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A B S T R A C T  

The torpedine electric fish Narcine brasiliensis has two morphologically distinct electric 
organs (main and accessory) which alsodiffer with respect to anumberofe lec t rophysiologica l  
properties. The fine structure of the electroplaques of these organs has been examined by 
electron microscopy and by a histochemical method for localizing esterase activity with a 
high degree of resolution. In both kinds of electroplaques the innervated surface (ventral 
in those of the main organ, dorsal in those of the accessory) is the only site of esterase ac- 
tivity. The latter is further confined to the regions of synaptic contact between vesicle-con 
taining axon terminals and the electroplaque membrane. The synaptic apparatus is similar 
to, but less elaborate than, that of neuromuscular junctions. The axon terminals and electro- 
plaque membranes are free of connective tissue envelopments. The  membrane of the unin- 
nervated surfaces forms a continuum with a dense canalicular network which penetrates 
deeply into the 7 # thick electroplaques of the main organ. The  canalicular network has 
about the same thickness in the 20 # electroplaques of the accessory organ. Except for this 
difference, the two kinds of cells appear to have the same fine structure. This finding is dis- 
cussed in relation to the electrophysiological data on functional differences. 

Electric organs of all electric fishes have in com- 
mon the capacity, unique among the electrogenic 
tissues, for summation of the voltages that are 
produced during the synchronized discharge of 
the individual cells, or electroplaques (18). How- 
ever, recent electrophysiological studies have re- 
vealed numerous variations in electrical activity 
in the different families and even in different 
genera of the same family of fish (3-8, 10, 21, 23). 
These differences can be clearly demonstrated 
and characterized by intracellular recordings 
from single electroplaques. They are ascribable to 
specifically different functional properties of the 

cell membranes in various electroplaques, and 
even to differences in different regions of the cell 
membrane in a single electroplaque (3, 7, 19-21). 
Some of these varieties of functional manifestation 
appear to be adaptive, and correlated with special 
requirements associated with evolutionary differ- 
ences in gross morphology of the electric organs or 
of their electroplaques among the various electric 
fishes. 

I t  seemed desirable to seek for possible morpho- 
logical correlates of these differences by means of 
electron microscopy and by a histochemical 
method (14) which localizes esterase activity with 
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a h i g h  deg ree  of  reso lu t ion  a t  m a g n i f i c a t i o n s  ob-  

t a i nab l e  w i t h  the  e l ec t ron  mi c ro scope  (25). As  

will be  s h o w n ,  it  is l ikely t h a t  m a n y  of the  func -  

t iona l  d i f fe rences  lie a t  m o l e c u l a r  levels w h i c h  are  

as ye t  b e y o n d  the  r a n g e  of  a n y  ava i l ab le  m o r p h o -  

logical  t echn iques .  

T h e  S o u t h  A t l an t i c  t o rped i ne  Narcine brasiliensis 
was chosen  for the  ini t ia l  s t u d y  because  m a t e r i a l  

was  r ead i ly  ava i l ab le  for w o r k i n g  o u t  the  deta i l s  

of  the  va r i ous  p rocedures .  F u r t h e r m o r e ,  this fo rm,  

un l ike  all o t he r  t o rped ine  electr ic  fish e x a m i n e d  

t hus  far  (8, 15, 27, 28),  possesses an  accessory  o r g a n  

whose  e l ec t rop l aques  differ  bo t h  in gross s t r u c t u r e  

a n d  in  m o d e  of f u n c t i o n i n g  f rom the  cells of  the  

m a i n  o r g a n  (5). T h u s ,  the  m a t e r i a l  offers g r ea t e r  

scope t h a n  do  o t h e r  fo rms  for a c o m p a r a t i v e  s t u d y  

of  the  cor re la t ions  b e t w e e n  f u n c t i o n a l  a n d  m o r p h o -  

logical  proper t ies .  

M E T H O D S  

T h e  fish I were anesthet ized with 0.1 per cent  Tri-  
calne m e t h a n e  sulfonate 2 in sea water  (16). Some 
fish were sacrificed and  entire organs removed;  others 
were kept  for repeated biopsies of the  ma in  organ.  
Fish subjected to the  latter procedure  survived in- 
definitely in aquar ia  in which  the sea water  was 
vigorously recirculated.  T h e  excised tissue was 
t reated in one of three ways:  

1. Cubes  approximate ly  1 cm on edge were fixed 
in formalin,  e m b e d d e d  in paraffin, and  sectioned for 
l ight microscopy. 

2. For electron and  phase  contrast  mieroscoFe 
preparat ions,  slices no more  t han  5 m m  square  and  
1 to 2 m m  thick were cut  either parallel or perpendic-  
ular  to the plane of the electroplaques,  which lie in 
ordered array in the organs.  This  mater ia l  was kept  
at 0 -5 ° C  while it was fixed by either of two methods  : 
(i) in a 2 per cent  solution of OsO4 in distilled water  
(adjusted to p H  7.2 with dilute N a O H )  for 0.5 to 
l0 hours,  or (ii) in 10 per  cent  formalin in M/15 
Serenson phospha te  buffer  (pH 7.2-7.3) for 0.5 to 
l0 hours,  followed by postfixation in OsO4 as above. 
After a brief rinse in distilled water  the  tissue was 
dehydra ted  in a g raded  series of e thanol  solutions 
and  e m b e d d e d  in n-butyl  methacry la te  (30) with 
u rany l  ni t rate  (75 to 100 m g / 1 0 0  ml) (32). 

Sections were cu t  with glass knives on a Porter- 

1 Nardne were supplied by the  M a r i n e l a n d  Research  
Labora tory ,  St. August ine ,  Florida,  t h rough  the 
courtesy of Mr.  F. G. Wood,  Jr . ,  Cura to r  of the  
Laboratory .  W e  wish to thank  Mr. W o o d  and  his 
staff for their  kindness. 
2 MS222,  obta ined from Sandoz Pharmaceut icals ,  
Inc., Hanover ,  New Jersey. 

Blum microtome.  For electron microscopy they were 
m o u n t e d  on carbon-coated  grids and  examined  in a 
Philips 100 B electron microscope. All the electron 
micrographs  shown were taken at 100 kv accelerat ing 
voltage. 

3. For esterase localization a modif icat ion of the 
pararosani l in  m e t h o d  (14) described by Lehrer  and  
Orns te in  (25) was used. The  material ,  blocks of 
tissue 1 to 3 m m  on edge, was kept  at 0 - 5 ° C  th rough-  
out. It  was fixed for 0.5 to 3 hours  in buffered 
formalin  or in 2 per cent  OsO4. T h e  blocks were 
then  incuba ted  for 30 minu tes  to 1 hour  in a sa tura ted  
solution of oz-naphthyl acetate  in M/15 phospha te  
buffer  (pH 6.8-6.9) to which  was added  1 to 2 per  
cent  of a solution of hexaazot ized pararosani l in .  ~ 
After incubat ion  the  blocks were washed for 5 to 10 
minutes  first in dilute buffer  and  then  in distilled 
water.  Tissue which had  been fixed in formalin  and  
was to be used for electron microscopy was postfixed 
in 2 per  cent  OsO4 solution for 30 minutes .  Fu r the r  
t r ea tmen t  for microscopy was as described above. 

O B S E R V A T I O N S  

Electroplaques of the Main Organ 

I n  gross s t ruc tu re ,  as well  as func t ion ,  the  elec-  

t r op l aques  of  the  m a i n  o r g a n  of Narcine r e s emb le  

the  e l ec t rop laques  of  Torpedo nobiliana (5, 8). All  

the  reg ions  desc r ibed  by  Fr i t sch  (15) in Torpedo 
e l ec t rop laques  (Fig. 1) m a y  also be obse rved  by  

phase  con t r a s t  m i c r o s c o p y  in a n  u n s t a i n e d  1 # 

th ick  sect ion of  a Narcine e l ec t rop l aque  (Fig. 2). 

Howeve r ,  the  h i g h e r  reso lu t ion  of  e lec t ron  mic ro s -  

copy  fu rn i shes  d a t a  w h i c h  lead  to a d i f f e ren t  

i n t e r p r e t a t i o n  of these  s t ruc tu re s  f r o m  tha t  g iven  

by  Fr i tsch.  

T h e  stratum granulosum, w h i c h  he  desc r ibed  as a 

l ayer  of  g lobules  on  the  ven t ra l ,  i n n e r v a t e d  sur face  

of  the  e l ec t rop laque ,  is r evea led  in low p o w e r  

3 Both solutions were prepared  immedia te ly  before 
use. Since the  solubility of a - n a p h t h y l  acetate in 
water  is low, an  emulsion was prepared  by adding a 
small  vo lume of water  to the  solid, heat ing in a water  
ba th  unti l  the  mel t ing  point  of  the  solid was reached,  
and  shaking vigorously. This  emulsion was added  to 
the  buffer  solution with stirring. After cooling to 
ice ba th  tempera ture ,  the  solution was filtered to 
remove excess reagent.  Hexaazot ized pararosani] in  
was prepared  by adding  an equal  volume of a 4 per  
cent  aqueous  solution of NaNO2 to a 4 per  cent  
solution of pararosani l in  (CI676) in 2 N HCI. T h e  
p H  of the incubat ing  solution was then  adjus ted to 
6.8-6.9. The  hexaazo  c o m p o u n d  is relatively stable 
at room tempera tures  and  is l ight yellow to s t raw 
color at this concentrat ion.  
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FIGURE 1 

Cross-section of Torpedo electroplaque reproduced from Fritsch (15, Fig. 56). The structure across 
the bottom (n) represents an axon. Fritsch termed the three layers of the electroplaqne above it 
stratum granulosum (g/), palisade layer with nerve endings (p), and stratum moleculare (m), respec- 
tively; l is connective tissue. 

FIGURE 

A phase contrast micrograph of a cross-section of Nardne main organ electroplaque. Dark objects 
outside the cell arc dense collagen deposits. Mitochondria appear as equally dark objects within the 
cell. The fingers of the ventral innervated membrane,  and the canalicular network of the uninner- 
rated dorsal membrane,  may also be seen. X 3,350. 

electron micrographs of thick (ca. 0.3 /z) sections 
(Fig. 3) as the troughs and  indenta t ions  of the 
postsynaptic m e m b r a n e  and  the dense presynaptic 
terminals  of its nerve supply. The  clear layer of 
faintly outl ined palisades, amid which Fritsch saw 
globules connect ing to the vent ra l  surface (Fig. 1) 
and  which he thought  were the innervat ing  nerve 
terminals,  is the cytoplasmic region which lies 
immediate ly  dorsal to the innervated  m e m b r a n e  
of the electroplaque. Mi tochondr ia  (Fig. 2) and  
the deeper  inpocketings of the synaptic troughs 

(Fig. 3) account  for Fritsch's globular  "ne rve  
terminals ."  T h e  ret iculated stratum moleculare, 
which Fritsch pictured as occupying abou t  the 
dorsal two-thirds of the cell, is a dense network of 
in terconnected canaliculi  (Fig. 3). The  mem-  
branes  of these structures are cont inuous with the 
un innerva ted  dorsal m e m b r a n e  of the electro- 
plaque. Open ing  into the extracellular space 
(cf. Fig. 5) and  extending deep into the cell body, 
the canal icular  network increases enormously the 
m e m b r a n e  area of the un innerva ted  surface. 
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Electroplaques of the Accessory Organ 
At all levels of magnification the electroplaques 

of the accessory organ show the same arrangement  
of structures (Fig. 4) as do those of the main 
organ. However,  since the dorsal surface is the 

innervated one in the electroplaques of the ac- 

cessory organ (28), their orientation is inverted 

relatively to the cells of the main organ. The 

electroplaques of the accessory organ are also 

thicker (ca. 20 #). The additional thickness is 

FIGURE 3 

An electron micrograph of an electroplaque from the main organ. Fibrillar material is scattered in 
the spaces outside the electroplaque. The canalicular network (C) extends from the membrane of the 
uninnervated (dorsal) surface far into the body of the electroplaque. The intereonnections of the 
canaliculi may be readily followed in this thick (ca. 0.3 #) section. The cytoplasm of the electro- 
plaque (E) is very rich in fibrillar material. Numerous presynaptic nerve terminals (N) are closely 
applied to the innervated (ventral) surface. The terminals are densely packed with vesicles. Three 
deep indentations of the innervated membrane are seen in this section. They are not invaded by the 
axon terminals. X 33,000. 
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malnly contributed by a larger central cytoplasmic 
(or palisade) region, and the canalicular network 
has about the same absolute extent in both kinds 
of cells. 

Fine Structure of the Electroplaques 

The details of cell structures are similar in the 
two kinds of electroplaques. The infrequent nuclei 
are found near the uninnervated surface whether 
this be ventral, as in the cells of the accessory 
organ, or dorsal, as in the electroplaques of the 
main organ. They lie (Fig. 4) in a relatively clear 
cytoplasmic area which is surrounded, but not 
invaded, by the canalicular network and which 
contains some mitochondria. Most of the mito- 
chondria, however, are found in the palisade 
region in the central part of the electroplaque. 

The canalicular network appears discontinuous 
in thinner electron microscope sections, taking on 
the aspect of vesicles (Fig. 5). This appearance is 
enhanced by bulbous enlargements which are 
sometimes found at the intersections of the tubules. 
The walls of the canaliculi are clearly seen to be 
continuous with the membrane of the uninner- 
ra ted surface. In the thin electroplaques of the 
main organ the network frequently extends close 
to the deepest inpocketings of the innervated 
surface, but connections between the canaliculi 
and the innervated membrane have not been 
observed. The  palisade layer contains numerous 
fibrils and granules which have not been further 
identified as yet. 

The Synaptic Apparatus 

The innervated surfaces of both kinds of electro- 
plaques are densely covered with presynaptic 
terminals. However,  the structure of the synaptic 
apparatus is simpler than it appears to be in many 
vertebrate neuromuscular junctions (cf. 11, 31). 
The presynaptic terminals lie in shallow troughs of 
the postsynaptic membrane which may be homol- 
ogous with the "synaptic gutter" of end-plates. 
Deep indentations and finger-like projections of 
the membrane which add some complexity to the 
synaptic structure are probably similar to the 
"junctional  folds" of end-plates. The  axons follow 
the shallower of the inpocketings, so that the 
synaptic area is considerably increased over that 
which would be presented by simple appositional 
contact. The nerve terminals are free of any con- 
nective tissue or Schwann sheath. 

Although the details of the innervating nerve 
supply differ in the electroplaques of the main and 
accessory organ (5), the finer structures of the 
synaptic contacts between the presynaptic 
terminals and the postsynaptic electroplaque 
membrane are similar. The terminals contain 
numerous synaptic vesicles (Figs. 5 and 6) and are 
thereby clearly distinguishable from cross-sec- 
tioned projections of the electroplaque, and from 
the larger axonal branches (Fig. 6). The  former 
present themselves as oval or indented clear areas, 
frequently containing a peripheral zone of fine, 
radially oriented fibrils. In oblique sections spaces 
between the digitations are seen in which the pre- 
synaptic terminals lie (Figs. 6 and 7). The nerve 
fibers do not invade the deepest of these inpocket- 
ings of the electroplaque (Figs. 5 and 7). 

Localization of Esterase 

Dye was deposited only on the innervated sur- 
face of the electroplaque (Fig. 8), forming a pat- 
tern which delineated the regions of synaptic con- 
tact. The dye followed the inpocketings of the 
surface, and was deposited along the narrow 
channels even of the deepest inpocketings (Fig. 9). 
In electron as in phase contrast micrographs, no 
dye could be observed at the opposite, uninner- 
vated surface, nor was it seen in regions of the 
innervated surface that were free of presynaptic 
terminals. 

D I S C U S S I O N  

There seem to be no marked differences in fine 
structure of the electroplaques of the main and 
accessory organs, except for the differences relating 
to the inversion of the dorsal-ventral orientation 
of the cells, and the greater thickness of the electro- 
plaques of the accessory organ. The similarity in 
fine structure may be ascribed to the common 
origin of both kinds of electroplaques from muscle 
tissue, albeit from different muscles. Embryo-  
logical studies now in process should help to 
elucidate the differences between the dorsal 
inncrvation of the electroplaques of the accessory 
organ and the ventral innervation in the main 
organ. 

Tha t  the synaptic apparatus appears to have 
the same fine structure in both kinds of electro- 
plaques is also noteworthy for other reasons. Not  
only is the innervation on opposite surfaces in the 
two kinds of cells (28), but the arrangement of the 
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innerva t ion  is also different (5). The  electro- 
plaques of the ma in  organ are supplied by four to 
seven axons, and, as in the electroplaques of other  
torpedine fishes (8, 15), each axon approaches  the 
vent ra l  surface of the electroplaque from a differ- 
ent  point  at  its per iphery and each innervates  a 
separate area of the membrane .  Over lap  of inner-  
vat ion,  if a t  all present, is small. In  contrast,  the 
dorsal surfaces of the electroplaques of the acces- 
sory organ are innervated by two or three nerve 
trunks, each conta ining several axons. The  nerve 
fibers from the different t runks interlace on the 
surface of the cell. Wi th  respect to their  contacts 
with  the postsynaptic membrane ,  however, the 
differences of innerva t ion  appear  to be of no sig- 
nificance. Fur thermore ,  no differences were ob- 
served in the n u m b e r  and  size of the synaptic 
vesicles. However,  quant i ta t ive  studies on  such 
preparat ions  r emain  to be done. 

The  similarity of the synaptic appara tus  is 
also noteworthy because the responses of the two 
types of electroplaques to neura l  stimuli are 
markedly  different (5). Excitat ion of a single axon 
to an  electroplaque of the ma in  organ results in a 
maximal  or nearly maximal  discharge of tha t  par t  
of the synaptic m e m b r a n e  which is innervated  by 
the axon. T he  response is a depolarizing pulse 
abou t  50 to 60 my in ampli tude,  lasting about  5 
msec. There  is little or no facili tation in the re- 
sponse to a second st imulat ion of the axon. In 
contrast ,  a single stimulus to an  axon of the 
accessory organ electroplaque results in a neg- 
ligible response. However,  there is marked  
facilitation, and maximal  responses develop after 
some 10 to 12 stimuli at  60 to 100 per  second. The  

discharges are considerably longer than  those of 
the electroplaques of the ma in  organ, each lasting 
about  15 msec. instead of abou t  5 msec. Since 
these funct ional  differences are not  reflected in 
the s tructural  details discerned in the present 
work, it must  be concluded tha t  they depend upon  
differences tha t  are not  resolved by the morpho-  
logical techniques employed. 

The  canal icular  network of the un innerva ted  
membrane  of Narcine electroplaques is a striking 
s t ructural  feature. I t  also has its coun te rpar t  in 
other  electroplaques (29), bu t  in very thin sections 
the canaliculi  appear  as vesicles or as the 
"caveol i"  tha t  have  been described in various 
electroplaques (26). Since electroplaques of all 
electric fishes derive from muscle fibers (29), the 
canaliculi  may  represent  (cf. 21, 28) the disor- 
ganized remnants  of the tubules of the sarcoplasmic 
re t iculum which,  it is postulated (22), mediate  the 
spread of exci ta t ion-contract ion coupling of muscle 
fibers. Fibr i l lar  elements which  are probably  
homologous wi th  the I band  elements of muscle 
fibers are present in the electroplaques of Astro- 
scopus and of the Rajidae.  The  canal icular  network 
in these electroplaques extends to structures tha t  
are analogous with the Z lines (29). 

The  large extension of the surface of the unin-  
nervated m e m b r a n e  tha t  is made  possible by the 
canal icular  network migh t  also account  (cf. 21) 
for the very low resistance of the un innerva ted  
surface of torpedine electric fishes (5, 8), Astro- 
scopus (6), and Electrophorus (1, 24). However,  the 
electroplaques of Rajidae,  Malapterurus, and prob-  
ably also the Mormyr idae  (29) have  canaliculi ,  
though both  surfaces of the cells have  approxi-  

FIGURE 

Upper. A phase contrast micrograph of a cross-section of an accessory organ electro- 
plaque. The gray area extending from the uninnervated membrane (bottom) is the 
canalicular network. It is seen herc enclosing three nuclei. The othcr dcnse objects 
within the electroplaque are mitochondria. Outside are collagenous bundles and 
interstitial cells. Immediately adjaccnt to the inncrvated membrane (top) the larger 
neural terminals are seen as ovoid dense bodies. The infoldings of the membrane may 
be seen along its entire length. X 1,000. 
Lower. A low power electron micrograph of an elcctroplaque from the accessory organ. 
In the central part  of the micrograph the canalicular network (bottom) is very thin, 
hut is much thicker at the edges of the section (C). A nucleus and several mitochondria 
are also seen. The innervated membrane (top) shows a few inpocketings (left) and is 
overlain by presynaptic terminals (N) in which may be seen vesicles. X 7,000. 
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FIGURE 5 

An electron micrograph of a moderately thin (ca. 0.1 #) section of an electroplaque from the main 
organ. The canalicular network takes on the appearance of isolated vesicles, but numerous inter- 
connections are visible in sections of this thickness. Still thinner sections would indicate only vesicles 
or "caveoli." The indentation of the innervated membrane (I, lower right) is empty of any extension 
of the neural process (N), which forms a synapse of considerable length along the membrane. Con- 
tinuity between the canaliculi (C) and the uninnervated membrane is seen on the left side of the mi- 
crograph and is further demonstrated at higher magnification in the inset, taken from another sec- 
tion. M 30,000 and X 90,000. 

mately equal resistance (3, 7, 21, 23). The degree 
of canalicular development  in different fishes 
differs to some extent (29), but  has not yet been 
evaluated. 

In this connection it is of interest that the most 
notable difference in fine structure of the electro- 
plaques of the main and accessory organs of 
Narcine is in the thickness of the canalicular net- 
work relative to the thickness of the electroplaque. 

However, this difference arises chiefly from the 
thicker palisade layer of the electroplaques of the 
accessory organ. The depth  of the eanalicular 
layers appears to be about the same in both kinds 
of electroplaques, although detailed quanti tat ive 
data are not available. The uninnervated mem- 
brane appears to have about  the same very low 
electrical resistance in both types of electroplaques 
(5). I t  is of further interest that  both surfaces in 
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F~GURE 6 

An electron micrograph of a section cut obliquely through the innervated membrane of a main organ 
electroplaque. The oval clear areas (O) below the body (E) of the elcctroplaque are extensions of the 
cell which interdigitate with the interposed vesiculated nerve endings (N). The small axon below (A), 
which has numerous fibrillar elements, is enveloped by a Schwann cell. A few vesicles are seen in the 
axon, indicating that the section is in close proximity to the synaptic terminals. X 30,000. 

the electroplaques are remarkably  free of connec- 
tive tissue envelopments.  The  m e m b r a n e  of the 
innervated  electrogenically active surface, how- 
ever, offers considerable electrical resistance (5). 

The  electroplaques of Narcine (8) are cholinergic, 
a l though they are relatively insensitive to acetyl- 
choline. The  insensitivity may  be in par t  due (8) 
to the h igh concent ra t ion  of esterase which is found 
in these electric organs by chemical  tests (2, 9), 
and  also indicated by the present histochemical  
data.  

Of  par t icular  interest  is a funct ional  correlat ion 

provided by the histochemical  methods. The  in- 
nervated sites of o ther  electroplaques are also 
stained by esterase-localizing methods (12, 13, 29). 
The  un innerva ted  m e m b r a n e  is not  stained in any 
electroplaques tha t  have been studied, a l though 
the eleetrophysiological properties of the mem-  
branes  are profoundly different in different fish 
(21). 

T h e  un innerva ted  m e m b r a n e  of the teleost 
mar ine  electric fish Astroscopus y-graecum is electro- 
genically unreact ive  to electrical stimuli (6), 
resembling in this respect the un inne rva ted  
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m e m b r a n e  of the torpedine electroplaques (5, 8). 
Among the fresh water  electric fish, however,  there 
are forms in which nei ther  surface of the electro- 
plaque is innervated,  but  both  do react  to electrical 
stimuli,  each generat ing a spike (7, 23). Histo- 
chemical  examinat ions  have been made  on electro- 
plaques of Malapterurus (12, 29) and of several 

The  synaptic contact  between the terminals  of a 
single axon and  the Narcine electroplaque has a 
considerable area. O n  the average, the d iamete r  
of an electroplaque is abou t  5 m m  and each is 
supplied by five axons (5). Thus,  the area inner-  
vated by each axon is about  4 × 106 #2 T h o u g h  
the entire area is not  covered by the presynapt ic  

PIGURE 7 

Part of a synaptic junction in an electroplaque of the main organ, showing the complex interdigita- 
tions of the vesicle-containing prcsynaptic terminals with the finger-like projections of the electro- 
plaque. The latter are the clear ovoid bodies interspersed among the nerve terminals. Labeling as in 
Fig. 6. Compare this section with that of Fig. 9, from a preparation showing esterase localization. 
X 30,000. 

mormyrids  (12). ~fhe esterase staining appears  to 
be confined to the sites of innervat ion,  which are 
restricted areas on stalk processes of the cells. The  
electrically excitable major  surfaces are not  
stained. These da ta  are in agreement  with  the 
chemical  finding that  the Malapterurus electric 
organ has extremely low concentrat ions of both  
cholinesterase and acetylcholine (2). 

terminals,  nevertheless the numerous  interdigi ta-  
tions of axon terminals  and  postsynaptic mem-  
brane  must  increase the area of contact  consider- 
ably. Thus,  a surface area for the presynaptic  
terminals  of each axon of at  least 106 ~2 appears  to 
be a reasonable estimate. At  their  junctures  with 
the innervated  m e m b r a n e  the individual  axons 
have diameters  not larger than  10 # (5, Fig. 1 B). 
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Therefore,  t ransmit ter  substance tha t  must  be 
delivered to the synaptic surface (21) must  be 
funneled through a cross-sectional area some 104 
times smaller than  the surface of outflow. I t  is 
likely, fur thermore,  tha t  a single axon innervates 
more than  one electroplaque. Thus,  if the trans- 
mi t ter  or its precursors are formed at  the cell body 
of the neuron,  the amoun t  of mater ia l  t ransported 
to the synaptic sites must  be still larger. 

Another  type of h igh d e m a n d  on synaptic per- 
formance occurs in the electric organ of Malapte- 
rurus. A single axon, some 10 /~ in diameter ,  
innervates abou t  four million electroplaques. T h e  
area of synaptic contact  at  each electroplaque is 
relatively small, being confined to the t ip of a 
stalk process. Nevertheless, at  each synapse the 
axon divides into arborizat ions which increase the 
total  area of synaptic contact  (29). According to 

FIOURE '8 
A phase contrast micrograph of a section from an electroplaque of the main organ treated for esterase 
localization. The dense deposit which follows the convolutions of the innervated membrane is seen by 
ordinary light microscopy to be the only place in which there is dye deposition. The extracellular 
dense areas are bundles of collagen. X 2,700. 

In  many  gymnotids the anatomical  relations of 
axon to postsynaptic m e m b r a n e  are similar to 
those tha t  obta in  in Narcine electroplaques. How- 
ever, t h e r e  is an  addi t ional  factor in tha t  the 
knifefishes discharge continuously at  rates which 
usually range above 100 per  second and  in some 
species the discharge rate is close to or above 
1000 per second (18, 19, 21). Since each discharge 
is ini t iated by a synaptic excitation, the consump- 
tion of t ransmit ter  agent  would have to be high. 

Gotch  (17) there is an  increase of 350,000 times in 
the cross-sectional area of the ma in  branches  of 
the nerve alone, as compared  with the area of the 
axonal trunk. 

Thus,  the nerve cells and electroplaques of 
different electric fish consti tute tissues in which 
several varieties of severe funct ional  demands  are 
met. Since a considerable amoun t  of information 
is now avai lable regarding these demands,  these 
tissues offer mater ia l  tha t  should be par t icular ly  
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advantageous  for the study of the morphological  
correlates of the cellular functions. 

C O N C L U S I O N S  

The  compara t ive  da ta  on the s tructure and histo- 
chemistry of the two kinds of electroplaques of 

Narcine brasiliensis do not  provide clues to the 
different modes of funct ioning of the accessory and  
main  electric organs. Thus,  they indicate  tha t  
most of the funct ional  differentiations result from 
morphological  differences tha t  have not  been 
resolved by this study. However,  as has been 
proved to be the case for the electrophysiological 

FIGURE 9 

An electron micrograph of a part  of a synapse in an clectroplaque of the main organ, showing a dense 
deposit, restricted to the synaptic cleft, after staining for esterase localization. The deposit of the dye 
follows the convolutions of the interdigitated synaptic region. The cross-sectioned digitations of the 
electroplaque stand out clearly. Labeling as in Fig. 6. Compare with Fig. 7 from tissue which was not 
treated for esterase localization. X 52,000. 
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approach, an extensive and intensive comparative 
study of the morphology of electroplaques in 
different fish is likely to provide further data  and 
concepts concerning the correlation of structure 
and function of electrogenic cells. 
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