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Abstract
Cnidarians have the most primitive nervous system in animal kingdom. Diffuse nerve net
(called “diffuse nervous system’) covers the whole body. Cnidarians are considered the earliest
metazoans to have evolved a nervous system and therefore offer possible insight into some of
the fundamental properties of early nervous system. Recent studies show the cnidarian nervous
system is much more complex than it was expected before. Genome projects and molecular
developmental biological studies clarified indistinctness between Radiata and Bilateria. As to
the nervous system, the situation is the same, namely there are many similarities between two
animal groups. The cnidarian nervous system has all fundamental components with the molec-
ular, morphological, and functional aspects. This might be also the case for the central nervous
system, namely cnidarians are suggested to have primitive central nervous system.

I will make comprehensive description of the cnidarian nervous system based on mor-
phological, functional, developmental studies in many biological levels from gene and mol-
ecule to individual, and compare with the concentrated nervous system of bilaterians.

Subsequently, I will discuss the origin and evolution of the nervous system.
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6.1 Introduction
6.1.1 Diversity of Nervous Systems (Fig.6.1)

Nervous systems in animal kingdom are very diverse. Figure
6.1 shows the phylogenetic tree of animals’ nervous systems.
Chordata including vertebrates have main neuronal compo-
nents in the dorsal side, which is called notoneuralia. The
evolution of this nervous system, tubular nervous system has
started due to the emergence of a neural tube. Acadian in
Urochordata and amphioxus in Cephalochordata has dorsal
neural tube. Other Deuterostomia, Ambulacaria include
Echinodermata and Hemichordata, have simpler nervous
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systems. For example starfish in Echinodermata has a ner-
vous system composed of a nerve ring and radial nerves,
called radial nervous system.

Protostomia among invertebrates have main neural com-
ponents in the ventral side, which is called gastroneuralia.
Insects in Ecdyzoa have micro-brain, which is a masterpiece
of information processing equipment with small size, light
weight, and low cost. This nervous system is called ladder-
like nervous system, which is typical nervous system in gas-
troneuralia. Mollusca in Lophotrochozoa have modified type
of ladder-like nervous system, called tetra neural nervous
system. Cephalopoda including octopus and squid have large
brain, which is called “vertebrate-like mega brain”. An earth-
worm in Annelida has typical ladder-like nervous system,
and planarian Dugesia japonica has orthogonal nervous sys-
tem, which is primitive type of ladder-like nervous system.
Cnidaria have simple nervous system, diffuse nervous sys-
tem, and Porifera have no neurons.
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Fig.6.1 Phylogenetic
tree of the nervous
systems of animals

Fig.6.2 Unique
phylogenetic position
of ctenophores and
hypothesis of
independent appearance
of nervous systems in
ctenophores and
cnidarians. Two circles
indicate emergences of
the nervous system
(Modified from Moroz

etal. 2014) N
eurons

Gastroneuralia

Lophotrochozoa Ecdyzoa

e

Protostomia

Ctenophora Porifera

No neurons 3
No muscles

0. Koizumi

Notoneuralia

Ambulacaria Chordata

N

Deuterostomia

N

Bilateria

Cnidaria Radiata Diffuse nervous system

Prorifera No nerve cell

Placozoa Cnidaria Bilateria

Choanoflagellata

Neurons
Muscles

Muscles

(C

Animals

6.1.2 Ctenophore’s Hypothesis (Fig. 6.2)

Cnidarians and ctenophores (comb jellies) used to belong to
one animal group, coelenterate, among basal metazoans tra-
ditionally, because they both have jelly-shaped forms and
neurons. However, Cnidaria and Ctenophora are now divided
into different phyla after many differences were recognized
between the two animal groups. Moreover, very recently
Moroz et al. (2014) showed that ctenophores are remarkably
distinct from other animals in their content of neurogenic,
immune and developmental genes. Their integrative analyses
place Ctenophora as the earliest lineage within Metazoa.
This hypothesis is supported by comparative analysis of
multiple gene families, including the apparent absence of
HOX genes, canonical microRNA machinery, and reduced
immune complement in ctenophores.

Many bilaterian neuron-specific genes and genes of ‘clas-
sical’ neurotransmitter pathways either are absent or, if pres-
ent, are not expressed in neurons in ctenophores. Hence it
has been proposed that the nervous systems originated inde-
pendently in Ctenophora and Cnidaria (Moroz et al. 2014).
The nervous system of ctenophore is different from bilate-

rian nervous system, but those of cnidarian and bilaterian are
similar (Watanabe et al. 2009).

6.1.3 Characters of Cnidarians

Recent molecular biological studies of cnidarian have given
rise to doubt the clear distinguished between cnidarian and
bilaterian. Cnidarian were considered to be a different ani-
mal group from the other higher animals, bilaterian.
Cnidarian shows radial symmetry, and is diploblastic with-
out the mesoderm, which are called radiate. On the other
hand, all higher animals are bilaterian, and show bilateral
symmetry with a dorsal-ventral axis, and are triploblastic
with a mesoderm.

Genome projects of Nematostella and Hydra show
genome sizes of these cnidarians are much larger than of
nematode (Caenorhabditis elegance) or a fruit fly
(Drosophila melanogaster) and comparable to vertebrates.
Properties of genome structure of cnidarians were more sim-
ilar to mammalians than nematode and fruit fly (Putnam
et al. 2007; Chapman et al. 2010).
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Although cnidarians lack obvious mesoderm, many jel-
lyfish have musculature with similarities to striated muscle
in triploblastic animals at both ultrastructural and molecular
levels. The presence and expression patterns of genes related
to those involved in mesoderm and muscle specification in
triploblastic animals were observed during jellyfish (hydro-
zoan medusa; Podocoryne carnea) muscle development.
Similar results were observed in a sea anemone, Nematostella
vectensis and coral, Acropora millepora (Ball et al. 2004;
Martindale et al. 2004).

Expression of genes involved in patterning the dorsal-
ventral (DV) axis were observed in cnidarians. The expres-
sion pattern of a gene clearly related to dpp/Bmp4 — the key
determinant of the DV axis in bilateral animals — has been
asymmetrical during the embryonic development of A. mil-
lepora (Ball et al. 2004) and N. vectensis (Matus et al. 2006).

Many properties of bilateral symmetry could be observed in
cnidarians. For example, formation and the structure of septa or
mesenteries in the coelenteron of sea anemone, and rhopalial
nervous system of box jellyfish Tripedalia cyctophora, show
clear bilateral symmetry (Berking 2007; Skogh et al. 2006).

6.2 Cnidarian Nervous System

6.2.1 Cnidarian Nervous System (Fig. 6.3)

Immunohistochemistry using neuropeptide antisera and
monoclonal antibodies specific to hydra neurons on whole

b

mounts has made it feasible to study the nerve net of hydra
(Grimmelikhuijzen 1985; Dunne et al. 1985). These studies
have shown that the hydra nerve net contains numerous
subsets of neurons and that the spatial distributions are
highly position-specific (Fig. 6.3). Numerous subsets of
neurons containing different neuropeptides and several sub-
sets of neurons defined by monoclonal antibodies were
noted  (Grimmelikhuijzen et al. 1982, 1995;
Grimmelikhuijzen 1985; Dunne et al. 1985; Koizumi and
Bode 1986, 1991; Koizumi et al. 1988; Yaross et al. 1986).
The regional distribution of each subset tends to be constant
(Koizumi and Bode 1986; Koizumi et al. 1988; Bode et al.
1988).

6.2.2 Neuron’s Morphology: Sensory Cell
and Ganglion Cell (Fig. 6.4)

The nerve net contains two types of nerve cells, ganglion
cells and sensory cells (Mackie and Passano 1968; Davis
et al. 1968; Koizumi and Bode 1991; Grimmelikhuijzen and
Westfall 1995). Ganglion cells lie close to the muscle pro-
cesses at the basal ends of the epithelial cells. Sensory cells
have elongated cell bodies that extend from the level of the
muscle processes in an apical direction and an elaborate cili-
ary cone at the apical end of the cell body (Fig. 6.4) (Westfall
1973; Westfall and Kinnamon 1978; Bode et al. 1988;
Koizumi and Bode 1991; Grimmelikhuijzen and Westfall
1995).

Fig. 6.3 Cnidarians nervous system visualized with different antibodies: a monoclonal antibody, JD1 (a), antiserum against neuropeptides,
RFamide (b), antiserum against neuropeptides, GLWamide (c). a is hypostome of hydra, and (b, ¢) are foot part of hydra
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Sensory cell

Contractile process

Fig.6.4 Organization of a cnidarian epithelium and two types of nerve
cells, a sensory cell and a ganglion cell (Modified from Mackie and
Passano 1968)

6.2.3 Electrical Conduction

Most unique feature of the nerve cell is rapid conduction of
electrical signals called electrical conduction along a nerve
fiber. In cnidarians, differentiation of axon and dendrites is
not observed. All nerve fibers are called neurites. However,
action potentials and electrical impulses have been observed
extracellularly and intracellularly from neurons and neurites
(Horridge 1954; Bullock and Hrridge 1965; Josephson 1974;
Mackie and Meech 1985; Anderson and Schwab 1983;
Mackie and Meech 1995). Voltage dependent sodium chan-
nel was also reported, although some characters are different
from other animals, such as TTX (tetrodotoxin, toxin of
puffer fish)-insensitivity or very slow processes of repolar-
ization of action potential (Anderson and Schwab 1983;
Anderson 1987, 1989; Spencer et al. 1989; Anderson et al.
1993; Spafford et al. 1999; Barzilai et al. 2012). Voltage
dependent potassium channel has also been demonstrated at
electrophysiological and gene levels (Meech and Mackie
1993; Grigoriev et al. 1997; Klassen et al. 2008).

6.2.4 Chemical Transmission

Presence of the chemical directional synapse in cnidarian
nerve nets are currently recognized (Anderson and Spencer
1989). Successive studies at ultrastructural level by Westfall’s
group contributed a lot to establish the presence of the chem-
ical synapse in cnidarians (Westfall et al. 1971; Westfall
1973; Westfall and Kinnamon 1978; Kinnamon and Westfall
1982; Westfall 1987). Together with Westfall and
Grimmelikhuijzen I also demonstrated that a neuropeptide is
present only in neuronal dense-cored vesicles in hydra. Using
immunogold electron microscopy, RFamide-peptide was
present only in vesicles in nerve cells (Koizumi et al. 1989).
Moreover, evidences for the presence of chemical synapse
are accumulated at physiological and molecular levels today
(see Grimmelikhuijzen and Westfall 1995 for review).

En passant synapses are general rather than synapse of
the nerve terminal in cnidarian nerve net, and neurosecretory
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nonsynaptic release of neurotransmitters was also observed
in cnidarians. Bidirectional synapses and electrical synapses
have also been demonstrated in addition to directional chem-
ical synapse in cnidarians (Anderson 1985; Anderson and
Spencer 1989; Spencer 1989).

Various neuropeptides were reported as neurotransmitters
in cnidarian nervous system. Grimmelikhuijzen and his col-
laborators contributed to establish the idea that peptides are
major neurotransmitters in cnidarian nervous system (see
Grimmelikhuijzen et al. 1989; McFarlane et al. 1989;
Grimmelikhuijzen and Westfall 1995 for review). Peptide-
gated ion channel was also identified in hydra (Golubovic
et al. 2007), which suggests Hydra-RFamide neuropeptides
work as first neurotransmitters in hydra.

Hydra peptide project also demonstrated that a huge num-
ber of peptide works as neurotransmitters in hydra. The proj-
ect involves a systematic, large-scale screening of the peptide
signal molecules in hydra, by adopting a novel comprehen-
sive approach. Individual peptides were purified systemati-
cally to homogeneity without any biological assays using
HPLC. The isolated peptides were subjected to structural
analysis and then synthesized chemically. The synthetic pep-
tides were then subjected to a series of biological tests to
examine their functions in hydra. During the process, anti-
bodies against each peptide were produced, and their loca-
tions were clarified. Half of peptides have been found to be
neuropeptides, while half were epitheliopeptides. We esti-
mated 200 neuropeptides in hydra (Takahashi et al. 1997,
2000, 2003; Yum et al. 1998; Morishita et al. 2003, see
Koizumi 2002; Takahashi et al. 2008 for review).

Classical transmitters, such as acetylcholine and mono-
amines have been demonstrated in some species, but with
many exceptions (see Anctil 1989; Grimmelikhuijzen et al.
1989; Scemes 1989 for reviews). However, analysis of
neurotransmitter-related genes has shown cnidarians have all
transmitters present in mammals (Watanabe et al. 2009).

6.2.5 Directional Conduction
of Excitation (Fig.6.5)

It is widely accepted that in a diffuse nervous system of hydra
an external stimulus is conducted in all directions over the net.
However, Shimizu (2002) reported that hydra tentacles
respond to feeding and wounding stimuli in a unidirectional
manner. Upon contact of a tentacle with a brine shrimp larva
during feeding, tissue on the proximal side of the point of con-
tact contracted strongly, whereas tissue on the distal side con-
tracted only very weakly. Unidirectional conduction was
obtained also by mechanically pinching the tissue. The
response of tentacles devoid of neurons examined was bidirec-
tional, demonstrating that the nervous system is responsible
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Fig.6.5 One directional conduction of nerve response in a tentacle of
hydra. Stimuli of Artemia (a—c), or glutathione (d—f), mechanical
pinching (g—i) were applied on the middle of excised tentacle. a, d, and
g: before stimulation, b, e, and h: on stimulation, and ¢, f, i: responses

for the unidirectional responses. These observations suggest
that polarized property of the nerve net in hydra tentacles is
responsible for the unidirectional tentacle contraction.

6.2.6 Non-directional Epithelial Conduction:
Gap Junction Between Epithelia-
Muscular Cells

One of the remarkable features of cnidarians nervous system
is non-nervous epithelial conduction. Cnidarian epithelial
cells are also muscular cells, called epitheliomuscular cells.
Epithelial cells are connected with gap junction. Propagation
in nonnervous epithelia is typically all-or-none, nondecre-
mental, and unpolarized (Josephson 1974; Josephson and
Schwab 1979). The spread of excitation in conducting epithe-
lia is associated with effector responses. The nervous system
interacts with the conduction system. Spontaneous activity
appears to originate in the nervous system (Mackie 1965;
Mackie and Passano 1968; Satterlie and Spencer 1987).

6.2.7 Multifunctionality of Neurons in Hydra
(Fig. 6.6)

The nervous system of hydra has several unique features.
The most remarkable of these is the multifunction of neu-
rons. Each neuron in hydra possesses the entire repertory of
nerve-cell functions (Westfall 1973; Westfall and Kinnamon
1978), i.e., the neurons are all sensory-motor-interneurons

after stimulation. Responses conduct one way only into proximal (p)
direction, but not into distal direction (d). Tentacle excised from nerve
free hydra showed no responses by application of these stimuli (Shimizu
2002)

with neurosecretory granules. For example, a sensory cell
has sensory cilia as a sensory neuron, synaptic connections
to the muscle layer as a motor neuron, synaptic connections
to neurites or the cell body of a ganglion cell as an interneu-
ron, and aggregations of granules in non-synaptic regions of
proximal sites of the cell body as a neurosecretory cell (Fig.
6.6) (Westfall and Kinnamon 1978). Ganglion cells have the
same features (Westfall 1973). Moreover, as is shown in Fig.
6.6, sometimes a single neuron innervates two different types
of effectors: muscle fibers and a nematocyte (Westfall et al.
1971; Grimmelikhuijzen and Westfall 1995).

6.2.8 Distinction Between Endodermal
and Ectodermal Nervous System

The presence of nerve cells of hydra has been demonstrated
in the endoderm as well as in the ectodermal nerve net (Lentz
1968; Davis 1972; Westfall and Townsend 1977; Epp and
Tardent 1978; Westfall and Rogers 1990; Westfall et al.
1991; Murate et al. 1996). However, the nerve nets visual-
ized so far by neuropeptide antisera are all ectodermal nerve
nets (Fig. 6.3). To examine the endodermal nerve net, we
made inside-out hydras and visualized the endodermal nerve
net using immunocytochemistry. Using a monoclonal anti-
body to a-tubulin, we could visualize endodermal nerve net.
However, we never detected endodermal nerve cells using
neuropeptide antibodies. Neuropeptide antibodies show only
an ectodermal nerve net. Hence, these experiments reveal a
remarkable difference between the ectodermal and endoder-
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Fig.6.6 Multifunctional nerve cells in hydra. A single sensory cell has
synaptic connections to the muscle sheet of an epithliomuscular cell, a
nematocyte, and a ganglion cell. Moreover, it has sensory cilia and neu-

mal nervous system in regard to neuropeptide expression
(Koizumi et al. 2004).

6.2.9 Sensory System (Fig.6.12)

Cubozoan have elaborate sensory systems, rhopallia, at the
margin of the bell. The system has camera eyes like mam-
malian eyes and a statocyst shown in Fig. 6.12. This jellyfish
species, Tripedalia cystophora have four rhopallia connected
with the nerve ring (Garm et al. 2007). The neuronal organi-
zation in rhopallium is like ganglion and is used for integra-
tion of plural sensory information containing light and
gravity stimulus (Garm et al. 2006, 2007; Nilsson et al. 2006;
Skogh et al. 2006).

All cnidarian medusae have eye-spots, and even cnidarian
polyps have sensory cells. There is evidence that all cnidarian
including polyps have sensitivity to light and gravity (see
Rushforth 1973b; Josephson 1974; Satterlie 2011 for reviews).

6.2.10 Motor System

Many physiological studies show the evidence of neuromus-
cular system in cnidarians (Bullock 1943; Hoyle 1960;
Singla 1978; Spencer 1979; Weber et al. 1982; Spencer
1982; Kerfoot et al. 1985).

In hydra, ectodermal epitheliomuscular cells have longi-
tudinal muscles and endodermal digestive cells have circular
muscles in the proximal part of the cell. Contraction of lon-

\

muscle filament

rosecretory granules. The arrows show synapses and their polarities
(Koizumi 2002)

gitudinal muscle causes contraction of the polyp, and con-
traction of circular muscle causes elongation of the polyp.
Both are antagonistic to each other. When we want to sepa-
rate two layers of hydra, procaine, an activator of muscle
contraction, is applied to the body column. Simultaneous
contraction of both layers give us separated layer: a con-
tracted ectodermal ring and an elongated endodermal bar.

Micro-connections between ectodermal muscle sheet and
endodermal muscle sheet crossing through mesoglea were
observed, which suggest the structure to carry out the antag-
onistic interactions between both muscles (Takahashi-
Iwanaga et al. 1994).

6.3  Functional Ability of the Diffuse
Nervous System
6.3.1 Hydra’s Behavior

Hydra has many abilities to perform neuronal functions that
might be comparable to those performed by the central ner-
vous system of bilaterians (Rushforth 1973a, b). For exam-
ple, inhibitions and modifications of feeding behavior in
satiated hydra were observed (Koizumi and Maeda 1981;
Blanquet and Lenhoff 1968). Figure 6.4 shows the rise of
feeding threshold in satiated hydra. Habituation was also
observed in hydra by Rushforth (1973a, b). Habituation
(inhibition of response by repeated neutral stimuli) is not due
to adaptation of sensory receptor or fatigue of motor muscle,
but due to function of central nervous system.
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6.3.1.1 Locomotion

Hydra shows a various modes of locomotion although it usu-
ally has sessile life as other polyps. Surprisingly, as many as
seven different forms of locomotion have been reported.
They are inchworm or caterpillar movements, walking on
substratum using tentacles, somersaulting, positive gliding
downward from water surface, floating by means of gas bub-
ble, active gliding along substratum on base with the aid of
tentacles and body movements, active gliding along substra-
tum on base without aid of tentacles and body movements,
walking along water surface film (for review, Rushforth
1973a). During this locomotion hydra selectively uses a spe-
cific one type of four nematocysts.

6.3.1.2 Feeding Behavior (Figs.6.7 and 6.8)

Feeding activities in hydra, like several modes of locomo-
tion, consist of a series of complex behavioral sequences.
These sequences of the capture and engulfment of Artemia
salina nauplia by hydra are enumerated as (1) nematocyst
discharge; (2) tentacular movement; (3) mouth opening,
creeping over the prey and closure; (4) inhibition of endog-
enous tentacle and body contractions (Fig. 6.7a). Hydra use
two types of nematocyst in the first step of feeding behavior;
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desmoneme to capture preys and stenotele to kill preys by
injection of toxin from the tip of discharged thread.

Discharge of nematocysts is evoked by mechanical stimu-
lus to a cnidcile, but chemical stimulus modifies the dis-
charge. A nematocyte is mechano- and chemo-sensory cell
in addition to effector cell. The nematocyte is elaborate mas-
terpiece, and is found only in cnidarians, and is not found in
other animal groups.

Second and third steps of feeding behavior, tentacular move-
ments and mouth opening, are evoked by feeding stimulus, glu-
tathione released from the injured hole of prey (Fig. 6.7b).

Central nervous system is involved in the control of feed-
ing responses in bilaterians, e.g., fly or mouse. Various modi-
fications of feeding responses are observed in hydra in a
similar manner to fly or mouse. Various types of inhibitions
of feeding responses were observed in hydra. Rise of thresh-
old of feeding stimulus in satiated hydra (Fig. 6.8), elonga-
tion of time to ingest a brine shrimp in satiated hydra,
inhibition of nematocysts discharge, and so on (Koizumi and
Maeda 1981; Smith et al. 1974).

Neck formation is also modification of feeding behavior
appeared in satiated hydra. Hydra that still contains partially
digested food in their gastrovascular cavity undergoes a
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Fig.6.7 Feeding behavior of hydra. (a) Feeding behavior of ingestion of Artemia brine shrimps. (b) Feeding responses induced by chemical feed-

ing stimulus, S-methyl-glutathione (GSM)
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Fig. 6.8 Inhibition of feeding response in satiated hydra. Shift of
regression lines of feeding response along the abscissa by shortening
the starvation periods. Vertical axis indicates fractions of feeding
response (feeding stimulus-induced mouth opening response), and
abscissa indicates log concentrations of feeding stimulus, S-methyl-
glutathione (GSM). Number attached with each /ine indicates the star-
vation periods (hours). Concentration where 50 % response is obtained
is the mean value of the threshold (Koizumi and Maeda 1981)

modified feeding response when it ingests additional prey. A
localized constriction is formed just below the sites of ten-
tacle attachment, preventing the loss of gastrovascular con-
tents. This response involves the interaction of an ectodermal
receptor system for glutathione and an endodermal receptor
system for tyrosine (Blanquet and Lenhoff 1968).

6.3.1.3 Habituation (Fig. 6.9)
Rushforth (1965, 1967, 1973a, b) reported hydra, Hydra
pirardi and H.virivis have the ability of habituation, a primi-
tive type of learning as shown in Fig. 6.9. The contraction
response of the animals to intermittent mechanical stimulation
was represented by a response curve: a plot of the proportions
of a group of hydra contracting at various rotation speeds (Fig.
6.9a, response curve). If hydras are exposed to repeated stimu-
lation at fixed rotation speed, they become less responsive to
continued exposure (Fig. 6.9b, habituation curve). After habit-
uation, a lowering of the response curve is observed (Fig.
6.9¢). Recovery from the habituation needs 4 h (Fig. 6.9d).
Increasing the strength of the stimulus produces a slower
rate of habituation. Contractions are readily evoked in hydras
habituated to mechanical stimulation by a different stimulus,
that of light, which is similar to dishabituation. These obser-
vations show this process is not considered to be one of mus-
cular fatigue. Rushforth (1973a, b) argues the lowering the
sensitivity to mechanical agitation fit to criteria of habitua-
tion. Habituation is recognized as a function of brain in
higher animals, bilaterians, and as a primitive learning.
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6.3.1.4 No Classical Conditioning

We have no evidences of associative learning of cnidarian’s
nervous system. Classical conditioning was also not demon-
strated. This nervous system might not reach the level of
complex learning although it has abilities of integration of
plural sensory information and of memory (see Rushforth
1973a, b; Mackie 2004 for review).

6.3.1.5 Autonomic Nervous Functions

The mammalian digestive tract undergoes various digestive
movements such as peristalsis and segmentation movement.
A widely accepted view has been that, early in evolution, the
digestive process was static based upon diffusion, and later it
became dynamic involving digestive movements. Here, we
report digestive movements which occur in hydra. We find
that the body column of hydra undergoes a series of move-
ments when fed with Artemia. Comparison of the move-
ments to those in mammals showed similarities in appearance
to esophageal reflex, segmentation movement, and defeca-
tion reflex. When nerve cells were eliminated, polyps did not
show these movements, demonstrating that the diffuse nerve
net in the body column of hydra primarily regulates the
movements just as the netlike enteric nervous system does in
mammals (Shimizu et al. 2004).

Moreover, antagonistic interactions between sympathetic
nervous system and parasympathetic nervous system were
demonstrated in hydra (Shimizu and Okabe 2007). Autonomic
regulation is most developed in mammals, in which a part of
peripheral nervous system, termed the autonomic nervous
system plays the dominant role. Circulatory activity and
digestive activity in vertebrates change in opposite phases to
each other. The stage where circulatory activity is high and
digestive activity is low is termed the “fight or flight stage”
while the stage where circulatory activity is low and digestive
activity is high is termed the “rest and digest stage”. It has
been thought that the autonomic nervous system originated
in early vertebrate phyla and developed to its greatest extent
in mammals. They compared the pattern of change of circu-
latory and digestive activities in several invertebrates and
found that the two stages seen in mammals are also present in
a wide variety of animals, including evolutionarily early-
diverging invertebrate cnidarian taxa. They proposed a novel
possibility that the basic properties of the autonomic nervous
system were established very early in metazoan evolution
(Shimizu and Okabe 2007).

6.3.2 Cnidarian’s Behavior (Fig.6.10)

Other groups of cnidarians show wide variety of more com-
plex behaviors. For example, a sea anemone, Stomphia coc-
cinea, shows complex swimming behavior when it contact
with a starfish as shown in Fig. 6.10 (Robson 1961). The
behavior after stimulus, the contact with a starfish, is com-



6 Origin and Evolution of the Nervous System Considered from the Diffuse Nervous System of Cnidarians 81

1.0r A

o O
N b
T T

20 40 60 80 100 120 140 160
RPM

o

B

o
I

Proportion of hydra contracting

W e

o o oo
N-IIBO')GJ
<

L N

L]
v o,

O 10 20 30 40 50 60
Minutes

1.0r
0.8f
0.6
0.4
0.2r Response
~~ after
o--r--.--._.—-—‘i". - . hOl'l)iTua’rlion

0 20 40 60 80 100 120 140 160

RPM
1.0r léliﬁiﬂl
ours
o8- v 7 Hour
’/x I5 Minutes
O.er
0.4+ ,-O Hours
- -~ 4
0.2 :// //
1 1 .-:i:—‘—-z"".r 1 1 ]
O 20 40 60 80 100 120 140 Ie0
RPM
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posed of the following responses: initial response, elonga-
tion, detachment, swimming, and recovery. The behavior is
initiated by chemoreception from starfish.

Another example is various actions of hydrozoan medusa,
Stomotoca. They are swimming, crumpling (protective invo-
lution), tentacle posture, pointing (unilateral reciprocal flex-
ing of the manubrium and margin), and visceral movements
(Mackie and Singla 1975). There are now many examples of
series of complex behaviors of cnidarians, as bilaterians
show (see Rushforth 1973a, b; Spencer and Schwab 1982;
Passano 1982; Satterlie 1985; Arkett and Spencer 1986;
Shelton 1982 for review).

6.4 Developmental Characters
of Cnidarian’s Nervous System
(Fig.6.11)

6.4.1 Hydra’s Developmental Dynamics

of Diffuse Nervous System

Hydra has three types of cell lineages: an ectodermal epi-
thelial cell lineage, an endodermal epithelial cell lineage,
and a interstitial cell lineage. The interstitial cell lineage is
composed of interstitial cells, nerve cells, nematocytes,
gland cells, and gametes. Interstitial cells are multipotent
stem cells, committed precursors, and differentiating

1. Continuous production

interstitial cell

(multipotent stem cell)

2. Continuous loss
3.

4. Constant distribution

Continuous displacement

0. Koizumi

intermediates (David and Gierer 1974; Bode and David
1978; Bode 1996).

In an adult hydra, nerve cells are produced continuously
by constant differentiation from interstitial cells (Bode et al.
1988; David and Hager 1994). Nerve-cell production in the
nerve net is balanced by a loss of neurons at the extremities
and by the supply of neurons to young buds. Therefore, neu-
rons are continuously changing their axial location by mov-
ing with epithelial cells either towards the apical end (the
apex of the hypostome or the tip of a tentacle) or towards the
basal end (the basal disk) (Campbell 1976 1973; Bode et al.
1988; Bode 1992). However, the distribution of each subset
of neurons expressing a certain neural phenotype is main-
tained (Bode et al. 1988; Bode 1992).

How is the constant nerve net maintained in spite of the
active growth dynamics in hydra described above? In experi-
ments related to this question, it was demonstrated that neu-
rons can change the expression of FMRF amide-like peptide
and vasopressin-like peptide depending upon their position
in hydra (Koizumi and Bode 1986, 1991). Moreover, it was
demonstrated that ganglion cells were converted to sensory
cells when the neurons were moved from the body column to
the hypostome (Koizumi et al. 1988). These dynamic fea-
tures of neurons in the adult hydra correspond to properties
of developing nerve cells in embryos of higher animals.

Hydra has high capacity to regenerate: if it is decapitated,
new head appears within a few days, and head-specific nervous

5. Position dependent plasticity

Fig.6.11 Developmental dynamics of neurons in hydra. See text in detail
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system reappears at the same time, which can perform the
normal feeding behavior (Koizumi 2002). These active fea-
tures of reorganization and plasticity of neurons are remark-
able in cnidarians as described as ‘Hydra is steady state
embryo’.

6.4.2 Nematostella: Model Animal
of Developmental Neurobiology

A sea anemone, Nematostella is a new model animal in cni-
darians, because it has an advantages to carry out develop-
mental biology of embryo very easily. Molecular
developmental biology of this animal now is successful and
productive. As to developmental neurobiology, importance
of this animal has begun to be recognized (Technau and
Steele 2011; Nakanishi et al. 2011; Layden et al. 2012;
Watanabe et al. 2014).

Statolith

6.5 Central Nervous System of Cnidarians

6.5.1 Cubozoa Rhopalium-Ring Nerve
Complex (Fig.6.12)

A nerve ring connecting the rhopalia has been reported in
cubozoan medusae (Garm et al. 2006; Nilsson et al. 2006;
Skogh et al. 2006; Satterlie 2011). Garm et al. (2007) wrote:
“What are the distinctions, if any, between the peripheral and
the central nervous system in cnidarians? This is by no means
a trivial question, especially since cnidarians possess multi-
functional neurons. Here, we define the central nervous sys-
tem as the part of the nervous system in which several
information channels are integrated and processed, with an
output signal being produced to control other parts of the
body, e.g., the motor neurons. The receptor cells and motor
neurons therefore make up the bulk of the peripheral nervous
system. The rhopalial nervous system situated within the

Front view

Mobile iris

Lower eye

100 um

Fig.6.12 Rhopalia and nerve ring in a cubozoan medusa, Tripedalia cystophora. (a) Complex eyes in a rhopalium. (b) Nerve ring connecting

rhopalia (Nilsson et al. 2005; Garm et al. 2006)
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eye-bearing rhopalia probably fulfils the requirements for
being a central nervous system, since it receives input from
several eyes and part of its output is a pacemaker signal that
directly controls swim pulses. The cubozoan nerve ring is
structurally similar to the hydrozoan ring nerve and, on the
assumption that this indicates similar functions, the ring
nerve also constitutes a part of the central nervous system.”

6.5.2 Hydrozoan Nerve Ring (Figs.6.13
and 6.14)

As to the hydrozoan medusae, two types of nerve ring are
observed: the inner nerve ring and the outer nerve ring run-
ning through the marginal zone of the bell (Figs. 6.13 and
6.14) (Mackie et al. 2003; Koizumi et al. 2014). Hydrozoan
jellyfish, such as Polyorchis penicillatus and Aglantha digi-
tale, have inner and outer nerve rings. The inner nerve ring is
considered to be a fused single giant axon, in which neurons
show dye and electrical coupling with gap junctions (Spencer
and Satterlie 1980). This morphological feature of the inner
nerve ring enables rapid conduction of electrical signals and
simultaneous movements of tentacles called crumpling
(Roberts and Mackie 1980; Satterlie and Spencer 1983;
Mackie 2004). The outer nerve ring of hydrozoan jellyfish is
known to integrate pleural sensory information (Mackie and
Meech 2000; Mackie 2004).

Mackie (2004) stated: “The term ‘central nervous system’
can legitimately be applied to hydromedusan nervous sys-
tems as these animals have concentrations of hundreds of
axons running in parallel forming ‘nerve rings’ in the mar-
gin. There are two such rings, an inner and an outer, but axo-
nal processes cross between them at many points and the two

Fig.6.14 Picture of
the nerve ring observed
in the margin of the bell
of a hydrozoan medusa,
Cladonema radiatum.
Nervous system is
visualized
immunohistochemically
using RFamide
antibody

Cladonema radiatum

0. Koizumi

rings essentially function as single unit. In cross sections of
the nerve rings of Aglantha, a total of about 800 axon profiles
are seen. The nerve rings include several functionally dis-
tinct nerve pathways, and they often interact in complex
ways. The fact that the central nervous system takes the form
of an annulus rather than a single, compact ganglion does not
make it any less ‘central’ in terms of the functions carried on
within it. The annular configuration is simply an adaptation
to radial symmetry. It does mean, however, that pacemakers
and synaptic interactions are replicated at numerous points
around the ring, rather than being localized to specific zones
as in the neuropil of a conventional ganglion.”

Nerve net

Outer
nerve ring

nerve ring”

Fig. 6.13 Illustration of hydrozoan jellyfish containing two nerve
rings: inner nerve ring and outer nerve ring around the margin of the bell
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6.5.3 Hydra’s Nerve Ring (Fig.6.15)

In addition to diffuse nerve nets, a nerve ring is observed in
the lower hypostome of hydra. It is a ring composed of gan-
glion cells, whose neurites make a bundle and run circumfer-
entially around a mouth (Koizumi et al. 1992). Ultrastructural
studies have shown around 30 neurites make a bundle (Yuura
2008). Hence the nerve ring is a sole neural structure show-
ing a tight association of neurons in contrast to the diffuse
nerve net seen in other regions.

This nervous structure has unique features in the hydra
nervous system (Koizumi et al. 1992; Koizumi 2007). It
shows static developmental characters in contrast to the
dynamic features of hydra nerve net present in other regions.
This character is similar to higher animal’s nervous system.
Moreover, its structure and location are similar to the well-
known central nervous system of other animals without a
complex central nervous system such as nematodes and star-
fishes. As to functions of the hydra nerve ring, the identified
function is a crumpling of the tentacles, corresponding to the
function of the inner nerve ring of hydrozoan jellyfish. The
jellyfish nerve ring is considered to be a primitive central
nervous system of radiates.

Fig.6.15 Nerve net
observed in the
hypostome of Hydra
oligactis by means of
immunohistochemistry
using antiserum against
RFamide neuropeptides.
(a) Picture of the nerve
ring, (b) Schematic
illustration showing the
position of the nerve
ring in hydra. Scale
indicates 100 pm in (a)

We identified “crumpling” as a function of nerve ring of
Hydra oligactis so far. Destruction experiment also supports
the results (Koizumi 2007). Hydrozoan jellyfish, Polyorchis
penicillatus and Aglantha digitale, have inner and outer
nerve rings (Fig. 6.3). The inner nerve ring is considered to
be a fused single giant axon, in which neurons show dye- and
electrical-couplings with gap junctions (Spencer and Satterlie
1980). This morphological feature of the inner nerve ring
enables rapid conduction of electrical signals and simultane-
ous movements of tentacles, which is called as “crumpling”
(Roberts and Mackie 1980; Satterlie and Spencer 1983;
Mackie 2004). The outer nerve ring of hydrozoan jellyfish is
known to integrate pleural sensory information. Crumpling
of hydra corresponds to the function of the inner nerve ring
of hydrozoan jellyfish (Roberts and Mackie 1980; Spencer
and Satterlie 1980; Satterlie and Spencer 1983; Koizumi
2007).

Hydra has many abilities to perform neuronal functions
that might be comparable to those performed by the central
nervous system of bilaterians as described in Sect. 6.3.1.
Considering all the information available, we proposed a
hypothesis, ‘The nerve ring in the head of hydra is a central
nervous system -like neural structure” (Koizumi 2007).
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6.5.4 Anthozoan Nerve Ring

Recent molecular phylogenetic studies show that anthozoans
are the most primitive group among cnidarians (Bridge et al.
1992). Especially as anthozoans have well-developed nerve
ring, which was the fundamental neural structure since the
beginning of cnidarians.

The nerve ring can be visualized in the hypostome of a
sea anemone, Aiptasia sp. visualized with RFamide antise-
rum. A clear circle of nerve ring in the hypostome, running
circumferentially around the mouth was observed. This is
the first observation of nerve ring in anthozoans including
cell bodies and neurites. About 70 neurons are present in the
nerve ring. Similar nerve ring were observed in the hypo-
stome of other sea anemone species, Aiptasiomorpha minuta,
and Actinia equina (Koizumi et al. 2011).

A new model cnidarian, sea anemone, Nematostella vec-
tensis was reported to have two nerve rings around a pharynx
although the circular bundle was not visualized because it
was examined by in situ hybridization not by immunohisto-
chemistry (Marlow et al. 2009).

As to coral, fluorescent immunolabeling is not easy
because of the intensive endogenous fluorescence of both
green and red wavelength and hard skeleton. But these diffi-
culties can be managed using various techniques such as
enzyme-immunostaining and decalcification. Unexpectedly,
a coral polyp of Pocillopora damicornis shows nerve ring in
the hypostome around the mouth. Using antibodies against

RFamide, GLWamide, and vasopressin, nerve ring was visu-
alized in addition to dense nerve net in tentacles. GLWamide
and vasopressin antibodies visualized two nerve rings, inner
nerve ring and outer nerve ring. The other coral, Galaxea
fascicularis also showed the nerve ring (Koizumi et al. 2011).

6.5.5 Scyphozoan Nerve Ring (Fig.6.16)

The nerve ring around the mouth in the head has first time
observed in a polyp of scyphozoan, Aurelia auria (Fig. 6.16).
The nerve ring runs circumferentially around the mouth and
shows thicker bundle like other polyp of cnidarians. More
than 70 neurons were counted in the nerve ring (Koizumi,
unpublished data).

6.5.6 A Hypothesis That Cnidarian Nerve
Ring Is a Central Nervous System-Like
Neuronal Structure

Satterlie (2011) has proposed the presence of a central ner-
vous system in cnidarian medusae. The rhopalium-nerve
ring complex of cubomedusae, the rhopalia in the scyphome-
dusae, and the two nerve rings in hydromedusae have all
been proposed to be primitive central nervous systems.

In our preliminary experiments, polyps of the scyphozoan
Aurelia auria showed well-developed nerve rings in the

Fig.6.16 Nerve ring in a polyp of scyphozoan, Aurelia aurita. (a) Nerve ring visualized with RFamide antiserum. (b) Sketch of a polyp. Arrows

show nerve ring, and cross shows mouth opening
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Fig.6.17 Illustration of nerve rings observed in two cnidarians, hydra and hydromedusae, starfish, and nematode. NR nerve ring

hypostome (Figs. 6.16 and 6.17), and anthozoan polyps, the
sea anemone Aiptasia sp., and the coral, Pocillopora dami-
cornis also showed nerve rings around the mouth (Koizumi
et al. 2011). A new model cnidarian, the sea anemone,
Nematostella vectensis has been reported to have two nerve
rings around pharynx (Marlow et al. 2009).

Recent molecular phylogeny shows that Anthozoa is an
animal group first evolved in the cnidarians, and Medusozoa
including Hydrozoa and Scyphozoa is a latecomer (Kayal
et al. 2013). Hence, it is suggested that the nerve ring is an
ancestral feature of Cnidaria.

We have already demonstrated the presence of a nerve
ring in the polyp of hydra, which runs circumferentially
around the mouth in the hypostome (Koizumi et al. 1992).
All these results strongly suggest that there are two kinds of
the neural structure of the nerve ring, one running around the
mouth in the polyp head (type 1) and the other running
around the margin of the medusa bell (type 2). In my opinion
they are general neuronal structures in cnidarians (Koizumi
et al. 2014).

As to their morphological properties, both nerve rings are
nerve associations with bundles of neurites and cell bodies.
As to their physiological properties, the nerve rings in the

medusa (type 1) have been proposed as a central nervous
system by Mackie (2004) and Satterlie (2011). The nerve
ring in the hydrozoan polyp head (type 1) has also been pro-
posed as a central nervous system-like system by Koizumi
(2007). Here, I propose a working hypothesis that the neural
association called the nerve ring is a primitive central ner-
vous system-like neural structure in cnidarians.

6.6  Origin and Evolution of the Nervous
System Considered from the Diffuse

Nervous System of Cnidarians

Three epoch-making incidents can be expected when we
think about the history of the nervous system, a long time
when huge various nervous systems established after the first
nervous system appeared in the earth. First event is the emer-
gence of nerve cells and the nervous system. Second event is
the emergence of brain, which causes prosperity of gastro-
neuralia. Third event is the emergence of a neural tube,
which causes prosperity of notoneuralia. In this section, ori-
gin and evolution of the nervous system will be discussed,
based on the studies on cnidarian nervous system.
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6.6.1 Centralization and Functional

Specialization

By viewing nervous systems from the bottom of phyloge-
netic tree to top of gastroneuralia or notoneuralia, we can
easily imagine their evolutional process. Centralization and
specialization are considered the direction of the nerve evo-
lution. In fact, cnidarians have not remarkable large brain
although they have its primitive form.

A cnidarian neuron is multifunctional, each of which has
a set of all nerve functions. Muscle cells are epithelial cells
or digestive cells at the same time. In contrast, neurons in
higher animal work as either a sensory neuron, or a interneu-
ron, or a motor neuron. Moreover, each motor neuron con-
trols a few specific muscular cells.

6.6.2 Specialization of Nerve Cells
at Developmental and Morphological
Level

Specialization of nerve cells in higher animals appears
clearly by comparison of cnidarians and mammals. Neurons
are produced from interstitial cells, multipotent stem cells in
an adult cnidarians continuously appear and die. Hence, neu-
rons show active turn-over in cnidarians like various cells
except neurons of higher animals. Developmental strategies
of the nervous system in higher animals are long-term sur-
vival of differentiated nerve cells and consequential loss of
ability of division and differentiation.

Hydra’s neurons show active dynamics such as neu-
rotransmitter phenotypic plasticity in an adult (Bode 1992).
These characters are observed only in developing processes
in bilaterians.

Specialization of nerve cells is also related to the polarity
of neurons. Neurons have precise polarity: side of input of
neural information, dendrite, and side of output of neural
information, axon. Cnidarian neuron does not have such dif-
ferences, but all have only neurites. Hence, during evolution
of the nervous system, neurons might become specialized in
many aspects from unspecialized nerve cells like as observed
in cnidarian.

6.6.3 From Peptides to Classical Transmitter

Neuropeptides are more remarkable than classical transmitter
in cnidarian nervous system. We thought the origin of the neu-
rotransmitter might be peptides, but not choline or mono-
amine (Grimmelikhuijzen et al. 1989; Scemes 1989). Peptides
are produced from precursor protein via protein synthesis
from DNA. As to monoamines, specific enzymes for sysnthe-
sis from amino acids (tyrosine or phenylalanine) are essential.

0. Koizumi

I expect this system emerged later than peptide biosynthesis.
However this hypothesis needs to be verified in more detail.

Genomic analysis of ctenophore’s nervous system sug-
gests that an amino acid, glutamate is used as neurotransmitter
and probably neuropeptide but not classical transmitters, such
as acetylcholine and any monoamines (Moroz et al. 2014).

6.6.4 All Fundamental Components are
Present in Cnidarian Nervous System

If cnidarian nervous systems were compared with those of
mammals, insects or octopus, there are huge differences in
complexities and functional levels. However, we can see all
fundamental components of this nervous system. Rapid elec-
trical conduction along neurites, chemical transmission in
synapses, information processing in nerve nets, sensory sys-
tems, and motor systems. It is also in the case of central ner-
vous system at morphological, physiological, and molecular
levels as described in the present review. Functional abilities
of integration of plural sensory information, and primitive
learning are remarkable examples observed in cnidarian.
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