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• I. INTRODUCTION 

Tbere are seven families of marine and fresh-water fish capable of deliver~ 
ina appreciable voltaaes outside their bodies. For example, the aiant electric 
ray (Torpedo nobiliana) can electr~cute a larse fish with its pula•• of SO amperes 
at SO to 60 volts. Thouah much ••aller 1 the African catfish (Malaoterurua_) pxQ­
duces as much as 3SO volta, and the electric eel (Etectrophoroua) of the Aaazon 
end othet South American rivers puts out 1110re than SOO volts. In contrast. theT.e 
are weakly electric fish .. ·vhich aenerate from a few tenths to several Vblts, 

• bu~ ev~ these species exceed the hishest output of other animals which produe~ 
minute elect'J.'ical currents in their nervous. ~cular, and slandular ti .. ua. 

~"rhere now seeiiiS to be no doubt about the · survival val1.se of the peculiar 
capability of the electric fiahu. For the powerfully electric apeciaa it aer­
wa obnoua offen.sive and defensive functions, and recent work hu ahovn that 

· ill the weakly electric ones it s•rv .. u part of a sensory suidaace ayata for 
uv:l.aation in 1111rke:t waters and for the detection of predators and prey. The 
ad'\antaaea 0 in fact. are such that natural selection brousht about the develop­
MOt of electric oraans quite independently in alllloat every one of the f..S.li•" 
(Grundfest, l960a, PP• 115-116). In aever&l eaaea, different physioloaieal so­
lutions were developed for the aeneration of electrical ener11 and the shapin& 
and timin& of the electric pula as. 

"Aai~l ebctrici-ty" vu first studied ill ebctric fishes, ad throqhout 
the 19th century these animals were dte center of ruear.ch on electropbysiolo&J. 
loa far back as 1791 Galvan:L su~aeated that there vas a kinship between the elec­
tricity ' of "torpedo and coanate animal.a" end the "animal elec:tr:l.c:Lty" tbat be be­
lieved he had obaervad in .u.clea and nerv... A dispute arose between Calvan:L 
and Volta wherein the latter tbouaht that Galv&ni bad demonstrated " .. tallic" 
electricity by the contact of two dissimilar matallic surfaces rather tham ani­
-.1 electricity. This vas correct in that Galvani'a froa nerve-muscle prepara­
tions were aerely more sensiti~e detectors of electricity than any instruments 
available at that tima. But "Volta vas vrona in denyins the exi1.0tance of ani-
11&1 electricity. In tryina to prove his contention that the electric fish con­
.tained some sort of senerator Volta discovered the electrochemical battery, or 
'salvanic' cell. The 'voltaic pile' of cella ·in aeries he called 'an artifici3l 
electric organ' vbich he thouaht 'victoriously demonstrated' his arau-nt" 
(Crundfest, l960a, ;. 117). 

At the present time, work·on electric fish offers some potentially very 
": useful leads to the solution of the problems of synaptic tranamisaion such u 

the induction by the.nerve impulse of the chemical mechanism that underlies the 
relay of the impulse from one nerve to the naxt and from the nerve cell to muscle 

\ or &land tissue. 

- ·- - ·· ·- :·· - - -- --------------· --· ·· · ·- - ... -401-.. .. 
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II. ELECTRIC ORG.\.~S . 
• • 

Korpholo&Y 

Electric or;ana are derived from IIIUacle and consist of an array of cella 
called electroplaques. These C0111POnent cells uy be stacked ia col~ llka a 
roll o.f coiu alona each dele of the body. ruaains lonaitudlnally and parallel 
with the spinal coluam. The eel 11 an example of t~i• typ• and hu soma 6,0!10 
to 7 .ooo electroplaques in each colUIID 1 vith 10 col\1111111 in the oraana on each 
side of its body. ·Iil the adult eel they make up about 40 percent of the bulk 

.of the body • . In contrast. the colUIIIIll in the electric ray are arranaed ftrti• 
cally. i.e. at ri&ht anal•• to the spine. formin& a lara• coapact electric orsan 
1n each of the animal's vinas. A third patten! is found in the African utfish, 
in which the oraan is in t~e form of a 11&11Ue of ti .. ue jWit belaw the skin • . 
surroundin& the entire body from &ills to the tail. The bilateral electric oro­
sans of several species are shown in Piaure 1. 

Each alectroplaque ia a thin wafer-like call whose two surfaces differ 
11arkedly. In 110at species. one surface· it ianervated directly by a dense net­
work of nerft tend.uala or indirectly throuah one or senral stalka vhich ~rae 
from one of the electroplaque surfaces (Fiaures 2 and 3). lut 1a aliiOet all 
cas .. only one surface of the cella is inDervated. The opposite side bu a 
number of deep folds and convolutions to increua its total area. .Ul of the 
electroplaques in one species are odantad in the s&M vay. In addition to the 
main orsan, an accuso~ electric oraan is prellent in the electric ray. 'rbe 
electroplaques of this orsan have a different orientation. i.e ••. they are~ 
nervatad on their donal rather than their ventral surfaces. the surface of 
the electroplaques ianervated and other aapects of their structure in a nu.ber 
of electric fish are auamarized in Tabla 1 • 

': 

· _.· '-" ·' 
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~icur• 1. The electric oraan arranaement in various electric fishes. 1he 
electric eel (a) has three orl~ns (stippled are~ at top left): lara• main 
oraan, S1Uller orsan of Sachs behind it and oraan of Hunter illllddiately under­
neath. Main orsan and oraan of Bunter appear. in cro .. section below. Arr011 
indic&tea direction of current flow in body of fish durin& electric discharae. 
In MOrmyrus (b) oraan is situated near tail. Otaan uf Malaptarurua (c) fo~ 
a mantle just under akin of fish. Electric skate (d) baa oraan in tail. 
Electric ray (e) has a kidney-shaped oraan in each win&• Cross-sectional 
view ahowa colUDifts of electroplaquea in orsans. The direction of the diS• 
chars• (arrow) is perpendicular to the broad surface of ray. (Altar Crund­
feoc, 1960~ Fisure l continued on next' pa;e. ·. 
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Fiaur• 2 Details of electri~ oraan of electric rays (a), mormyrids Cb) and elec­
tric eel (c) are shown. Electroplaque columns ~::a vertical :tn body of the ray 
(top riaht). Nerve terminals (colored branchina at top left) directly ianervate 
column. Cranial nerves (heavy colored lines at riaht) connect orsans with elec­
tric lobes (solid colored arc~) of brain.·. iecently discovcrac! accessor; oraan 
is found only ·in ray genus ~larcine. Amona different u:ormyricl species alecr.ro­
plaques are indirectly 1nn~rvatcd via three types of stalk. As in some other 
fishes. unin~crvated membranes of electroplaques in main organ of eel are eon­
voluted. (After GrundfcH, l960a). 

·-·----- ... -·-··--· .. ··-----··-- -· ···-- .. ... ~-·----· -----···-·---··------------.. --------·- .... 
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Ficura 3. Samples of Ot'IIUl ancl electt'Oplaque •tructure. (a) ColUIIID of alectto­
plaques in aeries array • represent1na essentially the arrmaemant in the tor-pe­
dine electric fishes md in Astroscopu.. (b) Dorsal view of innervation which 
applies to Torpedo and main Ot'S&D of Narcine; innervation is by individual 
nerve fibers to ventrMl surface of each electrcplaque enterin& four different 
points of the periphery and supplyins a limited at'ea of the sut'face. In ~­
scopus aad tbe ~ccessory orsan of Narcine innervation is on tbe rostt'al surface, 
and nerve supply is more complicated. Fiaure also applies to Torpedo. except 
that accessory oram is absent. (c) DiaarUIIUtic view of series aad parallel . 
arrays of electroplaques in the electric eel. A somewhat similar series-parallel 
arransement occurs in other electric fish in which one surface is innervated~ · 
In !!!! innervation is on rostral surfaces. (d) The mormyrid electroplaques are 
innervated on .one or several stalk processes vnich form from branches that artie 
in the caudal surface of each electroplaque. In some, branches penetrate throuah 
the. electroplaque body and innervation is then ahead of the electroplaque. In 
Kalapterurus there is only a sinal• stalk which at"isea from the center of the 
caudal face of the electroplaque. (After Grundfest, 1960b). 

•.· 
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Table 1. Anatomy of elcctroplaque in several electric fish. (After Gruadfeat. 19H 

Dilaenolioal ~CIC 
. s,.des• Ori:ill r .... ..'\io.ia --.. . . c-Je) atloa• Oriatatioo n.c f).\' 

. . 
Al-lt '*- pcriWr 

Torp..• tlll6ili- Drud&ial v D-V ·- ao,. ·- 1000 1001 Norrilw 
truilimN 

ltlainorpa BnaDCbial v D-Y .a-· JO,. ·- soo ... 
~ Ita;.= BnancbiDI D 

~- .&111111 : :o,. ·- 200 10 
Skcltlal 1\ ·200 u A.r_,_ ,...,__ .Oa.lar D D-V ··-· so,. 10- 200 • El«tt.pitoru 

"""""-
~· 

SW.tal ·C R-C 200,. ·- IS- 4000 71 

tU.... Sblelal c R-C ~- , zoo,. zoo,. I 
Sl.rwJP1fl" -..IU Sblecal c R.C ·- "», M,. 11 C1'ft/IIIIUI _,. Sbldal RudC R.C :oo,. soo,. soo,. 10 • &.nardtu 

eiJJifrww , p R-c 
~UI-

,_.u.,u;. Sleleto1 c R-c so. 10- s- too I ,OI'fftJIFtl6 ........ SUictal c R-C so,. ..... ·- 100 J c,.,.,..,., 
Ril«ku SUie&al c R-C JOO,. JOO,. too,. 140 • &I~ .,__ 

' c R-c 40,. ·- ·- - J$10 
• Ahbrwbtlo..,. R. rawal; C, caUCI; D, .......... , aad \", --.&r.aL f Medial-lallnl. 
. ' 

Electrophysiolor.r 

The electroplaquea in each column of .n electric oraan for. a aeries array, 
so that the hook•up in series adds the outputs of the cells and ~uilda up the 
volta&•. while the arransement of columna of electroplaques in parallel function& 
to build up the amperaae. "The larae area of the organ of the str01laly electric 
fishes is analoaoua to the larae number of plates in a storaae battery ce~l of 
biah current output" (Grundfest. 1967, p. 405). The diachara• characteristics 
of electroplaques in several fishes are outlined in Table 2. 

In the electroplaques of marine el~~tric fish, only the innervated surface 
of the call is reactive. Electrogenic activity cannot be evoked by direct elec­
trical stimulation, but only by stimulatina the nerve or with chemical aaenta, 
i.e., the cell i• electrically inexcitable. The electroplaque'a cell .. ~rane, 

~ like that of the a•~• or muscle cell, is selectively permeable to potasaiua . 
iana but not to aodium ions. so that the higher concentration of the for.er in· 
side the cell membrane and the latter outside tho cell creates a r&~tina potea­
tial across the membrane , with the inside negative and the outside positive. 
After a stimulus is applied, the permeabili~y of the me~rane chan;oa. permitti~; 
the 1110vement of both types of ions (and• therefore, an electric currant) to flow 
aero•• the metibrane. Conorally, only tha.1nnervated membrane of the electroplaque 
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Table 2. Elcctroplaquc discharge and response. characteristics in reveral alec-
tric fish. (After Crundfcsc, 1960 b.) 

Res.-. Dwa&Joa,-. 
Spec~. 

y DilcJwp .... 
bplitucle. .A.pll- .,..pdc 

1101&1 F- F...-,. ........ ,.,.,.. ~ s.,;u -r.,,- "'*"-'- 60 )I_,... 
RepHili\'100 llu.IO 1 ' "-adtatloo 

Nem111 "'-1icub 
ar..,a-ii: Maiaor;u 30 Repetltlvaoo )lu.IO 1 ' .... 

escitatloo 
~arpa o.s l\1~ llepelilin oo Mu.IO 1 s 1.'-.. . ad&Dtloo 

Jlaic cl-'c ·4 ~~~ Rtpetith-e oo )fu.IO 1 2S "Na. 
acitaUoo 

~.~~.._.,_~ T l\lo.pitalc Repctitiveoo ~fu.IO J s rc-
eultatloo 

El«uop/loru ~ 1110 !.1-.fluic Repetitive • · )Un. 100 2 2+ 2+ 
ad&atioa .. 

• Ei,..,.,..,..U. -~ 1 ar-phak 250/- Mla.100 2 1 I 
poeitfw 
4iNc& --Slmtonru.,_ 1 )r-phulc sot- Mia. 100 2 2 .. 11 
poelthe .... . . 
~ c,......,..,_,. 1 TrfphMio sot- ~Ua.JOO a LS 1 

.rlcnwcAudif- I "Diplle* lSO/IIC )IJa. 100 s 
c...u-.m .. -,_;,.,w to Dlphalc Variable )lia. 100 4 u 
~tlnlf7'U- 12 Diphllic Varilblt aiiii.JOO • I 
C~llilolta.. Low l\1-pheM 300/- , 

' .... .. It/·~~ soo )I~ RepatiUveoo alia. tOO ' . aci&alfu 

• ......_ t,.,.a: 1, tlldMallr inesritat.ll! electropbq.,. -.hkh pn>doa only • JIOIUYIIat"ic potlll&lll u1 
-'7 oa the inMrnted aurtece: :. ,..,..._ .,. bolh poata~·naptk po&ftlti8il ancl •pikn, prvdaml CIOIIy 1& ID-
Mn-ated surf'ace: 3. oppllit., unlniWirnted -r.c. at.o il tlecuicaRr ncltaLJe, praclucin; • IJII"U. •'*- the 

· ~ted -c..c. ._.clops bo&b • pYbyDDptlc poCcn&bl ancl a tp'U: -'· the ~naptlc SUMtioll fa a& 1 clllu.. 
tn.m 11M usajar -r- ol the cl«troflbque aa - w MYII'aii&Aib prodllftd br the ClludiiiUdece. IIIII llolll 
-inr turtac. produce tpila . . . . .· . 

1s affected. The opposite 1118111braoe uaually remains inactive, aaintainiDI a ne­
aativa potential and offerina little resistance to the flow of electric currant. 
Inasmuch as curreot flows I~• poaitive to neaative, the orientation of the · 
alectroplaque determines the current ' s directi~n in the fisb. For exaapla, the · 
innervated surfaces of the eel's electroplaquas all face the tail, so that cur­
rent flows from tail to head inside the fish and from head to tail io the vater 
to COIIIPl•t• tha circuit. ''The araat number of alectro;tlaquca in aeries aaablu 
t~e eel to produce the voltaae necessary to overcome the hiah resistance of its 
freshwater environment. The colWIIl'll in parallel enable it to aenerate a cu­
rent, ill brief pulau, of about one ampere, so that even io fresh vater the or­
au aeneratu considerable paver. The electric rays, livin& in salt vat11r, ahov 
a corrcapondina adaptation to the lower resistance of this medium. Tha ·aiant 
ray Torpedo nobilbna has up to 1,000 alect"roplaquas in series, m.uch fever than 
the eel, and so aenerates a lower volta&e. Jut it has some 2,000 colunaa io 

. . ' 
.• 1·-,_- _ 

.. 

~ 
1 
1 
l 
{ 

j 
.I 

~ 
l 
l, 
t 
I 



parallel in each orzan. givias it ita extr•ordinary amperaze " (Gruadfeat
1 

l960a, 
·, p. 119) •. ; The generation c f electricity in electroplaque T:lalbraaea coa.iclered 

as batteries is shown ill Figure 4. 
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Fiaura 4. The generat-ion of electricity by el'!ctric fishes c:tn be exphinecl by 
coaparing elec:troplaque aembranes (shaded a:e4s) to batteries. Restin& poten­
tials of membrane batteries, negatively eh~rged on inner surfa~e and positively 
charged on outer, are sh~~ at left. In marine fishes nerve stimulus short-cir­
cuits battery of innervated mer.1brane (lb). ~agnitude of di.ic~1arge equals resting 
potential, and current (broken :.ine) flou~ through elec:tropl.lque, then through 
external ~cdium. In eel, stioulus revcrs~s polarity of battery of electrically 

'---· ___ _,.:~~~ 
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III. NAVIGATIO:i &"iD DETECTION WITH ELECTRIC FIELDS 

The mnarchus has a weak electric orgarJ which. is somewhat like the powet·"' 
ful electric organs of the electric eels and other fishes in that it is derived 
from muscle tissue • . But until recently. no one had found a function for weak 
electric organs. Now it h known that "gymnarchus lives in a world totally 
alien to man: · its most important sense is an electric bne, different from any 
we possess" (Lissmann. 1963, p. 359). By means of this sense, it is able to 
swim with equal facility backward or forward, and to avoid obstacles when they 
are encountered fore or aft·. Ita IIIOVements are -de with great precision, Cld 
"it never bumps into the walls of its tank when darting after small Iish. 

The small electric organ of gymnarchus consists of four thin spindles cona 
taining electroplaques running up each of it!l sides to a point just beyond the 
middle of its body. nte characteristics of its electric oraan discharge va~ 
with the individual and with tamperature. For example, specimens may produce 
voltages of 3 to 7. with a discharge frequency averaaing about 300 cycles per 
second. * · "During each discharge the tip of its tail becomes IIIIOIIIADtarily Dqa­
tive with respect to the head. The electric current may thus be pictured as s 
spreading out into the surrounding water in the pattern of linea that desc:ribu 
a dipole field (Figure 5). The exact configuration of the electric field depends 
on the conduc:tiviLy of the water and on the distortions introduced in the field 
by objects vith electrical conductivity different from that of the water. In 
a larae volume of water containins no objects the field is symmetrical. Vhen 
objects are present. the lines of current will ecmverae em those that have better 
conductivity and diverge from the poor conductors (Figure 6). Such objects alter 
the distribution of electric potential over the surface of the fish" (Liaamanr., 
1963, 362). If gymnar~us could perceive suc:h .chan;es, it woul.cl be able to de­
teet objects in its environment. This it is able to do throush skin perforations 
near its hcacl which lead into tubes filled wHlt a jelly-like substance. Since 
the jelly is a good conductor. it acts as a lense to focus the lines of electric 
current which converge from the water into the pores and are led to electric 
sense organs at the base of the tubes. 

· All animals are sensitive to strong electrtc currents, but their reaponse 
is to currents many thousands of times stronser than those effective in grmnarehus. 
and gymnotus. The latter can readily learn to locate current:A whose density ~ 
reduced to 2 x ~o-5 ~A/cm2, as calculated from the response distance to the hor­
izontal movement of an electrostatic charse outSide the aquarium. Evec the elec­
trostatic charge of a plastic: comb elicits a response in SYmnarc:hus. The s ... 
fish is able to detect the weak current flow from a horshoe-shaped copper wire 

c when it 1a closed and dipped just belotl the surface. It is also possible for 
this fish to distinguish between "geometrically identical objects with differina 
electrical conductivities. Conversely. it cannot distin&uish between dissimilar 
objects which modify the current distribution in a similar way" (LisSIIWID ad 
Machin, 1958, p. 454). · 

• Discharge frequencies usually increase it higher temperatures. 

!I 
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Fiaure s. Electric field of Gymnarchus and location of electric aeneratina or­
sana are diagramed. Each electric discharge from oraans in rear portion of body 
makes tail nesative with respect to head . Moat e>f the electric aenaory poru or 
orsans are in bead resion. Undiatrubed electric field resembles a dipole field, 
aa shown, .but ia mon complex. The fish responds to chanaes in the dutribution 
of electric potential ov.r the surface of its body. The conductivity of objects 
affects distribution of potential. (After Lisamann. 1963.) 
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Figure 6. Objects in electrie field of Gymnarchus distort the linea of current 
flow. the linea divera• 'fr0111 • poor conductor (left) and converse toward e sood 
conductor (ri;ht). Sensory pore• in the head reaion detect the effect and inform 
the flab &bout the object. (After Lissmann 1 1963). 
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