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sensory epithelia of as yet unknown function, we have a ganglion-
like structure that is capable of integrating multimodal sensory
inputs for distribution of information to the other integrating
centers as well as for distribution of motor output.

Do hydromedusae have ganglion-like structures?
Hydromedusae do not have rhopalia, although some species have
small accumulations of neurons in the region of sensory
elaborations. Presumably coincident with the prevalence of inter-
neuronal and inter-muscular electrical coupling in this group, the
‘centralization’ of the hydrozoan nervous system takes a different
form than in cubomedusae, although it is based on a common

organizational feature – the compression of nerve nets into
multiple, parallel conduction systems. Some species of
hydromedusae have subumbrellar nerve nets that are diffusely
organized, but the primary components of the hydromedusan
nervous system include inner and outer nerve rings that run around
the margin of the bell at the junction of the subumbrella and velum
(see Mackie, 2004a). Both nerve rings include multiple conducting
pathways which have interconnections within and between nerve
rings. In those conducting systems that have been studied at the
intracellular level, the individual pathways are each made up of a
compressed network of electrically coupled neurons (Anderson and
Mackie, 1977; Spencer and Satterlie, 1980; Satterlie and Spencer,
1983; Satterlie, 1985a; Arkett and Spencer, 1986a; Arkett and
Spencer, 1986b). As an example, a motor network of large neurons
is found in the inner nerve ring that serves as both the pacemaker
and motor network for swim contractions (Fig.11A,B). Similar
electrically coupled networks are found in the outer nerve ring and
are associated with sensory systems (Arkett and Spencer, 1986a;
Arkett and Spencer, 1986b). Within and between nerve rings, the
networks interact via chemical synapses (Spencer and Arkett, 1984;
Mackie, 2004a). The integrative functions of the nerve rings center
on properties of the inter-network connections as well as on
intrinsic properties of the networks themselves. The nerve rings
thus serve a dual role; sorting of various sensory information with
intrinsic activity related to rhythmic and directed activities, and
radial conduction and coordination of outputs of this centralized
system. In other words, the nerve rings serve as the ganglia and
connectives of the hydromedusan nervous system, as noted by
Mackie (Mackie, 2004a).

In addition to the marginal nerve rings, varying degrees of
network compression give rise to radial pathways that can be
diffuse or nerve-like, and can include directional conducting routes
(Fig.11C,D) [see Mackie (Mackie, 2004a) for a thoroughly studied
example]. Giant neurons are found in some species in both nerve
rings and radial nerves. As an indication of the complexity of the
hydromedusan nervous system, 14 distinct conducting systems
have been described electrophysiologically in one hydromedusan
species, Aglantha digitale (Mackie, 2004a).

Fig.��10. Silver-stained histological tissue sections from the rhopalium of the
cubomedusa Carybdea marsupialis. (A)��The pacemaker region near the
emergence of the rhopalial stalk partially surrounds the central
gastrovascular cavity of the rhopalium, and is made up of an outer layer of
cell bodies and a central neuropil. A few large somata are found in the
neuropillar region. (B)��Higher magnification of the neuropillar region,
showing the tangle of fibers and a few somata.

Fig.��11. (A)��Inner nerve ring region of a live
preparation of the hydromedusa
Polyorchis penicillatus viewed with oblique
substage illumination. The large banana-
shaped cells are neurons of the swim
motor network. (B)��Intracellular injection of
Lucifer Yellow from a recording electrode
into a single neuron of the swim motor
network of Polyorchis indicates that the
neurons of this compressed nerve net are
dye coupled (electrical coupling was also
verified with paired intracellular
recordings). (C)��FMRFamide-
immunohistochemistry of the
hydromedusa Proboscidactyla sp. shows a
compressed nerve net that follows the
branching pattern of the radial canals. The
margin of the animal (with marginal
tentacles) is at the bottom. (D)��A higher
magnification view of the same animal
shows the directional nature of the
compressed net.

THE JOURNAL OF EXPERIMENTAL BIOLOGY



1222

Are cnidarian nervous systems made up of nerve nets?
Getting back to the generalized view of the jellyfish nervous
system, the answer to this question is yes and no. Even the
compressed networks are just that – net-like groups of neurons that
serve particular functions. The cubomedusan ganglia (the rhopalia)
include both compressed networks and distinct neuronal tracts and
commissures (Parkefelt et al., 2005; Garm et al., 2006; Skogh et
al., 2006), suggesting a development of integrating centers that goes
beyond the concept of nerve net compression and showing a
bilateral anatomy that bucks the organization trend of radial
symmetry. But regardless of how we want to label the condensation
of nervous tissue in jellyfish, one common feature brings it in
parallel with bilateral central nervous systems – the close
association between this condensation and the elaboration of
sensory structures, some of which are diffusely arranged in
marginal structures including tentacles, and some of which are
placed in more widely spaced structures around the bell. The best
examples of the classical diffusely arranged nerve nets are used for
distribution of the excitation to effectors, which, in the case of swim
musculature, takes the form of broad two-dimensional sheets of
muscle cells.

What should be considered ‘primitive’ in the cnidarian
nervous system?

The phylogenetic position of cnidarians begs for comment on the
most ‘primitive’ or ‘basal’ properties of multicellular nervous
systems, even though we study extant animals that may not closely
resemble true basal forms. Nonetheless, this where the nerve net
looms large. But is it accurate to say the nerve net is a defining
primitive feature? In other words, is it the hallmark of the cnidarian
nervous system or merely a feature that has persisted, but with
varying degrees of elaboration that include co-condensation of
sensory and neural structures into more compressed central
systems? More importantly, with the range of nervous system
complexity seen in jellyfish (and in the phylum as a whole), an
important question becomes: what is primitive within cnidarian
nervous systems? In the older literature (e.g. Parker, 1919; Lentz,
1968), we read about how epitheliomuscular cells, some of which
also have a sensitivity to some environmental perturbation, can
form an epithelium that functions as a single tissue-type reflex arc.
We read about independent effectors, and how the cnidarian
nervous system does not quite fit the sensor–adjustor–effector
wiring plan of higher animals. In this view, nerve nets are
comprised of ‘ganglion cells’ that lie between the sensors and
effectors but are arranged in a diffusely conducting network and
thus cannot be considered true ‘adjustors’ (Parker, 1919). We also
read about how concentrations of neurons can form ganglia, but
this system is still too diffuse to be considered ‘central’ (Lentz,
1968).

But let’s take another step back and think about what is primitive
in a general sense in the cnidarians. The generalized view, which
has also been questioned, is that sponges are at the cellular level of
organization, cnidarians are at the tissue level of organization and
higher animals are at the organ or organ-system levels of
organization. If we ignore the possibility of some cnidarian
structures being organ-like and focus on structures like
epitheliomuscular cells, conducting epithelia and other multi-
functional tissues, we can form a loose correlation between the
relative specialization of cell types and what can be considered
primitive, realizing that a lack of specialization can be of secondary
development. For many cnidarian tissues, individual cells serve
multiple roles, i.e. they are more generalized in their function.

Hence, we have epithelial cells that have muscular feet and serve
the appropriate functions of a surface epithelium as well as produce
appropriate movements for the animal. Some epithelia can even
conduct meaningful electrical signals to or from the nervous system
(Mackie, 2004b). In some cnidarians, muscle cells have lost their
epithelial component and, at least functionally, may be considered
more specialized.

How about the nervous systems? Individual neurons in
cnidarians are highly specialized. In comparison to neurons of
bilateral animals, they contain close to a complete set of signaling
molecules that are involved in nervous system development,
maintenance and communication (see Watanabe et al., 2009). This
puts the individual neurons of cnidarians on a level of complexity
similar to that of neurons of higher animals. What is left, then, is
to figure out what is primitive in the way these neurons are arranged
and used. The important part of this challenge goes beyond
structural characteristics of the nervous system, and includes what
they do for the animal. For example, in some cnidarians, a single
nerve net may include cells that sense some environmental variable
and convey the information directly to effectors with network and
neuromuscular properties serving as the integrative source of
effector variability. This organization could be considered to be
of the sensory–effector type. Now consider the situation in
cubomedusae, where sensory structures provide information to a
ganglion-like rhopalial–nerve ring integrating system. Appropriate
output from this ‘centralized’ system is then passed out to effectors
via a nerve net that, anatomically, looks identical to the previously
described nerve net. This latter system is definitely of the
sensory–adjustor–effector design and the nerve net is specialized
for innervation of effectors. Yet on anatomical grounds, a nerve net
is a nerve net is a nerve net. Even if a significant degree of
integration still occurs at the level of neuromuscular connections,
this does not signal primitiveness unless we want to put that label
on neuromuscular systems of higher invertebrates as well. A
familiar caution must be extended here: it is not possible to
accurately predict physiology from anatomy. In our case, it is not
possible to determine primitive or basal features from anatomy
alone. This may seem like a strange statement as nearly all of the
evidence presented here is anatomical. However, nearly all of the
work cited is from laboratories that combine neuroanatomy with
neurophysiology or at least emphasize functional morphology. And
from this perspective, a nerve net that is used solely for the
distribution of motor information is more specialized than a nerve
net that has sensory, integrative and motor distribution functions.
We actually see a gradation in this regard when comparing the
organization and function of scyphomedusan and cubomedusan
motor systems. This caution is similar to one that must be heeded
for the new genomic data – primitiveness or basal position cannot
be determined by gene sequences and BLAST searches alone. It is
necessary to determine what genes are expressed and when, and
what they do for the animal. We need functional morphology as
much as we need functional genomics. And this does more than
emphasize the need for a more integrative look at processes of
evolutionary change or of animal design and adaptation. It brings
organismal biology fully into the loop of this integrative approach.

Back to the original question, and bring on the straightjacket if
you will, but the sensor–adjustor–effector organization of
cubomedusae and hydromedusae certainly argues for the existence
of a centralized nervous system in cnidarians. But even in portions
of a nervous system that are composed of diffuse networks of
neurons that conduct information in an unpolarized manner, a nerve
net is not a nerve net is not a nerve net.

R. A. Satterlie
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