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INTRODUCTION

Molluscs are the second-most speciose metazoan phylum, after
Arthropoda, and arguably molluscs demonstrate the largest
morphological disparity. The dramatic body-plan modifications
and changes among the molluscan clades leave few consistent
characters that can be directly compared across all eight living
classes'. The living diversity encompasses bivalves (clams, mus-
sels, and shipworms), gastropods (snails and slugs), and cephalo-
pods (squid and octopuses), each of which are treated in separate
chapters in this volume, and five ‘minor’ or more precisely less
speciose classes that we discuss in this chapter (Fig. 18.1).

The five groups covered here—Caudofoveata (chactoderms),
Monoplacophora (headless deep-sea limpets), Polyplacophora
(chitons), Scaphopoda (tusk shells), and Solenogastres (neome-
niomorphs)—are addressed in alphabetical order in a deliberate
effort to treat each group on its own evidence and to avoid sug-
gestion of any specific phylogenetic hypotheses. These animals
are all exclusively marine, and live as benthic or infaunal species.
They are less commercially exploited than the three major classes,
but nonetheless demonstrate extensive diversification within each
clade, and many are locally abundant and exert significant ecosys-
tem control (Dethier and Duggins 1984, Shimek 1988). Careful
consideration of these groups is essential towards resolving larger
questions of molluscan, and metazoan, evolutionary dynamics.

Molluscs are soft-bodied animals that ancestrally possess a mus-
cular locomotory foot, a mineralized proteinaceous tooth structure
called the radula, and a calcium carbonate shell which is anchored
to the foot by dorsal-ventral muscle bundles. The mantle is a tissue
layer that creates a chamber that houses the viscera and secretes
the shell, though this is subject to interpretation and modifica-
tion especially in these ‘minor’ classes. Chemosensory epithelia
called osphradia, apparently unique to molluscs, are present in
most members of some classes (Lindberg and Sigwart 2015). All

'Each of these clades, with equivalent Linnean rank as a class, represents a mono-
phyletic group hierarchically subordinate to the total-group Mollusca.

of these structures are lost in one or more of the eight living
classes: the vermiform Caudofoveata have no foot, Bivalvia have
no radula, at least Scaphopoda, Monoplacophora, Solenogastres,
and Caudofoveata lack an osphradium, Caudofoveata and
Solenogastres also lack shells. Extensive shell loss and modifications
are seen repeatedly in Gastropoda, Bivalvia, Cephalopoda, and to a
lesser extent Polyplacophora.

The dynamics of these extreme body plan modifications within
a single phylum present a fundamentally important question in
evolutionary biology. There is no clear consensus on the topology
of phylogenetic relationships within the molluscan classes (Sigwart
and Lindberg 2015). The challenging problem of resolving the
sister relationships of such variable forms has perhaps been further
hampered by a historical focus on shell forms, which are evidently
extremely plastic. Two alternative hypotheses are both supported
by molecular and morphological evidence, and the differences
between these two topologies provide little clarity on the sister rela-
tionships between most clades. The Aculifera’” hypothesis unites
the vermiform aplacophorans (Caudofoveata and Solenogastres)
and the eight-valved Polyplacophora, in a clade opposed to
‘Conchifera, containing the other five classes. This topology
is supported by the only phylogenomic analysis of total-group
Mollusca to date (Smith et al. 2011), and fossils of ‘armoured apla-
cophorans’, sharing characters of both chitons and spiculose ver-
miform molluscs, have been described as transitional aculiferans
(Sigwart & Sutton 2007, Sutton et al. 2012, Sutton and Sigwart
2012). The almost completely contradictory ‘Serialia hypothesis
was originally proposed from the first molecular genetic sequence
recovered from a rare living monoplacophoran, and has been sub-
sequently recovered by independent analyses with multiple mono-
placophoran species (Giribet et al. 2006, Kano et al. 2012, Stdger
et al. 2013). The topology associated with Serialia is supported
by strong anatomical arguments and fossil stratigraphic analysis
(Stoger etal. 2013). Very few studies have included all eight classes
(Giribet et al. 2006, Smith et al. 2011, Stdger et al. 2013), and
more sources of independent evidence, representing all groups, are
required to resolve molluscan relationships.
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Fig. 18.1.

Nervous systems offer a source of morphological character
data that can be directly compared across all classes and, cru-
cially, with putative proximate outgroup phyla. This neuro-
phylogenetic approach has been used productively in studies of
other metazoan groups (Harzsch 2006, Strausfeld and Andrew
2011). This chapter reviews the nervous system architecture,
sensory systems, and developmental process in each of the five
minor molluscan classes. We briefly review the diversity of taxa
within each class that have contributed to the available literature,
and the history of their study. Bearing in mind the need for a
clear, comparative basis of neural characters, we have frequently

Monoplacophora

The minor molluscan classes. Caudofoveata, Scutopus robustus  fascicularis; Scaphopoda, Rhabdus rectius; Solenogastres, Amboherpia hetereo-
(photo by Elena Gerasimova); Monoplacophora: Laevipilina theresae (photo
used with permission of Michael Schrédl); Polyplacophora: Acanthochitona

tecta (photo by Elena Gerasimova).

reinterpreted the specific vocabulary in the published accounts
of each class in order to implement consistent descriptions. The
terminology follows the definitions suggested by Richter et al.
(2010), based on our interpretation of anatomical evidence,
even where different terms may have been traditionally used by
some (or all) other authors. The nervous systems of these animals
are mostly simple, and potentially secondarily simplified in some
cases. Our choice of language is, as much as possible, neutral on
all questions of polarity, and strictly descriptive.

The molluscan nervous system is composed of an oesopha-
geal nerve ring, which connects, where they are distinguished,
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STRUCTURE AND EVOLUTION OF INVERTEBRATE NERVOUS SYSTEMS

two pairs of cerebral and pedal ganglia. The cerebral ganglia
(or the corresponding region of the nerve ring) emit the lateral
nerves; in some cases there is a proximal pleural ganglion on
the lateral nerve. Depending on the body form of the specific
mollusc, these may also be called the visceral nerves or pallial
nerves. The cerebral ganglia also emit the buccal nerves, which
innervate the feeding structures and usually bear buccal ganglia.
The pedal ganglia emit the pedal nerves, which, like the lateral

nerves, are often medullary in nature. Positional homologies to

this fundamental architecture underpin all descriptions herein
(Fig. 18.2).

All of these molluscs lack conventional cephalized senses. They
all have no eyes, with the exception of lensed and pigmented
eyes embedded within the shell valves of some chitons. They do
possess remarkable sensory adaptations specific to their environ-
ments. The sensory network of shell nerves in polyplacophoransin
some cases is adapted to represent an image-forming compound
eye over the total animal dorsal surface (Speiser et al. 2011).

buccal ganglion

cerebral ganglion
—— pleural ganglion

pedal ganglion

' 0 |

primary molluscan nerves
primary molluscan ganglia
absent or not a discrete ganglion
additional ganglia

class-specific structures
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_- ventral (pedal) nerve

\/

Caudofoveata

Monoplacophora

Fig. 18.2.
(top left, inset).
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Scaphopods have hundreds of super-elastic filamentous gangli-
onic tentacles (captacula) which can stretch multiple times the
length of the body to seck food in the surrounding sediment.
Most of these molluscs also possess complex subradular organs
that apparently taste potential food, and various putatively che-
mosensory organs of undetermined function.

The minor molluscan classes represent the key groups for
understanding fundamental processes in the evolution of animal
body plans. While the essential knowledge on the nervous sys-
tems in each of these classes is well established, these animals still
possess a rich and largely untapped supply of novel characteris-
tics, sensory adaptations, and new discoveries in the evolution of
nervous systems.

CAUDOFOVEATA

Caudofoveates (sometimes referred to as Chaetodermomorpha)
are vermiform marine burrowing molluscs that generally inhabit
soft sediments at depths to 6000 m; but they are found up to 8
m and in one exceptional instance 3 m deep (Redl and Salvini-
Plawen 2009, Scheltema 1995). The animals are relatively small,
ranging in adult size from 2-40 mm, and the elongate body is
divided into distinctive anterium, trunk, and posterium regions.
Caudofoveates lack a head, foot, and shell and possess a pair of
gills in a small posterior mantle cavity. These animals are cov-
ered by a cuticle and a coat of calcareous sclerites, and a thick
cuticular oral shield. This muscular structure is variable in mor-
phology among taxa and is a sensitive burrowing organ; its pres-
ence is part of the distinctive anatomy that separates the two
aplacophoran groups (Salvini-Plawen 1972, 2003). The muscu-
lar anterior part of the body is used to burrow into sediment,
where caudofoveates feed on detritus, diatoms, and foramini-
ferans, with the posterior mantle cavity and gills protruding
from the surface (Mizzarro-Wimmer and Salvini-Plawen 2001,
Salvini-Plawen 1975). The sexes are separate, adults broadcast
spawn and the zygotes develop into trochophore larvae, though
knowledge of larval development remains patchy (Buckland-
Nicks et al. 2002, Nielsen et al. 2007). To date, around 150
species have been described in three families: Chaetodermatidae,
Prochaetodermatidae, and Limifossoridae (Redl and Salvini-
Plawen 2009, Todt et al. 2008). Historically, caudofoveates were
included with Solengastres as a class, Aplacophora, but given the
numerous anatomical as well as molecular genetic differences,
they are treated as two separate clades. The difference in loco-
motion between caudofoveates and solenogastres (burrowing or
gliding) is reflected in the different arrangements of their nerv-
ous system (Scheltema et al. 1994).

Nervous system architecture

Caudofoveates have a typical molluscan tetraneural nervous
system within their unusual elongate body plan. The cerebral
ganglia are connected to the proximal end of the pedal nerve
cords by the cerebropedal connectives and the anteriormost
pedal commissure to form the oesophageal nerve ring. There are
two pairs of medullary cords which run longitudinally through

the body. The ventral nerve cords, emitted by the pedal ganglia,
have few branching nerves to the ventral part of the body, as the
foot is entirely lacking. The lateral nerve cords originate in the
cerebral ganglion and supply the mantle and the internal organs,
emitting more nerves in the anterior region, which is used for
burrowing (Salvini-Plawen 1985, Scheltema et al. 1994).

‘The paired cerebral hemiganglia are fused in Chaetodermatidae
to give one large cerebral ganglion, but in Prochaetodermatidae
they are not fused; these have been described in detail in more
than five species (Redl and Salvini-Plawen 2009, Salvini-Plawen
1985). This combined brain is composed of an axonal core sur-
rounded by a layer of cell bodies. The neuropil is partitioned
into distinct anterior (around one third of total volume) and
posterior groups of axons by glial membranes and neural somata
(Fig. 18.3; Faller et al. 2012, Shigeno et al. 2007). The over-
all shape of the ganglion is lobed, with distinguishable anter-
ior, posterior, and dorsal aspects, though much of the dorsal
expansion appears to be cell bodies only with no neuropil (Faller
et al. 2012, Shigeno et al. 2007). Anterior to the cerebral gan-
glion there are three or more pairs of frontal swellings that
innervate the mouth and the oral shield (Heath 1911). These
have been previously referred to as ‘precerebral ganglia’, how-
ever they do not contain a central neuropil and are made almost
entirely of neural somata (Faller et al. 2012, Shigeno et al. 2007)
and so do not qualify as true ganglia. There are tubulin-reactive
tracts within the cerebral ganglia which directly innervate the
frontal swellings and possibly the sensory ciliary cells in the oral
shield (Shigeno et al. 2007).

The cerebral ganglia emit the cerebrobuccal, cerebropedal,
and cerebrolateral connectives from their lateral edge. These
three originate in a single nerve bundle and branch shortly after

leaving the cerebral ganglion, with the cerebrobuccal connective

Fig. 18.3. Caudofoveata: The cerebral ganglion and anterior nervous sys-
tem of Scutopus ventrolineatus, reproduced from Faller et al. (2012), with
kind permission from Springer Science and Business Media. Frontal section
showing FMRFamide-like immunoreactivity (orange) and DAPI nuclear
labelling (blue). Note the subdivision of the cerebral hemiganglia by a layer
of cell bodies (arrowhead). cg: cerebral ganglion; fs: frontal swelling, scale
bar 40 pm.
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branching first, followed by the cerebropedal connective (Heath
1911, Salvini-Plawen 1975). The paired buccal ganglia innervate
the mouth and feeding apparatus, these are lateral and posterior
to the buccal mass and are joined by one or more commissures
(Heath 1911, Hyman 1967, Redl and Salvini-Plawen 2009).
The lateral and ventral nerve cords are medullary, comprising
a neuropil core surrounded by neural somata (Salvini-Plawen
1985). Shortly after their divergence from their origin in the
cerebral ganglia, the nerve cords form serial swellings; these have
previously been described as ‘ganglionic’ but they are not iso-
lated by non-medullary nerve connectives, and distinct pleural
or pedal ganglia are not evident. The width of the central neuro-
pil varies throughout the nerve cords, forming several more
discrete bumps, particularly in the anteriormost parts (Faller
et al. 2012, Shigeno et al. 2007). Connectives between the lat-
eral and ventral nerve cords are most numerous in the anterior
region of the body (Heath 1911; Salvini-Plawen 1985). There
are a few pedal connectives in the anteriormost part of the trunk,
but they are not present in the rest of the body (Heath 1911,
Redl and Salvini-Plawen 2009, Salvini-Plawen 1985).

At the posterior end of the animal, the lateral and ventral
nerve cords fuse to form a single nerve cord which extends
further posterior before joining at the suprarectal commissure
(Salvini-Plawen 1975, 1985). The suprarectal commissure con-
tains a distinct oval neuropil at its centre and innervates the
small posterior mantle cavity as well as the pair of gills (ctenidia)
found therein (Salvini-Plawen 1985, Scheltema et al. 1994).

Sensory systems

Caudofoveates lack both eyes and statocysts (Shigeno etal. 2007).
The epithelium behind and lateral to the mouth is covered by a
thick specialized, cuticularized muscular layer known as the oral
shield or pedal shield. Although present in all caudofoveates, the
size and development of the oral shield vary in different taxa,
even appearing to be bi-partite in Prochaetoderma and Limifossor
(Salvini-Plawen 1985). The following description of ultrastruc-
ture relates to Scutopus, Falcidens, and Chaetoderma. Unlike the
surrounding body, the oral shield contains large granules and
interdigitating microvilli from the epithelium below (Scheltema
et al. 1994). Glandular mucous cells open around the periph-
ery of the shield, and there are sensory cells in the underlying
epithelium, with cilia that penetrate the cuticle and are exposed
to the surrounding environment (Scheltema et al. 1994). The
ciliary cells within the oral shield are connected to primary or
secondary neurons in the frontal (precerebral) swellings, which
in turn connect them to the cerebral ganglion (Hyman 1967,
Shigeno et al. 2007).

The dorsoterminal sense organ is a longitudinal groove located
dorsally and slightly anterior to the mantle cavity opening at
the posterior end of the body. It is innervated by the suprarec-
tal commissure, and surrounded by specialized scales. The epi-
thelium either side of the groove is raised, consisting mainly of
supporting cells and a few mucous cells and covered with a thin
cuticle and a mucous layer. Within the groove, there is no cuticle.
The epithelium supports a microvillous border, and is mainly
composed of supporting cells, though there are two sensory cell
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types as well: basal cells bearing epithelial projections, and cil-
iary cells (Haszprunar 1987a). Although the dorsoterminal sense
organ is well developed in Chaetodermatidae, it is reduced in
Limifossoridae and vestigial in Prochaetodermatidae, with lit-
tle swelling and no discernible innervation (Haszprunar 1987a).
Multiciliary sensory cells are exposed to the environment, and
collar receptor cells may also be present (Scheltema et al. 1994).
The organ has been proposed to play a chemoreceptive role
in reproductive behaviour (Salvini-Plawen 1985, Haszprunar
1987a), but this has not yet been tested experimentally.

Larval development

The trochophore larvae of caudofoveates undergo a gradual
metamorphosis on settlement, but information about the devel-
opment of the nervous system has not yet been documented. An
apical ganglion is visible in developing larvae via TEM visualiza-
tion ten days after hatching, and the anlage of a cerebral ganglion
becomes visible at 12 days post hatching, but no other develop-
ing nervous structures have been observed (Nielsen et al. 2007).

Observations

Caudofoveata was only recognized as a separate class relatively
recently, in the middle of the twentieth century. It was Boettger
(1956) who described the class, and not until the seminal work
of Salvini-Plawen (1968, 1978) was any specific attention paid to
these animals. The other vermiform class, Solenogastres, is more
speciose and more accessible, thus most generalized results about
‘aplacophorans’ have reflected knowledge of solenogasters rather
than caudofoveates. Indeed, the unified taxon Aplacophora is
still incorporated into more recent studies, despite the anatom-
ical differences between them (e.g. Kocot et al. 2011). These dif-
ferences have been used in some arguments about the polarity
of character states in comparing vermiform to other molluscs
(Salvini-Plawen 1980). Neural characters have been described
from at least ten species, covering all three living families, though
these are predominantly from Chaetodermatidae, and with very
few studies of members of Prochaetodermatidae (although
that family contains around 30% of living species). The avail-
able comparative studies indicate substantial neuroanatomical
diversity.

In most species there is clearly a well-developed brain, and the
subdivision of the cerebral neuropil into distinct regions is more
complex than in any other class in this chapter. Whether the
frontal swelling anterior to the cerebral ganglion is homologous
to positionally similar structures in Solenogastres would need
rigorous immunocytohistochemical study (Shigeno et al. 2007).
The animals seem to rely on chemosensory modes, which may be
adaptations to their burrowing lifestyle.

MONOPLACOPHORA

The first identification of a living monoplacophoran is con-
sidered one of the great discoveries of twentieth-century
science, following a similar story arc to the Wollemi Pine
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(Wollemia nobilis) and Coelacanth (Latimeria chalumnae), as
all were described from fossil evidence from the Cambrian to
Devonian, and then unexpectedly found alive. In the case of
monoplacophorans, several species were collected earlier than
the famous discovery of the Galathea Expedition in 1957
(Lemche and Wingstrand 1959), but those earlier specimens
were misidentified as patellogastropod limpets (Lindberg
2009). The term Monoplacophora includes a number of fos-
sil species that may not be allied to Tryblidia, which includes
the living species. Monoplacophorans have a subconical dor-
sal shell with a curved anterior apex, and a ventral foot and
mouth. Although superficially similar to patellacean gastro-
pods, the monoplacophoran animal lacks a head or eyes; it
attaches to the shell with a distinctive series of paired dor-
soventral muscles, and has gills that grow iteratively in the
ventral pallial cavity on either side of the foot (Fig. 18.1). The
headless, limpet-like monoplacophorans encompass 25 liv-
ing species; all inhabit the deep sea (175-6400 m), and most,

Fig. 18.4.  Monoplacophora: General nervous system of five monoplacophoran
species, highlighting the variable size and morphology of elements of the anterior
nervous system. A: Laevipilina antarctica redrawn from Schaefer and Haszprunar

with very few exceptions, are known from a small number of
specimens (Wilson et al. 2010). Although of great interest to
evolutionary biology, anatomical descriptions, including neu-
roanatomical features, have been made from only seven spe-
cies. This provides limited scope for comparative studies and
generalizations and comparisons with other classes should be
considered with some caution.

Nervous system architecture

The circumoesophageal ring comprises two pairs of ganglia
(Fig. 18.4): the cerebral (anterior) and the ‘labial’ ganglia, which
are positionally homologous to the pedal ganglia (Fig. 18.2).
These are connected by the cerebral and pedal (or post-oral)
commissures and emit the lateral (cerebral ganglia) and ventral
(pedal ganglia) nerve cords. The cerebral ganglia are covered by
many cell bodies, and form the lateral parts of the circumoe-
sophageal ring (Lemche and Wingstrand 1959). Within each

buccal ganglia

cerebral ganglia

pedal (labial) ganglia
subradular nerves / ganglion
statoliths

(1997), B: Micropilina arntzi redrawn from Haszprunar and Schaefer (1997a),
C: Micropilina minuta, redrawn from Haszprunar and Ruthensteiner (2013),
D: Neopilina galathaea, E. Vema ewingi, both redrawn from Wingstrand (1985).
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ganglion the neuropil core is divided into two confluent parts
(Wingstrand 1985), and each has swellings at their junctions
with other nerve cords: anteriorly with the cerebral commissure,
and posteriorly where the lateral nerve cords originate.

The cerebral ganglia are connected proximally to the pedal
ganglia, which are themselves joined by the pedal commissure.
The pedal ganglia were identified as an enlarged area of the cere-
bral ganglia by Wingstrand (1985) and clarified as separate struc-
tures by Schaefer and Haszprunar (1997) and Ruthensteiner
et al. (2010), but they vary taxonomically. In the two smaller
Micropilina species, both pairs of ganglia are particularly large and
distinct, yet in Vema and Neopilina the pedal ganglia are small
enough that the authors did not distinguish them as separate
structures (Fig. 18.4D, E). The buccal nerves originate at a point
intermediate between the cerebral and pedal ganglia (possibly
with the exception of M. arntzi, where they appear to originate in
the cerebral ganglia; however, given the incredibly diminutive size
of M. arntzi, small nerves and connectives could not be visualized,
so it is possible that finer nerves run to the true connection further
posterior in that animal). They project dorsal to the circumoe-
sophageal ring and extend anteriorly, passing around the pharynx,
to which they emit one nerve before forming distinct buccal gan-
glia dorsal and anterior to the cerebral commissure (Lemche and
Wingstrand 1959). A thin commissure between these has been
found in some species and is inferred to exist in others.

A subradular nerve originates from a central dorsal point
in each pedal ganglion and connects proximally to the dorsal
side of the prominent (single, unpaired) subradular organ, in
the transverse fold of the subradular sac. The subradular nerves
do not apparently fuse to form a commissure or ganglion, as
suggested in early descriptions (Lemche and Wingstrand 1959);
Schaefer and Haszprunar (1997) suggested this structure was
better described as ‘neurolymphoid’ intraepithelial tissue.

The pairs of major longitudinal nerve cords originate from
the cerebral ganglia (lateral cords) and pedal ganglia (ventral
cords). Histologically they are medullary, with a layer of cell bod-
ies surrounding a central neuropil bundle, but not ganglionic,
and the anteriormost parts lack cell bodies entirely (Lemche and
Wingstrand 1959). The ventral cords are substantially thicker in
Micropilina spp., but the ventral and lateral cords are around the
same diameter in other taxa examined (Fig. 18.4). From their
point of origin in the posterior pedal ganglia, the ventral nerve
cords initially extend caudo-medially and run close together.
Where they enter the anterior foot musculature, they are con-
nected by the pedal commissure (Lemche and Wingstrand 1959).
This has been described as bearing a ‘ganglionated swelling’
(Wingstrand 1985), but not a ganglion. Posterior to this, the ven-
tral nerve cords separate, extending laterally and running along
the periphery of the foot. They innervate the foot with short and
irregularly spaced medial foot nerves, and more numerous and
more regular lateroventral foot nerves (Lemche and Wingstrand
1959). There are no other connectives crossing the ventral nerve
ring until the pedal cords join again in the posterior pedal com-
missure, a connective ventral to the posterior intestine and short
of the posterior edge of the foot. The diameter and length of the
pedal nerve ring is strikingly different among species, and appar-
ently reflects morphological differences in the foot.
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The lateral nerve cords extend for the full length of the body
from their origins in the cerebral ganglia, ending in a suprarectal
commissure ventral to the rectum. Small distal pallial nerves are
emitted irregularly throughout the pallial cavity, branching fur-
ther towards the ventral body surface and eventually associating
with the basal lamina. The lateral nerve cords also innervate the
gills, emitting a nerve slightly anterior to each gill. These nerves
sometimes appear to share an origin with pallial nerves, but not
consistently (Lemche and Wingstrand 1959). The lateral and ven-
tral nerve cords on each side of the body are connected by many
lateroventral connectives, smaller nerves which pass between the
dorsoventral shell muscles throughout the length of the body
(Wingstrand 1985). The anteriormost of these connectives links
the posterior extent of the cerebral ganglion and the pedal gan-
glion, but separate and posterior to the circumoesophageal nerve
ring. This can form a Y-junction at the top of the ventral nerve
cords, with the two anterior branches being the cerebropedal con-
nective and the thin connective between the pedal ganglion and
the main ventral nerve cord (Fig. 18.4B: Micropilina arntzi). The
second lateroventral connective innervates the statocysts and ten-
tacles. All others attach to the anterior face of the retractor mus-
cles (Lemche and Wingstrand 1959, Wingstrand 1985) or may
be less regular in some species (Schaefer and Haszprunar 1997).

Sensory systems

Monoplacophorans lack a head; they have no eyes or eyespots.
An osphradium has not been identified in any species (Lemche
and Wingstrand 1959, Ruthensteiner et al. 2010).

The subradular organ is large and prominent in all species
examined (Haszprunar and Schaefer 1997b). This ‘tasting’ sen-
sory organ is an extension of the subradular sac, ventral to the
radula, with a higher epithelium than the remainder of the sac
lumen (Lemche and Wingstrand 1959). In Laevipilina antarctica,
this sensory epithelium, which is innervated by the subradular
nerves, largely consists of tall, columnar multiciliary and micro-
villous cells with basal oval nuclei. The cells are often separated
by intercellular pits; the cilia are long, but with weak rootlets and
few associated mitochondria (Haszprunar & Schaefer 1997b).

A pair of statocysts are found positioned laterally in the body,
in between the postoral commissure and the pedal commissure
(that is, slightly anterior to the foot). The statocysts appear to be
innervated by the second connective joining the lateral and ven-
tral major nerve cords, but some evidence suggests the statocyst
nerves arise directly from the lateral nerve cord. In Micropilina
arntzi, one juvenile specimen showed a statocyst nerve emerging
directly from the lateral nerve cord, and in Laevipilina antarctica,
Schaefer and Haszprunar (1997) observed a potential statocyst
connective. In both cases these were in the same position as in
Vema and Neopilina, i.e. posterior of the cerebropedal connective
and thus clearly posterior of the cerebral ganglion. This connec-
tion is unusual, as in all other molluscs known to have statocysts
they are innervated by the cerebral ganglia. The statocysts are
oval-shaped epithelial sacs, containing several statoconia. The
epithelium is not uniform in height (Lemche and Wingstrand
1959, Ruthensteiner et al. 2010). The epithelium consists of col-
umnar cells with basal nuclei, and although, putatively, sensory
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hairs have been observed in the ventral side, no sensory cells
have been identified (Lemche and Wingstrand 1959). They are
filled with an unknown substance which lacks a clear structure
(Lemche and Wingstrand 1959, Ruthensteiner et al. 2010). A
narrow duct connects the statocyst ventrally to the surface of the
roof of the pallial cavity, behind the post-oral tentacles, ending
slightly anterior to the position of the statocyst itself (Lemche
and Wingstrand 1959, Schaefer and Haszprunar 1997).

The post-oral tentacles are innervated by four nerves: one
from the second lateropedal connective as described above, two
from the pedal cord itself, and one from the postero-medial part
of the cerebral ganglion. They are thought by some to be sensory,
however ultrastructural investigation has not revealed any likely
sensory structures (Haszprunar and Schaefer 1997b). A pair of
pre-oral tentacles are densely innervated and have a thickened
epithelium at the tip, suggesting a sensory (possibly chemosen-
sory) role for these appendages (Lemche and Wingstrand 1959).

Larval development

Because of the inaccessibility of specimens, there is no data avail-
able on the larval development of monoplacophorans of any
species (Haszprunar and Ruthensteiner 2013). The larval life
history of monoplacophorans can be inferred from other deep-
sea molluscs, which would suggest a free-floating lecithotrophic
larva (Gonor 1979). Cleavage was observed in one specimen
of Laevipilina hyalina, from a female that emitted oocytes on
collection at sea, but development did not continue after first
cleavage (Wilson et al. 2010). Specimens of Micropilina arntzi
preserved with brooded larvae i situ in adult females provided
important ontogenetic evidence about organ systems, but not
neurogenesis (Haszprunar and Schaefer 1997a). Micropilina spp.
also demonstrates a high degree of progenesis and brooding can-
not be assumed to be the typical monoplacophoran habit.

Observations

Few species have been studied for neuroanatomical purposes and
contributed to the descriptions above. The earliest observations
made on monoplacophoran neuroanatomy were reported in the
Galathea report from specimens of Neopilina galatheae (Lemche
and Wingstrand 1959). In total, seven species from four recent
genera (out of eight) have been examined. Given the rarity of spe-
cimens, this covers an impressive taxonomic range, and among
these seven species there is a surprising level of apparent variation
in neuroanatomy. These differences merit further investigation
of the taxonomic variation clearly present in Monoplacophora.
The almost total absence of developmental studies leaves a large
hole in our knowledge of monoplacophorans, and any add-
itional research in this field would be welcomed.

POLYPLACOPHORA

Chitons are benthic marine molluscs that have a distinctive
articulating dorsal armature, and a ventral foot and mouth,
which they use to graze on rocky substrata. The eight aragonitic

dorsal valves are penetrated by a network of sensory shell pores
called ‘aesthetes’; the valves are surrounded by a muscular girdle,
which is covered by a cuticle bearing spines, scales, or other ele-
ments, some of which have putative sensory functions. There are
around 1000 living species described and the class sensu lato has
a fossil record extending to the Cambrian. The sexes are separate
and fertilization external, leading to a free-floating trochophore
larva, which undergoes a gradual metamorphosis upon settle-
ment to benthic life. Living species of chitons are divided into
two subclasses: Chitonida, containing more than 80% of living
taxa is predominantly a shallow water group, and Lepidopleurida,
which contains primarily deep-sea species and is the more ple-
siomorphic group. The two clades are separated by features of
the shells and gills, and the presence in Lepidopleurida only of
a distinctive pigmented sensory organ called the Schwabe organ

(Fig. 18.5).

Fig. 18.5. Polyplacophora: Aesthetes, the shell pores in chiton valves. Top,
SEM image of the dorsal side of an intermediate valve of Tonicella lineata,
after cleaning with dilute hypochlorite to remove tissue from the aesthete
canals, scale bar 20 pm. Bottom, TEM image of a cross-section of a mega-
laesthete (the larger pores) of Tonicella marmorea, reproduced from Baxter
et al. (1987) with permission from John Wiley and Sons. Scale bar 2 pm.
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Nervous system architecture

'The polyplacophoran nervous system follows a tetraneuralian plan.
It is formed of a circum-oesophageal (cerebrobuccal) nerve ring
that emits two pairs of nerve cords: the lateral nerve cords, which
innervate the pallial cavity, and the ventral nerve cords, which
innervate the foot. Histological examinations of the nerve ring
and the nerve cords show that they are medullary, organized
into a central neuropil and a surrounding layer of somata (Faller
etal. 2012, Mizzarro-Wimmer and Salvini-Plawen 2001, Sigwart
etal. 2014). The enlarged anterior commissure of the oesophageal
nerve ring is not considered to contain cerebral ganglia, though it
is substantially thickened anteriorly in at least some species, and
at the posterior-lateral margins before dividing into the two pairs
of nerve cords (Faller et al. 2012, Sigwart et al. 2014, Fig. 18.5).
Weak buccal nerves originating in the lateral part of the
anterior commissure lead to paired buccal ganglia, which are
situated dorsal to the anteriormost point of the cerebrobuccal
nerve ring. The buccal ganglia are joined by a long commissure
that runs posteriorly around the oesophagus and meets dorsal
of the subradular ganglia; this juncture between the oesophagus
and radular sac has been described as the supraradular ganglion
(Gantner 1987) and is present as a paired swelling in some spe-
cies (Eernisse and Reynolds 1994, Sigwart et al. 2014), but there
is no evidence that it conforms to the definition of ganglia used
herein. At the posterior connection of the circumoesophageal
nerve ring, the anterior origin of the ventral nerve cords is the
source of the subradular nerves, connecting to the paired sub-
radular ganglia, which are connected to each other by a small
commissure and innervate the subradular organ. These are situ-
ated dorsal to the plane of the circumoesophagial nerve ring.
The lateral nerve cords originate from the lateral-most point of
the cerebrobuccal nerve ring. They initially extend laterally, and
then run along the roof of the pallial cavity, close to the ven-
tral body wall, until the two nerve cords form a suprarectal con-
nective dorsal to the anus. (This is not a commissure sezsu stricto;
Faller et al. 2012.) The lateral nerve cords emit smaller nerves to
the pallial cavity, and an efferent and an afferent nerve to each gill.
The origins of the ventral nerve cords are slightly further pos-
terior than those of the lateral nerve cords, in the posteromedial
region of the cerebrobuccal nerve ring. The ventral nerves turn
slightly medially, towards each other, before entering the foot.
Within the foot they run parallel to each other until slightly
before its posterior edge, where they are joined by the subrectal
commissure. The two lateral and ventral nerve cords on each
side are connected by smaller commissures. The ventral nerve
cords are also connected to each other by crossing commissures,
the largest is posterior of the subradular nerves, but connections
occur down the whole length of the body to give an irregular
ladder-like appearance to the overall nervous system (Fig. 18.2).
A glio-interstitial system has been identified in several species
in Chitonida (Eernisse & Reynolds 1994).

Sensory organs

Chitons lack statocysts, cephalic eyes, tentacles, and in some cases
osphradia. Pallial sense organs differ substantially between the
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two orders, Chitonida and Lepidopleurida. The well-developed
subradular organ lies within the radular sac, and is protruded to
apparently taste the substratum before grazing. The epithelium
is ciliated and contains interspersed microvillous cells with secre-
tory granules (Boyle 1975).

All living chitons have numerous sensory pores and sometimes
eyes in their valves, collectively called aesthetes (Moseley 1885). The
pores are analogous to the punctae of brachiopods. The aesthetes
are innervated tissue bundles within the shell, which are connected
by aesthete canals. Aesthete pores on the shell surface are typi-
cally found in clusters corresponding to subsurface bundles, with
one megalaesthete usually being surrounded by up to 25 smaller
micraesthetes, although these clusters can be evenly distributed over
the valve surface (Hyman 1967). A megalaesthete contains a core of
microvillous cells each bearing a single cilium, surrounded by one
or sometimes two types of secretory cells. Nerve elements have been
observed associated to both of these (Eernisse and Reynolds 1994).
The aesthete canals form complex networks within the shell, con-
necting to the lateral epithelium, or penetrating the shell venter. The
surface patterns of pores and the connective networks can both be
used to diagnose species (e.g. Vendrasco et al. 2008, Sigwart 2009).
‘The micraesthetes are single elongated cells branching from the base
of the megalaesthete. Their ultrastructure has been described in
detail by Eernisse and Reynolds (1994).

Although the primary use for aesthetes is uncertain, pho-
toreception is generally accepted to be the most likely candi-
date in shallow water species (Boyle 1972, 1974, Omelich 1967,
Vendrasco et al. 2008), though some also consider chemore-
ception to be a reasonable suggestion due to the presence of
secretory elements (e.g. Baxter et al. 1987). In some chitons
(Schizochitonidae, Chitonidae, Callochitonidae) the megalaes-
thetes have developed into larger ‘shell eyes’, intrapigmented
ocelli which have aragonite lenses and a pigmented retinal cup
surrounding rhabdomeric photoreceptors. In at least one spe-
cies, the array of shell eyes conveys the ability to distinguish
shapes, both in air and submerged in water (Speiser et al. 2011).

The girdle is the other dorsal surface of the chiton. It encircles
the shell valves and is covered with a cuticle of mineralized spicules
or scales, as well as specialized hairs or spines in some species. Some
of these may be mechanosensory, as they are often innervated
(Leise and Cloney 1982, Leise 1988). Additionally, photoreceptor
cells have been found associated with spicules in Acanthochitona
fascicularis, and it has been suggested that other species may have
additional sensory capacity in girdle elements (Fischer et al. 1980).

Chitons have several sensory organs within the pallial cavity.
Members of Chitonida possess a paired posterior sense organ,
formerly refered to as an osphradium, an innervated and pig-
mented ridge at the base of the gill row (Lindberg and Sigwart
2015). The epithelium has been described in several species
and differs considerably between taxa (Haszprunar 1987b) and
may not be homologous in all of them. In the typical form,
pigmented supporting cells surround sensory cells with basal
somata and ciliated epithelial projections. In Acanthochitona
communis the posterior sense organ (osphradium) is split into
a sensory groove that has an ultrastructure similar to the typical
osphradial epithelium, but also a mucous zone. The function
of the chiton ‘osphradium’ remains unclear, with possibilities
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Fig. 18.6. Polyplacophora: The anterior nervous system of Leprochiton
asellus visualized via tomographic reconstruction of semi-thin sections, over-
laid on an image of a living specimen. Chevrons indicate the Schwabe organ.

including the monitoring of sediment loading (Yonge 1939) and
the synchronization of spawning events (Haszprunar 1987b).
Lepidopleuran chitons do not possess an osphradium or poste-
rior sense organ.

In Lepidopleurida, the distal wall of the pallial cavity con-
tains the ‘lateral organs’, small sensory knobs at regular intervals
from just posterior of the mouth to a point parallel with the
anus (Haszprunar 1987b, Sigwart et al. 2014). Their function
is unknown, they have never been observed in species in the
suborder Chitonida.

At the anterior of the pallial cavity in Lepidopleurida is the
Schwabe organ (Fig. 18.6). This is a streak of brown pigmentation
found either side of the mouth, extending laterally and posteriorly
towards the foot (Sigwart et al. 2014). The pigmentation pattern
varies taxonomically, but it is consistently present throughout
Lepidopleurida. The Schwabe organ is innervated by the lateral
nerve cord, slightly posterior to the first lateroventral connective.
‘The sensory epithelium comprises mainly pigmented supporting
cells, as well as multiciliary cells (with very high numbers of cilia,
nearing 100 in some cases), and short sensory cells that carry pro-
jections up to the surface of the epithelium (Sigwart et al. 2014).
The function of the Schwabe organ remains elusive, but it bears
positional resemblance to the larval eyes (Heath 1904).

Larval development

The trochophore larvae of chitons possess a pair of larval eyes,
pigmented spots located posterior of the prototroch, and the lar-
vae respond to light (Pearse 1979). These cup-like organs contain
eight or nine pigmented cells and a few (one to three in species
studied to date) ciliated photoreceptors (Fischer 1980, Rosen
etal. 1979). The larval eye lies adjacent to the lateral nerve cord,
at a point slightly posterior to the first lateroventral commissure
(Heath 1904). During metamorphosis, the eyes migrate dorsally
and become hidden by the growing valves, before disappearing
after around one month (Eernisse 2007, Kowalevsky 1883).

The larval apical organ, which contributes to settling cues
and metamorphosis, comprises up to ten receptor cells which
are connected to the cerebral commissure, and carries a large
ciliary tuft (Friedrich et al. 2002). In addition to the large apical
organ, chiton larvae possess a chemosensory ampullary system
composed of four pairs of ampullary cells, found dorsolaterally
and ventrolaterally in the pretrochal region of the larva. These
cells are innervated by the anterior commissure and, unlike lar-
val eyes, disappear during early metamorphosis (Haszprunar
et al. 2002).

Initial development of the nervous system begins below the
apical organ, where larval serotonergic cells begin to appear
around one day post fertilization. Two pairs of these seem to
initiate the rest of the neurogenic process, projecting posteriorly
into the anterior central part of the cerebrobuccal ring. This then
expands laterally and posteriorly to form the rest of the ring.
Lastly, the development of the lateral and ventral nerve cords
continues posteriorly and the sub- and supra-rectal connections
are formed. Buccal ganglia form later, as do the ventral commis-
sures which continue to increase in number during metamor-
phosis and still in juvenile chitons, though their position is not
correlated to shell fields or muscles (Friedrich et al. 2002).

Observations

More than 60 species of chiton have contributed to studies of
the nervous system in the past 200 years. These include mem-
bers of both extant orders, Chitonida and Lepidopleurida, giv-
ing a decent taxonomic spread, though the latter may be slightly
underrepresented.

The earliest detailed studies of polyplacophoran neuroanat-
omy were made by Plate 1896, 1898, 1899, 1901). Kowalevsky
(1883) and Heath (1904) were among the first authors to
describe chiton development and the ontogeny of the nervous
system. Since then, chitons have been the subject of several
microanatomical studies including those of Fischer (Fischer
et al. 1980), Leise (Leise and Cloney 1982, Leise 1988), and
Haszprunar (1987b). More recently, cutting edge technologies
have also been employed in the study of nervous system structure
and development, including immunocytochemistry and tomog-
raphy (Faller et al. 2012, Moroz et al. 1994, Sigwart et al. 2014).

SCAPHOPODA

Scaphopods, the tusk shells, are infaunal animals found in soft
marine sediments; most live in deep-sea environments of 100
m and deeper, but a few species are know from the intertidal
(Glover et al. 2003). The long, tapered shell holds the viscera,
with a club-shaped muscular foot at the wider, ventral end.
Most species are slightly curved, and the convex side of the
shell is the anterior aspect. The animals are usually positioned
more or less vertically with the foot down and the narrow apex
at or near the sediment surface. At the apex, there is a siphon-
like extension of sensory mantle tissue known as the pavilion.
Respiratory currents primarily flow through the apical opening
downward, thus from dorsal to ventral. The gut is U-shaped;
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there is no head. The sexes are separate, and larvae take a lec-
ithotrophic veliger form (Buckland-Nicks et al. 2002). The ani-
mals feed on detritus, microorganisms, or foraminifera which
they collect with their elastic sensory tentacles called captacula.
There are more than 900 described species of Recent scapho-
pods, which fall into ten families. The class is divided into two
orders: Dentaliida and Gadilida, which are anatomically strik-
ingly different (e.g. Steiner 1991, Faller et al. 2012). For exam-
ple, the retraction of the muscular foot is enabled by extension
in Dentaliida, but by inversion in Gadilida. The majority of
studies have focused on members of the Dentaliida and certain
generalizations may require further investigation in Gadilida.

Nervous system architecture

Scaphopods have a typical tetraneural molluscan nervous
system, imposed on a highly modified body plan (Fig. 18.2).
The oesophageal nerve ring is formed by the paired cerebral
and pedal ganglia, which are connected by commissures and
the cerebropedal connectives. There is considerable confusion
over the orientation of anatomical body axes in these strange
animals (Sumner-Rooney et al. 2015). Here we interpret the
foot to be ventral, which is the most parsimonious arrange-
ment and facilitates comparisons with other classes. Thus, the
pedal ganglia are ventral and posterior of the cerebral gan-
glia (contra Deshayes 1825, Lacaze-Duthiers 1856, Foll 1889,
Fischer-Piette and Franc 1969, Faller et al. 2012). The ring
emits two pairs of major nerves, the ventral nerves innervate
the foot, and the lateral nerves innervate the viscera (Deshayes
1825).

The cerebral ganglia are large and ovoid, fused by a short, wide
commissure and are located at the anterior side of the animal
beneath the buccal tube (Lacaze-Duthiers 1856). The central
neuropil is completely surrounded by cell bodies, but demon-
strates no subdivision within the ganglion (Faller et al. 2012,
Fol 1889). In Entalina quinguangularis (Gadilida), the distribu-
tion of somata around the cerebral ganglia is fairly even, whereas
in Antalis entalis (Dentaliida), there is a distinct aggregation of
cell bodies at the dorsal margin (Faller et al. 2012). Fol (1889)
described parts of the cerebral ganglia as being covered by large
ganglionic cells, whereas the dorsal and anterior sides were sur-
rounded by smaller ones.

The cerebral ganglia emit nerves that innervate the feed-
ing structure of the scaphopod, the mantle, and the sensory
captacula. The buccal nerves originate at the ventral side of
the cerebral ganglia and run ventrally alongside the gut to the
base of the buccal tube, where they branch into a major and
a minor nerve (Fischer-Piette and Franc 1969). The internal
lateral nerves flow from the cerebral ganglia and innervate
the mantle tissue (Lacaze-Duthiers 1856). The captacula are
innervated by two thick nerves that originate from the lateral
parts of the cerebral ganglia; these enter two ridges bearing the
captacula, where the nerves branch and enter the base of the
individual tentacles. One fine nerve runs the length of each
captaculum, ending in a captacular ganglion in the base of the
bulbous head.

The pedal ganglia are located midway along the foot. The
pedal ganglia themselves are pear-shaped, being narrow at
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the ventral and rounded at the dorsal ends, and connected by
a short commissure (Fol 1889). They each emit three nerves
into the lateral and distal regions of the foot, as well as a single
median pedal nerve, which seems to originate from the connec-
tive between the two pedal ganglia (Fischer-Piette and Franc
1969). Fol (1889) asserted that aside from the cerebral ganglia,
generally there were only a few cell bodies surrounding the other
named ganglia and that this negated their classification as such;
however Plate 1892) and later Faller et al. (2012) have demon-
strated that the pedal ganglia in particular are surrounded by a
thick somatal layer.

The pedal ganglia are connected to the cerebral and pleural
ganglia by the cerebropedal connectives, which branch shortly
ventral of the cerebral ganglia and then continue further dor-
sal to also connect with the pleural ganglion. The cerebral
ganglia are immediately connected to the pleural ganglia by
a pair of short cerebropleural connectives. The pleural gan-
glia are ovoid in shape and each emits two major nerves away
from the cerebral ganglia (in addition to the connectives to
the cerebral and pedal ganglia). The first pair are nerves that
emerge from the dorsal part of the pleural ganglia, but turn
to form branching nerves that innervate the mantle tissue at
the ventral aperture of the shell and surround the muscular
foot stalk (Lacaze-Duthiers 1856). The paired pleuro-visceral
connectives emerge from the same point at the posterior of
the pleural ganglia and extend posteriorly to connect to the
visceral ganglia located lateral to the anus (Fischer-Piette and
Franc 1969).

The two visceral ganglia are triangular in shape, with each
corner emitting a major nerve (Lacaze-Duthiers 1856). One of
these is the pleuro-visceral connective, but they are also intercon-
nected by a commissure ventral to the anus, and each ganglion
emits a long visceral nerve that runs along the remaining length
of the body, finally ending in a swelling at the anterior side of the
apical pavilion. A nerve ring at the posterior edge of the animal
runs around the pavilion (Wanninger and Haszprunar 2003).

Sensory organs

Although there was one osphradium candidate proposed,
based on a misinterpretation (Distaso 1905), scaphopods are
widely agreed to lack any osphradium (Haszprunar 1987b,
Reynolds 2002).

Scaphopods have large numbers of long, slender, specialized
‘tentaculiform filaments’ (Fol 1885) called captacula, which orig-
inate from two bands of tissue between the foot and the mantle
(Fig. 18.7). These are primarily used for feeding, either passing
particulate matter along ciliary bands or contracting to move it
directly to the mouth, but they also have apparent tactile sen-
sory capabilities (Gainey 1972, Lacaze-Duthiers 1856). A cap-
taculum is divided into a long fine filament and a distal bulbous
head, which has an alveolus or groove in the ventral face (Byrum
and Ruppert 1994). This alveolus is thought to be the sensory
component, and it and the rest of the head are covered in long
cilia (Shimek 1988). The ciliation varies taxonomically, with
arrangements ranging from cilia along the full length of the fila-
ment, intermittent ciliary tufts, or lacking cilia on the filament
completely (Shimek 1988). Longitudinal muscle fibres surround
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Fig. 18.7. Scaphopoda: The bulbs of captacula, specialized sensory ten-
tacles of scaphopods. Clockwise: Top left, SEM image of Pulsellum salisho-
rum (Gadilida) reproduced from Shimek (1988), scale bar 10 um. Right,
confocal image of FMRFamide-like immunoreactivity indicating loca-
tions of nerves in a captaculum in Antalis entails (Dentaliida), reproduced
from Faller et al. (2012), with kind permission from Springer Science and
Business Media. Scale bars 20 pm. Bottom left, TEM image of captacu-
lar head (sagittal section, including region distal of ganglion) in Graptacme
calamus (Dentaliida) reproduced from Byrum and Ruppert (1994) with the
permission of John Wiley and Sons.

a single nerve through the filament, which terminates in a captac-
ular ganglion in the head of the captaculum, beneath the alveolus
(Fig. 18.7). This ganglion emits several smaller nerves to the other
side of the captaculum head (Faller et al. 2012, Fischer-Piette and
Franc 1969). Beneath the ganglion and above the ganglionic cell
bodies is a pair of large glandular cells. Two rows of glandular cells
are also found beneath this, in the beginning of the captacular
filament, with ducts exposed to the alveolus (Gainey 1972).

Mantle tissue lines the ventral (larger) and dorsal (narrow apex)
openings of the shell. At the ventral (pedal) mantle cavity opening,
a broad collar of tissue surrounds the foot and closes the aperture
when the animal retracts fully into its shell. The outer margin of
this tissue is sensory epithelium. Two main receptor cell types are
found in the ventral mantle margin in Dentaliida: cylindrical swol-
len nerve processes reaching the epithelial surface and bearing up
to 25 sensory cilia, and collar receptors with one cilium at the cen-
tre of a ring of microvilli (Steiner 1991). The relative abundance
of these two cell types varies in different species, with the former
being most common in Antalis sp. and the latter in Fustiaria sp.
(Steiner 1991). In Cadulus subfusiformis, Entalina, and Pulsellum
spp- (Gadilida), the primary receptors in the anterior mantle edge
are located in papillae, which contain one or two ciliated neural
processes with a basally located soma, and collar receptors are also
found in C. subfisiformis (Reynolds 2002, Steiner 1991).

The dorsal mantle edge (the ‘pavilion’) is innervated by two
fine nerves stemming originally from the visceral ganglia (Steiner
1991). In Rhabdus rectius the tissue of the pavilion contains three
types of ciliary cells, located at the outer side, which appear to
act as receptors (Reynolds 1992, Steiner 1991). There are also
ciliated nerve process-type receptors found associated with the
ciliary organ at the dorsal edge of members of Gadilida; however
the ciliary organ itself is not considered likely to perform a sen-
sory function (Steiner 1991).

A subradular organ is present as a specialized patch of sensory
epithelium found in a furrow in a fold of the pharynx. This fur-
row contains both sensory and supporting cells, as well as several
nerve cells projecting back to the buccal nerves (Fischer-Piette
and Franc 1969). The subradular organ is thought to be gus-
tatory, and Shimek and Steiner (1997) report the rejection of
potential food items after contact with the mouth.

The statocysts are located immediately posterior to the
pedal ganglia and innervated by the cerebro-pedal connective.
They are almost spherical and contain many smaller statoliths
(Lacaze-Duthiers 1856). The structure of the statoliths may
differ between the two orders of scaphopod; in Antalis entalis
(Dentaliida) the statocysts can be clearly identified using DAPI
nuclear labelling, but in the Entalina quinquangularis (Gadilida)
they are not easily visible (Faller et al. 2012).

Larval development

Scaphopods progress through a lecithotrophic veliger larva
with a cap-like protoconch or larval shell (Buckland-Nicks
et al. 2002). The apical organ is evident at hatching (in
Antalis entalis) and the apical cells have long, fine cilia before
the prototroch cilia are visible. Development of the nervous
system is initiated by the appearance of two, and later four,
serotonergic cells in the apical organ at around 42 hours post
fertilization, shortly followed by a pair of lateral nerve cells
(Wanninger and Haszprunar 2003). The somata of these six
cells migrate to beneath the prototroch, prior to metamor-
phosis when the apical organ is lost. By this time, the begin-
nings of the adult nervous system are already present at the
position where the four apical cells were fused. Captacula
are strictly post-metamorphic, with the paired anlage of the
developing captacula immediately appearing following meta-
morphosis (Wanninger and Haszprunar 2001). Around two
days after metamorphosis, the buccal, lateral, and pedal nerves
and ganglia are visible, and the visceral nerves have formed.
Further development and ganglionization of the cerebral and
pedal systems takes place in metamorphosed juveniles for at
least two weeks post metamorphosis, but the essential struc-
ture of the nervous system is already in place in late larvae

(Wanninger and Haszprunar 2003).

Observations

In total, anatomical studies of at least twenty species have con-
tributed to our knowledge of the scaphopod nervous system
(many early authors neglected to explicitly document species
names of the specimens they described). Of these, seven are
members of Gadilida, though in the majority of these cases the
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descriptions have focused on a specific aspect (usually captacula)
or have lacked histological detail. We believe this order, and
its many differences from Dentaliida, remains largely under-
studied. Aside from the work of Wanninger and Haszprunar
(2003), there is also little known about the development of the
nervous system, and again this study only includes a dentaliid,
Antalis entalis.

The first observations of the scaphopod nervous system were
made by Deshayes (1825), though a more detailed description
including histological observations was made later by Lacaze-
Duthiers (1856). Captacula have become a research focus, with
several studies examining their microanatomy (Byrum and
Ruppert 1994, Faller et al. 2012, Shimek 1988). The work of
Faller et al. (2012), visualizing the central nervous system of a
gadilid and a dentaliid scaphopod by immunohistochemistry,
has also provided new insight into the structure of the cere-
bral ganglia in particular and highlighted taxonomic differences
between the two orders.

SOLENOGASTRES

Solenogastres (also called Neomeniomorpha, or neomenioids) is
a class of vermiform molluscs that were once combined with
Caudofoveata in a single taxon, Aplacophora. There are over
250 living species of solenogasters, with 73 valid novel species
described in a single modern monograph (Salvini-Plawen 1978)
and many more described since then. The foot is present as a
narrow strip in a longitudinal groove, which begins anteriorly as
a pedal pit and continues ventrally along the length of the ani-
mal. Anterior to the mouth is a unique sensory atrial organ (or
vestibulum, as it is called by some authors). The mantle cavity
is small and located at the posterior end of the animal; there are
no ctenidia but the mantle cavity may have supplementary res-
piratory structures and bears the copulatory organ. Solenogasters
are hermaphroditic and use internal fertilization (Salvini-Plawen
1985, Buckland-Nicks et al. 2002, Todt and Wanninger 2010).
The whole body is covered in a chitinous cuticle in which a
carpet of spicules is embedded. Solenogasters are gliding ani-
mals that travel along the surface of the substracum, through
the top layers of sandy sediments or climbing on their primary
food animals, colonial cnidarians. They inhabit marine environ-
ments at wide-ranging depths, from the sublittoral (around 30
m) to abyssal trenches. The animals range in size from less than
1 mm to around 30 cm long. There is a substantial literature
concerning the anatomy of solenogasters, which has contributed
to the descriptions given below, and many of these papers have
been synthesized by comprehensive reviews (e.g. Salvini-Plawen

1985, Scheltema et al. 1994).

Nervous system architecture

Solenogasters exhibit the essential features of a molluscan nervous
system; a circumoesophageal nerve ring is formed by the connec-
tions of the cerebral and pedal ganglia, which emit the medullary
lateral and the ventral nerve cords respectively (Hubrecht 1881).
The lateral nerve cords supply the lateral and dorsal regions of
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the body wall, as well as the midgut, circulatory system, mantle
cavity, and reproductive system. The ventral nerves innervate the
ventrolateral regions either side of the pedal groove.

The cerebral ganglia are present in one whole as two large
fused hemiganglia. This structure is often kidney shaped, being
thicker at the lateral edges than in the middle. In some species,
such as Wirenia argentea, there is a slightly bilobed aspect to
the posterior part of the ganglion, which is lacking in others
(Heath 1911, Salvini-Plawen 1997, Todt et al. 2008). At the
anterior side of the cerebral ganglion are three or more pairs of
frontal swellings, sometimes called precerebral ganglia, though
not strictly ganglionic in nature (see Richter et al. 2010). These
innervate the atrial sense organ and the oral region. The cerebral
ganglia also emit two buccal nerves, which originate between
the cerebrolateral and the cerebropedal connectives, each end-
ing in a buccal ganglion which is embedded within the gut wall
beside or anterior to the radula (Heath 1911). These innervate
the mouth and radular regions. The buccal ganglia themselves
are connected by a buccal commissure. In some species there
are up to three such commissures, the anteriormost of which is
ventral to the pharynx and may bear small clusters of cell bod-
ies, potentially interpreted as subradular ganglia (Heath 1911,
Hyman 1967, Todt et al. 2008).

The cerebropedal connectives form the lateral parts of the cir-
cumoesophageal nerve ring, connecting the lateroventral parts
of the cerebral ganglion to the pedal ganglia. The ring is com-
pleted by the large commissure between the two pedal ganglia,
and in some species up to three of these commissures are present
(Salvini-Plawen 1985, Todt et al. 2008). The first pair of ven-
tral nerves emerges close to the cerebral ganglion and innervates
the (anterior) pedal pit and the pedal gland, and also branch
from the cerebral ganglion in the same region (Salvini-Plawen
1978, 1985, Todt et al. 2008). The pedal ganglia emit a pair of
slender nerves to the posterior part of the pedal pit, as well as
the ventral nerve cords, which travel through the ventrolateral
side of the body either side of the pedal groove (Heath 1911,
Todt et al. 2008). The two ventral nerve cords are joined at regu-
lar intervals by pedal commissures throughout the length of the
body, with slight swellings of the cords where these commissures
originate (Salvini-Plawen 1981). The layer of cell bodies around
the central neuropil is thickened at these swellings, but as there
are somata present surrounding the medullary cords on either
side, these swellings are not classified as ganglia (Hubrecht 1881,
Richter et al. 2010, Todt et al. 2008). Anti-serotonin staining
shows that the neuropil of each ventral nerve cord is split into
two separate fibres anteriorly, and into four posteriorly in W/
argentea (Todt et al. 2008). In some species, the ventral nerve
cords narrow and taper off towards the posterior part of the
pedal groove; in others they form several large lateroventral con-
nectives at the posterior extreme, and in some cases the ends
of the two ventral nerve cords are connected by a large ventral
commissure (Heath 1911).

The lateral nerve cords originate in a lateral swelling of the
cerebral ganglion. This is sometimes called the lateral or pleu-
ral ganglion, but as it blends directly into the lateral nerve
cord it cannot be called a true ganglion (Heath 1911, Hyman
1967). The first lateroventral connective runs between this
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lateral swelling and the pedal ganglion (in Wirenia argentea) or
the second to fifth ventral cord swellings, and the last connects
the posterior lateral cord to the final ventral swelling (Salvini-
Plawen 1985, Todt et al. 2008). These often emit smaller nerves
which innervate the lateral body wall. In W/ argentea, Todt et al.
(2008) reported that the posteriormost lateral swelling emitted
two lateroventral connectives, of which one curves round to fuse
medially to the ventral nerve cord. At the posterior end, the two
lateral nerve cords are joined by a suprarectal commissure which
runs dorsal to the rectum and sometimes carries a large ovoid

swelling (Hubrecht 1881, Pelseneer 1906).

Sensory systems

The atrial or pre-oral sense organ is a large sensory pad anter-
ior to the mouth and is bordered by a horseshoe-shaped ciliary
tract/band. It is innervated by the frontal swellings of the cere-
bral ganglion, and frontal nerves from the pleural ganglia. In
most species it is withdrawn into the anterior part of the buc-
cal cavity and extended hydrostatically when needed (Salvini-
Plawen 1985). The pad is roundly heart-shaped, the point being
at the anterior, and—in some cases with a fused atrio-buccal
cavity—connected to the mouth opening at the centre of the
posterior wider edge. It is bordered by a band of cilia and irregu-
larly placed setae, extending laterally from the edges of the pad,
which are likely mechanosensory (Salvini-Plawen 1985). The
central region of the pad is horseshoe shaped with its curve
toward the anterior, and bends with its lateral limbs dorsally
uniting at the roof of the cavity. The whole structure is covered
in sensory papillae (cirri) in most species, which may be single or
branching. Surrounding these is an epithelium with only a thin
cuticle and possibly bearing microvilli (Salvini-Plawen 1985).
The basal edge of the atrial sense organ is connected to a dense
nerve network stemming from the frontal swellings and cerebral
ganglia themselves (Todt and Salvini-Plawen 2004). The pedal
commissure sac is a large, round structure found beneath and
between the pedal ganglia in some species. It contains a liquid
and six to ten free-floating cells which each bear a vacuole with a
single central granule (Haszprunar 1986, Todt et al. 2008). The
pedal commissure sac has been suggested to be a static sensory
organ due to its innervation by the pedal ganglia. Thick nerves
from these ganglia branch and penetrate the thick basal lamina
and epithelial cells of the envelope (Haszprunar 1986). The pres-
ence of calcareous bodies in the lumen of the sac in Gymnomenia
suggests a statolith-type movement sensor (Haszprunar 1986,
Scheltema 1981).

The dorsoterminal sense organ is found invariably at the cau-
dal end of the animal. Its structure varies considerably in dif-
ferent taxa. For example in Wirenia argentea, the dorsoterminal
organ is a retractable sensory knob innervated by the lateral
nerve cord posterior swellings (Todt et al. 2008), or from the
suprarectal commissure (e.g. Salvini-Plawen 1978). The outside
edge of the knob is covered by a thin cuticle and a concentric
array of scales, which cover the knob when it is retracted. The
central zone is not covered by cuticle but has a thick microvillous
border, formed by supporting cells with pigment granules and
oval nuclei (Haszprunar 1987a). Between these supporting cells,

cellular processes from sensory cells with basal somata project
towards the surface of the epithelium, often bearing between one
and three cilia. Axonal processes of these sensory cells connect
to the dorsoterminal nerves. Conversely, in Neomenia carinata
the dorsoterminal organ is a sensory groove containing a short
central ridge which separates it into two shallow clefts, often
found on the ventral side of the animal (Haszprunar 1987a).
The cells in these clefts bear short-rooted cilia and are in con-
tact with nerves from the suprarectal commissure, so they are
considered to be sensory. The cells lining the groove on either
side are microvillous and have no cuticular covering, unlike the
surrounding epithelium (Haszprunar 1987a). Additionally some
species, such as Thieleherpia thulensis, have been found to pos-
sess a second dorsoterminal sense organ at the rear of the body
(Salvini-Plawen 2003). Its dual innervation has led to the sug-
gestion that the dorsoterminal sense organ arose from the fusion
of two paired sense organs (Salvini-Plawen 1978).

Larval development

Solenogaster trocophore larvae disperse and metamorphose to
the adult form on settlement to the benthos. The apical tuft is
a larval sensory organ which comprises four apical cells which
carry sensory flagella. These are incorporated into the test as
the larva develops and approaches metamorphosis, and do not
appear to contribute to the development of the adult nervous
system (Baba 1940, Hadfield 1979). Instead, test cells beneath
two depressions in the pretrochal region proliferate inwards and
eventually form the basis for the cerebral ganglia (Fig. 18.7),
which fuse later in development, as well as other components of
the central nervous system (Buckland-Nicks et al. 2002, Okusu
2002). The pedal ganglia also appear around the same time
(around three days post fertilization) in Epimenia babai, but
their development has not been directly observed (Okusu 2002).
In Rhopalomenia aglaopheniae and Nematomenia banyulensis, the
pedal ganglia arise from further cell proliferation in the cerebral
ganglia, but in Neomenia carinata they form in the same way as
the cerebral ganglia, from the invagination of test cell depres-
sions (Okusu 2002, Todt and Wanninger 2010; Fig. 18.8).

Observations

To date, neuroanatomical data have been gathered from around
25 different species from 18 (of 89 valid) genera. Heath (1911)
was one of the first authors to provide a description of the
neuroanatomy in Solenogastres. The work of Salvini-Plawen
(e.g. 1985) expanded upon Heath’s descriptions and gave more
histological detail. The first studies to apply immunohistochem-
istry to the study of nervous systems have helped to characterise
the anatomical distribution of different neural elements (Faller
et al. 2012, Todt et al. 2008).

The fact that the dorsoterminal sense organs vary in their
position, innervation, and structure both within and between
classes suggests that these posterior sense organs (sezsu Lindberg
and Sigwart 2015) are not homologous with the osphradium
of other molluscan groups, although this has been proposed by
several authors (Haszprunar 1987a, Salvini-Plawen 1981).
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Fig. 18.8.
babai in ventral view, showing the paired ectodermal cerebral depressions
(CD) where the cerebral ganglia begin to form, scale bar 50 pm. Figure 14a
from Okusu (2002). Reprinted with permission from the Marine Biological
Laboratory, Woods Hole, MA.

Solenogastres: A one-day-old trochophore larva of Epimenia

CONCLUSIONS

The osphradium, a putatively chemosensory organ found in
some gastropods and bivalves, has been suggested as a synapo-
morphy of Mollusca, but there is very limited evidence for the
homology of various structures called the osphradium (Sigwart
et al. 2014). Lindberg and Sigwart (2015) distinguished two
types of pigmented epithelial sensory structures, the osphra-
dium sensu stricto as distinct from ‘posterior sense organs’ in
several classes. In Caudofoveata and Solenogastres, the dorsoter-
minal sense organ has been called an osphradium (Haszprunar
1987a), though the structures in both classes differ from each
other, and the ultrastructure as well as the position is consid-
erably divergent from proposed osphradia in other groups.
Monoplacophorans and scaphopods lack an osphradium, and
the osphradium identified in some derived species of chitons are
also not homologous to other molluscan osphradia (Lindberg
and Sigwart 2015).

The perception of several of these groups as primitive, or
at least morphologically homogenous, within their respective
classes, has perhaps limited the interest in comparative exami-
nations of the neuroanatomical and sensory diversity within
each taxon. The studies of different classes have been driven
mainly by specialists in a particular taxon, and have a varying
emphasis in each group. There are still gaps where future work
can determine variability within and among living groups
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(e.g. Gadilida is almost totally unrepresented within scapho-
pods). Much work on the Monoplacophora has focused on
its putatively basal position within molluscan phylogeny and
on comparisons to Polyplacophora and to patellomorph lim-
pets. The monoplacophoran living species clearly demonstrate
a significant degree of neuroanatomical diversity. It is inter-
esting to speculate that the relatively enlarged buccal gan-
glia and pedal ganglia, features of Neopilina and Micropilina
spp- (Fig. 18.4), perhaps not coincidentally unite taxa that
are recovered as sistergroups in molecular phylogeny (Stoger
et al. 2013).

Neuroanatomy has been crucial to the study of molluscs.
Indeed, both aplacophoran classes as well as scaphopods were
historically considered to be worms, but the organization of
their nervous systems helped early comparative anatomists rec-
ognize these animals as molluscs (Deshayes 1825). Now, after
nearly two centuries of study on molluscan nervous systems,
novel imaging techniques, including tomographic reconstruc-
tion and immunohistochemistry, have opened new frontiers of
research. Knowledge of these five diverse and interesting clades is
a strong platform for more detailed studies and for the applica-
tion of a neurophylogenetic approach to questions in molluscan
evolution.
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