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Summary

Gap junctions have been described ultrastructurally between neurons and epitheliomuscular
cells and between neurons and their processes in the hypostome, peduncle and basal disc of
Hydra. All gap junctions examined in Hydra exhibit two apposed plasma membranes having a
2-4 nm gap continuous with the extracellular space. The gap junctions are variable in length
from 0.1-1.6 ypm and appear linear or V-shaped in section. Neuronal gap junctions in Hydra
occur infrequently as compared to chemical synapses. Electron microscopy of serial sections
has demonstrated the presence of adjacent electrical and chemical synapses (neuromuscular
junctions) formed by the same neuron. In addition, multiple gap junctions were present
between two neurons. This is the first ultrastructural demonstration of electrical synapses in
the nervous system of Hydra. Such synapses occur in neurons previously characterized as
sensory-motor-interneurons on the basis of their chemical synapses; these neurons appear to
represent a type of stem cell characterized by having both electrical and chemical synapses.

Introduction

Recent reviews on the structural diversity, functional morphology and distribution of
gap junctions within the animal kingdom indicate the widespread distribution of
these intercellular connections, which are characterized by two apposed plasma
membranes exhibiting a 2-4 nm intermembrane gap continuous with extracellular
space (Larsen, 1977; Bennett & Goodenough, 1978; Varon & Somjen, 1979). It is
generally agreed that gap junctions in excitable tissues function as electrotonic
synapses (Bennett & Goodenough, 1978). Gap junctions have only recently been
demonstrated ultrastructurally in the nervous systems of coelenterates (Singla, 1978;
Westfall, 1978; Spencer, 1979). They are common between epitheliomuscular cells in
Hydra where they have been postulated to function in both adhesion and electrical
coupling (Wood, 1977, 1979). Neuro-epitheliomuscular cell gap junctions have not
been reported to date in coelenterates. Previous work in our laboratory has
demonstrated ultrastructurally the presence of chemical synapses in Hydra (Westfall
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etal., 1971; Westfall, 1973; Westfall & Kinnamon, 1978). The present study provides a
description of the ultrastructure of heterocellular (neuro-epitheliomuscular cell) and

homocellular (neuro-neuronal) gap junctions in the nervous system of two species of
Hydra.

Materials and methods

Specimens of Hydra littoralis and Pelmatohydra pseudoligactis (Carolina Biological Supply) were
prepared for electron microscopy by relaxation in urethane (Macklin, 1976), followed by
fixation in 2.5% glutaraldehyde in 0.05M sodium cacodylate (350 mosmol) at pH 7.3.
Postfixation in 1% buffered OsO, was followed by ethanolic dehydration, acetone rinsing and
infiltration of tissue in 1:1 acetone-Epon/Araldite under light vacuum before the tissue was
cured in fresh resin (Westfall & Kinnamon, 1978). Serial thin sections were cut on a diamond
knife, stained in ethanolic uranyl acetate followed by triple lead stain (Sato, 1968), then carbon
coated and examined in a Philips EM 301 at 100 kV.

Observations

We have searched extensively for neuronal gap junctions in three regions of Hydra
(hypostonte, peduncle and basal disc) by examining selected tissues from ten
different adult animals representing two species, Hydra littoralis and Pelmatohydra
pseudoligactis. The numbers and types of gap junctions found and their regional
distribution are summarized in Table 1.

Table 1.
Neuro-epitheliomuscular Neuro-neuronal
Somato-axonal
Somatic Axonal Somato-somatic (axo-somatic) Axo-axonal
Hypostome 6 2 1 1 3
Peduncle 1 1
Basal disc 1 2 2

Eleven of the 20 gap junctions observed were associated with the somata of
ganglionic sensory-motor-interneurons (Figs. 1-5). They were both heterocellular

Fig. 1. Sensory-motor-interneuron in hypostome of Pelmatohydra pseudoligactis showing gap
junction (arrow) between neuronal perikaryon (N) and epitheliomuscular celt (EMC). x 21 000.

Figs. 2-4. Three serial sections through the neuro-epitheliomuscular cell gap junction in Fig. 1
showing proximity of ribosomes to the pair of closely apposed membranes. Note peripheral
dense-cored vesicular invagination into the epitheliomuscular cell. x 118 000.

Fig. 5. Origin of axon (A) from perikaryon (N;) of sensory-motor-interneuron of basal disc
showing two of a series of three gap junctions connecting the soma (single arrow) and axon
(double arrows) to the process of a second neuron (N,) above the myoneme (my) of an
epitheliomuscular cell (EMC). x 62 700
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(neuro-epitheliomuscular cell) and homocellular (neuro-neuronal) in nature. Four of
the neuro-neuronal junctions were between the perikarya and other neuronal
processes (axons). Each perikaryon bears a sensory cilium (Fig. 1), occasionally seen
at the external surface of the animal, which establishes a polarity to the ganglion cell.
Hence, all neuronal processes identified by the presence of dense-cored vesicles and
bundles of microtubules have been termed axons. In one instance three gap junctions
occurred in a series extending from the nuclear region of the perikaryon into the
axon. Nine of the gap junctions were between axons and epitheliomuscular cells
(Fig. 6) or between two axons (Figs. 7-10). The axo-axonal gap junctions in Hydra
occurred en passant.

All the gap junctions observed in the nervous system resembled those commonly
found between epitheliomuscular cells in Hydra. The lengths were variable, ranging
from 0.1-1.6 um, but the gaps were uniformly 2--4nm in width. Cross-sectional
views showed mainly short linear or curved junctions (Figs. 1-6). One serially
examined gap junction, however, was V-shaped with a slight expansion in the gap
at the acute angle (Figs. 7-10).

The junctional regions often contained clusters of ribosomes and in one instance a
dense-cored vesicular invagination was adjacent to the periphery of the gap (Figs.
1-4). Neuro-epitheliomuscular cell gap junctions occurred near the bases of
epitheliomuscular cells; none, however, were in direct contact with the myonemes.
The most interesting observation was the close relationship between two
neuromuscular chemical synapses and an adjacent axo-axonal gap junction (Figs.
7-10). Serial sections revealed that a chemical synapse, characterized by a row of
dense-cored vesicles associated with paramembranous densities and a 15-20 nm
wide cleft with transverse filaments, was 0.13 um from the gap junction. The second
axon also established a chemical synapse about 0.25 um from the gap junction.

Fig. 6. Neuro-epitheliomuscular cell gap junction in basal disc of Hydra littoralis showing
cisterna (arrow) in neuronal process (N) and dense cytoplasmic region of epitheliomuscular cell
(EMC). Note secretory droplet (d) in an adjacent vacuolate glandulomuscular cell. x 29 500.

Fig. 7. Diagrammatic representation of V-shaped gap junction (gj) shown in Figs. 8-10 with
chemical neuromuscular synapses (s) established by axons (A; and A,) containing bundles of
microtubules (mt), dense-cored vesicles and a mitochondrion (m). Note close proximity of two
different types of junctions (+) and the apparent innervation of two different epitheliomuscular
cells (EMC).

Fig. 8. Axo-axonal gap junction (gj) and parts of two chemical neuromuscular synapses (s) in
hypostome of Hydra littoralis. Note proximity of electrical and chemical junctions (+) in A,,
mitochondrion (m) and synaptic vesicles (arrow) in A, and myoneme (my) of an
epitheliomuscular cell (EMC). x 39 300.

Figs. 9-10. Serial sections of gap junction in Fig. 8 showing long length and V-shape of
closely apposed axonal membranes. Note microtubules (mt) in cross-section in A, (Fig. 9) and
in longitudinal section in A, (Fig. 10). The sites of neuromuscular synapses (s) associated with
EMC, and EMC, are faintly visible in Fig. 9 and have disappeared in Fig. 10. x 62 700.






730 WESTFALL, KINNAMON and SIMS

Discussion

The functional importance of neuro-epitheliomuscular cell gap junctions in Hydra is
not known. Those that we have observed are located just above the myonemes. The
enveloping nature of the epitheliomuscular cells around Hydra neurons, which are
naked and lack myelin sheaths, suggests that the gap junctions could be either
neuro-glial (neuro-epithelial) or neuromuscular. At present there is no known
electrophysiological evidence of neuro-glial gap junctions or examples of electrical
neuromuscular junctions in adult animals (Bennett, 1973). The occurrence of gap
junctions in nerve-muscle cultures (see Varon & Somjen, 1979) suggests that a
temporary coupling may exist during animal tissue development. Neurons in Hydra,
unlike those in higher animals, are constantly being sloughed and replaced (Davis,
1973; Campbell, 1974); thus the presence of neuro-epitheliomuscular cell gap
junctions in Hydra might be associated with a temporary coupling and uncoupling of
cells during growth and regeneration.

Neuro-neuronal gap junctions in the hypostome, peduncle and basal disc of Hydra
may be significant in relation to mechanisms underlying behaviour. It has been
difficult to explain behaviour in coelenterates entirely on the basis of either
non-neuronal conduction between epithelia or solely on the basis of a nerve net.
Campbell et al. (1976) found that elimination of nerve cells in Hydra stopped
pacemaker activity, suggesting a role for discrete neurons. On the other hand,
nerve-free epithelia are capable of propagating behaviourally meaningful signals
(Mackie, 1965). It has also been demonstrated that such epithelial conduction is
important in transmitting the three major pulse types in Hydra (Rushforth, 1973;
Kass-Simon & Passano, 1978). Electrically coupled neurons are involved in
producing pacemaker activity in other invertebrates (Getting & Willows, 1973; Berry
& Pentreath, 1979); therefore, one might postulate a role for neuro-neuronal gap
junctions in generating pacemaker activity in Hydra.

There are few neuro-neuronal gap junctions in Hydra compared to chemical
synapses previously described (Westfall, 1973; Westfall & Kinnamon, 1978). The gap
junctions are located on neuronal somata as well as between axons.
Neuro-neuronal and intraneuronal (reflexive) gap junctions have recently been
reported in a hydromedusan, Polyorchis, where they are associated with the giant
axons of the inner nerve ring (Singla, 1978; Spencer, 1979). To date we have not
observed reflexive gap junctions in Hydra.

Mackie (1970) suggested that low resistance intercellular pathways are a primitive
feature. As evolution of the nervous system proceeds, there would occur
simultaneously a need for increased specificity in conduction and response; thus, he
suggested that the original coupling might be replaced by specialized synapses. The
ultrastructural demonstration of a variety of chemical synapses in the nervous system
of Hydra in our laboratory (Westfall et al., 1971; Westfall, 1973; Westfall &
Kinnamon, 1978) suggested a complex involvement of the nervous system in
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behaviour. In another coelenterate, Polyorchis, giant axons which initiate swimming
behaviour have been ultrastructurally demonstrated to have both neuro-neuronal gap
junctions and chemical neuromuscular junctions (Anderson & Mackie, 1977;
Spencer, 1979). Now, with the ultrastructural demonstration of neuro-neuronal gap
junctions and adjacent chemical and electrical synapses between cells in Hydra, there
are possibilities for even more complex neural control of behaviour in a structurally
simple representative of the phylum having the most primitive nervous system.
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