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(Fig. 10). These cells contain vesicular structures
which appear similar to the synaptic vesicles of
the nerve endings (Fig. 9).

The space between the plaques also contains a
third cell type (Figs. 16 and 17) different from the
fibroblast and the “cuff” cell associated with the
axon. This cell has a well developed system of
cytoplasmic membranes, including what is be-
lieved to be a Golgi apparatus (Fig. 17). The
membranous system consists of a profusion of
vesicular structures of varying size. Lipid droplets
and mitochondria are present (Fig. 16) and myelin
figures are occasionally seen in these cells (Fig. 16).

DISCUSSION

Among the teleost and elasmobranch fishes en-
dowed with electric organs, the elasmobranch
Torpedo has received little attention with the
electron microscope. Of the four reports (16-18,
39) concerned with the electron microscopy of
this organ, three include electron micrographs of
Torpedo (16-18). All of these studies have been
primarily concerned with comparative cytology
and have stressed the similarities of the dorsal
and ventral surfaces of the electroplaques among
the species investigated.

The fish electroplaques thus far examined with
the electron microscope show a tubular or canalic-
ular network associated with the non-innervated
surface. Perhaps Luft (17) has devoted the most
attention to this system. He described in electro-
plaques of Torpeds and Electrophorus a “highly
developed system of caveolae, or cave-like blind
tubules and vesicles.” According to him, the

caveolae are blind, elongate, sac-like indentations
of the plasma membrane of the cell. He also
described as associated with this system, com-
pletely intracellular vesicles of approximately the
same diameter as the caveolae.

Electron micrographs included in this report of
the Torpedo electroplaques show a similarly highly
developed tubular network associated with the
dorsal plasma membrane. While circular mem-
branous profiles are observed in the preparations,
they are interpreted as being cross sections of the
tubular network instead of vesicles, as interpreted
by Luft (17). This interpretation is supported by
the observation that the thin basement membrane
on the dorsal surface of the electroplaque extends
into and lines the tubular membranous system.
The finding that within almost all of these struc-
tures there is an electron-opaque material com-
parable in density with the basement membrane
justifies the assumption that the vesicles described
by Luft are merely cross-sections of this tubular
system. Luft (17) indicates that this specialization
of the non-innervated plasma membrane is the
only feature common to species thus far examined.
Indeed, it is evident from these studies that this
system enormously increases the surface area and
must certainly serve an important physiological
function, perhaps associated with ion movement
(12).

The synaptic relationship at the ventral surface
of the electroplagques resembles that of a myo-
neural junction (2, 4, 6, 30, 31) with some simplifi-
cation.

The relationship of the synaptic ending to the

Ficure 7 A nerve ending associated with the ventral surface of the electroplaque. A
basement membrane (BM) is present between the nerve ending and the plasma membrane.
Synaptic vesicles (SV) and mitochondria (M) are evident. Note the high concentration of
electron-opaque granules, some of which are shown in the circle. At the heavy arrow are
shown vesicular profiles in close apposition to the bounding membrane, and at places there
are suggestions that vesicles have fused with the membrane and give it an undulated ap-
pearance. OsQy-fixed, lead-stained. X 23,000.

Ficure 8 Area similar to that in Fig. 7 except that the preparation is PTA-stained.
Again, granules (circle) are evident. A non-myelinated axon (4), visible in the lower part
of the micrograph, is devoid of the enveloping cuff. 0s04-fixed, PTA-stained. X 23,000,

Ficure 9 Cross-section of a small non-myelinated axon containing an abundance of
electron-opaque granules. Surrounding the axon and its thin adhering Schwann cell (SC)
is a space containing fibrils. Immediately external to this space is a cellular cuff which at
places possesses vesicular structures (V'S) resembling similar structures in the nerve ending.
0s04-fixed, lead-stained. X 10,500.
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electroplaque in fishes has been described by
Mathewson et al. (18) and Wachtel ¢t al. (39).
They showed that the presynaptic terminals lie in
“troughs or furrows” (with unbranched inpocket-
ings) of the postsynaptic membrane. According
to them, the presynaptic ending extends only to
the base of the inpocketings and is not present in
the finger-like inward projections of the ventral
plasma membrane which have been described
here. Wachtel et al. (39) described “finger-like”
invaginations of the ventral membrane of electro-
plaques in Narcine. These reports have indicated
that the synaptic nerve ending does not extend
into these invaginations to their fullest extent.
The findings reported here indicate that the
synaptic ending is in intimate contact with the
ventral membrane of the electroplaque, being
present in the finger-like invaginations of this
surface. In sections both parallel and perpendicu-
lar to the ventral surface this relationship is shown,
as well as the presence of a basement membrane
which extends into this system and is evident
between the synaptic ending and the postsynaptic
membrane. Mathewson et al. (18) reported the
presence of a ‘“‘dense formation of unknown
nature” in the synaptic space in Raja and Astro-
copus. These authors consider this dense formation
homologous to the dense line described by Gray
(9) in axo-dendritic synapses. Examination of
their micrograph (Fig. 10 in reference 18) reveals
that this dense band is present in places devoid of
nerve ending. It is suspected that this structure is
similar to the structure here interpreted as a
basement membrane and bears little if any relation
to the electron-opaque line in axo-dendritic
synapses previously described (9).

The wusual structures encountered in nerve

endings associated with neuromuscular junctions
or interneuronal cholinergic synapses are an
abundance of synaptic vesicles approximately
500 A in diameter, a few small filamentous mito-
chondria, and occasionally fine neurofilaments
(2,4, 6,7, 25,26, 30, 31). The vesicles of the nerve
endings described in this report vary more in size
than do similar structures in nerve endings of other
species. Here there is a wide and continuous vari-
ation in diameter (300 A to 1200 A). This variation
cannot be dismissed as artifactual, because the
same variation is present in tissue fixed in four
different ways. Similar structures have also been
observed in negatively stained preparations de-
rived from homogenized and fractionated material
(41).

Perhaps the most unusual feature of the nerve
ending in the electric organ of Torpedo is the
presence of a granular component. This compo-
nent has also been seen in structures identified as
small nonmyelinated axons, and occasionally in
the ventral portion of the electroplaque. The
granules are approximately 300 A in diameter and
demonstrate a variation in electron opacity. While
the granule is evident after primary fixation in
formalin, after fixation in osmium tetroxide, and
after fixation in permanganate, its presence is
greatly enhanced after “‘staining” of the thin
sections with either lead or phosphotungstic acid.
Luft (reference 16, in the legend to his Fig. 6)
noted the presence of granules in the synaptic
ending in the electric organ of Torpedo occidentalis.
Luft (17, in Fig. 10) also showed granules in the
electroplaque of Malapterurus which he identified
as Palade’s particles. Examination of his micro-
graph reveals that most of these particles actually
measure well over 300 A, more than double the

Ficure 10 This survey electron micrograph shows two non-myelinated axons (4) and
perhaps a third (to the extreme left) enveloped by a single cuff cell. The nucleus (¥) of
the cuff cell is evident. Fibrils (f) occupy the space between the Schwann cell and the
cellular cuff. OsOy-fixed, lead-stained. X 5,000.

Ficure 11 Non-myelinated axon (4) with its adhering thin Schwann cell (SC). The
enveloping cellular cuff is evident. Potassium permanganate-fixed, lead-stained. X 15,000.

F1curE 12  Photographic enlargement of the area indicated in Fig. 11. The cuff in places
consists of as many as five layers. X 84,000,

Freure 13 Myelinated axon (A4) with an associated Schwann cell and its nucleus (N).
The space between the Schwann cell and the cuff contains fibrils (f). OsOs-fixed, lead-

stained. X 12,000.
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usually quoted 150 A diameter for the Palade
particle. These particles as well as the larger
vesicles of the nerve ending have also been identi-
fied with negative staining techniques in this
laboratory (41).

Small granules (100 to 150 A) have previously
been noticed in the spinal cord of the rat and cat
(10) and in sympathetic ganglia of the frog (36,
42). Robertson ¢t al. (32) described granules
(150 to 250 A) in the axon caps of the goldfish
Mauthner cell; according to these authors, the
smaller granules are ribosomes and the larger ones
possibly represent glycogen. Gray (10) speculates
that the granules he described are glycogen on the
basis of their similarity to those seen in the mouse
liver fixed in permanganate (15) and identified as
glycogen.

In light of the work of Revel e al. (29), it would
appear that the granules previously observed as
well as those reported here are glycogen and
correspond to the B-particles described by Droch-
mans (8). However, as regards a structure so little
understood physiologically as the nerve ending,
caution must be used in specifically identifying
structures such as this. Revel e al. (29) indicated
that a differentiation between glycogen granules
and RNP particles could be made by a comparison
of permanganate- and osmium tetroxide—fixed
materials. The observation that glycogen is well
preserved with permanganate fixation while RNP
granules are lost (29) supports the concept that
the granules in the nerve ending in the electric
organ of Torpedo might be something other than
glycogen, in that they are seen to best advantage
after osmium tetroxide fixation.
sympathetic ganglia synapses of frogs Yamamoto
(42) has observed granules which are best pre-
served with osmium tetroxide. He identifies these

Likewise, in

granules as glycogen and states that the difference
in appearance between the structures he sees and
those described in previous reports by other
workers may be due to differences in the pro-
cedures used.

A cellular cuff usually envelops small bundles of
axons and individual myelinated and non-myeli-
nated axons in the extracellular space. This re-
lationship either has been overlooked in other
studies of similar tissue, or is not present in species
having structures with similar electrophysiological
properties. Robertson (30) showed in amphibian
nerve a similar structure associated with the
myoneural junction and he described it as endo-
neurium. Shanthaveerappa and Bourne (34, 35)
dismiss Robertson’s interpretation and give con-
vincing microscopic evidence of a perineural epi-
thelial sheet, a lepto-meningeal extension, which
surrounds nerve fascicles in several specific inci-
dences. They prefer to interpret the endoneurium
of Robertson’s micrographs as extensions of the
perineural epithelium.

Textbooks of histology usually define the endo-
neurium as penetrations of connective tissue from
the perineurium into the nerve fascicle surrounding
individual nerve fibres. If this definition be ac-
cepted, it would appear that Robertson’s interpre-
tation over-simplifies the relationship, since no
evidence is given that the structure he calls endo-
neurium is a fibroblastic tube. Terry and Harkin
(37, 38), studying Wallerian degeneration, de-
scribed a perineural or laminar sheath which they
believe to be of fibroblastic origin. The fact that
connective tissue fibrils are observed in the space
between the nerve fibre and the cellular cuff lends
some support to the concept of the fibroblastic
origin of the cuff. However, the literature suggests
that under extreme conditions of stress the

Figure 14 A flattened cell, presumably a fibroblast (¥4), is closely applied to the dorsal
surface of the electroplaque. OsOy-fixed, lead-stained. X 17,000.

Figure 15 The dorsal surface of an electroplaque, demonstrating the presence of fibrils
(f). OsO4-fixed, PTA-stained. X 29,000,

Ficure 16 A cell of the type frequently encountered in the intercellular space, demon-
strating an abundance of membranous vesicular structures. Two lipid droplets and several
myelin figures are present. OsQyfixed, lead-stained. X 12,000.

Froure 17 A cell similar to that in Fig. 16. A well organized Golgi apparatus (G) is
present. Potassium permanganate-fixed, lead-stained. X 11,000.
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Schwann cell itself is capable of producing colla-
gen fibrils (22).

Assuming that this sheath is something other
than a modified connective tissue tube, it is inter-
esting to speculate what its function might be.
Shanthaveerappa and Bourne (34, 35) point out
that confusion exists in the literature, concerning
the presence of a diffusion barrier in the peripheral
nerve. Some studies indicate that the epineurium
is the barrier (5), while others indicate that ions
diffuse readily through this structure (14). Krn-
jevié (13) demonstrated in frog sciatic nerve a
barrier to perfusion of a number of compounds,
and he attributed this barrier to the perineurium.
It is possible that the enveloping cuff observed
here is in fact a further projection of the perineural
epithelium and represents a barrier to the diffusion
of at least some ions at the individual axonal level.

Torpedo marmorata is a species of electric fish
which is incapable of being stimulated directly
electrically (12). For a thorough discussion of this
physiological property the reader is referred to the
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