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Evolutionary and Structural Diversification of the
Larval Nervous System Among Marine Bryozoans
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Abstract. Regardless of the morphological divergence
among larval forms of marine bryozoans, the larval nervous
system and its major effector organs (musculature and cil-
iary fields) are largely molded on the basis of functional
demands of feeding, ciliary propulsion, phototactic behav-
iors, and substrate exploration. Previously published ultra-
structural information and immunohistochemical recon-
structions presented here indicate that neuronal pathways
are largely ipsilateral, with more complex synaptic connec-
tions localized within the nerve nodule. Multiciliated sen-
sory-motor neurons diversify structurally and functionally
on the basis of their position along the axis of swimming
largely due to the functional demands of photoklinotaxis
and substrate exploration. Vesiculariform, buguliform, and
ascophoran coronate larvae all have patches of sensory
neurons bordering the pyriform organ’s ciliated groove
(juxtapapillary cells and border cells) that are active during
substrate selection. Despite their simplified form, cyclo-
stome larvae maintain swimming and probing behaviors
with sensory-motor systems functionally similar to those of
some parenchymella and planula larval types. Considering
the evolutionary relationships among the morphological
grades of marine bryozoans, particular lineages within the
gymnolaemates have independently evolved larval traits
that convey a greater range of sensory abilities and in-
creased propulsive capacity. The larval nervous system of
bryozoans may be evolutionarily derived from the pretro-
chal region of a trochophore-like larval form.

Introduction

Descriptive studies of the larval nervous systems of ma-
rine invertebrates have yielded crucial insights into the
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development (Bishop and Burke, 2007), function (Kempf
and Page, 2005), and evolution of metazoan life histories
(Strathmann, 1993). Recent developments in ubiquitous
probes, confocal microscopy techniques, and three-dimen-
sional image analyses have resulted in what has been called
a new “golden age of morphology” (Harrison, 2002). Be-
yond the increased cytological detail provided by these
techniques, functional inferences based on the details of
neuronal connections and pathways have greatly improved
our understanding of the stimuli received by larval sensory
structures and their control over effector organs (Braubach
et al., 2006). Regardless of the divergent morphologies
observed between feeding and nonfeeding larval forms,
many marine invertebrate larval types are subject to con-
vergent selective pressures due to the functional constraints
of swimming in the plankton (Chia et al, 1984; Emlet,
1994), responding to external stimuli during active settle-
ment behaviors before metamorphosis (Santagata, 2004a),
and the remodeling of larval tissues during metamorphosis
(Santagata, 2002; Heyland and Moroz, 2006).

Among metazoans with true nervous systems, phyla
within the ecdysozoan and deuterostome lineages
(Halanych, 2004) are more similar in their larval and juve-
nile anatomies than those present among phyla of the Lo-
photrochozoa. The more divergent morphologies present
within the Lophotrochozoa confound traditional evolution-
ary interpretations of many larval and adult characters,
especially with regard to the “lophophorates.” More recent
studies on the development and larval anatomy of phoronids
and brachiopods have expanded our understanding of their
evolutionary affinities (Santagata and Zimmer, 2002; San-
tagata, 2004b; Cohen and Weydmann, 2005). However,
often left anatomically and phylogenetically orphaned by
these reports, are the bryozoans.

Most extant morphological grades of bryozoans have
fossil records that can be definitively traced back to the
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Ordovician, but it is likely that unmineralized bryozoans
originated in the Cambrian or earlier with other metazoan
phyla (Valentine, 2004; Cartwright and Collins, 2007). Cur-
rent morphological and molecular phylogenetic evidence
resolves the bryozoans within the Lophotrochozoa and sug-
gests that the suite of larval and adult colonial traits ex-
pressed by basal ctenostome (uncalcified) bryozoans repre-
sents the pleisiomorphic condition for the phylum (Dick ez
al., 2000; Todd, 2000; Waeshenbach er al, 2006). Recent
efforts to broaden the taxonomic scope of knowledge con-
cerning bryozoan larval morphologies have revealed that
the structural and functional diversity in the main propulsive
ciliary fields and musculature is much greater within non-
feeding ctenostome larval types than in other grades of
bryozoans (Santagata, 2008). Much of this structural varia-
tion is linked to the musculature involved with tissue rear-
rangements at metamorphosis and to maximizing the sur-
face area of ciliary fields used for propulsion.

It remains unknown to what extent these anatomical
trends are reflected in the larval nervous system of bryozo-
ans and what functional and evolutionary inferences can be
drawn from a taxonomically broad study. Previous investi-
gations have primarily depended upon ultrastructural meth-
ods, and although these studies have provided a wealth of
detailed cytological information on particular species
(Reed, 1988; Reed et al, 1988; Zimmer and Woollacott,
1989a, b; Zimmer and Woollacott, 1993), the integration
among sensory structures (apical organ, pyriform organ, and
intercoronal cells) and their effector organs (propulsive cil-
iary fields and musculature) of the entire neuromuscular
system is not well understood. Perhaps the most significant
problem has been the mapping of all neuronal cell types
within the nervous system and reconstructing the pathways
of sensory/motor fibers in three dimensions. Much of the
diversity in ciliary fields has been reviewed (Reed et al.,
1988; Reed, 1991; Santagata, 2008), but in general, sensory
types are classified by the morphology of their multiciliated
tufts and position relative to the main propulsive ciliary
fields—the coronal cells and oral ciliated cells. According to
this classification scheme, sensory structures are found in
three general regions of the larval surface: (1) within a band
of oligociliated cells called the supracoronal cells that are
positioned aborally to the coronal cells and bordered by the
pallial epithelium, (2) between adjacent coronal cells are the
intercoronal cells, and (3) within an unciliated (and often
undifferentiated) band of cells called the infracoronal cells
that are oral to the coronal cells. The classification of
sensory cell types is somewhat unclear within particular
lineages in which the typical cellular characteristics of the
coronal cells have been lost (see Santagata, 2008), and also
when any of the previously mentioned cellular bands are
either expanded or reduced. In these cases, a comparative
study on more closely related species often provides insight
into the derivation of ciliary fields and sensory cell types.

The purpose of this study was to compile a broad taxo-
nomic review of bryozoan larval nervous systems that in-
tegrates previous ultrastructural studies with recent immu-
nohistochemical evidence. In addition to this previous work,
new data were gathered using an antibody that labeled all
ciliated and neuronal cell types (acetylated a-tubulin) as
well as another established probe for an evolutionarily con-
served neurotransmitter (serotonin). Other ubiquitous
probes that aid in determining general larval anatomy (phal-
loidin for fibrous actin and propidium iodide for nucleic
acids) were used as counterstains, allowing for the definitive
classification of neuronal cell bodies, axons, and nerves
versus neuronal varicosities and muscle fibers. Three-di-
mensional reconstructions of labeled tissues were achieved
with laser confocal microscopy and several image-analysis
software packages. These methods were used to reevaluate
previously described species as well as several additional
species for which there are few published accounts of larval
morphology.

Bryozoan larvae provide a unique opportunity to study
the functional and evolutionary implications of neuromus-
cular variability among the morphologically diverse array of
phyla included within the Lophotrochozoa. Here, I demon-
strate that regardless of the morphological divergence that is
found in the gross larval anatomy among marine bryozoans,
the larval nervous system and its major effector organs are
largely molded on the basis of the functional demands of
feeding, ciliary propulsion, phototactic behaviors, and sub-
strate exploration. Considering the evolutionary relation-
ships among the morphological grades of marine bryozoans,
lineages within the ctenostomes and cheilostomes are inde-
pendently evolving larval traits that convey a greater range
of sensory abilities and increased propulsive capacity (San-
tagata, 2008). The shared absence of specific neuromuscular
structures in several lineages is likely the result of conver-
gent evolutionary loss. Despite the differences in sense
organs and neuromuscular systems between bryozoans and
trochozoans, the collection of larval traits expressed by
bryozoans probably evolved from a trochophore-like ances-
tor and is more similar to those of other lophotrochozoan
larval types than to those of ecdysozoans or deuterostomes.

Materials and Methods
Collection of animals

Adult colonies of Crisia elongata Milne-Edwards 1838,
Nolella stipata Gosse 1855, Amathia vidovici (Heller) 1867,
Bowerbankia maxima (Winston, 1982), Bugula stolonifera
Ryland 1960, Bugula neritina (Linnaeus) 1758, Cellepo-
raria sherryae Winston 2005, and Schizoporella floridana
Osburn 1914 were repeatedly collected between 2002 and
2004 within the Indian River Lagoon, and Aeverrillia seti-
gera (Hinks) 1887 was collected at Sea Horse Key, Florida.
Colonies were identified and kept in a dark incubator at
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23 °C and aerated for a few days at the Smithsonian Marine
Station, Fort Pierce, Florida. These colonies were then ex-
posed to light and released their brooded, competent larvae.
Competent larval stages of Membranipora membranacea
Linnaeus 1767 were collected from the plankton near the
dock at Friday Harbor Laboratories, Friday Harbor, Wash-
ington, during April 2005.

Microscopy

Light micrographs of live larvae crawling on glass slides
were taken with a Leica DMLB microscope using a polar-
izing filter and a Nikon Coolpix 995 camera. For staining of
neurons and cilia, larvae were anesthetized in a 2:1 mixture
of filtered seawater and 7.5% magnesium chloride for 20
min prior to fixation. Specimens were fixed overnight at 4
°C in a 4% paraformaldehyde solution in 0.1 mol 17!
Sorenson’s phosphate buffer (pH = 7.4). Larvae were re-
moved from this solution, and larval tissues were perme-
abilized with 0.1 mol 17" Sorenson’s phosphate buffer and
0.1% —0.3% Triton-X detergent for 24 h at 4 °C before
proceeding with the staining protocol. All further steps were
carried out on a rotary shaker table. The immunohistochem-
istry protocol followed Santagata (2002). Nonspecific sites
were blocked with 3% normal goat serum (S-1000, Vector
Laboratories, Burlingame, CA) in PTA solution (GS-PTA)
for 24 h at 4 °C. The primary antibody (anti-acetylated
a-tubulin, T-6793, Sigma-Aldrich, St. Louis, MO) was di-
luted 1:500 with 3% GS-PTA and incubated with the larvae
for 48 h at 4 °C. Experiments with rabbit anti-serotonin
(Diasorin, Stillwater, MN) followed the same procedure.
The fixed larvae were exposed to both of the previous
antibodies at the same time for dual labeling. Specimens
were washed (three times) in PTA for a total of 24 h. Larvae
were exposed to the secondary antibody, goat anti-mouse
AlexaFluor 488 or 568 immunoglobin (A21121 or A21124,
Invitrogen-Molecular Probes, Eugene, OR), at a dilution of
1:50 for 24 h. Specimens were then counterstained for either
fibrous actin or nucleic acids. Fibrous actin was stained with
a 1:20 dilution of AlexaFluor 488 phalloidin (A12379,
Invitrogen-Molecular Probes) for 1 h. Nucleic acids were
stained with a 1:500 dilution of propidium iodide for 1015
min (P-1304, Invitrogen-Molecular Probes). Negative con-
trols were produced by deleting the primary antibody.
Stained larvae were adhered to clean glass slides coated
with a poly-L-lysine solution (1:10 dilution, 25988-63-0,
Sigma-Aldrich) and put through an alcohol dehydration
series using 2-propanol within 4 min. Finally, larvae were
cleared in Murray Clear solution (benzyl benzoate: benzyl
alcohol 2:1) for 2 min and mounted in the same solution.
Slides were kept in the dark at 4 °C until viewed with a
BioRad Radiance 2100 laser confocal system and a Nikon
E800 microscope. Individual laser lines were adjusted for
each stain, and z-series were gathered in 1-um sections.

Volume renderings, surface renderings, and depth-coded
z-projections were made with Voxx version 2 (Indiana
University School of Medicine), Image J software version
1.34 (Wayne Rasband, NIH), and LSM image browser
(Leica).

Specimens for scanning electron microscopy (SEM) were
prepared according to the methods of Reed er al. (1988).
Fixed specimens for SEM were mounted on stubs with
double-stick tape, then critical-point-dried and sputter-
coated with gold-palladium. Larvae were examined with a
JEOL JSM 6400V, and digital images were saved directly
as TIFF files.

Results

Current higher systematic groupings for bryozoans above
the level of genus are often different depending on the
author. This is particularly true of the ctenostome bryozoans
(Jebram, 1992; Todd, 2000). What have traditionally been
referred to as the carnose and stoloniferous ctenostome
bryozoans may not be natural groupings, and the organiza-
tion of families within superfamily assemblages often de-
pends on the interpretation given to a few zooidal charac-
ters. For the reasons discussed in Santagata (2008), I will
retain Nolella stipata under the superfamily Victorelloidea.
Since many structures and cell types for bryozoan larvae
have been originally described from cheilostome bryozoans,
it is simplest to begin with these forms. Where information
on larval anatomy was published previously for some spe-
cies (such as Membranipora, Bugula, and Amathia), details
of ciliated cell types are reviewed briefly. However, since
many of the names of the cell types within bryozoan larvae
depend on the arrangement of the large ciliated cells respon-
sible for propulsion (coronal and oral ciliated cells), it
becomes difficult to classify intercoronal neurons when the
characteristics of the coronal cells have been modified or are
lacking in certain genera such as Nolella or Crisia (see
Santagata, 2008). Therefore, for neuronal cell types in these
cases, | have used more generalized terminology based on
the morphology of ciliary fields present in each species.

Class Gymnolaemata: Order Cheilostomatida

Membranipora membranacea (Superfamily
Membraniporoidea): Feeding Cyphonautes Larva

Late-stage larvae of Membranipora membranacea are
similar in shape to a blunt-ended triangle covered in a
bivalved shell and are commonly referred to as a cypho-
nautes larva (Fig. 1A). The coronal cells (C; Fig. 1A) are
restricted to a narrow band of numerous ciliated cells at the
oral (aft) end of the larva. Anatomical features unique to
feeding bryozoan larvae are the ciliated ridges (CS; Fig. 1A)
and other ciliated cells of the vestibule that bring food
particles to the mouth and gut. Larval structures present in
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M. membranacea that are also found in nonfeeding forms
include the pyriform organ, internal sac, and apical disc
(PO, IS, and AD, respectively, Fig. 1A).

Acetylated a-tubulin labels all ciliated cells, including
the sensory and other neuronal cell types of the nervous
system. The nervous system is obscured somewhat within
this feeding larval form due to heavily ciliated feeding and
locomotory structures such as the ciliated ridges, ciliated
cells of the pyriform organ, and coronal cells. Despite the
staining of cilia, the paired nerve tracts underlying the
ciliated ridges (CGN) and the coronal nerve ring (CN) are
apparent (Fig. 1B). Neuronal cell types within the apical
disc are clearly visible, as are the paraxial nerve cords (AN)
that merge with the nerve nodule (NN) near the pyriform
organ (Fig. 1B). All sensory cell types and neuronal cell
bodies in the apical disc (AD) are labeled by acetylated
a-tubulin (Fig. 1C). Discriminating between cells of the
ciliated ray (CR) and neural plate (NP) was determined by
their relative position within the apical disc and the mor-
phology of their nuclei (Fig. 1D, E; also see Appendix Fig.
1A, B). The fiber projections of these cell types converge
beneath the center of the apical disc without any distinct
(pyramidal) neuropil-like structure, instead merging into the
two paraxial nerve cords. Specimens dual-labeled for both
acetylated o-tubulin and fibrous actin show that numerous
projections from both the apical disc retractor and posterior
medial muscle make contact with the base of neuronal cell
bodies in the apical disc (see Appendix Fig. 1A). Of all the
neuronal cell bodies in the apical disc, only two are labeled
by serotonin (Fig. 1F). A single axonal fiber projects orally
from each serotonergic cell into the paraxial nerve cords.
These fibers meet in the nerve nodule (SC, AN, and NN;
Fig. 1F, G), after which their individual innervation patterns

cannot be followed. Serotonergic nerve fibers are found
distal to the nerve nodule within the median nerve cord and
the coronal nerve ring (MN and CN; Fig. 1G). Positioned
between coronal cells are small ciliated neuronal cells (in-
tercoronal cells) that connect with the coronal nerve ring
(IC; Fig. 1H).

Celleporaria sherryae (Superfamily Lepralielloidea):
Nonfeeding Coronate Larva

Similar to Membranipora larvae, the nonfeeding coronate
larvae of Celleporaria sherryae show acetylated a-tubulin
labeling in all neuronal and ciliated cell types. Within the
apical disc, the ciliated ray cells (CR) have single axonal
projections that make ipsilateral contact with the cell bodies
of the neural plate cells (NP; Fig. 2A). Paraxial nerve cords
merge with the nerve nodule near the pyriform complex
(Fig. 2A). Nerve cords (BCN; Fig. 2A) emanate from the
nerve nodule along left and right sides of the ciliated groove
where they connect with sensory neurons (border cells). The
coronal nerve ring (CN; Fig. 2A) was observed in only the
most oral third of the larval body where it meets the nerve
nodule on the anterior end of the oral groove. At least five
pairs (left and right) of sensory neurons (eyespots) have
ciliary tufts positioned aboral to the coronal nerve ring.
Their cell bodies (OIC; Fig. 2A) are located below the
coronal cell layer and send single axonal projections into the
nerve ring within which their paths can no longer be traced
(OIC; Fig. 2A). The apices of these neuronal cells are darkly
pigmented and the neuronal cells are very similar to the
intercoronal cell neurons positioned between adjacent coro-
nal cells (IC; Fig. 2B) and differ only in position on the
larval surface. Intercoronal cells are present between several

Figure 1. The nervous system of late-stage cyphonautes larvae of Membranipora membranacea. (A) Light
micrograph showing the main larval structures including the apical disc (AD), pyriform organ (PO), coronal cells
(C), ciliated ridges (CS), internal sac (IS), pallial epithelium (PE), and valve adductor muscle (VA). (B)
Late-stage larva labeled for acetylated a-tubulin, showing the neuronal cell bodies in the apical disc that merge
into the paraxial nerve cords (AN). These nerve cords meet near the pyriform organ at a mass of nerve fibers
called the nerve nodule (NN). Other main neuronal structures in this preparation are the coronal nerve ring (CN)
and the two nerves that underlie the ciliated ridges (CGN). The cilia of the coronal cells (CC) and other ciliated
cell types within the pyriform organ and vestibule are also labeled. (C) Volume projection of neuronal cell bodies
in the apical disc labeled with acetylated a-tubulin. (D) Sagittal z-projection of the neuronal cell bodies and
projections of the ciliated ray cells (CR) within the apical disc labeled with acetylated a-tubulin. Fibers from the
ciliated ray cells and neural plate cells merge centrally below the apical disc without forming a distinct neuropil
and merge into the paraxial nerve cords. (E) Sagittal z-projection of the apical disc labeled for nucleic acids with
propidium iodide, showing the different neuronal and undifferentiated cell types within the apical disc. The
nuclei of the ciliated ray cells (CR) are compact and uniform-staining; however, the central group of neural plate
cells (NP) has granular nuclei. Undifferentiated cells (UC) that contribute to the polypide at metamorphosis are
located around and below the apical disc. (F, lateral view) and (G, apical view): Late-stage larva labeled for
serotonin. Two serotonergic cell bodies (SC) are located within the apical disc and have fibers that are located
within the paraxial nerve cords. These nerve cords merge into a mass of neurites within the nerve nodule (NN).
Three main nerves connect with the nerve nodule—a median nerve (MN) that innervates a region near the
boundary of the coronal cells and the vibratile plume, two nerves that border the ciliated groove (BCN), and the
branches of the coronal nerve ring (CN). (H) Sagittal z-projection of coronal cell band, showing the small cell
bodies of the intercoronal cells (IC) within the coronal cell region labeled with acetylated a-tubulin.
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pairs of coronal cells (111, 112, 34, 516, 718, 10I11, and
13/14) within the plane of the coronal nerve ring (Fig. 2B).
As in Membranipora larvae, serotonin is mainly found
within the nerve nodule, coronal nerve ring, and paraxial
nerve cords (NN, CN, and AN, respectively; Appendix Fig.
1C). However, in this species serotonin is also found within
the neuronal fibers from the intercoronal eyespots (OIC;
Appendix Fig. 1C).

Schizoporella floridana (Superfamily Schizoporelloidea):
Nonfeeding Coronate Larva

In Schizoporella floridana larvae, the potential photosen-
sory neurons have more elaborate ciliary whorls (CW) than
those of Celleporaria larvae and are also surrounded by an
invaginated pigmented cup (PSC; Fig. 2C). The pigmented
cups of the two posterolateral ocelli are derived from the
surrounding supracoronal cell layer. Other sensory cell
types with modified ciliary tufts are the so-called balancer
cells (BR) that are positioned on right and left sides of the
larval body within the undifferentiated infracoronal cell
region (IFC; Fig. 2D). The bundles of cilia of the balancers
cells are much longer than the cilia of the surrounding
coronal and oral ciliated cells. Although balancer cells do
not bear compound cilia, their ciliary bundles do adhere to
one another and occasionally flick while the larva crawls
over a substrate.

In the process of clearing the tissue, some larval prepa-
rations lost all cilia except the ciliary whortls of the postero-
lateral ocelli and the tufts of two pairs of bilaterally sym-
metrical intercoronal cells (2|13 and 7I8; Fig. 2E). These
preparations allowed the full length of the coronal nerve
ring (CN) to be visualized, including the thin portion in the
posterior half of the larva where it connects with the nerve

fibers from the posterolateral ocelli (OSC; Fig. 2E). The thin
region of the coronal nerve ring is due to comparatively
fewer neuronal fibers in the posterior portion of the larva.
This is likely the result of all neuronal fibers from inter-
coronal cells and ocelli taking unidirectional paths toward
the nerve nodule. This species also has an ocellus positioned
between the first pair of coronal cells; unlike the previous
ocelli, however, its ciliary whortl points in the oral direction
(Fig. 2F). In the anterior half of the larva, the coronal nerve
ring receives neuronal inputs from the balancer neurons,
whose cell bodies are larger than those of the nearby inter-
coronal cells (BR and IC, respectively; Fig. 2F). As in
Celleporaria larvae, the fibers of the coronal nerve ring of
Schizoporella merge into the nerve nodule with fibers from
intercoronal cells positioned at 112 (BCN; Fig. 2F) and
many other neuronal fibers from sensory cells that border
the ciliated groove. There are also numerous neurites posi-
tioned around the superior glandular field and the vibratile
plume cells, but cell contacts between these surface cells
and neurites were not clear. Overall, better resolution of the
entire neuromuscular system is shown in dual-labeled spec-
imens for both acetylated a-tubulin and fibrous actin (Ap-
pendix Fig. 1D).

Bugula spp. (Superfamily Buguloidea): Nonfeeding
Buguliform Larvae

Despite the differences in the relative positions of the
apical disc and pyriform complex between buguliform lar-
vae and ascophoran coronate larvae, their nervous system
morphologies are more conserved. Buguliform larvae have
ocelli and the coronal nerve ring positioned equatorially;
similar to ascophoran coronate larvae, the intercoronal cell
patterns tend to be species-specific.

Figure 2. The nervous systems of the nonfeeding coronate larvae of Celleporaria sheriyae (A and B) and
Schizoporella floridana (C-F). (A) Frontal z-projection of the larva of C. sherryae labeled with acetylated
a-tubulin. The neural plate cells (NP) form left and right cell masses that are contacted by neurites from the
surrounding ciliated ray cells (CR). Each neuronal cell mass merges into a paraxial nerve cord (AN) that joins
with the nerve nodule on the oral side of the larva. Sensory neurons that border the ciliated groove (CG) have
neurites that merge into the border cell nerves (BCN) that also merge with the nerve nodule. The coronal nerve
ring (CN) receives neuronal fibers from sensory neurons located between coronal cells (OIC) at both antero-
lateral and posterolateral aboral regions of the larval surface. (B) Numerous intercoronal sensory neurons (IC)
with small ciliated tufts send neural fibers into the coronal nerve ring. (C) Scanning elecron micrograph of one
of the two posterolateral ocelli of S. floridana larvae with red pigmented cups composed of the surrounding
supracoronal cells (PSC). At the base of each cup is a sensory cell with an elaborate tightly coiled whorl of cilia
(CW). (D) Other modified multiciliated sensory cells that have longer fused cilia (balancer cells, BR) are found
in the undifferentiated infracoronal cell band (IFC). (E) Z-projection of a larva of S. floridana labeled for
acetylated «-tubulin in which most of the cilia except those of the posterolateral ocelli and two paired
intercoronal cells were sheared off during tissue clearing. This preparation shows the points where the neurites
of the posterolateral ocelli (OSC) and intercoronal cells with large ciliated tufts (ICW) merge with the coronal
nerve ring (CN). (F) Z-projection of the oral half of the larva labeled with acetylated a-tubulin, showing the
numerous nerve fibers that border the ciliated groove (BCN), the vibratile plume, and intercoronal cell 111 (IC
111). As also found in C. sherryae, numerous intercoronal cells with small ciliated tufts (IC) send fibers into the
coronal nerve ring (CN). The cell body of each of the posterolateral balancer cells (BR) also sends fibers into
the coronal nerve ring, which becomes thin in the posterior region of the larva around the internal sac (IS).
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The nervous system of both Bugula stolonifera and
Bugula neritina consists of ciliated ray cells, neural plate
cells, paraxial nerve cords, a nerve nodule, and a coronal
nerve ring (Fig. 3A, B). The coronal nerve ring (CN; Fig.
3A, B) receives axonal fibers from the sensory cells of the
intercoronal ocelli that are posterolateral in B. neritina and
both posterolateral and anterolateral in B. stolonifera (OIC;
Fig. 3A, B). Several other intercoronal cells are positioned
at the aboral and oral poles as well as equatorially on the
surface of the larvae. Wherever these sensory cell types
occur on the larval surface, their axonal fibers usually take
the shortest path to the coronal nerve ring. Consistent with

Figure 3. The nervous systems of the nonfeeding buguliform larvae of
Bugula stolonifera (A) and Bugula neritina (B) labeled with acetylated
a-tubulin. Although obscured by the heavily ciliated coronal cells, inter-
coronal cells similar in position to those of other coronate larval forms are
present in both species (see Santagata and Zimmer, 2000; Santagata, 2008).
(A) Z-projection of internal frontal sections, showing the paraxial nerve
cords (AN), coronal nerve ring (CN), border cell nerves (BCN), and
posterolateral ocelli (OIC). This species also has a pair of anterolateral
ocelli, the nerve fibers of which are visible (IC), and the position of which
corresponds to the intercoronal position 112 of ascophoran coronate larval
forms. (B) Similar neuroanatomical features are found in B. neritina, but
the main ocelli are posterolateral.

the results from other gymnolaemate larvae, two rows of
sensory neurons border the ciliated groove and their axonal
fibers form a nerve cord that enters the nerve nodule (BCN;
Fig. 3A). Dual-labeled specimens of these larvae for both
acetylated a-tubulin and fibrous actin yield the most infor-
mative reconstructions of their neuromuscular systems (Ap-
pendix Fig. 1E, F). These preparations of Bugula larvae
(and also of the previously mentioned larval forms) show
how the nervous system is split into bilaterally symmetrical
halves. Neuronal projections from the ciliated ray cells
make only ipsilateral contact with the cell bodies of the
neural plate cells (CR and NP, respectively; Appendix Fig.
1E) and collectively the only integration center for all
sensory inputs is the nerve nodule (NN; Appendix Fig. 1F).

Class Gymnolaemata: Order Ctenostomatida

Amathia vidovici and Bowerbankia maxima (Superfamily
Vesicularioidea): Nonfeeding Vesiculariform Larvae

Compared to the coronate larvae of ascophoran bryozo-
ans, vesiculariform larvae are elongated in the aboral-oral
axis, and the positions of the paraxial nerve cords and nerve
nodule (Fig. 4A) reflect these differences. Similar to the
previous results, acetylated «-tubulin labels all neuronal and
ciliated cell types. One structural difference is the presence
of an aboral neuromuscular ring (AON; Fig. 4B). Larvae of
Amathia vidovici have a small apical disc (AD; Fig. 4A),
and coronal cells cover most of the larval surface, but the
ciliary tufts of intercoronal cells (IC) are easily discerned
between adjacent coronal cells (Fig. 4B). Dividing the larval
body into aboral (forward), equatorial, and oral (aft) re-
gions, the positions of these sensory neurons are relatively
equally distributed (Fig. 4C). The apical disc contains at
least four cell types. About 20 neural plate cells (NP) form
a bean-like structure in the center of the apical disc (Fig.
4D); these cells are surrounded by a ring of ciliated ray cells
that have fibers that contact the neural plate cell bodies (CR;
Fig. 4D). Other putative neuronal-like or supportive cell
types within the apical disc that are described only for this
species (inner and marginal spoke cells, see Zimmer and
Woollacott, 1993) are not definitively discriminated from
the neural plate cells by acetylated a-tubulin labeling. How-
ever, the groups of cells that merge into the paraxial nerve
cords are more substantial in Amathia larvae than in other
species, and this may be due to the presence of supporting
glial-like cell types (Fig. 4D).

Bowerbankia maxima colonies produce a nonfeeding ve-
siculariform larva with features similar to those of Amathia
larvae. All intercoronal neurons, whether they are posi-
tioned fore, equatorially, or aft, project a single neuronal
fiber that enters the coronal ring nerve (ICF and CN; Fig.
4E). Some small differences in this genus include the bowed
shape of the paraxial nerve cords, and the position and
number of intercoronal cells on the larval surface. This
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species also exhibits numerous spoke-like ciliated ray cells
(CR; Fig. 4F) that have fine neuronal fibers that make
ipsilateral contact with the cell bodies of the neural plate
cells (NP; Fig. 4F). As in Amathia larvae, Bowerbankia
larvae have two patches of sensory neurons (juxtapapillary
cells) that border the ciliated groove and send neuronal
fibers into a main nerve cord (JPN; Fig. 4G) that merges
with the nerve nodule (NN; Fig. 4G).

Aeverrillia setigera (Superfamily Aeverrillioidea):
Nonfeeding Larva

The apical disc in this species contains both neural plate
cells and ciliated ray cells with characteristics similar to
those in previously described species. A clear coronal nerve
ring (CN; Fig. 5A) merges into a prominent nerve nodule
positioned near the elongate ciliated oral groove present in
this species. Ciliated sensory neurons similar to the inter-
coronal neurons of other gymnolaemate species are present;
however, there a few differences in their position. Most if
not all of these neurons are positioned within the aboral half
of the larval surface between the coronal and oral ciliated
cell regions. The ciliated apices of these cells are never
found between adjacent coronal cells, and judging from the
arrangement of the surrounding cell types, these neurons
must be considered infracoronal sensory neurons (IFC; Fig.
4A). Another pair of sensory neurons has their ciliated
apices within the supracoronal region (OSC; Fig. 5A) much
like the eyespots or ocelli of ascophoran larvae, but they
lack any surrounding pigmented tissue or cups.

Nolella stipata (Superfamily Victorelloidea): Nonfeeding
Larva

As described in Santagata (2008), this species does not
have any definitive cell types that can be classified as
coronate or oral ciliated cells. There are sensory neurons
with morphology and position similar to the infracoronal
cells and intercoronal neurons previously discussed. How-
ever, these sensory neurons are found within aboral (for-
ward), equatorial, and oral (aft) regions (IMC; Fig. 5B, C)
between a uniform ciliated epithelium (MC; Fig. 5C). In-
terestingly, Nolella larvae lack neural plate cells and parax-
ial nerve cords, but they do possess ciliated cells within the
apical disc that are similar to the ciliated ray cells of other
species. On the larval surface, all of the sensory neurons
with small ciliated tufts merge into a nerve ring with a nerve
nodule positioned near a small ciliated pit on the oral side of
the larva. Also, the aboral half of the larval surface opposite
the nerve nodule is sparsely innervated (Fig. 5C).

Class Stenolaemata: Order Cyclostomata

Crisia elongata (Family Crisinidae): Nonfeeding Larva

The larval nervous system of Crisia consists of a series of
radially positioned neurons (IMC; Fig. 5D) whose apical

tufts are dispersed amongst the uniform field of multicili-
ated cells that cover the larval surface. Although not as
fiber-rich as those in other species, these neurons do merge
into a thin equatorial nerve ring (NR; Fig. 5D). A nerve
nodule is lacking in this species, as well as any ciliated
groove or pit. An apical disc is also lacking, but there are
some ciliated cells with immotile cilia located near what
would be the apical disc if it were present. The homology
between these cells and the ciliated ray cells found in other
morphological grades of bryozoan larvae is unclear.

Discussion
Feeding versus nonfeeding larval forms

Elements of the bryozoan larval nervous system common
to both feeding and (most) nonfeeding forms are an apical
disc composed of bipolar sensory/motor neurons; paraxial
nerve cords; a nerve nodule (or plexus, sometimes referred
to as a lateral commissure, see Wanninger et al., 2005a); a
nerve ring; and a series of bipolar sensory/motor neurons
that lead into the nerve ring (Fig. 6A-D). Particular to the
cyphonautes form are nerves that underlie feeding-related
structures such as the ciliated ridges and gut. Previously, it
has been demonstrated that marine bryozoans exhibit a wide
variety of nonfeeding larval types supportive of numerous
combinations of anatomical traits (Zimmer and Woollacott,
1977a; Santagata, 2008). Without the functional demands of
feeding in the plankton, the nervous systems of nonfeeding
bryozoan larvae have either diversified the structure and
function of ciliated sensory neurons or simplified the ner-
vous system within particular lineages, likely due to evolu-
tionary loss. One obvious difference between the sense
organs of feeding and nonfeeding larval types is the expan-
sion of the sensory neurons within the apical disc. To some
degree the enlargement of the apical disc in several non-
feeding larval forms is due to the addition of undifferenti-
ated cell types that contribute to the polypide after meta-
morphosis. However, the apical morphology of the ciliated
ray cells (neurons) ranges from simple bean shapes to
elongate strips, and in some species the ray cells bifurcate
like a sensory dendrite (Santagata and Zimmer, 2000; Hip-
popodina feegensis, data of Santagata within Temkin and
Zimmer, 2002). The neurites from the ciliated ray cells that
make contact with the neural plate cells are elongated due to
the more internalized position of the neural plate cell bodies
in nonfeeding bryozoan larval forms. Similar differences
can be observed in the expansion (or loss) of the ciliated
groove and the sensory neurons that border it. These trends
in the structure and function of the nervous system are
mirrored in the larval musculature as well as in the ciliated
cells responsible for propulsion (see Santagata, 2008), al-
though the morphological changes in the nervous system are
more conserved.
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Evolutionary trends in the larval nervous system

Among all extant forms of bryozoans, paleontological,
morphological, and molecular phylogenetic evidence sug-
gests that the ctenostome bryozoans are basal to both the
cyclostome and cheilostome grades (Taylor, 1990; Dick et
al., 2000; Todd, 2000). The diverse suite of larval traits
expressed by basal ctenostomes makes it difficult to abso-
lutely assess the polarity of morphological transitions, es-
pecially among feeding structures (Zimmer and Reed, 1994;
Santagata, 2008). Overall, aspects of cellular homology are
best compared among nonfeeding larval forms (see Tables 1
and 2). The simplified form of cyclostome larvae is best
attributed to evolutionary loss, particularly in their lack of
an apical organ and nerve nodule. Despite the lack of the
neural plate cells and associated nerve cords in Nolella
stipata larvae, the nervous system of this species exhibits a
greater level of complexity that that of Crisia larvae. Due to
the lack of distinctive morphological characteristics of the
surrounding multiciliated cells in comparison to the coronal
cells of other species, the cellular classification of the equa-
torial band of sensory neurons (ciliated tuft cells) in Nolella
larvae cannot be definitively applied. However, since a
nearly identical band of sensory neurons is present in Ae-
verrillia larvae within the infracoronal zone, it is likely that
the equatorial band of sensory neurons in Nolella larvae
share this classification. Interestingly, possession of an in-
fracoronal bias in the position of most sensory neurons on
the larval surface (and lack of typical intercoronal cells)
may be more widely shared among non-vesicularid cteno-
stome bryozoans. Although more uniform in their ciliary
tuft form, the sensory neurons in vesiculariform larvae, like
those in the nonfeeding larvae of cheilostome bryozoans,
are arranged preferentially in intercoronal positions. Among
ascophoran coronate larvae, infracoronal sensory neurons
are still common in the form of balancers and sometimes
ocelli (data presented here, and in Zimmer and Woollacott,
1989a, for Watersipora arcuata).

Although differing slightly in position, rows of sensory

larvae (juxtapapillary cells) and feeding and nonfeeding
larval forms of cheilostomes (border cells: Stricker et al.,
1988b; Zimmer and Woollacott, 1993). Both of these cells
types are pressed against the substrate during probing be-
haviors before metamorphosis and relay stimuli through
nerves that join the nerve nodule. Despite the relatively
large oral groove present in Aeverrillia larvae, ciliated cells
bordering it do not have specialized morphology as com-
pared to those in previous larval forms. Although differing
slightly in position to that of other larval forms, the usual
structural components of the pyriform complex, such as the
superior and inferior glandular fields as well as a row of
vibratile plume cells, are pesent in Aeverrillia larvae. How-
ever, these structures are reduced in Nolella larvae and
completely lacking in cyclostome larvae such as Crisia
(Nielsen, 1970).

Perhaps the most elaborate cellular modifications are
found in the potential photosensory neurons and their sur-
rounding supporting cells that are often co-opted into pro-
ducing either shielding pigment or lens-like structures, or
both (see Tables 1 and 2). Although most nonfeeding cten-
ostome larvae are phototactic, few are described as having
obvious eyespots. The coronate larvae of Alcyonidium ge-
latinosum (larva formerly attributed to A. polyoum; see
Ryland and Porter, 2006) have a pair of posterolateral
balancer cells positioned within the infracoronal region
(Barrois, 1877; d’Hondt, 1973) but lack obvious intercoro-
nal cells or pigmented eyespots. Tanganella muelleri larvae
possess only isolated intercoronal cells and also lack pig-
ment cup ocelli. Supracoronal ocelli have been observed in
Bulbella abscondita larvae (Braem, 1951), and similar su-
pracoronal sensory neurons exist in Aeverrillia setigera
larvae, but without any modification of the surrounding
tissue. Only in the larvae of Nolella stipata do the surround-
ing multiciliated cells of its equatorial (likely infracoronal)
ciliated tuft cells produce a shielding pigment (see Santa-
gata, 2008).

Nonfeeding larval forms of anascans (Scrupocellaria and

neurons border the ciliated groove of both vesiculariform

Bugula) and ascophoran cheilostomes

(Celleporaria,

Figure 4. The nervous systems of the nonfeeding vesiculariform larvae of Amathia vidovici (A-D) and
Bowerbarkia maxima (E-G). Z-projections of internal fontal sections and surface projections of larvae labeled
with acetylated a-tubulin. (A) The small apical disc (AD) in A. vidovici contains neuronal cells that contribute
to the paraxial nerve cords (AN) that merge into an equatorially positioned nerve nodule (NN, pictured in part
B) and the coronal nerve ring (CN). Similar to buguliform larvae, cilia of the coronal cells (CC) cover most of
the surface of vesicularifom larvae. (B, C) An aboral nerve ring (AON) is also found in this species. Intercoronal
cells (IC) with small uniform ciliated tufts send fibers into the coronal nerve ring from forward (aboral),
equatorial, and aft (oral) positions on the larval surface. (D) The neuronal composition of the apical disc contains
additional supporting cell types (inner and marginal spoke cells) that make up the more nodular appearance of
the paired cell masses of neural plate cells (NP) and ciliated ray cells (CR). (E, F) Arrangements of sensory cell
groups and nerve cords found in the larvae of B. maxima are similar to those of Amathia larvae. Although
intercoronal cell positions and fiber tracings (ICF) are not identical to those of A. vidovici, the differences are
not significant from a functional perspective. (G) Lateral view of the nervous system, showing the nerve cords
from the juxtapapillary cells (JPN) that border the ciliated groove. These cell types are also found in Amathia.
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Figure 5. The nervous system of select species of ctenostome and cyclostome bryozoans labeled with
acetylated a-tubulin. (A) Internal z-projection composed of frontal sections of the larva of Aeverrillia setigera.
This larval form is elongate in the aboral-oral axis. As with most other species, neural plate cells and ciliated ray
cells in the apical disc are connected to the nerve nodule by paraxial nerve cords (AN). Infracoronal sensory cells
(IFC) positioned in an equatorial ring between the coronal cell (CC) and oral ciliated cell (OC) fields on the larval
surface send fibers into the coronal nerve ring (CN). A pair of supracoronal sensory cells (OSC) on either side
of the apical disc also connects to the coronal nerve ring on lateral sides of the ciliated groove (CG). (B) Neural
plate cells and paraxial nerve cords are lacking in the larva of Nolella stipata, although cells similar to the ciliated
ray cells are present in the apical disc. A nerve ring and nerve nodule are present (NR and NN) and receive fibers
from small ciliated tuft cells IMC) positioned in forward (aboral), equatorial, and aft (oral) regions of the larval
body. (C) Lateral internal view of a Nolella stipata larva, showing the numerous fibers from the small ciliated
tuft cells (IMC) that are dispersed over the larval surface among the uniform multiciliated cells (MC). (D) The
nervous system of the larva of Crisia elongata is simplified compared to other larval forms. An apical disc is
entirely lacking in this species, and all that remains of the larval nervous system are simple ciliated neurons
(IMC) dispersed among the hexagonal multiciliated cells on the larval surface. Collectively these simple neurons
contribute to a fiber-poor nerve ring (NR).
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Figure 6. Representations of the larval nervous systems of various bryozoan larval forms based on
ultrastructural and immunohistochemical data (see previous figures for additional abbreviations; not drawn to
scale). Nerves are colored dark gray, and the neuronal fibers from single cells are colored light gray. (A) Lateral
view of the cyphonautes larva of Membranipora membranacea. Although not shown in previous figures, nerves
underneath the ciliated ridges also connect with a nerve tract around the gut (GN, additional data from Stricker
et al., 1988a, b). (B) Lateral view of a generalized nervous system in ascophoran coronate larvae. Sensory
neurons that border the ciliated groove (BC) are more pronounced in this larval type as compared to cyphonautes
larvae. Although anterolateral and posterolateral supracoronal ocelli are depicted (OSC), individual species
usually possess only one type. The intercoronal cell depicted at position 111 (IC 111) sending a fiber directly into
the nerve nodule is not present in all species (additional data gathered from Reed, 1991; Santagata and Zimmer,
2000, Zimmer and Woollacott, 1989a, b; Santagata, 2008). (C) Lateral view of a generalized nervous system in
buguliform larvae of cellularioid bryozoans. Although not figured, some species also have an ocellus at
intercoronal position 111 as in some ascophoran coronate larvae (additional data gathered from Woollacott and
Zimmer, 1972; Zimmer and Woollacott, 1977a; Hughes and Woollacott, 1978, 1980; Reed and Woollacott,
1982; Reed et al, 1988; Santagata and Zimmer, 2000). (D) Oral view of a generalized nervous system in
vesculariform larvae such as those found in species of Amathia and Bowerbankia. Note similarity between the
border cells (BC) in cheilostome larvae and the juxtapapillary cells (JPC) of vesiculariform larvae (additional
data gathered from Reed, 1988; Zimmer and Woollacott, 1993).

15

Schizoporella, Watersipora, and others) have the most com-
plex types of ocelli. Tightly wound sensory ciliary whorls
and deeply invaginated pigmented cups are common among
many species and can be infracoronal, intercoronal, or su-
pracoronal in position. Although the precise intercoronal
positions of ascophoran coronate larvae are species-specific
and vary along with differences in the number of coronal
cells, the most common positions for pigment cup ocelli are
between the first pair of coronal cells (position 1l1), an
anterolateral supracoronal pair near coronal cells 7 and 8,
and a posterolateral supracoronal pair near coronal cells 10

and 11. Surrounding cell types that produce shielding pig-
ment vary within the same genus: Celleporaria brunnea
larvae (Santagata and Zimmer, 2000) have supracoronal
anterolateral ocelli, but C. sherryae larvae have only simple
intercoronal eyespots. Regardless of this structural varia-
tion, most putative photosensory neurons in ascophoran
coronate larvae have their ciliary whorls pointed forward in
the direction of swimming. Although some buguliform lar-
val types such as Bugula and Scrupocellaria often have
numerous coronal cells, the same relative positions for their
intercoronal ocelli are maintained (1[1, 112, 718, and 10I11,
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Table 1

Structural diversity of ciliated sensory neurons among select nonfeeding marine bryozoan larvae (cyclostome and ctenostome grades)

Genus or larval type

Region of larval body Crisia’ Nolella Aeverrillia Vesiculariform?
Apical disc Absent CR CR and NP CR and NP
Bordering the oral groove Absent Absent Absent IPC

Adjacent to propulsive Simple & uniform (IMC)
ciliary fields

Potential photosensory
neurons/Co-option of

surrounding tissue

Subset of IMC?/None &
lack of shielding
pigment

Ciliated tufts IMC)

Likely the equatorial IMC/
Pigmented MC band

Ciliated tufts (SC and IFC) Ciliated tufts (IC)

All IC?/None & lack of
shielding pigment

Both SC and IFC neurons/
Coronal cells pigmented

! Additional data gathered from Nielsen (1970).

2 Additional data gathered from Reed (1988) and Zimmer and Woollacott (1993).

Abbreviations: ciliated ray cells (CR); infracoronal neurons (IFC); intercoronal neurons (IC); simple multiciliated neurons (IMC); juxtapapillary cells
(JPC); simple multiciliated cells on surface of the larva used for propulsion (MC) that cannot be definitively classified as coronal cells (CC) or oral ciliated
cells; neural plate cells (NP); supracoronal cells (SC). ? Denotes where the inferred function of particular cell types is unclear based on cell structure and/or

larval behavior.

see Woollacott and Zimmer, 1972; Hughes and Woollacott,
1978, 1980; Reed et al., 1988). Even though the intercoro-
nal cells of cyphonautes larvae are inconspicuous, the po-
sition of the median nerve of the pyriform complex is likely
homologous to the intercoronal cell at position 111 in coro-
nate larvae. Overall, among bryozoan systematic groups,
species with typical coronate larval forms that have a 90
degree difference in the orientation of swimming versus
crawling (see Santagata, 2008) have the majority of their
photosensory structures positioned forward on the larval
body (supracoronal and aboral-intercoronal). Conversely,
several species that have larvae elongated in the aboral-oral
axis and do not exhibit differences in orientation during

swimming and crawling behaviors tend to have equatorially
positioned photosensory structures (intercoronal and infra-
coronal, see Fig. 6C, D, and Appendix Fig. 2A, B).

Functional implications based on ultrastructural and
immunohistochemical data

Although these synapses have not been strictly demon-
strated for all species, the ultrastructural work on Bower-
bankia gracilis (Reed, 1988) and Bugula stolinfera (Reed et
al., 1988) larvae shows that there are chemical synapses
between the ciliated ray cells and the neural plates cells and
between intercoronal cells and adjacent coronal cells. In

Table 2

Structural diversity of ciliated sensory neurons among cheilostome bryozoan larvae

Larval type
Region of larval body Cyphonautes' Buguliform?3 Ascophoran coronate®*
Apical disc CR and NP CR and NP CR and NP
Bordering the oral groove BC BC BC

Adjacent to propulsive ciliary fields Ciliated tufts (IC)

IC?/Pigmented band of cells near
coronal cells?

Potential photosensory neurons/Co-
option of surrounding tissue

Ciliary whorls (IC)
Ciliated tufts (SC)

Ciliary whorls (SC, IC, IFC)

Ciliated tufts (IC)

BR (IFC)

Ciliary whorls (SC, IC, IFC)/
Pigmented cup (SC, CC, IFC) and
lens-like structures (SC, IFC)

Ciliary whorls (IC)/
Pigmented indentations (CC)

! Additional data gathered from Stricker ez al. (1988a, b).
2 Additional data gathered from Santagata and Zimmer (2000).

3 Additional data gathered from Hughes and Woollacott (1978, 1980); Woollacott and Zimmer (1972); Reed et al. (1988).

# Additional data gathered from Zimmer and Woollacott (1989a, b).

Abbreviations: Border cells (BC); ? Denotes where the inferred function of particular cell types is unclear based on cell structure and/or larval behavior.

See Table 1 for additional abbreviations.
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addition, there are efferent chemical junctions between the
coronal cells and the coronal nerve ring, and gap junctions
between adjacent coronal cells. Reed er al. (1988) did not
detect the axonal fiber projecting from each intercoronal cell
or ocellus into the coronal nerve ring, presumably due to
their small size. These previous ultrastructural data along
with the reconstructions provided here show that bryozoan
larvae receive sensory information from numerous radial
positions over the larval body, process it in the nerve
nodule, and send signals to discrete effector organs such as
the musculature or propulsive ciliary fields. Intercoronal
cells may receive various types of sensory stimuli, and they
directly control the ciliary beat of adjacent coronal cells
through shared chemical synapses (Reed, 1988). This inter-
pretation is likely correct and, coupled with the presence of
electric junctions between adjacent coronal cells, suggests
that localized stimuli from an adjacent portion of the larval
surface (other than from the apical disc and pyriform com-
plex) can be quickly transduced and propagated among
coronal cells. Furthermore, the spatial integration between
the direction of various stimuli and the location of the
responding effector organs seems to be hard-wired in bilat-
erally symmetrical halves of the larval body. Among all
morphological grades of marine bryozoan larvae, the cell
contacts between sensory cells and their effectors are pre-
dominantly ipsilateral. This is supported by the strict right-
side or left-side wiring of the connections between ciliated
ray cells and neural plate cells as well as between the
intercoronal cells and the larval nerve ring (coronal or
otherwise). The only region of the larval nervous system
where signals from sensory cells on both sides of the larval
body, the pyriform complex, and the apical disc can be
integrated is the nerve nodule, where more complex syn-
apses are centralized. These anatomical features along with
the bidirectional nature of neuronal signals would allow for
more complex larval behaviors.

Based on this information, one simple model for how
photoklinotaxis is achieved in nonfeeding bryozoan larval
types would be that the ciliary beat within the region of the
propulsive ciliary field diametrically opposite the photore-
ceptors exposed to the light stimulus is continually upregu-
lated as the larvae spin and swim forward. This would bias
the direction of the larva toward the light until the stimulus
crossed the midline of the larval body, after which the
receptive and effector sides of the larval surface would be
reversed, causing the larva to once again veer toward the
light. These occurrences combined with the metachronal
beat of cilia would result in directionally biased (spiral)
larval paths. Video projections of larval paths during pho-
totactic behaviors support this hypothesis (Santagata, pers.
obs.). The switch to photonegative behavior prior to meta-
morphosis would only require downregulation of effector
ciliary beat among the same receptor-effector complex. The

only structural constraint for this hypothesis would be that
sensory and motor signals be transduced at numerous radial
positions around the larval body. Despite the anatomical
differences among distant evolutionary groups of bryozo-
ans, all species that exhibit phototactic behaviors possess
the necessary receptor-effector systems to achieve this
transduction. Furthermore, it has previously been shown
that serotonin shortens (also forces swimming) and dopa-
mine extends (also forces crawling behavior) the duration of
larval phototactic behaviors in Bugula neritina (Pires and
Woollacott, 1997; Shimizu et «l, 2000). Immunohisto-
chemical evidence presented here and in previous publica-
tions shows that serotonin, catecholamines, and FMRF-
amide are collectively present within select neural plate
cells, putative photosensory neurons, the nerve nodule,
coronal nerve ring, balancer cells, and the nerves that border
the ciliated groove in feeding and nonfeeding marine bryo-
zoan larvae (Pires and Woollacott, 1997; Shimizu et al.,
2000; Wanninger et al., 2005a). In species with nonfeeding
larvae that, like Crisia, show a largely ambiguous response
to light stimuli, complex receptor-effector integration is not
necessary, and this lack is reflected in the overall degenerate
state of their nervous system. Cyclostome larval nervous
systems are therefore functionally convergent with the sen-
sory-motor systems present in some sponge and planula
larval types (Woollacott, 1990; Leys and Degnan, 2001;
Maldonado et al., 2003; Nordstrom et al., 2003).

Both feeding and nonfeeding larval forms have sensory
neurons that receive mechanical and chemical stimuli dur-
ing active settlement behaviors before finding an appropri-
ate site to metamorphose. Collectively, most of these sen-
sory neurons are the cells that border the ciliated groove,
intercoronal cells in positions 111 and 112, and the balancer
cells. Previous work that used fluorescent mitochondrial
probes to examine the metabolic activity of these cell types
prior to metamorphosis showed that they were most active
during crawling behaviors (Santagata and Zimmer, 2000).
Although also metabolically active and generally inferred as
a sense organ, the vibratile plume cells and the nerve nodule
were not found here or previously (Reed et al., 1988) to
have a direct neuronal connection. Although numerous neu-
rites underlie the vibratile plume cells, the large bundles of
motile cilia of these cells may only facilitate chemical
receptors by creating ciliary currents rather than having a
direct sensory role (analogous to antennule flicking by crus-
taceans; see Koehl, 2000).

Evolution of the nervous system within the
Lophotrochozoa

Apical sense organs (and/or the apical ganglion) are a
common feature of many marine invertebrate larval forms
(Nielsen, 2005). Beyond the traits that are clearly common
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to both lophotrochozoans and deteurostomes (i.e., a bilater-
ally symmetrical mass of bipolar sensory and other associ-
ated ganglion-like cell types), few morphological aspects of
the apical organ and nervous system of bryozoan larval
forms link them to phoronids, brachiopods, or other lopho-
trochozoans. Most phylogenetic interpretation of larval ner-
vous systems is based (almost by default due to the lack of
other ubiquitous probes) on the neuronal cell types and
fibers recognized by a commonly available antibody to
serotonin (Hay-Schmidt, 2000; Friedrich ez al, 2002). The
larval apical organs of chitons and entoprocts include a
centrally localized group of eight flask-shaped cells and
additional peripheral cells that send fibers into a central
neuropil (Voronezhskaya et al., 2002; Wanninger et al.,
2007). The number of serotonergic cell types in the larval
apical organs of gastropods varies depending upon system-
atic group, but having two serotonergic cell types is likely a
shared feature (Page and Parries, 2000; Page, 2002). Exam-
ples in which such cell groups are lacking are found within
the larvae of sipunculids (Wanninger ez al, 2005b) and
echiurans (Hessling and Westheide, 2002) and have been
interpreted as independent losses or the result of truncated
larval developmental programs (see Wanninger et al.,
2007). Despite deep evolutionary conservation of serotonin
as a signal molecule among metazoans (Hay-Schmidt,
2000), failure of the available serotonin antibody to label all
serotonergic cell types in particular evolutionary lineages
cannot be ruled out. However, despite many morphological
differences among the larval nervous systems of the “lo-
phophorates” and those of annelids and molluscs, phoronids
and brachiopods also have numerous serotonergic cells,
consisting of bipolar sensory cells and additional peripheral
cells, in their apical organs (Santagata, 2002; Santagata and
Zimmer, 2002). The cyphonautes larva of Membranipora
membranacea and the nonfeeding larva of Bugula neritina
each have a single pair of serotonergic neural plate cells
within their respective apical discs (this paper and Pires and
Woollacott, 1997). Results from other nonfeeding larval
forms of cheilostomes agree with these findings and differ
only to the degree that the neural plate cells are labeled by
the antibody (see Appendix Fig. 1C) due to the tissue
properties of different species. Therefore the serotonergic
nervous system of cyphonautes and ascophoran coronate
larvae of cheilostomes are essentially identical (except for
the elaboration of particular sensory structures) and are not
heterogenic as described by Wanninger et al. (2005a). The
lack of a central, pyramidal-shaped neuropil beneath the
apical organ and the limited serotonergic components of the
nervous system within bryozoan larvae suggest that the state
of the bryozoan nervous system may be a derived condition
among lophotrochozoans. However, considering the seroto-
nergic nature of two neural plate cells and their connections
with the overlying ciliated ray cells, it is plausible that this

cellular arrangement is derived from a trochophore-like
ancestor whose apical organ possessed a central group of
serotonergic neurons that received sensory inputs from a
surrounding group of multiciliated cells.

One additional theme among lophotrochozoan nervous
systems is the repeated heterochronic shifts that occur with
respect to the separation or integration of larval and juvenile
tissues (Santagata and Zimmer, 2002). Overall, the larvae of
annelids, molluscs, and sipunculids show a general trend
toward developing the juvenile (post-trochal) nervous sys-
tem precociously and integrating it with that of the larval
(pre-trochal) nervous system. Similar features were noted
for the creeping larva of the entoproct Loxosomella mur-
manica (Wanninger et al., 2007). Phoronids and brachio-
pods have different levels of functional and developmental
integration of their larval and juvenile tissues among species
(detailed in Santagata and Zimmer, 2002), but in general,
the juvenile neuromuscular system is developed preco-
ciously within the body of the larva, and neuronal connec-
tions are shared between the larval nervous system (apical
ganglion and tentacular nerve rings) and the juvenile neu-
romuscular system. Contrary to these examples, the tissues
that eventually form the polypide and cystid of bryozoan
ancestrulae are largely undifferentiated in all bryozoan lar-
val forms except for those of phylactolaecmates (see Franzén
and Sensenbaugh, 1983). As a consequence, metamorphosis
requires significantly more time to produce a functional
feeding juvenile in marine bryozoans than in many other
phyla (Zimmer and Woollacott, 1977b; Hadfield et al.,
2001). The limited serotonergic nervous system in bryozoan
larvae may be linked to the lack of functional or structural
integration of the juvenile tissue during larval life. It is
reasonable to hypothesize that differentiation of juvenile
tissues within the body of the larva would necessitate a
more complex “larval” neuromuscular system to achieve the
necessary rapid rearrangements at metamorphosis. Testing
this hypothesis requires a more detailed analysis of larval
and juvenile neuromuscular systems among a group of
species with incremental differences in the integration of
larval and juvenile tissues.

Bryozoans provide a unique opportunity to study the
functional and evolutionary implications of larval neuro-
muscular systems within the diverse array of forms present
within the Lophotrochozoa. Here (and in Santagata, 2008),
I demonstrate that regardless of the morphological diver-
gence in larval anatomy that is found among marine bryo-
zoans, the larval nervous system and its major effector
organs (musculature and ciliary fields) are largely molded
on the basis of the functional demands of feeding, ciliary
propulsion, phototactic behaviors, and substrate explora-
tion. When we consider the evolutionary relationships
among the morphological grades of marine bryozoans, it is
apparent that lineages within the ctenostomes and cheilo-
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stomes are independently evolving larval traits that convey
both a greater range of sensory abilities and an increased
propulsive capacity. The shared absence or simplification of
specific neuromuscular structures (such as in Crisia and
Nolella larvae) is likely the result of convergent evolution-
ary loss. Extracting additional evolutionary information
from bryozoan larval anatomy requires data from more
systematic groups and the production of other ubiquitous
cellular probes. Furthermore, since many of the conserved
developmental genes observed throughout the Metazoa are
involved in the specification of neuronal and muscle cell
types (such as Pou and Lim genes; Larroux et al., 2000),
exploring the expression of these genes in a developmental
system in which the juvenile neuromuscular system is dif-
ferentiated only after larval life would be an advantageous
comparison to other bilaterian larval types that develop the
juvenile neuromuscular system during larval life.
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Appendix Figure 2. Representations of the larval nervous systems of select ctenostome and cyclostome
bryozoan larval forms based on ultrastructural and immunohistochemical data (not drawn to scale). Abbrevia-
tions: AN, paraxial nerve cord; CN, coronal nerve ring; CR, ciliated ray cells; IFC, infracoronal cell region; IMC,
simple sensory neuron; MC, uniform multiciliated cell; NN, nerve nodule; NP, neural plate; NR, nerve ring; OC,
oral ciliated cell; OSC, posterolateral ocelli. Nerves are colored dark gray and the neuronal fibers from single
cells are colored light gray. (A) Oral view of a generalized larval nervous system of Aeverrillia setigera, ciliated
sensory neurons on the larval surface are largely infracoronal (IFC) in this species, but supracoronal neurons
(OSCQO) also occur. (B) Oral view of a generalized nervous system of Nolella stipata, depicting the absence of
neural plate cells and paraxial nerve cords. Cell types similar to the ciliated ray cells (CR) are present in the
apical disc, although it is not clear whether these cell types are integrated with the rest of the nervous system.
It is possible these cells have fine neurites that make contact with the numerous ciliated tuft cells (IMC) that
occur over the larval surface and make up most of the nervous system in this species. (C) Generalized depiction
of the simple larva nervous system of Crisia elongata. Simple multiciliated neuronal cells IMC) dispersed on
the larval surface send fibers to an equatorial region in the larval body and make contact, forming a fiber-poor
nerve ring (NR). A cell type with immotile cilia near the apical region of the larva may be similar to the ciliated
ray cells (CR?) of other larval forms.

Appendix Figure 1. Neuromuscular diversity among cheilostome bryozoans. (A) Volume rendering of the apical region of the cyphonautes larva
of Membranipora membranacea labeled for acetylated a-tubulin (green) and the fibrous actin within muscle cells (pink). The gut musculature (GM),
posterior medial muscle (PM), and the apical disc retractor muscles (ADR) are all striated. These latter muscles have numerous contact points with
the ciliated ray cells (CR) and the neural plate cells (NP) in the apical disc. Ciliated cells are also present on the inner lining of the gut (GC). (B)
Magnified sagittal projection of the neuronal cell types within the apical disc (AD) labeled for acetylated a-tubulin (red) and nucleic acids (green).
Note the differences in the nuclei of the ciliated ray cells (CR) versus those of the more centrally located neural plate cells (NP). (C) The coronate
larva of Celleporaria sherryae dual-labeled for acetylated a-tubulin (red) and serotonin (green). This projection is composed of cross sections through
the apical disc and oral side of the larva. Serotonin is localized mainly in the nerve nodule (NN) and coronal nerve ring (CN). Serotonin is also found
within the neuronal fibers from eyespots (OIC) and small fiber tracts along the ciliated groove. (D) The coronate larva of Schizoporella floridana
dual-labeled for acetylated a-tubulin (green) and fibrous actin (red). This projection shows internal neuromuscular features seen when looking down
upon the apical disc. The large paired retractors that are associated with the apical disc and internal sac (ISM and ISR) are located directly posterior
to the apical disc. Within the apical disc, the bilateral masses of neural plate cells (NP) are visible. At bilaterally symmetrical points on the larval
surface, the small ciliated tufts of the intercoronal cells (IC and IC 112) are found beneath the cilia of the coronal cells (CC). Orthogonal meshwork
of body wall musculature (BMW) is also visible. (E) The buguliform larva of Bugula stolonifera dual-labeled for acetylated a-tubulin (green) and
fibrous actin (red). Z-projection looking down on the apical disc (AD) within which the neuronal fibers of the ciliated ray cells (CR) make contact
with adjacent neural plate cells (NP). Note that ciliated ray cells make only ipsilateral contact with neural plate cells. Coronal cells (CC) cover most
of the larval surface in buguliform larvae. (F) The buguliform larva of Bugula neritina dual-labeled for acetylated a-tubulin (green) and fibrous actin
(red). Contacts between the ciliated ray cells and neural plate cells are the same as described for other species. The paraxial nerve cords (AN) merge into
the nerve nodule where it joins the coronal nerve ring (CN). Musculature in this species consists of a series of muscles that retract the apical disc (ADR).



