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Summary. The fine structure of synapses, their distribution and arrangement in
the ventral nerve cord of Peripatoides leuckarti (phylum Onychophora) is
described. The asymmetric synaptic junctions show a well developed synaptic
cleft (300A) and pre- and subsynaptic electron dense apposition. They
frequently show an array of presynaptic projections and a subsynaptic cisterna
of endoplasmic reticulum. The onychophoran synapses differ from those of
annelids and insects.
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The Onychophora have been of great interest due to the fact that they possess
anatomical features of both the annelids and arthropods, and are regarded as a
phylogenetic link between the two phyla. Phylogenetic considerations have been
extended to the nervous system of Onychophora on the basis of light microscopical
studies (Holmgren, 1916; Hanstrom, 1935; Feodorov, 1926; 1929; see Horridge,
1965). Evidence for giant fibres in the ventral nerve cord was originally presented by
Séinger (1870). Their presence in Peripatoides leuckarti was recently confirmed by
morphological and electrophysiological investigations (Schiirmann and Sandeman,
1976). A few studies have dealt with the ultrastructure of onychophoran sense
organs (Eakin and Westfall, 1965; Eakin and Brandenburger, 1966; Storch and
Ruhberg, 1977); however, knowledge of the fine structure of the central system is
still lacking.

The present study describes the structure of synapses and synaptic con-
figurations of nerve fibres in the ventral nerve cord of the Australian
onychophoran, Peripatoides leuckarti, and compares this structure to that of
annelid and insect synapses.
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Materials and Methods

Two colour morphes of Peripatoides leuckarti were collected near Canberra(A.C.T.) and Armidale (New
South Wales) in Australia. Intact animals of both sexes and various lengths (1-7 cm) were anaesthetised
with carbon dioxide or immobilised by cooling, pinned down in order to prevent bending from muscular
contraction and opened dorsally by a longitudinal cut. After removing the glands, intestine and
reproductive system, the animals were immersed in the fixative. Fixation fluids of low ionic strength gave
satisfactory results and a solution of 1% glutardialdehyde — 1 % formaldehyde buffered with sodium
cacodylate (0.05 M, pH 7.4) yielded the best preservation of nervous tissue. After 2-6 b the animals, with
nervous system undissected, were transferred into a 1 % osmic acid solution (with the same buffer). For
special staining of paramembranous synaptic substances the ethanolic phosphotungstic acid (EPTA)
impregnation of Bloom and Aghajanian (1968) was applied without modification. Subsequent
processing followed conventional techniques for electron microscopy. Transverse and longitudinal thin
sections through the ventral nerve cord were double stained with uranyl acetate and lead citrate. Sections
were examined with an electron microscope at magnifications up to 80,000 x . Light microscopy was
carried out with paraffin sections stained with Heidenhain’s haematoxilin, and with 1 um thick plastic
sections stained with toluidine blue.

Results

Distribution of Synapses. Synapses in the ventral nerve cord of Peripatoides leuckarti
are restricted to the neuropil and do not occur in the ventro-medial perikaryal layer.
They were not observed in the leg and tegmental nerves or in the fine tract-like
commissures (nine per segment) which link the widely separated nerve cords on
either side. The neuropil is continuous along the neurosomites (Feodorov, 1926)
and has no connective-like parts free of synapses (“Markstrang”, s. Hanstrém,
1928). It consists predominantly of a fine meshwork of fine naked fibres
which are filled with synaptic and other organelles. The fibres make abundant
synaptic contacts with each other. A glial enveloping of fibres is not prominent but
occurs around larger fibres, e.g. partially around the giant fibres (Schiirmann and
Sandeman, 1976). The majority of nerve fibres contains and is sometimes densely
packed with different classes of vesicles. The spherical, translucent synaptic vesicles
have a diameter of 350-450 A (Fig. 2a). Different types of dense core vesicles with
various degrees of electron opacity show diameters up to 1200A (Fig. 1a, b, d).

Structure of Synapses. Synaptic junctions normally show the structural polarity
typical for chemical synapses which allows a distinction of the pre- and
postsynaptic fibre element (Figs.1, 2). At the presynaptic side, electron dense
substances cover parts of the presynaptic membrane. In some sections these
osmiophilic appositions appear as a regular array of protrusions projecting up to
400A into the fibre matrix (Fig. 1c, e, f). These pillar-like projections line the
presynaptic membrane at intervals up to 400A. As serial sections and tangential
views of the presynaptic apparatus are lacking, the three-dimensional pattern of
dense projections remains unclear. Clear or dense core vesicles are accumulated
around the presynaptic structures and membrane appositions (Figs. 1, 2). There is
no evidence that they cannot contact the presynaptic membrane. A fusion of
vesicles with the membrane at synaptic sites was not observed.

The synaptic cleft measures up to 300A in width, whereas the normal
intercellular space is about 100 A. The synaptic cleft is filled with electron dense



Fig. 1a-g. Different types of synapses. Presynaptic fibre (pr); postsynaptic fibre (po); subsynaptic
cisterna of the endoplasmic reticulum (ci); mitochondrion (m); subsynaptic appositions {arrows);
presynaptic projections (arrowheads). a Dense core vesicles with faint osmiophilic content at the
presynaptic membrane, dense midline in the synaptic cleft; scale 0.1 um. b Dense core vesicles and
smaller translucent vesicles accumulated at the presynaptic side; postsynaptically a population of large
dense core vesicles; scale 0.15 um. ¢ Clear presynaptic vesicles; note denser intracleft midline; scale
0.2 pm. d Clear vesicles and small dense core vesicles near the presynaptic membrane; a group of large
dense core vesicles more distant from the membrane; denser intracleft midline; scale 0.2 um. e Synapse
with presynaptic projections; subsynaptic appositions poorly developed; scale 0.2 pm. f Synapses with
presynaptic projections; scale 0.2um. g Two presynaptic fibres contact a postsynaptic element;
subsynaptic cisterna missing; scale 0.2 um



Fig.2a. Synapses with clear presynaptic vesicles (arrowheads). Swollen cisterna of endoplasmic
reticulum (ci) at left which contacts two synaptic sites; glial protrusions(g) between nerve fibre elements;
dense intracleft midlines at the right; scale 0.2pum. b A cisterna of endoplasmic reticulum (arrows)
extends from the subsynaptic site to other parts of the axoplasm; triangles mark synaptic sites in two
presynaptic fibres; scale 0.2 pm. c-d “En passant” synapses in larger fibres; giant fibre. ¢ Synapse of a
giant fibre (arrowhead: presynaptic element); subsynaptic cisterna (arrow); scale 0.2 um. d Subsynaptic
cisterna with ribosomes (arrow); scale 0.2um. e-g EPTA-impregnation of synapses leaves the
membranes unstained; synaptic intra- and intercellular substances appear electron dense. Note the
broad subsynaptic appositions and a faint clear intracleft midline corresponding to the electron dense
cleft line in aldehyde-osmium fixed material. Scales 0.2 pm Presynaptic bouton (arrowheads) in b; dense
core vesicles in b and ¢ (arrows); clear presynaptic vesicles in d
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substance, but does not appear as electron opaque as the intracellular synaptic
paramembranous material. A denser midline can be detected in most synaptic clefts
(Figs. 1a, d; 2a). Subsynaptic deposits of high electron density are normally well
developed. They line the membrane along the cleft and project up to 300 A into the
postsynaptic fibre matrix. Very frequently, the subsynaptic densities border a
flattened cisterna of smooth endoplasmic reticulum arranged in parallel to the
subsynaptic membrane (Figs. 1a-d, 2a—d) and often close to a mitochondrion. The
membranes of the subsynaptic cisternae often exhibit an increased electron density
compared with other unit membranes of the endoplasmic reticulum. The extension
and full distribution of this postsynaptic ER system is unknown, but from
favourable sections it is obvious that it may extend to other than subsynaptic areas
of the postsynaptic fibre element (Fig.2b); in addition, different subsynaptic
cisternae are continuous with each other (Figs. 1f, 2a). The subsynaptic reticulum is
occasionally covered with ribosomes (Fig. 2d).

With the EPTA-impregnation, pre- and subsynaptic paramembranous sub-
stances as well as the intracleft material are visualised more clearly and completely
(especially the contents of the synaptic cleft) (Fig. 2e—g) in comparison to aldehyde-
osmic acid treated material. A clear midline is found in the synaptic cleft,
corresponding to the denser midline of synaptic clefts of aldehyde-osmic acid fixed
synapses. A proteinaceous nature for the intra- and intercellular synaptic
membrane appositions can be assumed from the EPTA- impregnation (Bloom,
1970; Pfenninger, 1973). The contents of the dense core vesicles react positively to
the EPTA-stain (Fig. 3¢, f). That different types of synaptic junctions are present in

Fig. 3a—c.

Schematic drawing of an insect a,
onychophoran b

and annelid ¢ synapse
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the central nervous system of Peripatoides is mainly suggested by differences in their
vesicle populations and the extent of pre- and subsynaptic appositions.

Arrangement of Synapses. Synapses are localised “en passant” (Fig. 2¢, d) and in
nerve fibre terminals. It was occasionally observed that two given fibres synapse
with each other at more than one synaptic site. Two postsynaptic fibres are
sometimes connected with one presynaptic element at the same presynaptic site
(dyad of Lamparter et al., 1969). A presynaptic element (bouton) can be connected
with a group of surrounding postsynaptic fibres (divergent type of junction), and a
number of tiny presynaptic elements can converge on a postsynaptic element which
appears dendritic (Fig. 1g). Serial synapses are found as well. Complex con-
figurations of synapses are not ensheathed with glial processes and are therefore not
separated from neighbouring nerve fibres.

Discussion

The synapses in the ventral nerve cord of the onychophoran Peripatoides leuckarti
show the same principal ultrastructural features as the chemical synapses in the
central nervous systems of vertebrates (Gray and Guillery, 1966; Pfenninger, 1973)
and invertebrates (e.g. Arthropoda: Smith 1967; Trujillo-Cendz, 1969; Krasne and
Stirling, 1972; Strausfeld, 1976; Annelida: Coggeshall and Fawcett, 1964;
Dhainaut-Courtois and Warembourg, 1969; Giinther and Schiirmann, 1973;
Muller and Mc Mahan, 1976; Mollusca: Jones, 1968; Plathelminthes: Best and
Noel, 1969; Coelenterata: Westfall et al., 1971). Structural polarity in asymmetric
synapses is established by the clustering of presynaptic vesicles at the presynaptic
projections and at the membrane and by the assymetry of the pre- and subsynaptic
membrane appositions.

A comparison of onychophoran synapses with synapses of the closest related
phyla, the annelids and arthropods, shows the onychophoran synapses to differ
from both in fine structural details. Compared with annelid synapses (see Giinther
and Schiirmann, 1973), the pre- and subsynaptic electron opaque appositions are
much more prominent and always present in onychophoran synapses.
Paramembranous synaptic substances are very often poorly developed in the
earthworm synapses and therefore often overlooked (Myhrberg, 1972). Many
insect synapses exhibit a well ordered array of presynaptic densities forming distinct
presynaptic figures projecting more than 5S00A into the presynaptic fibre (see
Trujillo-Cendz, 1969; Schiirmann, 1971; Burckhardt and Braitenberg, 1976),
whereas presynaptic figures in onychophoran synapses appear smaller. The extent
of subsynaptic appositions is similar in both insect and onychophoran synapses.
Fig.5 presents a schematic comparison of annelid, insect and onychophoran
synapses.

The frequent presence of a flattened cisterna of endoplasmic reticulum parallel
to the subsynaptic densities and membrane is so striking that it is considered as a
part of the subsynaptic apparatus on the basis of its position, form and enhanced
electron density. A similar peculiarity in postsynaptic fibres is known for some
identified types of neurons in the optic lobes of flies (Trujillo-Cendz, 1965; Boschek,
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1971) and was termed “postsynaptic bag” (Burckhardt and Braitenberg, 1976).
Stacks of flattened cisternae of smooth endoplasmic reticulum represent a typical
postsynaptic feature of the dendritic spines (spine apparatus) in vertebrates (Gray,
1959).

The sporadic occurrence of subsynaptic cisternae with ribosomes is uncommon
for invertebrate synapses. Membrane-attached ribosomes appear in dendritic fibre
profiles of giant neurons in the earthworm (Giinther and Schiirmann, 1973), but
were not observed as part of the synaptic site. The restriction of synapses to the
neuropile in the ventral nerve cord of Onychophora is consistent with the
observation that neuronal perikarya in invertebrates are in general devoid of
somatic synapses although exceptions do occur (Schiirmann and Giinther, 1973).

Acknowledgement. The author is grateful to Mr. R. Hardie, University of New England, Armidale
(Australia) for his help in collecting large numbers of animals. Thanks are also due to Mrs. H. Ruhberg,
Universiy of Hamburg, who made some specimens of Opisthopatus cinctipes available for comparative
examination.

A portion of this work was carried out in the Department of Neurobiology, Research School of
Biological Sciences, The Australian National University, Canberra (Australia), during a visit in 1975-
1976

References

Best, J.B., Noel, J.: Complex synaptic configurations in planarian brain. Science 164, 1070-1071 (1969)

Bloom, F.E.: Correlating structure and function of synaptic ultrastructure. In: The neurosciences (F.O.
Schmitt, ed.), New York: The Rockefeller University Press (1970)

Bloom, F.E., Aghajanian, G.K.: Fine structural and cytochemical analysis of the staining of synaptic
junctions with phosphotungstic acid. J. Ultrastruct. Res. 22, 361-375 (1968)

Boschek, C.B.: On the fine structure of the peripheral retina and the lamina of the fly, Musca domestica.
Z. Zellforsch. 110, 366'-349 (1971)

Burckhardt, W., Braitenberg, V.: Some peculiar synaptic complexes in the first visual ganglion of the fly,
Musca domestica. Cell Tiss. Res. 173, 287-308 (1976)

Coggeshall, R.E., Fawcett, D.W.: The fine structure of the central nervous system of the leech Hirudo
medicinalis. J. Neurophysiol. 27, 229-289 (1964)

Dhainaut-Courtois, N., Warembourg, M.: Etude ultrastructurale des neurones de la chaine nerveuse de
Nereis pelagica L. (Annélide Polychéte). Z. Zellforsch. 97, 260-273 (1969)

Eakin, R.M., Brandenburger, J.L.: Fine structure of antennal receptors in Peripatus (Onychophora).
Amer. Zoologist 6, 614 (1966)

Eakin,R.M., Westfall, J.A.: Fine structure of the eye of Periparus(Onychophora). Z. Zeliforsch. 68, 278
300 (1965)

Feodorov, B.: Zur Anatomie des Nervensystems von Periparus. 1. Das Neurosomit von Peripatus
tholloni Bouv. Zool. Jb. (Anat.) 48, 273-310 (1926)

Feodorov, B.: Zur Anatomie des Nervensystems von Peripatus. I1. Das Nervensystem des vorderen
Korperendes und seine Metamerie. Zool. Jb. (Anat.) 50, 279-332 (1929)

Gray, E.G.: Axosomatic and axodendritic synapses of cerebral cortex: an electron microscope study. J.
Anat. (Lond.) 93, 420-433 (1959)

Gray, E.G., Guillery, R.W.: Synaptic morphology in the normal and degenerating nervous system. Int.
Rev. Cytol. 19, 11182 (1966)

Ginther, J., Schiirmann, F.W.: Zur Feinstruktur des dorsalen Riesenfasersystems im Bauchmark des
Regenwurms. II. Synaptische Beziehungen der proximalen Riesenfaserkollateralen. Z. Zellforsch.
139, 369-396 (1973)

Hanstrém, B.: Vergleichende Anatomie des Nervensystems der wirbellosen Tiere. Berlin: Springer 1928

Hanstrém, B.: Bemerkungen iiber das Gehirn und die Sinnesorgane der Onychophoren. Lunds Univ.
Arskr. NUF. 31, 1-37 (1935)



534 F.W. Schiirmann

Holmgren, N.: Zur vergleichenden Anatomie des Gehirns von Polychaeten, Onychophoren,
Xiphosuren. Kungl. Svenska Vet. Akad. Handl. 56 (1916)

Horridge, G.A.: Onychophora. In: Bullock, T.H., Horridge, G.A., Structure and function in the nervous
system of invertebrates, Vol 1, pp. 791-798. San Francisco and London: Freeman 1965

Jones, D.G.: The fine structure of the synaptic membrane adhesions on Octopus synaptosomes. Z.
Zellforsch. 88, 457469 (1968)

Krasne, F.B., Stirling, C.A.: Synapses of crayfish abdominal ganglia with special attention to afferent
and efferent connections of the lateral giant fibres. Z. Zellforsch. 127, 526-544 (1972)

Lamparter, H.E., Steiger, U., Sandri, C., Akert, K.: Zum Feinbau der Synapsen im Zentralnervensystem
der Insekten. Z. Zellforsch. 99, 435-442 (1969)

Muller, K.J., McMahan, U.J.: The shapes of sensory and motor neurons and the distribution of their
synapses in ganglia of the leech: a study using intracellular injection of horseradish peroxidase. Proc.
roy. Soc. B 194, 481-499 (1976)

Myhrberg, H.E.: Ultrastructural localization of monoamines in the central nervous system of Lumbricus
terrestris L. with remarks on neurosecretory vesicles. Z. Zellforsch. 126, 348-362 (1972)

Pfenninger, K.H.: Synaptic morphology and cytochemistry. Progress in Histochemistry and
Cytochemistry, Vol. 5, No 1. Stuttgart: Fischer 1973

Sanger, N.: Peripatus capensis gr. et Peripatus leucartiin.sp.In: Trav. 2. Congr. Nat. Russ., Moscou 1869
(1870)

Schiirmann, F.W.: Synaptic contacts of association fibres in the brain of the bee. Brain Res. 26, 169-176
(1971)

Schiirmann, F.W., Glinther, J.: Zur Feinstruktur des dorsalen Riesenfasersystems im Bauchmark des
Regenwurms. I. Die Somata der Riesenfasern. Z. Zellforsch. 139, 351-368 (1973)

Schiirmann, F.W., Sandeman, D.C.: Giant fibres in the ventral nerve cord of Peripatoides leuckarti
(Onychophora). Naturwissenschaften 63, 580-581 (1976)

Smith, D.S.: The organization of the insect neuropil. In: Invertebrate nervous systems (C.A.G. Wiersma,
ed.), pp. 79-85. Chicago: Univ. of Chicago Press 1967

Storch, V., Ruhberg, H.: Fine structure of sensilla of Peripatopsis moseleyi (Onychophora). Cell Tiss.
Res. 177, 539-553 (1977)

Strausfeld, N.J.: Atlas of an insect brain. Berlin-Heidelberg-New York: Springer 1976

Trujillo-Cendz, O.: Some aspects of the structural organization of the intermediate retina of dipterans. J.
Ultrastruct. Res. 13, 1-33 (1965)

Trujillo-Cendz, O.: Some aspects of the structural organization of the medulla in muscoid flies. J.
Ultrastruct. Res. 27, 535-553 (1969) -

Westfall, J.A., Yamataka, S., Enos, P.D.: Ultrastructural evidence of polarized synapses in the nerve net
of Hydra. J. Cell Biol. 51, 318-323 (1971)

Accepted September 26, 1977



