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SUMMARY 

Electric fishes have one or more transmitting electric organs and an 

array of electroreceptors. The system is controlled by speci3.l nuclei lo­

cated in th2 brain. The elements of the electric tra.nsmitting organs, called 

electroplates, al'e described; and the electromotive force (EMF) generated 

by each electroplate a:.1d of the entire organ is discussed. The waveform of 

the signals was studied and the structure of the electric organs investigated. 

The biochemistry of the chemotransmitter and the metabolism of the electro­

genic tisst:e is discussed. The physiology of the electric transmitting organs 

was studied, and their common properties described. Analogy has been made 

between the electrogenic properties of muscular tissue and the electric organs 

of fishes. The transversal and lateral resistance cf the electric tissue of 

the electric eel and torpedo is mentioned. 

E lectroreceptors are special sensors of the lateral line system. Some 

fishes possess electroreceptors and no electric transmitting organ. The dif­

ferent kind of electroreceptors are mentioned. The physiology of some of 

the electroreceptors of Sternarchus albiiro~l!.l , a South-American fresh water 

weakly electric fish were investigated. The electrorec-=ptors o! the mormyrid 

Gnathonemus petersii were mapped and coW1ted. 

Tonic and phasic electroreceptors were studied. The nervous control 

and function of the electroreceptors is discussed and the iunctional character­

istics of six different kin~ of lateral line organs h:l.ve been considered. 

The location or objects by the electrorecept.Jr system of elettri~ fish 

is discussed and communication between electric fishes mentioned. 
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The electric field pattern around the electric fish Sternarchus albifrons 

has been plotted and compared with the theoretical pattern of a dipole. The 

perturbing effects of various confinement cages on the electromagnetic field 

pattern wer; determined. Distortions of the wave form with distance were 

recorded. 

The maximum detection range of the electric fishes Gnathonemus sp. 

and Gymnotus carn.po to stainless steel, iron, brass and nylon is presented. 

At the critical separation between the fish and sample, (assumed to be the 

threshold detection distance) the !ish increased the rate of its signals or 

ceased transmission entirely. The effects of sample material, sizes, form 

and azimuth on the tllreshold detection distance are presented. Behavioral 

experiments have been formed using Gymnarchus niloticus to determine the 

threshold of detection distances. 'l'hese experiments were also performed in 

the fiberglass tank with and without an aluminum foil liner. Photos and movie 

films were made to record the fishes beha\'i.or. 

Gnathonemus sp. is a fresh water, low rate, high frequency pulse 

weak electric African mormyrid fish. Gymnotus carapo is a fresh water, 

medium rate, medium frequency pulse, weak electric South-American 

gymnotid fish. Despite their physiological and electric differences, both 

these fishes stopped transmitting electric signals ii the object was of high 

conductance- and was brought close to the fish(< 50 em). Because the fishes 

were very excited and tried to escape even after they had ceased transmitting, 

it seems reasonable to assume that they continue to :ietect the objects in the 

water using their sensors in a passive mode. 

The electroreceptors of Gnathonemus sp. we!"e mapped to location 

and morpi10logica1 type and related to the area. We recorded the response 

of some electroreceptors of Gnathonemus sp. The presence of one type of 

receptor in the sensor matri.x which is sensitive to mechamcal movement 

was establi3hed. 
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A qualitative assessment of the fishes ability to navigate within a 

difficult ma~e of nylon fishin~ line has been made. Blind electric fishes 

(Gvmnarchus niloticus, Sternarchus albifrons, and Gy_mnotus carapo) easily 

navigate through such mazes. Photos and movie film were made. These 

behavior experiments were performed in a 12 foot diameter fiberglass tank 

and under two separate electric boundary conditions. 

The threshold sensitivity for detection of a magnetic field is pre­

sented in graphic form for: Gymnarchus niloticu.S, Sternarchus albifrons 

and Gnathor.emus sp. Photos were made and the betavior of the fishes has 

been filmed. 

The threshold detection limits of Gymnarchus niloticus and Gnathonemus 

sp. was determined for a D. C. electric field Wlder two different electrical 

boundary conditions. The reactions of Gymnarchus niloticus, Gnathonemus sp. 

and Sternarchus albifrons, to recordings of their own electrical signals and to 

those of other individuals of the same species are prGsented Wlder two very 

different electrical backgrounds. Photos and movie films were taken. 

We arrived at the conclusion that our knowledge of electroreceptors 

arrays and laceral line sensory receptors of electric fishes is incomplete~ In­

vestigation in their function and biochemical composition would put us in the 

position of designing systems havi!lg similar properties with electric fishes 

for underwater detection, location and identification of objects. The importance 

of neurotransmitters is stressed and the role of electric fishes in the study of 

these complex energetic systems is mentioned. Electric fishes offer some 

unique properties in the study of electrophysiology and neurochemistry. 
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1. ffiTRODUCTION 

:n this final report we would like to mention and summarize the 

morphological, physiological and behavioral aspects of some electric fishes. 

Darwin(!) and Dahlgreen(2
) consider the electric organs of fishes as a dif­

ficult case to be e:-q)Jained by wLat evolutionary steps they may have been 

produced. Except the lung-snail Daudebardia from Asia Minor which has 

been reported as electrogenic by Lcde1· and _mentior.ed by Garten, (3) the 

only class in the animal kingdom kno'<Vll to pol'"sess specialized electric 

organs is the c1ass of fishes. The electric transmitting CJrgans :trE> derived 

in most electric fishes from modified muscular tissue. We ob::>erved 

this fact ir.. Gymnarchus niloticus, an African fr=esh-w-:.:/-:t• weakly 

electric fish. But there are exceptions like the South Am,;~ :dr:a:<l iresh-

\\>ater weakly electric iish Sternarchus albif1•ons, whose transmitting 

electric organ is derived from modified nervous tissue. Mutations by 

virtue of change enhanced the survival and fitness cf the organism, giVing 

it a superiority over the other species either in coomunication, iD. naviga­

tion, or food finding and defense against enemies. Because the successive 

mutations stand the test of natural selection, they 1=roduced an organism 

greatly different from its distant forebears. 

Communication in its large interpretation encompasses any in­

formation needed to produce a change in a state. Change from one state 

into another raises entropy, and energy is needed to raise the state from one 

level to th2 other. Compareci with the complete ele::!trochemical comm•.mication 

system of the electric !ishes, all others used by lhing organisms are less 

efficient. By its nature, the nervo•Js system uses electrical impulses as a 

1 
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communication means. In ort:cr to communicate :tnd use a. language, 

human beings have to transform electrical and chenical energy into mech­

anical and acoustical energy for transmitting messages and co transform 

optical, acoustical, or mechanical energy into elec!rical and chemical 

energy for receiving messages. Always energy !S lost and entropy is 

raised. 

El£::Ctric fishes are the only ones ·.;rhich use only electrochemical 

energy for communication purposes with miuimum loss in energy and mini­

mum rise in entropy. Fishes can communicate reliably underwater, but 

we have diificulties L'l doing this although we dispose of energies many 

orders of magnitude :larger th:ln those used by fishes. 

For this reason -and for their ability to use :heir electrosensory 

system for detection, identification and location of underwater objects it 

seemed :l].:propria.te to study some of the electric fishes, their transr.aittlng 

· organs and their electroreceptors. An investigaticn has been conducted 

for the · ifor a period of three y~ars which re<>ulted in 

a final report. . / Beh~vioral and physiological e.--q:eriments have been 

conducted by the author on the Electrophoridae, Sternarchidae. Gymnotidae, 

Mormyridae, Gymnarchidae, and Malapteruridae. I Other in­

vestigators have studied the physiology, the morphology and behavior of a 

few species of electric fishes , but the subject is far from beL'"lg completely 

understoo::l. The author studied also the morphology and :r:hysiology oi 

electric fishes in connection with the detection and location of objects and 

unden .. -ater communication. For the investigation mostly Sternarchidae 

were used, but some limited findings in Mormirydae and Gymnarchidae have 
) . 

also been studied. We found 'that the electric fishes could use their 

electric crgn.ns (tcansmitting and receiving} for na\•igation and communication-~ 

in other words, pattern recognition. 

2 
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The electric signal recordings and histological cvidenc'.! indicate that 

Stcmarchus albifrons has three kinds of c!cctroreccp· ors: ampullary tonic V 
nonsynchronous wtits, :ur.pulL1.ry tonic synchronous units, and tuberous phasic 

I 

nonsynchronous units. ' Both are represented by a generator connected to 

resistances and capacit:::mces in series and in parallel. fi_h.c difference between 

tonic and ph.1.sic elcctroreceptors is that the former have one resistance in 

series with the generator whereas the phasic elcct-orecept"'· ·s have a cap­

acib.nce. The tonic electroreceptors seem to predomina! ' a rn.tio of ap­

proximately five-to-one, compared to the phasic e:ectroreceptors. \ The 

electroreceptors seem to act, to a ce1·tain extent, independently of the main 

electric transmitting organ; at least two of the three types of electroreceptors 

are asynchronous. Szabo(B) found that the complete denervation of t.t~e trans­

mitting electric organ does not stop the activity of the asynchronous electro­

receptors (both phasic and tonic). The fish is still capable of responding to 

conductive and nonconductive objects placed near the f1sh's body. Denerva.tion 

of the transmitting organ will affect the capability of certain movement or im­

pair, to a certain e}..-tent the ability to recognize patter~ Some of the syn­

chronous tonic units are connected to the same nerve trunk as the acousti­

colateralis system and connected tv specialized big nuclei in the brain. 

The most striking fact about fresh water weak electric fish, besides 

their spontaneous electric organ, is that all of the1~ are provided with a 

highly developed lateralis line system. Related 'to this acoustico-lateralis 

system is an enlargement of the cerebellum, especially in Gymnarchus 

nilcticus and in Mormyridae. §1e unusual impor~nce of the Jat~ralis -;,ystem 

in these fish, compared with other teleosts, is not due to an increased number 

of "ordinary" lateral lilte sensory organs, but rather to the existence of a 

great number of specialized sensory orfr.tnS within thl.s same syste~ · 

3 
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This is supporting our hypothesis about a hybrid complex underwater '(_ 

p.1.ttcrn rccognilion system used by electric fish:!s in rccob'llition of prey, pre- ( 

daters, and lMVigation in gC:nc1·al. It is recommended that the other J.ateralis 

line systems from different fresh water weak electric fishes should be studied 1 
~. 

with the aim to find out the role of the different sensory organs in pattern re~ ,.-
1 

cognition. 1 

Finer subdivisions exist between the one and the same type of electro~ 

recepto~, but tllis has not been as yet investigated in a detailed way. ( 40) 

Knowledge of the physiology and biochemistry of the electroreceptors are 

incomplete. These studies will provide a basis for understanding the wol·k­

ing of the system. Microele~trode recordings from the electroreceptors 

proper and from their nerve fibers are needed to provide information concern~ 

ing the function of the receiving system. 

By combining the anatomical and functional data of these fishes it ""'} 

could be possible to simulate an equivalent under·.vater sensory system. 

Two dou':lle feedback mechanisms are envisaged: (1) a system tl·ansmitting · 

a constant frequency electric field and using a phase-synchronous electro-

receptor responding to either discontinuities in tile electric field or to changes 

in the phase relationship between the transmitting and receptors; and (2) a ( 

second o::1e represented by a variable frequency transmitter and receptor 

with a change of frequency. An independent dual autorhythmi<: receptor-

system could be designed and: (a) increasing or decreasing the autorhythmic 

frequency depending on the direction of movement of the disturbance in the ) 
electric field; and (b) responding with a change in the latency depending on 

the magnitude of the disturbance, alSo disting;uishing between conducti~re 

and nonconductive objects. 

/ 
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In ~ny case the key to the object detection, ~oc~tion and idenf.ification 

by electric: fislles iS their clectrosensory receptors and t.hc other lateral line 

detectors. The difficulties are multiple: some o! the electric fishes are dif­

ficult to obtain; are susceptible to diseases; t.hcir nutritional requirement is 

not known; they are often injured and/or subjected to chemical treatments 

before shipment; and are intolerant of prolonged periods of confined experi­

mentation. 

The Pha.c;e I Final Report \described the l::lcation and distl·ibution of 

electrorec eptors a.nd a mechanical receptor of the iateral line system of the 

African fresh water weakly electric fish Gnathonemus petersii. The auto­

rhythmic! activity of these e lectroreceptors has been recorded. The variation 

of the electric signal of the electric organ has beer. recorded for three speci­

mens of this species 'at rest activity and at the maximum signal rate. The 

number and density of different kinds of electroreceptors in the dermis were 

counted and their rate change sensiti\•ity to a metallic object recorded. 

5 
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2. TECHNICAL DISC" ' '3SION 

2.1 THE TRANSMITTING ELECTRIC ORGANS OF ELECTRIC FISHES 

2. 1. 1 The Electromotive Force of Electric 0rgans 

In Figs. 1 and 2 some representatives of fresh water and marine 

electric fishes and their electric organs are shown. Electrophorus 

electricus and Malapterurus electricus are fresr.-water strong electric 1.-/ 
~ 

fishes, the fL'st one attaining a maximum discharge voltage from its main 

electric o:;:-•. -;\11 in excess o! 600 volts, the second one only 300 volts. 

Torp~~.E.~>~ may discharge a train of pulses close to 220 volts and 

Astroscopus guttatus may attain 50 volts. The latter two are marine strong 

electric fishes . Gymnarchus niloticus, Gnathonemus petersii and Sternarchus 

albifrons are fresh water weakly electric fishes. Raja clavata is a rajid 

marine weakly electric fish. The electric discharge of some weakly electric 

fishes o·.1t of water may attain 7 to 8 volts, but in the water their voltage is 

attenuated to less than one volt in the immediate vicinity of the fishes • .... ~~----~, 

2. 1. 2 The Waveform of Electric Signals 

Figures 3 and 4 show the pulse shape and duration of some species 

of electric fishes. F~n~r~' species has it'l own ch<'..racteristit; electric 

dischare;e. Electrophorus electricus has three electric organs: the main 

electric organ, the organ of Hunter and the organ of S:a.chs. The main 

electric organ and the spinal cord of E!ectrophorus are represented in 

Figs, 5 and 6. 

6 
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Fig. 1. Principal representatives of fresh-water 
electric fishes. Arrow indicates direction of 
current in the electric organs. 

E = Electrophorus electricus (electric eel) 

G = Gymnarchus niloticus 

P = Gnathonemus petersii (elephant-nose) 

S = Sterna.rchus albifrons (biack-ghost) 

M = Malapterurus electricus (electric catfish) 
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Fig. 2. Principal representatives of marine electric 
fishes. Axrow indicates ~rection of current 
in the electric organs. 

R = Raja clavata (thornback ray) 

T = Torpedo nobiliana 

A = Astroscopus guttatus (stargazer) 
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9 
-----~-- --------- · --· · --··-· ... 

.. -- .. --.~-- · -- --·-· ......... - .... ......-.- --···----- ·....-.- __ .... ·---~ .. -·-·- .. ---



C00022057 J_· ---=-~~ 

0 
-e ;ii:t:@ • e:r 

HtJXIPDI'ft .. , IP.t 

G-·~ Aj j /)i!J)!II!II!I!It. _A_ . 
,. I 'nl'<'· 

~ 

Hypa;to""'t &IIJ.2 

~ 

Fig. 4. Discharge o:; electric orgar.s of some 
Gymnotidae, Sternarchidae and 
Ramphiclilliycfue (redrawn after 
Hagi\vara and Morita(54)). 
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Fig. 5. 

------··-·· ·-- · ·--~·-- ------------ -·---------- --·- ·-- -- · - -

Tridimensional section of an Electrophorus electricus (electric 
eel) main electric organ, to snow schematically the trajectory 
of the electric nerves (N) from the big spinal cord cells (M) to 
the posterior of the electroplates (E). ~ply a few electropl:l.tes 
are shown (redrawn after A. Fessard (1 J). 

Fig. 6. Spinal cord of Electrophorus electricus 
showing the b ig cellS of t.1e electric 
neurons (M). 
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2. 1. 3 The Structure of the Electric Organs 

· The electric organ of Gymnarchus niloticus is shown in Fig. 7. The 

electric organs of most electric fishes are derived from muscle tissue. 

Sternarchus albifrons is an exception. Its electric organ is derived from 

nervous tissue (Fig. 8). 

The electric organs of Mormyrus oxyrhyr.cus and Gnathonemus 

senegn.lensis are represented in Fig. 9 and 11. The elementary tmits or 

building blocks of electric fishes are called electroplates (or electro­

pl.axes or electrocytes). Some mormyridae elP.ctroplates and their in­

nervation are shown in Fig. 10, 12 and 13. 

2. 1. 4 Chemical Composition of the Chemotrans:nitter and the 
Metabolism of the Electrogenic Tissue 

The chemotra.nsmitter in the electric organs of electric fishes 

derived irom muscle tissue ~ acetylcholine and ~ts hydrolysis enzyme 

acl;!tylcholinesterase. The chemotransmitter involved in the electric organ 

of Sternarchus albifrons (derived from nervous tissue) is not known. 

The electric organs o! fish are an invaluable tool for studying the -·) 
' biochemical mechanism underlying bioelectricity. The organs are the most - "' 

/ 
powerful bioelectric generators created by natura and, moreover, highly ·~ 

specialized in their function. Most of the electric organs of electric fishes ) ...... , 
have unique structural features which permit the correlation of the electrical / 

activity with the enzyme activity. (10) . -

Choline acetylase in the presence o! A TP (adenosine triphosphate) 

and of CoA is capable of synthesizing acetylcholine in solution. ThiS 

enzyme is also present concomitant with acetylci-.olineesterase in a great 

variety of conducting tissue, motor and sensory axons, vertebrate and 

12 
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Fig. 7. Transve!'se section of the posterior half of a 
Gymnarchus niloticus. The sec~ion of the eight 
electric organs are shown (EE1 to EEg)(redrawn 
after Fritsch). 

Fig. 8. Tridimensional structure of the electric 
organ of Sternarchus albifrons. 

13 
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Fig. 9. Mormyrus oxyrhyncus: Caudal cross-section. 
The four black sections are electric or~.ns 
(redrawn hlter Marcusen). 

14 
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Fig. 10. Semi-schematic representation of an 
electroplate of Gnathonemus numenius. 
Orientation antero-posterior. (After 
Th. Szabo - Report to the French 
Academy of Sciences.) 

pl "" anterior fold 

p "' papilla 
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Fig. 11. Gnathonemus senegalensis. (Redrawn after 
Th. Szabo. J E = electric organs. 

Fig. 12. Electroplate of Gnathonemus. (Redrawn after 
Th. Szabo. ) A = anterior, P = posterior. 

Fig. 13, Electroplates of some Mormyrids. (Redrawn 
after Th. Szabo. ) n = nerve trunk. 
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invertebrate, central and peripheral nerve ~issue and in muscle. The role < 
of the acetylcholine system in elementary processes is pictured in Fig. 14. 

In the resting condition, .acetylcholine is In a bound and inaC:tive form. (S) 

Excitation :>f the membrane, by current or other stimulus, leads to a dis- , 

' sociation of the complex, and acetylcholine is released. The free ester j 
acts upon a receptor protein (R), and this action upon the receptor is · es- ) 

\ 
sential for the change of ionic permeability, i.e., for the increased Na ·, 

/ 
conductance and thus of a generation of bioelectric potentials. Acetylcholine / 

may act by changing the configuration of the receptcr protein. 

Th~ complex between acetylcholine and the receptor is in a dynamic 

equilibrium with the free ester and the r~ceptor. The free ester is sus­

ceptible to attack by acetylcholineesterase (E). The enzymatic hydr·o'lysis 

ot acetylcholine will permit the receptor to return to its resting condition. 

Sodium conductance returns to its original level. Thus, the action of the 

enzyme leads to immediate recovery :1nd ends the cycle of the elementary 

process. l'he high speed of the inactivation process makes possible rapid 

restoration of the membrane and permits the nerve to respond to the next 

stimul\..1S ic a millisecond or less. The further rec~very leads to the re­

synthesis of acetylcholine in its bound form by choline acetylase and the 

other components of the acetylating system • . The evidence supports the 
i.--'" 

view that acetylcholine is the ''specific operating st:bstance" in the elementary 

process of conduction of nerve impulse, as Meyerhoff(ll) applied it to the L-· 
role of ATP in mUscular contraction:( -· 

During the past twenty years, much pertinent information has been 

obtained by the analysis of the molecular foro::es ac:ing in the proteins of 

the acetycholine system •. In f:everal instances, it was possible to establish 

relationships between the reactions of the protein solution and the function 

17 



Fig. 14. Sequence of energy transformation 
associated with conduction and in­
tegration of the acetylcholine system 
into the metabolic pathways. (Re­
drawn after Nachmansohn{lO).) 

S = bound acetylcholine 

R = receptor protein 
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of the int:tct cell. In some cases, such relationships were found to parallel . 
those of specific electrical events. A molecule such as acetylcholine has 

cnly a llrn~ted number of possibilities of reacting with a protein; tha molecular 

forces acting between the small molecule and the Im.cromolecules of the 

system must, therefore, be similar. Relatively sina.U modifications in the 

surface of the protein may lerLd to important changes in function. Informa­

tion obtained by the analysis of molecular forces in one protein will, there­

fore, provide valuable information for an understancing of the reactions 

with other proteins. Acetylcholineesterase is for many r1~asons the most 

suitable prc.tein of the system for studying the molecular forces in the active 

surface. 

Analysis of the molecular forces acting in the active surface of the 

enzyme has revealed that the surface has two functionally and spatially 

separated s:.1bsites; an ''anionic" site and an "eseratic" site. The anionic 

site attracts the cationic groups of the substrate by Coulombic and Vander 

Waal 's forces. The esteratic site has an acidic and a basic or nucleophylic 

group symbolized by Hand G. The nucleophylic group forms a covalent 

bond with the electrophilic carbon of the carbonyl group (see Fig. 15). 

The alcohol is eliminated from the enzyme substrate complex by an 

electronic shift and as ~result of the first phase, an acetylated enzyme is 

formed. This reacts with H
2
0 to form acetate, thus reg1nerating the enzyme. 

Experiment:?..! evidence in support of this mechanism is mt•ntioned by 

Nachmansohn. (lO) 

Dete:-mination of ~e biochemical composition of fi'.>h has been made 

by early inv·estlgators mostly on marine fish and the dat'. has not been 

derived from a statistical meaningful number. Vinog:!adov(l2) points out 

that of the approximately 20,000 known species of f'LSh, only 350 to 400 of 
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::?ig. 15. Schematic presentation of the interaction 
of the active groups in the surface of 
acetylcholineesterase and the S'..lbstrate. 
(The Michaelis-Menten comple>:; redrawn 
after Nachmansohn(IO).) 
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of them have been submitted to chemical analysis and :he choice of species 

has usually been limited to those of commercial importance. Many analyses 

have been dor.e on fish "as purchased" i.e., after being caught commercially 

and stored in ice for several days. The composition can alter considerably 

tmder such conditions, either from chemical or bacterial action, or by leach­

ing out of constituents by the melting ice. Detailed analyses, as those of 

Suyama and Tokuhiro(l3) on many organs of fish, are rare. 

·= 

Complete analyses of the biochemical composition of electric fiShes 

have not been made. Hasson and Chagas(l4) analyzed the interaction "in vitrott 

of macromolecules (proteins, polysaccharides, nuclei: acids) with curare. 

Chromatographic analyses show the correlation between uronic acid concentra­

tion and TRIEG (gallanine triethyllodide) binding. Also the analysis of a hydro­

(:hloric acid t.ydrolisate gave glucose· as the only reducing sugar component of 

sr1 (neutral polysaccharide}. The Sf3 (acid polysaccharide) dissolved in the 

acetate buffer being analyzed showed that glucoronic acid was the uronic 

acid constituent of sr3• AlSo acetylglucosanine7 cholbe esterase and orcinol 

have been identified. In general they described the qw.ntitative results of 

the interactlc.n of quaternary ammonium bases, viz. acetylcholine, 

succinylcholine and TRIEG (gallanine triethiodide} wit.'l non dialyzable com­

ponents of the aqueous extract of the electric organ of Electrophorus electricus . 

Fahn, Albers and Coval(l5) investigated the catalyses of the hydro­

lisis of adenosine triphosphate (A TP) in the presence of Mg ++, Na +, and K+ 

by the microsomal fraction from the electric organ of the electric eel, 

Electrophorus electricus. The same preparation cata_lyses a Mg++ -dependent 

transphosphcrylation between ATP and ADP (adenosine diphosphate). Both of 

these reacticns are inhibited after treatment of the microsomes with N-

ethyl maleirr..ide. However, the addition of Na +reactivates the transphos~ 
phorilation, and the rate becomes more rapid than that of the originaL This 
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new Na +·Sensitive exchange reaction is believed to '::>e a component of the 

hydrolitic reaction. J. P. Changeux et al. (l6) studied the asymmetric re­

partition of AChE (acetylcholinesterase) of each of the two facets of the 

electroplate. They utilized acetylthiocholine as a substrate and isolated 

the AChE by ultracentrifugation. Cytochemical ana:ysis of AChE has been 

done and electronmicrographs have been used in their study. Gautron<17) 

verified a similar study on the electric organ of the Torpedo. 

2. L 5 Physiology of the Electric Organs 

The general physiology of the electric organs describing their common 

properties does not differ to much from other electrogenic tissues like nerves 

or muscles. The nervous or muscular activity is accompanied by transitory 

electrical variations called "action potentials." Some analogies can be made 

between the electroplate electric activity and the electric activity of nerves 

or muscles. Theories which apply to the cellular bi-::>electrogenesis are also 

applicable to electric discharge of the electric organs. Since the electric 

discharge is a physical phenomena it could be related to the structures where ,- -. 
it is produced or where it manifests its effects.! Two characteristics of - -
electric organs should be taken into account: the eledric conductivity and 

the electromotive force (EMF) of the electroplates. The electrorlates EMF 

' I 

does not exceed 0. 15 volts. Fessai'd(lS) calculated for the Torpedc• marmorata 

the internal resistance to be between 7. 3 ohms and 24. 1 ohms. He fowtd the 

total EMF o: the electric organ to be 64 volts; the short circuit current 8. 2 A. \ 

Th1s data indicates that 400 electroplates are required in series to achieve ( 

this EMF. The data cited above apply to the electric organ during discharge. ~ 

During rest the resistance is much higher. The elec;tric discharge-~ ac­

companied by an increase in conductivity (or decrease in resistanc~).. The 

specific resistances at rest of the electroplates of Torpedo and Electrophorus 

is shown in Table 1. (l9) 
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TABLE 1 

Specific Resistance of 1 Centimeter Cube of Electric Tissue 
Measured with the Aid of Nonpolarizable Electrodes 

(Ag-AgCl) with a DC or an AC Current of Less 
than 100 Hz. Electric Organ was in a Resti:lg State.<19> 

Torpedo small size 

Torpedo medium size 

Electrophorus main organ 

Electrophorus organ of Sachs 

resistiVity in ohms cm2/cm 

Transversal Lateral 

1404 

760 

318 

146 

206 

260 

106 

105 

The innervated posterior face of the electroplate of the· organ of Sachs 

in Electroptorus electricus has a resistivity of 10 ohms/cm2 at rest. The 

anterior face of the source electroplate has a resistance of 0. 23 ohms/cm2 

~ynes and Martins-Ferreira (l9)). 

The :resting and action potentials of the electric eel, the Torpedo ~· 

and Raja .3:· are shown in Table 2 and compared wiL'l the resting and action 

potential of the muscular striate fiber of the frog. A schematic of the 

electric charges on the surface of an electroplate is shown in Fig. 16. In 

resting position the charges are equal, opposite and neutralize each other. 

In the active state, the posterior innervated face is subjected to an inversion 

and the two EMF are added in series. The action potential seems to be pro­

duced by an increase in ionic permeability of the innervated face of the 

electroplate-. 
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TABLE 2 

Average Values of the EMF o! Resting and Active 
Electroplates of Different Electric Fishes and Frog Muscle 

Resting Action . 
Electroplates of: Potential Potential Reference 

mV mV 

Electrophorus 0. of 73 - 86 126-150 19,20 
Sachs 

Electrophorus nnain 70 127 19 
organ 

Torpedo (45)-70 115 21 
. -

~ 65 60 22 

Muscular striate fiber 90 125 23 
of the frog 

The trai'..sverse electric resistance and DC pot~ntials of the skin of 

.Torpedo marm~ have been measured by Radil-Wei.ss and Kovacevic. <24
) 

Their result= are summarized in Table 3 and the method is illustrated in 

Fig. 17. The skin samples were taken from areas either covering the electric 

organ or from adjacent non-electrical regions. No significant differences 

were found between the dorsal or ventral sides of the body. Body size has 

no influence on the resistance value, but the electrical resistance of the skin 

covering the electr ic orga~ is lower than from other r:-arts of the body. DC 

potential me::..surements show that the external surface of the skin i:>· slightly 

electropositive relative to the internal one. 

24 

-· -- __ .. , _ .__.. ____ _____ .. - ... - · ·---------- --

j 
I 
I 

! 

j 
I 

"' I 



C00022057 ------· --~ 

0 

i ++-+++.,0 

0 c~ = : : J 0 

111V 
~ +l+i;-f;-1-t+ 80 

Fig. 16. Electric charge distribt.~tion on the electroplate. 
Left: resting state. Right: active state at 
maximum discharge. 
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t"ct~l e!ectrio 

\·.,.!r..l electrlo 

!)o!"!l:\1 + ventr11l 
e:ectrie 

Dor<;LI non-electric 

D<o.-1 + ..-en~o.l 
non.elt>Ctrie 

~!~:!;C3DC"e 

TABLE 3 

Impedance and DC Potential of Skin Saoples of the 
Electric Fish Torpedo marmorata • 

Skin im~AI\co (!){em") 
;~r.ro.~ + e~urf~,-.,.,-'--_---"-v-c-ro.-~-0--

31.3 ~ 4- ... 29.() = '-2 
n-22. n-22 

tog.s ± 11.1 113.5 :: 21.5 
n -1s n -ts 

~s 

!DC I potcntia.l 
1 (mV) 

All ... ~lu"" '"-TP~•ed. u .. ver~~;;" ± S.E. of t.!>o me=. n - Dumber af merunrcmenU. Signillt11nce eomput~ by Stude.o.t 
\ ~r.~L XS non-•i~i5ct.nt. 

• From Radel-Weiss and Kovacevic(.2.4), 
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Fig. 17. Schematic representation of the impedance 
measuring apparatus. GEN Generator, OSC 
Tektronix oscilloscope, R1 known resistance, 
R2 resistance of skin sample.(24) 
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Grundf~:st and Bennet<25} examined the physiology ol the marine 

electric fishes: Astroscopus, Torpedo, ~!'~and Raja (Raja clavata, 

Raja ocellatl. and Raja erinacea). They cxa.mli~"!d innervntion, excitability 

and some pharmacological properties of these marine electric !ish electro~ 

plates. The Torpedo electroplates did not respond to electrical simulation 

but did to chemical stimulation. <25} The electric organ of Electrophorus 

electricus has two excitable systems; one direct and one in~ct. (27 -30J 
The electroplate of the main electric organ continues to respond to directly 

applied electric currents after it fails to respond to indirect, electrochemica 1 

neural stimuli. 

Keynes et al. (al) studied the morphology and electrophysiology of 

the electric organ of Mal.a.pterurus electricus, the African fresh-water 

electric catfiSh. Ma.J,apterurus is an exception t·:> the Pauni 's law, accord­

ing to which the innervated faces of the electroplates become negative dur­

ing c!f-::charge, whatever the anatomical orientation of the organ. This law 

holds for all other electric fishes. Until Johnels <32) studied the electric 

catfish and found out that their electric organ developed from myoblasts, 

th-3 general consensus was that it had a glandular origin. 

Bennett and Grundfest<33) also inve~tigated the morphology and 

electror:hysiology in Mormyridae which family includes 11 genera and prob­

ably several hundred species. They used only a few species: Mormyrus 

rume, Gnathonemus compressirostris. Gnath6nemus petersi_!, Gnathonem1.1S 

maori and Gnathonemu.c:o tamadua. The variety ir. form and signs of the 

pulses indicate structural and functional properti~s of the electroplates pecu­

liar to the different forms . The electric organ discharges are composed 

of potentials contributed by the stalks that emerge from the caudal surface 

of each electroplate as well as of the responses of both major faces. The 
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st:llks and both m:ljor surfaces :1re clcctrl.c:llly cxci~blc and generate spikes. 

The normally evoked discharges of the electroplates origin::tte by synaptic 

excibtion Ctf the stalk, to which the innervation is applied at one locus in 

Gn:l.thonemus or at a number of loci in Mormyrus rume. The st:Llk system 

serve to distribute excitation to the electroplate body so that the whole sur­

f.3:ce of the latter discharges nearly synchronously. 

It is important to mention som(·thing about fr.e thermal events during 

and after tte discharge of strong eleC'tric fishes. We measured, in our 

previous in·Jestigations, the electric output of electric eels and electric cat­

fishes. One of the electric eels (6 ft length) could d:.Scharge bursts of im­

pulses of m•er 80 watts peak power and one of the electric catfishes could 

discharge over 30 watts peak power. J Obviously some of the energy was 

dissipated in heat: Aubert, Fessard and Keynes<34) studied the thermal events 

accompanying the electric discharges o: the electric eel and the Torpedo. They 

could distinguish three phases: the phase Q1 following immediately after the 

electric discharge, marked by a rapid rise in temperature, followed by phase 

Q2 marked by a slow decreasing phase which resulted in a temperature below 

its initial level. The phase Q3 starts with a slow temperature rise and stayin~ 

there for a few minutes at its highest level before returning to its initial tem­

perature level. This latest phase Q3 is conditioned by the external load and 

the amount of stimulation. It is also subject to fatigue and is highly ambient 

temperature-dependent. 

There are some difficulties in interpreting t:te heat measm·ements 

1n the case of the heat production during the electric discharge of the 

electric organ. Bernstein and Tschermak(SS) estimated the specific heat 

for the who!e org:: n of Torpedo to be 0. 86 cal per g per °C. If it is ac­

cepted that for a full grown Torpedo nobiliana the electric organs could 
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weigh a few hundred kilo~·ams, there is an apprccin.ble amount of calories 

dissipated. For example: for every hundred kilogr~rns of electric organ, 

86,000 calories would be dissipated per °C. Some major ambiguities exist 

such as the nonthermal Q1 phase of Electrophorus, which is .followed by the 

cooling Q2 phase and the slow heating phase Q3• Tl:e Joule effect and heat 

propagation have not been studied, and there is a possible interference o! 

these facto;:s with the results of the estimated specific hea.t for the electric 

organ. 

The activity of the electric organ and its diseharges are cephalically 

confxolled. The electroplates are in a parallel seri ~s and are well synchronized 

and delays assure a fast rising time of the impulse. Albc-Fessard and Martir~~ 

Ferreira <36
) investigated the role of the nervous command system in the 

functional synchronization of the electroplates of Electrophorus clcctricus. 

(!he electric organ iS controlled by a nucleus of cells in the medulla, ac~~ted / ­

by a synchronous volley from a still unidentified higher level in the brain./ 
_j 

It seems that the frequency of discharge of th~ electric signal of electric 

fishes i.s a quantifiable behavioral variable. 

2. 2 ELECTRORECEPTORS AND ELECTRORECEPTION 

Some marine and fresh water fishes are sensitive to weak electric 

currents or slight changes or discontinuities in an electromagnetic field. 

Most species having this property are also electric fish. but since the term 

of electric fish is reserved for species which produce electric discharges 

there are some nonelectric fishes which have electroreceptors but no electri\'! 

transmitting organs. The fresh water catfishes Kry-ptopterus ameiurus 

nebulosus and clarias and rna.ny sharks like the dogfish Scyliorhinus canicula 

and the lemon shark Neg:1prion brevirostris have electrorcceptors. 
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Only electric fishes having a complex array of dUferent kinds of 

• electroreceptors can discriminate the diiiercnt stimuli affecting the electro­

magnetic field surrounding the fish (generated or not by its own electric 

organ). <4, 3 - 39, 40 -44) Electroreceptors are part of the ''lateralis line" 

system in !ish. The electrosensory system oi fish can be active, passive 

or both, depending on whether the fish have or does not have an electric 

transmitting organ and if the electroreceptors are or are not autorhythmic. 

The electrosensory systems have extraordi.n2.ry sensitivies: threse 

holds of 0. 01 tJ. V /em have been reported in behavior experiments. ( 4 ' 45
r 

46) 

Electroreceptors are located along most of the body. Usually electro­

~ceptors are more numerous on the head than on the rest of the body. 

Electroreceptors can .be classified by their physiolog:cal or behavioral 

characteristics . We have mentioned previously that from the physiological 

viewpoint electroreceptors can be classified as: 

a. Synchronous, 

b. Non-synchronous; 

or: 

c. Phasic (not to be confused with phase indicators), 

d. Tonic; 

or: 

e. Ampullary type 

f. Tuberous type. 
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From the beh:l.vioral viewpoint the elcctroreceptors can be classifiEld as 

indicating: 

a. Movement 

b. Direction 

c. Conductivity 

d. Acceleration 

e. Phase of an electric signal 

f. Frequency of an electric signal, and 

g. Amplitude of an electric signal. 

2. 2. 1 Distribution of the Electrosensory Receptcrs 

T.:1e electroreceptors sensory fields of Gnathonemus petersii(lS, 19) 

can be clearly visualized if we put the fish in a so~ution of 10% buffered 

formaline. Figures 20 and 21 show the limits of these sensory fields. 

There are between 700 and 1000 tuberous crgan electroreceptors, 

between eoo and 1000 type A mormyromasts ele~troreceptors and between 

2.100 and 2300 type B mormyromasts electroreceptors in the skin of an adult 

Gnathonemus petersii. (47) The total number of electroreceptors va.ries be­

tween 3600 and 4300. These are distributed on the- body as follows: between 

42 to 46% on the head nn 41 to 44% of the electrore~eptor fields; 'between 

30 and 32% on the, dorsal sides on 27 to 30% of the electroreceptor fields; 

and between 22 and 26% on the venh·al sides on 25 to 32% of the electro­

receptor fields. The total area of the electroreceptor fields may occupy 

between 2::100 and 5000 mm2 area for fiShes between 90 and 125 mm length. 

Figure 22 shows the different types of mormyrornast electroreceptors of 

Gna thane l::lUS peters ii. 

With the exception of the sensory receptors of the chm whlch are 

mechanic~l displacement receptors and are connected to the CNS through 
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Fig. 18. African fresh water weakly electric 
fish Gnathonemus petersii. 
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Fig. 19. Electric fish Gnathonemus petersii in a lucite 

restraining tra<;.Jrovided with stainless steel 
e Iectrodes. 
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Fig. 20_ The electric sensory fields of 
Gnathone mus petersii. 

Fig . ..21.. Limits of the electroreceptors sensory 
fields of Gr.athonemus petersii. 
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Fig. 22. Different typos of mormyromasts: 

a. tuberous or~n 

b. A·mormyromast 

c. B-mormyromast 

(top and cut view). 
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the nervus trigeminus, the mormyromast electroreceptors are subservcd 

by the b.te1·al line nerves. Figure 23 shows the rr.ain branches of the Ja.t­

eralis nervou...c; system. ·All the mormyromasts types (tuberous, A and B) 

are connected to nerves forming bundles pertaining to the lateral line sys­

tem and ending in the brain. Figure 24 shows an electronmicrograph of a 

mormyromast type n. 

The tuberous organ electroreceptors are autorhythmic and the 

EMF may reach a few millivolts. The repetition rate varies from 550 

to 3900 with the most often encoWltered repetition rate between 950 and 

1950 Hz. 

Figure 25 shows a comparison between sensitivity and density of 

the electroreceptors in the epidermis of Gnathonemus petr:rsii and Fig. 26 

shows the authorhytmic activity of the electroreceptors near the chin and 

near the eye. 

2. 2. 2 Tcnic: and Phasic Electroreceptors 

Figure 28, Fig. 31a and 33 b show ampulla:!'y tonic electroreceptors. 

They resemble to the Lorenzini ampulla, a multisensory receptor. <37) 

Dotterweich<48) mentioned twenty five morphologically different types of 

Lorenzini ampul~. It seems that depending on function and species of 

fish there is a large variation of this type of sensory receptor. One of 

the differEntiating characteristics of the ampullary sensory receptors 

is the nurr.ber of receptor cells which are embedded in the wall of the 

ampulla. Only a small part of their circumference is exposed to the 

lumen, although the surface in this region may be increased by micro­

villi. <49, :o, Sl, 52) They are innervated by single erfferent fibers on 

their inner surface and are surrounded by supporting cellS. The response 

oi a tonic ampullary receptor is shown in Fig. 29. The ampullary electro-

36 
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Fig. 23.. The lateral line nerves of the electric fish Gnathonemus petersil. 
(Redrawn after Harder(47),) 
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Fig. 24. Electromicrograph: 

a. Transverse cut of Gnathonemus epithelium: mormyromast 
type li with sensory cells A and B. Helly's fixative; stain­
ing: Azam 

b. Higher magnification of the A and B type cells. Arrows 
indicate synaptic zones; c: fibrous capsule; staining: 
phosphotungstic acid. 

(after: Barets and Szabo(49)). 
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Fig. 25. Comparison between sensitivity and density 
of the electroreceptors of Gna.thonemus 
petersii in the epidermis (afte1· Harder (47)). 

c 

Fig:. 26, Autorhytmic activity of the electroreceptors 
of Gnathonemus petersii: 

a. 500 Hz calibration signal 
b. electroreceptors near the chin 
c. elcctroreceptors near the eye 

(after Harder(4~)). 
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a ................................................................................................................... .. 

c ----------------------------------------------------------~ 

a ........................................................... .. .. ... -· ............. -...................................... . 
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Fig. 27. Electric activity from the nervus lateral anterior innervating 
receptor near the proboscis of a mechanical displacement on 
ihe chin of Gnathonemus petersii when the proboscis has been 
moved upwarci~ (after Harder (47)). 

a. time marks== 50 Hz 

b. electric activity in the nerve 

c. movement of the chin proboscis 
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fi;;. 28. Ampullary tonic electroreceptor. 
(Schematic) 

t'OIIOII( /IAJI 

Fi:;, 30 •. Tuberous phnsic clectrorcccptor, 
· (Schematic) 
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Fig, 29. Stimulus and reconlin:; from 
an ampullary tonic electrorcceptor. 

Fit;. 31. SUmulus nnd recol·clln:; from ::l 

tubc1·ous p:ulsic clcctrorcccplor. 
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Fig. 32. Electroreceptors of Gymnarchus niloticus. 

a: ampullary electroreceptor b: tuberous electroreceptor type b 
c: tuberous electroreceptor type c. (Schematict 
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Fig. 33. Phasic electroreceptor, South American fresh 
water weak electric fish (after Szamier and 
Wachtel( 51)). 
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of a tonic ampn1Jary receptor is shown in Fig. 29. The ampul.l.ilry electro­

receptors are conne.cted to the exterior by an obvious canal filled with a 

polymucos<!.ccharide jelly. There is evidence that different kinds of am­

pullary sensory receptors (electroreceptors, mechanoreceptors, temperature 

receptors} may have biochemically different jellies in the canals. <46) 

Anatomically and functionally the phasic electroreceptors are dif­

ferent from the tonic receptors. No obvious canal connects the lumen of 

the phasic electroreceptors to the exterior. A plug of ,loosely packed epi­

thelial cells are interposed between the receptor and the superficial layer 

of the epidermis. Phasic electroreceptors are shown in Figs. 24, 30, 32b 

and c, 33, 34c, d and e, and 35. Phasic electroreceptors are sensitive to 

higher frequency stimuli than the tonic types. The phasic electroreceptors 

behave as if a capacitor was interposed between the cell proper and the ex­

terior of the fish. Three properties derived from the fact that there is a 

capacitance between the cell and the exterior ca:1 be ascribed to the phasic 

· electroraceptors: (I) equivalence of onset and termination of long-lasting 

stimuli of opposite polarity; (2) absence of excitability change during maint­

ained stimuli; and (3) absence of net current flow during externally recorded 

responses. (S3) 

2. 2. 3 The Control and Function of the Electroreceptors 

We mentioned that the ~lectroreceptors are part of the lateral line 

system in fish. The functional characteristics of siX different kinds of lateral 

line organs have been considered: canal neuromasts, free neuromasts, am­

pullary electroreceptors, ampullary displacement receptors, mormyromasts 

and bulbar organs. Some of the organs are autcactive, others are o?-lY acti­

vated by the electric diG charges of the transmitting organ. From the six 

differe:J.t lateral line organs mentioned, three types are electric and three 
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Fig. 34, Schematic drawings of ordinary and specialized lateral 
line organs of gyrnnotids (after Th. Szabo). 

A. Schematic drawing of "ordinary" lateral-line organ. 
B. Organ type I (ampullary organ). 
C. Organ type IIA (tuberous organ) (Hypopomus). 
D. Another type (liB) of tuberous organ (Hypopomus), 
E. Tuberous organ type TIC (Electrophorus). 
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types are nechanic::tl receptors. It seems that the fish utilize the electrical 

receptors for comn1unication and object recognition and the mechanical re­

ceptors for swimming and for proximity feeding. 

There is a correlation between the electrical and the mechanical 

stimuli and a differentiation at the higher nervous levels. The investigation 

of the roles of the different receptors in mormyrids for object detection, 

location and identification, may help to elucidate their function. 

Hagiwara, Szabo and Enger<54) studied the e:rect of local conductivity 

of the external environment of the electric fish Sterr.archus albiirons on its 

electroreceptors. They found that the information about the local conductivity 

iS transmitted through the sensory nerve fibers innervating the electroreceptors 

to the higher nervous centers. Sternarchus albifroll3 has a high frequency · 

electric organ discharge (650-1000 Hz). "The impulse frequency of the 

electroreceptor nerve fiber increases when ~e control edge of a metal plate 

(conductive object) or the control edge of a plastic plate (nonconductive object) 

is above the receptor of the fiber. ,.(S4) (Fig. 36) 

Both phasic and tonic electroreceptor response is determined first 

by the rate of change of the cw-rent intensity and sec·::md by the intensity of 

the current. Movement of the object ::tffects the phasic electroreceptors. If 

a constant-voltage pulse field is applied between the head and the tail of the 

fish the increasing or decreasing of the signal rate in the nerve fiber of the 

electrorecept.Jr iS conditioned by the polarity of the stimulus. Synchroniza­

tion of the electroreceptor nerve fiber frequency and the frequency of the 

electric organ of Sternarchus albifrons exists only at a high intensity of the 

field potential. 

Szab•::> and Fessard(39) investigated the electroreceptors in mormyrids 

and Belbeno:.t(SS) studied the ability to locate objects by similar fish species. 
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Fig. 36. A: relationship between the steady-state nerve 
impuLSe frequency and the position of the plate 
along the long axis of the fish; upper diagram for 
(4x2 em) metal (dots) and plastic (circles) plates, 
lower diagram for a (6x2 em) metal plate. Arrow 

. indicates location of receptor. B; relationship 
between nerve impulse frequency and distance 
between plate and lateral surface of the fish. 
Curves 1, 2, 3, were obtained with three different 
positions of the plate along the lcng axis of the fish. 
(After Hagiwara, Szabo and Enger 
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They found that some electroreceptors have a continuous autorhythmic 

activity which could. surpass 2000 Hz. This activity could be modulated by 

an alternating current present in the aquarium. These electroreceptors 

are similar to the Fra.nz<56
) ''tuberous organs." 'Ihey concluded that the 

electroreceptive function consists in encoding peripheral signals by vari­

ations in frequency, phase and latency of the ~lectroreceptor units and by 

changing t."le number and distribution of the activated or inactivated re­
ceptors. A pacemaker seems to control the autorhythmic activity of the 

receptors. 

The author bas performed simUltaneous recordings from tl!P. electric 

transmitting organ and from autorhythmic ampullary tonic electroreceptors 

of Sternarchus a.lbifrons (see Figs. 37a and b). 'l.'he transmitting organ was 

discharging at a rate of approximately 680 cycles/sec; the autorhythmic 

activity discharged at a rate of approximately 900 cycles/sec and an am-

. plitude of about 2 mV. 

2. 2. 4 Active Electroreception 

Lissman and Machin(39) studied the behavior of Gymnarchus niloticus 

and concluded that the detection and location of objects by the fish is due to 

both the transmitting electric organ and the electroreceptor array. Any ob­

ject that wru ld come in the proximity of the fish would constitute a dis­

continuity :.n the electromagnetic field generated by the electric transmitting 

organ. This discontinuity would affect the electroreceptors. The informa­

tion transmitted by these electroreceptors to the higher nervous centers 

would determine the behavior of the fish. 

Ltssman and Machm<38• appendix) attempted to e).1Jiain this phenomena. 

The authors suggested that the !isl1 is integrating the second derivative of the 
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Figure 371:>. ].Iicroeiectrode recordin~ of 
the autorhythmic electrical actiVit}' of 
the ampu1Iary, tonic electroreceptors of 
Stemnrclms A lbirrons, The spikes seen 
on the top of the rhythmic almost 
sinusoidal waYeform are the electric 
signals fl·om the electrotcceptors. 
Horizontal: · 1 graduation= 2 mscc. 
Vertical: 1 grndun.tfon ~ 500 mV. 
Amplificn.lion x100, effective 1 gradu:~.­
tion .. 5 mV. Spike :J.pp. 2 to 2.5 mV. 

!E!!Ht!SW $ = 

Figure 37a. Recording from an 
anaesthetized, cur:~.rizcd Slcrnarchus 
albifrons sn~cimcn . Horizontal: 
1 grndunlion = 1 mscc. Vertical: 
1 graduntion = 10 mv. 
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• the received signal and thereby increasing significantly the signal-to-noise 

ratio of the signal. 

2. 2. 5 Passive Electroreception 

Previous and actual investigations have shown that certain electric 

fishes ceas~ transmission when objects which could represent a threat are 

brought in close proximity. The fishes continue to react to the presence of 

these objects even after their transmissions have ceased. This could indicate 

that they are still able to detect the presence of these objects by using their 

electromag:tetic sensor array in a passive mode. There is evidence in the 

literature which tends to support this conclusion. For example, Bullock(S'7) 

recently mentioned that sharks, fresh-water catfish and electric fish use low 

or high frequency electroreceptors for passively detecting objects. Ka.lmijn(SS) 

published a:t article on the electric sense of sharks ·.vhich have no transmitting 

electric organ. 

Szabo< 59) denervated the transmitting electric organ of Gymnarchus 

niloticus and made it inactive. He recorded the autonomic activity of electro­

receptors in the skin (3-12 mV) at a frequency of 310 to 340 Hz. The fish 

with the denervated transmitting electric organ will react normally to metallic 

objects bl'ought close to it. This result suggests that the electric ol'gan dis­

charge may not be essential for the localization of objects in close proximity 

to the fish. 

Szabo and Sakata (SO) used curare to block the electric transmitting 

organ command-center in the brain and found that the mesencephalic potential 

depends on the impulses transmitted by the electroreceptor system of the fish, 

and not on the rhythmic -activity of the transmitting organ. 

Agalides<46) reported in 1963 to the ONR that lemon sharks, Ne~prion 
brevirostris, have very sensitive electroreceptors, but no tx:ansmitting organ. 

ol 
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This evidence emphasizes the importance of the electrosensory 

array in the identification and location of objects. Under certain conditions, 

the fish may not need a transmitting organ in order to navigate, detect, ~o­

cate and identify objects. On the other hand, it has been demonstrated that 

if the electrosensor array is incapacitated, the fish cannot navigate correctly 
or find focd. (60) . 

2. 2. 6 Coding of the Electrical Signal of Electric F·ishes 

Investigators of electric fiShes proposed different kinds of coding 

schemes for their electric signals. Lissman and Machin(JB) proposed a 

1. "Pulse-frequency-modulation" (like in Gymnarchus niloticus); 

Watanabe and Bullock<62) proposed a 

2. "Pulse-phase modulation" (like in Eigenmannia virescens); 

Szabo and Hagiwara (Sl) analyzed and suggested three other kinds of codings: 

3. "Number coding mechanism" (like in Hypopomus artedi), 

4. ''Probability coding mechanism" (like in Sternarchus albifrons}, 

5. "Latency coding mechanismu {like in Gnathonemus petersii). 

According to the first hypothesis "Pulse-frequency modulation" sen­

sory inforoation should be conveyed by the frequency of the sensory hnpulses 

dependent on the pulse of the electric discharges. 

The second hypothesis "Pulse-phase modulation" the sensory coding 

is the result of time relation (the phase} on the sensory impulse following the 

electric or~n discharge. 

52 



C00022057~~--~~~~~ .. :=e~~=·~·-~-~~~--------~----------------

0 

The third hypothesis called the ''Number coding mechanism" supposes 

that the intensity of the electric potential field is c~ed through a single electro" 

receptor fiber by the number of nerve impulses produced by each electric 

organ pulse. 

· In the number !our hypothesis, called "Probability coding mechanism," 

the ceding is provided by the probability that each electric organ impulse might 

initiate an impulse in the nerve fiber. 

Finally the iiith hypothesis: "Latency cod:ilg mechanism" is explained 

by the fact that certlin mormyrid electroreceptors permit a change in latency 

of the electric organ impullies related to the intensity of the current flowing _ 

through the receptor. Therefore, the intensity of the potential field can be 

coded by the time relation between electric transmitting organ discharge and 

sensory :.mpulse, the time ranging being as much as 8 milliseconds. For 

variations in the superthreshold field intensity this would be the only mech­

anism for a sensory orgun producing single spikes. The place where the 

latency-shift of the sensory impulse is tlking place has not as yet unquivoc­

ally explained. 

It is worth mentioning that there are e lectroreceptors connected to 

nerve fibers which would not transmit any i~pulses without a specific stimulus. 

Other electroreceptors are related to nerve fiberl: discharging continuously. 

Some, when presented with stimuli, increase their electric activity and 

others decrease it. 

2. 3 EXPERIMENTAL FINDlli'GS 

2. 3. 1 Methods 

Fi51JTes 38 and 39 show two African fresh v.ater weakly electric fishes. 

Figures 40 and 42 show two South-Am~rican fresh water weakly electric fishes. 

Figure 41 shows an African fresh water strong electric fish and Fig. 42 shows 

a South American fresh water stron:J electric fish. 
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Fig. 38. Gymnarchus niloticus. African f::"esh water, weakly 
electric fish. 45 em long, weight: 600 g, land of 
origin -Congo. Repetition rate of the -signal: con­
stant medium rate,.,. 300 per second • 
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Fig. 39. Gnathonemus petersii. African fresh water, weakly 
electric Iish. 15 em long, weight: 19 g, land of 
origin - Nigeria. Repetition rate of the signal: vari­
able low rate: 2 to 150 per second. 
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Fig. 40. Gyllfnotus carapo. South American fresh-water 
weakly electric 1ish, 22 em long. weight: 180 g; 
land of origin - Brazil. Repetition rate of the 
signal: variable medium rate: 4S. to l:iO per sec. 

Fig. 41. Malapterurus electricus. African fresh-water strong 
electric fish, 18 em long, weight: 215 g. Bursts of 
7 to 15 pulses: 150 to 200 volts. 
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Fig. 42, Sternarchus albifrons. South American fresh water weakly electric fish, 
17 em long, weight: 32 g; land of origin - Brazil. Repetition rate of the 
signal which is constant with consiant water temp.: 760 per sec at 23°C. 
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Figures 43 to 49 show the electric signal of five fresh water weakly 

electric fishes . 

A corner of our laboratory with aquaria is shown in Fig. 50. In Fig. 

51 different restraining cages for the fish is showr_, In Fig. 52 a self-built · 

microelectr ode amplifier is shown and in Fig. 53 the instrumentation used 

for recording and playing back the electric fishes electric signals iS shown. 

2. 3. 2 The Electromagnetic Field Generated by Sternarchus albifrons 
A South American Fresh Water Weakly "!!lectric Fish 

The 12 foot diameter, 4 foot high fiberglasa water tank fill~d with ap­

proximately 1000 gallons of fresh water o! pH 7. 1 has been used for the 

electromo.lgnetic field measurements. 

The water is heated by 2..'<:1000 watt heaters controlled by a ''YSI" 

to 0. 1 °C temperature controller. The water in the tank is normally held 

·at 25°C. The heaters are in a separate 30 gallon ('heater'? tank and are 

connected to a relay switching them on and off and controlled by the tem­

perature controller. Two 9 gallon per minute punps circulate water from 

the large tank to the heater tank and return. 

The silver-silver chloride-platinized-silver-chloridE:: electrodes are 

attached to rails of nylon string, allowing them to be moved from one end to 

the other end of the tank. The electrodes are connected to a remote con­

trolled differential amplifier (ampl. fact. x 4200) suspended over tha tank 

and from the amplifier to the oscilloscopes Tektr~nix type 555, or type 502 

with differential input • 

. An electric fish was suspended on one of the restraining devices shown 

in Fig. 70. The fish restraining deVices were provided with stainless steel 

end-electrodes which were connected to an audicxunplifie1· (ampl. fact. = 400) 
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Flg. 43. Electrophorus electricus, South Ameri~an fresh water strong electric 
fish. Has three electric organs: main organ discharge about 70-100 , 
volts per foot length of the fish; organ of Hunter: 1-7 volts used for 
navig-a.tion; organ of Sachs: the ptu'pose and discharge of this organ 
arl:l uul as yet well c:;tnbliahed. 
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Fig. 44. Gnathonemus petersii train of impulses 1/10 
sec per grad 0'. 5 V per grad. 

I 

... 1 

Fig. 45. Gnathonemus petersii single impulse 200 micro­
secondS grad 1 volt grad. 
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Fig. 46. 

Fig. 47. 

.. ·- ..... ~ ... ----...... - -· --
Sternarchus albifrons electric signal, repetition rate : 760 per 
sec, water temperature: 230c, amplituC:e: 10 mV grad, sweep 
= 0. 5 msec grad, carbon electrodes 8 inches apart. 

Gymnarchus niloticus electric signal, repetition rate: 320 per 
sec, water temperature: 24oc, amplitude: 5 mV grad, sweep: 
0. 5 msec grad, carbon electrodes 12 inches apart. 
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Fig. 48. 

Fig. 49. 

Gymnotus carapo electric signal, repetition rate: 9. 5 per sec, 
water temperature: 24°C, amplitude: 100 mV /grad, sweep:.5 
sec/ grad, special lucite tray with stainless steel electrodes. 

Gymnotus carapo electric signal, single spike, amplitude: 100 
mY/grad, sweep: 500 microsec/grad, speciallucite tray with 
stain less stPe l electrodes. 
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Fig. 50.. View of a corner in the electrophysiology laboratory with the 
aquaria for electric fish. 

; .... · 

Fig, 51. Different kinds of lucite restraining cages for the fish. 
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Fig. 53. 

.. -· ---- -------~ ·· ·- ·--··--.... --
Fig. 52. Microelectrode support and amplifier. Bottom . 

. • 

Amplifiers, oscilloscope and Revox magnetic tape recorder 
with Dolbi-filter, for playing back the electrical activity of 
electric fishes recorded on magnetic tape. 
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Fig. 
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54. Electrical activity of Sternarchus albifrons. Fish in lucite and 
nylon fish line fixture; the pick-up electrodes were parallel with 
the fish, distance: 40 em, amplitude: 0. 2 V /grad, fish at 0°, 
amplifier amplification factor: x: 4200. 

~--- ~---.---- 1 .. _ ... ·-·. 

·. 

Fig. 55. Electrical activity of Sternarchus albifrons. Same as Fig. 54 
but the pick-up electrodes were parallel with the fish, amplitude: 
0. 2 V /grad, fish at 22. 5°. 
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Fig. 56. 

ELC£2!Y ·-

Electrical activity of Sternarchus albifrons. Same as Fig. 54 
but the pick-up electrodes were parallel with the fish, amplitude: 
0. 2 V jgrid, fish at 45°. 

Fig. 57. Electrical activity of Sternarchus albifrons. Same as Fig. 54 
but the pick-up electrodes were paralJ.e l with the fish, amplitude: 
100 mV/grad, fish at 67. 5o, 
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Fig. sa·. Electrical activity of Sternarchus albifrons. Same as Fig. 54 
but the pick-up electrodes were parallel with the :flsh, amplitude: 
50 mV /grad, fish at 90°. 

Fig. 59. Electrical activity of Sternarchus a.lbi.frons. Fish in lucite and 
nylon fish line fb.."ture, pick-up eiectro)des perpendicular to the 
fish, distance: 40 em, fish at 0°, amplitude: 100 mV /grad, 
sweep: 1 msec, amplifier amplification factor: x 4200. 
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Fig. 60. 
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Electrical activity of Sternarchus albifrons. Fish in lucite and 
nylon fish line fixture, pick-up electrodes perpendicular to the 
fiSh, distance: 40 em, fish at 22. 5°, amplitude: 100 mY/grad, 
sweep: 1 msec, amplifier amplification factor: x 4200 • 

... -

··--- -------,- ______ ,_., __ _____ .. ____ _ 
Fig. 61. Electrical activity of Sternarchus albifrons, Fish in luc,ite and 

nylon fish line fiA"ture, pick-up electrodes perpendicular to the 
fish, distance: 40 em, fish at 45°, amplitude: 100 mV /grad, 
sweep: 1 rnsec, amplifier amplificdion factor: x 4200. 
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Fig. 62. El~ctrical activity of Sternarchus albifrons. Fish in lucite and 
nylon fish line fixture, pick-uo electroces perpendicular to the 
fish, distance: 40 em, fish at 90°, amplitude : 100 mV /grad, 
sweep: 1 msec, amplifier amplification factor: x 4200. 

Fig. 63, 

__ I 

Electrical activity of Sternarchus albifrons. Fish in lucite and 
nylon fish line fihi:ure, pick-up electrodes perpendicular to the 
fish, distance: 40 em, fish at 900 amplitude : 100 mV /grad, 
sweep: 1 rnsec, amplifier amplification factor: x 4200. 
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Fig. 64, Diagram of the fiberglass water tank with a fish positioned in 
the middle of the tank and pick-up electrodes. 
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Fig. 65. Electromagnetic field-pattern of the freshwater weakly electric 
fish Sternarchus albifrons. Pick-up electrodes parallel to the 
field. 
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Fig. 6S. Electromagnetic field-pattern of the freshwater weakly electric 
fish Sternarchus albifrons. Pick-up electrodes perpendicular 
to the field. 
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Fig. 67. Sternarchus albifrons (simulated) electrical signal picked-up at 
dilferent distances from simulated fish and comp::trcd to the theo­
retical curve. Effect of the tank wall. (BowlCiary conditio.ts.) 
Repetition rate: 720, measurements: :JOO to dipole axis, electrode 
5 em apart, parallel to dipole. 
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Fig. 68.. Permanent magnet (500 g) wrapped in polyethylene foil. It 
was submerged in the water to assess the ability of electric 
fish to detect magnetic fields. 

Fig. 69, 

I 
! 
l 

Different objects (cylinders of metal) used to test the ability 
of electric fish to detect them. A lucite cylinder (not shown) 
was also used. 
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and to a:1 oscilloscope. During the measurements of the electromagnetic 

field generated by Sternarchus albifrons, the -fish was confined in the fixture 

of lucite and nylon fish line with an ope~ area of 82%. The 1ucturc was free 

of cond~:cting materials. 

The fish in the restraining fixture wa~ located in the middle of the mnh 

and could be rotated 180°. The center oi the tank was constantly fixed using:::. 

lucite plumb bob suspended from the ceiling (Figs. 70 and 71). Measurements 
0 0 0 0 0. 0 0 0 . () 

were repeated at 0 , 22.5 , 45 , 67. 5 , 90 , 1.:..2. 5 , 135 , 157.5 and 180 

of rotation. All measurements were replicated five times. The fish was S1.1t•· ­
merged to a 10 em depth. The fish's own signal was too weak to take mea­

surements at distances over 40 em from the fish. Therefore, the discharge 

of the fish was amplified by an audioamplifier 400 x and fed into the tank by 

means of silver-silver chloride electrodes aboU: 12 em apart (equal to the 

length of the fish). 

The fish could discharge a signal of about 22 mV at a repetition rate 

of 720. The resistance of the water was around 900 ohms between electrodes 

(12 em distance). We amplified the fishes original signal to 7 volts wl•en we 

recorded from the electrodes. In this way, we improved the signal-to-nois-e 

ratio by a factor of 7/.002 or 350. 

Measurements were made with the electrodes parallel and perpendicu.la 

to the electromagnetic field of the fish. Data ,.,.-as plotted on graph paper. Pho· 

were taken with the oscilloscope camera. Figues 54 to 57 show the signal 

picked up by the silver-silver chloride-platinized-silver-chloride electrooes 

when parallel to the electromagnetic field. These oscilloscope data show the 

signalS amplified x 4200. The smallest reachhle value was around 6 microvolt 

at the origin. The noise level was very low considering that the tank is in an 

open area and the room was not shielded. 
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Fig. 71. Fish in a restraining cage submerged in the large tank, the 
lucite cone Indicates the middle of the tank. A:rrow indicates 
an object moved in the direction of the fish. 

76 



C00022057~==~~am--------------------~------------~ 

0 

Figures 59 t.o 63 show the signal picked up by the electrodes being per­

pendicular to the electromagnetic field of the fish. All these measurements 

were taken with the pick-up electrodes at 40 em d~tance from the fish. The 

fish was !"otated !rom 0° to 90° making measurements at 0°, 22. 5°, 45°, 67.5° 

and 90°. Figure 64 shows a diagram of the fiberglass tank including positions 

of the fish and of the pick-up electrodes. Figure 65 and 66 shows the electro­

magnetic field of Sternarchus albifrons plotted anc compared with the normalized 

theoretical cosinus curve of a dipole, for pick-up electrodes parallel to the 

electromagnetic field. 

Figure 67 shows the EMF values for differ:mt distances from the 

center of the tank. 

The fish had to be restrained from moving during the electromagnetic 

field measurements, so as not to change the dipole direction. We experi-

. mented and checked different fixtures like: tubes with holes, lucite endplates 

and rods and lucite endplates and nylon fish line. They are shown in Fig. 51. 

The tube had 20% open surface, the lucite endplates and rods about 40% open 

surface and the lucite endplates and nylon fish line 82% open surface. 

2. 4 BEHAVIOR EXPERil\tlENTS FILt-lED ON STANDARD 8 FILM 

2. 4. 1 Experiments Needed to Assess Sensitivity, Range and Effectiveness 
oi the Electric Fishes to Detect Objects and Communicate Undenvater 

Wa considered it necessary to perform a number of experiments de­

signed to quantify some of the electric fish properties. Four different species 

of electl'i-::: fishes have bee:n considered for these €xperiments because o£ their 

basically diff&rent systems used as transmitters and electroreceptors. These 

fishes are: 
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a. Gymnarchus niloticus 

An African weakly fresh-water electric fish with a medium f'lxed 

frequency (260 to 300Hz) and a composite waveform. Frequency does not 

change with temperature. It has about seven kinds of electroreceptors plus 

displacement, acoustic and chemical sensors located on or near the skin. 

Eleetroreceptors are located on the whole body but are more numerous near 

and on the head and near its very pointed taiL Countries of origin are Sudan. 

Nigeria and Ivory Coast and the two Congas of Africa. It can grow to a maxi~ 

mum size of 5 feet and has a life span of about 40 years. 

The electric organ is located caudally occupying about 1/2 to 2/3 's 

of the ftsh length. Electric organ is derived from modilied muscle spinde1s. 

Difficult to obtain anq to keep alive. Has strange parasitic diseases affecting 

the spinal cord. The fish is practically blind and has only vestigial eyes. 

b. Sternarchus albifrons 

A South-Ams: ·ican weakly fresh water ele~tric fish with a high, re­

la:tively fixed frequency (700-800 kHz) and a composite waveform. The rate 

of discharge is temperature dependent at 3, rate of between 40 to 60 Hz per 

degree centigrade. Has at least three kinds of e:ectroreceptors plus dis­

placement, acoustic and chemical sensors located on or near the skin. 

Electroreceptors are located on the whole body and preferentially on or 

around the head • . CoWltries of origin: Brazil, Columbia, Venezuela, Guianas, 

Argentina, Bolivia, Ecuador, Peru in South-America and some parts of 

Central America. Can grow to a maximum size of one foot. Life span is 

at least 10 years. 

The electric organ i<> located caudally occupying about 2/3 's of the 

fish's body length. The electric organ is derived from modified nervous 

tissue. It is a hardy species, ea$f to maintain r..nd easy to procure. This 

fish is also practic::t.lly blind and has vestigial eyes. 
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c. Gymnotus carapo 

A .South Amel"ican weakly fresh water electric fish with a medium to 

low .varia":lle frequency (30 to 150 Hz) and a composite waveform. Has multiplf: 

electro and sensory receptors located on or near the skin. Electroreceptors 

are located on the whole body and preferentially on or near the head. Countrk! ~• 

of origin same as for Sternarchus albifrons. Can grow to a maximum size of 

one and a half feet. Life span is several years . 

The electric organ is located caudally occupying about 1/2 of the f:ish 's 
body length. The electric organ is derived from modified muscle spindels. 

It is a hardy species but is not as easy to procure as Sternarchus. 

d. Gnathonemus petersii 

An African weakly fresh water electric fish with a low variable pulse­

form repetition rate signal (5 to 170 pps). Has multiple ampullary and tub-

. erous electroreceptors and sensory receptors located on the body and pre­

ferentially on or hear the head. CoWltries of origi-n located in the subtropical, 

tropical and equatorial Airica. Can grow to a m.ax:i.mum si2e of one foot. Life 

span may be several years. 

The electric organ is located in the tail an~ is derived from modified 

muscle ~ssue. It is relatively easy to procure, but is very difficult to malnb.in 

it for longer periods of time in captivity. 

For all experiments we used a fiberglass v.-ater tank of 12 foot diameter 

and 4 foot height. 

Experiment # 1 

This experiment was designed to assess the capability of electric fishes 

to use their navigation system to avoid obstacles like fine nylon thread. We 

used fishes of the species mentioned under (a) and (b). Gymnarchus niloticus 
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is an air breather and cannot be confined in a tube but it can be used in ex­

periments with free swimming fishes. This fish was put in the tank at the 

point "A .. (see Fig. 72). A double net divided the tank. The fish eventually 

moved toward point ''B" and crossed the nylon maze. The reaction of the 

fish and the avoidance of the maze was observed and filmed. The fish species 

type (b) Sternarchus albi!rons usually reacts with an escape to a metallic ob­

ject. In bis case a met::Lllic object was used to force the fish to cross the 

double net. Its avoidance to the obstacles was noted and filmed. Both fishes 

are practically blind. The experiment was repeated using a grounded aluminum 

foil along the inner wall oi the water tank. 

Experiment #2 

This experiment was designed to establish the ability of an electric 

fish of the species mentioned under (a) and (b) to detect meb.llic or non­

metallic objects having different masses and intrc.duced in the water tank at 

different distances from the fish. The fish was put at point "A". The object 
- . 

was introduced at position ''B". The time until the fish detected the object 

was noted by observing the fish when it retracted or advanced in the direction 

of the object. The experiment was repeated after lining the interior of the 

tank with aluminum foil (see Fig. 73). The objects were made of iron, stain­

less steel (non-magnetic), brass and plemglass, all of the same volume and 

form (cylinders of 1 in. diam. 1 in. long). The objects were fixed to a nylon 

thread and introduced vertically into the tank. 

Experiment #3 

This experiment was designed to demonstrate the ability of electric 

fish to detect a trnagnetostatic field. The arrangement was similar with 

Experiment #2 .out instead of using an object in th~ water we used a per­

manent magnet inside the tank. l'v!agnets of 1 KG wrapped in polyethylene 

•• 
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Fig. 73. The reaction time of the fish will be plotted 
against the same mass of different kinds of 
object materials. 
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foil were used. The reaction of the fish to the magnet was noted and filmed. 

The threshold of detection of the magnet by di!!erent fiShes was noted. The 

magnet was also moved toward the fish and its reac:ion observed and filmed. 

Experiment #4 

Thfs experiment was designed to assess the ability of electric fiSh to 

detect DC, signals (Fig. 74). The fish was positioned behind the nylon maze 

in the tank. Carbon electrodes were put in the tank on the other side of the 

maze. 

Experiment tiS 

This experiment has been designed to relate a quantifiable parameter 

of the electric fish like its electric organ transmiSsion rate to different stimuB. 

We used species of fish mentioned under (c) and (d}. The fish were put in a 

restrainin-g device and introduced in the middle of the tank. The restraining 

device was provided with two stainless steel end electrodes, connected to an 

amplifier, an oscilloscope and a frequency counter. The resuits were plotted, 

relating o~ject, materials and distance versus repetition rate of the signal 

(Figs. 75 and 77). 

Experiment #6 

This experiment was designed to relate the ability of electric fishes 

to communicate tmderwater and the distance at which they can manage it (see 

Fig. 76). The signal strength of the fish was measured. The original signal 

was recorded with carbon electrudes on a magnetic tape recorder and mon­

itored on an oscilloscope~ This signal was played back with the same elect­
rodes in :he tank. The reaction of the !ish to its cwn signal or to a signal of 

another specimen of the same species was observed and eventually filmed._ 

Moti'on pictures were taken with a. "Standard 8" camera, on color film {120 ft 

= 9 min.} and black and white film (40 ft = 3 min.) for au behavioral e:h-peri­

ments. 
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Oscilloscope 

.. 
·.· 

.· 

.... . . . " · 
··.· ., 

. . . . 
B = Battery (optimum voltage was determined by eXperi-

ments and set to 6 volts) · · 

Potentiometers calculated to have constant impedance 
together ·with R1 =resistor to correspond to the im­
pedance of the carbon electrodes in ~ater measured 
with the AC liquid impedance bridge 

C and R2 =·· capacitor and resistor to suppress sparks when the 
key is manipulated · 

k = key (telegraph type) 

· Fig. 74. DC signal system. 

84 .. 



j 
i tt W'Ct • OM' . ' 

~ 
; 

1 

l 

I 
I 

j 00 
jCJJ 

1 
'4 
'1 
J 
1 
1 
I 
.i 
1 

~ 
~ 
~ 
i 
i 
J 
J 
l 

) 

0 · 
. i 

Oscilloscope 

Plexiglass tube 
-~with iish in it · 

and electrodes 
at the end 

Fiberglass 
· .~ Water Tank 

12 ft Q x 4 n high · 

Frequency 
~Elo~trodes for .Experiment 4,15, Cent12r ·Object to be_ 

detected: 

Fig. 75, Quantifiable experiment for assessing the 
reaction of electric fish to objects of dif­
ferent materials. 

0 

•. 

® 

0 
0 

·0 
0 
N 
N 
0 
Ul 
-.] 

L 

.. 



. · · ~ ... ----~ -oy--------·--.... -~-·- -·-:... · --. ____ ...,;_ .. , ,~..~ ..... -.,._ ... .-.-•~---.:----~-·- .._ ____ _ 

. Networlc · 

.,.-Fiberglass Vlater Tank 

~~~~~~~~::;:::~~~~- 12 ft Q X 4 ft ~igh . . 

Oscilloscope Impedance 
Network 

·. 

Transtdtting Electrodes 
Ag, AgCl, Position _E 

--c=J 
Am}lifier F.M.. Tape Recorder 

Fig. 76. Experiment devised for observing the reaction 
of electric fish to its own or to another speci­
men of the same species electric signals. 
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Approximately 3 minutes oi film (from 120 to 75f = 45 ft) analyzes 

the ability oi Gym11archus niloticus, an African fresh water weakly electric 

fish, to swim through a double row of parallel nylon fishing lines set at 3 

inches distance without touching them (Fig. 78). This species has vestigial 

eyes, and is blind. The movies show that the fish can pass through the linf';s 

swimming sometimes at relatively high speed both forward and backward. 

The Gyrnnarchus niloticus peculiar way of swi:nming can be seen and how 

it uses its dorsal fin in an undulating screw-like movement. This way of 

swimming enables the fish to hold, if necessary, the body in a straight 

position and make good use of the navigational and detecting ability it bas 

due to the electroreceptors array, in its active or passive mode of recepti.Cl)J. 

Another electric fish Sternarchus albifrons was introduced in the tank to 

demonstrate its ability to detect ~nd interpret the electric signal of another 

fish cf the same species (75 ft mark on film). Sternarchus has a ventral fin 

and uses a similar swimming technique as Gymnarchus. The fish seemed 

to be · very disturbed at the beginning by the electric ~ignal it received. It 

looks llke it is attractt:!d and then repelled. T:"le fish undulated its ventral 

fin but it did not move because the ventral fins were moved back and forth 

in a sequential backward and forward propelling action. In this way the fish 

is staying ]n a fixed position and it lo0ks as if it ponders to advance or to 

retreat: the problem it has iS to decide if the signal is from a bigger or a 

* smal!er fish. The signal of Sternarchus No.5 was recorded on magnetic 

tape and played back in the tank with the help of two 8 inch long, 3/8 inch 

thick carbo~ elrid:l"odes placed in the middle of the tank. The signal was 

ampl:.fied to~ - .r: lightly higher amplitude than the original signal (100 to 

500 oV). 

The same species different specimens were numb~red for statistical 
purposes in t.'le order we received them. 
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repetition rate of the electric fish Gnathonemus petersil. · 
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Fig. 78. Gymnarchus niloticus passes through nylon fish line maze 
without touching it. 
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The !ish finally moved close to the electroC.es to investigate the dis­

turbance (at point marked~ 65 it). It moved directly under the electrodes, 

tUl·ned around them, went on the other side of the net, returned to one of 

the electrodes and retracted to a far corner of the tank( ... 55ft point). 

Gymnarchus niloticus No. 7 was introduced in the tank. The boundary 

conditions were changed by lining the inner wall of the tank with heavy aluminum. 

foil (Fig. 79). The fish is investigating the tank and swimms irratically from 

one side of the tank to the other side ("" 40 ft point). Because the fish seemed 

too nervous we took it out of the tank and put it back into its normal aquarium. 

Another specimen of Sternarchus albifrons (No. 5) was ph ced in the 

tank. A magnet covered with two layers of polyvinyl was lowered in the talik.o 

The fish obviously avoided the magnet (Fig. 68) and tried to escape its mag­

netic field. 

A piece of nylon rod about the size of the magnet and wrapped in the 

· same pol:;rvinyl was introduced into the tank. The fish did not appear 

frightened. The nylon rod could be brought very close to the fish before it 

slowly retreated. 

A Gymnarchus niloticus No. 9 was put in the tank and the experiment 

with the magnet Wa.s repeated with similar results as for Sternarchus albifron.~ 

(25 feet t:J the end of the color film). Both fishes reacted to the magnet 

(""' 1000 gauss) at over 1 meter distance. 

The electrical signals of two specimens of Gyrnnarchus niloticus and 

one specimen of Sternarchllc_; albifrons and of Gnathonemus petersii hr..ve been 

recorded ona magnetic tape as follows: 

Gyrnnarchus niloticus N = 9: 

Gymnarchus niloticus N = 7: 

. Sternarchus albifrons N = 5: 

Gnathonemus petersii N = 5: 

90 

from 50 ft to 3 50 ft 

from 375 ft to 710 ft 

from 725 ft to 925 ft , and 

from 940 ft to 1250 ft 

... . - .. ·-- - - -~ --..· · · · - - · - - · -- ..- ·- · · · - ~ · -- -. ................. . ---.. ·#~ ------- .. -.- ... - ... - - ._.-...... - -.,.-·...,., - ---,.-.roo, .. __.._~, ----.... --. .. ~ - - -~--
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Fig. 79. Fiberglass water tank lined witl1 aluminum foil to check out 
effect of boundary conditions. 
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The signals of both specimens were played back from the tape, am­

plified to its original value, and connected to two electrodes (silver ch lorioe 

or carbon) immersed in the water of the big fiberglass tank. The Gymnarch'JS 

niloticus No. 7 was introduced in the ·tank and its behavior was filmed. The 

fish sensed the signal played back from every corner of the tank (maximum 

180 em). It swam under the electrodes and remained there for a while (Figs. 

80 and 81). The experiment was repeated with the inner walls of the tank 

lined with aluminum. The fish seemed to react f::~ster. When the signal was 

keyed the Gymnarchus reaction was very quick • 

• The two electrodes can be clearly seen at the beginning of the film. 

The tape-recorder can also be seen near the tank. Th~ fish seemed puzzled 

at the onset of the signal and criss-crossed the. tank. Then it came close to 

the electrodes, moved away, came close and again moved away. We played 

the signal at their original level and then attenuated it by 40 dB and the fish 

would still react to the recorded signal. 

From the first anCJ. the second film we found that the electric fishes 

can use their electric system to navigate and communicate with each other 

if they are of the same sp~cies. We did all our experiments ln a closed 

room anC. the electrical wiring system in it produced a very high noise com­

apred with the received signals • . The fishes were not disturbed by the high 

noise, because their receiving sensory system would average the noise, but 

not the repetitive signal of an electric fish. If the electric signal of an 

electric fish of a different species was played back, the signal had to be of 

a high level to be noticed by the subject (over 5 Vat the ele'::trodes) if the 

subject 'NelS far from the electrodes: < 1. 5 ~ and if the signal was graduall~· 

increased in strength from say 100 mV to 5 V. Ji the signal was keyed, the 

fish sometimes reacted to 1 V. 
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Fig. eo. 

Fig. 81. 

. ·• ' ----·--·- .... , . _ ... ~ -- .... ... . . 

Gymnarchu.s niloticus senses signal of another !ish of the 
same species and directs itself toward the electrodes 
(carbon electrodes). 

Gymnarchus niloticus stays un~er the electrodes (silver-silver­
chloride) during replay of its own signal. 

93 



c 0 0 0 2 2 0 57 . J.:.~ .. ~~~-~~- 1 .• ~-~~=-·- !.+:Eib _ _ IYJ=s=-~·- ·· ::!!!!'!OS£!£LS!!!!!!!!!!!'!GG!!!"' • ....,_ !!!!!• "'!!'ll!'Y!!""". ~""""""""'""""""""" "-·- • • . • 

o e 

We also tried keyed direct current and observed that Gymnarchus 

niloticus would react to impulses of less than 1 V, but it showed some 

habituation after ten or fifteen keyed signals at the same level. If we doubled 

the amplitude the fish would react again. 

2. 5 BEHAVIORAL EXPERIMENTS USING PHYSIOLOGICAL METHODS 

Some electric fishes have a variable rate of ele~tric s5gnal beside 

changes in their amplitude. Gymnotus carapo, a fresh water South American 

weakly electr ic fish, Gnathonemus petersii and Marcusenius sp. , both fresh 

water African weakly electric fish, belong to these species. When an object 

is brought in their proximity they will usually increase the rate of thei:r signal; 

this increase depended on the distance from object, its size, composition, 

acceleration, etc. If the object comes too close to the fish, the fish may stop 

to transmit electric signals altogether. Cessation of s ~gnal transmission may 

last for seconds or minutes; i! the fish does not sense any danger it will re­

sume after a while signaling at a very low rate. 

The eff-ect of a magnet on the signal repetition rate of Gr..athonemus 

petersii was studied. The fish was confined in a Incite tube with electrodes 

at each end. The fish increased the rate of the signal at a distance of 90 em 

from the magnet from 2 per second b 10 per second. When it reached 20 em 

from the fish, the fish stopped transmitting. Objects of stainless steel, iron, 

brass, aluminum and nylon, all 1 in. x 1 in. cylinders ?Jere immersed in 

the 12 ft fibert;lass tank and their effect on Oymnarchus niloticus and 

Gnathonemus pe_t,ersii recorded. Gymnarchus niloticus was swimming freely 

in the tank (F~e- 7B), but Gnathonemus petersii and Gymnotus carapo have 

been confined :.n a. tube as aescrib~·d above (Figs. 70 and 71). The electric 

signals of the fish were picked up by shielded cables, a:nplified and displayed 

on an oscilloscope, the repetition rate was recorded with a !reqv.ency counter. 

34 



The brass cylinder was detected by Grmthonemus pctersii at a distance 

of 100 em. It increased its frequency from a rcs~ing activity of 2 per second 

to 9 per second. Wllen the object was brought close to the fish (between 10 

and 20 em), it stopped transmitting. The iron cylinder effected the repetition 

rate of tte signal at 30 em, raising it to 8 per second. The stainless steel 

did not affect the repetition rate until it was at 20 em distance and then it 

raised i~ at 8 per second. The nylon cylinder was detected at 5 em distance 

and then it raised the repetition rate of the input to 14 per second, it did not 
stop transmitting even when the nylon touched the fish. 

Our findings have been summarized in Fig. 77 showing the initial in­

crease of impulse transmission and then their cessation, using brass, iron, 
stainless steel and nylon. 
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3. CONCLUSIONS AND RECOMMENDATIONS 

In the :?revious chapters the transmitting organs, the electrore:ceptor 

system and behavior of some African and South American electric fishes was 
examined. EJectric~. l signals transmitted by electric fishes are very specuic 

to species and subject. Coding is in many cases very complex1 having two 

or three degrees of freedom. 

Electric fishes can use their electroreceptor array in an active or 

passive mode ior detection, location and identification pP:rposes of under­

water objects. They use their transmitting-receivlng system also for species 

recognition and communication. From our experiments and observations we 

. concluded that electric fishes use their electroreceptors, the other sensory 

receptors of t:,e lateral line system, chemical and gustatory sensors and 

their hearing ability in a hybrid cress -correlating and integrating system 

for detection ~nd location of objects. The Mormyrids {African electri.c fisht•s) 

add to this system their vision. 

It is reasonable to assume that under water which is an environment 

difficult for communication, a cross-correlation between the signals re­

ceived from different sensors as a result of different stimuli, would be more 

effective in a decision with regard to the nature, size, direction, speed, etc., 

of an object, than any of the senses taken alone. 

Accordingly we recommend that the sensory system of electric fishes 

should be studied in detail. It is not enough to find out what kind of receptors 

are used in th=ir detection abillty of objects, it is essential to study what 

are the morpr.ological, physiological and biochemi.cal processes involved in 
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the detection of a p:lrticular object in a given environment; how are physical 

properties of objects diStinguished, their movement, form, size recognized 

and how is this information integrated in the highe•r nervous centers. 

It is also important to use a number of s~ecies having .different 

electrical transmitting and receiving system characteristics. Besides 

the obvio'l:S advantages of such a detailed research for practical purposes, 

the results would be benefictalln tracking down effects of di!ferent obnoxious 

stimuli or. the nervc.·.s and cellular system of man. 

McGeer<63) and Axelrod(64) investigated th~ neurotransmitters in the 

brain. They mentioned dopamine, adrenaline, serotonin, octopamine, hista­

mine, gamma aminobl.ltyric acid, glutamic acid, aspartic acid and glycine. 

They dealt mainly with catecholamines, since more is known about these 

compounds than about the others. The catecholammes include noradrenaline, 

dopamine and adrenaline. 

Acetylcholine and acetylcholinesterase also play an important role 

not only i:J. the brain, but in the whole nervous and muscular system.
1 

When 

high quantities of acetylcholine and its ester were needed, electric eels 

(El~ctrop~orus electricus) hav:e bt:en used to extract the chemical from their 

main electric organs where it could be found in high quantities. It has been 

done at the Columbia. University, New York, Depa::-tment of Neurochemistry 

by Dr. Nachmansohn, and more recently at NIH by Dr. Trams and Dr. 

Albers at the Department of Neurochemistry. Professor Waser from the 

Physiological Institute in Zurich is extracting the acetylcholine and acetyl­

cholinesterase from Torpedo marmorata and I witnessed some of their 

experiments. 
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Besides the bisquaternary phosphorus compounds which are potent 

anticholinesterase it may be possible to produce anticatecholamines or any 

antineuro::ransmitters with cat<>..strophic effects on the nervous system and 

mankind. 

Not all the electric fishes use a neurotranSmitter or the electric 

organs chemotransmitter acetylcholine-acetylcholinesterase. It can be sai.d 

for sure th.<tt Sternarchus albifrons and Malapterw:us electricus use other 

neurotransmitters. These have to be investigated and identified because 

they may be a prime source of another neurotransmitter than acetylcholine­

acetylcholinesterase. 

Na :rcine braziliensis is the only marine electric flsh having two 

electric organs. The main electr:c organ is thought to be similar to the 

electric organs of other torpedos. The use of the second electric organ is 

not known. Because most research on location of objects and communication 

between !:.Shes has been done on fresh water electric fishes, an investigation 

of the electric syste.t? of Narcine braziliensis may lead to very meaningful 

findings for marine environments. 

Since we do not have all of the answers at l'.and with regard to the 

conplex hybrid sensory system of fresh water and marine electric fishes, 

it is impcssible to design and build an artificial sy:;tem modeled on it. If 

we desire to copy something, first we have to ~ow what we intend to copy! 
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