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Abstract We examined the development of the nervous
system in Aurelia (Cnidaria, Scyphozoa) from the early
planula to the polyp stage using confocal and transmission
electron microscopy. Fluorescently labeled anti-FMRFamide,
antitaurine, and antityrosinated tubulin antibodies were used
to visualize the nervous system. The first detectable
FMRFamide-like immunoreactivity occurs in a narrow
circumferential belt toward the anterior/aboral end of the
ectoderm in the early planula. As the planula matures, the
FMRFamide-immunoreactive cells send horizontal processes
(i.e., neurites) basally along the longitudinal axis. Neurites
extend both anteriorly/aborally and posteriorly/orally, but the
preference is for anterior neurite extension, and neurites
converge to form a plexus at the aboral/anterior end at the
base of the ectoderm. In the mature planula, a subset of cells
in the apical organ at the anterior/aboral pole begins to show
FMRFamide-like and taurine-like immunoreactivity, suggesting a sensory function of the apical organ. During metamorphosis, FMRFamide-like immunoreactivity diminishes in the
ectoderm but begins to occur in the degenerating primary
endoderm, indicating that degenerating FMRFamideimmunoreactive neurons are taken up by the primary
endoderm. FMRFamide-like expression reappears in the
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ectoderm of the oral disc and the tentacle anlagen of the
growing polyp, indicating metamorphosis-associated restructuring of the nervous system. These observations are
discussed in the context of metazoan nervous system
evolution.
Keywords Cnidaria . Scyphozoa . Neurogenesis . Planula .
Polyp

Introduction
A nervous system, defined as a network of interconnected
neurons, is shared by bilaterians, cnidarians, and ctenophores in Metazoa. Phylogenetic relationships between
these taxa are becoming better resolved, favoring the
hypothesis that cnidarians are the sister group to bilaterians
(Dunn et al. 2008; Medina et al. 2001; Wallberg et al.
2004). If this is the case, understanding the development of
the nervous system in cnidarians is crucial in reconstructing
the ancestral condition of the nervous system from which
bilaterian and cnidarian nervous systems evolved. This,
coupled with information on nervous system development
in ctenophores, will be key to our understanding of the
origin and evolution of nervous systems in Metazoa.
Cnidarians consist of two sister clades, Anthozoa (e.g.,
sea anemones and corals) and Medusozoa (e.g., jellyfishes),
the latter one containing Staurozoa, Hydrozoa, Scyphozoa,
and Cubozoa (Collins et al. 2006; Kim et al. 1999). For the
purpose of discussion in this paper, the cnidarian phylogeny,
rooted with Bilateria, is assumed to be (Bilateria(Anthozoa
(Staurozoa(Hydrozoa((Cubozoa)(Scyphozoa)))))). Cnidarians have often been considered radially symmetric and
diploblastic, consisting of ectoderm and endoderm separated
by a layer of extracellular matrix, the mesoglea (Brusca and
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Brusca 2003; Martindale 2005). However, several authors
have questioned whether ancestral cnidarians were radially
symmetrical (Marques and Collins 2004; Salvini-Plawen and
Splechtna 1979), and the view that they were bilaterally
symmetrical has recently received increasing support in light
of emerging molecular data on cnidarian development
(Martindale 2005). A cnidarian life cycle consists of a
swimming planula stage that locomotes in the aboral
“anterior” direction, an asexually reproducing, polypoid
stage, and a sexual, free-swimming medusa stage; anthozoans, staurozoans, and some hydrozoans sexually mature as
polyps and lack the medusa stage.
Histological, immunohistochemical, and electron microscopic techniques have been used to investigate the nervous
systems in planula larvae of several cnidarian species. With
the exception of Cubozoa and Staurozoa, the presence of a
nervous system has been demonstrated at the planula stage
in each cnidarian class. The cnidarian nervous system
generally consists of intra-ectodermal, epithelial sensory
cells, basally located ganglion cells, and neurites that are
formed by both sensory and ganglion cells and that run
alongside the mesoglea (Thomas and Edwards 1991).
Planulae of some anthozoan species have an aboral sensory
structure called the apical organ (Widersten 1968), which
has been implicated to function in perception of chemical
cues for appropriate substrate selection for settlement and
metamorphosis (Chia and Bickell 1978; Chia and Koss
1979). Parts of the planula nervous system are probably
peptidergic, as high levels of RFamide and GLWamide
expression have been identified in anteriorly/aborally
located sensory cells and their neurites in several hydrozoan
species (Groger and Schmid 2001; Leitz and Lay 1995;
Martin 1992). Transmission electron microscopic analyses
indicate that sensory cells are also enriched in the posterior/
oral region of planulae in an anthozoan Anthopleura
elegantissima (Chia and Koss 1979) and a hydrozoan
Hydractinia echinata (Weis et al. 1985). In addition,
rhabdomeric photoreceptor cells have been identified in
the posterior/oral region of the planula ectoderm in the
cubozoan Tripedalia cystophora (Nordstrom et al. 2003),
although (adult) cnidarian photoreceptor cells are generally
of the ciliary type (Eakin 1982).
Our knowledge of cnidarian nervous system development mostly derives from work on hydrozoans. The
developmental origin of the nervous system has been
studied in several hydrozoan species, namely, Hydra,
Pennaria tiarella, and Phialidium gregarium by electron
microscopy and experimental manipulations. In Hydra,
ultrastructural analyses of stages of differentiation indicate
that sensory and ganglion cells differentiate exclusively
from interstitial cells (Davis 1974; Lentz 1965). Interstitial
cells, also called “I-cells,” are basophilic pluripotent stem
cells capable of differentiating into many other cell types

Dev Genes Evol (2008) 218:511–524

including epitheliomuscular cells, gland cells, and cnidoblasts (Lentz 1965). Corroborating the above conclusion,
Hydra polyps rendered free of I-cells, nerve cells, and
nematoblasts by treatment with colchicine failed to develop
any nerve cells, and were thus unable to display any
spontaneous behavior (Campbell et al. 1976). By contrast,
in another hydrozoan, Pennaria tiarella, colchicine-treated
planula larvae without I-cells developed sensory cells in the
ectoderm, suggesting that sensory cells can differentiate
from the ectodermal epithelium in this species (Martin and
Thomas 1981). This conclusion is supported by a similar
observation on another hydrozoan, Phialidium gregarium,
in which planula larvae whose endoderm was surgically
removed at early gastrulation became devoid of I-cells,
ganglion cells, and cnidocytes but developed sensory cells
in the ectoderm (Thomas et al. 1987).
Metamorphosis from planulae to polyps follows settlement
of the swimming planula onto the substrate, during which the
nervous system becomes reorganized in some hydrozoans.
For instance, sensory cells in the ectoderm of planulae
degenerate in the hydrozoans Mitrocomella polydiademata
(Martin et al. 1983) and H. echinata (Weis and Buss 1987) at
metamorphosis. In addition, anterior/aborally biased expression of RFamides in a subset of neurons of planulae
disappears during metamorphosis and reappears in the oral
region of primary polyps in H. echinata (Plickert 1989) and
Pennaria tiarella (Martin 2000), suggesting the occurrence
of repatterning of the nervous systems associated with
metamorphosis.
In nonhydrozoan groups, we have little information on
the embryonic origin and development of the nervous
system, and it is therefore not clear how representative nervous
system development of hydrozoans is for cnidarians in
general. A transmission electron microscopy (TEM) study
has failed to identify neural elements in the planulae of the
scyphozoan Cassiopea xamachana (Martin and Chia 1982),
although histological observations suggested the presence of
neurons in planulae of another scyphozoan Aurelia (Korn
1966). Here, we used neuronal markers anti-FMRFamide,
antitaurine, and antityrosinated tubulin (tyrTub) antibodies,
coupled with confocal microscopy and TEM, (1) to confirm
the presence of neurons and neurites in the planula larvae of
the scyphozoan Aurelia and (2) to examine the pattern and
development of the nervous system from an early planula
through metamorphosis into a polyp. Our results indicate that
Aurelia planulae possess an anterior/aboral ectodermal
nervous system, formed by ectodermally derived, epithelial
sensory neurons with simple T-shaped neurites. During
metamorphosis, the aboral planula nervous system degenerates and is transiently taken up by the endoderm, which also
undergoes apoptosis (Yuan et al. 2008). The settled polyp
then develops an orally concentrated ectodermal nervous
system around the mouth opening and in the tentacles.
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Materials and methods
Animals
The embryos and planula larvae of Aurelia were collected
and allowed to develop as described elsewhere (Yuan et al.
2008).
Immunohistochemistry and confocal microscopy
Procedures for fixation and immunohistochemistry for Aurelia
embryos were as described previously (Yuan et al. 2008).
Primary antibodies that were used for this study were
antibodies against FMRFamide (rabbit; 1:500, Chemicon),
taurine (rabbit; 1:200, Chemicon), and tyrosinated tubulin
(mouse; 1:800, Sigma). Immunoreactivity against the molluscan
neuropeptide Phe–Met–Arg–Phe–NH2 (FMRFamide) occurs
widely in the cnidarian nervous systems (Grimmelikhuijzen
1983), and the anti-FMRFamide antibody likely immunoreacts
with endogenous neuropeptides with the C-terminal sequence
Gly–Arg–Phe–NH2 in cnidarians. Nuclei were labeled using
fluorescent dyes Sytox (1:2,000) or TOTO (1:5 in Vectashield
mounting medium); filamentous actin was labeled using
rhodamine phalloidin (1:25) or phalloidin conjugated to
AlexaFluor 568. Secondary antibodies that were used for this
study were AlexaFluor 568 (rabbit; 1:200), AlexaFluor 488
(mouse; 1:200), Cy3 (rabbit; 1:500, Jackson Laboratory), and
Cy5 (rabbit; 1:200). The specimens were mounted in
Vectashield (Vector Laboratories Inc.) and then examined and
recorded using a Biorad Model MRC1024ES Confocal
Microscope and Laser Sharp version 3.2 software. The
confocal stacks were viewed using the program Image J.
Transmission electron microscopy
Preparation of planula specimens for transmission electron
microscopy was performed as previously described (Yuan
et al. 2008). Samples were sectioned by the Microscopic
Techniques Laboratory and examined using the JEOL
100CX transmission electron microscope at the Electron
Microscope Laboratory of the UCLA Brain Research
Institute.
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immunoreactive neurons/fibers relative to the overall
number of fibers that stain with the anti-tyrTub antibody
is in the order of 50% (see below). In the following, we will
primarily focus on the set of FMRFamide-immunoreactive
neurons, which can be easily quantified and followed
throughout their development.
The nervous system is formed by sensory neurons that form
within the planula ectoderm
We characterized four stages of planula development, based
on the density and distribution of neurons that roughly
correlated with the gradual elongation of the maturing
planula. During the first stage (ovoid stage; Fig. 1a–c),
FMRFamide-like immunoreactivity appears in a small
number of ectodermal cells that are restricted in their
distribution to a narrow circumferential belt extending from
20–40% embryo length (anterior/aboral tip is 0%). Cell
bodies are localized in the apical stratum of the ectoderm;
short processes extend basally where they thicken into
growth cones. During the second stage (ellipsoid planula;
Fig. 1d–f), FMRFamide-immunoreactive neurons have
started to form horizontal processes that extend along the
longitudinal axis of the planula and represent the onset of
the nervous system. During the third stage (rectangular
planula), neurites have lengthened both aborally (“anteriorly”)
and orally, but the preference is for anterior neurite extension.
Underneath the anterior ectoderm, neurites form an apical
nerve plexus (Figs. 1h and 2c). The number and density of
neurons has increased considerably; from stage three
onward, neurons occupy a domain that extends from about
15% to more than 60% of the body length. Significantly,
none of the cells of the apical organ, which at this stage
begin to stand out from the rest of the ectoderm by their
greater apicobasal length and long cilia (Fig. 1i; see also
Yuan et al. 2008), show FMRFamide-like immunoreactivity.
FMRFamide-like expression in a subset of cells of the apical
organ defines the fourth stage (mature planula; Fig. 1j–l).
Thus, at this stage, one can distinguish a (small) population
of “apical neurons” from a much larger group of “lateral
neurons”.
Pattern and morphology of FMRFamide-immunoreactive
neurons of the mature planula

Results
The nervous system of the planula larva is formed by a
population of regularly spaced ectodermal neurons whose
axons extend preferentially in longitudinal direction. Both
global markers such as the antityrosinated tubulin antibody
as well as markers for specific neuronal subtypes, such as
anti-FMRFamide and antitaurine antibodies, visualize the
nervous system of the planula. The ratio of FMRFamide-

Details of the morphology and pattern of the FMRFamideimmunoreactive nervous system of the mature planula are
illustrated in Figs. 2, 3, and 4. Laterally, most, if not all,
neuronal cell bodies are restricted to the superficial stratum
of the ectodermal epithelium (Fig. 2a); neuronal nuclei
form part of the superficial layer of nuclei (Fig. 2b).
Neurites extend basally before branching into a T-shaped,
longitudinal fiber. These fibers show numerous varicosities,
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Fig. 1 Development of
the planula nervous system.
Z-projections of confocal
sections of Aurelia planulae labeled with antibody against
FMRFamide. Panels on the left
(a, d, g, j) show superficial
planes of section (level at the
base of ectoderm and nerve net).
Panels in the middle and right
(b, c, e, f, h, i, k, l) are
longitudinal sections through
center of specimen. In right
column (c, f, i, and l),
antityrosinated tubulin (tyrTub)
and Sytox (Syt) labeling of
sections depicted in middle
column are shown. a–c Early
(ovoid) planula. Nerve cell
bodies (ne) have started to appear in the ectoderm (ecp), occupying a cylindrical domain
near the aboral pole. Nerve cell
processes (neurites; np) at the
base of the ectoderm are short or
absent. d–f Midstage (ellipsoid)
planula. Number of neurons has
increased and T-shaped, longitudinally oriented neurites form
a sparse nerve net (nn) at the
base of the ectoderm. g–i Late
(“rectangular”) planula. Nerve
cell processes have further
elongated and cross the midline
at the anterior, aboral pole
(apical nerve plexus, ap).
Elongated ectodermal cells,
expressing high tyrTub levels,
form the apical organ (ao).
j–l Mature planula. FMRFamideimmunoreactive sensory neurons
are present in the apical organ
(arrows in j and k). Bar, 25 μm

which may represent synapses (Fig. 2a). Apical neurons are
similar in morphology and distribution to their lateral
counterparts (Fig. 2c,d). Cell bodies and nuclei of apical
neurons are also restricted to the superficial realm of the
ectoderm, which is noteworthy because the bulk of cells of

the apical organ have nuclei that are located basally
(Fig. 2d; Yuan et al. 2008).
Within their domain of occurrence, FMRFamideimmunoreactive neurons are quite regularly distributed. In
the transverse axis, neurons are separated by 3–5 cell
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Fig. 2 Pattern of the FMRFamide-immunoreactive nervous system in
planulae. Z-projections of confocal sections of mature Aurelia planulae
labeled with antibody against FMRFamide. Panels of the left column
(a, c, e, g) are double labeled with antityrosinated tubulin (tyrTub);
panels of the middle column (b, d, f, h) represent the same sections,
double labeled with Sytox (Syt). a, b and c, d depict lateral ectoderm
(ecp) and apical organ (ao), respectively; apical surface is to the top,
basal surface at the bottom. e, f and g, h are tangential sections of the
ectoderm at a superficial level and basal level, respectively. Note
location of cell bodies of FMRFamide-immunoreactive neurons (ne) in
superficial stratum of ectoderm (a, e). Neurites radiate basally where
they bifurcate into branches that project posteriorly and anteriorly;
these branches form the nerve net (nn). i Distribution of FMRFamideimmunoreactive neurons along oral–aboral axis. Photograph at top

indicates subdivisions (1–10) of planula. Number of neuronal cell
bodies falling in these subdivisions were counted for five half animals
(only the one side facing towards the microscope lens was counted);
averages are plotted in histogram at the bottom. Note concentration of
cell bodies falling within interval between 30% and 50% of the body
axis, as well as peak in apical organ. j Distribution of FMRFamideimmunoreactive axons in the nerve net. Cross sections of halves of
planula nerve net at about 50% body length are represented by
hemicircles for six animals. Positions of labeled axons visible in
confocal stacks were projected onto the cross sections (blue dots).
Note that axons are quite regularly distributed around the entire
perimeter, rather than falling into symmetrically positioned bundles.
Bar, 10 μm (a–h); 25 μm (i)

diameters (Fig. 2e,f). Along the anteroposterior axis,
neuronal cell density follows a gradient in both directions
(Fig. 2g). Peak densities (averaged from ten specimens) are
found at 40% larval length (from the anterior), reaching
approximately one neuron per 100 μmsq (Fig. 2i). Densi-

ties decline anteriorly and posteriorly; the smaller peak at
the anterior tip of the larva is caused by the apical neurons.
Similar to the even distribution of cell bodies along the
transverse axis, the spacing of longitudinal FMRFamideimmunoreactive neurites in the nervous system is fairly
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Fig. 3 Pattern of the taurine-immunoreactive nervous system in
planulae. Z-projections of confocal longitudinal sections through the
center of late/mature Aurelia planulae labeled with antibody against
taurine. a Late/mature planula labeled with TOTO and antityrosinated
tubulin (tyrTub). Note the fully developed apical organ (ao). b Same
sections as a labeled with TOTO and antitaurine (Tau). Note the higher
level of taurine immunoreactivity in the cells of the apical organ and

neurites in the apical nerve plexus (ap) and longitudinally oriented
nerve processes (np). Particularly high levels of taurine are detected in
the cytoplasm of the apical necks of cells (arrow). c Higher
magnification of the apical organ of the same specimen, labeled with
TOTO, antityrosinated tubulin (tyrTub) and antitaurine (Tau), showing
taurine immunoreactivity in apical cytoplasm of cells of the apical
organ (arrow). Bar, 50 μm (a, b); 10 μm (c)

regular (Fig. 2h–j). The comparison of tyrTub-positive
neurites (presumably the sum total of all neurites) and the
FMRFamide/tyrTub double-labeled neurites reveals that the
latter neurites represent approximately one half (Fig. 2h).
FMRFamide-immunoreactive neurites are spaced apart 1–
2 cell diameters (Fig. 2i). Plotting these neurites on the
circle representing a cross section of the nervous system
(Fig. 2j) reveals that neurites occur at equal frequencies all
around the larva, indicating that they have a uniform
circumferential distribution. In other words, there is no
apparent differentiation of the nervous system along the
“dorsoventral” axis.

chemical properties. Whether coexpression of FMRFamide
and taurine occurs in any cells in the apical organ remains to
be investigated.

Pattern and morphology of taurine-immunoreactive neurons
in the late/mature planula
The taurine-immunoreactive nervous system in the late/
mature planula consists of apical neurons and neurites
oriented longitudinally along the mesoglea, but lacks lateral
neurons (Fig. 3). The taurine-immunoreactive neurites are
concentrated anteriorly/aborally, forming an apical nerve
plexus underneath the anterior ectoderm (Fig. 3b). As in
FMRFamide-immunoreactive apical neurons, the taurineimmunoreactive neuronal cell bodies in the apical organ are
restricted to the superficial stratum of the ectoderm (Fig. 3b,c).
The spatial distribution of the taurine-immunoreactive apical
neurons is more clustered than that of the FMRFamideimmunoreactive neurons, as the taurine-immunoreactive
cells appear adjacent to each other (Fig. 3c). Differences in
the pattern of spatial distributions between FMRFamide- and
taurine-immunoreactive apical neurons suggest that there are
multiple populations of apical neurons with distinct bio-

The relationship of neurites and myoepithelial fibers
in the nervous system
The Aurelia planula possesses a network of mostly
longitudinally oriented myofibrils located in basal extensions of the ectoderm. These actin-rich myofibrils can be
visualized light microscopically with a fluorescent dye
phalloidin (Fig. 4a–d). The highest level of phalloidin
labeling is seen in the cytoplasm of endoderm cells,
surrounding the densely packed, irregularly sized vacuoles
that are found in the endoderm (Fig. 4a,b). Phalloidin
labeling in the ectoderm is relatively weak, but close
inspection reveals a thin layer of labeling running along the
basal membrane of ectodermal cells, which we assume to
correspond to the myofibrils. A tangential confocal section
(Fig. 4f) clearly shows the spatial organization of the
closely packed, longitudinally oriented myofibrils. Double
labeling with phalloidin and the anti-FMRFamide antibody
indicates that the neurites forming the nervous system
extend alongside the myofibrils (Fig. 4c,d).
Electron microscopically, myofibrils appear as inconspicuous, slender bundles of filaments in the basal cytocortex of
ectoderm cells (Fig. 4i,j). The mesoglea, a band of electrondense material of 100–200 nm in thickness, separates
ectoderm and endoderm (Fig. 4i). Ectodermal cells split
up into processes, or “lobes”, of variable diameter as they
approach the mesoglea. Myofibrils occur in some of these
lobes, always within a distance of less than 200 nm from
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Fig. 4 Neuromuscular system of the planula. a–h Confocal sections
of late planula labeled with phalliodin (actin filaments) and antibodies
against tyrosinated tubulin and FMRFamide. In upper panels (a–d)
section was taken near center of animal. The primary endoderm shows
strong concentration of phalloidin-positive microfilaments (a, b). Note
in b and d the presence of a thin layer of phalloidin label adjacent to
endoderm. This layer corresponds to actin-rich myofilaments
(mf) located in basal end feet of ectodermal cells. FMRFamideimmunoreactive axons (c, d) are found at the same level as myofilaments. e–g Tangential sections at basal level of ectoderm, showing
relationship of nerve net and myofilaments. In e, ectodermal cells and
axons of nerve net (axtT) are labeled with tyrTub. Subset of these axons

also express FMRFamide (g, h), whereas others are FMRFamide
negative (arrows in h). f Densely packed myofilaments which are
oriented preferentially longitudinally. Merging the phalloidin channel
with the other channels (h) demonstrates close apposition of myofilaments and axons. i–k Electron micrographs of sections of planula,
showing endoderm (enp), mesoglea (mg), and basal ectoderm (ecp).
Myofilaments (mf) are found within the basal end feet of ectoderm cells,
adjacent to basal membrane. Profiles of microtubule-rich axons (ax) are
located in channels in between ectodermal end feet. Arrowhead in j
hints at possible contact zone between axon and ectoderm cell; note
membrane densities and vesicles in axon. Bars, 25 μm (a); 10 μm
(b–h); 0.5 μm (i–k)

the mesoglea. Spaces between these basoectodermal lobes
contain the neurites. Typically, neurites occupy a position
further away from the mesoglea relative to associated
myofibrils, a finding that has also been reported for the
planula of a hydrozoan Pennaria tiarella (Martin and
Thomas 1980). In rare cases, figures that might represent
neuromyoepithelial junctions can be observed between the
membranes of neurites and ectoderm cells (Fig. 4j).

to the subpopulation of FMRFamide-immunoreactive
neurons. Initially, prior to formation of the secondary
endoderm, neurons and axons are still visible in the anterior
(aboral) ectoderm of the animal but show irregular trajectories
and decrease in number (Fig. 5a–c). Slightly later, still prior to
formation of the secondary endoderm, cell bodies as well as
axons appear to break down into small fragments (Fig. 5d–f).
At this stage, FMRFamide-immunoreactive bodies appear in
large numbers in the primary endoderm. We infer based on
this observation that fragments of apoptotic neurons that
retain FMRFamide-like immunoreactivity are taken up by
the cells of the primary endoderm. By the following stage,
when the secondary endoderm becomes visible at the oral
pole (Fig. 5j–l), FMRFamide-immunoreactive material has

Degeneration of the planula nervous system during early
metamorphosis
Following larval settlement, the primary nervous system of
the planula degenerates. This process was followed in regard
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Fig. 5 Degeneration of planula nerve net after larval settlement. Zprojections of confocal sections of settled larvae labeled with antibody
against FMRFamide. Panels on the left (a, d, g) show superficial
planes of section (level at the base of ectoderm and nerve net). Panels
in the middle and right (b, c, e, f, h, i, k, l), as well as panel j, are
longitudinal sections through center of specimen. In right column (c, f,
i, and l), antityrosinated tubulin (tyrTub) and Sytox (Syt) labeling of
sections depicted in middle column are shown. Panels of the first three
rows (a–i) show early settled larva (ovoid shape; prior to formation of
mouth opening). j–l Midstage settled larva (ovoid shape; mouth
opening has formed). In larva shown in top row (a–c) FMRFamideimmunoreactive nervous system is still intact; axons of nerve net (nn
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in a) are irregularly oriented, possibly due to contraction of body in
oral–aboral axis. In larva shown in second row (d–f), most
FMRFamide label is seen in granules located within the primary
endoderm (enp). These granules are interpreted as apoptotic fragments
of neurons (cd) that had moved out of the ectoderm into the primary
endoderm. Some irregularly shaped cell bodies and axons are still
remaining in ectoderm. g–i FMRFamide label is confined to the
endoderm. j–l The FMRFamide-immunoreactive remnants (cd) are
cleared from the primary endoderm, presumably during the same wave
of apoptosis that affects the endoderm cells themselves (see Yuan et al.
2008). Other abbreviations: ao apical organ/attachment site; ens
secondary endoderm; mo mouth opening. Bar, 25 μm
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disappeared from the ectoderm completely; it is found
exclusively in the primary endoderm. At this point, the
primary endoderm itself becomes “compressed” by
the secondary endoderm into ovoid cluster of cells filling
the aboral pole of the animal. Cell death appears to remove a
large fraction, if not all, of the primary endoderm cells, as
revealed by the prevalence of caspase-positive cell fragments in the anterior/aboral endoderm of the settled larva
(Yuan et al. 2008).
Formation of the secondary nervous system of the tentacles
and oral disc
Metamorphosis of the settled larva begins with the
appearance of the mouth opening, flanked by secondary
endoderm that soon expands to fill the interior of the
developing polyp. The ectoderm around the mouth opening
forms the oral disc, and the ectoderm surrounding the disc
forms the anlagen of tentacles. FMRFamide-immunoreactive
neurons appear in the ectoderm of the oral disc and the
tentacle anlagen (Fig. 6a–d) and differentiate into a basiepithelial nervous system that pervades the growing tentacles
and the oral disc (Fig. 6e–h). The overall patterning and
morphology of FMRFamide-immunoreactive neurons
appears similar to that of the primary neurons encountered
in the planula. Neurons are evenly distributed and spaced 3–
5 cell diameters apart (Fig. 6i,j,l); individual cell bodies are
integrated in the ectoderm (epithelial neurons) and produce
T-shaped axons that project along the longitudinal axis of the
tentacles (Fig. 6j,l), or form circular fibers around the mouth
(Fig. 6h), respectively. Some neurons of mature polyps
appear to be multipolar, forming four or more neurites that
extend out directly from the cell body (Fig. 6o). The ratio of
FMRFamide-immunoreactive neurons/axons to overall neurons is also similar, if somewhat less, to the one established
for the planula nervous system: double labeling of tentacles
of mature polyps with tyrTub and anti-FMRFamide antibodies reveals that 30–40% of the tyrTub-positive fibers also
label with the anti-FMRFamide antibody (Fig. 6l).

Discussion
The nervous system of Aurelia planulae
Korn (1966) made histological observations of the spatial
distribution and morphology of neurons in scyphozoan Aurelia
planulae. Our immunohistochemical and TEM studies
confirm Korn’s fundamental inference that scyphozoan
Aurelia planulae possess a nervous system. FMRFamideimmunoreactive cells in the Aurelia planula ectoderm are
bipolar and spindle-shaped with apically located nuclei and
extend from the mesoglea to the external surface. These cells
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closely resemble sensory cells described in other cnidarians
(e.g., Pennaria tiarella; Martin and Thomas 1980). In
addition, these cells extend fibers with numerous varicosities
basally along the mesoglea (Fig. 2a), indicative of neurites
with chemical synapses. Furthermore, the TEM images show
neuroepitheliomuscular junctions (Fig. 3k) as well as neurites
located just apical to myofibrils in the ectoderm (Fig. 3i,j),
similar in position to the neuronal processes in a hydrozoan
planula (Martin and Thomas 1980). This work and the
accompanying paper (Yuan et al. 2008) document the first
immunohistochemical and ultrastructural evidence for the
presence of neurons in a scyphozoan planula.
Embryonic origin of the Aurelia nervous system
In Aurelia, FMRFamide-immunoreactive neurons are first
detected in the anterior/aboral region of the early planula
ectoderm, but not in the endoderm (Fig. 1a–c), suggesting
that the first planula FMRFamide-immunoreactive neurons
differentiate in the anterior/aboral ectoderm in Aurelia. The
work on Hydra polyps showed that interstitial cells gave
rise to all types of neurons (Davis 1974; Campbell et al.
1976), leading to the supposition that this might be the
general case in all cnidarians. However, in the planula stage
of other hydrozoans, such as Pennaria tiarella and
Phialidium gregarium, ectodermal epithelial cells, and not
the I-cells in the endoderm, have been demonstrated to be
the source of ectodermal sensory cells (Martin and Thomas
1981; Thomas et al. 1987). In the planulae of the
scyphozoan Aurelia, the endoderm is unlikely to be the
source of the ectodermal sensory cells, as there has been no
observation of endodermal cells migrating into the ectoderm in Aurelia, although the opposite situation can occur
(Yuan et al. 2008). We therefore suggest that the first
FMRFamide-immunoreactive sensory cells develop from
the ectodermal cells in Aurelia. However, further experiments, such as dye injection and TEM analyses of the
development of nerve cells, may be conducted to further
test this hypothesis.
If first-born cnidarian neurons are ectodermal in origin,
differentiation of neural tissue from ectoderm would be an
additional shared feature of bilaterian and cnidarian
development beyond those involving axial developmental
regulation that have been recently discussed (Martindale
2005). In bilaterian embryos, neural progenitor cells are
born after gastrulation in a specialized region of the
ectoderm, the neurectoderm, and they differentiate into
neurons and glial cells to generate the nervous systems
(Harris and Hartenstein 1998; Hatten and Heintz 1998).
Based on the observations on the pattern of neurogenesis in
medusozoan cnidarians and bilaterians, we hypothesize that
the first-born neurons and their progenitor cells in the last
common ancestor of cnidarians and bilaterians were also
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Fig. 6 Formation of the perioral and tentacular nerve net. Zprojections of confocal sections of late settled larvae (a–d) and polyps
(e–o) labeled with antibody against FMRFamide, tyrosinated tubulin
(tyrTub), and Sytox (Syt). Panels on the left (a, b, e, f, i, l) show
superficial planes of section (level at the base of ectoderm and nerve
net). Panels on the right (c, d, g, h, j, k, m–o) are longitudinal sections
through center of specimen or tentacle, respectively. a–d After the
planula nerve net has disappeared (see Fig. 4), but prior to outgrowth
of tentacles, FMRFamide immunoreactivity appears at the oral pole.
Labeled cells and their processes (secondary nerve net, nns) are
located within the ectoderm in a ring-shaped domain surrounding the
mouth (perioral nerve ring). e–g Early polyp (four tentacle stage).
Tentacle buds grow out from the perioral ectoderm, the same domain
that also contains the nerve cells. As ectoderm cells elongate and form
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tentacle, they take nerve cells along with them. These cells form the
tentacular nerve net (nnt in f). A second nerve net, called pharyngeal
nerve net (nnph), appears at the base of the pharyngeal epithelium that
lines the mouth opening (mo in f, g). Radial nerve fibers (perioral
nerve fibers, pon in h) connect the tentacular nerve net and the
pharyngeal nerve net. i, j Eight tentacle polyp; k–o 16 tentacle polyp
(k tentacle contracter; l, o tentacle extended). Neurons labeled with
anti-FMRFamide and tyrTub are exclusively intraectodermal, sensory
neurons (net). Neurites form a net of longitudinally oriented fibers,
very similar to the nerve net of the planula, between ectoderm and
tentacular endoderm (ent; n, o). Many neurons appear multipolar, with
two or more neurites extending from the cell body towards proximally
and distally (o). Bars, 25 μm (a–h); 10 μm (i–o)
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derived from the ectoderm. This hypothesis predicts that (1)
the first-born neurons in other cnidarian species including
those belonging to Anthozoa and Staurozoa are likely to
develop in the ectoderm and (2) the process of neurogenesis
in the ectoderm should be under the control of a conserved
ancestral developmental genetic program in both cnidarians
and bilaterians, if neurogenesis in the ectoderm has
experienced strong purifying selection throughout the
evolution of Metazoa.
Bilaterian neuronal precursor cells are specified and
segregated from nonneural cells in the neurectoderm by a
highly conserved, lateral inhibition mechanism involving
the transmembrane receptor Notch, its membrane-bound
ligand Delta, and “proneural” genes, which encode the
transcription factors of the basic-helix-loop-helix class,
such as Achaete–Scute proteins (Wolpert 2007). Notch
and Delta homologs have been identified in cnidarian
genomes (Putnam et al. 2007; Technau et al. 2005), but
their role in the nervous system development has not been
investigated. The expression pattern of an achaete–scutelike gene in adult Hydra suggested a role in differentiation
of sensory neurons but not in specifying them, as no
expression was detected in interstitial cells (Hayakawa et al.
2004). The reason for the lack of equivalence in the precise
function of achaete–scute genes between a cnidarian and
bilaterians is unclear. This could be due to independent
evolution of neural functions in the two lineages from a
nonneural ancestral function of the achaete–scute gene in
the last common ancestor of cnidarians and bilaterians. It
could also have resulted from divergence in functions via
gene duplication or relaxation of the ancestral functional
constraint from an ancestral function of the achaete–scute
gene in nervous system development. It is important to
note, however, that the pattern of neurogenesis in Hydra
may not be representative of all cnidarians as discussed
earlier. Thus, it will be critical to examine the systems that
display other modes of cnidarian neurogenesis, such as
Pennaria (a nonhydra hydrozoan), Hydractinia (a nonhydra
hydrozoan), and/or Aurelia (a scyphozoan), if we are to
gain further insights into the ancestral developmental
genetic mechanism of cnidarian neurogenesis.
Pattern of the planula nervous system
Mature Aurelia planulae possess an anteriorly/aborally
concentrated, radially symmetric, ectodermal nervous system,
consisting of (1) “apical neurons,” FMRFamide- and taurineimmunoreactive cells in the apical organ (arrows in Figs. 1j,k
and 2c,d; arrows in Fig. 3b,c), (2) “lateral neurons,”
FMRFamide-immunoreactive cells that are regularly spaced
(3–5 cells apart from each other) in the anterior/aboral
domain of 15–60% body length (Fig. 2e-j), and (3)
FMRFamide-, taurine-, and tyrTub-immunoreactive neurites
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from these neurons, forming a plexus at the base of the
apical organ and extending longitudinally along mesoglea
towards the posterior/oral region (Figs. 2c,d, g,h and 3b).
An aboral concentration of nerve cells appears to be typical
for most planulae investigated so far. For instance, RFamide/
FMRFamide-immunoreactive sensory cells and their neurites
are enriched in the anterior/aboral domain in the ectoderm of
planulae in the anthozoans Acropora millepora (Hayward et
al. 2001) and Nematostella vectensis (our unpublished
observation). In addition, planulae of many anthozoan
species have an aboral apical organ (Widersten 1968) that
contains a cluster of long columnar sensory cells with a
bundle of cilia forming an apical tuft, which is probably
homologous to the apical organ of Aurelia (Yuan et al.
2008). In some species, abundant ganglion cells are located
at the basal surface of the apical organ (Chia and Koss
1979). In hydrozoan planulae, antibodies against RFamide
and GLWamide also revealed an anteriorly/aborally biased
distribution of neurons (Leitz and Lay 1995; Martin 2000;
Plickert 1989; Plickert and Schneider 2004), closely resembling the FMRFamide-like expression pattern in Aurelia, and
neurites form both transversally and longitudinally oriented
processes (Groger and Schmid 2001; Martin and Thomas
1980; Weis et al. 1985). The above observations on the
structure of anthozoan, hydrozoan, and scyphozoan planula
nervous systems suggest that planulae in the last common
cnidarian ancestor probably had the anteriorly/aborally
concentrated ectodermal nervous system with apical organlike structures and longitudinally oriented neurites.
The anteriorly/aborally concentrated ectodermal nervous
system in cnidarian planulae probably function to transmit
the external chemical stimuli and to trigger metamorphosis.
Treatment of H. echinata planulae with RFamides and
LWamides, which are expressed in the apical and lateral
neurons of the planulae, has been shown to cause inhibition
and induction of metamorphosis, respectively (Katsukura
et al. 2003; Leitz et al. 1994). Taurine also inhibits
metamorphosis of H. echinata planulae when applied
externally (Berking 1988). These observations may indicate
that a release of LWamides from GLWamide-immunoreactive
neurons into the target cells and a loss/reduction of RFamides
and taurine in (FM)RFamide- and taurine-immunoreactive
neurons, respectively, are crucial for execution of metamorphosis into a polyp. Indeed, neuron-specific immunoreactivity against anti-GLWamide and anti-(FM)RFamide
antibodies is lost upon metamorphosis (Martin 2000;
Plickert 1989; Schmich et al. 1998), and a large quantity
of taurine is released into the surrounding medium from
H. echinata planulae upon induction of metamorphosis
(Berking 1988). Thus, the existing evidence strongly
suggests that the anteriorly/aborally concentrated (FM)
RFamide-, GLWamide-, and taurine-immunoreactive nervous systems in cnidarian planulae must respond to the
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external chemical cue, likely via the immunoreactive sensory
cells, in order to initiate the process of metamorphosis.
Metamorphosis
During metamorphosis into a polyp, FMRFamide-like
expression in the ectoderm of Aurelia planulae diminishes,
shifts to the primary (i.e., planula-type) endoderm and is
lost (Fig. 5), in likely association with apoptosis (Yuan
et al. 2008). In the developing polyp, FMRFamideimmunoreactive cells reappear in the ectoderm of the oral
disc and the tentacle anlagen, but the ectoderm in the
nonoral region, except along the longitudinal cord muscle
fiber (data not shown), remains free of FMRFamide-like
immunoreactivity. These observations indicate that the
planula-type anteriorly/aborally concentrated “primary”
FMRFamide-immunoreactive ectodermal nervous system
degenerates and the polyp-type posteriorly/orally concentrated
“secondary” FMRFamide-immunoreactive ectodermal nervous system is generated de novo. Similar metamorphosisassociated repatterning of the (FM)RFamide-immunoreactive
nervous systems occurs in hydrozoans (e.g., Plickert 1989;
Martin 2000; also see “Introduction”), suggesting that the
last common ancestor of hydrozoans and scyphozoans also
underwent the process of the (FM)RFamide-like ectodermal
nervous system reorganization during metamorphosis into a
polyp.
It is not known whether such repatterning of the (FM)
RFamide-immunoreactive nervous system is common in
anthozoans or staurozoans. In metamorphosing planulae of
the anthozoan A. millepora, the decrease in the number of
ectodermal cells expressing emx-Am and RFamide has been
reported (de Jong et al. 2006), suggesting the degeneration
of the planula nervous system. de Jong et al. also reported a
drastic reversal of Pax3/7-like Pax-Dam expression from
the anterior/aboral to posterior/oral end associated with the
metamorphosis. Pax3/7-related genes are involved in the
specification of a subset of neuroblasts in Drosophila
(Skeath et al. 1995) and the dorsal neural tube in mice
(Epstein et al. 1991). Therefore, the polarity reversal in
Pax-Dam expression in A. millepora might indicate that
metamorphosis-associated repatterning of the nervous system also occurs in A. millepora, although whether this
reversal of “neural” gene expression indeed correlates with
changes in the nervous system architecture remains to be
investigated.
Reconstruction of evolution of nervous system architecture
and development
Based on the current data on the structure and development
of nervous systems in cnidarians and bilaterians, the most
parsimonious interpretation would be that (1) the embryonic
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origin of neurons in the last common ancestor of cnidarians
and bilaterians was ectodermal; (2) the planulae of the last
common ancestor of cnidarians had anteriorly/aborally
concentrated ectodermal nervous system with apical organlike structure in the anterior/aboral end and longitudinally
oriented nerve fibers along mesoglea, which functioned to
respond to external chemical cues for metamorphosis, and
(3) in the last common ancestor of hydrozoans and
scyphozoans, the planula ectodermal nervous system containing (FM)RFamide-like peptides degenerated and the
posteriorly/orally concentrated ectodermal nervous system
containing (FM)RFamide-like peptides developed de novo
during metamorphosis into a polyp.
Clearly, more work is necessary to gain comprehensive
understanding of the early evolution of metazoan nervous
systems. Further comparative studies on the development of
cnidarian nervous systems involving diversely represented
cnidarian taxa promise to improve our understanding of the
evolutionary history of the nervous systems within Cnidaria.
This, coupled with the data on bilaterian nervous system
development, will be critical in making more robust
inferences on ancestral conditions of the nervous system
development in the last common ancestor of cnidarians and
bilaterians.
Recent molecular phylogenetic analyses suggest sponge
paraphyly, in which the demosponges are the sister group to
the clade that includes calcarious sponges, bilaterians, and
cnidarians (Borchiellini et al. 2001; Halanych 2004).
Demosponge genomes contain a number of homologs to
bilaterian “nervous system” genes (Jacobs et al. 2007;
Sakarya et al. 2007), functions of which remain to be
investigated. As sponges do not have bona fide neurons
(Jones 1962; Pavansde 1974), the characterization of the
“nervous system” genes in demosponges will likely provide
key insights into the origin and evolution of neurons that
could have occurred in the lineage leading to cnidarians and
bilaterians.
Another well-known “basal” metazoan group, whose
phylogenetic position remains uncertain, is ctenophores.
Although ctenophores possess true neurons as in cnidarians
and bilaterians (Hernandez-Nicaise 1991), little is known
about the development of their nervous system. The study
of ctenophore nervous system development will thus be
important for assessing whether the nervous system
development in ctenophores shares a common evolutionary
origin with that in bilaterians and/or cnidarians. Interestingly, recent phylogenomic analyses placed ctenophores as
the sister group to the rest of metazoans (Dunn et al. 2008).
If true, information on the ctenophore nervous system
development, coupled with the data from sponges, cnidarians, and bilaterians, will allow us to infer whether there
was a single evolutionary origin of the metazoan nervous
system at the base of the metazoan tree with the secondary
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loss of neurons in sponges. Hence, investigation of
ctenophore nervous system development will also be key
to more complete understanding of the origin and evolution
of metazoan nervous systems.
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