more or less distinct portions (Fig. 127). The most 
medial portion turns straight medially to attach to 
the sides of the pharynx. The next portion runs 
down to the body wall, also in a medial direction, 
its fibres spreading into the anterior lip. The third 
portion passes downwards more posteriorly to the 
body wall behind the mouth. Its fibres continue as 
a transverse muscle in the posterior lip and in the 
transverse part of the tentacle ridge. The next por- 
tion, which is the most compact one, dives down 
into the lateral parts of the velum and seems to be 
an important anterior velum retractor. The most 
lateral portion bends caudally, passes down to the 
body wall, and flattens out, finally merging with the 
subepithelial muscle laterally to the velum, as de- 
scribed above. 

M. oralis posterior. The m. medio-pedalis A gives 
off a very strong muscle, the m. oralis posterior, 

appearing as the most important of all retractors of 
the mouth region. From its insertion this muscle 
turns medio-anteriorly, the major portion diving 
down into the lateral parts of the velum as the main 
velum retractor (m. retractor veli posterior) (Figs. 
72, 127, 129). Smaller branches are given off to the 
region of the lateral corners of the mouth, and one 
small portion dives down into the lateral parts of 
the tentacle ridge. The typical m. medio-pedalis A 
turns more postero-medially to the foot, but it gives 
off a branch, in. transversalis A, passing across the 
animal to join its counterpart on the other side 
(Fig. 129). 

M. cvuciatu~., the crossed retractor, consists of two 
branches, one coming from the lateral parts of the 
velum and another from the tentacle ridge. On each 
side these two branches fuse and then cross over to 
the other side in close contact with the body wall 
(Figs. 121, 127). They continue postero-laterally 
along the body surface, ventrally to all other mus- 
cles, to fuse with the m. circularis pedis. 

The m. tentacularis transversus almost joins the 
m. transversalis A in passing across the median line 
within the postoral internal fold of the propodial 
area. On each side the fibres dive down into the 
posterior part of the tentacle ridge to spread into 
the tentacles (Figs. 80, 127). 

The subepithelial muscles of the anterior region, 
together with the different retractors just described, 
seem responsible for all the movements of the lips, 
the velum, and the tentacles. Probably contraction 
of the m. praeoralis, the m. oralis anterior, and the 
m. oralis posterior retracts the entire mouth region. 
Extension of the same region would seem to be 
caused by pressure of the body fluid, possibly in 
combination with movements of the radula appara- 
tus. The subepithelial muscle. which, in combination 
with the postoral portion of the m. oralis anterior, 
forms a kind of sphincter of the mouth, may close 
this opening, whereas the m. praeoralis, the m. 
oralis posterior, and some portions of m. oralis 
anterior may widen the mouth. The velum retrac- 
tors are derived from the m. oralis posterior, the m. 
oralis anterior, and the lateral portion of the m. 
cruciatus (lateral portion of velum), and from the 
m. praeoralis (anterior velar ridge). The tentacle re- 
tractors come from the m. oralis posterior and the 
m. cruciatus and are supplemented by the m. tenta- 
cularis transversus. Selective contraction of isolated 
components of this whole complex may cause hori- 
zontal movements of the tentacles and velum. 



The Buccal Muscles One portion of the muscle inserts far rostrally on 

Under this heading we treat the muscles which ob- 
viously have to do with the movements of the radula 
apparatus, and also the few muscles concerned with 
the fixation and movements of the pharyngeal re- 
gion. A certain knowledge of the anatomy of these 
parts is therefore a necessary prerequisite for the 
understanding of the morphology and function of 
the buccal muscles. This is the reason why we have 
dealt with the anatomy of the digestive system be- 
fore that of the musculature. 

THE MUSCLES OF THE RADULA APPARATUS 

The study of the radula muscles preseiited some 
difficulties, partly because the muscles in some re- 
gions are strongly contracted in the material avail- 
able, and partly because of the bad state of preser- 
vation of the radula vesicles on which many mus- 
cles insert. However, the muscles of the radula ap- 
paratus can be clearly seen to insert in a way not 
very different from that of chitons, i. e. 

(1) On the postero-lateral tip of the radula ve- 
sicles, 

(2) On the subradular membrane in the radula 
diverticula, 

(3) On the transverse cartilaginous rods of the 
radular support, 

(4) On the radula sheath proper, and 
(5) In the body wall only, but acting on the radula 

apparatus. 

Muscles Inserting on the Tip of the Radula Vesicles 

Quite a number of muscles insert on each radula 
vesicle, all of them restricted to its postero-lateral 
tip (Fig. 128), whereas the anterior end of the vesicle 
is firmly connected with the cartilaginous substance 
of the radula support. The said muscles appear to 
belong to two functional groups, viz. the muscles 
fixing and moving the vesicles as such, and those 
using the vesicles as a fixed base from which, by 
their contractions, they move the subradular mem- 
brane. 

(a) The m. retractor vadulae almost surrounds the 
radula vesicle as a muscular sac (Figs. 90, 94, 129). 
The muscle originates on the tip of the vesicle, pass- 
ing forwards as three partially separate portions, all 
of which attach ventrally on the posterior and lat- 
eral edges of the radula diverticulum (Fig. 128), i. e. 
that the muscle inserts on the epithelium carrying 
the secondary subradular membrane in such a way 
that its pull retracts this membrane. 

the lateral edge of the subradular membrane, close 
to the m. tensor radulae, to run laterally to the 
vesicle on to its tip. 

A series of other bundles of the same muscle 
attach beneath the edge of the subradular membrane 
along the lateral half of the posterior margin. 
Partly, these bundles turn obliquely sidewards 
above the vesicle to its lateral side before they attach 
to the tip. Others behave similarly without passing 
over to the lateral side. 

A third portion inserts under the medial part of 
the posterior edge of the subradular membrane, 
close to the radula sheath proper. Although situated 
more ventrally this portion, too, runs postero-later- 
ally to the tip of the vesicle, but it attaches from a 
ventral direction. 

All the three portions form an almost continuous 
muscular sac round the radula vesicle, the lateral 
wall of the sac being completed by the m. protractor 
vesicae major, which comes from the shell (Figs. 84, 
90). Apparently this complex muscle pulls the sub- 
radular membrane caudally. At the same time i t  
may press the radula vesicles and the entire radula 
support forwards, making the radula approach still 
more closely to the underlying transversal bar. 

(b) The m. protractor vesicae major inserts later- 
ally to the pharynx on the anterior part of the shell, 
within the area X (Figs. 128, 132). The insertion is 
near the anterior mantle edge, the most rostra1 part 
of the muscle passing through a vascular channel 
in the mantle (Fig. 124). Then the muscle runs 
straight caudally above the ventral body wall to 
insert on the posterior tip of the radula vesicle. It  
participates in the formation of the muscular sac 
formed by the m. retractor radulae (Figs. 84, 128). 

(c) M. puotvactor vesicae minor inserts more dor- 
sally within the area X, together with the m. prae- 
oralis (Fig. 132). When passing caudally it follows 
closely along the protractor major to its point of 
attachment (Fig. 128). 

(d) M. vesicae antero-lateralis is small and fairly 
short. Inserting on the tip of the vesicle, it runs in 
an antero-lateral direction down to the ventral body 
wall in front of the retractor veli posterior (Figs. 
83, 128). 

(e) M. vesicae arztero-medialis inserts on the tip 
of the vesicle and runs antero-medially to spread 
into the upper lip, passing just medially to the cere- 
bral ganglion (Figs. 83, 128). 

(f) M. vesicae postevo-latevalis passes latero- 
posteriorly as a thin band from the tip of the vesicle, 



closely following the m. transversalis anterior above 
the dorsal (medial) surface of the m. retractor veli 
posterior, behind which it attaches to the ventral 
body wall (Figs. 83, 128). 

(g) M. vesicae postero-medialis passes from the 
same attachment medio-posteriorly above the velum 
retractor, diving down into the body wall in the 
region of the postoral tentacles to spread just medi- 
ally of the statocyst (Figs. 83, 128). 

(h) M. vesicae ventralis runs almost directly from 
the tip of the vesicle downwards to the body wall, 
spreading into the tissues immediately behind the 
velum retractor (Figs. 83, 128). 

Altogether, the muscles b-h may be expected to 
move the vesicle in all directions except the dorsal 
one. Acting separately, the two protractors seem to 
pull the tip of the vesicle forwards, thus helping to 
press the radula apparatus anteriorly or ventrally. 
The antero-medial muscle may assist in the same 
movement, but may also pull the vesicle down 
towards the body wall. The postero-lateral and 
postero-medial muscles apparently retract the ve- 
sicle, the medial one also moving the tip medially, 
whereas the lateral one acts in the opposite way. 
The chief function of all these muscles must be to 
keep the tip of the vesicle fixed as a fundament for 
the movements of the radula. In addition the antero- 
medial muscle may function as an accessory retractor 
of the upper lip. 

The Muscles of the Subradular Membrane 

As mentioned on p. 27, the radula diverticula are 
flat, lateral expansions of that part of the radula 
sheath which opens into the pharynx. Inside, their 
ventral wall is covered by (probably secretes) the 
secondary subradular membrane to which are trans- 
ferred the actions of the muscles described in this 
chapter. These muscles act particularly on those 
parts which lie within the radula diverticula, attach- 
ing along both the lateral and the posterior edges. 
In addition some muscles attach to the oral end of 
the membrane in the pharyngeal wall proper. 

((a) M. retractor radulae. Although described 
above, this muscle is mentioned again here because 
it  inserts under the posterior and postero-lateral 
edges of the subradular membrane, passing to the 
tip of the radula vesicle and functioning as a strong 
radula retractor). 

(b) M. protractor radulae attaches from beneath 
to the lateral margin of the radula membrane at the 
oral end of the diverticula and in the adjacent part 
of the pharynx. Since the membrane probably func- 

tions by gliding over the radula skeleton, the posi- 
tion of the insertion area in the animal depends 
upon the state of contraction. The muscle passes 
straight anteriorly and is divided into a number 
(about ten) of different portions, the area of attach- 
ment to the shell being horseshoe-shaped (Figs. 11, 
84, 128, 129, 132). 

The muscle seems to pull the subradular mem- 
brane forwards, i. e. rolling the membrane into the 
mouth, whereas the retractor radulae acts antago- 
nistically. 

(c) M. tensor radulae is a fairly long and slender 
muscle inserting beneath the edge of the radula di- 
verticula on each side, approximately between the 
big retractor and the big protractor (Fig. 128). It 
passes straight laterally to its insertion on the shell 
within the area Z (Fig. 132). The combined action 
of the two muscles in this pair may be either to 
flatten the membrane transversally or, simply, to 
stabilize it. 

(d) M. radulae longus. This muscle consists of two 
parts, originating medially and caudally to Muscle 
C high up on the shell (Figs. 84, 130). I t  passes 
antero-medially downwards between the liver lob- 
ules to the pharyngeal region. 

The pars ventralis gives off some small branches 
functioning as retractors of the subradular sac (Fig. 
82). The main part closely follows along the dorsal 
wall of the pharynx to insert on the oral edge of the 
secondary subradular membrane (Figs. 90, 94). 

The pars dorsalis originates on the shell a little 
antero-medially to the ventral part. It closely follows 
the pars ventralis downwards and forwards, but 
then swings off in a more dorsal direction to the 
oral end of the tubular radula sheath (Figs. 128, 
129). It  attaches ventrally on this sheath, but some 
fibres continue into the diverticular region. Hence, 
the pull exerted by the pars dorsalis would seem to 
act almost directly on the secondary subradular 
membrane. The muscle is kept in its proper position 
by two small muscular bands, viz. the m. radulae 
minor and the m. transversalis posterior (See below) 
(Fig. 128). 

The two portions acting together are supposed 
to retract the entire radula apparatus into the body. 
Although the two portions, inserting on either end 
of the secondary subradular membrane, would ap- 
pear able to act antagonistically in rolling the radula 
over the skeletal bar, we doubt that this is their main 
function. The big protractor radulae and retractor 
radulae described above are much more powerful, 
and at least the retractor is cross-striated, which 



indicates strong activity. Hence, we suppose those 
big muscles to be the main ones for the usual feed- 
ing movements of the radula. 

(e) M .  pharyngeus marginalis attaches to the oral 
edge of the subradular membrane, laterally to the 
m. radulae longus pars ventralis, running caudally 
along the dorsal side of the pharynx near its lateral 
edge (Figs. 82, 90). Behind the mouth it dives down 
into the ventral body wall, then following closely 
along and lateral to the pedal nerve until disappear- 
ing among the fibres of the foot musculature. This 
muscle may assist in pulling the subradular mem- 
brane into the mouth, thus in some way collaborat- 
ing with the m. protractor radulae. 

The Muscles of the Radula Cartilages 

A pair of cartilaginous rods, united medially by an 
unpaired muscle, forms a transverse bar over which 
the subradular membrane with the radula glides 
(Figs. 81, 82). The following muscles attach to these 
cartilages. 

(a) M. impar radulae is a thick, median cushion, 
the fibres of which run transversely, connecting the 
medial ends of the two cartilages. Contracted, as in 
the sections, it bulges out all around (Figs. 82, 95). 
The muscle seems to be able to regulate the distance 
between the radula cartilages and, possibly, by se- 
parate action of single bundles to tilt them relatively 
to each other. 

(b) M. protractor cartilaginis dorsalis attaches 
ventro-rostrally to the lateral end of the cartilage, 
passing straight anteriorly to the shell within the 
insertion area X. Immediately before the insertion 
a branch is given off, bending medio-dorsally to 
join the ventral part of the m. protractor radulae 
(Figs. 83, 128). The muscle would seem to pull the 
cartilages forwards. 

(c) M .  protractor cartilaginis profundus attaches 
to the lateral end of the cartilage near the radula 
vesicle. It passes antero-ventrally into the vascular 
channel of the mantle, which is also used by the 
more laterally placed protractor vesicae major (Fig. 
124). Inserting far ventrally within the area X (Figs. 
83, 128, 132), the present muscle pulls the cartilage 
anteriorly or ventrally and thus seems to play an 
important role in the protrusion of the radula. 

(d) M .  cartilaginis antero-lateralis attaches to the 
ventral surface of the end of the cartilage between 
the two muscles mentioned above (paragr. b and c) 
(Fig. 83). It passes straight antero-laterally to the 
shell, inserting within the area Y (Figs. 84, 132). 
Probably the muscle stabilizes the skeleton, which 

it may also retract from its lowest positions. Perhaps 
the muscle also straightens the angle between the 
two halves of the transverse bar. 

(e) M .  protractor subradularis is a small muscle 
originating on the lower surface of the cartilage near 
the point of junction with the radula vesicles. The 
muscle runs medio-caudally or medially to spread 
in the anterior wall of the subradular sac (Figs. 82, 
83). When the subradular sac is protracted as shown 
in the figures, the function of the muscle is less ob- 
vious. It  may be a protractor of the sac, working 
antagonistically to the subradular branches of the 
m. radulae longus pars ventralis. 

The Muscles of the Radula Sheath Proper 

The m. radulae longus pars dorsalis, which is rather 
intimately connected with the radula sheath, has 
been mentioned above (p. 40). 

M. radulae minor attaches to the ventral surface 
of the radula sheath just behind the m. radulae 
longus. From this point the present muscle runs 
dorsally to the one mentioned, then turning more 
ventrally and somewhat posteriorly to spread in the 
ventral body wall in front of the velum retractor, 
just below the tip of the radula vesicle (Figs. 83, 
128). The muscle seems to stabilize the radula trans- 
versely. 

Other Muscles of the Radula Apparatus 

Two muscles belong to the radula mechanism with- 
out inserting on it. They form transverse bands over 
the entire apparatus, apparently serving to keep it 
in its proper position. The anterior muscle is stabili- 
zed by some accessory ones. 

(a) M. transversalis anterior forms a broad un- 
paired band across the posterior part of the radula 
diverticula (Figs. 88, 94, 128). Laterally the muscle 
runs over the dorsal surface of the muscular sac 
around the radula vesicles, then turning caudally 
and ventrally to pass as a thin membrane over the 
dorso-medial surface of the retractor veli posterior. 
Finally its fibres spread in the ventral body wall 
between the latter muscle and the true m. medio- 
pedalis A. From the turning-point to the region of 
the velum retractor, the muscle runs in the medio- 
dorsal edge of - and is kept in position by - a 
connective tissue membrane. This membrana later- 
alis is attached laterally to the ventral body wall 
along the muscle Y, and is stretched by two minor 
muscles described below. 

Judging from the firm fixation of the muscle by 
the membrana lateralis, it stabilizes the radula ap- 



paratus by keeping it down in the ventral part of 
the anterior body region. 

(b) M. tensor menzbvanae lateralis is extremely 
short. It  comes from the body wall in front of the 
retractor veli posterior, running dorsally and medi- 
ally to the membrana lateralis, which it seems to 
stretch in a lateral direction (Figs. 99, 128). 

(c) M. tensov membranae anterior is long and 
slender, inserting on the shell near the mantle edge 
together with the protractor vesicae major (Figs. 
124, 128). Thus, it is found in the vascular channel 
in the mantle fold together with the latter muscle 
and with the protractor cartilaginis profundus. It  
passes caudally along the protractor vesicae major 
to the anterior edge of the membrana lateralis, 
along the anterior margin of which it spreads, to 
stretch the whole membrane in an anterior direction. 
In this way the membrane seems to be prevented 
from gliding caudally when the m. transversalis an- 
terior contracts. 

(d) M. transversalis posterior forms a thin trans- 
verse band over the tubular part of the radula sheath 
and over the pars dorsalis of the m. radulae longus 
(Figs. 83, 128). Laterally it bends downwards and 
then caudally between the two parts of the said 
muscle, spreading its fibres into the ventral body 
wall just medially to the statocysts. Although the 
muscle certainly keeps down the proximal part of 
the tubular radula sheath, its main function would 
rather seem to be keeping the m. radulae longus pars 
dorsalis in the proper angle of attack. 

Concerning the position of the whole radula ap- 
paratus, it is interesting to note the strictly median 
position of the proximal part up to the point of in- 
sertion of the m. radulae minor just behind the 
radula diverticula. Then, only the m. transversalis 
posterior keeps down loosely the immediately fol- 
lowing part of the tubular sheath. Farther back, the 
sheath coils up irregularly. 

THE MUSCLES OF THE PHARYNX 

This part of the chapter contains the description of 
a number of small muscles attaching to the soft 
parts of the pharynx, not referable to any of the 
groups described above. 

(a) Mm.pharyngei praeorales. The most oral part 
of the pharynx, which passes anteriorly from the 
mouth, is fixed to the preoral ventral body wall by 
a great number of small muscular strands, as indi- 
cated in Fig. 127. 

(b) M. protractor diverticulovum dorsalis takes a 
complex course, originating in the ventro-lateral 

part of the area X, together with the m. protractor 
vesicae major, branching off from this muscle when 
it emerges from the vascular channel in the mantle 
fold (Fig. 124), and immediately turning medially 
between the other muscles in this area (Fig. 128). 
Then it turns dorsally to pass through the angle 
between the pharynx and the radula diverticula to 
the dorsal side of the latter. In this region some 
fibres pass transversely to the muscle of the opposite 
side, whereas the majority pass caudo-medially for 
some distance to fuse with those from the opposite 
side into an unpaired muscular band before they 
attach to the dorsal wall of the sheath in the region 
beneath the m. transversalis anterior (Figs. 94, 128). 

Presumably the muscle maintains the correct posi- 
tion of the soft parts of the diverticula. Its trans- 
verse anterior part may be responsible for the acute 
angle between the posterior pharyngeal wall and the 
soft dorsal one of the radula diverticula. The longi- 
tudinal, caudal part may protract the latter wall 
when the underlying subradular membrane is pulled 
forwards. 

(c) A number of very delicate muscular strands 
originate in the region of the transverse part of the 
preceding muscle, i.e. in the dorsal wall of the radula 
diverticula, passing dorsally to insert on the poste- 
rior wall of the pharynx. 

THE INSERTTON PATTERN 

O N  THE SHELL 

No real muscle scars are visible on the shell of 
Neopilina, probably because it is too thin, but a 
careful analysis has been made of the pattern of 
muscle insertions in order to provide the best pos- 
sible basis for a comparison with the fossil forms. 
This was carried out by plotting in graphic recon- 
struction the distribution of the typical muscle at- 
tachment cells (p. 18) in the dorsal epithelium. The 
results are shown in Figs. 130 and 132. 

There is a continuous zone of scattered attach- 
ment cells ail around the animal, apparently con- 
stituting the equivalent of the pallial line in other 
molluscs. In the most anterior body region, to 
somewhere off the first pairs of pedal retractors, the 
zone only contains very scattered attachment cells 
among the common, nacre-forming ones. In all 
other parts the zone contains an almost continuous 
band of closely packed attachment cells along its 
medial limit, the remaining parts of the zone show- 
ing only scattered cells of this kind. A most inter- 
esting and unexpected fact appeared from this re- 



construction, viz. that the inner boundary of the 
pallial line shows septa-like medial extensions off 
the pedal retractors C to H, accentuating the meta- 
merism of the body. The muscle fibres inserting 
within the pallial line zone are the more or less 
scattered ones traversing the outer part of the pallial 
fold lateral to the nephridia. 

The insertions of the more well-defined muscles - 
those being of particular interest to palaeontologists 
because they are potential sources of muscle scars 
in fossils - are arranged as follows, beginning with 
the most anterior ones. 

One set of muscles is distinctly separate from all 
others in inserting through a vascular channel on 
the anterior shell wall close to the mid-line and 
peripherally in the pallial line zone below the inser- 
tion area X, to which it has been referred above 
(Figs. 128, 132). The inner half of this "potential 
scar" constitutes the insertion area of the m. pro- 
tractor cartilaginis profundus. The lateral one is 
formed by three muscles, viz. m. protractor vesicae 
major, m. diverticulorum dorsalis, and m. tensor 
membranae anterior. 

The insertion area X proper is situated just above 
the pallial line latero-ventrally to the apex (Fig. 132). 
Its most prominent component is the complex, semi- 
lunar insertion of the m. protractor radulae. In con- 
tact with the pallial line insert the m. praeoralis and 
the main head of the m. protractor cartilaginis dor- 
salis. The smaller head of the latter muscle, and the 
m. protractor vesicae minor insert more centrally 
in the area. 

The area Y, placed a little more laterally, con- 
tains potential scars of three muscles only (Figs. 84, 
132). These are the m. oralis anterior, the m. cartila- 
ginis antero-lateralis, and - in contact with the 
pallial line - the muscle Y ,. 

The area Z contains only one muscle, the m. 
tensor radulae, the most lateral component of the 
buccal musculature (Fig. 84, 132). 

Two buccal muscles remain to be treated, viz. the 
two portions of the m. radulae longus, inserting in- 
side the pedal retractors C and D (Figs. 84, 130). 
These buccal muscle insertions are definitely more 
central in position than the girdle of body muscles 
now to be treated. 

The potential scars of the well-defined body mus- 
cles group themselves round the eight pairs of pedal 
retractors (A-H). The groups A to C are placed 
more centrally (higher up on the shell) than the re- 
maining ones, but this is hardly visible in Fig. 130 
in which everything is projected on a horizontal 

plane, whereas it appears distinctly from a compari- 
son between Figs. 11 and 89. The two portions of 
the big pedal retractors insert close together, the m. 
medio-pedalis lying posteriorly to the m. latero- 
pedalis with the exception of the retractors G and 
H. In G, the potential scar of the m. medio-pedalis 
is divided into two portions, one of which is an- 
terior to the m. latero-pedalis. In H, the m. medio- 
pedalis inserts centrally to the m. latero-pedalis. It 
should be mentioned that the potential scar of the 
m. medio-pedalis A, as drawn in the Fig. 130, also 
includes the m. oralis posterior. 

The smaller muscles group themselves round the 
big pedal retractors in a fairly constant pattern, 
allowing for some irregularities in the smaller pallial 
muscles (Fig. 131). The mm. obliquii anteriores in- 
sert in a regular manner peripherally or a little be- 
hind each of the eight pedal retractors. The mm. 
obliquii posteriores, however, are present only in 
the "genital segments", D and E, and insert in front 
of the respective pedal retractors. 

The mm. branchiales externi (the outer gill retrac- 
tors) have their potential scars immediately outside 
those of the pedal retractors C to G. The four hind- 
most mm. branchiales interni (inner gill retractors) 
insert behind or slightly centrally to the pedal re- 
tractors D to G, always in close contact with a 
pallial muscle. In the area C, however, the two gill 
retractors are situated close together immediately 
peripherally to the pedal retractor - and apparently 
without any relation to a pallial muscle. 

The m. circularis intermedius has two big Inser- 
tion areas, one off the pedal retractors A and B, 
and one off H (Figs. 121, 130). The dorso-ventral 
pallial muscles, passing from the wall of the pallial 
groove to the shell, are more irregular, but one such 
muscle is constantly present behind each pedal re- 
tractor, its scar being continuous with that of the 
m. branchialis internus in D to G. Another pallial 
muscle is attached just outside the anterior part of 
the pedal retractors A and C to G, and may there- 
fore be regarded as a fairly constant feature. 

COMPARATIVE REMARKS 

The almost total lack of metamerism in the muscula- 
ture of most molluscs makes a comparison difficult 
between them and Neopilina. A detailed liomologi- 
zation of the different muscles is possible only when 
dealing with the polyplacophores and the fossil 
tryblidians. 

Comparison with the fossil tcvblidians. The trybli- 



dians are characterized by their multiple pairs of 
large complex muscle scars, inviting a direct com- 
parison with the insertion pattern in Neopilina as 
described above. 

Pilina unguis (LINDSTROM, 1884). We are much in- 
debted to Professor E. STENSIO, for his kind per- 
mission to reproduce the photograph shown in Fig. 
134 and for other valuable help which allowed us 
to study this beautifully preserved specimen in de- 
tail (cf. also the interpretation in Fig. 133). First, 
the size of the muscle scars in this fossil shows that 
the entire musculature was very much stronger than 
in the recent deep-sea species, a fact which together 
with the thickness of the shell is easily understand- 
able in view of its occurrence in shallow water de- 
posits. The pallial line area is not very distinctly 
delimited, but seems to be represented by a shallow 
groove a t  some distance outside the big muscle 
scars. 

The five posterior paired sets of muscle scars are 
rather uniform as far as the evidence of the fossil 
goes. Each set consists of a large central scar, un- 
doubtedly corresponding to that of the big foot re- 
tractor of Neopilina. Some of these central scars 
show indications of being subdivided into two al- 
most equal parts, suggestive of the medio-pedalis 
and latero-pedalis portions of the corresponding 
muscles in Neopilina. Postero-medially to each big 
scar a distinct smaller one is present. In the corre- 
sponding place Neopilina shows two confluent 
muscle insertions, viz. those of the m. branchialis 
internus and of a small pallial muscle (Figs. 130,13 1). 
Laterally to the big scars, the shell of Pilina shows 
a continuous series of - apparently four - more or 
less distinct scars. These are more difficult to inter- 
pret individually, but certainly correspond to the 
series of smaller muscle insertions in Neopilina, viz. 
m. obliquus posterior (most anteriorly), a pallial 
muscle, m. branchialis externus, and m. obliquus an- 
terior (most posteriorly). It is tempting to suppose 
that the mm. obliquii are those placed at the ends 
of this series in the fossil, but it is impossible to say 
which of the middle ones is the branchial muscle. 
It might be noted that all the scars are placed very 
close together in this fossil, much more so than in 
Neopilina, where the muscles are reduced in size. 

More anteriorly a large complex of scars is pre- 
sent in Pilina. Of these the more medial ones can be 
identified as belonging to the mm. radulae longus, 
partly because they are placed medially to the an- 
terior continuation of the series of foot retractor 
scars, and partly because of certain features ob- 

served in chitons. In the latter the homologon of 
the m. radulae longus (PLATE 1898, Tafel3, Fig. 23, 
retr') is subdivided into many small portions in- 
serting separately to the shell. In Pilina we find a 
similar pattern of discrete insertions composing the 
big scars described above. A comparison with Neo- 
pilina shows that the mm. radulae longus in the 
recent species are very much reduced in size, indicat- 
ing that the withdrawal of the radula apparatus in 
Neopilina affords much less muscular strength than 
in the littoral chitons and fossil tryblidians, which 
probably used their radula for browsing. 

The series of three scars immediately lateral to 
the m. radulae longus would seem to be the anterior 
continuation of the series already described for the 
posterior part of the body, and would then corre- 
spond to the pedal retractors, etc., A to C in Neo- 
pilina. However, the interpretation of the most an- 
terior scars as corresponding to A is somewhat un- 
certain, and most of the details are far from clear. 
The small muscle situated laterally to C might be a 
gill retractor, internal or external or both; cf. the 
strange situation of the m. branchialis internus in 
the "segment" C in Neopilina. The elongate scar 
outside B might be the insertion area of the m. 
circularis intermedius. 

From the medial end of the scar A in Pilina, a 
very distinct ridge runs antero-medially to a point 
near the mid-line. Evidently this ridge constitutes a 
muscle scar, but there seems to be no counterpart 
in Neopilina. Comparison with chitons, however, 
indicate that this structure is associated with the 
presence of a diaphragm of the type drawn by 
PLATE (1898, Tafel 3, Fig. 25) and attaching dorsally 
at the boundary between the first and second shell 
piece. 

Finally, there are some rough surfaces on the 
anterior shell wall of Pilina, to the sides and a little 
below the apex. These areas might easily correspond 
to the insertion areas X and Y in Neopilina, where 
several buccal muscles attach. 

Tvyblidium veticulatum LINDSTROM, 1880. The ma- 
terial available is not quite so excellent as that of 
Pilina; so the analysis could not be carried out in 
such detail. The big paired groups of muscle scars 
seem to be essentially similar to those of Pilina (Fig. 
162E). The paired furrows interpreted as insertions 
of a diaphragm in Pilina are represented in Tvybli- 
dium by shallow, but broader transverse marks al- 
most reaching each other in the mid-line. The im- 
pressions of the mm. radulae longus are present, 
but less distinct and apparently not subdivided. 



Archaeophiala antiquissima (HISINGER, 1837). The 
general arrangement of the scars seems to be quite 
the same as in Tryblidium (Fig. 162H). We have had 
no access to any specimen of this species and there- 
fore are unable to say what the so-called shadow 
scars stand for (KNIGHT, 1952). They may represent 
either pallial muscle insertions or scars of branchial 
muscles. The big anterior scars have medial lobes 
obviously corresponding to the mm. radulae longus. 
The medially directed, narrow anterior lobes suggest 
a comparison with the diaphragm furrows as e.g. in 
Tryblidium, but we cannot exclude the possibility 
that they are directly equivalents of the muscles A. 

The genus Drahomira KNIGHT, 1952 is more 
aberrant, although undoubtedly belonging to the 
same group of fossils (See HORNY, 1956). There are 
seven pairs of distinct muscle scars. The hindmost 
one on each side is very irregular and difficult to 
interpret. The other scars with the exception of the 
first pair are regular and radially elongate. Some of 
HORNY'S figures (his Figs. 2, 5, and 6) indicate that 
each scar is subdivided lengthwise into two narrow 
parts which we are inclined to interpret as the in- 
sertions of the two portions of the pedal retractors. 
In addition some of his figures (his Table 11, Figs. 
1 and 3) show a small scar immediately lateral to 
each elongate one, corresponding in position to the 
group of small scars in Pilina. The anterior scar on 
each side in Drahomira is remarkably different from 
that of the above-mentioned genera. No diaphragma 
scar is visible, and we are unable to identify even the 
scar of the long radula muscle. 

Proplina cornutaeformis (WALCOTT, 1879). In the 
genus Proplina I~OBAYASHI, 1933, distinct scars have 
been described only in P. cornutaeformis. In this 
species, YOCHELSON (1958) found "six sets of paired 
muscles, anterior muscle scars located about one- 
third of the distance from apex to posterior of mar- 
gin, and relatively high in the cup; the first scar 
consisting of a sharp short depression in shell trend- 
ing near 45 degrees to the margin of the aperture 
and a posteriorly elongated slight swelling located 
behind the depression." This anterior "scar" would 
seem to cover the anterior scar complex around the 
pedal retractors A, B (and, possibly, C )  in Neopilina. 
The following scars are rather closely set, somewhat 
farther down towards the shell margin. A peculiar 
feature described by YOCHELSON is "the sixth set of 
scars on the posterior slope, somewhat wider than 
the others, widening and dying out towards the 
posterior margin, but continuing as faint furrows up 
along the dorsum above the general level of the 

other scars for some two-fifths of the length of the 
shell." In Neopilina, nothing comparable has been 
found. 

Bipulvina croftsae YOCHELSON, 1958. In this fossil 
any diaphragm scar is hardly visible, but inside the 
first pedal retractor scars a pair of very shallow, 
elongate, and indistinct depressions might be the 
insertion areas of the m. radulae longus. The pedal 
retractor scars are peculiar in being subdivided by 
some transverse lines, the nature of which remains 
obscure. They can hardly - as proposed by Yo- 
CHELSON - correspond to growth lines as they are 
not parallel to the shell margin. In the anterior por- 
tion of the shell several sets of scars are described 
by YOCHELSON. These seem to be the insertions of 
buccal muscles and of the retractors of the oral 
region, but the detailed analysis of these interesting 
scars cannot yet be carried out. 

Comparison with the Polyplacophora. The system 
of 8 pairs of large pedal retractors appears directly 
comparable in chitons and in Neopilina, and in both 
groups each retractor is subdivided into a m. medio- 
pedalis and a m. latero-pedalis, characterized by 
their distribution in the foot and by their relations 
to the pedal nerve cord (Figs. 166, 167). In chitons 
the insertions of these muscles are in the regions of 
the boundaries between the consecutive shell pieces, 
so that each muscle is subdivided into an anterior 
and a posterior portion (PLATE 1898). The oblique 
muscles in chitons might perhaps be homologous 
with those described in Neopilina, but they pass 
between the two portions of the corresponding pedal 
retractors dorsal to the crossing of the latter, i.e. 
right under the shell. In chitons the gill retractors 
insert on the shell close to the pedal retractors, but 
as the arrangement of the gills does not accord with 
the eight foot retractors, the gill muscles have a 
segmental rhythm of their own. 

Some of the buccal muscles in chitons may be 
directly compared with those of Neopilina, although 
we have hesitated to make an extensive comparison. 
The m. radulae longus is homologous with the ra- 
dula retractor called "retr'" (PLATE 1898) in chi- 
tons, although in the latter this muscle is larger. The 
m. retractor radulae, passing from the radula vesicle 
to the radula diverticulum of the same side in Neo- 
pilina, has its direct counterpart in the muscle de- 
signated "lat" by PLATE (1898, Tafel 2, Fig. 19). 
The m. protractor vesicae major of Neopilina corre- 
sponds to the muscle "protre" of chitons (PLATE 
1898, Tafel4, Fig. 34). The small muscles fixing the 
tip of the radula vesicle to the ventral body wall are 



present in both forms, and so is the unpaired m. 
impar radulae between the radula cartilages ("m" 
in PLATE 1898, Tafel 4, Fig. 35). Furthermore, the 
m. tensor radulae of Neopilina can be compared 
with the muscle marked "5" by PLATE (1898, Ta- 
fel 3, Fig. 23). 

Some points of difference should be noted, first, 
the considerable strength of the m. radulae longus 
("retr"') in chitons, which is weak in Neopilina and, 
secondly, the absence in the former of any muscles 
corresponding to the m. protractor radulae. This 

difference may be correlated with differences in 
function. In chitons, the radula apparatus is pushed 
down into the oral cavity and again retracted for 
each rasping movement, by which the strong m. 
radulae longus is supposed to be active. In Neopiliu~a, 
the muscles moving the subradular membrane (m. 
protractor radulae and m. retractor radulae) are 
particularly well developed, thus indicating that the 
radula carries the food inwards by simply moving 
to and fro, without being protruded through the 
mouth for real rasping movements. 

THE NERVOUS SYSTEM 

The following account is based mainly on the two 
sectioned specimens, of which the transversal series 
(Spec. 111) has been used for the graphic recon- 
structions, Spec. IV serving as a control. For un- 
known reasons the nervous system stands out much 
clearer in the sections of Spec. 111. It  has been diffi- 
cult to establish the innervation of the smaller 
muscles because, before entering, the nerves usually 
divide into separate fibres which are invisible with 
the technique used. On the other hand, the gross 
anatomy of the nervous system and the relations to 
the other organs were easily observable. 

GENERAL ANATOMY 

HISTOLOGY 

As in chitons and primitive gastropods the cords 
have a continuous layer of nerve cells along most 
of their surface, whereas the fibres form a central 
bundle (Fig. 138), but there is some tendency to- 
wards a concentration into ganglia anteriorly. The 
cerebral commissure seems to be devoid of nerve 
cells, and the same applies to the subcerebral com- 
missure and to the proximal parts of the lateral and 
pedal cords. Distinct accumulations of nerve cells 
into ganglia are found in the lateral parts of the 
circum-oral ring, where great and complex cerebral 
ganglia are formed. Other distinct ganglia are the 
buccal ones, and the subradular ganglion on the - - 

The anterior part of the nervous system forms a dorsal wall of the subradular organ (Fig. 136). 
circum-oral nerve ring consisting of a cerebral com- Graphic reconstructions and dissection did not 
rnissure in front, a pair of big cerebral ganglia later- reveal distinct accumulations of nerve cells or swell- 
ally, and a subcerebral commissure behind the ings in the pedal and lateral cords (Figs. 135, 140). 
mouth (Figs. 135, 136). This ring emits caudally two The material does not allow detailed observations 
main pairs of cords, viz. the lateral (viscero-pallial) of the cytology of the nerve cells. These are small 
nerve cords into the pallial fold, and the pedal nerve (about lop) throughout, each with a nucleus meas- 
cords into the foot. Both pairs are continuous across uring about 5 p in diameter. 
the mid-line ventrally of the rectum. In the main, 
(I) the pedal cords innervate the foot, (2) the cere- 
bral commissure and the lateral cords supply the 

THE CIRCUM-ORAL NERVE RING 

pallial fold, (3) the organs of the mouth region are The circum-oral ring is situated on the inner surface 
innervated mainly from the circum-oral nerve ring, of the ventral body wall, in which it is partly buried. 
(4) the gills receive segmentally arranged nerves The cerebral commissure lies in front of the mouth 
from the lateral cords, and (5) strictly metameric between the ventral body wall and the ventral ("an- 
latero-pedal connectives are present in each seg- terior") wall of the pharynx (Fig. 81). The cerebral 
ment. ganglia occupy the lateral parts of the ring, each 

The terms as here applied have been borrowed ganglion being more or less tripartite with swellings 
from the anatomy of the polyplacophorans which at the base of the pedal cord, the lateral cord, and 
have a very similar nervous system, the outlines of the cerebral commissure (Fig. 136). The subcerebral 
which have been described in the monograph by commissure, like the cerebral one, seems to be de- 
PLATE (1898). void of ganglionic cells. It forms a transverse string 



behind the mouth, ventrally to the subradular sac 
and inside the transverse part of the tentacle ridge 
(Figs. 135, 136). The nerves emitted from these parts 
are as follows: 

(a) The nerves to thepreoralpart of thepallial fold 
originate from the cerebral commissure and gang- 
lion (Fig. 135). In Spec. 111, there is a median 
nerve and three pairs of symmetrically arranged 
lateral ones. Like the mantle nerves of the postoral 
region they are strictly subepithelial, attached 
throughout their course to the basement membrane 
of the pallial epithelium. 

(b) The nerves to the velum and the anterior lip. 
The cerebral comrnissure and ganglion emit a series 
of about ten richly branched ventral or ventro- 
medial nerves on each side (Fig. 136). Some of these 
nerves pass to the anterior lip, but the majority dive 
down into the velum. The main nerves to the velar 
flaps are the lateral ones arising directly from the 
cerebral ganglia, which lie over the bases of the flaps. 

(c) The buccal connective andganglion. The buccal 
connective is emitted on each side from the caudo- 
medial part of the cerebral ganglion, i.e. from the 
swelling giving rise to the pedal cord (Fig. 136). The 
connective passes rostrally above the cerebral com- 
missure laterally to the pharynx to form a distinct 
buccal ganglion (Fig. 135). Immediately before 
reaching this ganglion the connective gives off a 
nerve towards the pharyngeal wall. From the oppo- 
site end of the ganglion the buccal commissure runs 
up to the dorsal side of the radula diverticulum, 
over the surface of which it passes caudally and then 
medially to meet its counterpart from the other side. 
Smaller nerves are given off both from the ganglion 
and from the commissure, but the analysis of these 
branches has not been carried out in detail because 
of their rather poor state of preservation. 

(d) The subradular nerve is emitted from the 
caudo-medial part of the cerebral ganglion near the 
origin of the pedal nerve cord. The nerve passes to 
the dorsal side of the oral cavity to run through the 
lateral part of the furrow between the pharynx and 
the subradular sac (Fig. 136). It gives off a small 
branch to the anterior wall of the latter sac, then 
turning dorso-medially to end in the unpaired 
subradular ganglion in the transverse fold of the 
subradular sac (Figs. 81, 136). 

(e) A nerve to theposterior lip and to the transverse 
part of the tentacle ridge arises from the cerebral 
ganglion close to the origin of the subcerebral com- 
missure. The nerve passes medially in the body wall, 
giving off several branches to the posterior lip and 

to the transverse part of the tentacle ridge (Fig. 
136). 

(f) The nerve to the preoral tentacle comes from 
the cerebral ganglion and passes straight ventrally. 
(Since the tentacle is exactly ventral to the ganglion, 
the nerve cannot be seen in Fig. 136, but the site of 
the tentacle has been indicated by a dotted circle). 

(g) The firsf latero-pedal connective, in fact, origi- 
nates from the lateral part of the complex cerebral 
ganglion (Fig. 136). The nerve passes dorsally to 
the m. retractor veli posterior (Fig. 137) although 
it does not follow the surface of this muscle, but 
flattens out to penetrate between its most dorsal 
fibres - which makes the nerve most difficult to 
trace. It seems to innervate the velum retractor, but 
some of the nerve fibres pass through that muscle 
and could be followed postero-medially until they 
reach the pedal cord. In most of its course the nerve 
runs in close contact with the epithelium. 

(h) The lateral cord originates from the lateral 
part of the cerebral ganglion (see below). 

(i) The pedal cord is emitted from the postero- 
medial part of the cerebral ganglion (see below). 

THE LATERAL NERVE CORDS 

The lateral cord takes its origin from the lateral cor- 
ner of the cerebral ganglion, to continue backwards 
close to the basement membrane of the epithelium 
of the paliial groove (Figs. 119, 148) and to pass 
medially to the gill bases until, in the region behind 
the foot, the cords of the two sides meet ventrally 
to the rectum. Hence, if the cerebral commissure is 
included, a nerve cord in contact with the epithelium 
is found all the way round in the pallial groove, 
even in front of the anus (Fig. 135). The lateral cord 
has an external layer of nerve cells, but no distinct 
ganglionic swellings. Only, the most anterior part 
of the cord, close to the cerebral ganglion, seems to 
lack nerve cells, as may also be the case with some 
parts of the commissure below the rectum, where 
details have been difficult to make out. 

Nerves from the lateral cord: 
(a) The medially directed nerves of the lateral 

cord are all segmental latero-pedal connectives, 
which will be dealt with below. 

(b) The external (anterior) gill nerves are emitted 
from the lateral cord a little in front of each of the 
five gills, and the basal part may or may not be in 
common with that of a nerve to the pallial margin 
(Fig. 135). The external gill nerve turns caudally to 
enter the base of the gill together with the efferent 



(arterial) gill vessel and the external gill muscle 
(Fig. 59), accompanying these structures along the 
anterior side of the gill stem and giving off branches 
along the ventral margin of each lamella (Fig. 61). 

(c) The internal (posterior) gill nerves. Approxi- 
mately at the level of each gill base a nerve arises 
from the lateral cord (Fig. l35), passing directly 
into the gill together with the internal gill muscle 
and the afferent gill vessel (Fig. 59). The nerve fol- 
lows the posterior edge of the gill stem, branching 
out along the dorsal margins of the lamellae. The 
base of the internal gill nerve may also be connected 
with that of a pallial nerve. 

(d) Thepallial nerves are emitted more irregularly 
from the lateral cord. The number found between 
two subsequent gills varies from two to five, and 
there are some such nerves also in front of the first 
gill, as well as behind the last one laterally to the 
rectum (Fig. 135). In all, about 26 pallial nerves of 
different sizes are found on each side, including 
those from the cerebral ganglion and commissure. 
Like the other laterally directed nerves from the 
lateral cord the pallial nerves are closely attached 
to the basement membrane of the mantle epithelium. 
Most of the pallial nerves branch several times, the 
larger branches running to the outer and middle 
marginal folds of the pallium. Those to the outer 
fold often turn caudally to pass for a considerable 
stretch along the margin, but there is no true circular 
nerve in this region. 

(e) The renopore nerves are very small and diffi- 
cult to detect. They originate from the lateral cord 
between the anterior and posterior gill nerves of 
each segment to pass along the epithelium to the 
region of the renopore. 

THE PEDAL NERVE CORDS 

The pedal cords start from the caudo-medial part 
of the cerebral ganglia, taking at first a medio-caudal 
course so that the two cords run fairly close to- 
gether through the propodial area (Fig. 135). Then, 
they turn more laterally to enter the musculature of 
the foot. All the way in front of the foot the pedal 
cords are in close contact with the ventral body 
wall. When entering the foot, the cords pass dor- 
sally to the first latero-pedal muscle while keeping 
ventrally to the medio-pedal one. Inside the foot 
the cords are situated in a blood sinus, lying at a 
considerable distance from the ventral epithelium 
fairly close to the peri-intestinal blood sinus (Fig. 
138). The cords are connected by a strong inter- 

pedal commissure in the base of the anterior foot 
margin. From there they turn laterally to run par- 
allel to the periphery of the foot until, in the region 
in front of the anus, they are continuous with each 
other across the midline, ventrally to the rectum. 
This transverse connection is imbedded in the foot 
musculature at some distance in front of the posterior 
foot margin. The anterior interpedal commissure, 
the pedal cords, and the posterior connection ac- 
tually form a nerve ring inside the circular, muscular 
foot margin (Fig. 135). All the way these cords are 
placed ventrally to the extreme ramifications of the 
medio-pedal muscles and dorsally to those of the 
latero-pedal ones (Figs. 119, 122). 

Histologically the pedal cords consist of a central 
bundle of fibres and an external layer of ganglionic 
cells. Segmental swellings were sought for in vain 
by means of dissections of Spec. X (Fig. 140) and 
of graphic reconstruction of the sectioned Spec. 111. 
Nor could any swellings be seen in the horizontal 
series (Spec. IV). The most anterior parts of the 
pedal cords, in front of the first latero-pedal con- 
nective, seem to be devoid of nerve cells. 

The nerves given off from the pedal cords are: 
(a) Nerves to thepostoral tentacles (Fig. 136). Two 

small nerves are emitted from the pedal cord be- 
tween the cerebral ganglion and the first latero- 
pedal connective on each side. These nerves leave 
the medial side of the pedal cord to pass down into 
the posteriorly directed part of the tentacle ridge. 
The posterior nerve gives off branches also to 
the body surface and probably to some of the 
muscles. 

(b) The medial foot nerves (Fig. 135) arise medially 
from the pedal cords to spread in the central mem- 
braneous part of the foot. They are small and occur 
at irregular intervals. Metameric arrangement was 
not found in these nerves. Perhaps the anterior 
interpedal commissure might be regarded as an en- 
larged nerve of this kind, but careful examination 
showed that the medial foot nerves do not cross the 
midline in this way. 

(c) The latero-ventral foot nerves (Fig. 135) are 
fairly big and numerous. They leave the pedal cord 
to pass latero-ventrally down between the fibres of 
the mm. latero-pedales to the free margin of the 
foot. On the way they give off numerous branches 
to the wall of the foot. Whether they also innervate 
some musculature could not be established. Usu- 
ally, there are two such latero-ventral pedal nerves 
between two successive latero-pedal connectives in 
the region of the foot. 



(d) The Iatero-pedal connectives have a strictly 
metameric arrangement in accordance with that of 
the muscles and gills. In Spec. 111 ten pairs of 
latero-pedal connectives are present. In addition 
there is in this specimen a similar, but very small 
nerve on the right side in the anterior foot region 
(marked x in fig. 135), situated like a typical con- 
nective, but ending without connection with the 
lateral cord. 

The first two pairs of latero-pedal connectives are 
situated in the propodial region and have rather 
complex relations to the numerous surrounding 
muscles. The remaining eight connectives are di- 
stinctly metameric, with constant relations to the 
eight pairs of pedal retractor muscles (Figs. 137, 
167). The third connective joins the pedal cord in 
front of the foot, whereas the last seven pairs join 
inside this organ. The lateral ends of the connectives 
meet the lateral cord proper at almost regular inter- 
vals. Only, the first connective differs in entering 
the lateral portion of the cerebral ganglion. 

The relations of the latero-pedal connectives to 
the gill nerves are as follows. Nos. 6 to 9 lie in front 
of the two respective gill nerves, whereas connective 
No. 5 enters the lateral cord between the corre- 
sponding external and internal gill nerves. 

The typical latero-pedal connectives (Nos. 4-10) 
leave the pedal cord to run straight laterally, pass- 
ing dorsally to the m. latero-pedalis, but ventrally 
to the m. medio-pedalis and the m. circularis pedis 
(Fig. 137). Sometimes they pass between the ventral 
fibres of the circular muscle. On the way towards 
the side of the foot, i.e. approaching the wall of the 
pallial groove, the connective runs closely along the 
anterior surface of the m. latero-pedalis. In the 
region of the innermost part of the pallial groove, 
the nerve is often found to be curled because of the 
strong contraction of the foot muscles. Then, the 
nerve passes straight outwards to the lateral cord, 
running closely along the roof of the pallial groove 
inside the m. circularis pallii. 

In the peripheral part of the foot some branches 
are given off to the foot muscles and to the wall of 
the pallial groove, including probably the two cir- 
cular muscles of that region. 

The 3rd latero-pedal connective is similar to the 
following ones, innervating the pedal retractor A. 
It connects with the pedal cord just in front of the 
anterior foot margin. 

The two first connectives will be discussed se- 
parately because their relations to the muscles are 
different (Fig. 137). No typical pedal retractors are 

present in this region. The first connective leaves 
the lateral parts of the cerebral ganglion, passing 
medio-caudally to connect with the pedal cord. 
Immediately after leaving the cerebral ganglion the 
connective passes above (i.e. in front of) the m. 
retractor veli posterior. However, the nerve passes 
through some of the superficial bundles of this 
muscle, forming a flat membrane of nerve fibres. 
The nerve seems to innervate the muscle men- 
tioned, but in addition gives off a branch of un- 
known destination. 

The second connective passes ventrally (behind) 
the m. retractor veli posterior and does not seem to 
be related to any particular muscle. It  gives off 
nerves to the statocysts and to the tentacles as de- 
scribed below. 

THE NERVES TO THE POSTORAL 
TENTACLES AND TO THE STATOCYSTS 

The nerves of the post-oral tentacles come from three 
different directions (Fig. 136). As mentioned above, 
a tentacle nerve is emitted from the postero-medial 
corner of the cerebral ganglion and passes medially 
to the transverse part of the tentacle ridge just 
behind the mouth. The next two tentacle nerves 
come from the pedal cord and pass down into the 
posteriorly directed part of the tentacle ridge. 
The main part of the innervation, however, seems 
to come from the 2nd latero-pedal connective, 
which gives off some small branches (about three) 
down into the latero-posterior part of the tentacle 
ridge. These small nerves could not be followed into 
the tentacles proper, but they definitely pass in that 
direction. 

The statocyst nerves are important for the under- 
standing of the morphology of the nervous system 
since in all other molluscs the statocysts are inner- 
vated from the cerebral ganglion. The statocyst 
nerve has been traced on both sides in both Spec. 
I11 and Spec. IV. It originates mainly from the 
ventral side of the statocyst to take a strictly an- 
terior course (Fig. 136), all the way in close con- 
tact with the epithelium of the roof of the pallial 
groove. For some distance the nerve runs just medi- 
ally to the duct connecting the statocyst with its 
point of origin in the epithelium. Then the nerve 
fuses with the 2nd latero-pedal connective. In the 
horizontally sectioned Spec. IV it can be distinctly 
seen that the fibres from the statocyst nerve, after 
fusion with the connective, pass antero-laterally out 
to the lateral nerve cord. 



COMPARATIVE REMARKS 

A primitive feature in the nervous system of Neopi- 
lina is the almost uniform distribution of the nerve 
cells along the main cords. Among other molluscs 
such absence of concentration is found only in 
chitons and in some primitive prosobranchs, as well 
as in the Solenogastres. The chitons may be said to 
be even more primitive than Neopilina in their uni- 
form circum-oral nerve ring without distinct cere- 
bral ganglia. 

The general morphology of the nervous system 
is much like that of chitons, but there are some 
interesting differences. The lateral cords meet post- 
eriorly, ventrally to the rectum in Neopilina, but 
dorsally to the rectum in chitons. In this respect 
Neopilina agrees with bivalves and gastropods (dis- 
regarding torsion) with their sub-rectal visceral 
commissure, provided that the visceral loop is 
homologous with the lateral cords. 

Another difference relates to metamerism. In 
Neopilina the segmental rhythm is the same in all 
organ systems, including the gill nerves and the 
latero-pedal connectives. In chitons, however, the 
distribution of the nerves is much less regular and 
at any rate there is no correspondence in the rhythms 
of the gill nerves and the latero-pedal connectives. 

Furthermore, the nervous system of Neopilina is 
closely associated with the ventral body wall, much 
more so than in other molluscs. This would seem 
to be a primitive feature. 

The ganglion situated laterally to the mouth in 
Neopilina has been called the cerebral ganglion, but 
apparently corresponds to the cerebro-pleural gang- 
lion in bivalves and scaphopods. In gastropods this 

ganglionic mass is subdivided into a cerebral and a 
pleural ganglion. The course of the statocyst nerve 
is particularly important for the interpretation of 
these relationships. In other molluscs the statocyst 
nerve is said to originate (or to end!) in the cerebral 
ganglion, although the statocysts are situated near 
the pedal ganglion, and the statocyst nerve can be 
closely associated with other connectives. In Neo- 
pilina the statocyst nerve joins the second latero- 
pedal connective. However, the differences may be 
more apparent than real. In primitive bivalves 
(HAAS 1935, Fig. 502) two connectives from the 
cerebro-pleural ganglionic mass pass down to the 
pedal ganglion on each side. Probably these con- 
nectives correspond to the proximal part of the 
pedal cord and to the first latero-pedal connective 
in Neopilina. In bivalves the statocyst nerve might 
be supposed to represent the remains of a connective 
corresponding to the 2nd latero-pedal one in Neo- 
pilina, if all the fibres except those from the statocyst 
have disappeared. 

A similar discussion might obtain also in com- 
parisons with gastropods, if it is remembered that 
the single ganglionic mass on each side has been 
subdivided into a cerebral and a pleural ganglion 
emitting the cerebro-pedal and pleuro-pedal con- 
nectives, respectively. These would then correspond 
to the proximal part of the pedal cord and to the 
first latero-pedal connective, respectively, in Neo- 
pilina, whereas the statocyst nerve would correspond 
to the vestigial 2nd latero-pedal connective. The 
latter, then, must have shifted its position in gas- 
tropods from the base of the visceral cord just be- 
hind the pleural ganglion to the cerebral ganglion 
proper. 

SENSE ORGANS 

Only three kinds of distinct, localized sense organs 
have been discovered in Neopilina, viz. (1) the paired 
preoral tentacles, (2) the unpaired subradular organ, 
and (3) the paired statocysts. It is reasonable to 
assume the velum and the postoral tentacle tufts 
to contain sensory cells, but probably their chief 
functions are not sensory. The same holds good of 
the marginal pallial fold and of the foot surface. 
In the pallial groove, sense organs of the type found 
in chitons have been searched for in vain, nor have 
osphradia been observed, but the absence of these 
organs cannot be established with full certainty. 
Aesthetes are definitely not present. 

The pveoval tentacles. The tip of each preoral 
tentacle with its high epithelium and rich innerva- 
tion evidently serves as a sensory organ (chemore- 
ceptor?). Its histology is described in some detail 
on p. 22 (Fig. 70). 

The subvadulav organ is described as part of the 
oral cavity on p. 25. It is innervated from the subra- 
dular nerve and ganglion (p. 47, Fig. 136), and is 
characterized by its extremely high epithelial cells 
(Fig. 81). 

The statocysts. The paired, well-developed stato- 
cyst is present in the ventral body wall behind the 
tentacle tuft, in front of the pedal retractor A but 



behind the m. retractor veli posterior (Figs. 129, 
137). I t  is found in the square formed by the pedal 
and the lateral nerve cords, together with the 2nd 
and the 3rd latero-pedal connective (Fig. 136). 

Each statocyst is a flattened epithelial vesicle con- 
nected with the pallial groove by a long duct. From 
the vesicle the duct runs in an antero-lateral direc- 
tion, but its connection with the mantle epithelium 
is still within the square formed by the said four 
nerves (Fig. 136). 

The largest diameter of the vesicle is the trans- 
versal one (215p), the minimum one being vertical 
(90p). The height of the epithelium in the ventral 
wall of the bladder is 16p or more, increasing in the 
side wall and decreasing again to about 11 p in the 
dorsal wall. The epithelial cells are high, columnar, 
and their basal ends are attached to a thin fibrous 
membrane. The nuclei are situated in the basal parts 
of the cells. It  was not possible clearly to recognize 
the sense cells supposed to be present at least in the 
ventral part of the vesicle. This ventral wall, like 
the lateral ones, contains high cells with distinctly 
chromophilic plasm (Fig. 139), whereas the cells in 
the roof are lower and stain lightly. The opinion that 
the sense cells are situated in the ventral wall of the 
vesicle is supported by the manner in which the 
nerve originates. When traced back from its junction 
with the 2nd latero-pedal connective, the nerve can 
be seen to bend ventrally just in front of the stato- 
cyst, spreading over its ventral wall like a fibrous 
membrane. Apparently most of the nerve fibres 
originate in the ventral wall, as it was not possible 
to trace any of them up to the dorsal side of the 

CONNECTIVE T I S S U E  

The subepithelial tissues in many parts of the body 
contain non-staining fibrils in great numbers. Al- 
though details could not be made out, it is apparent 
that most of these fibrils are connective tissue ele- 
ments. The other parts of the connective tissue cells 
are indicated only by the presence of scattered nu- 
clei. This type of connective tissue is present parti- 
cularly in the foot, in the marginal parts of the pal- 
lium, in the velum, and in the postoral tentacles. In 
the latter organs and, less pronounced, in the velum 
the interstitial fluid has been precipitated as a fairly 
dense, hyaline substance. Maybe this sort of inter- 
stitial substance is viscous in life and adds to the 
rigidity of these organs. A similar precipitate was 
not found in other parts of the body (Figs. 78, 

vesicle. Sensory hairs are indistinctly indicated on 
the ventral epithelium. 

Hence, the study of the statocysts seems to show 
that the animal rests on the bottom, foot down- 
wards, thus disproving the hypothesis proposed in 
the preliminary note (LEMCHE 1957 a). 

The lumen of the statocyst is filled with debris 
without definite structure. If the statoliths consisted 
of calciumcarbonate, they could not have escaped 
being destroyed by the acid used for re-fixation and 
decalcification. 

The duct is approximately 0.6 mm long and 
0.02 mm in diameter. It passes from the statocyst 
in an antero-lateral direction closely along the epi- 
thelium of the pallial groove. The walls are epithelial 
and the lumen narrow but distinct. The duct ends in 
contact with the mantle epithelium and probably 
its lumen opens into the pallial groove, but unfor- 
tunate circumstances made it impossible to establish 
whether or not there is any open communication. 

Comparative remarks. In the structure and situa- 
tion of the subradular organ Neopilina agrees al- 
most entirely with the Polyplacophora, but in the 
other sense organs it is more like the other molluscs. 
Neopilina has no aesthetes, and the statocysts, ab- 
sent in the polyplacophores, are present in Neopilina 
as in all other mollusc groups. The preoral tentacles 
of Neopilina would appear to be homologous with 
the preoral tentacles in gastropods. Osphradia or 
other sense organs have not been found in Neo- 
pilina, but, the negative evidence not being too reli- 
able, we do not dare to draw any far-reaching con- 
clusion on this basis. 

A N D  B L O O D  CELLS 

79). Whereas, owing to the state of preservation, 
the fibrous connective tissue could not be studied in 
detail, it was possible to observe typical Leydig 
cells and to distinguish them from the blood cells. 

The Leydig cells are well developed. They are di- 
stinctly delimited, oval in shape, and contain an 
eccentric, spherical nucleus in a reticulate cyto- 
plasm (Fig. 142). The presence of numerous dark- 
staining granules in the cytoplasm seems to be typi- 
cal of these cells. The maximum diameter of the cell 
body is 13-1 5 p, that of the nucleus being 3.5 p. 
These cells are particularly abundant in the foot 
between the ramifications of the pedal retractor 
muscles and in the proximal part of the pallial fold. 
More scattered Leydig cells are found all over in the 



foot, in the pallial fold, and in the ventral body wall 
of the mouth region. Simi!ar cells occur also in the 
basal part of the velum, although in our prepara- 
tions they look more vesicular in that place. 

The blood cells. Most vessels in the sections are 
filled with a precipitate which is coarser or finer 
depending on the conditions of fixation. In this pre- 
cipitate, free cells are often found, here interpreted 
as circulating cells of the blood. In places such cells 
are present in considerable numbers, usually at- 
tached to the walls of the vessels, e.g. in the heart 
and in the ventral, venous sinus of the pallial fold. 
As far as could be observed, the cells are of one 

type only. They are round or slightly oval with a 
maximum diameter of 7-10 p (Fig. 141). Their plasm 
is faintly stainable and almost hyaline, sometimes 
containing a few granules of a slightly basophilic 
substance. The nucleus is round and small with a 
diameter of about 3 p, looking completely compact 
and staining blackish with the hematoxylin. 

At the first glance the blood cells may be con- 
fused with the Leydig ones, but they are smaller 
than the latter, more rounded, and possess more 
hyaline plasm. The blood cells are found in the 
vascular spaces and in addition also in the peri- 
cardial cavity. 

THE VASCULAR SYSTEM 

The present account of the vascular system will deal 
particularly with the heart and with the vessels im- 
mediately connected with this organ and with the 
gills. These vessels are well-defined by fairly distinct 
walls and could be studied in both section series. 
The remaining parts of the vascular system consist 
of big irregular sinuses surrounding the internal or- 
gans. Since these sinuses are difficult to treat mor- 
phologically, they will be mentioned only briefly. 

Wax-plate reconstructions of the heart were made 
from both section series. The graphic reconstruc- 
tions illustrating the arterial part of the system (Fig. 
144) and its relation to the coelomic cavities (Fig. 
146) were made from Spec. 111. 

GENERAL MORPHOLOGY 

The general organization of the vascular system in 
Neopilina is the one common to all molluscs (Fig. 
143), with the exception that the ventricle is paired. 
The dorsal heart, attached to the sides of the rectum 
in the posterior body region, receives the arterial 
blood from the efferent gill vessels via the atria. 
From the heart the dorsal aorta passes forwards, 
ending in the big hemocoelic space in the anterior 
body region. From there the vascular sinuses are 
continuous throughout most parts of the body. 
Particularly big hemocoelic spaces extend around 
the inner organs such as the radula apparatus, etc., 
and the complex formed by the intestine, the gonads, 
and the liver. This latter, peri-intestinal sinus is con- 
tinuous laterally with a longitudinal venous one in 
the pallial fold just medially to the lateral nerve. 
From there the gills receive the venous blood via 
afferent gill vessels. 

THE EFFERENT GILL VESSELS AND 
THE ARTERIAL MANTLE S I N U S E S  

An efferent vessel drains each gill along its anterior 
edge (Figs. 59, 143). When this arterial gill vessel has 
entered the pallial fold at the base of the gill stem, 
it continues as a sinus between the lobules of the 
neighbouring nephridium upwards to the overlying 
dorsal body wall (Fig. 125), then inflating to form 
an arterial pallial blood sinus (Fig. 148). The pallial 
sinus is lateral in relation to the insertion areas of 
the pedal retractors and dorsal to the nephridium. 
The arterial pallial sinus formed by the last (5th) 
gill vessel on each side is directly drained by the last 
atrium, whereas those belonging to gills 1-4 on each 
side are interconnected to form a big longitudinal 
sinus above the bases of these gills (Fig. 144). This 
big sinus is drained by the more anterior atrium 
with which its posterior end is continuous. 

The arterial pallial sinuses have very thin mem- 
braneous walls visible only in a few places. Usually 
the sinuses are bordered directly by the dorsal body 
wall and by the nephridial lobules (Fig. 148). 

THE ATRIA 

There are two pairs of atria in both specimens sec- 
tioned. The posterior one on each side opens into 
the hindmost part of the ventricle, draining the ar- 
terial pallial sinus of the last gill (Fig. 144). There- 
fore, this atrium seems to be a strictly segmental 
one, belonging to the last (5th) gill-bearing segment. 
In addition the last atrium receives some sinusoid 
vessels from the posterior part of the preceding 
nephridium, and a small vein from the pallium just 



laterally to the rectum (Fig. 144). The segmental 
character of this atrium is emphasized by its posi- 
tion between the segmental foot retractors G and 
H. The more anterior atrium on each side is con- 
nected with the lateral corner of the corresponding 
ventricle (Fig. 144). The atrium is situated between 
the pedal retractors F and G, and thus should be 
regarded as the atrium of the 4th gill-bearing seg- 
ment. However, when the atrium is followed later- 
ally, it is seen to fuse with the above-mentioned 
longitudinal arterial pallial sinus. Thus it does not 
only drain the gill of its own segment (the 4th), but 
also gills 1-3. The drainage of gills 1-4 is therefore 
similar to the arrangement found in chitons, in 
which the single atrium on each side receives blood 
from all the gills by means of a similar longitudinal 
pallial sinus. 

Both pairs of atria being directly continuous later- 
ally with the respective pallial sinuses, it becomes 
necessary to define what is meant by the term atrium. 
We use this term for that part of the vessel which is 
in contact with the pericardial cavity, although not 
always completely surrounded by it (Figs. 146, 147). 

The shape of the atria is tubular, but the tube 
flattens towards the junction with the pallial sinus. 
The walls are thin (1-3 p), consisting of a membrane 
which contains longitudinal muscle fibres and prob- 
ably connective tissue. A number of cells looking 
like blood cells attach to the inner and outer side of 
the wall, but it is not possible to see the endothelial 
lining supposed to exist. 

THE VENTRICLES 

There is one pair of ventricles, situated each on 
either side of the rectum above the posterior margin 
of the foot. When seen from above, each ventricle 
appears triangular with the long medial side attach- 
ed to the wall of the rectum (Fig. 144). The opposing 
angle, projecting laterally, is connected with the an- 
terior atrium. Caudally the ventricle ends in a short 
blunt diverticulum, the posterior atrium opening 
through its ostium in the hind part of the postero- 
lateral wall. The anterior corner of the triangular 
ventricle is prolonged as an aorta on each side of 
the rectum. In transverse sections the medial wall 
of the ventricle appears concave, being closely at- 
tached to the sides of the rectum (Figs. 143, 147). 

Communications between the two ventricles have 
been intensively looked for both above and below 
the rectum, but in vain. The collapsed state of many 
vessels makes it difficult to arrive at safe conclusions 

of this kind, but as far as intercommunications be- 
tween the ventricles are concerned, this negative 
statement should be fairly reliable. In many places 
the medial wall of the ventricle was observed to turn 
over directly into the dorsal and ventral walls, as 
shown in Fig. 143, which certainly speaks against 
the presence of communications across the mid-line. 
The presence of paired aortas in front of the ven- 
tricles supports this view. 

The medial walls of the ventricles are directly 
attached to the connective tissue membrane of the 
rectum. Sometimes the connection is less intimate 
and there may be some meshwork of connective 
tissue between the two walls. The other walls of the 
ventricle are surrounded by the pericardial cavity. 

The ventricular wall attaching to the rectum is 
very thin (1-2 p). The free walls, i.e. those sur- 
rounded by the pericardial cavity, are thicker (4- 
5 p) (Fig. 151). In the latter there is a distinct mem- 
brane of connective tissue together with numerous 
smoothmusclefibres, which are distinct in tangential 
sections, and which are present on both sides of the 
membrane. The inner side of the wall appears de- 
void of endothelial lining, but numerous blood cells 
stick to the wall. The outer (pericardial) surface of 
the wall is lined by a distinct layer of cells, which 
looks like an endothelium. 

Many of the muscle fibres in the ventricular wall 
appear to be about 5 p broad. Thicker fibres with a 
diameter up to 10 p are present in the ostia (see be- 
low) and spread from there along the inner side of 
the ventricular wall. The muscle fibres are predom- 
inantly longitudinal, reaching from the posterior 
part of the ventricle forwards to insert on the dorsal 
body wall. Some of the fibres arising in the region 
of the ostia have been found to run transversally to 
insert on the wall of the rectum, but the majority 
turn anteriorly to follow the antero-lateral margin 
of the ventricle to the region of the aorta. With the 
said exception there are few or no transverse mus- 
cular elements in the ventricular wall. 

THE ATRIO-VENTRICULAR OSTIA 

As described above, there are two pairs of atrio- 
ventricular ostia in the heart (Fig. 144). They have 
almost the same diameter as the atria, at least as 
concerns the external contour (Fig. 147). However, 
the communication through the ostium is partly 
blocked by a distinct atrio-ventricular valve (Fig. 
151), which looks like a fold from the inner surface 
of the tube. Its exact shape could not be made out, 



because the valve is wrinkled and looks distorted, body region, but details could not be studied be- 
but i t  is not ring-shaped. The valve consists of a cause of some damage to Spec. 111, nor could it be 
central lamella of connective tissue, lined on both decided whether branches are given off along the 
sides by a layer of thick circular muscle cells similar course of the aorta. 
to those of the buccal muscles. They are very broad 
(7- 15 p) and contain numerous basophilic granules, 
which tend to collect into lumps or plates, often 

THE BLOOD SINUSES 

simulating mitotic metaphase plates (Fig. 152). Mus- The arrangement of the blood sinuses could not be 
cle fibres of this same type are present also as a made out in detail because of difficulties in tracing 
distinct constrictor on the outside of the wall round their delicate walls. However, most of the inner 
each ostium. 

THE AORTA 

Each ventricle continues forwards into an aorta at- 
tached to the side of the rectum in the same way as 
the ventricle (Fig. 144). Similarly the pericardium 
continues forwards as a narrow duct on each side, 
closely attached to the lateral wall of the aorta (Figs. 
146, 153, 167). The wall of the aorta appears as only 
a thin membrane, but it contains a distinct longi- 
tudinal muscle bundle in its lateral wall bordering 
on the pericardial diverticulum. 

In the central body region only one aorta is found, 
situated in the narrow median space above the rec- 
tum and below the dorsal body wall (Fig. 144). This 
unpaired aorta can be traced without difficulty cau- 
dally straight into the right paired aorta. The fore- 
most part of the left paired aorta has completely 
collapsed so as to be very difficult to trace in the 
sections, but apparently it turns to the right to fuse 
with the right aorta in the manner shown in Fig. 144. 
One of the reasons for this interpretation is that the 
muscle band in the wall between the aorta and the 
pericardial diverticulum can be observed to turn to 
the right and to fuse with the corresponding one 
from the right side, thus forming an unpaired band. 
At the point where the two aortae fuse to form the 
unpaired one, the muscle band mentioned lies ven- 
trally to the vessel and forms a ventral mesocardium- 
like membrane between the aorta and the rectum, 
thus separating the two pericardial diverticula which 
now lie beneath and somewhat laterally to the aorta 

organs are surrounded by an extensive system of 
blood sinuses. The organs of the anterior region, 
such as the radula apparatus, the pharynx, and the 
oesophagus, are surrounded by a single big anterior 
blood sinus (Figs. 90, 129). Another big sinus occu- 
pies the spaces around the stomach, the liver, the 
intestinal loops, and the gonads (Figs. 8, 9, 167). 
There is a distinct but narrow perineural blood sinus 
around the pedal nerve cord on each side (Fig. 138). 
Between the lobules of the nephridia in the pallial 
fold numerous small spaces probably belong to the 
blood-sinus system. In addition the pallial fold con- 
tains two main longitudinal sinuses. One of them is 
the arterial pallial sinus dorsal to the nephridia, col- 
lecting the arterial blood from the gills before it 
passes further to the heart (See above). The other 
one is the longitudinal venous pallial sinus placed 
ventrally to the nephridia and giving off the afferent 
gill vessels (Figs. 143, 148). This sinus lies in close 
contact with the wall of the pallial groove, medially 
to the lateral nerve cord and laterally to the big seg- 
mental muscles. It is continuous from the anterior 
blood sinus in front to the region of the last gill, 
communicating extensively also with the peri-intes- 
tinal blood sinus (Fig. 143). In each gill-bearing seg- 
ment this venous pallial sinus gives off an afferent 
gill vessel along the wall of the pallial groove ven- 
trally to the nephridial lobules, but dorsally to the 
lateral nerve cord, to enter the gill (Fig. 167). 

COMPARATIVE REMARKS 

(Fig. 167). The vascular system of Neopilina is of a generalized 
In the more caudal part the unpaired aorta runs molluscan type, but some of its features may be re- 

along the dorsal mid-line of the rectum, but at the garded as particularly primitive, viz. the slight dif- 
point where the rectum anteriorly bends to the right ferentiation of the sinuses into true vessels and the 
into the last intestinal coil, the aorta continues for- indications of metamerism. The paired state of the 
wards in a strictly median position in close contact ventricle and of the posterior part of the aorta could 
with the dorsal body wall (Fig. 144). Anteriorly the be taken to support the view that this organization 
aorta extends to the region above the anterior foot is the ancestral one in molluscs. Although this hy- 
margin. Then it widens like a funnel, probably to pothesis makes it easy to explain the varying posi- 
open directly into the blood sinuses of the anterior tion of the ventricle in relation to the rectum within 



the different groups, the embryonic development of 
the molluscan heart indicates a somewhat different 
interpretation of the variations. Embryologically the 
ventricle is part of the continuous hemocoelic space 
of the body, enclosed between the pericardial sacs 
to form a tube. If the hemocoelic space involved 
surrounds the rectum, as e. g. in Neopilina and many 
bivalves, the result will either be that the rectum 
passes through the ventricle tube or that it divides 
the hemocoelic space into two separate ventricles as 
in Neopilina. 

In the vascular system of Neopilina, metamerism 
is indicated in the repetition of the afferent and 
efferent gill vessels, and in the presence of two pairs 
of atria, the hindmost one being a typical segmental 
atrium of the 5th gill-bearing segment (Fig. 165). 
Two pairs of atria are present also in Nautilus, but 
we have no means of deciding whether they repres- 
ent the "same" segments as in Neopilina. 

Neopilina is similar to the polyplacophorans in the 
presence of longitudinal pallial sinuses supplying the 
gills. 

THE COELOMIC SYSTEM 

In addition to the lumen of the gonads, which may 
be regarded as part of the coelom. there are two di- 
stinct sets of coelomic cavities in Neopilina, viz. the 
paired pericardial sacs, and the dorsal body coelom, 
which is likewise paired. Both kinds of cavities are 
situated immediately beneath the dorsal body wall, 
the pericardial sacs on either side of the rectum in 
the heart region, and the dorsal body coelom over 
most parts of the body in front of the heart. Com- 
munications between these two kinds of coelomic 
cavities have not been seen, but their possible exist- 
ence cannot be definitely excluded. 

THE PERICARDIAL SACS 

The morphology of the pericardial sacs could be 
reconstructed satisfactorily from Spec. I11 (Fig.146). 
The two sacs are symmetrically placed laterally to 
the rectum. Each surrounds the corresponding ven- 
tricle and the two atria, except medially, where the 
ventricle borders directly on the rectum (Figs. 143, 
147). As far as observation goes, there are no con- 
nections between the pericardial sacs of the left and 
the right side. 

In a caudal direction the pericardium extends a 
little beyond the posterior end of the ventricle along 
thc side of the rectum. Laterally the pericardium 
shows one diverticulum along the posterior and 
another along the anterior atrium (Fig. 146). Medi- 
ally the pericardium extends above and below the 
ventricle, attaching directly to the wall of the rectum. 
The pericardium continues anteriorly as a narrow 
tube, which lies laterally of the paired and unpaired 
aortas. I t  was not possible to establish how the tube 
ends anteriorly, because it is partially collapsed. It 
could be traced approximately to the point where 
the unpaired aorta inflates to open into the anterior 
blood sinus. 

When the paired aortas have fused to form the 
unpaired dorsal aorta, the left and right pericardial 
tubes surround the aorta and meet ventrally to form 
the median aortic septum connecting the aorta with 
the rectum - and containing the muscle band men- 
tioned under the description of the aorta (Fig. 167). 

The lumen of the pericardial cavity looks empty, 
but several cells attach to the wall. These cells are 
rounded or elliptical with a blackish nucleus and 
appear to be identical with the blood cells. 

The walls of the pericardial cavity are thin mem- 
branes of connective tissue. A regular endothelial 
lining could not be discovered. The dorsal wall is 
closely attached to the body wall, the ventral one 
borders on the blood sinuses and on the intestinal 
loops, most laterally also on the nephridia. 

THE DORSAL BODY COELOM 

The dorsal body coelom, too, is situated immedi- 
ately beneath the dorsal body wall and is distinctly 
paired. Its character of a coelom is indicated by its 
contact with the nephridia. In most places its 
lumen is very narrow, either cleft-like or sometimes 
totally collapsed (Fig. 157). In such cases only the 
two characteristic epithelial walls indicate the exten- 
sion of the coelom. Presumably the contraction of 
the animal when killed has contributed to this par- 
tial obliteration of the coelomic lumina. This col- 
lapsed state, together with some damage to the spec- 
imen dorsally, makes it very difficult lo find out 
details about the coelom. The question whether it 
is segmentally divided or not must therefore be left 
open. However, the extension of the coelom under 
the body surface could be safely reconstructed be- 
cause of the characteristic appearance of the epithe- 
lium lining the cavity (Fig. 146). 

The dorsal coelomic cavity begins just in front of 



the heart on either side, extending anteriorly as a big 
flattened sac beneath the dorsal body wall and reach- 
ing from near the mid-line out to the pedal retractor 
muscles. The medial margin extends above the in- 
testine, the pericardial tubes, and the aorta so as al- 
most to reach its contralateral partner (Figs. 153, 
167). Just in front of the heart, but not farther 
anteriorly, another medially directed fold of the 
coelom is developed more ventrally, extending be- 
low the pericardium and the rectum. In Spec. 111, 
at least, this ventral fold is better developed on the 
right side, in some places reaching to the left side, 
ventrally to the intestine, but it does not really fuse 
with its contralateral partner, so there is no com- 
munication between the two. 

The anterior extension of the body coelom is of 
particular interest, but unfortunately the recon- 
struction of these parts is somewhat incomplete be- 
cause of the damage to the dorso-medial area be- 
hind the apex.l However, the lateral contour of the 
coelom can be traced with certainty to the very an- 
terior end of Spec. 111 (Fig. 146). Furthermore, it is 
certain that no coelom is present over the medial 
parts of the anterior body region. A comparison 
between Spec. I11 and IV definitely shows the coe- 
lomic cavities to extend forwards as a pair of lateral 
diverticula in the anterior body region. These diver- 
ticula pass medially to the pedal retractors A to C 
to contact each other in front of the pharynx (Fig. 
146), where they are separated only by a median 
septum (Fig. 89). The lateral contours of these an- 
terior coelomic parts show two deep indentations 
corresponding to the pedal retractors A and C,  
whereas B has not caused a deep notch. 

In both section series the anterior part of the body 
coelom is seen to expand into wide lumina in the 
interspaces between the pedal retractors (These lu- 
mina are not visible in Fig. 146, which shows the 
outline of the whole coelom only). The foremost 
lumen lies between the preoral region and the re- 
tractor A (Fig. 1291, the next between A and B, and 
the 3rd between B and C (Fig. 149). In the suitably 
sectioned Spec. IV, a tendency to a similar rhyth- 
mical cavity formation was observed also between 
the next pedal retractors. These cavities may per- 
haps be interpreted as segmental coelomic sacs, but 
it should be emphasized that the compressed state 
of the walls between the cavities makes it impossible 

1. Distinct connections between the pharynx and the anterior 
parts of the dorsal body coelom are present in N. ewingi. 
The interpretation of these cavities will therefore be re- 
considered in the report on the Vema material. 

to see whether true dissepiments are present, i.e. 
whether we have to do with real coelomic segments 
or not. On the other hand, the compressions be- 
tween the cavities might be a direct effect of the 
contraction of the pedal retractors when the animal 
was killed. The question of the segmental subdivi- 
sion of the coelom must therefore await further in- 
vestigation on fresh material. 

The walls of the body coelom consist of a thin 
fibrous membrane and an epithelium of a charac- 
teristic appearance (Figs. 103, 150). The epithelial 
cells are 12-15 fr, high and 4-5 p broad. The nuclei 
have not taken the stain, thus being difficult to see. 
Almost every cell contains some very characteristic, 
irregular granules, which in the preparations have a 
brownish or brownish green colour. Their size is 
about 3 y, and usually 5-6 such granules are present 
in each individual cell. We regard these granules as 
a kind of pigment, as their colour cannot come from 
the stain used. Since they are present in very few 
other epithelia, these granules make the coelomic 
epithelium easily recognizable. The pigment-con- 
taining cells are strikingly similar to the chloragogen 
cells of annelids, but they seem to have been com- 
pletely unknown in the coelom of molluscs. Some 
cells have a row of distinct basal granules along the 
surface, indicating the presence of cilia. 

The body coelom seems to be in open connection 
with most of the nephridia, and there are also some 
slight indications of connections with the gonads - 
as described below. 

COMPARATIVE REMARKS 

In Neopilina. the coelomic system consists of three 
probably separate parts, viz. the paired pericardial 
sacs, the paired dorsal body coelom, and the two 
pairs of gonads. In this respect Neopilina could be 
said to represent a more advanced stage than Nau- 
tilus and some other cephalopods, in which the dif- 
ferent parts of the coelom communicate. 

The pericardium in Neopilina is developed in 
the way well known from other molluscs, with the 
exception of its being paired. The paired condition 
is a primitive feature as indicated by the paired rudi- 
ments in the embryos of other molluscs, and at the 
same time helps to explain the different positions of 
the pericardium in relation to the rectum. More- 
over, if the pericardium is to be derived from paired 
coelomic sacs, it must be an originally paired 
structure. 

The diverticula extending forwards along the 



aorta in Neopilina have no counterparts in other 
adult molluscs. However, the anteriorly directed 
"Zellzapfen" from the pericardium in the embryo 
of Acanthochiton (HAMMARSTEN and RUNNSTROM, 
1925, Fig. Q) might be a structure in point, even if 
the gonads proliferate from its ventral side as de- 
scribed by these authors. 

The interpretation of the dorsal body coelom in 
Neopilina is more easily achieved if the conditions 
in chitons are used for comparison. The dorsal body 
coelom in Neopilina appears homologous with the 
gonads of chitons, both being situated immediately 
below the shell in contact with the dorsally placed 
aorta (Figs. 166,167). A difference is that the gonad 
in chitons is restricted to the postoral region, 
whereas the dorsal body coelom in Neopilina ex- 
tends even preorally. In Neopilina the dorsal coelom 
is distinctly paired, whereas the paired gonad rudi- 
ment in polyplacophorans usually fuse during the 
development (except in Nuttallochiton - PLATE 1898 
and Notochiton - THIELE 1906). 

The ventral gonad in Neopilina seems to have no 
counterpart in adult chitons (Figs. 166,167). An out- 
growth from the coelom extending ventrally to the 
intestine was described by KOWALEWSKY (1883) in 
embryos of Chiton polii. This part of the coelom 

might be taken to represent a homologon of the 
gonad in Neopilina, but it was not found in Acantho- 
chiton discrepans by HAMMARSTEN and RUNNSTROM 
(1925). 

If the gonad in bivalves, gastropods, and scapho- 
pods is regarded as strictly homologous to that of 
chitons, it would correspond to the dorsal body 
coelom of Neopilina as well. In spite of the fact that 
the gonad in all cases arises from the pericardial 
wall, we do not feel convinced that this homology 
holds good in all cases, especially as regards bi- 
valves, some of which show a most striking ventral 
position of the adult gonad. The rather apical posi- 
tion of the gonads in gastropods would seem to 
correspond much better to that of the dorsal body 
coelom of Neopilina. 

Finally attention should be called to the unex- 
pected presence of pigment granules in the epithe- 
lium of the dorsal body coelom in Neopilina. No 
other mollusc is known to possess anything similar 
in its coelom, but a coelomic epithelium of al- 
most identical appearance is well-known from an- 
nelids as chloragogen tissue. In some molluscs (e. g. 
Anodonta - FERNAU 19 1 4 ,  similar inclusions have 
been found in the excretory epithelium of the 
kidneys. 

THE NEPHRIDIA 

The nephridia occupy most of the interior in the 
proximal half of the pallial fold laterally to the pedal 
retractor muscles (Fig. 157). These organs repeat 
themselves in the same rhythm as do the pedal re- 
tractors, the gills, the latero-pedal nerve connec- 
tives, etc. The problems of segmentation of the 
coelom, however, is far from having been finally 
solved (see above) and the segmental limits could 
not be established. Consequently we prefer in this 

tinct nephridium off the muscle A, but it has no 
renopore of its own and its interpretation remains 
very doubtful. Thus, the number of safely identified 
nephridia on each side is six, and they are placed 
off the muscles B-G, respectively. Two pairs of 
nephridia - those off the muscles D and E - also 
serve as gonoducts in both sexes, but without show- 
ing any distinct specialization for this purpose. 

place not to enter into any interpretation of the THE STRUCTURE OF A NEPHRIDIUM 
theoretical belongings of the different nephridia to 
specified segments. Instead, we choose to refer pre- 
liminarily to each nephridium simply by way of its 
topographical situation off (lateral to) the nearest 
pedal retractor. 

Five pairs of nephridia open at the bases of the 
five pairs of gills, but in addition there is on each 
side a nephridial complex off the muscles A and B 
(Fig. 145). This complex opens through a single re- 
nopore in the pallial groove well anteriorly to the 
first gill and off the muscle B. The foremost portion 
of the complex may perhaps be regarded as a dis- 

The two pairs of nephridia serving also as gonoducts 
are those most easily analyzed. They start from the 
body coelom with a - probably ciliated - funnel. 
From this funnel a short narrow duct leads into a 
nephridial gland constituting the excretory part of 
the kidney. This part consists of a central sac pro- 
jecting into numerous lobules (Figs. 145, 167). The 
sac opens almost directly through a renopore into 
the pallial groove postero-medially to the base of 
the respective gill. The connections to the gonad 
will be discussed in the following chapter. 



The nephrostome and duct. At one particular point 
each nephridium approaches the lateral margin of 
the dorsal coelom, to which it is connected by a 
string of cells which we interpret as a nephrostomic 
duct. In such places in the preparations the coelomic 
wall shows several irregularly placed openings lead- 
ing into what appears as small pouches or short 
blind ducts (Fig. 155). Only a single one seems to 
continue into the nephridiurn (Fig. 156), thus form- 
ing the true nephrostomic duct. Some of the re- 
maining structures may perhaps turn out to be parts 
of a sort of folded nephrostomic funnel, but ob- 
servations on this point are most uncertain, the 
material being unsuited for such a refined histologi- 
cal examination. 

The cells of the nephrostome and of the short ad- 
joining duct are light-staining, much smaller than 
those of the functional nephridium, but containing 
similar large vacuoles, which makes it very difficult 
to see whether a lumen is present or not. The 
nephrostome cells may contain minute pigment 
granules, but they differ from the coelomic epi- 
thelial cells in staining much lighter (Fig. 155). Cilia 
have not been observed with full certainty, but basal 
granules have been observed in the nephrostome 
cells exactly as in the coelomic ones. The duct 
proper appears as a very thin string of cells - with 
or without a traceable lumen - which very soon 
joins the excretory part of the nephridium. 

The nephridial gland. The central sac of the neph- 
ridium is situated above the renopore posteriorly or 
postero-medially to the gill base. Its contour is in- 
distinct, as it gives rise to numerous lobules project- 
ing in all directions and extending even laterally to 
the gill base. In  the reconstruction (Fig. 145) only 
the contour of the kidney is given, with no regard 
to the individual lobules. 

The walls of these lobules as well as of the central 
lumen consist of a thin basement membrane and an 
epithelium of a characteristic appearance very much 
like that in other molluscs (Fig. 125). The cells are 
25-50 p high, with slightly staining plasm contain- 
lng numerous large vacuoles. These are larger near 
the lumen which, therefore, often is indistinctly de- 
limited. The fixation is rather poor. 

The renal duct and pore. The duct leading to the 
renopore is extremely short, leading directly from 
the central sac through the body wall into the pallial 
groove (Fig. 154) immediately inside or med~o-caud- 
ally to the afferent gill vessel and above the inner- 
most lamella of the gill (Fig. 59). The short duct is 
lined by a columnar epithelium of rather chromo- 

philic cells, but no indication of any papilla is pres- 
ent around the renopore. 

MUTUAL CONNECTIONS OF 

THE NEPHRIDIA 

The series of nephridia in the pallial fold on each 
side appears fairly continuous, as the lobules from 
two successive nephridia intermingle. Considerable 
attention was paid to the question whether the 
lumina of the different nephridia communicate or 
whether they are separate. Detailed graphic recon- 
struction of the critical regions were made from 
Spec. 111, showing that the nephridia off the mus- 
cles D, E, F, and G on the right side and those off 
E, F, and G on the left are separate (Fig. 145). Those 
off the muscles A to C may possibly intercommuni- 
cate. The picture, however, is very confused through 
extensive intermingling of the lobules, and our con- 
clusions are correspondingly uncertain. It  is evident 
at least that the most anterior diverticulum, off the 
muscle A, communicates with the nephridium off 
the muscle B. This diverticulum runs first medially 
and then anteriorly under the muscle A and in front 
of this muscle, extending forwards to a level lateral 
to the mouth in the narrow space between the ven- 
tral body wall and that of the preoral coelomic 
cavity. The base of the diverticulum is dilated so as 
to form a kind of central sac just in front of the 
muscle A, but as far as observation goes, there is no 
renopore from this sac. The diverticulum is conti- 
nuous with the typical nephridium off the muscle B 
through the renopore of which it probably dis- 
charges its products. 

CONNECTIONS WITH THE COELOM 

In the sections the connections with the coelom are 
difficult to find and could be studied only in the 
better preserved Spec. 111. The fragile and slender 
nephrostomic ducts are sometimes pressed between 
other organs, and in one case the duct has apparently 
been torn off (the nephridium off the muscle C left). 
Connections with the dorsal coelom through neph- 
rostomes of the kind described above have actually 
been observed from the nephridia off the muscles D 
and E, but they are strongly indicated also off C 
(Figs. 145, 146). The nephridium off the muscles A 
to B shows intimate contact between its lobules and 
the body coelom in three places on each side, but 
the presence of nephrostomes could not be demon- 
strated. The nephridia off the muscles F and G be- 



long to the region where the dorsal body coeloin is 
substituted by the pericardial cavity. On the left side 
a distinct cellular strand from the nephridium off 
the muscle F passes dorsally to the atrium to con- 
nect with a corner of the pericardial cavity. No dis- 
tinct lumen was observed, but because this strand 
connects the nephridium with the pericardium as 
described, it is believed to be a homologon of the 
nephrostomic duct. A similar strand on the right 
side is partially preserved, only. Another one can 
be indistinctly seen to run from the last nephridium 
on the left side to the pericardium, whereas the 
nephridium off the muscle G on the right side is 
completely crushed. 

COMPARATIVE REMARKS 

In having six pairs of nephridia Neopilina differs 
strikingly from all other recent molluscs, in which 
one pair is the rule and the two pairs in Nautilus an 
exception. The two pairs in .Nautilus have some- 
times been explained as being the result of secondary 
duplication, but now the conditions in Neopilina in- 
dicate them to be parts of a primitive metameric 
series. 

In Neopilina each of the six pairs of complete 
renal organs connects with the coelomic system, the 
anterior 4 pairs with the dorsal body coelom (de- 
monstrated for 3 pairs only), and the posterior 2 
pairs with the pericardial sacs. In other molluscs 
the renal organs either connect with the pericardial 
sac (most cephalopods, gastropods. bivalves, and 

polyplacophorans) or have secondarily lost this 
connection (Nautilus, scaphopods). As in other 
molluscs the renal organs of Neopilina have prolifer- 
ated to form highly lobulated "nephridial glands" 
with light-stammg vacuolated cells, and they open 
at the base of the gills. No doubt, therefore, Neopi- 
lina possesses the same type of renal organs as do 
other molluscs. 

A comparison with the single pair of kidneys in 
chitons (Figs. 166, 167) reveals that these organs 
have the same relation to the lateral nerve cord, but 
that there is a striking difference in the position of 
the nephridial gland proper. In chitons the gland of 
the individual, posteriorly situated nephridium ex- 
tends far forwards medial& to the pedal retractor 
muscles. In Neopilina, the several nephridial glands 
are placed laterally to the pedal retractors in the 
proximal parts of the pallial fold. 

It  might be surprising to find that some nephridia 
m Neopilina are actually connected with the peri- 
cardial sacs, whereas the more anterior ones start 
from the dorsal body coelom, but it should be re- 
membered that both cavities are supposed to be 
parts of the original, paired coelomic sacs. Con- 
versely, these facts could be taken to support the 
idea of the common origin of the pericardium and 
the dorsal coelomic cavities. The extensive com- 
munications between the various coelomic compart- 
ments found in many cephalopods illustrate the 
same point. 

The term nephridium as used in this paper for 
the renal organs will be discussed in the next chapter. 

THE GENITAL ORGANS 

The sexes are separate, there being no indication through the respective nephridia and the renopore 
whatsoever of hermaphroditism in the sectioned into the pallial groove. No copulatory organs are 
female (Spec. 111) or in the male (Spec. IV). present. 

The structure of t"i organs is most simple. The 
gonads are lobulated sacs situated in the peri- 
intestinal blood sinus, ventrally to the intestine and 
liver, and medially to the pedal retractor muscles 
(Figs. 165, 167). The extensive lobulation makes it 
difficult to see whether there are one or two pairs 
of gonads, but at least they extend over two seg- 
ments, and in the male a separation into two pairs 
could be definitely observed. 

The two pairs of short gonoducts are alike in 
both sexes, connecting the gonads with the nephridia 
off the muscles D and E on each side (Fig. 165). 
From the gonoducts the genital products pass 

THE FEMALE ORGANS 

The ovaries are large, flat, and lobulated bodies, the 
contour of which is drawn in the Fig. 145. They are 
situated in direct contact with the ventral body wall 
(Fig. 157) above the more anterior region of the foot, 
from the level of the muscles C to that of E. How- 
ever, since the oviducts are connected with the 
nephridia D and E only, the ovaries seem to belong 
to these two segments, secondarily extending for- 
wards and backwards. Transversely the ovaries 
extend to the pedal retractors and, medially, almost 
to the median line (Fig.9). They are covered dors- 



ally by the intestinal loops, the stomach, and the 
liver, their lateral edges being in some places in 
direct contact with the dorsal coelomic epithelium. 

Each ovarian lobule has a rather wide lumen 
which sometimes is almost empty, but usually con- 
tains free egg cells or oocytes protruding from the 
wall (Figs. 158, 159). Towards the peri-intestinal 
blood sinus the wall consists of a membrane, about 
1 p thick, which ventrally attaches directly to the 
body wall. Inside the membrane there is - in places - 
a distinct germinal epithelium with cubical cells, 
some of which have developed into oocytes. In quite 
large areas the epithelium seems to be absent, which 
may mean that eggs have recently been detached. 

The germinal epithelium consists of almost cubi- 
cal cells with a height of 10-15 p. Their nuclei are 
about 4 p in diameter. In our preparations these un- 
differentiated cells have an almost hyaline cyto- 
plasm. The oocytes are scattered between these 
cells. The larger the oocytes, the greater is the con- 
tent in their plasm of a substance staining dark red 
with the hematoxylin of MALLORY. The red-staining 
substance is always concentrated to that side of the 
cell which is turned away from the body surface, in- 
dicating that an artificial dislocation of the material 
has taken place as a consequence of the penetration 
of the fixation fluid (Fig. 159). When the cells ap- 
proach their final size, distinct dark blue granules 
stain in their plasm, and the mature egg cells are 
filled with this dark bluish matter (Fig. 158). 

Usually the mature eggs have an oblong cell body 
220-320 p long and 130-190 p broad. Some eggs are 
extremely elongate (350 p x 100 p). The nucleus is 
eccentrically placed (Fig. 158) and has a diameter 
of about 60 p. It  contains a nucleole about 15 p in 
diameter. In addition there are sometimes a few 
bodies or lumps of a chromophilic substance in the 
nucleus, but they may be artefacts. Because of this 
risk for artefacts we do not give any account of 
nuclear changes in the developing oocytes. No foll- 
icle cells are present. 

The plasm of the egg cells is crowded with small 
granules staining a bluish black with hematoxylin, 
so that the egg cells look almost black in the sec- 
tions (Fig. 158). The outer cell surface is only faintly 
indicated and there is no secondary egg shell of any 
kind. Immediately below the cell membrane a nar- 
row granule-free zone is found. Even the eggs found 
in the nephridia near the renopore are quite naked 
without any indication of shells or secondary mem- 
branes. Thus, the eggs of Neopilina must be depos- 
ited without any shells or protective structures, a 

conclusion also supported by the absence of special- 
ized glandular cells in the nephridia through which 
the eggs pass. The naked eggs suggest that fertiliza- 
tion takes place in the water outside the animal, as 
shown also by the absence of sperm in the female 
organs - and by the lack of copulatory organs. 

During their growth the oocytes and immature 
egg cells remain attached by a broad base to the 
wall of the ovarian lobules (Fig. 159). The lumina 
near the oviduct are full of mature eggs which de- 
finitely are detached from the wall and lie free in 
the fluid. The walls of the lobules are smooth and 
even, so that the oocytes must be nourished from 
the surrounding peri-intestinal blood sinus, there 
being no internal ovarian vessels of the complex 
kind described e. g. in chitons. In the preparations, 
many egg cells are surrounded by some curious 
empty bladders. After careful consideration, how- 
ever, we arrived at the conclusion that these bladders 
probably are the residues of lipoid droplets formed 
at the moment of fixation or during the subsequent 
treatment. 

The oviducts. Two short ducts on each side run 
close behind the pedal retractors D and E (Fig. 145). 
Each starts from an ovarian diverticulum filled with 
ripe eggs, and leads into a nephridial sac (those off 
the muscles D and E, respectively). Every such 
communication, at any rate, deserves the name of 
a truc oviduct. Its lumen is rather narrow (about 
120 p) in some places, but it is obviously strongly 
contracted. The walls of the oviduct are thin, con- 
sisting of an outer membrane of connective tissue 
about 2 p thick, and a rather low epithelium, the 
cells of which are ciliated and cubical. Some of the 
epithelial cells are 10-12 p high and seem to form 
longitudinal ridges in the (collapsed) oviduct, 
whereas the other cells are only about 5 p high. 

The nephridium proper constitutes the next - and 
final - part of the genital passage, but we do not 
like to include this part of the outlet tube into the 
term oviduct, as these nephridia are unmodified and 
like the others. Each oviduct opens into the central 
sac of the nephridium through a short zone some 
hundred p in length, in which the cells are inter- 
mediate in appearance between those of the oviduct 
and of the nephridium and contain some stainable 
matter next to the lumen of the duct. A few egg 
cells are present in the central sacs of the nephridia 
off the muscles D and E, some being found even 
close to the renopore (Fig. 157). 

Connections between the ovaries and the dorsal 
body coelom. In the medial parts of the body there 



are no connections between the dorsal body coelom 
and the ovaries, the two being far apart. Above the 
anterior part of the foot there is sometimes a close 
contact between the coelomic epithelium and the 
lateral part of the ovaries. In some places the coelo- 
mic epithelium pushes out into diverticula obtaining 
a contact with the wall of the ovary which is so inti- 
mate that the existence of a real communication 
between the lumina cannot be excluded. However, 
the available sections do not allow final decision 
on this point. At any rate there is no such communi- 
cation in the posterior part of the ovaries, where the 
coelom and the ovary are always far apart. 

THE MALE ORGANS 

The male organs are very similar to the female ones, 
but since the male has been sectioned horizontally, 
the female transversally, the two specimens offered 
somewhat different possibilities for the study of 
details. The testes are present in two pairs, each 
single one opening through a spermoduct into the 
nephridial sac of the respective segment (Fig. 167). 
The sperm is liberated through the renopore. There 
are no traces of copulatory organs. 

The testes are situated approximately as are the 
ovaries in the female. Anteriorly they reach into 
the foremost foot region. Laterally, they extend to 
the pedal retractors. The two testes of each pair 
overlap near the median plane without fusing. Caud- 
ally the testes reach the level of the posterior foot 
margin. Those of the right side extend along the 
bottom of the peri-intestinal blood sinus across the 
median line, whereas the left ones are restricted to 
the left side. Dorsally the testes border on the in- 
testinal loops, the dorsal body coelom, the stomach, 
and the liver. Whereas the ovaries are restricted to 
the very bottom of the peri-intestinal blood sinus, 
several lobules of the testes are found between the 
lower intestinal loops (Fig. 89). 

Thanks to a suitable plane of section, it could be 
distinctly seen that there are two pairs of testes con- 
nected with the nephridia off the muscles D and E 
(Fig. 165). The lobules from a testis intermingle with 
those from the other on the same side, but the irre- 
gular cleft separating them could be followed from 

pedal retractor, from which point arises the sper- 
moduct. Each lobule is surrounded by a 1-2 p thick 
wall of connective tissue, inside which is found a 
compact mass of sperm cells and their develop- 
mental stages, of which only the nuclei are distinct 
in our preparations. The periphery of each lobule 
is occupied by larger nuclei with a diameter of 2- 
3 p, probably representing spermatogonia and sper- 
matocytes I. Farther inwards a layer of smaller 
nuclei is found, supposed to represent the spermato- 
cytes I1 and spermatides (Fig. 161). Centrally each 
lobule contains a dense mass of small-sized nuclei, 
little more than 1 p in diameter, which must belong 
to ripe spermatozoa since their tails can be observed 
as a striation in some small lumina between them. 
The rounded shape of the spermatozoan heads 
strongly indicates that fertilization takes place in 
the free water and not within the female (cf. FRAN- 
Z ~ N  1956), a conclusion arrived at also from other 
evidence. The parts of the testis nearest to the sper- 
moduct are practically filled with ripe sperm. 

The sperrnoducts. There are two spermoducts on 
each side, corresponding to the two testes and lead- 
ing to the nephridial sacs off the muscles D and E, 
respectively. The tube as a whole measures about 
1.3 mm in length and 150-650 p in breadth (the 
variations depending on the degree of distension). 
The wall consists of a thin connective tissue mem- 
brane (1-2 p thick) and an epithelium, the cells of 
which bulge out 12-15 p into the lumen. This epi- 
thelium appears to be ciliated, as the external zone 
of its cells has a distinct striation perpendicular to 
the surface. 

The whole spermoduct is filled with sperm, and 
this is also the case with the central sacs of the two 
pairs of nephridia in question (Figs. 11, 123). Even 
many of the lobules branching off from the central 
sac contain sperm. The walls of these lumina show 
the normal nephridial epithelium. The sperm can 
be seen also in the short tube connecting the nephrid- 
ial sac with the renopore, and in the pallial groove 
around this urogenital opening. Thus, there is no 
doubt that the sperm is liberated directly into the 
water. 

COMPARATIVE REMARKS 
- 
the most ventral section to the most dorsal one The gonads in Neopilina as in other molluscs are 
(Figs. 11, 123). simple lobulated sacs lined by a germinal epithelium. 

Each testis consists of small lobules, which are No trace of hermaphroditism has been observed. 
much smaller and more numerous than those of the Neopilina is as primitive as are the bivalves in the 
ovaries (Fig. 160). All the ramifications meet at a absence of follicle cells and egg membranes, in the 
point just behind and medially to the corresponding rounded heads of the spermatozoa, as well as in the 



absence of copulatory organs and the consequent 
liberation of the genital products directly into the 
water. 

The intricate problem whether the gonads of 
Neopilina have been formed from the same parts of 
the coelomic system as in other molluscs has been 
discussed on page 57, 
In the presence of two pairs of gonads Neopilina 

differs definitely from all other recent molluscs, so 
that we have to turn to annelids for finding a similar 
organization. The same holds true of the gonoducts, 
which appear in two pairs corresponding to the 
gonads. The gonoducts pass to the nephridial sacs 
of the respective segments and must be regarded as 
true coelomoducts, the primary function of which 
isio serve as outlets for the gonads (GOODRICH 1945). 

The organization of the gonoducts and kidneys 
in Neopilina invite a consideration of their homo- 
logies in general among molluscs. In Neopilina the 
kidneys of the fertile segments have double connec- 
tions with the coelomic system, viz. (1) by a gono- 
duct with the gonads and (2) by a nephrostome with 
the dorsal body coelom. A similar organization is 
well-known from other molluscs, the excretory or- 
gan usually starting from the pericardium, whereas 
the gonoduct may grow out to the body surface 
independently, or may open into the excretory duct 
in some way. Thus, the adult anatomy indicates that 
we have to do with two distinct tubular connections 
between the coelomic system and the outer body 
surface - which is in fact supported by the separate 
embryonic rudiments of these two ducts. A com- 
parison with annelids strongly indicates that the 
gonoduct is homologous to an annelid coelomod~~ct, 
and the excretory organ to an annelid metanephri- 
dium. This homology is particularly evident when 
we consider t5e long series of nephridial organs in 
Neopilinn, some of which combine with a gonoduct. 
This is the reason why, in the above description, we 
have considered the excretory organs of Neopilina 
as true nephridia. 

Another interpretation was suggested by GOOD- 
RICH (1945 and earlier), who considered both the 
kidney and the gonoduct as coelomoducts, reasoning 
as follows. Early in molluscan phylogeny the single 
coelomoduct, originally serving as a gonoduct, has 
taken over the excretory function, whereas the true 
nephridium became reduced to the larval protone- 
phridium. Secondarily, the coelomoduct divided 
into a tube serving as a gonoduct and another serv- 
ing as an excretory organ. According to GOODRICH 
this is the state reached in recent molluscs, which 

exhibit different stages in the separation of the two 
ducts. However, it would appear much simpler to 
regard the kidney as a homologon of an annelid 
metanephridium and the gonoduct as an annelid 
coelomoduct as above suggested. This interpretation 
does not imply any hypothetical combination and 
re-separation of the functions. 

GOODRICH bases his views on two main criteria: 
(1) Both the gonoduct and the kidney in molluscs 

develop embryologically as outgrowths from the 
coelomic epithelium like typical coelomoducts. 

(2) GOODRICH regards the molluscs as consisting 
of one segment only, 1.e. he regards the indications 
of metamerism in Nautilus and chitons as secondary 
duplications. Then, the larval protonephridium be- 
comes the true nephridium of this single segment, 
the other openings to be interpreted as coelomoducts. 

The second criterion is immediately spoiled by 
Neopilina, which indicates a metameric tendency in 
ancestral molluscs (See pp. 66-67). If the ducts pre- 
sent in this animal are true coelomoducts and true 
nephridia, conditions are almost identical with 
those in annelids. The possible (or probable) pres- 
ence of a larval protonephridium will not prevent 
this homology, the more so as such a protonephri- 
dium is present also in larval annelids, 

The first criterion is difficult to discuss as far as 
Neopilina is concerned, because we do not know 
the embryonic development, but the strength of 
this criterion in general might be questioned. The 
embryonic development of typical metanephridia 
may vary, as e. g. in Oligochaeta, where they develop 
centrifugally instead of centripetally. Moreover, we 
are dealing with ducts which connect one epithelial 
surface (the ectoderm) with another (the coelomic 
epithelium), which both may contribute to the duct 
(e. g. in Paludina). Therefore, we cannot accept even 
the first criterion of GOODRICH'S as conclusive in 
itself. It must be weighed against other evidence. 

So we return to the direct comparison with the 
annelid metanephridium and coelomoduct, realis- 
ing, however, that this view implies that the em- 
bryonic development of the metanephridium has 
changed more than hitherto observed in any recent 
annelid. Some knowledge of the embryonic devel- 
opment of Neopilina is urgently needed. 

In other molluscs the single nephridium is con- 
nected with the pericardium, whereas the gonoduct 
comes from the gonad which - at least in Neopilina 
and chitons - is a pre-pericardial structure. Hence, 
the two ducts seem originally to belong to different 
segments, the nephridium being a component of a 



pericardial segment and the gonoduct of a pre-peri- of one of the pedal retractor muscie complexes. 
cardial one. This is obviously true of chitons, but Since these complexes are homologous with the 
whether it holds good of other molluscs is open to segmental pedal retractors of Neopilina the two pairs 
some doubt. The nephridium of chitons starts from of ducts must belong to different segments. 
the pericardium and opens into the pallial groove Referring to the discussion on the coelom on 
at the corresponding transversal level, whereas the page 57, we want to point out a difficulty in the 
gonads and the gonoduct are pre-pericardial. The homologization of the gonoducts in Neopilina and 
latter opens into the pallial groove in front of the in chitons. In Neopilina it comes from a ventral 
nephridial opening. The two ducts are situated on gonad, whereas in chitons it has a dorsal origin 
either side (anteriorly and posteriorly, respectively) (Figs. 166, 167). 

ECOLOGICAL REMARKS 

The facts actually known about the ecology of 
Neopilina galatheae are very few, but some addi- 
tional information can be deduced from the mor- 
phological studies. The present chapter will be con- 
fined to a few points because of the old experience 
that ecological studies have to be made on the liv- 
ing animals. 

As to the habitat, we know only the records given 
for the haul in question (See p. 10). The animals 
have been taken in truly abyssal surroundings (3570 
m. depth) on dark, muddy clay which does not seem 
to contain hard objects suitable for the animal to 
creep on. So, Neopilina seems to be a true soft- 
bottom animal. The haul was a rich one, as will be 
seen from the following list taken from the original 
notes in Galathea's diary (depth record corrected 
in the notes) : 

CRUSTACEA: 3 pale Homolidae, 5 Mlrnida sp., 1 big Munidop- 
sis, 17 Galatheidae, ab. 10 Crangonidae, a few Hymeno- 
penaeus, ab. 300 Caridea (Hoplophoridae etc.) and Penaei- 
dae in about 10 species. 31 Scalpellurn, 2 big Arcturidae, 
3 smaller Arcturidae, 3 middle-sized Munnopsinae, 34 
Parasellidae, 2 big bathypelagic Parasellidae, 1 bathypelagic 
Amphipod, 6 bottom Amphipods, 1 ditto. 11 ditto, 2 ditto, 
1 bottom-Cumacea, 3 Harpacticidae. 

MOLLUSCA: 5 Chaetoderma, 10 Capulidae [= Neopilina] $ 

3 shells, ab. 140 Dentaliurn (big size), 2 Fustdae, 4 other 
Gastropods, 3 egg capsules of Gastropods, 32 halred-shelled 
bivalves, 2 Leda, 2 thick-shelled bivalves. 

VFRMES: 1 Hirudinea on Barsozetus, several species of Ge- 
phyrea, ab. half a litre of Polychaetes, several long tubes. 

COELENTERATA: Stephanoscyphus, a hydroid species, 2 species 
of Actinians, several feather-shaped Anthipathana. 1 small 
Umbellula, pieces of a Virgulariid, Zoantharia on Hyalone- 
ma-stalks. 

PORIFERA: many specimens of a flat. leaf-like species. 2 species 
of Hyalonema. 

Such richness is characteristic of the waters west of 
St. 716. Acapulco-Panama. 89"32' W. 9"23' N. 6.V. 1952. Central and South America, and it is possible that 
Hour 11.30 a.m. Depth 3570 m. Surf. temp. 28.4"C. Gear: 
Herring otter trawl. Wire out 8000 m, incl. of wire 39-43', the presence of Neo~i'ina On the high pro- 
speed knots 2,3. Dur. of 11aul 120 mln. Length of haul in duction of organic matter in these areas. 
sm. 4.5, direction of haul 287. Bottom: dark muddy clay. The intestines of the specimens of Neopilina were 

Content of trawl (All determinations preliminary only): filled with material looking quite similar to the 
PISCES: 5 Bassogigas, 3 Bassogiga~. 26 Bassozetus, 15 Mixo- bottom material adhering to the outer surfaces (Fig. 

nus ?, 5 Porogadus, 1 juv. Brotulid, 3 Nematonurus, 4 Ale- 168). ~h~ intestinal content includes a high pro- 
pocephalidae, 1 cfr. Bath.ytroctes, 1 Serrivomer, 1 Nemich- 
tbyidae, 1 Stomiatidae, 1 Stomias colubrinus, 5 Scopelengus, 

portion of radiolarians, scattered centric diatoms, 

1 Myctophidae, 1 bit of an egg capsule of a shark? etc., mixed up with much undefined detritus matter. 
ECHINODERMATA: a bit of a stalked crinoid. These facts, together with the appearance of the 

4 species of Ophiuroidea (many specimens). organs around the mouth, indicate that the animal 
6 species of Asteroidea (many Porcellanasteridae, 1 HY- is a deposit feeder. The food-collecting organs seem 
menaster, 1 Brisingidae, 1 Pentagonaster, several indeter- 
minate large orange specimens). 

to be the postoral tentacles together with the velum. 

3 species of Echinoidea (many Plesiodiadema, fragments of The parts which possibly as a - 
an irregular species and of a spatangid). filter are the postoral tentacles, but it is impossible 
ab. 15 species of Holothurioidea (ab. 500 specimens) com- to guess how they actually work. Some specializa- 
prising Scotoplanes, Oneirophanta, Benthodytes, Psycro- tionS for this particular kind of food have been 
podes, Aspidochirotae, Molpadidae, and Dendrochirotae. 

PANTOPODA: 3 Colossendeidae, yellow-orange. mentioned in the morphological chapters (pp. 24. 

1 Colossendeis with a thick ~roboscis. 28 and 29). 
ab. 10 Nymphonidae. The sexes are separate in Neopilina and the ani- 



mals seem very little mobile, so fertilization would 
seem impossible if the animals are too widely scat- 
tered on the bottom. Therefore, the populations 
must be fairly dense in places and this is exactly 
what was found by the Galathea expedition, which 
got the 10 specimens in one single out of several 
hauls in the region. This all indicates that Neopilina 
has a patch-wise distribution on the bottom. 

The lack of copulatory organs and of egg mem- 
branes, and the rounded heads of the spermatozoa 
all indicate that fertilization takes place in the free 
water masses. Moreover, there can hardly be any 

membranes of importance around the developing 
embryo. These facts together with the presence of 
a true protoconch on the adult shell show that there 
must be a free larval stage. The volume of the eggs 
is of the same order as that of the larval shell, which 
indicates that the larval life is short and the nutrition 
lecitotrophic. 

After all, the whole reproduction takes place un- 
der such conditions that, in theory, it should be 
possible to fertilize the eggs and to rear the larvae 
under fairly simple laboratory conditions - the pro- 
blem is only to get the living material. 

CONCLUDING REMARKS 

THE PROTOCONCH 

Although apparently very much like a gastropod 
protoconch, the larval shell of Neopilina has not 
been subject to any torsion. This is apparent from 
the fact that the aperture of the larval shell faces 
posteriorly (Figs. 34, 163). Only, the protoconch is 
tilted over so as to rest on its originally right side. 
This tilting seems to correspond exactly to what 
happens to gastropod shells when the larvae are 
metamorphosing, and thus is a process quite differ- 
ent from torsion and occurring much later (Fig. 163). 
In the end, of course, this must mean that there is 
some asymmetry in the larva. The adult Neopilina, 
however, does not show any definite asymmetry. 
The slightly stronger development of the right 
gonads may or may not be significant in this respect. 

THE ADULT SHELL 

The adult shell of Neopilina is similar to that of 
Nautilus in being single, bilaterally symmetrical, and 
exogastricaily coiled, but it differs from the latter in 
the absence of septa. The shells of other cephalopods 
are too reduced to be suitable for a comparison, and 
that of Spirula differs in being coiled endogastrically. 
The gastropod shell is similar to that of Neopilina in 
being single and exogastrically coiled, although the 
latter characteristic is concealed by the torsion, and 
the shell is asymmetrical (Fig.163). The shell in 
scaphopods differs in being closed ventrally to form 
a tube, and that of bivalves shows slight indications 
of an exogastric coiling in the anterior bending of 
the umbo, but the shell is divided along the median 
line into two subequal halves. This latter fact does 
not prevent a derivation of a bivalve shell from a 

univalve one, however, for a similar division of shell 
plates has taken place in the polyplacophoran Schi- 
zoplax, whose shell plates are divided into right and 
left halves by a median ligament. The 8 shell plates 
of chitons differ completely from the single shell of 
Neopilina. Cuticular spines of the type present in chi- 
tons and in the Solenogastres are absent in Neopilina. 

The microscopic structure of the shell of Neopi- 
lina with a prismatic and a nacreous layer beneath 
a periostracum looks very similar to that of primi- 
tive bivalves. Also, the way of formation of these 
three layers is much the same in both groups, with 
a periostracum gland situated on the ventral side of 
the pallial margin. This appears to be the primitive 
structure of the shell and of the pallial margin in the 
univalve and bivalve molluscs. In chitons the middle 
pallial fold is enormously developed and carries spi- 
cules (Figs. 166, 167), and in the Solenogastres the 
spicules cover the whole body. The chitons are differ- 
ent also in their several transverse growth zones 
across the back, and in the differentiation of the 
shell into an articulamentum and a tegmentum. The 
latter contains the aesthetes which are not present 
in Neopilina, a fact that might perhaps be explained 
as an adaptation to the conditions of life in the 
abysses, since indications of the presence of aesth- 
etes in some fossil Tryblidians have been reported 
(KNIGHT & YOCHELSON, 1958). 

Altogether, the shell of Neopilina might very well 
be regarded as primitive among the so-called con- 
chiferous molluscs (Bivalvia, Scaphopoda, Gastro- 
poda, Cephalopoda). It is more difficult to establish 
the relations between the polyplacophoran exoskele- 
ton and that of Neopilina. The gross structure of the 
original exoskeleton would seem to have differenti- 
ated rather independently in these two groups. 



pairs, which, with respect to their situation in rela- 
THE 'OoT AND THE 

tion to the heart. correspond to the two posterior 
In the structure of the foot and of the pallial groove 
Neopilina is almost identical with the polyplaco- 
phorans. In both, the foot is a broad sole, and the 
pallial groove is uniformly developed all around the 
body. In other molluscs the pallial groove is specia- 
lized in different ways, enlarged to a pallial cavity 
posteriorly in gastropods and cephalopods, ex- 
tended to enclose the entire body also from the 
ventral side in bivalves. The latter development is 
carried still further by the ventral fusion of the 
pallial margins in Scaphopods. In the Solenogastres 
both the foot and the pallial groove are very much 
reduced. 

STRUCTURES AROUND THE MOUTH 

With respect to the structures around the mouth, 
Neopilina shows affinities to very different mollusc 
groups, more distinctly perhaps to the bivalves, 
whose lips and labial palps compare well with the 
complex constituted by the lips in connection with 
the velum and the postoral tentacles (See pp. 24-25). 
On the other hand, the preoral tentacles are cer- 
tainly the homologues of the gastropod preoral 
ones. It  is probable that the postoral tentacles of 
Neopilina are homologous to the captacula of sca- 
phopods and of the arms of the cephalopods. Chi- 
tons are fairly different, but their oral disc may in- 
clude the lips and the velum as seen in Neopilina. 
A furrow between the ,,velar part" of the disc and 
the very lips in some chitons (Lepidopleuvus - HOFF- 
MANN 1930, p. 146) supports this assumption. Living 
specimens of Lepidopleuuus showed this velar part 
very distinctly; it is pressed against the substratum 
when the animal is creeping (own observations). 

THE GILLS 

The presence in the gills of Neopilina of two alter- 
nating series of lamellae (although unequal), each 
on either side of the stem, the course of the vessels, 
nerves, and muscles, and the structure of the epithe- 
lium agree closely with what we find in other mol- 
luscs, especially in the Polyplacophora. No doubt, 
therefore, the gills of Neopilina must be regarded as 
true ctenidia. This homology is supported by the 
identical situation of the gills in relation to the 
lateral nerve cords and to the renopores. Whereas 
Neopilina galatheae has five pairs of gills, one pair 
is the rule in other molluscs. Only, Nautilus has two 

gill pairs in Neopilina. In chitons there are many gills 
on each side, their number being independent of the 
repetition of most other organs. 

In molluscs in general the ctenidia are in some 
way placed as a perforated wall separating a cham- 
ber which receives the inhalant water current, from 
another delivering the exhalant current. A similar 
arrangement might therefore be expected in Neopi- 
lina. Our observations on the dead specimens, com- 
bined with the information given by YONGE (1939) 
on conditions in the chitons, open a possibility of 
understanding the main features of the respiratory 
mechanism in Neopilina. In both there is a conti- 
nuous pallial groove all the way round the body 
between the pallial fold and the extended foot mar- 
gin. Laterally to the foot, this groove is divided by 
a vertical perforated wall formed by the gills, se- 
parating an outer (lateral) inhalant chamber from 
a medial, exhalant one lying close along the foot 
side. In chitons the anterior and posterior lamellae 
from two successive gills meet and are linked to- 
gether by their apical cilia. In Neopilina the post- 
erior row of lamellae is vestigial, and the anterior 
row on each gill bends ventrally and backwards (Fig. 
164). When extended, the innermost and strongest 
lamellae are long enough to touch the next gill with 
their apical cilia, thus forming the necessary per- 
forated wall between the two respiratory chambers. 
The outer shorter lamellae on each gill stem cannot 
reach the next gill, but our observations indicate 
that they bend dorsally and touch the pallial wall 
in the way shown in fig.57 (Compare the similar 
contact in some bivalves!). 

In a preliminary note based on the very incom- 
plete information available at that time, YONGE 
(1957a) made some valuable suggestions for the 
further study of the gills. Partly because of his con- 
siderations we have paid special attention to the 
structure and possible function of these organs. Our 
main conclusion, however, is that they must be 
homologous to, and are able to function in a similar 
way as, the true ctenidia of the other molluscs. The 
many similarities in structural details between the 
gills of Neopilina and of the chitons appear to ex- 
clude the possibility that the former are secondary 
structures. The simplicity of structure common to 
the single gills in these two groups - a. o. the lack of 
skeletal bars - might indicate that we are here deal- 
ing with the primitive type of ctenidium from which 
other mollusc ctenidia might be derived. YONGE 



(1947) makes the opposite derivation, but comes up 
against the difficulty that the gill skeleton is placed 
differently in cephalopods and primitive gastropods, 
which latter he regards as ancestral in respect to 
gill structure. 

INTERNAL ORGANS 

The comparative anatomy of each of the internal 
organ systems is discussed in the respective chap- 
ters. Here, only such points will be briefly mentioned 
as have any bearing upon the question of molluscan 
interrelationships. The similar body shape and the 
metamerism distinctly indicated both in Neopilina 
and in the polyplacophorans, invite a comparison 
between these two groups first. Even in many de- 
tails conformity has been found in the pharyngeal 
apparatus, the muscles, the nerves, and the vascular 
system. However, the sensory organs, the coelom, 
and the uro-genital organs are all very different in 
the two groups. Especially, the chitons have devel- 
oped their gonad in a place where Neopilina has a 
paired dorsal body coelom lined by an epithelium 
similar to the chloragogen cells of annelids. 

Obvious similarities to the various other mollusc 
groups are the presence of a crystalline style in 
Neopiliiza, in many bivalves and in some proso- 
branchs; the presence of statocysts in all groups 
except chitons; the lack of differentiation of the 
cerebro-pleural ganglion in Neopilina, in bivalves, 
and in scaphopods, and the presence of two pairs 
of atria in Neopilina and in Nautilus. 

The coelom and the uro-genital system of Neopi- 
lina is unique and probably primitive in many re- 
spects, but the continuous coelomic cavity in N u -  
tilus and some other cephalopods would appear still 
more primitive than the divided coelom in Neopilina. 
On the other hand, Neopilina is on a line with all 
other molluscs except the cephalopods mentioned 
(and the Solenogastres) in the presence of a peri- 
cardial sac separated from the main coelomic cavity. 

THE METAMERISM 

With the exception of the preoral region the whole 
body of Neopilina shows a more or less pronounced 
metameric repetition of many organs (Fig. 165). The 
highest number of repeated units is found in the 10 
pairs of latero-pedal nerve connectives, the first si- 
tuated immediately behind the subcerebral com- 
missure, the last posteriorly to the side of the rec- 
tum. Next in number are the large pedal retractor 

muscles, 8 pairs in all, corresponding to the hind- 
most 8 latero-pedal connectives. The mm. obliquii 
anteriores are correspondingly repeated, whereas 
the other smaller muscles are less constant in oc- 
currence (Fig. 121). The six pairs of nephridia are 
placed outside the pedal retractors B to G, the fore- 
most kidney extending anteriorly past A. The five 
pairs of gills with their nerves and muscles corre- 
spond beautifully to the five last pairs of nephridia. 
Further indications of a metamerism are present in 
the two pairs of gonads connected to the two middle 
pairs of nephridia, and in the two pairs of atria 
belonging to the two last gills. 

Thus, disregarding the lack of gonads or atria in 
some segments, the metameric repetition of the or- 
gans follows a constant pattern in the posterior body 
region forwards to (and including) the pedal retrac- 
tor D (Fig. 165). In the region of the muscle C,  the 
only irregularity is a slight dislocation of the gill 
nerves in relation to the respective latero-pedal con- 
nective (Fig. 135). In front of C,  the metamerism 
fades out gradually so that it becomes impossible 
to state any definite number of segments in the an- 
terior body region. The group of organs around the 
muscle B is still rather complete, although the gill 
is lacking. A latero-pedal connective and a some- 
what aberrant pedal retractor (A) is present in the 
next anterior segment, but the gill is absent and so 
is the renopore. It is impossible to state whether the 
nephridial lobules present off the muscle A repres- 
ent a separate nephridial rudiment. The two most 
anterior latero-pedal connectives are not accompan- 
ied by any other metameric structure. Such fading 
out of a metamerism at the ends of the series is not 
uncommon in other metameric animals. 

The metamerism of Neopilina is so regular and is 
present in so many organ systems that there is no 
reason to regard it as different from that of annelids 
and arthropods (Fig. 165). We do not know whether 
the dorsal coelom is metamerically subdivided or 
not, but a metameric tendency is present in the 
gonads which may be regarded as part of the coelo- 
mic system. Furthermore, arthropods and annelids 
often show a metameric subdivision of the ectoder- 
ma1 skeleton. Such segmentation is not present in 
Neopilina, but the eight shell plates present in the 
polyplacophores might be mentioned in this con- 
nection. They correspond to the metameric foot re- 
tractors which are homologous to those of Neopi- 
lina. Thus, the rhythm of repetition of the shell 
plates of chitons is the same as that found in the 
metamerism of Neopilina. 



Annelids, arthropods, and molluscs have long 
been regarded as related, mainly because of the 
spiral type of cleavage and the trochophora larva 
found in both annelids and molluscs, and because 
of certain similarities in the metamerism, in the 
nervous system, the heart, and the excretory organs 
in annelids and arthropods. The affinity of the 
molluscs to the two other groups was sometimes 
doubted, mainly because the molluscs were regarded 
as non-metameric. This cleft is efficiently bridged 
by Neopilina. The only general feature which still 
remains as a sharp criterion for molluscs is the re- 
striction of the ectodermal cuticular skeleton to the 
dorsal side of the animal, the development of the 
soft ventral surface into a muscular foot and a pallial 
groove with gills. In contrast, the cuticular skeleton 
of annelids and arthropods is present all around the 
body. Neopilina does not help us in bridging this 
gap, but the contrast is reduced by some annelids, 
which have ciliated ventral areas. Moreover, we do 
not know for certain whether the most primitive 
trilobites had a cuticle on the ventral side or not. 
The anatomy of Neopilina facilitates a comparison 
with annelids and arthropods also in some other 
respects. The entire urogenital system of Neopilina 
is very similar to that of a primitive annelid, and the 
extensive coelomic cavities in Neopilina, partly 
containing chloragogenic cells, combined with our 
knowledge of the coelom in Nautilus, also point in 
the direction of annelids. It  would seem that the 
find of Neopilina forces us to reconsider the rela- 
tions between annelids, arthropods, and molluscs. 

For a comparison with other molluscs it is essen- 
tial to observe that the metamerically subdivided 
portion of the body of Neopilina extends from the 
non-metameric oral region into the posteriorly situ- 
ated heart region typical of all molluscs. The com- 
plete organization and the presence of a heart in the 
last segment makes it very different from an arthro- 
pod or annelid telson, indicating that the metameres 
in Neopilina are not formed by a rhythmic activity 
of a terminal growth centre. The more probable ex- 
planation would seem to be that the mesoderm in 
the body region of Neopilirza is simultaneously sub- 
divided in the manner characteristic of the most 
anterior segments in annelids and arthropods. 

Whereas in the polyplacophores the metamerism 
is almost as strongly developed in some organs as 
it is in Neopilina, matters are different in the other 
molluscs. In Nautilus there is a body region with 
two pairs of gills, nephridia, atria, etc., which is very 
similar to the most posterior region with its two 

segments in Neopilina. In front of this region Nau- 
tilus shows no further segments in its body. In gas- 
tropods and bivalves as well as in the remaining 
cephalopods, and probably also in scaphopods, the 
heart region can be said to comprise only one such 
segment with its one pair of gills, atria, etc. In front 
of this part, slight indications of additional seg- 
ments may be found in the subdivision of the pedal 
retractor in bivalves, and possibly in the subdivision 
of the columellar muscle in opisthobranchs (LEM- 
CHE 1956, THOMPSON 1958), and also in the symme- 
trically arranged pairs of muscle fibres in larval 
prosobranchs (CROFTS 1955). An attempt at homo- 
logizing these more or less spurious anterior seg- 
ments with regard to segment number would seem 
to be of doubtful value at present. That the condi- 
tions are complex is shown in patellids by their 
symmetrically placed and subdivided, horseshoe- 
shaped foot retractor, combined with strong and 
symmetrical pedal cords. This looks very much like 
the primitive condition as described above, but the 
position - almost above the head - of the anus and 
of the other organs of the originally posterior end 
contradicts such an interpretation. 

RELATIONS TO THE FOSSIL 
TRYBLIDIANS 

Neopilina galatheae should undoubtedly be included 
as a recent representative of the Tryblidiacea 
WENZ, 1938, which has hitherto comprized only 
fossil species from Cambro-Silurian deposits. This 
is born out by the similar shape of the shell and, 
particularly, by the almost identical appearance of 
the pattern of muscle insertions (see p. 44 and Figs. 
130-134, 162). It  is also characteristic of the whole 
group that the shells are approximately bilaterally 
symmetrical with the apex situated above the an- 
terior shell margin (Compare Figs. 3, 4, 162). 

NEOPILINA AND THE SYSTEMATICS 
OF MOLLUSCS 

The presence in Neopilina of a metamerism similar 
to that of annelids and arthropods shows that the 
molluscs together with the annelids and arthropods 
can be derived from common ancestors with more 
or less distinct segments. Also, the homologies in 
the muscular system of Neopilina and the polyplaco- 
phores force us to accept the incomplete metamer- 
ism of the latter as being of this same kind. In all 
other molluscs, except Nautilus with its two distinct 



body segments, the metamerism is but faintly indi- 
cated. The old concept of an original metamerism 
in molluscs (PELSENEER 1 899, HEIDER 191 4, SODER- 
STROM 1925, NAEF 1926) thus gains strong support 
from the structure of Neopilina. It is of course im- 
possible to postulate any definite number of seg- 
inents in the ancestral form, but from the present 
evidence it is unnecessary to suppose more than the 
number present in Neopilina. Nor is it necessary 
that the segmentation should have expressed itself 
very much in the external features. 

The single shell, the different appearance of the 
pallial margin, and the absence of spicules in Neo- 
pilina prevent its incorporation in the polyplaco- 
phores. The contrast is emphasized also by the 
different position of the gonads (Figs. 166, 167). 

The tryblidians must therefore be put into a mollusc 
class of their own: the class of Monoplacophora 
(ODHER in WENZ 1938, KNIGHT 1952). 

The subdivision of the molluscs, as often found 
in text-books, into Amphineura and Conchifera 
cannot be upheld after the finding of Neopilina, 
which is an amphineuran in its nervous system and 
a conchiferan in its exoskeleton. Neopilina has 
bridged the gap which was the basis of this subdivi- 
sion. For systematic purposes it would seem more 
appropriate to treat the groups of Cephalopoda, 
Gastropoda, Scaphopoda, Bivalvia, Monoplaco- 
phora, Polyplacophora, and Solenogastres as classes 
of equal rank, which have evolved out of a common 
stem in very remote times, probably in the earlier 
part ofthe Cambrian, as indicated by the fossil record. 
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