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AES'i'RACT 

AD ev&luative reviev o~ the e~ec:'tMaensiug literat'UZ'e V&."' CUTied out 

with the intention ot d-.terminins the nat'UZ'e ot the electroaensins mech!\Dim 

az:4 ita sensitivity. It vaa ~ound tll&t the biol.,~cal ~ta bue vaa ¥eM. It 

vu, hoveYer, uaetul in the deYelopaerst ot a math~~~~~atical model azul mathl!lll&tical 

~ea ot the sense mechaDim and 1 ta t'lmction. In the l:O'UZ'Ie ot the ~·••, 

ve sugest a vorldna ~thesis on tho D&ture ot the IIHlle mechaait.111. Ve also 

call.apae the vvioua sensor cocliDg achl!lllles that have oeen proposed into one 

scheme. 1'he t'lmction ot the ID&thematieal. .Odel o~ the seasor tat vu devel.ope4 

vu explored with the use o~ a c.c::IIIIPU'ter. The tiahes' t'lmetiou at the 117St• 

leTeJ. vu also considered and poasibl·!l mechanioDU de~ed • 

. . . ·_ .. _... . · .--. ·~ .. 
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Ill'l'RODUCTIOll 

It haa ODl1 beea a short time since certaia tish were identified .. 

vu obsened that these tish appareatll' det ctc:t and classifY objects that 

eater into aad perturb a veak electrical field that the fish itselt paer-

ates. With turther iDTestiption it vu touad that this sase is ID01"C 

generalll' tOUDd UIOilfi fishes than vu first thougbt. Data also appeared 

indicating that SCIIle fish, suCh as the shark and goldfish, uae a puaiTe 

electrosen.iac system in that the tisl- does n~ seem to generate its CIVIl 

electrical field. Rathel", 1 t seems · to detect electrical aiplals, po .. ibll' 

lllUScle potezrtials, generated 'b7' objects cCIIIIiq into its area. 

Al.thoueh there is ncv a tail"ll' au!lstantial. ckta base, ve f'1Dd that 

Tf!!r7 littl.e can be applied to the c!cwelopaent ud. WII!U"Staad.iD& ot sense 

mech&llia 8l\d. sensitivity. This is due in part to the tact that piODHI"iDc 

data in this arK, as it is. in 111011t ueu, tend to biEYe taults ao matter 

hov •:ompeteat the iDvest!ptOl"S. Purther, the data base contaiDs Ter7 little 

behaviOl"&l data. 1'hua. there is little iDtOl'lll&tion avallahle on qat• sensi-

tivity and t'lmction. 

ln IIUIIl1 thoUgh there ar~ indiviclual investigators contributing quit' 

usetul data to the d.l.ta base, as a vhole the dats base is walt. Thus, ve 

have undertaken several tu~ vhich JU¥ &ll.ov liD usesqeat ot the tiiO~ea' 

electroseuiq mecbacia &lld capability, uaiq the data preeentll' available. 

First, tbl"ough lhd ted experilleatal vork vi th electrical t1el4a , au-

sora, &lld. objects in various size bodies ot vater ve ha"Ye ptbered data vbicb, 

vhen taken. with the mathematical ana17!'1s, allows us to interpr~t liNCh ot the 

data nov available. This analysis also provides a specification tor tank size• 



t1sb location, and attacbments, that vUl yield valid data in tuture studies. 

Second, we bavto sucsested as a working b:ypotbesis 1111 electrosenso~ 

mecbaniS11l. This hypothesis is subJeet to test and thereby mq provide the 

means tor collapsiDg the current multiple erude catesorf1.ations ot the re

c.eptor that is so t)-pical ot a new area ot iuvestiption. 'l'he hJpothesis mq 

also prori4e a buia ~or a.nal.7zing higher interactions in the fishes' nert'OWI 

system mel thereby increase our underst.tme11na ot the sense. 

:rMrcl, we indicate in t!le tollovtna the 1llnkage among the various neural 

coding schemes sussested tor the tish and show their essential identity. 

Fourth, we develop a mathematical model .ot the fisb baled upcm tbe use

able experimental data. A set ot ·equations describing t'lmction is developed 

on tbe IIIOdel. 'l'hese equations are l.i.Dked to available experimental data. 

'l'he mathematical liiDdel is &D&lysed by a caarputer to ucertaiD the sensitivity 

requirements ot the tish at tbe receptor and to detensine the ette;:ts ot mazli

pulating a "r.:::.aber ot variables. 'l'hese variables include tish size, obJect 

size, obJs:-t electrical characteristics, obJect clistuce trom the fish, clirect.ion 

and sagle ot the object t1"0IIl the fishes ' axis, etc. 

We 'bl'ief'ly discuss the fishes' tunction at the systems level and close 

With aur concl~ions concerning the electric sense. 

NATURE OP THE BIOLOGICAL ' SYS1'D( 

Both marine and tresh water species or 3tronsl7 and weakly electric 

tisb have evolved. Strongly electri~ tisb are detined as those that dis

charge their electric generating organs reactivel7 to stun prey or resist 

capture; Weakly electric tisb are defined as those that detect and cl&asi~ 

obJects by the object perturbing the electrical tielcl formed b.Y the electric 
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generating organ vbieh normallY emits a eontinuous pattern of ~es. The" 

electric tiel~ so set up is not strong enough to stun other tish. 

There are DUIIIerowJ species of weakly electric freshwater tish but 

3 

most ean be elas~itied as either gymnotids which are South American in orisin 

or IIIOl'IIIJrids which are eaiiiiiOD in Af'rica. 'l'he tvo groups haTe Jt.a117 s1JII1larit1es 

and SCIIIle dit'terences in peysical stZ'Ilc:ture and in the t'lmcticm of their e1ec

trieal tield ceneratins· oraans and receptor orpz1s. Other vn.kl7 elec·tric 

fish bcl.ude G)'IIID&rchua, an Ab'icau fish, proba~ related to the morm:rrid.D , 

.-.nd sternarchid, a South .American tish that is probabl)' related to the 

G;ymnoticla • 

Generator _2::5!!!. 

AD understaudinc of the structure aud f'lm\o .-:~.em of the el.ectrieal field 

~~erator orpD is of importuce in understanding receptor tlmc:ticm. 'l'hua, 

generator timcticm v1ll be conaidered first. 

~.e cells of the pnerat~..nc organ an referred to in the literature . 

as elec:tropl&ques, electropl&x, electroplates, or electro~"tea. We shall 

tollov Bennett(l970} ad use the term elec:troe)'tes. The electroc:rt .. are 

derived t:rca the JUflodb'lll (Subo, 1966} ,the see t,-pe ot embz7onic ti8sue 

as IIIWicle except in the South America t'amil)' Sternarchidae. 'l'be oricin 

of th~ el.ectrocytea ot the sternarc:hids is the •lliae embryonic tissue t:rca 

which the neural system is derived, the ectoderm ;(Steinbach, 1970). 

Electroeytes of mesoderul. oripn are typic~ dbc shaped, but UT 

also be drulll shaped cr tubular. Electrocytes ot ec:to.le:naal oripn are U 

shape:ll processes trom the spinal cord. The electrocytes ot the Q~~Dotid, 

lf7popoaauS, are between 3Q0-50f'\ ., 4.::-. diameter ad ~bout 200 I' thick. The 

electroeytes ot' Sternopygua em the other h11Dd are: rod-shaped au4 lllUCh lancer 

____ .,. _. __ __ ~·--- .. ·---·-----·------------·- ·--·---------·-·----··-··-··-------- ···-· 
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tl:wl those of' !iypopoiiiUs. They are about 1-2 11111a in the anterior posterior 

direction and 200 u in diameter. These cells are packed together tightly 

vith little ext:..•acellular space, vbereas the electrocytea or Kypopoams .are 

separated by a considerabl~ amount ot extracellular apace. , 
'nle el.ectrocytes are "stacked" in col'UIIIia in the ~ear portion or the 

riah'a ~ to f'ol'lll the electric generating orpc. For ~·· the electric 

organ of' Gnathonemus, a IIIOI'IQ'l'id. is located just in front ot the tail tin 

and extends f'orvird less than l/5 ot the f'iah's body length. GymDarchua' 

electric generating organ extends trom the tail tin to nes.rl;y the midpoint. 

The generating orpns ot the Q11110tid GYD~Dotus, and ot Sterna.rchua extend 

turther troll the tail tin almost to the back or the head. 

The veakly elec:t~ic treahvater tisb can be catesox ' zed in terms ot 

patterns or di sch&ra-e: those vith 1·ariable trequenc;y and those vith con

stant trequency. Constant trequency tish are defined as those that discb&rp 

their electric generating org&r~!l at a virtually constant rate ev• vl].en 

strongl.;y stimulated b;y an experimenter. Some ot then ar.-e EigeiiiiiiDftia, 

Sternop;ygus, and the sterna.rchids. These ditterences are not absolute, bow

ever, and there are species ditt'erences in basic rate. The generating organ 

ot the IIOna;yrid Gnathonemus tor example, is reported {Bennett, 1970') to dis

ch•age at treCi.uencies ot 3Q-l00 pulses per second {pps). GymD&rebul is re

ported to discharge at a trequency of' about 250 pps; Gymnotua has a trequency 

rate of' 4o-6o pps; Eigenmannia e111i ts pulses at a rate ot 25o-400 pps; Sterno

~Y~~ tire~ at 6o-100 pps; Steatogenys emits ;pulses at 4o-60 pps; ~d HYPo-
. l 

pomus at 2-20 pps (Hqivara and Morita, 1963). Sternarchids discharge at 

1. Each type of' tish has a vaYef'orm that is specitic to itself'. 'l'heretore, 
although Gymnotus ancl Steat.ogenya have the ou~· . t'reqnenc:l as, their va-we
:orms .are different . These ditterences in ~,.vetorm may be functions ot 
the experimentP.rs' eomr~tence ln en~ineering. 

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



C00022031 

rates of 600-2000 pulses per second (Erskine, Howe .& Weed, 1966). Fish that 

are reported ~o em1 t at variable trequeney gener~y increaae thei,r discharge 

rate lll&l'kedly when stimulated. Fish that exhibit this characteristic are 

the IIIOriQrids (Mand!'iota, et al, 1965), !lypopoiiNS, Steatogenya, md GJIIDC)tua 

(Larimer arsd McDonald, 1968). It should be noted. that coastaDt trequen1:7 

5 

fish do vaz:r their t'requency under certain circUIIUitaDces. 'l'bese circumstiUlces 

iDc:lude the presence 0~ uother .lipal vtth t'requeney c~ose to the fishes t • 

For example, Eisemun.,ia which hu ars orp~~ discharge rate ot 40G pps shitta 
r. • • I . 

1 ts t'requeney lO to 20 pps when cont'ronted vi th a 400 pps signal ( t..rilller & 

McDonald, ~968 ) • In this ~ontext , a1so, is the obse:t'V'&tion that G;ymD&rehua 

temporarily ceases its discharge entire~:r when presented vitb a sipal lllilllick• 

iDg auother G,mnarcbua or when sta:r'Ued. (Bennett ,l9TO) • 2 

'l'be Mc:ha.DiiJIIUI for controlling electric O!'SUJ. output are iD the med• 

ul.l.ar7 portion or the bn.1n arsd appear to be similar among veat11 electric 

fish. A 8III&U SNilP o~ cells 1D the lll8dul.la are autoactive ud tire Qll• 

cbronoua~, app&Z'f!Jltl;r act ins as a pacemaker. 'l'beir diacharp appeazos to 

trigger aaother group of cells 1D the medulla cOIIIDODl;r referred to as ae4-

ull&r7 "relqs". .Axons traa the medull.ar:r relq cella descend u part or 

the spiDal cord to s;rnapse on spiD&l. relq neurons.: 'l'bese in tuzon c~-

cate the sipal to the electroqtes. 'l'be eletrtrocytes ot the e:ectric sen-
eratiDs orgars tire a;rnch!'onousl;r because o~ one or ;1110re ccapensatoey mechaD

isu 1D thl! relq patl'.vay tram the pacl!lllaker cells.' One mechania is vari-

ation in lensth ot the pathway to the eleci\r.,cytes •' 'l'be axons to tne more 

distant electr~cytea ·extend in the strai~htest possible line but those to 

the less distant electroeytes fellow a circuitous pattm•..t. A second mem• 

ot l"AintainiDg s;rnchronization involve a de~q line mechanism vhereb;r the 

path~s to the eleetroc:ytes di~ter in conduction ve~ocitiea. 

2. It 'paasive e~ectric sense ts more common than. is thought. this could 
be & protective reac:tioa. 

·. " "' 
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A number or investigato~s have measured the voltace output ot the 

generating orgaD. HJpopomua is re~rted to ~t<llerate a voltqe or 8 volta 

peak to peak vhen electrodes are placed on the head ud tail vi tb the ~sh 

1110re :no leu out ot the water. The saae tish in vater is reported to aenerat.e 

a voltage ot h'clll l:l to 200 millivolts. 'l'he in-vater meU"UZ"eunta were taken 

vith t110 stainless steel electrocles, one placed in tront or the fish SD4 oue 

placed bebi~ the fish. 'l'he di~tuce between the elec·i;ro4ea was not given 

nor vu the 41stuee betveen the electrodes cd the fish &iven. In general, 

ve tind that inadequate i~oru.tion is given in the reports or vol.tace 

meaaUl•ements or the el.eetrlc organ output. 

Based upon the inad.equate iurormation that is reported on voltap 

uaaureaents ud upon meaaureunts that ve have 11184e in vater. ve voW.4 

suggest iporing the measurements reported in the literature. In measure-

menta in our laboratOry simulating the reported data, ve touncl that the 

vater acts aa a very high distributive resiatcce. When aD oscilloscope 

is useci in tbe t)'pie&l.ly' reported raahioa to measure tbe tiabea • val. tap 

output the input impeclenee ~r the scope is being placed in parallel vi th the 

resistance ot the n.ter. EYeD vben & hip input illlpec!ence scope 1a used, 

there is & loading erreet upon the circuit. :Thus, ve belif!Ve, baaed upon 

.;.ur measurements and the reported investigations • that the investigators 

have b•en inadvertently loading down tbe tiah's electric field generator 

tbrougb the use ot their measuring device~. 

we CaD summarize the salient points by a&7in~ that these fish generate 

a pulsed electrical tield in the water. 'l'h generac;or is located 1n tbe 

po:sterior portion ot tbe ~. 'l'he generator components have th~ir outP.,.ta 

sync:hronized 'b1 a clock. In some species the clock is more or less invarient, 

in others it varies, in pa:t, as a function or external events. 'l'he reason 

j 



tor this dif'terence among apecies is unknown. '!·he voltage output of -t:!le 

genua tor and the etiecti ve range or the ti.eld are unknown due to inadequate 

measurement technique. 

Receptor llrsan 

The veakl.y electric :treshwater !isb are reported to have both act1Te 

and ~aive sworr systema. The active s;yet• prilllaril.;y detects disturb

uaces in the fish generated E tield. Tbe passive s;ys1;n is primaril;y scsi

tive to energy provided b;y extrinsic sources. ii411 are not so sure that the 

data rea.l.ly indicates two such s;ysteu in the same fish, blrt. ve sh&ll tollov 

the cOD.'Tention tor the time being. There is better evidence that there are 

a 11'1.11lber ct tish, sueh as sharks urd. gold tish, that have good passive 

electroaensing s;ystema but _no actiYe s;yst•. 'l'hese latter tish and pusive 

systems 8Z"'-' not considered, as such~ in this paper. 

G:ymnotid receptors. There are two basic types of' electroreceptor 

orpu rttpOrted in the li tera.t~~. The ditterences IIIQ' ~e 11110re apparent thaD 

real ~ terms ot tunction. 

'l'he ampuJ..l.ary' organs are believed to be the passive 11)"8t• sensors. 

Tbq consist ot cella that maintain a continuous rb;ytbllic back/p'ouDd tiring 

(lov rate spontaneous impul.ses !'rom the receptor :to the brL1n). 'l'hu.s, t'!l.q 

are ::.-eterred to ·as tonic receptors. This b&eJtc7.'0UDd tirizlg appears to be 

unrelated to electric organ discharge. 

'l'he baCkground f'irin~ shirts smoothl.;y to a higher or lover rate in 

response t.o the electrical sources moTing into the fish's ranp. The response 

to a brief' stimulu, tor ex&r4ple, is acceleration tollov~ b;y decelerat1=. 

The acceleration phase can outlast the stimulus and accor41J:18 to Bennett 

(1970) ther,.. is accomodation to maintained stimuli. 'l'hese receptors c ·e 

11ensitive to lo•· :trequenc;y electrical t'!.~ds and to changes in a DC tield. 
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Their response to az: appli-ed eurrl!nt is a· 1110cotonic increase. 

The active system secsors are called tuber .;·.1s o;<gacs. 'l'bey are lllOre 

rapidly adapticg than tocie receptorK. They are ee~sitive to relatiYely 

bigh trequeney stimuli and are insensitive to applied DC. Their tiriLS is 

related to electric orsaa discharge in that they respond with a train of 

pulses to each electric org.sn di:'teharge. Thus, they are referred to u 

phaaic receptors • 

Aa seen on the skin, the ampullaloy acd tuberous organs difter. They 

' also ditter in appearacce tram mechacorec !ptors, i.e., eacal organs acd 

tree neurOm: ·ts. The tuberous orgac appears on the s.k:ttl surtaee as a 

s.incle small pore, even though it bas no opening. The ampull.ary organs 

appear as a group ot amall pores. As an indieation ot the number ot r.ecet•t~ 

O!'s touad on a tisb, !t ean be noted that Lisaum: and Mullinger (lS.68) tounc'i. 

that there VJn"e ~ , ':Ou ampul.l&rJ" and tuberous organs on a 6 ='·• long Steat.o-

geays. ·Most receptors, ~t 95 percent,' are phasic receptors according to 

Lis~ and Mullinger (1968). · 

ID considericg the tine struc1:ure o! the receptor or;.ms, 1 t c..'Vl be 

coted t.h&t the uapullary organ has the ap,pearanee ot a flask vi th a narrov 

duet (5-20 ;1 in diuaeter) leading tram tbe skin surf'aee to a .cavity (3o-

40 ~ in 'diameter) that is lOcated l00-50C 11 within. the skin. Embedded in 

the cavity wall vitb only a Slll&ll surta.c:e exposed a:re the sensing eells ot 

the orgac. These sel'lsing cells ·are lD-15 11 in diaeter with each orgac 

containins tv~ to eight ot them. Some microvilli 0.8 11 long are irregularly 

distributed on the ~sed surface ot the sensing ce~ls. Filling the duct 

and cavity is a Jelly-like substance vitb no known tunc:tion. All sens'! ~ells 

in one organ teed their sitrnals to the sue myelinated nerve tiber. 'l'he nerve 

is unmyelinated vithin the orp:an, havinp, l.ost its myelin sheath an~ dividing 

be f'ore entering th•· orl"'lll. 
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___ ..,, OOSE Et'!THCLIAL CELLS 
==:it-..---ccnii!I .. G C.EUS 

nN._---c:;J;LLULAit LAWU OF C:APf.UU: 

~1---lttC:tPTOit Cr .:.L 
~L...4HW..--...-.-VL iEitMINAL 

DL~~~~~~~----.~~T~ CELL 
_+""..,_...,. ...... '-.p~~----HENEilVE F'IIEit 

g~;;l~~-SIGN SUAMCE 
~[~~&J~~--~[LLY ~~~ 

lllC:EPTOI c:n.L 

...C: OU S _,.ST.UCC 

IICEPTOI CtLL. 

I' IAS(MENT MOIIIAHE 
PLATFOIM 

Fig.l a) Schematic drawing ot the two types ot ampull.a ot Sj"'IIIDO- · 
tids, b) Schematic drawing ot the tuberous organ ot the sr...noticl, 
c) Schematic drat~ing ot the ~rmyrOIIIUt ot th~ monryrid, d) Sche
matic draVino ot the tuberous organ ot the ID0!'11111"1d. 
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There are a .Jl"eat IIW1T clusters or tive to t1tteen ampull.ary receptor 

cella on the h~ad. On the body there are tf!!Ver clusters and they tend to 

be restrieted to 3 bands that extend longitudin~ aloq the fish.~ 

The tuberous organ consists ot a bulb shaped 1Jrnacination ot the skin 

u show in Fig. lb. 'l'h~ side ot the bulb is ccarpoaed ot 10 to 50 lqers 

ot flattened eella tor a . total. thickne-.a o't 2-5 lol· 'l'he bott011 ~t the lNlb 

is made ~p of' supportillg cella upcm which the numerous aena1q cells rest. 

'l'he sensillg cell:s are 25-30 11 long and pro~ect SCIIIIevbat like rods into the 

cavity ot the bulb. They are ordered such that the gap between a4Jaeent 

sensory cells is rel.ati ve~ constant • Each sensory cell is covered on the 

caTity end vith microvilli 0. T " long. 'l'he cavity is tilled vith a fluid 

or poss1~ J~-like .substance. Loose epithellal-like cella till liNCh of 

9 

the cavity above the sensory cells md appear to plus the pare to the surface-. 

l't.e sensory cells teed. their signals to a single nerve vbicb, ill 1110st cues, 

loses ita myel.in sbe!ltb where it pt·ases into the tuberous orp11. ID a IIIUl.l 

proport1.on ot the t_uberous orpns the IQ'elin sheath is retained. 1mt:ll the 

nern tibe;r enters the SeDSDrT cell. 'l'he tuberous orpns are rand011ly 41s-

tributed on the head, vbere they are moat nllllleroua, md on the anterior bal.t 

ot the boc!;y. OD the posterior halt ot the body the tuberous oreana are toWld 

in tour long1 tuc!inal bands. 

Mor?;yrid receptors. In Monll)'l'ida , the electroreceptora are ret erred. 

to as m.o~sts and !Cnollenorgsns (Szabo, 1967). 'l'he IIIOl'IQTOIIIUt is a 

two lnel. organ that ecmt&ins at the surtaee l...-el Sen80!7 eella (type A} 

sia1lar to the ampull&1'7 sen~ory cella and at the second leTel sensory cella 

(type B) silllilar to the sensory cells ot the tuberous organ ot the Q1111otids. 

'l'ypes A and B sensory cells are always separately innervated. 

3- The t .ish being described is Hypopomus artedi, a species ot gymnotld. 
Details vary slightly trom speeies to speeies. 
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The type A sensory cells form one or two concentric aureo~es at tAe 

base ot a "jelly sphere" located near tlle surtace or the skin &I! shewn ;;.n 

Fig. lc. In the center ot this aureole, a ~ d':ct ~eads to a more deeply 

situated sensory chamber in the skin within vhicb the type B ce~s aro 

l~cated. The inDer surtace ot the duct vall bears tiny microvilli. The 

duct aa we~ as the lover cienaoey ch!llllber f. a tilled vi tb LIIIUCOU . substece. 

'1\.-o to tive sensory cella occupy the lover sensoey chamber. 'l'be type 

~ cel.!s with their supportins cell plati'orm th~ similar to the tuberous 

organ are lllll&ller. They do not completely tW up the sensoey chamber and 

their tree sur'f'aces bear a arge n'UIIlber or lllierevilli • . 
The type B senaoey cells in a ~t are inner. .. ted b)" a aingl.e 

nerve tiber which splits i.mzlediatel.y after penetration tbrough the supportiDs 

cells into several branches to 11erve the sensoey cells. Wbere the nene Joins 

the type B senaoey cell membrazle a rod like projection, 0. 5 1o1 in size, occurs 

vi thin the sensoey c~.ll.. 

Each tne A sensoey cell 1a encircled by several acce .. ory cells. ':be 

seasoeyo cells aad their aecesaoey cella are bottle-ab~. 'l'he apic~ or 

tip portion ot both sensory &ad accuaory cells contaet the jelly sphere. 

The nerve fibers iDnervatinc type A cella lose their 111Jel.in sheath betore 

enteriDs the receptor o1•gm aad pass UIODC the accessory cells to contact 

the sensoey cells. As with type B cells, vhere ,the nerve Joins the sensory 

ce~, there is ·a roci ·present at the sensoey cell membrane. 

The JDOrmyrids &lao have receptor organa, kDollenorgana. vhich are some-

vhat aimil.ar to the tUberOus organs ot the Q11Dotids. Derbin aad Szabo (1968) 

describe them as being c:aposed ot tbree or tour sensory cell cOJDplex:ea oa.e 

ot which 1a shown in Fig. ld. Each cOIIlplez is a aingl.e sensory cell attached 

to a highly ditterentiated supporting plattorm ot cella. The organ is inner

vated by single nerve tiber Vhich is derived trOll a nerve that appears to 
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serve many sensory cells. 

The sensory cell lies in and almost ~lete1y tills a caVity ia the 

llda at the surface. The vall or the caVity ia tormed. b7 t1atteaed-.epithd-

1&1 cells. The interior epitheUal cells haYe lllic%'0'rlW-like proct:r,a" 

vbich deDIIely pack the space about the SellS0%'7 cell. 'l"be c&Tity hu a re.La-

ti'W'ely lazoge opening toward the supporting cells tbroucJ:t vbic!l the aeaaoey 

cell contacts t4e ·nerve endings and supporting cella. The sensory cell its~lf i: 

35-40 ~ in diameter. 

In S'UIIl then, the veakly electric fishes ot South America, the Q111DOtio.~ 

and ot Atrica, the 11101'm)'l'ida both seem to haYe receptor orpaa that are 

sillil.&r iD aaaae respects but cUtter in other respects. Tboup therfl are 

structural ditt'ereaces 1D receptor organs vithiD IIDd betVHD species, the 

eridence sussesting that there are ditterencea ia t'lmction 1a rather weak. 

We shall nov consider this JD&tter ot the reeeptor orp!l mel r.;-atem t'lmct!nn. 

Slat• P\mdtion, Meaau'!'emeat, Technique,aad SeDa1t1Titz 

ThiG section vill, ot neceadty be Short since thne"lJI rel&tin.ly lit-tle-

clats vbich 1a acceptable tro1111 ~h a biolog1cal aad ensiDeering standpoint. 

'l'hus, ve vill discuss the three pri111ary techniques that have been used to 

obtain data on function, c!iscuaa theit" deficiencies, and estimate troa the 

data the -~baiUe system tunctioc. and senaitidty. Two :lt the tecbn:~1uea are 

electropb)-siological and the third is bebaYior&l. 

Ele.ctrophysiolopcal and beba'rioral technique11. In one ehetrop~J7aio

togical techni~e the tiah b &af!stheaized and tlxed to a vooden plate le 

the ~ormal svimming position. The vocden plate is th~n tilted into the water 

so that the body 1s submerged and tbe head exposed to the air. 'l'he regular 

r~spiratory moveme~ts and oxygenation are m~intain~~ bf rprayir.~ a tine Jet 

or wat~r into the mouth of the fish. The dorsal branc~ or the lateral line 
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n@"e which lies immediately un~er the dorsal skin at the head, is then 

surg~c&lly exposed. Atter desheathin~~; it, tine nerve strands are separated 

by aicrodisection. Then silver-silver .:hloride electrodes are applied to a 

strand and single: nerve tiber responses are recorded under varioua lltimllla-

tion conditions. 

l2 

'l'he other eleutrophysiolocic&l technique involves :-."1tstrictiDI the t1ah's 

IIIOftlllent by ~iDs it in 3 to 5 inches ot vater iD a 1111&11 gl.us or plastic 

t&Dk. Electric dj,:;o:harges are then detected vith IIIOilitoriDa equi:=aent connect-

eel to the water via electrodes .,uspended in the :exper!ment&l taDU. 

The data obtainea by the above provide insight into syst• operation but 

are DOt very usetul iD enJ.••tinl the t'Unction or sensitivity ot receptors mo 

aystea. First, in those cues where anesthc:sia vu used, a question cu 'be 

:'&bed on the ettect ot the · anesthesia -a reural t'Unction. Secon4, the inftllti

ptors were looking onl7 at the isolated sensor :lipal under ll'OIS~ almom&l 

stilllulation conditiou. 'rbird, the isolated sensor data, n-en it coll~~ undur 

reuonab.Q' normal. st1mulation conditions ~~eal little about ayat• tlmction. 

Fourth, the engiDeering is typicL~ questionable tor one reuon or another. 

'l'his fourth 1 .. uon is &lao the ~ probl• vith the yet to be clucribecl 'be

havior~U teclmique. For example, Aplides (1965) did extensive work on these 

fish, much ot it be1ng exc~ent. BcnnrYer, he used .& a&ll t&Dk which would 

distort the fishes' fidel, he did not ~ontrol iapedence within normal. l.illita, 

• he had. extraneous objects in the tishes' field. Clark, Granath, Mincott • 

Sacha (1967) Wsed stainless · steel electrgdes vbich distorted the fishes' tielcl. 

Bagivara, Szabo, Enger & Sup (1965, 1967) &ll show wvetol'IIIB iD their reports 

which appear to be ri41Dc on an increui DC DC poteti&l. It appears u thouch 

their electrodes wsderveat a sisniticant polazoization duriq the ezperiluDt. 

'l'he experimenters rill not otter an explanation ·tor this observation. Mandr1.-

ota' s investigatinns (1965) are characterized by very poor experimental techniques. 

~ 

i 
l 

1 
1 
i 
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lot ~ did he use sUver electrodes, a ~ tank, etc, bu.t he uaecl u a 

puuisblllent with his behavioral training technique u el.eetrical sboclt autticient 

to visibly jerk the t1Shi shock vhil.e at~s the tlmction ot el.ectroaensiD£ 

t1sh. 

'l'he toresoing is sutticient indication ot the det1cienc1H enc01mtered. 

We sball turn nov to the behavioral techDique that baa been uaecl, the techDiq1~e 

that cu 1110~ d.irectJ.7 IIDIIVel' the question ot sensitivity. ID this teclmique, 

the tree av:1mai1D8 !ish ie eomditioned to resliQDd to a certaizl atilmlua. Wbe 

it respoad.a correctl7 it is rewarded. 'l'he stillluli usecl haY·~ been liD applied. 

vol.tqe sraclieDt across the tish' s tank or objects ot dittereDt conductivity 

hidden v1t.hiD clq pots. With this techDique, ti:le sensitivity IIDd. tlmctiOD of 

the entire qat• cm be tested. 

1'he limits ot sensitivity f'OW1•l cu beat be .,_eel up by statiq that 

the tish eotlld detect the presence ~t a sJ.aas rod. 2 JDilliaeters in di...ter in 

a clq pot but vould tail to reapon4 to a sJ,us rod. ot 0. 8 llill.illeters ill ciia

uter in the pot (Li .. uzm, 1958). 'l'hia limited atateaent ot seraaitivii;y is u . 

aw:h u the state o't the art provides. And eYeD this statement au _ be question

ed since the tank uaed does not meet the speciticationa der1ve4 below. 

Scawb&t Wdn to this behavioral technique haTe 'beeft a lilllite4 INilber 

ot data pthering expedi tiona into the tishes r natural eDTiroament. 'l'be 

published results are rather limited. About the oftl7 thins that hu been 

t01md is that the tishes have about the same pulse repetition rate iD natural 

condi tiona u tbq do in tbe laboratory. lt has also been t01md that the 

vealt17 electric tisb are nncturnal. creatures. Other results CIID not be 

~ceptecl due to deticienc!es in engineer1D1. 

ID sum then, ve can conclude very little about sensitivity ud ~t• 

tunction tr~ the availsble biological. data. About all that can be said 1a 

that the tish is reported to be quite sensitive and qualitative obaervatlona 
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vould seem to bear this out. But tor reuons indicatect abaTe, tbere ia DO 

adequate quantitative data. 

She ot tank required tor valid experimental data. ODe ot the priae 

deficiencies in the reported vort:i• the use ot a taDk ot ina4equate a1ze or 

vlth extraneous objects in. the field. These distort ~e field u4 aeriou~ 

e:rtect the data obtained. 

We have experilllent~ explored the e:rtec't ot V&rioua obJects Ul4 tuak 

size on a siaulate4 tish tield and round that. &:U objects and wen the valla 

of lllllall pools distort tbe ~eld to ac:ae utent'. A quant1t1c:ation ot th1• 

ettect is detined in tbe cal.cul.&tioDS presented belav in vbich ve clatend.Jae 

the speci:t'icatioc ot tbe tank needed tor acceptable ezperiaental vaPk. 

We &SIUU that the tiiJJ 1•loc~.ted cctrall7 within a eylind.er. V1th 

length aaiiUIIlinc an intinite ra41WI tor the QJ'liD&!er. Jut, ve uauae the 

cylinder hu :lll:t"iDite lenct:o. ud see hcnr current ftl'iu with ndiu. With 

thia 1D:t'ormat1.on, ve v1ll be able to determine reucmable leactha, widtU, 

aDd depths :ror experilllental containers tor electric :t'iab research. We v1ll 

disre~ all .inter:tacea in this dwelopaent 'blcause our ultmate 1Dteatioa 

ia to determiDe when these inter:t'aeea cu be disrepz"cled. 

' 

The equationa vbich express potential u a runction o:r cliatuce az•" 

:tor y > .f +a 
Q 

V•
~ w c 

4. The tive UDDumbered equations uaed in this sectioi• are dn-elopecl in a later 
section. 'l'hey ue numbered in the later aection u 27a, 271:1, 27c, lt8,51, 
but appear in this order here. De:t'iDitiona o~ a71lbol.a cu be tCNDd 1A the 
appendix. 

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

·· - .. - -· -----...-......~-----.....:...---........ ----------- ... 
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[(t-r)(f •r)] 

[ (i -7 ) zy + 7) ] 

Pl~ttiDg tor clitterat n.lun ot L iD Pig. 2a we obtaiD the required cylinder 

1eucth. Oal;y the poaitive directioD. is pl.otted because the D.eptiTe tirectioD. 

u id.elltical. e=:pt the sip u rtmtraed.. Jfav 1oq tbe eyl.iDdrical. taaJt llbo1Wi 
r 

be 1a ditficul.t to c!etemine pZ'1tCUel7. Aa a a1.D.i:aua thoqh ve cu. aq that 

~sh at aU time• I!GriDg the experiaeat. 

To dete:rJIIiDe the eyllnder radius required tor the tuk v, ve em IIOC!it:r 

t!W liaita on the iDtep-al. upreaaiDg the C\llTeD.t I ill equation 118 ot ouzo 

1ater deTel.opaezrt. 'l'hia equation 1a 

QI.aR 

I • 3/2 

'l.'he 01Jly 11mit vbich neecla to be ll041tied is the illtiDit:r •11Dbo1· We 

replace thi• vith v and ao1ri.Da' as before ve t1D.4 the current to be 

QLa 
I• ·--

2 c 

EquatiOD. 1 m8¥ be expressed in ClOSed fora &8 

(1) 
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P'ig.2 a) 'l'his illustrates the potential on the positive aide ot the 
dipole electric generatins orsan. The potential on the negative aide 
is the neptive re:tl.ection ot this. b) This indicates the percent 
ot maximum electric senerator current vhich Vill tlov between the poai
t 'ive and neptive ends ~r the orsaa as a ~ction ot the Width and 
depth or the tank, aasumins a tree tield expression tor the current 
generated. 
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I • iJ.-.2. r+- l l (2) 
2 c I (v2 + L 2 ) l/2 

l 4 

The I!IArhmm current· is expretl8ed 1n equation 51 o~ the later developuat. 

It 1a 

I•~ 
c 

By l.ettiJJc v • ;n and soJ.viDc eq~tioa 2 tor dif't'ereat ftl.uea o~ a. ,. 

have obtained. a plot o~ current u a tuactiOD o~ width or depth. 1'bia plot 

is sbowu 1D Fis. 2b. rto obtaiD 90S ot the Mxi!D!JII current requires 5 el.ec

tric orpn leastba OD each side ot the tiab. To set 95S 110\114 require 10 

l.tmstbs. More thaa 95S ot the lll&ld.mua c:uzoreat VOUl4 be almost 1apoaaible 

to obtaiD 1D tbe l&borat017. 

1'hua tor uperimental results to be considered valid there sbcNlci be 

at least 5 electric orsan lenstha ot water IIUZTOUDd:lng tbe tilb. Por trH 

' ' 

avimm1DS experiments, it WOuld be best to have at least l.O electric orsan 

lengths about the tish. When the tisb aust be restraiDed near the surface, 

10 orp!1 l.eqths ot water 1D all other directions should be the Jainimua. 

It should ~so be noted that to simulate int1nity in research, the tank 

lllU81: be connected to earth sroun4 aad 111&4e to eond11c:t. This does not ••• 

to have been done 1D past research. 

j 
· i 
i 
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POSSIBLE RECEPTOR MECHAliiSC ABD lmJRAI. CODIBG 

'l'he possible meehaDiSIIl c!isc:uand below cu not be said to be the MC!l-

uiam tha.t tbe !isb aetual.ly uses in ita detection &114 clu:oificatioa ot ob3ects. 

It is, hoveYer, derived trom our review Uld ~l)'sia o~ tbe &'ftilable data, 

t'roa results ot tbe limited experilllentat10D that ve carried out to cl&rl~ 

soae o~ t'.le aTail.a'ble data, aDd t'roa our la1ovle48e o~ IW41tor:T u4 labJrin

tbiDe r.·;;otem timctioza. 'l'he postulating ot this aeehuli.m, vieviDg the elect~

re~eptors and auditoey receptors u evolU'tiOD&%7 derivaticma ot the sae primi

tive receptor, provides a testa'bl~ b7Potbeda ot receptor tunction. It &Lao 

prcj'rldea a buia tha.t cu be o:t assistance in deterai.J11Ds receptor seuitin:tJ'. 

Mec:bUlim. The iDDer eU' is a tluid tilled cavity with a cazaplex meabriDe 

atrw:ture. It is notable tor the cOJilP].ex electrical tielda tha.t U'e pDC"&tecl 

vitbiD it bJ' ateni&l events u4 ita orguized bUlda ot bair-like aeuiDc cella. 

EarJ.T ccmcepts ot pressure vaves in the tluid 'beadiDg tbe ba1r e.U.ud. thereby 

triggeriDs aignal.s to the braiD U'e VV7 IIIUCb j:: questioa. Sau ot the DIMIZ' 

coacepts 1Jilplicate Ul iDtermediate electrical field senaiDs meclwlia 1D the 

hair cells. 'l'he precise nature ot this 1a not cleU' but eleaenta ot O'Leazoy's 

(1970) recent experimentation and tbeoriziDg =. the iDDer eU' labyrinthine 

system appear to be quite applicable to tbe veU17 electric fishes' aensiq 

system. 'l'heae elements combined vitb other iDtormatioa on IW41tOZT Uld baluce 

sensor tuactioa vill be c!iacusaed below to the ~eDt tha.t tb.,- haTe beariDg on 

au~ .odeliDg ot the tiahea' sensing ~tea. 

S1Dce Doblm&D (196o) ha.s ahoVD th~t ha.1r cell uabranes U'e appueatl7 

illlperllleable to ions, 0'Leaz7 uauaes tha.t the detection ot fields are clue 
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to electrostatic forces as ~sed to ioll.ic C\ll'rellt. ID his IID&lysis, h6 

points up th&t dissipative energ:r loss ot an electric field. in & dielectric 

in .an electric field result in an et1'ect c&ll.ed polarization. Vu leek 

(1967) baa pointed out tba~ the &'ftrqe 110leculai- dipole -.nt P 1101 in a 

heteropneous ayatem is the vector sua ot induced (elect1"0n1c) polarization 

resul.tiq b'OlA the relative diaplacement of electrou &D4 nw:lei, dipolar 

polarization resultin« ~the partial allamaent in the direction o1' the 

field o1' 110lecules vith perunent dipole liiiOilenta. and intertaci&l (MaDelle 

llasner) polarization occurri.Jlg at boundaries betnen tbe COIIpODeDts o1' a 

heteroseneoua syatl!lll. Jacb~ (1962) bu indicated that P
1101 

is relatecl to 

the macroscopic polarization p (electric dipole liiCIUIIlt per unit 'YOlume) &D4 

the macroacopic f'~ectric field ! by 

p • 11 • X ! e 

wbere If is the uuaber o1' IDOlecules per ait wluae 

x is the electric suaceptib:Uit7. e . 

1rCII this and his ~ experilllental data, O'Le&rT (1970) auge1t1 

{3) 

that a veak electric field in the tluid tilled inner ear llisht 'be detected by 

hair cells by the polarization it induces in long-eb&in filaments ot poq

atOIIic 110lecules in the cilia. Since Van Beer's (1967) studies ot dielectric 

behavior ot colloidal solutiomindicate that particles such as po~tJrene 

spheres are frequentq surroUnded by electric double J.&7era wen they are 

dispersed 1n dilute KCl solutions, it is ccmceivable that lov f?eclueD~ 

electric tields polarize the molecules by inducing dipole moments in the 

__ .,. .. _______________ ,. _____ .....,_ ..... _..___._ .... .---.---·---··-----
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double lqers • '!'here is also evidence along this l!"ne trOIIl P.eller, et Ill. 

(1960) • Saito, et al (1966) • . Polarization caa also oc..nar by a ..ichaou1111. 

sugested 'b7 Frohlich's obsenation (1958) that large molecules can haTe 

~· c-o, or OR grt~Ups tha-t are in th ... elves dipolar, but have a a.et dipole 

maaent ot zero ~· to the -ntetor •= ot all the moaents. ~ese molecules 

then behave like ~onpol:.r .110lecul.ea in that their polarization are ot the 

• inducecl (electronic) type with :resOJlUlt . frequencies in the optical. range. 

With these tvo possible polarization m.echUlisu, O'Le&r1' develops a 

theoretical. basis tor accepting. an electric field sensing mechUlim. 'l'his 

mechUlia. encca.pusea more data thaD a mechUlical 1110del. 

starting with Jackson's (1962) obser'Y&tior. tha'l. a charp • vbich is 

displaced a distance xis boaDded by a restoring toree F given bT 

where ·a is the aus ot the eharp 

111 is the radiaa trequency ot hariiODic oscillation 
0 

(4) 

Be soe• on to consider the etf'ect ot a field on a ' charp. 'l'he action ot the 

field :! causes the charge · to be displaced a distance x f'rOII its equllibriUIII 

position. Frcallevton'a third lav- know 

ell • 111. 111
0

2 
X (5) 

•·'tf -:: r 

l 
I 
! 
l 

j 
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~e induced eli polo! momeat ia tnen det'intl!d tar one e:. -,ctroa ... 

(6) 

U there are Z electrons per molecule vith rJ ot them. bound by a restoring 

terce · - m IAI J 
2 

x, then the iDdUced dipole lllalleut is 

! ~- E 

J ?. 
IAIJ · 

(7) 

Temperature- is not a variable ill equation T su the induced. pclarization 

VOI.:l.d not be diu!lpted b) thermal qitatioa. 'i'hus, th• sensit1Yit7 ot t:Ais 

effect tor the detection or vealt E tiel.U VO!Jld btt l.iJUted by quant11a con-

sideratiQDS rather than by the classical limit or k1', These quantm 11mita-

tiona are determinttd b:r the ucni tude ot the &llovable sbith 1a eners:r leTels 

ot tbe molecules caused ~7 the tield, considered as a lllll&ll perturbation, 

relative to the energ leTels ot the molecules in the absence or the tield. 

O'Leary suggests that this polarization mechanism has great sensitivity. 

Be ntia&tea it tor the inner ear vitb tbe tollovins arpment. It the behav

ioral threshold tor stilral'-enerl)' is indeed close to lk1':. '- x lo-14 eras/ 

JDOl.ecuie as suggested by deVries (1949) 1 the corresponding vaYe nmber l/l 

tor an e~rQ tranai tlon ot lk'r 

• 

cxznrrr -> maw s& n · w- -v a sse 

l 
~ 

J 
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hc/1. • k1' (8) 

VO\Ild be 1/A "' 200 ca-l i~ this eners:r vere entir~;r absorbed b;r a siDglo 

110lecule. 'l'he threshold ener:g would probabl;y be distributed 1110111 ZNIIUOUS 

mol.~-cul.es. 'l'hus, the polarization ot a lingle lliolecule vculd occur tor 

energies IIIUCh smal.ler than ~. i.e., tor transitions ot tar leas thee 

-1 200 em • 

The oc~urreace ot ~ine aplittiDga in 'the Stark ettect suaseat• 

a traasductiYe mechanism based on. polarization VO\Ild be sutfieientl7 seaai

tive tor the detection of threshold stilaull. Herzberg (1950) and others 

haYe st'llclie!\ spectroa ..... pic&lJ~ the splitting o'f energy leYel5 b;r an electric 

field (the Stark etteet). Splittings of about .~.o-3 =-l have been obser-red 

troll diataaic molecules with field strengt~ 1D the rap ot 10
2 

- 1~3 'f'/C'lll. 

Smaller "bypertine" ~pll-;.:tiDgS vere then predicted th<!Ol'el;i cally and obaened 

uaiDg high resul.ution spectrc:aetttrs. 

Based upon the foregoing, traasduction in the hair cell can be 'f'ieved 

as a quantum amplification process that is modulated by the &'f'erage llicroscop-

ic polarization of 1111 ensemble of long-chain mol.eeules auoci&ted with ~he 

cilia. 

1'his deYelopment suqests, acc~ing 1 t tor the electric fish sensor, 

that the electric sensor would need protection trcm mechanical stimUli. Both 

~hanical and electrical st1mul.i lli!ht be detected b;r. this 110leculuo ettect 

1D the electrical sensor because mechanical forces should also affect the · 

microscopic polarization ot long-..:h&in molecules. 'l'he bencling or sheuoinc 

ot cUi& that . contain long-chain molecules coul~ result in a chanse 1n the 

~ 
! 
I 
~ 
i 

·' 

i 
l. 

1 

i 
i 
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that is essential.ly independent o~ generator output, changiq u a tlmetion 

o~ an enviroaental. stimulus. Qualitative equatiC'lDS e&n be written tor the 

output frequency o~ the phuie and tonie organs. These are: 

F • • phaa •. c 

Jll' 
generator 

D 

F • F +. tonic restins 

. I I. 1,~,3 •••••• I 

D • 1,2.3•••••• 

A t (stimulus) 
lllV 

(9) 

(10) 

There is a general relationship between the ph7sie&l clusitieation 

scheme discuaaed in an earUer section and the tonic-~ic aeheae juat 

deacribecl. Receptors tit ~or the IIICSt part into tvo c:J.uses - tonic recept-

ora that are · senlli ti ve to lov trequency atilllull. and are ot the ~ 

t,-pe, and phasic receptors vhich are sensi t1 ve :to hip frequencies and are 

o~ the tu~ t,-pe. 

The other uaet\11 el&aait1cat1on achae i~lves the apparent ccdinc 

employed by the electroreceptor tor tranllllliasion ot intcm~~ation to the braiD. 

One t1ah, ~pomua. hu electroreceptors vhich respond to each dis

charge o~ the electric org~ with a succession of short pulses. Each "puJ..e 

train" contains eight or IIICre pulses (Jiasivara, JC\ulano, • Kesiahi, 1962). 

'l'be electroreceptora o~ G111111otua and Staetogenes respond vi tb one to siz 

pulses to each generator diacharp (Jiasivara • Morita, 1962). Sollle studies 

indicate that the nUIIIber of pulses in each train can be related to the potential 

near the receptor. 'l'hia bas been referred to u "number codins". 
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In another vea.kly electric tish. Eigen~~~&~mia. each organ 4ischaZ'se 

does not produce a receptor output. It the fishes' electrical field is 

distorted though. ve find that the receptor output is at most one ~· 

per generator organ dischaZ'p. It ve decrease the distortion ve find the 

receptor output to be on~ impulae per f!Ye'f tvo generator orpa diacbu'gea 

ud so on. In other ~s the chance that ,a receptor vUl fire is related 

to the stilllulus intensity acting on it. This type of coding is calll4 

"probabUity" coding. (HagiVIIZ'a & Morita. 1962), 

Another fish. Sternowsua, vas tbroughly studied by Bul.lock &Dd 

Chichibu (1965). They found fibers that carry one iJIIpul.se per orpn 4ia

chaZ'ge. 'l'bey noted & phase or time re1ationship with the intensity of the 

stiliiUlua. This is referred to as phase or lateney coding. 'l'bfiJ' alae toursd 

other nerve fibers tbat lll&intained a rh)"thmical tiring out of pbaae with 

tf ~ electric organ discharge. 'l'he trequency ot these receptors cbaapcl aa 

& tunctioa ot the intensity ot the electric field near the receptor. 'l'bis 

type of coding is ~equency coding and is cbaracteristic ot aapull.arJ organs. 

As a weak generalization. it appe&".'S that ampul..lary receptors giTe 

tonic responses with frequency· ended information and tuberous receptors 

give pbaaic res~nses With either nwDber, pbaae. latency, probabWt:r or . . . 
frequency coded information. Bitt ve can dwelop a at!'Oftger generalization. 

Jlac~vara and Morita (1962) auaest a 1110del rnl' proba~llity coding 

D&sed on an asawaed nerve threshold. By making certain US'UIIIptiona about 

the threshold C'tU'Ve. ve .have extended their IIIOclel to encoapasa all coding 

schemes proposed to date. Their model vas originally deYeloped tor tuberoua-

phasic receptors • but ve can easily extend l t to upullary-tonic receptors 

with a simple IIOdlfication. We shall develop below this all encoapusins 

coding sebeme sine~ it surJ!:ests the nature of the systea tuaetion. 

_ ..... - ·· · -~ ....... ..... ~ -·· .. -------------------___...._....~-- -.-- --~-- .. -..... .. .. . 

~ I 
~ j' I: ;, 
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Tho threshold 1110del &S reported by Hagiwara. and Morita (1962) IUIIUDieS 

that atter a receptor tires. the threshold resets to s0111e high mue. The 

threshold then begins to decq uutil the intea.ity at the receptor 1a ~ 

to or 1110111entarily exceeds the threshold. At this point, the r"K:eptor tirH, 

an4 toe threshol~ resets. 

This will f'O!'!Il the basic IIIOdel on vbich we will el&borcte in orcler to 

eJ:lCOIIp&IIS the cl1tferent Codins llleChan18118. First t ve will discuali •c:ae sea

eral properties ot biological. tbzoeshold cunes. Then, ve Will 4etine the 

relationships betveen the threshold c:urve and the electric organ output which 

are required by the available cSata. Lut.q, ve vUl. detail SCIIIe or the meu-

urea vbicb could be -.de to quantit)' tJ;le threshold t'lmction. 

It is established in biolog that nerotes can not tire durizlg or instant

aneoua.q atter a prertous tiring. There is al.ao a biolosical. basis tor detin

iDg the threshold curve as one describins an exponential decay troa scae 

't'al.ue; 'l'IUZ the mez11INIII threshold, to 'l'af.D the m1ni1111pn threshold. In rn.Ut7
1 

the mini1INIII value prob&lJlT continues to 4ecq v-1th time. But tor situ&tiou 

or repeated sapling, ve can approzillate it .. 'l'min; a const&Dt 't'al.ue. l"inal.l7, 

it is prob&blft tbat the threshold C1U'Te shirts as a t\mction ot the n..U ot 

the tish. Such Sbit'ts 1 it uDderstood, Could _be modeled by Cbansins 'l'zain t 

'l'max• or the exponential. time eoa.tant 'l'c. 

With these taets in mind, ve can describe the •threshold tunctioo tor 

time atter each ti!'~ as 

t 
- 'l'c + Tlllin + S (t) (U) 

----~ - - · - · ------·- --- ----.. -- -- - . 
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Further, u a very good &~ximation ve eou.ld sq 

t 
'fQS•.:.• e- T + T + s (t) 

'II&X c llliD 

The seneral shape ot such a tuaction la shown iD 7is 3&. 'ro describe 

probabWty codiDs. ve aust · uaume that 4 Tc " " 1/t. IA such cues, 

(12) 

tbe electric ors~ can 41scb&rge several times without tiriq tbe nern. 

The DUIIlber ot times !+. aust 4lacb&rp betore activatfDs t~ nlrrft is a 

t'wletioa ot the stilllulua potential relatiTe to the threshold. 'l'he hicber 

the potential the sooner the nerre will tire. This is illuatn.ted. iD rta.~. 

We caD also see that phuie codiag requires TlliD > o. U Tain vere 

zero, the sensor vould reset "1D4epeadeat~ ot the electric orp.D ad one 

tom ot tODie codiq voulcl be obserred.. 

'ro describe llUIIlber eocUng ve IIIWit .. .,... tbat 4 '1' c c 1/t. ID nch 
c: 

cues the el.ectric orPD will cause thtt receptor to tire 11101'e tbul once each 

time it discharges. 'l'he m.ber ot tilles the receptor vUl tire is proport!onr-. 

al. to the intensity at the receptor u illustrated iD 1~. 3e. ApiD, tar 

phasic co4iDs Tllli.D INSt be sreater thaD zliro. 

AJJ ·4 T
0 

becCiles approxill&te~ the s ... u 1/t, seYft'&l interestias 

possibilities occur: phuic codins. latency coding. and iaterpulae interYal 

codinc. Phase and l.atenc,- coding U"e illutrated in F1s.4a. 'l'bey are one 

and the same. Interpulse interval coding is illustrated in 11s.4b. It 1a 

also interestins that vhen 4 T 1a about tvo or three tilles 1/t a COIIbina- . . c 

tion ot probabUi t,- and DUIIlber codiq can be anticipated. Such coding bas 

been observed tor s~~rnowsu (Bqf..vara and Morita, 1962). 

It _should be noted that this model does not account tor tbe observed. 

output or phasic receptors while the generator is between pulses. As has 

-~- .. 

. i 
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Fis.3 a; 'l'his is & mathematiclll. deecription of the threshold of the receptor 
to. the intensity ot the stimul&tinc electrical potential aa a tuDction of 
time folloviDI prior receptor output. b) This illustrates the relationship 
between the dectric potential at the receptor, the receptor tbzoeahold state, 
and receptor ou~put vben the receptor tbreahol.4 4ecii:T time coaataut ia sreat
er thaD tbe repetition rate o~ the electric generating orsan. ID thia cue 
the apparent cocling ia c01111110Dl7 referred te u probability or frequency cod
ins. c ) Tbis is t:omparable to cue b, but tbe decay time conatant 1a auch 
less than the dura~ion ot the electric org&D output. In this case the out
put ot the electroreceptor is said to be pulse count cod1ng. 

··-·-··· ... ···-------· -----·-· ·-- · -···-·- -----· ---·· --- ..... --·· ·· · .. 
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Pig.4 a) This illustrates the relationship between the electric 
potential at the receptor, the receptor thresbolcl atate and reeeptor 
output vben the generator organ rate is Juat saall.er than tbe recipro
cal o~ the decay time constant. The output o~ the electroreeeptor in 
this case ia typically re~erred. to - phasic: or latenq cocuna. b) 
This illustrates the relationship between the electric potential at 
the receptor. the receptor threshold state. and receptor output vhen 
tbe generator organ rate is Just larger than the reciprocal ot the 
deer~ time constant, The output o~ the electroreeeptor in this cue 
is typically referred to as interpulse .interval coding • 

. - ·-.. ·· .. --··--·· ------·-·---- ---·-· ~ --------·- .. --·--··-·------· ---·--- --·-···-· 
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been noted previously, there are experimental reports that phadc reeept~s 

have an output apparently Wll'elated to generator output. We do not lmov U 

this is due to this not beins the best tit IIIOdel, to our ha'9'iDc iils~ticient 

data to incorporate those particul.u' obsern.tioas into the IIOdel., the exist-

mce ot a buttering capabUity at the receptor, or it the reports report &l"ti

!'acts d-.ae to taulty techaiq1.\e.5 But vhicheftloo 18 the cue, the utility ot 

the IIIOdel is not attected. It caa uaetully be used u a ua1t'71DI traevort 

tor studies ot threshold, seadtivit7, and respoue time &C%'088 all. veaJclT 

el'i!Ctric tish. With such a traaevork, seasit1vit7 could be vell. 4et1De4 

experimentally IUld the mechafti• ot the sense better understood. 
- . 

ID outline, the tishes 1 sensiilg qstea · appnrs to tuaction u tollon: 

'l'he generating orsm emits IUl intermittent electric potential or cuzoret. 

'l'Ms results 1D IUl eleetri" (dipol.e-like) tield -ip the water s\ll"Z''UDdiDc 

the tuh. Objects vithin the ezrriroraent aa4 also the ezrriroz~Mntal bowl4-

aries distort the electric tield. 'l'his distortion causes a ch&Dp in the 

electric tiel4 near the tiah vhich ve shall reter to u the iltiaul.ua. 'l'he 

r~eptora measure the electric tiel4 or properties ot it there'bf providiDc 

intoZ'III&tion that is processed b7 the tiah • s nenoua qstem. 

'l'his s;yst•11104el 1eaerall7 qrees vith data reported b)" Lisaazm 

(1963) trclll COI1dit1oned response experillleDts. -Ill his experiments, ~ 

chua vas ':rained to respond to cbaDses in the conductivit7 ot objects placed 

iD a sealed coataiDer. Pusitive reintorceaent vas a tood reward, aad ne, .. 

tive reintorceunt or punishment vas the insertion ot a aetallic ob3ect into 

the tish' s tank. 'l'bis puaishllent vas probabl7 not autticiet to reuOD&bl7 

test the threshold or the biolOSical Q'Stem. Bllt b1 using this aethod 

L1aaaDD • M&cbin (1958) 4eterm1ne4 a tbz'esbolct ·to potential cllanp ot 

5. It Tllin vere below the mechiUlical noise level, phasic receptors vould appear 

to be tonic receptors. 
; • 

• ·• e • -•-·•-• ..- • -· ·-------·---------~-----------..--·--· '"' '•:• 
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&bout o.~~ uv/~. 

We sball. al.ao mocte~ the tish u a dipOl.e, but a 4:1pol.e that ~era 

t'.raal the oue sugested 'b7 invutig&tors auch u I.isSUIID. He sugested that 

the tiah is a head to tail. dipole. 'l'hia augeatioa, honn!r, neither- fits 

vith the pqsic&l ~oeatiou ot the electric aaeratins orsu u determined 

.Utaaicall7 nor vith the t'lmctiou data zoeported b7 !llll.oc:k cad Chichilnl 
. . 

(~965). .AS noted 1D ca earlier section, the electric pnentiDC orpn baa 

been tCNIId. to be ~oc&ted near the tail. 1D 110st it not all. veaJclT elecVic 

fish. Bullock ud Chichilnl (~965) obsenecl the zero poteDti&l plane to be 

perpendicu.l.c to the fish cad tCNDd it located a~tel7 <me quartc- ot 

the 11a7 toward the head JI8&IIUZ'1.Dc tzaa the tail tovvd. the head. TINa, v. 

uae u our IIOdel a dipole field u Uluatrated 1D Pta. 5&. 

We vU1 dwelop a siapl.if'1e4 IIOdel ot the receptor cad then discus 

117Stea tlmcticm. V. v1ll use the dipole CODCept described aboYe u vell. u 

the 11Jpathes1s <m seuor tunction derived 1':'ola &boYe. 'l'broqh the dnelap-

aent ot a set o~ equatioua cad a coaputer ~sis, ve ~ olJt&iD c approzi

•te solut:LOD tor the response ot the receptors due to pertuzobatiou CaDSed 

b7 Ill obJect in the field. 'l'2lroqb t'!:is, we v1ll determine critical vvt

abl.es 1D the sense tlmctiou aD4 quantitY their effect. With the ~or.a.-

tiou so derived, ve v1ll CODsider the practical illlplications ot the sense. 

'l'he qabola used are dr.tined 1D the appendix. 'l.'he de~initions are 

critical as is the recopitioa that coordinate tranatormationa are necessarr 

and v1ll 'be used. 

Receptor LeYel 

Developent. Pta. 5b illustrates a silllple dipole. It ccmsists ot tvo 

conductins spheres ot radius a separated b7 a distance L. One sphere 11 

positive]¥, charsed to a total ehazose o~ +Q. : The other sphere 1a 

'.• h .::il' . ... 

! 
i ' 
I 
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• 
Fig.5 a) This represents ·the electric: field intensit7 aurroun41Ds 
the veakJJ electric: tiah u indicated 'bJ' the data ot Blllloc:lt • 
Chichibu (1965). b) 'l'h11 illustrates the model u.ed to calculate 
electric potential. current • azul tield intend t:r • due to a tilh '• 
elac:tric seneratina orpn. The IIIOdel CODSist• ot tvo spherical 
conduetors of radius a •~ated by AD on center c!iatanee L. 
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negatively charged to & total charge ot -Q. We will assume that a is llllCh 

less than L. When this is the case, the charge on each sphere cu be 'uS\Ded 

t;, be evenly distributed about the aun'ace. 'l'he electric potential (voltqe) 

is defined to be the increment in V01"k required t~ ..ave an increment .o~ 

ch&rp f'raiD ~init7 to & given point 1D space, or 

a w 
V•-a Q (13) 

!ec&ll tbat the tlmdemental vork equation states that vork equals the kinetic 

enerS7 minus the gained potential ener§ or 

(14) 

Ir we 110ft a ve1"7 IIZII&ll charp Ter7 Ter7 slovl7 al.ong the lJ.Ae vhich puau 

tbroup the· tvo charged spheres, the kinetic eneriY is esseati~ zero. 'l'he 

VOl"'~ is · the Deptive ot the potential eneru. , Potential aers:r ia d.etinecl br 

the intesraJ, 

(15) 

where f is the torce acting on the test chu'ge u it is IIOYe4 

tram x to 7 .. 
clr is an incrnient ot distance in the path between the 

points x and 7 

'l'he electric to:ree is & conservative to:ree. 'l'hus , it & test charge is acted 

on b7 more than one charge, ve can detel"'lline the potential energ ~ue to each 

charge and tind tbe total potential ener§ b7 addition. In other vol""...a it 

P E
0 

reFesenta the potential energ due to the nth cbal"ge, and it there are 

!! 
E .. 

----------------------------- --------·-· . .. 



C00022031 

-e 

a total or N charges tbe total potential energy is 

(16) 

The poteptial eavgy due to a charged sph~e caa be eaa117 tOUD4. 

The el.~tl'ic torce 1111¥ be round tro. Coul.Cllllb' s Lav vh1cb states 

;. i _r (lT) 

vhere Q is th8 total charse on tbe sphere .. , 

~ i.s the charce ot the test eharae 

r 1a the ·eUstace betWeen the tvo charges 

c is the diel.ectric or the llledi& 

i is a vector directed &VQ' tro. the ceater ot the cha-p r 

on a straisbt line 

Using Gauss• s Lav it cau be sbovD tbat vi thin the charsed cooductiq 

sphere there is no electric rorce. 'l'hus 1 1!' the radius ot the sphve is a, 

tbe torce is 

F llrl < (18) 

· It' ve call the line vhich passes throusb the tvo cb&rses the 7 axis 1 w cu 

find the potential energy at ezrt point on the axis by so1viq equatiOD 15. 
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We substitute the tore~ ~ equation 17 &ad obtain 

IY ·· I· 
Q~ PE• J dr (19) .. 4 w c r 2 

The solution is 

' 11 +I 
. p E 

Q'!t [- '+] I.Y +I > Ia I (~0) • · -4 'If c -
U we aasi8J1 the dWIIIII.Y variable y- tor the negative charge. ve eaa solve 

tor the negatively cha-ged sphere 

p .E - ..... ------
4 1f t:l y _, 

(21) 

'rhe potential eneru tor the posi'tively charged sphere ia 

PE+•- (22) 

4 " cl 7+ I 

The total potential eneru tor the dipole syst• 1s 

p 1tot&l • 
4 1r c 

(23) 

It ve define a coordinate system as shown in Fis.6,ve t1nd tbat the absolute 

n.lues ot y- and r+ depend on our location on tbe y ax'ls u tollovs: 

;. . 

f-
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COOUCTOII 
.AGIUS • 

a 'I 

Pig.6 SimPll!ied model. vbich v1l.l. be Wled in the stucfT o-f the electro
static characteristics ot the electric tield generated b7 the tish. 
The field pneratiDg organ is usumed to be composed or two conducting 
spheres ot radiWI a separated by a distance L. For convenience, the 
origin is taken to be the aidpaint between the t;vo conduct ins spheres. 

. . 
_;,.._-i.:,_. • ., ... ,_ .. 'b_ .:..~: _ _.,._ , __ -~.....:, __ _ . . .:..:··,. __ ._ ... ... -. ___ ~- -· -· 

r 
,i 



L IY+I L tor y > -:; •y- 2 .. 
fy-1 • y + L 

2 

tor - -i- > Y IY+I • -i' -y 

IY-1 • - ; -y 

(21Ja} 

(2kb) 

(24e) 

{244} 

{21fe) 

(21f:t) 

'I'he total. potential. enerQ can be round f'rclll equation 23 and equations 

21'& to :t in eacb region. Recalling that the kinetic enerQ is zero &lld 

apPlYing equation 13 in teras o:t the test charge ve gee: 

Qlle r 1 1 ll 4 1r £ lj;:j - IY +I 
a 

V•-
a 'It 

(25) 

'I'his yields 

I• ~I ] 
CzG) 

I 
1 
l 



Substituting the appropriate values ot y+ aod y- we obtain: 

Q tory>t +a 
2 V•---

4 11' £ 

torL-a>y>- L+a 
2 2 

v. __g_ 
4 11' c 

[('-f)rf) J 

[(f-Y)(f•Y) l 
(f-')(f••) l Q tor-L-a>y 

2 V•--~ 
4 11' c 

where Vis the absolute voltage (V 1•1 • o), 

Q is the charge on eithe!' conductor, 

L is the distance between the conductors, 

£ is a constant known as the dielectric: 

y is a continuous variable representing an absolute 

scale vitb o being located betveea the J)Ositive aod 

negative charge as indicated ia Fig. 6. 

. .• ~"'!o' ... -· 

(27a) 

(2'7b) 

C27c: > 

Eq~tion 27b csa nov be employed to tied the relative voltage between 

the two spheres. This is the voltage which should be measured in the labor-

atory. 

Let us define v to be the relati~e voltage betveen tvo spheres, We 

note that v is th~ value of the voltage at the positive sphere minus the 

value at the voltage at the negative sphere, ~ substituting y • L - a 
2 into equation 27b, we find the voltage on the positiv~ sphere to be 

V (+) • _.i,_ L- 2a 

4 w c a (L-B) (:?8) 
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)1. 

Substituting y a - ; + a into equation 27b we find the voltage on the 

negative spbere to be 

Q - L + 2a 

a (L - a) 
(29) v (-) • 

Solving tor v ve tind 

v • v (+) - v (-} (30) 

or 
Q 2 

(31) v•---
4 1f t: 

-a 

When a/L !.a less than 1/10, equation 31 can be appro~ted within 5 percent 

~ the rel&tio~ship 

Q 

< 1- r, v•---
21ft:& 

'l'he capacitance or an object is deti ned u 

Q 
C•-

V 

vhere Q is the cbsrse on one s.ymetric part ot the object 

v is the voltqe across the object . 

(32) 

(33) 

Detemnins the capacitance ot the 41pole trom equation 31, it 1a t~4 

to be 

·· - -------------------------- ---------------- ----···"- ·•· 

.. ··- - '-·· ;_ , .. 



(3I.) 

This lloQ' be &ppl'Oximated vi thin 5 percent tar a/L less tball 1/10 aa 

(35) 

It is uaet'Ul. to determine the resistance ot the dipole ve han J•t 

ccmaidered. Since we have all'eady e'l&l.uated the voltage betveen the c:barsea. 

it ve can tin4 an expression tar the current that tlova between the t110 points. 

ve can sol.ve tor the resistance traa Obllla Law • 

.., 
R•-

I 

where R is the· resistance 

.., is tbe voltap 

· I is the c:urrent 

(36) 

'!'vo equal and opposite c:harses create an electric tield. It we cam 

solve tor the magnitude and angle ot t:~ electric field E, ve can detel'lline 

the c:urrent densitJ j ~ th~ relationship 

(3T) 

.. _ ..... . ~. 
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where j is the current density 

o is the conductivity ot the media. 

Once the current den~i t7 is known, the current I can be tound troa the 

surtace intesral 

(38) 

where the integral is OYer mlJ' closed surtace 
A 

eta is an element ot surtaee taken to have a :unit Yector 

located normal to the surface. 

· The electric tield is a Yector quantity. Thus, the total tield is tbe 

vector SUIIl ot the tield due to the negative charge E- and the tield due to 

the poaitive charge E+. 51mbolically we C&D write 

(39) 

Vbere E is the total tield 

Due to Qlllllft:r'J', the 1110st convenient sqrf'ace to use tor cur current 

integral is the plane which forms the perpenclicular bisector ot the line 

sepent Joining the two equal and opposite charges. 'l'bis plane is illus-

trated. in Fig. Ta. The electric. tield due to the positive charge at any 

point p is detined by the equation 

Q .. 
iD+ (IJO) 
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where D + ia the distance between tbe poaitive chars• and tbe 

point p 

1o is a unit Tector located in the d.il"ection ot D+ &VII¥ 
+ . 

. rrom the positive charse at p. 

The electric tield due to the neptiw charp at the sue point p is 

E-!'" 
4wco 2 (41) 

vbere D _ 1a the distance tl'oll1 tbe neptive charp 

10 is a unit vector at p directed ~y the D_ line away 

h'Cil the nepti'Ye charp. 

The lll:inus sip 1n equation 41 is due to the tact tbat UDl.ike charces attract. 

So long as the point p is em a plane vbich tOl'IIIS the perpendicular 

bisector ot the line aepent between the two chars•• • the distances D + and 

D _ arc equal. They can be round troll the equation 

D • D • 
+ -

l/2 

(42) 

We baTe detined the y axis to be the line which passes throuch t~e 

tvo charges. We note that at tbe point p or Fig. Til, the elet:trical field 

due to either charge bas both y and radial CCIIIIponents. Due to s~ZOT,bov

~er, the radial components cancel each other and the net field in the plane 

is parallel to the y axis. Also due to s)'llllletZT,the y ...,nitude of the y 

components are e~ual. Thus the total electric field is 

sC .... -z s rzr siittrnuwwre-nrwanrzmwrm a s z tar 

' 
~ 

1 

d 



.. . 

• 
-2 Q 

We note that 8 • a becauae they are opposite aaslea.SiJl ac:u be cleterllined 

b-am Fig.Taby 

SiD a • Sin B • ..JJl. 
D+ 

Substituting equatiOD 44 into equatiOD 1,3 

.. 
i 
7 

Subatitutins equation 1,2 iDto equation 45, md. equation 45 ~to equation 3T 
yield.a 

aQL 
j • ---~2,._..._]_ .. 3/-2 41f£ [R +f2 (46) 

The sur1'ace or iDtesr .. tion u cona14ere4 to be ..U riDe aepaeata 1Jl 

the x-~ plaae &bout the y &Xi a. Fig. Tb Uluatn.tn tiua concept. We aote 

that the eleetric tield. is perpendicular to the x-~ plane vbich makea the . 
iDtesral defined. by equation 38 eaq to evaluate. A aurtace ele.et ~or the 

ring shown in Fig. Tb is 

(4T) 

• • 

J 
j 
1 

1 

i 
~-··~-----·-_..;..-------··--------·---- ------- 1 

- < -::!FiN a · s ,,&cj 
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, 

.a .. ,. { ' ' . ~. 
' 

. R 

·•~a{ , 
A , 

E , 

·Q 

• 

Fig.7 a) 'l'hia tigure llluatrates the rdatf.onshlp between E- and E+ 
due to the electric: tlelda created by the charges Q~ and Q+, respec
tively. Mote that the vector sua at these tva electric: tlel4s ls 
pai'&llel to the y axis ror any point P in the plane which tol'll8 the 
set or perpenclic:Ul.ar bisectors of' the tvo c:harRes. b) 'l'hla f'l~EUre 
indientes the quantities th~t need be defined in order to evaluate the 
SurfBC:e intep,ral required by equation number thirty-ei~ht. 

' i 

i 
; 
i 

J! 
I · ·~"· · FO» •• J A.C- ...... - .. - ..... . -~ ... -----..... ---. .... ;W.,>,..P ..... """'!_.,.._ _____ -.,, .... __ ...,A""'t--~ J< U#CU .. Q~-~,.. ....... . ~':"" ·· 
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vher: ds is the surtaee eletaent, 

d • ia an incretaent ot angle • vbicb is an aqle about 

they ~is • . 

dR ia an increment in the distuce vector R. 

Substitution ot equations 47 ud 46 into equation 38, &Dd det1aiac 

the surtaee intecraJ,, ve obtain 

---~:-----""-:'~~ d • dR 
QLaR ) 

4 , £ ( 82 +·~) 3/2 

Solrlac the inner intesnJ. yields 

-
I • J QLaR 

0 

Equation 49 can be solved to yield 

Q La 
I•-

2 £ 

In closed t0r11 

Qa 
I•c 

(48) 

(49) 

(50) 

(51) 

We have previously solved tor the voltase between the charpa in 

equation 32. DiViding the voltage v by the current t, equation 51 71elds 
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r . 

· .. 
the resistance as defined by equation 36 

Q (l - a/l) 
V 2 " £ a R • -I- • ....:~..;....;:;;. ___ _ 

Qa 
(52) 

Which reduces to 

l 
R •---- (53) 

2 T a a 

We 111&7 nov use the derived information. A:; a !1rst approximation let 

us asswre that the radius ot each charged sphere. a 9 is l c:m and that the 

length ot the generator organ, L, is 10 em. The conductivity ot tresh water 

is about 10·3 n -l m-1• The resistance vbich loads the generator orgaa is 

about 62,000 ohmsG. Tbe dielectric o~ ~eah vater is 0.707 x 10-9 td/a. 

'l'bis means tb&t the capacitance which loads tbe dipole is 40 pte!. 'l'bia larp 

resistance and small capacitance indicate that only a small current tlovs. 

Thus, an electrostatic approach to the electric tish problem can be Justi

fied on electrical grounds as vell as on the previously discwssed theoretical 

biological grounds. 

Function. Accepting nov the electrostatic model. ve vill consider the 

~ffect or an intruding object on an individual receptor. As a siaplitication 

the intruding object vill be assumed to be a sphere. Guch an object IIIOYi~ 

into the fish'~ field vill modity the potential~ alo~ the tlsh's sur!~~. 

To obtain a solution for these aodlticatlona, ~ vill tlrot c~naider the 

l'lt:et.ric fleld produced by the dipole ,.ener:1t~r. orr,:1n undhturbt'CI by the 

tt. (n 0. rro.ct.ic:\l. model, the l't'!SilltiUIC:t' lo:1Cll.nr: Of t.l\~ r.rm•rmtOl' CCU1 be 
controlled.. by the choicf! of p:cnt"l'tlt.or rl~ct.rodc- a•i~''• 

-··----·--__ , ______ _ --·-·--------------------



C00022031 

perturbating obJect. We will cal.culate its magnitude at an arbitrary point 

p. We wUl then consider the ettect at point p ot a perturbatinc obJect 

located in a uniform tield. 'l'ben ve Vill traastor:a the perturbation portion 

ot our solution back to the original coordin&te S)"st•. 

Once ve have obtainecl an appropriate solution, ve wUl asRae Mel t'1x 

certain variables. Then ve vUl study the nature ot. the tilhes clauitica

tion techD1~ues by p~tinc our results tor siven receptors alona the tish. 

It should be noted that this ~is is three cliaea.pional 9 altJ~c:nap Dot 

conceptually ditticult, it is sOIIleVhat cOJDpl.ex. Fig: 8a ill~rates the 

problem. 

The electric field is d~inecl u the f'orce that- vould be ezertecl per 

unit charge on a aall test chu'se at a g1 ven point 

...... 

i Cp) • r (p) I ~ (54) 

'l'he torce on a test charse ~due to another charse Q cau be touD4 trca 

Coulomb's Lav as 

F• 

vhere E is the dielectric ot the aeclia · 

D is the distance between the charges 
A 
1n is a unit vector_ directitd. avay troa eacb charge at 

the charp. 

The electric tield due to the positive charge iD the dipole 17St• 1a 

(55) 
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•QA 

e 

Ac~ 

L 

• 
Fig.8 a) This illustrates the varillbles involved in our 1104el vben 
a spherical perturbing obJeet is present in the model's environaent, 
Note the several coordinate systcms that IIIUSt be eonsiderec1 ln the 
anlllysis. b) This illustrates t.he runetion:s re<lUired to eXJ'ress R .. 
and 0 .. in terms ot R, 0, and L. 

-- :._;,_ ___ ., ________________ ,,...,...,,__, ___ ~~..--'l!,...O.__ ... L .............. ~ .......... ~._...~_.. --

;.' .. ·~-:.· · --· 
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The electric field due to the negative charge is 

-Q i-·-------
4 w 'v R..2 

(S'T) 

'rile electric tield is a vector quantity. 'l'bus, ve ll\llt perform vector 

addition in order to detend.De the total tield E. It u easier to 4eten!D• 

t!le components ot the· tield clue to each chaz'ie aDd then to a4cl the COIIPQDell'ta. 

1'hu.l. ve vUl concern ounelTH tirst vith the 1 CQIIIPODent 11114 then vith the 

x-z component~ 

The y caaponent of the electric fie.ld due to the positive charge 11 

(58) 

Liltevise the y component ot the electric tield due to the neptive ch&rp ia 

E • Ii-I eoe e'" 
1 

(59) 

The x-z ccmponen~!l ot the electric tbl~ are 1ndepen4ent ot the usl• t 

althoush the actual x 11114 z components are not. !he x-c ca.pcmellt ot the 

total electric field v1ll be consi4ere4 to be the cOilpODent vithiD the 

, x-z pliiDe at liD 1111gle • trCIIl the axia. For the positive cb&Z'ge it 1a 

' (6o) 

&114 tar the negative charge it ia 

E~z • Ii-I Sin e'" (61) 

-··---·--··--· ·---'---------- ------------~---·--- -----·--····"'-··· 
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In order to treat these "nZ"iables by stiiDd&rd lll&th-.atical teemii-quea, 

it is necessar.r to express K'" 1D terms ot R met e, aud 9'" iD t_.. ~ R 

SD4 e. Fig. 8b illustrates the factors vhich vUl. help us 4o tbia. Recos

Dizi.Ds tha.t R'" is the ~~noteznaae ot a risht tr:lms!e vboae aides are R aiD 

e SD4 L + R cos e, ve t1Dcl 

ft . ] l/2 
R'" • LB

2 
+ t 2 + 2 B L Coa 9 (62) 

met 

R SiD 9 
9'" • tau-l (63) 

It 1a uetul to note the trigoDaaetric f'lmctioua tor a... Th~ are 

R S1A e 
SiD 9'" • -..-::--~-------:--1'='"/r.:-2 

: [R
2 

+ r.2 
+ 2 R L Cos 9] 

(64) 

L+RCoa9 
Cos 9'" • 1/2 

(R2 
+ t

2 
+ 2 R L Cos e] (65) 

CoabWq equatiou 62, 64, aud 65 vi th equations 56 aud 57 and subati tut:lfts 

iDto equations 58, 59, 60 and 67 fields 

(6&) 

-QL+RCoaa 
E • -----~~~~--------~~~ 
T- 4 " cv [ R2 + t 2 + 2 R L Cos e] l/2 (67) 

:. .: ,. _- ...... .. .. i:, , 
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Q Sin a 
(68) 

-Q R Sine (69) 
E - • -----:::-::~--::~-----.,.,.-~-
x-z .4 1f £v f R2 + L

2 + 2 R L Cos e] 312 

· We can nov determine the total ccmspoDents ot the electric tield. The 

'1 cCIIIPODent ot the electric rield at aD'1 point R, e about the dipo~e is 

iDclepenclent ot • and is 

I~ [ E • --- £2!...! 
'1 4 w c R2 

v 

L+RCose J 
-R-2:--+-~L2:--+-2-. _R_L_C_o_s_e-~3~/2 

(70) 

The ccmponent ot the electric tield iD the x-z plaDe is radial and i.Dclepeaclent 

ot e. It is 

E a 
x-z 

To continue 0111' derivation, ve nNSt deten!dne the mqnit-.lde lEI and 

the ansle (relative to they axis) 8 or the electric rield at &D7 poi~t 1D 

space. The JU6ft1t\\de tA..'Y be round trom the ~e:s ot vector addition as 

lEI • E 
2 

+ E 
2 

y x-z l ]l/2 
(72) 

..... .............u. 



~e angle ~ound by stu~ing the geometry o~ t~e situation is 

-1 S • tan 

E x-z 
c 73) 

Manipulating the upresaions iD equations 70 ADd 11 per equation 72 :yields 

Iii· 
Q [1- 2 R2 (R + L Cos 9) 

(74) 
4 1f £v R2 (a2 

+ t
2 

2 R L Cos e] 3/2 + 

R4 r· [ p
2 

+ L
2 + 2 R L Cos e J 2 

S • tan-l [ [•
2 

+ L
2 

+ 2 R L Cos 8] 

3/2 ~3 ] SiDe 

[a2 + L2 
+ 2 R L Cos e] 

3/ 2 Cos e - R2 + L + R3 Cos 

(75) 

:hese rathe . :0111plicated equations completeJ.7 describe the electric field 

due to the dipole in a continuous media o~ db·~ectric £v' 

To obtain a tirst approximation o~ the perturbation due to a sphere 

ot radius r &t a location R
0

, +d e
0

• relative to the dipole coordinates, 

ve assume that the sphere i.s located within a unitol11 tield ot strength !
0 

e 

at an angle S relative to a line parallel to the y dipole axis throu&b the 

sphere center. We will turther assume that the value ot this ·rield is the 

value ot the dipole tield at the center o~ the sphere, disre~&rt.l.iDg the ett-ect 

or the Sphere. It the sphere is small relative to the dipole length or 1~ 

it is very small relative to the separation between the dipole and the sphere, 
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the assumption vill permit a solution within aeceptable limits. Tone equations 

which describe the electric tield due to the dipole could be stmplitie4 to 

a good approximation it the separation between the dipole and the object 

sphere is 11t0re than ten dipole lengths. Since the biological data is not 

adequate. ve do not know the range ot the electric sense. Consequently • ve 

will not approximate the .tield at this point. 

AsR.ing a uniform tield (without t~e perturbation) and expresdDC 

the potential in terms ot the coordinate system centered at the object 

ve obtain 

U :: -E ~ Cos e1 
0 0 

(76) 

'rhe surtaee charge on the perturbating sphere is exactly like: a dipole. Thus. 

the potential is o~ the ~orm 

u • 
X 

(77) 

where: A is a constant to be detendned f'rolll the boundV7 conditions. 

Finally the potential inside the sphere is ot the same t:'orm as tbe potential 

due to the original tield or 

UL • - B p Cos Cl (78) 

vbere B is a conatant to be determined fralll the boundary conditions. 

The potential outside the sphere is the sum ot U and U or 
0 z 

-- :-·~---"-· ~- ------~--- --~-- .. --· - -"~---~- --~ ........ ... ...... . 



•' 
" ' ... 

A Coa e~ 
Utotal • - E0 p Cos ca + ., 

p-

The e1ectro•tatic bcnmclar7 conditiona require that when · r 

a utotal • _ 
'x a P 

.), aldtbat o. o • r 

....... , 
Substituting equations 78 and 79 into eqWlt1w 8~ ;r!,.h::. 

47 

(79) 

(80) 

(81) 

E r 3 - A • B r 3 (82) 
0 

SUbatituttaa. equat~cna 78 and 79 into equation 60 yields 
~I? ; 

·' '· ~ ,, 

We aan solve• tor A on Bin equation 82 and 83 to rind 

3 £ . v 
B• Eo 

c + 2 £ 
X V 

:uwl 
ex - cv 

r 3 E A• 
~X + 2 c., 0 

(83) 

(84) 

(85) 



The potential U 0 vas assumed to be the potential due to the cl:·'.pole t1el4. 

We baTe an accurate expression ror this t1eld. The potential within the sphere 

does not ettect the potential near the dipole. 'l'he critical t~ is the potct

ial Ux vbich is the approx:;.u.te IIOditication o~ the 4ipol.e tiel.cl clue to the 

spherical obJect. SUbstituting equation 85 into eq_uation 77 :yielcls 

(86) u ·------X c - 2 c · 
X V , 

the perturbation potential. 

We recall the value ot E
0 

to be the value ot equation 74 vhen R • R
0 

&Del 

Q 

E • -----::-
0 4 • 'v Ro2 

-1 l • tan 

+ (87) 

3/2 

(88) 
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To complete our analysis, we 111\Ut expre.. p and cz iD tel'IU ot R , e, • , 
R , and 90 • We tiDd 

0 

this em be reduced to 

2 

+ 

(89) 

l/2 
p = R

2 
+ R0 

2 
- 2 R R0 [Cos 90 Cos 9 - Sin 90 Sin 9 Cos (+ - •

0
)] (90) 

We em solve tor cz in terms ot R, e, 130 , 8, and p to be 

(!ill) 
0 • 36oo- [Sin-> R SJ.n

0 
(0 • O,J Oo. 8 

We nov have a llml.titude ot equations but the,- provide a buis tor a 

computer at~ or the effect ot the variables. Thus, ve rill reriev the saliat 

ones and sroup them iD m orderly tuhior. tor c011puter st~. 

Sensitivity. The ~~~~~pitUde ot the electric tielcl at any point iD space 

C:3n be found tram equation 7~ Vben R + R
0 

and e • 9
0

• ~tion 7~ becomes 

equation 87 vhich 1• assumed linear throuchout the perturbation. The III&CDitude 

ot the electric tield is 

Q 
E a---~-

O 4wc R 2 
v 0 

.. 
t· 

. ····· -· - ··-·-· . ----···--·----·---·----·---·--·---------·--·--------·-----···-· 

~;;. ___________ ..........,.. ___ ~~--~------~---··-· -- ··-- ------ .. _-

, 
! 

.. ! 

I• .. 
t · ,. 
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The angle o~ this ~ie~d - rela~ive t~ they axis in the R
0 

-y axis plaae is gi?aD 

by equation 75 which tor R • Ro, 9 • eo becomes 

8 • tau -1 ~lll""sin_e_o __ [=-(a_o_2 _•_L_2_•_2""":R=-o-L-::"Tco_•_9o..:];..3_/_2 ___ R_o~3 ]=-_____ : -] (93) 

I[ 2 2 J 3
'2 2 Leo + L + 2 R0 L Coa .80 Cos 90 - R0 L + 

80
3 Cos 

90 

Tbia ~ield creates a pertUJbation field 1D a remote ob3ect ot radius r aad 

dielectric c.x. · The potential. o~ the perturbation ~ield is given bJ equation 

86 which is 

u • 
.X ( + 2 ( 

X 11 

(94) 

UDtortuaately, p and m are 1D terma ~ a secondarT coordinate qstea. OUr 

pri.maz7 coordiDate qatem is R, e,.. Equation 90 expresses p in tenaa ot 

B, R0 , a, e0 , •• and .o . 'l'his is the first place vhere the perturbation aacle 

to 1:1 important. . The expresaion ~or p is 

p a [R
2 

+ R 2 - 2 R R 0 0 Coa 0. Coo 8 - SiD 8 SiD 80 Coo (+ - +ol J] 
The ADSle o can be expressed. in terms ot R, R , 8,90 ,., and •o 

0 . • 

BoveTer, it is simpler to express it as 

0 
(I • 36o _ [ SL' -l( _a_stn_P_c _e __ -_e_o_l)] _ •· _ 

1 

l/2 

(95) 

<96> 

The UDdiStofted potent~ &l &bout the tiah is the negative sradient Of the INa 

ot equatioa. TO and Tl or 

. •. • 'r; .· ,· .o.. , .• · .... : .:"'~ .;.~·-..· 
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1 
Q r~- l u • (97) 0 

4 " 'v R . [R
2 

+ t
2 

+ 2 R L Cos eJ l/2 

SpeaJdDs antbropcmc,zophical.ly, the tish kn0V11 U
0

, R, L, e, •• Q, aud 

4 11' £ • It aau.t determine R , 90 • 0 , r and 4'11'c • To tind these ftl"iabl.ea, 
Y 0 X 

it makes an &D&l7sis ot. the potential tunctioa U + U • Exact~ hov this . 0 X 

As m approach to deterlline hov the tish might operate, ve shall tind 

the ratio U /U at ditterent points along the tish tor ditterent values ot X 0 

'x• r, R0 , eo, and C• - to). The equations are .;;.:.t~er cCIIIpl.ex, aud require 

a ccaaputer analysis. 'l'hwl, a tortrau computer program vas vri tt~n vllicb 

manipulates aud evaluates +.he desired variables. 

In the caaaputer program, cert&in variables have been assigned val.uea tor 

reasons tb&t are discussed below. 

The length 11" the generator orp11 bu been set at one mets. In this 

way, measures can be referenced in terms ot generator organ lengths. 'l'hwl, 

r:utge, perturb&ting ()liJect size, and electroreceptor locations are all dis

cussed in terms ·or generator organ lengths. The ~electric ot the pertur_bat

' ing obJect has been expressed in terms ot the dielectric ot water. In other 

words the anal7sis is in terms ot c /c rather than c or £ themselves. 
V X X V 

The tish is defined aa a cylinder tvo times u long aa the elect•·ic gen-

~r4tor organ; with a radiua o;2 times the generator length. Six longitudinal 

bands or eleven receptors are assigned ~ong the length of the cylinder. Three 

banda, each band 15 degrees apart, ~relocated on .each aide of the fish. The 

center bond on each side is assumed to be in the same plane as the center or 

the perturbing o.bJect and the axis ot the cylinder. 

:ft· 
·' 

~~ 

J 
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The computer program analysed various combinations ot tour !actors: 

~) the ratio or cv/cx or the ratio or the die~ectric constant or vater to 

the die~eetric constant or the obJect , 2 ) the distance in generator ~~ 

trom the center ot the cylinder to the center or the perturbing obJect, 

3) the a.ng~e in radians tormed by the cylinder uis and the vector trail the 

cylinder center to the center or the perturbing obJect, and 4) the radius or 

the perturbing ~bJect in. generator 1engths. 

With each combination or the above factors, the program had the cOIIlpUter 

manipulate and print out values ot three variab1ea that describe receptor 

position and also the associated ratio or perturbation potential to tree rield 

potential. The three variables vere III&Di'pul.ated to sbo'lo.• the ettect on. the 

perceivri potential ratio. Theae ~iables are defined as: (H) the line 

sepent trom the center ot the cylinder to the receptor on the cylinder sur

race, (a) the angle tormed by' the intersection ot line sepeDt R and the cylinder 

axis, <• - • 0 )the mgle detined by the intersection ot the plane pusinc 

throuch the center or the obJect and cylinder axis and the plaae pusiDS thz'oulh 

the cylinder axis md a baud ot eleven receptors 011 the !ish's surtace. ID 

the actual printout. this angle vas taken tor each or siz receptors defined 

by the same radius r and angle e (U/ U
0

) the ratio ot the potential due to the 

perturbation and that due to the dipole ettect in the tree tield. 

The tolloving are the primary conclusions trOJil the COIIllJUter U1&l)"sis or 

the electrostatic model: 

The value or the signal (disturbance/tree tield) is the sue at receptors 

15 degrees above and belov the receptors on the plane defined b)" the cylinder 

axis, receptor band, and center ot the perturbins obJect. 

The magnitude ot the sipal is largest in 1110at circumataneea at the head 

end or the simulated tish. (This =~ cxplaiD the high concentration or electro-

receptors on the head ot the actual. t'ish) • 

i -------------- ........ -~- · " '"' ··- ·· ~ 
l 
i 

····· · ------~~~""·· ·"""""""""~ff"iliil"'"""~.,. ..... ,.-.., . ..,. -""'- """'"""·'~""···-· .,. .. ...,.,..- .. :-..., .. ._. _......,...,..iill.iliitrsili"ilili' f lili" tliliWilili· iliif'iiii·iii--iiliPrtriiii"iiiiiJ 
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The magnitude or the signal is sal.lest at the cylinder surta.ce closest 

to the tvo poles ot the generator dipole. 

Assuming the tish can detect a signal. ot one part per llllllloll"' (mm.o."'cm 
t~ ~ -

lletect sOWlda l/l,ooo,ooo· acmul. speech loudness) the tish can -..11.7 det'ect 

obJects ot dielectric: 0.1 tillles vater vbose radiua is 0.1 seaeratcn:- brpD 

1' ~ *" 
lensths, at dbtances to the side or 6 cenerator lengths. It vould"' h&n cl1'!'fi-

7~ ·;:.;. 
culties at 10 leqths or tor dielectrics ot. 0.5 or 5 times vater. ~~ ~: 

With the · .. s•ed seasitivity, the tish c:ould detect obJect• o\41el..£c ~: 
... . $j0 

'· ;; .r.-
0.1 water, assuaing obJect r&lUus is 0.1 senerator organ lengths at :1.0 'el:~ 

tric organ leqtbs it approached trCIIII tront or rear. ~ ,. >:\' 1\ 

~ "ffr-

ObJects ot dielectric 10 t:laes water could be detected at a eoasiderab!e 

angle troll the 4il"ec:t tront or rev approaches at 10 lengths • 

AD indication ot receptor sensitivity tor obJects ot dielectric: 10 tilln_ 

water &Dd 0.1 vater with a radius ot one length is given in table I. 

'l'&ble I 

Receptor Sensitivity 

Detection Distance 

l length 

lO lengths 

'\> 

j~·. 
1 ~·· 

Receptor Dhcrialaatia· '• ' 
~ a 

1 part I 100 ' f.t; 
-~~ 

1 part I 10,000 -~· 
-~#': 

1 part 1 l,ooo·,ooo· 

..... .,. 

t
~: 

• ' 
. 

~
·-.:' 

., 
-~~ 

100 lengths 

1000 lengths 

10,000 lengths 

1 part I 1oo,ooo,oe&· 

1 part I 1010 
~!'~' -~ t . ~if" 
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System Level 

Although the c1&ta does not ex!st tor the !ish, it is reaso~l.e to 

assume that it has a data processins capabil.ity similar to that touad 1D other 

comparable organisms. Thus, it is likely that the t'isb can uae icbibitor,r 

and t"acilltatins circuits to sharpen the atorementioned c1&ta trcm the receptor, 

extract sisn&l trom noise and el.asaity mul.tiple incc:aiDS signals. In essence, 

it would function aa a system at the receptor l.evel. With interactions &mODI 

receptors and at the whole organiiDl level involviDS the receptors, pnerator, 

au1d brain. For example, there 1s evidence that a pl.ot ot receptor potential 

alons a band of' receptors would yield, tor a sinsJ.e perturbiDs ob3ect, a wd

IIIOd&l Clll"Ye (Hagivara & Morita. 1963). Ve misht sugest that the contisuntion 

ot the curve is -a function ot the overall tmpedence ot the perturbiDS ob3ect, 

dc:tiniD8 illlped&Dce as the S1U. o:t the resistance and the reactance o:t the obJect. · 

The reactance of' an ob3ect is given by 

- 1 
X • 2,.. F L~--- (98) 

2 1r F C 

where X is reactance 

F is tr11quency • 

L .u the inductance in henrys ot the obJect . under obaerYation. 

C is the capacitance in tarada ot the obJect under observation. 

' 
As IIQ' be seen, by operati!'ll as a system by coordinating the generalior 

and receptor tunction, the tiah by ch~~n~ins generator :trequency can induce a 

lover or bieber OY'!ftll etrective i.lllpedance 1D the obJect. It an object ha4 

an impeclaDce Ter:f simil.v to that ot water, the tisb could enhmce ita cU.s-

crillination and clasaitieation abil.ity by varying ita frequency; IUltinc the 

obJect create a greater or lesser potential gradient at the receptor. T.hua, it 

._ .. ..... ~,_,.,.,. ,~ . ... -._...,.-_..,."'!P".~• ·-- .-..-s.rP._~.,..._,.., __,.,., ______ ,.. .. ..,,_.,,..,. __ ,...,..._,.,...,....~ ~·r~ ...... · ~· :a -·· • 
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the ~ish vas trying to locate a certain knovn object, it could adjust ita 

frequency to opt1.mize its detection of the object. Using this system approach 

it voul4 also be possible tor the tish to sense differences in objecta· ~hat 

haTe the suae exterior Olh7sical appeuance. This voul.d be done throucb VIU'Y-

ing the trequency and sensing 1111d. CCIIlpiU'ing the changes in the reactance ot 

the objects. At least •~ species of fish seem to be using the ~oresoing 

system appro.acb. In the earlier discussion of tbe available biological data, 

it vu noted that a generator trequenc:r shifting technique vas used. 

There also appear to be lll~haniSIIIS that CIID be u.Sed to optimize detection 

and c1asait1cat1on o~ one stationary object among several stationary objects 

or a moving object among statioD&rT objects. For ex1111ple, to detect a IIIOVins 

object seYeral. scans could be carried out, stored, and cOIIIp&l'ed.. In this vey, 

stationary objects in the field would be nulled and only objects ot changing 

imJ;edance or location vould be peredved. 

COlfCWSIOII 

Althousb there is a tairl:r substantial data 'baae, ve find that very 

little can be applied. to tbe develop!lent ot an understanding of sense mech&nin 

:met sensitivity. This ia due in part to the tact that pioneering data in this 

area, as it is in moat areas, tend to have faults no matter hov competent the 

inves.:;igatars. One ot the prime deficiencies in the reported work is the use 

or a tank of inadequate size or with extraneous objects in the field. 'l'hese 

distort the field and seriously effect the data o~tained. Further, the data 

b3se contains ver;r little ~ehavioral data. 

Thus, ve undertook several tasks to provide a basis to assess the fishes' 

~lectrosenaing mechanism and capability, using the data presently available. 

Through limited elqlerimen~a.l vork vith el.eetrical fields, sensors, and 

·>b:lc.-cts in various size bodies ot water ve have gatherec1 data vhicb, vhen 

· -- ~ -·-.... ------_____ .__..,.,.....,. ______ ......,... ... "'...---... .......,~~--,..__.__ --··---.-- ... -... ·-
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taken vith thP. mathematical analysis, provides a speeitieation for tank size, 

fish location, and attachments , that will yield valid data in tuture studies. 

we found that tor experimental results to be considered valid there should 

be at least 5 electric organ lengths ot vater surrounding the tish . For ~ .. 

svimming experiments • it would be best to have at least lO electric orsau 

lengths about the fish. Whea tbe tish must be restrained near the surtace, 

10 orpn lengths ot water in all other directions should be tbe miniinma. 

It should also be noted that to simulate infinity in research, the tank IIIUit 

be connected to earth sround and made to eonduet . 'l'his does not seem to have 

been done in paat research. 

Ve have sussested as & working eypothesis an electrosensor IUtChania. 

This bJpothesis is subject to test and thU>eby III&Y provide the mea. tor 

collapsing the current IINltiple crude categorizations of the recepto:.r that is 

so typical o~ a nev azoea o~ investigation. The hypothesis Ill&)" al.8o prOYide a 

basis for analyzing higher interactions in the fishes' nervou. syatlllll aD4 

thereby increase our understauding of the seoae. 

We have also, through lll&thematical anal)"'lis, shovD the liDkage a10q the 

varioua neural coding schemes sussested tor the fish and have shown their 

essential identity. 

We hav~ also developed a mathematical model of the fish baaed upon the 

useable experimental data. A set or equations describing tunction vas dnelop-

ed on the model and these ~quations linked to available experimental 4ata. 

The mathematical model vas analysed by a ccmputer to ascertain the sensitivit7 

or the risb at the receptor and to determine the effects or manipulating a 

number or variables. These variables included fish size, object size, obJeet 

electrical characteristics, object distance trom the fish, direetion and ansle 

or the obJect tr~ the fishes' axis • etc. Fraa the computer anal•"ia, ve 

., ;:~{ 
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determined the sensitivity to various perturbing objects under a variety Ot 

conditions and f'ound the fish to be quite sensitive particularly in certain 

directions. 

-
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APPENDIX 

Symbols 

The angle between the Y-axis and the radius vector t.rom the positive 

charge to an arbitrlll'7 point in apace. 

&'" The angle betveen the Y-axis and the radius vector troll the negative 

charge to an &rbi trary point in spaee. 

90 The angle between the Y-axis and the radius vector from the charge 

to the center ot the perturbing object. 

R The radius vector tr0111 the positive charge to an arhitr&rJ' point in 

space. 

R' 'rhe radiws vector tr0111 the negative charge to an arbitrary point in 

space. 

R
0 

The radius vector from the poaitiv~ charge to t~e center ot the 

perturbing object. 

The angle between the X-axis and the X-z proJe.ction of the r&diua 

vector trom the positive charge to an arbitrary point in space 

~0 The angle between the X-&Xis and tbe x-z projection of the radius 

vector tr0111 the positive charge to the center or the perturbing 

obJect 

Q The charge on either side of the c11pole. 

L The length or the c11pol.e. 

The dielectric ot the water. 

The dielectric of the perturbation. 

r The diameter or the spherical perturbiq obJect. 

• 
E0 The electric field at the center of the perturbation aa if the 

perturbation vere not present. 

J 

I 



e 
• 

U The potential due to the interaction between the dipole t1elcl aa4 X 

the perturbation. 

w A coordinate centered &t Me: perturbation opposed to the vector 

! 0 &D4 in the Y axis -R
0 

plane. 

m A coorclinate perrenclicular to the w axis iD the Y-P 
0 

plane 

originating at the center or the pertQJ"bation. 

8 The angle between ! 0 &D'- a line parallel to the Y-ais at: the center 

o~ the perturbation. 

A radius vector in the w 1 11 coordinate aystem to· an arbi tr1r7 point 

in space. 
--, 

Cl 'l'he angle between the radius vector and the coordinate v. 

E+ The electric tield clue to the positive charge. 

ir Unit vector in the direction YR 

E- The electric tiel.d due to the ..:eptin ·charge. 

ir.. Unit vector iD the direction ot R ... 

!X _ :& The X-z COIIIpoaent Of the electric field. 

U 0 Potential due to Wlitorm approximation ot the dipole field. 

ul Potential iDsicle sphere .1ue to Wlitorm approxilllation or dipole field. 

!Y The Y component or the electric field 

y End point ot charge path. 

a Radius ot sphere in dipole arrangment. 

I Current 

P Macroscopic: polarizat!on 

11 The number of molecules per volume. 

Pmos Related to the macroscopic polarization (electric dipole ma.ent per 

volume). 



Xe l'he electric susceptibility. 

E . Storing ~orce. 

X End point o~ charge path 

P ind Induced dipole IIIOIDent. 

T Thr~shold function. 

Tmu Ma.x:1mum threshold.. 

TmiD Minimum threshold. 

Tc Exponential .time constant. 

q Cb&rp 

y+ ~ variable ( positive chazose). 

Y• Dlmml;r vviable (neptive ehazoge). 

v Absolute voltase. 

v Voltage 

C Capaeitanee 

J Cuzorent density. 

D Distanee between cbazoges 

A A constant to be determined tram the boundary conditions. 

B A constant to be determined tram the bc~1dary conditions. 

X Reactance 

L Inductance 

U Potential in terms'ot the coordinate system. 

W0 Radian i requency or harmonic oscillation. 

J Reactance in polar corrdinates. 
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