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SUI\11\IARY 

The electric Ot:g:ms of StcrnnrcJms ::tlhifrom::c, a South Amcr~cun fre&h watc1· wcnlt 

electric fish, hnvc been sb:licd with emph.'tsis on clectrorcccptors. T11a morpholog­

in.l aud physiolobica.i ch=lrnctcristics of clectrorcccptors, ampullary a+id tuberous, 

a .. e di:>cusscd. Special instrumentation required for the role of these elcctroreceptors 

in pattern recognition has been developed. 

We have recorded with microclectrodcs tlla autonomous autorhythmic electrical activ­

ity o£ the tonic 11synchronous ru.npull:J.ry electroreccptors of the South American. weak 

fresh water electric fish Sternarchus nlbifrons. We have also recorded the electrical 

activitj• from the phasic tuberous elect:roreeeptors and of the synchronous ampLtllary 

elcctroreccpto:;.·s of the. same electric fish, Sternarchus aJbi:~rons. Preliminary meas­

urements have been made. The electric discharge of 1\f::llapcerurus eJcctricus, an 

African fresh water sn·ong electric fish, has been measured in and out of water. The 

autorhythmic activity of the ampullo.ry elech·oreceptors has been demonstrated. 

We obta.incd sam:! specimens of t11e African weak fresh water e ... ectric fish Gym1mrc!~ 

niloticns. They are supposed to be the most sensitive of all the weak electric fishes 

known." Together with two specimens about one foot long, we received a number of 

baby Gvmnn.rcims niloiicus about two inches ·long. The baby-electl·ic fish were in­

!ec.tcd with a. Sn.prolcgnin. fLU'IgllS nnd could nol be saved, but •.ve fi.xed a number of 

them in buffered formn.Idchyclc and one of them has been cut and motmtcd in tnraffin 

!or histological studies of the clcctl'ie organs . Preliminary measurements h.'l.ve 

been mn.dc on the communicn.tiotl cn.pnbilily of ndult Gvmn:n·C'h\IS niloticus . 

A study of the nncsthcllzil\2,' r.:rfcct of tricainc-mcth:mesnlfonalc (~TS:!22 = FINQU:SL) 

on Stcnw.r~I111s n.IIJiCrons h:ts bcpn undertn.J;:cu by ploltjng time ror the anesthesia and 

recovery for diffc L·cnl specimens. 

vi 

·-----~------·· ·- ··--- . 
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A. study of :m :macsthctic which clocs not rufcct Ute electric fish's electric ortr.tn 

pulse repetition rate is presented. 

Also, the effect of D-l11bocurarinc and the countcr~.ITcct of ncosti0111ina has been 

assessed for Stern:lrchus- n.lbifrons. Finll.lly, some improvements in the micro­

electrode recording instrumentation bnvc been -na.de . 

T11e electric ol'g::ms of Stcrnarchus albifron.s, a South American weak fresh water 

electric fish, have been studied with cmphllsis on electrorcceptors. Recordings 

have been made from the asynchronous tonic as well as the syncl1ronous tonic and 

the asynchronous phasic electroreccptors. The electroreceptors are part of the 

compl!.!X lateralls line system ••f the electric fishes. 

The other late1·alis line system sensory receptors. Wee mechanical receptors and 

displacement receptors, have been discussed as part of a general hybrid pattern 

recognition system of the fish. A passive hybrid lmderwnter pattern recognition 

simulation ::.-:ystein Ius been advanced. 

A simulatin& model concept could be established for underwater pattern recognition 

through electric sensory receivers and electric fields. More histological work is 

needed to establish tha rdation.ship bef:\vecn different elccn·orecep!Drs and their 

innervation. This is also needed for a realistic simulation system of the underwater 

pattern reco5Jlition ability of the electric fishes. 
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I. INTRODUCTION 

rn one of c-u1.• previous reports, we described the morphology of the electric org:m 

,c Sterna rebus albifrons, a wenk fresh 'vater electric fish from South America. 
1 

We menticncd th!tt the electric transmitting orgnn of Stcmnrchus is derived from 

nervous tissue and not from modified muscle tissue like the majority of other elec­

tric flshes. Tlris is mnking Stcrnn.rchus different from other electric fishes: it 

has a. Yery high signal rnte and the signal is phase and amplitude morlulated. 

The form, rate, a.n.d amplitude of the sign::Us emitted by the electric fishes are as 

diverse as the forms and sizes of these fishes. Some of the weak signals are used 

to locate c bject.S or animals in their environment, or for navigation, species recog-
2 

nition, and communication. The strong elec~ric discharges serve for offense or 

defense. Wata.nn.be and Takcda
3 

investigated the effect of a-c current with a fre­

quency clc·se to the elect !cal signal emitted by Eigenmnnnia. When the applied 

pulses came within :, 3 to 4 pps of the one emi tt:£ by ~igcnm~nnia., the fish would 

ch:mge its rate by 4 to 5 pps in a llh ,' !!tion which fncrcas r-ti the pps sep:uation. In­

creasing the frequenc~· of the :l.P!~;.l~t: -•.·-·<J C'un·cnt in 1 p~ •. •.eroments caused tho 

fish to shift its ft•equcncy corresponrlingiy until it reached about 6 to 7 pps over its 

normal rate, when it ~vould revert to its original rate. We obtained similar results 

in C.\-pcrimenls with Stcmnrchus :-~lhifrons, but the applied a-c signal was within 0. 5 

cycle of the signol of the fish, demonstrating how specific the applied sign::U must 

be to elicit a chang-e in the StcJ•n:-trclms signal r~lc : .! 0.5 cycle i.s tl1c ran~e of sc­

lccU\ily of the fishes' clectric:l.l tr::msmitting-l'ccciYing system. The fact that mn.n~· 

fresh wntcr nnd sen w:ttc1· clcctl'ic fishes h:we never been studiccl may present some 

difGcultics in obl.-dnJn:; .spccin.lldn<l'> or clccb:ic fishes, and their care mny nol be 

:m C:lsy t:.sk. There arc, howc\·ct•, cnollg-11 species to cn:tblc mnny C.'\.--pcrimcnts . 

1 
·· ·- - - ·· - ·· --- - -···· ·-- -·- . ---
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Very little is !mown about t11c electrical activity of marino cl~ctric fishes except 

Torpedo :md some rnys. Nnrcinc Bnrzilicnsis is the only known marine electric 

fish h .. 'l.ving two different electric org:lllS. Bennett 
4 

studied the mode of operation of 

the electric orgnns of R:tia cglnntnria, a m~rinc electric fish, :md of tha fresh water 

fishes 1T~.-popomus and Stcrnopygus and compared thmn with Narcine, Mormyrus, 

Stca.to~cuys, ,Gvmnorhamplwchtis, Maln.pterur~1s, Gym notus cara;1o, and Electro­

phorus e~cctrictt~. 

The main objects of this study were the form, innervation, and physiology of the 

electroplates forming the electric transmitting orgar.s. · The electropla tes of . 

Hypo~m:ts, Gymnotus cru.·apo, l\·1aln.ptcrurus, and some 'Mormyrida.e have the same 

surface area and produce spikes during disch:lrge. The electroplates of Starnopy~ 

and possibly ~igerununnia ha.ve two peculiar characteristics: there is a steady po­

tential on which pulses are superimposed, and Ule resistrulce of the electroplates is 

similal.' at the peak or between the spikes. The electroplates are of the type with a. 

slow depolarization. 

!n H~'POpomus, Malaptcl"ttnts, and most oC the Mornwriclae, the innervation of the 

electric c·rgans is tlu·ough st:llks. TI1e sta.UGS may serve tn :lmplify depolarization 

until it would be able to im':lde the body of the electroplates. 

The discl':arge rate and duly cycle have been compared for electric fishes like 

Slcrnopy~ms (rate"' 50/sec) and Eigcnmnnnia (rate = 280/sec) with the Stern.archida~ 

(ma. ..... 1500/sec). Compared with mnmm:llinn central nervous systems, peak fre­

quencies of the electric ol·gnns ::u·c not greatly different. 'I11c Ibnshaw cell can 

. discharge impulses nt a rate or 1400/scc 
5

, ~nd ncuro.as in the sensory patl1 some-
• 6 

Umcs pro<lucc bursts at n rutc of about 1000/scc. 

ln :u1 c:xan1ination of tU scll~u·gc ixl.ltcrn and org:tn fwl~'-ion stmlir:s, it was no led that 
7 

Gnut~l.Ccst defined two groups of electric fishes: tho~.c tl1at emil sig11n.ls at a constant 

2 
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rate, and those that emit pulses with :1 vari:~ble rato. :For e.-mmplc, Gymn.'l.rchus, 

Stcrnop~rgus, nnd Ei:;cnmnnnin. arc in the constant rate group; Electrophorus, 

Gn,..thonem·.1s pct.crsll, Stcatogcnys, nnd Hypopomus belonr; to the variable rate 

;OU!'· Bc:mett
4 

clld not make any connection betw:en tho electric fishes' electrical 

s.ystcms, their environment, and their beimVior. No one investigated their evolu­

tion, very little is known about their mating or birthplace, a.nd no one bas reported 

the breeding of electric fishes confined in water tanks. 

Stcrnurchus albifrons also ha.s two kinds of electroreceptors: tonic aml phasic, and 

they are autorhythmic. These electroreceptors 2re sensitive to movement and di-

rection. 'I he phasic electroreeeptors s.;; ~m to be related to informatlm regarding 

movement of obj~cts near or around t• -, .>h. 

Accepting the principle of pacemaker actiVity in the brain, it seems that there are 

only a reduced number of command nuclei acting on the electric transmittmg organ. 

It is also reasona~le to assume that electrically media~d positive feedback must be 

present; ctemically mediated transmission would be too slow for the repetition rate 

of transmission which c:w. attain under certain circumstances over 1, 300. 

Il.1aut1mer cells of lower vertebrates (Figure 1) can be .:onsidered single cells 

command system for the\ axial musculature on either side of the body8
• 
9

• In the 

backetfish each Mauthner fiber activates the muscles dcpressings both pectoral fins 

and these cells thus constitute a bilateral command system for the depressor 

muscles':0 • 
11 

For e:-..--pla.ining the pacezrakers action of the command nuclei. in the brain 

of the mor:nyrid electric fishes a mutual excitation with positive fcedbaci~ has been 

proposed. This theory would not work for the Mauthncr cells. There is a crossed 

inhibition between the Mauthner cells in the brain of th:! goldfish and it could equ3.lly 

be cf!e_cUve in M el~ctric o~~ln system. There is a r:::quircmcnt of high !':peed 

.,£ trn'lsmissioo in synchronized systems like m:my of the electric trnnsmi£tln~ 

org:~.ns. 'IIus has been useful in predicting sites where trMsmission has been 

3 
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Figure 1. {a) Schematic d1·aw!ngs of tgc location of the Mnutlmcr cells (from 

Furul;;awa and Furshp:m ) 
(IJ) The prlndpnl circuitry lm·olvcd in Ma~•llu1cr reflex (only the \'111-th 

nerve connections ;uld collatern.ls deriving from the excited :'ltauLlmcr 

cell arc shown), 
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electri:::nlly mcdintcd. Positive feedback may be a "sine qua non'' requirement for 

the pacemaker nuclei of electric tr:msmitting organs. There is proof of positive feed-
. 12,13 

back iu the mutu:tl .inhibition S)"Stcm of arthropod compound eyes · 

Tlu neur:tl systems controlling electric organs have provided a large number of 

ex:_mptcs of electrically lheclinted transmission, w;uch meets the functional require ~ 

rnc.nt £or rapid communication between cells. This mode of transmission also proven 

ttl be able to mediate many functions often considered as restricted to chemically 

mediated transmission. The correlation between morphologically close apposition 

and electrotonic coupling was considerably strengtbened by the work on electro­

motor systems. This conelation helps to validate morphological identification of 

electrical transmission In other systems where electrophysiological analysiS is 

not so simple. 

It is not known whether there is any relevance to higher systems of the organizational 

principles deduced from electric organ systems. The next hwel of analysis of the 

electric organ systems may be no easier than the study of less specialized systems 

that are of more general interest. Some knowledge is being obtained of afferent 

pat!lways from electroreceptors in weakly electric fish which have Important inputs 

to the electric organ control system. Both operant and respondent conditioning of 

the control system can b~ obtained and conditioned response latency can be very 

short. It Is not unreasonable that the complete neural pathway of the conditioned 

response- could be cbt:-..ined in these cnses. The cenlr:U connections ar.e still 

minimally explored; one knows what goes in nnd one cnn go from the electric org:.n 

several synapses antidromicalJy. The rewards !or filling in tJ'!e gap would be great, 

and pros?ects fo~ at least ~orne progress are bright. 

In Stcrnn.rclms ~~ clcctrc-rcccptors are dlstdl:ntcd over the entire body. 'I11e 

r~lc tubcrOtis. receptors arc vhry numerous as compared with the tonic ampullary 

rt!ccptors (Figure 2). The dcusity of receptors is greatest in the head region o.nd 

5 

~-~-- · ·- - -~ .. . -·--··- ---- ··------.---·------------------- --· 
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Tonic, Ampullory Receptor 

i\\ fv \ . ..,._/v---v ~-v 

J 
·····~ 

~n:tlnmiC':ll di!l.p·n.ms nntl C'quiv:1lcnt cit·cults of clccb.·ot·ctccptot·~: in 
ft·e>sh wntC'r electric! rish: (n.) to11ic, nmpulln.t·y rcccpto1· :ln.~ (b) phn.sll', 
-~uhe>rous l"Cccplor. Di::l:!l':l.mS :l.l'C ~llll\\11 with the CXlCJ'I1:ll o1Wtlium to 

'the to,l. The sl:in n.ml W:\11 of l'Cl'l']l!ot· c::n-ilics n.rC! sho\\11 in crnss 

S(. dion ns linl'S. Tlw ·.•]JCain~ to lltl' c:dcdot• of rh:-tsic rC'l't•ptcw <':1\'ity 
is shown as o<·cluclcd by a porous mn.:;;s, The ncnc fibers illlll'l'\':tlin;.; 
T('CcploJ' c~·lls nt·c intll<'a1cd, 
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falls ,;rndu:1lly toward the posterior end. There are ninor morphological subcJivisions 

within the ph:l.Sic and the tonic receptors, but no physiological correlations have oo~n 

b•-• ed14,15,1G yet o ...... n 

In Figure 2 the equivalent circuits of tonic, ampullar')· :md phasic, tuberous organs. 

is sh0\\11. Cross sections through the receptors are shown with the e~rnal medil!m 

to lhe top. The sk!n and walls of the r~ceptor cavities are represented by lines, 

innen•:~.ti:::n of the receptor cells Is indicated. 

The electroreceptors over the entire body are innervated by the anterior lateral line 

nerves, a large branch of which runs posteriorly to join the posterior lateral line 

nerve just behind the head17 (Figure 3). The posterior lateral line contaills only 

mechanoreceptive fibers which come from free neuromasts and canal organs
18

•
19

• 

The recept.Jr cells of tonic receptors appear to behave very nearly like linear 

elements; that is, their membnl.Iles have fixed internal potentials, resistances, :md 

capacib.m::es. They are, in a sense, electrlcally inexcitable, and tb~y di.ffer markedly 

in this re.:;pect from pl1asic receptor cells. There is evidence !or c' .dcally mediate d 
20 

tr:msmissions at tonic receptors of gymnotids T".::te morphological characterlstics 

of the sn:yapse are those typical of chemically mediated transmission. A strong 

brief anodal stimulus produces an evoked response lcng outlasting the stimulus. Then 

there is ~synaptic delay between the initiation of the impulse and the nerve implllse 

(between 0. 5 and 1. 5 msec}. Mormvrid tonic receptors are similar to those of 

S'\'mnotid;; and Gymnn.rchus niloticus tonic receptors are morphologically similar, 
21 

bul they "''Vere not physiologically studied • 

111(:! relatiouship between the diffcreut elcctroreceplors of Stcmarchus nlbifrons in 

pattern recognition has nat as yet been studied. The present study developed special 

lnstrumant.'1.tion required for in':,cstigai.ing the roles of. these clcctroreccptors in 

P:lltcrn rcco~nition anu obtained preliminary mcasurcmcnLs of electrical discharges 

from Illnlaplcrunts ckdricus in :md out of water. 

7 
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Figure 3: . . 

.... - ~ ~- - ·-·- .. -......... ' 

Jlol"i7.onl:d prCljc~tion of lhc cr:mi:tl 11crvcs of Elc<'.lt·ophorus • 
Note !be small size of the b1·ail\. Some nerves :tl'C indic:ttcd by 
,Liic COlTCSpcmdin!-i llltmbcl'S. L.A. llC'l'\1.15 b lcr::~lis anterior; 

· . L:> n~rvus lal<'l'ali::; pos!c!'io1'; Oc-Sp, oc<"ipi t o-sp!nali~ ncn·c. 

3 
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In our e:lqlerimcnts, tho perception of objects by weak ele-ctric fishes by way of tho 

disclmrgc of U1cir electric org:ms (tr:l.nSmitting :md receiving) has been: clcmonstr:l.ted. 

th 
22 . . 1. . . h 

Other au ors have sho\vn thn.t weak electric fislu~s can be trained to '1stingu1S 

between conducting nnd nonconduct.il1g obje~ts placed in ilie water. 

For this \nd of rccl"lption. two possible modes of actio a at the level of specific re­

ceptors could be proposed: the "pulse-frequcncy-modula:iou"
22 

and the "pulse­

ph!l.Se-modulation' 
23

. According to the first hypothesis, sensory information should 

be conveyed by the fre~ency of the sensory impulses depende~t on tho pulse of the 

electric organ. discharge whereas, according to the second hypothesis, Ute time re­

lation (the plusc) between the electl·ic diEcharge and the f::>llow'...ng sml~;ory impulse 

would play an_ important role for the sensory coding. Fram our expcrjmcnts with 

Stcrnarchus ::tlbifrons, a South American wenk fresh water electric ncb, we con­

~luded that ap-:mrently r..either of the 9..bove proposed meci1anisms arc operating in 

this f.ish. The intensity of current flowing at the level of !he receptor is coded by 

the number of impulses elicited by each electric organ dischal·ge. Sv;rn:::.rchus 

albifrons can discharge at rates higher than 1000 per second <'nd the ~onsory impulses 

of the recepto:..·s can follow their illscb:1rge rata. 

ln some morn:.yrids
24 

and gymnotids
25

, however, modulation of the rr...:lation electric­

organ pulse-sensory impulse may be used for elcctrosensory coding. In mormyrids, 

also, the changa in intensity of the electric field may be c::Jdcd by ch::.r.;:rfng t11c latency 

between tl1c electric organ pulse and the scn:sory receptors' impulse. In mormyrids, 

it may ait:un \·a1ucs up to 9 mscc, whereas in gynmotids it bas been f-, -.;nd not to 

exceed 1-2 ms cc. 

lt has bec11 previously mentioned U1at in Stern:trchus nlbifrons the clC;';·.roroccptors 

:trc distributed over the entire body of the fish :md that l11o ampull::n-:,- -.~J:-.ic receptors 

:trc more num::::t·otts than Ute tubct·ous phn.sic l'CCeptor.s. We rccorue:r~ ·..c~t:n the n.uto­

rhythm..lc clcc1ric~l n.ctiYHy of the nonsynclu·onous tonic, nmpull:try e: : ·~-::~rorcccplors 
of ~rchu~ :dhifl'OllS. '1'!10 i mpulse~ were ilTC:,'l.tlnr :U"Olllltl :1 l"Cf-'"~·.;:!o:1 r:t!C of 



C00022047 

.1 
-~ 

. ~ 

. .:: 

0 • 

bclwccn 100 and 300, with :m a.mplit.udc or around 2. 5 mV. Th(;l impulse durati.on 

was around 2oo microseconds. There are other types of tonic receptors which ::u-e 

synchronous. The phasic units arG nonsynchrocous. 

The nonsynchronous tonic receptors seem to rcnct inder,cndently from the trans­

mitting clcctdo organ. They react to any obje(.ts b1·ought near the fish n.t a. certain 

range. Tl1c recording shown in our fir.:ll report is made from such type of 

receptors. 

As previously mentioned, some fresh water wealt ~lcct.L"ic fishes have the ability of 

perceiving objects, their n1ovemenf and direction, and also to determine some ciw..r~ 

a~teristics of ti1ese objects (such as conductivity). For this underwater patter'n 

recognition, they utilize both their electric transmitting orga~ and their electro­

receivers. Obviously some other sensory percepti·::~n receivers of the lateralis line 

mny be involved such as: free neuromasts :md the :::upula type of later.U line re­

ceivers; the auclitive system may play a role also in tllis pattern recognition. Some 

of the electric fishes are blind or have vestigial eyes; others have good vision and 

it is certainly used in the recognition process. 

It seems tlmt a hybrid system m::tdc of a diversity of sensory receptors is nssd by 

the electric fishes to locate and identify objects and fishes of the same or different 

species and also prey or prcc!ators. They u$e little: cll.)ctrical encrgv for tltis and 

the cll.st:mce iuvoh·cd is ccnsiclerablc -- it muy attrun, t:.ndcr cer t!lln cir<"umstanccs 

:md for one specific sensitive species (Gvrnn::trchi<l:":£), ow~~ a milo.' 

Tltc str ::mg electric fishes (Elcctrophon1s , 1\blnptcrurus , ToiJ?edo, and Astrosco.E.!.~~ 

t::\n inc::.:pacit!lte and kill tllefr prey '.\"1Ul thdr r~L>chargc or the powerful electric 

or~r.m u~cd only for such purposes. II they have a <.lctccting and locating system, 

they use a different low power clcctl:ic tl•:uJ.Smiit:in:; than the m::tin powerful clcclric 

or~u1 {i.e., Elcctrophortl!-.:) . The meaning of this is lh .. 1.t there is no hi c;h power 

rcqllil·cmcnt for the p:1ttcrn recognition system or c:llcctr ic fishes. The <' lectric 

10 
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sensory receptors :.ro very sensitive, hn.\·c :1. Il.i~h <liscrimina.tin~ cup:'!.cit.y, nnd usa 

nn electronic processing system based on :1. multiple degree of freedom modulating 

:tnd coding s~·stcm; tllC}' nrc also jamming rcsist.·mt. 

The import..'UlCC. of such o.n undcrwn.ter patte:rn recognition system cannot be over­

cmph.'l.Sized. The simulation and modeling of it c:m be achieved once 1l1c parumetelS 

of U1e different sensory rccei"vers have been estn.H.ishcd, physical ann.logs derived, 

:md models de\1scd. 

By :md b.rge, tl1e communic:o.tion and r:oding Sl•stem of electric fishes has been 

established a11d discussei
6

• The nntijamming capability of the system ha.s been 

dc:nonstrated t."'lrough simulation
27

• The electroreceptors of Stern."lrchus all)ifrons, 

:1. fresh water weak electric fish, have been studied, and fer two different ltinds • 

physical analogs have been proposed. 

nccn.use of our pre\1ous findings tlw.t U1e anaesthetic "1\-IS 222 (Finquel)" used by 

most rese::trchers of electric fishes affects the frequency of the impulses emitted b)• 

the electric organs in a nonunifonn way, we investigated a number of cliffel"ent 

arocsthetics and found one which docs not affect the frequency of the impulses or 

their amplitude. 

11 
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n. IN~TRUl\IENTATION 

The recordings of the autorhytmic elcctr' · signals from electroreceptors need 

special instrumentation. The signals are ,.,r low voltages: less th3n 1 mv, and they 

need a large bandwidth. The diamete:-s < some (".f the electroreceptors are of the 

order of microns. There is the need for ~·-: , ·.::;ulated microelectrode with a tip of 

one micron, with a reasonable low resir.bnc '"' , ·- ·, sibly less th:~.n one megohm, 

responding from DC to several kHz with low :., .• w:-tion ~~enough rugged to with­

stand some bumping by the fish. It has also tc ~ ~of a nonpclarizable type. We 

developed a ::nicroelectrode with all these cba.rncteristics and it is described later 

in this chapter. 

I~ our proposal for the continuation of the investigation of electric fish we mentioned 

lho.t we deve:oped a sen:>itive low noise solid-state microelectrode d-e amplifier 

(Figures 4, 5). We modified them having now a Motorola MC 1531 input stage aDd 

:1. Motorola J\.lC 1431 output stage. Graphs show the repetition rate versus ampllfi- · 

catioil factor for square wave and frequency ve•sus amplification factor for sinusoidal 

waveforms with a 100 kiloohms, 1 megohms, and 5 megohms input resistance 

(Figures 6, 7). 

\\'c give a description 6f the method used to produce a suit..'lblc microelectrode for 

recording electric signals from the elcctrorcccptors of Slern:u-chtlS nlhifrons. 

llubcr~cscribcd how to make coated tungsten microclcct::-o<.lcs. Wohlbarsht, ct a1~ 9 
10 31 

described ~lass insubtccl platinum microclcctrodos; Green and Grundfest, et al , 

used stainless steel clcctiodcs. T11c steel :md lungstcn electrodes have a fairly high 

resistance (20 to 100 megohms) nnd n.ll, including the platinum electrode, arc pobriz~blc. 
32 • 

Dnn:J.lclson ckscribcs a multitude of microclcctrodcs sue!: as silvcr-sih·cr· chlol"itlc, 

pbti.num-pb.Linum chlorldc, and ethers. Silver -silver chlo1·idcs arc very con\'enicnt 

1? 
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Fig-.tre 4. Mkroelectrode amplifier with one l\[C 1531 and one MC 1431 
operational amplifiers. 

J ,,/( 

""''ACITT 
H:.~on .•cK ------

loll< 

-~Ydc 

G.JID 

Microclcctrode amplifier with one ~rc 1531 nnd one l\IC 1431 
"Perationnl a.mpiifi~ rs: schema ti.c din.~ram. 
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electrodes but hn.ve n. high resistance. In order to lower fhe resistance~ it is 

ndvisable to cover the silver-s_ilver chloride electrode after the electrode is 

insula~cd with Insulcx lacquer, with platinum black through an electrolytic process 

and r.Iter tllis to add a new silver-chloride coating. The tip of the electrode can be 

:lllywhere be~wee.o. 0. 5 and 1 micron in di~mcter. 

T~e a 50 ml beaker and fill it with cone. H Cl and cover it with Xylelle {about 

1/2"). Use a carbon rod for one electrode (Spectroscopy carbon rods are suib.ble) 

:md connE...:t it to a variable source of A. C. current from a variac and a bell-type 

transformer (a.pp. 7 to 12 v). Connect the low voltage leads to an A. C. voltmeter. 

Usc about; 5 to 6 volts to sharpen the silver wire #36 gauge (any necessary length) by 

moving it ·.rp and down for about one minute {Figure 8). Decn,ase the volt2.ge to 

between 2":"3 volts and move the electrode rapidly for 30 seconds up and down. Have 

50 ml beaJ.:crs filled with: (1) saturated sodium carbonate solution (Na
2
C0

3
), 

0) acatic acid 1% in H
2

0 (CH_
3

C0)
3

- 0, (3) Ethyl-alcoi:ol 200 proof, (4) Xylene. 

~fovc electrode after sharpening process from No. 1 t:trough No, 2, 3, and 4, agitaf.:i.ng 

:i few times the electrode ':n the liquid. Check under microscope with a microfilar fc>Y.' 

sh:upness; if not sharp enough, operation II (2-3 volts;. and . the cleaning from 1 to 4 

:;hould be repeated. 

If ;;harp en:)ugh, take a 50 ml beaker and fill it \vith Na Cl 1% solution in distilled 

11
2
0. Use;~. silver wir~ (No. 18 to 22 gauge} as an electrode (cathode) and connect it 

'':ith n D. C. source (power supply) of between 1 to 2 volts. The positive end should 

l•c councctcd to the microelectrode. Hold il for 30 scc:;·:mds in the H Cl solution. 

ltcvcrse t·w:fce tbe polarity for the same amount of limo (Figure 9). 'Wash the 

rlcctrodc in distilled water for two minutes. Insulate tlu~ electrode with insulex 

lacquer. For dryin~, set the mieroclcclrodcs with the tip up. Dt-y for 2·1 hours. 

The tip sho;.~ld be clean of lncquct· for 10 to 30 microas. Tnl,;c a GO ml beaker and 

~:II it with a. 1% chlorop!ntinic acid. Usc a No. 13 or 22 ~:lllp,l~ wire as a cathode 

1t. 



C00022047 0 

Figure 8. Device for sharpening meml electrodes • 

. • 
r:~.~~-c 9 Dl'\'kl' Cot· applyintt sil\'cr d1lol'idc on the lip ami surface 

of sih't'l' or sih'CJ' chlm·idc plalinizcd ck<~lt·mks. 

17 
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.onnected (to the negative) to a D.C. source or 15 volts. 'Fhe microelectrode should 

10 connected to an :mode (positi;c> of 15 volts, in series with a 1 Megohm (1 W) 

·'1lsistor. ?ass current through the electrodes for 15 to 30 seconds. Wash. the . . 
.•lectrode in distilled water for a few minutes. Use the 1% Na Cl solution with a 

;j}vcr wire, gauge No . 18 to 22, as catho~e, and the 15 volts D. C. source in 

•crias with the 1 Megohm resistor for depositing a sih·er-chloride coat:i..ng on the 

:ip of the microelectrode. '1\venty to 30 seconds will 00 sufficient. If bubbles come 

1cr from any other part than the tip, it means the in~-ulatioc is not good md should be 

redone. W3.sh the electrode in distilled water for 10 to 15 minutes. Store it in dark 

:o.'ltainer filled with Ringer solution. 

The electrode has lo~ resist:mce (from lOOk to SOOk depending on the tip), is non­

'>Oiarizable and produces very little distortion from D. C. to fairly high fre:;,uency 
f • • . • 

IO\'Cr 1000 Hz) (Figures 10, 11). 

In Figures 11A, llB, llC, and 110, the performnnce of the uricroelectrode amplifiers 

is shown. 
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Fig.ll-C . Hccordings al different ~quare wave repetition rate~ :.:1d sinusoitl:ll fre­
quencies with the tloublc sta~c :t-1C 1!)31 microclcclrotlc nmplifie _· input rcsi~tancc 
1 mc(;uhm. 
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m. A SEARCH FOR AN ELECTIUC FISH ANAESTHETIC 

TIL\ T WOULD NOT AFFECT TIIEffi ELECTIUC SIGNAL 

A commonly used ruucsti1eUc for fishes a.ml cold-blooded anim:L:s, urctba.n (ethyl 

carba.mate = C3H7N~) has been found to have ca.rcinogcn1c properties by Wood
33 

3nd Ball and Cowen • An editorial comment accompnnying Wood's report indicated 

!bat the substance named MS-222 (tod:1.y called Finquel) might be a suitable substitute 

for uretlmn. MS-222 (tricaine meth:mesulfonate = c
10

H
15

No
5

S) was discovered by 

~1. Sandoz during his search for a reliable syntl1etic substitute for cocaine (benzoil­

me_tbylecgonine = c
11

H
21

N0
4

) for a local anaesthetic. 
35 

Since Wood's and Ball and Cowen's reports, MS-222 has beco~e routine for anaesthe­

tization of fishes to facilitate tho hancllil1g of both :m::trlne and fresh water species. 

The toxicity of tho drug to some species of flsh was determined by Marlting
36

. wa.ilrer 

:mel Schoettger 
37 

measured its residues i;"t various tissues of salmonides and its 

c!Cicacity has been. investigated by Schoettger and Julin 
38

• The cltem1ca.l and arutes-
. 39 

thctic qualities of MS-222 are mentioned by Klontz , and details about Ute clJemistry 

c:m be found in the Merck Inde.'\: 
40

. 

In the last years (1970-7~), an agreement has been made between the Sandoz Pharma­

ceuticals, Divisi-::>n of Sandoz, Inc., Ba.sel, Switzerland, and Hanover, N.J., USA, 

and the Ayerst Laboratories, New York, N.Y., tltat tl1o latter shoull'. produce and sell 

the l\·IS-222 (tricaine mcthnncsulfonate) in tlte United States under their own brand 

nam,e of "FillQUE~". 

In most of the s::ucUes on electric · fishes, MS-222 has been used ns a general ann.cs­

thctic by' thc in~·cstigators. Sz:lbo
41

, HJgiwara, Szabo and Engcr
42

, Enger and 
43 .• 44 

Szabo , Nobuo Sugn. , and many others used l\IS-222 to anaesthetize electric fishes 
~ . 

duru1g surgi~::U 1Jrocedures and subsequently to record tho clcctri.c:ll netivHy either 
• 

£roil1 the elcctrorcccpfors or fxom lhc nerYcs comtccting u-.cm witl1 the ccnb:nl 
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11cr'i'OUS system. No mention h."'.S been m:ule of the affects t>f the :i\IS-222 on the fre­

quency and amplitude of the clct?tl.'ical signals as related to concentration and/or time. 

sutloclc:
5 

mentioned th."lt Hvpopomus occidenta.lis, a South Amcric:m fresh water we:lk 

electric fish. w1t:1 a normal l'Cpctition rate range of 25 to 90 per second, would lower 

its frequency to l:elow lG per second only under anaesthesia. Under deep anaesthesia, 

the fish tn:ll' stop abruptly its electrical activity. By reducir_g the level of anaesthesia 

or by stopping it to let the fish 1·ecovar, it will also abruptly resume the normal 

electric activity. In our e.>..-periments with Sternarchus albifrons, a South American 

trcsh water weak electric fish, we found a gradual tapering of the repetition rate of 

thO electric signal with the deepness of the anaesthesia and a gradual incre2se of the 

repetition rate with the recovery. By monitoring the effect of Finquel C·"'~-222) 

anaesthetic on tire electrical activity of Sternarchus alhifron.s. it has been . ·red 

a fast and sigriificant change in the repetition rate of the electric signals. A decision 

wo.s made to study the effect of different anaesthetics on the ~lectrical activity of 

different species of electl"ic fishes. 

Titc anaesthetic agents of choice were: 

1. MS-222 = FINQUEL = TRICAINF. METHANESTJLFONATE 

2. NEMBUTAL 

3. AJ.I1:YTAL 

4. SE CONAJ;. 

5. TmOPENTALSODfUM 

6. NOVOCAINE 

7. TERTIARY AMYL ALCOHOL 

A. TNSTRUl\rEMTATJON', 1\YATEIUALS, AND METHOD~ 

A specially built :::o em trny made oi lucitc which could be adjusted to t11c size of the 

fish h:ts boon used to check lhc effects of :macsthctics 011 u·.c electric organs of c1cc­

tric fish (Figure 12). The tray is proYiclcd with fittings !"or l11c rnpicl cl.isch:u-gc of 

25 
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. nn:t_astllctics or water and n constant ncrnUon of the solution is possible if ncccssa.ry. 

It :Uso has at every ccntimetc:t• distance embedded stainless stc~l electrodes con­

nected on both sides of tl1e trn.y with the exterior nnd to contacts. The electrodes 

corresponding to the position of the Ilead and tru.l of the !ish were connected through 

a high4I::tin, low noise amplifier to two oscilloscopes Tcktroni.'\: (one for pboto-tn.ldng), 

a counter a11d :m F :M ta.pc recorder (Figure 13). The tray with the fish \vns located in 

a floating screen room ::md all the instrumentation grounded to the screen room was 

Ioc:l.tcd in the b.bo1·atol:y outside lhe screened room. A lucite cover on the tray pre­

vented the fish from jumping out, different holes served to pour in water or annes­

\hetics1to put in thermometers,and to let e.'\:ccss air out. A d-e 1bat.tcry) operated high 

intensity lamp was used to illuminate from the top the fish and to furnish enough heat 

to bold the temperature constant during expel.'iments. For the experiments, the 

fishes' own aG,uarium~wa.ter was used at the beginning of the ~"Periment and tl_le 

same water was used for mixing in the anaesthetics. In this way, the tcmpernture 

of the water and :lll:l.estlietic solution was easy to keep to :he same level as the normal 

tcmper'lture of the water in the aquaxium. The pH of the aquarium water at the be­

ginning or the ~1)erlment.s and also t11c pH o! the anaesthetic solution were measured 

with an ~-pnndcd pr:ecision type of pH meter. The pH meter has been cnlibratcd 

before each CA1Jet·imcnt. 

Tcnta.tive measurements and observntion of the a.ction of the a.na.estbetic hnve bean 

made first on goldfish and then on one of Ule clectdc fis~1es before anoU,er specimen 

h:ls been selected for the e.-...-per.iment. For ench c:-.:pcrinent with one and tl1e same 

anacsU1Ctic, five specimens of Stcrnarchus rtlbifrons hn:.•c been used. The specimens 

of Stemn.rchus nlhlfrons, a fresh water South American sternn.rchid wc:tk electric 

C!sh, h!lvc J.:.ccn in our laboratory fo1· over one ye:tr and t110y were all healthy and 

\':lricd in weight from H lo 30 grnms. Gymn:trchus niloticus, n. fresh water African 

gymnarchic wcn.k clcclr.ic fish; h:ts been l>cpt for over six months in our laboratory. 

There is .:\llothcr specimen just rcccivcc.l. T'.1crc aro a~so two Gn:1.thoncmus pctcrsii, 

fresh w:ttc:- Africn.:.1 mot"Dl)'l'id c1!.!c!1·ic fish, being in the l:lbol.':l.tory for over two months. 

2G 
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Figure 12. Adjustable Lucite Tray for Anaesthesia Experiments. 

Figure 13. Instnnncnto.tion Usccl for An!\CSthcsia E::...-pcrimcnts. 

27 
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The £ishcs have been weighed before each e~1JCrimcnt n.n~ put in the ~-perimental 

traY in their own aquarium water. The electricn.l activity of the electr-ic org:m has 

been inonitorc::l, recorded wifh the FM ma..,"tletic tape reccrder. its amplitude meas­

ured on the calibrated oscilloscope, and a photo taken. After a few minutes, the 

water w~ discarded from the experimental tray and the anaesthetic wn.s introduced 

with a funnel through one of the holes in 'the tray cover. The time of introducing the 

ana.esU1etic h:ls been marked with the nid of a timer and also recorded on the ID.'lo"'Dctic 

tape and in our records. The effect of the anaesthetic on the fish, its behavior and 
. -

respiration were constantly observed. The elcctl·ic activity bas been monitored and 

!rom time to :ime a photo has been taken from the oscillo.scope. The moment in 

wbich the fish was anaesthetized completely has been recorded. The fish respira­

tion and electdc activity (amplitude, wave form and repetif.o~J. ra'e) were constantly 

observed. U necessary, the anaesthetic has !x;.::u lmmediately discarded and fresh 

aquarium water has been introduced in the experimental tray wifh adequate aeration 

for the fish. This moment has been recorded and the recuvery time of the fish has 

been mn.rked. The electric activity also bas been monitored. When the fish was 

considered completely recovered, it was returned to its own aquarium. Sometimes 

because of the long time a fish wns anaesthetized, it has been returned from ti1e ~;­

perimental tray in a. net floating in its own aqi.larium with adequate aeration with 

bubble stones under the net. 

Experiments were performed on five specimens of Stcrnarchus nlbifrons (No. 2, 3, 4. 

G and 7). In order to assess the effectiveness and dosag·; of the "MS 222 Finqucl" 

tricainc met:l.'lllesul!ono.te, we rcc~>rcled tho electrical acti\ity before, clul"ing, nnd 

after an~csthesia. The frequency of the clcctri~ orgnn tJill drop immctliatcl~· after 

adding the tricninc mcth.:ulCsul.forotc to the water in a srccial tray,provided with 

Stainless steel electrodes set at a distm1cc of ono em from one :mother over the 

length of the luci tc tray . The fish were restricted by a ):lrtiUon :1.ml a "U" sh:rpcd 

lucile dc\icc placed on top of the fish. Fig;urc H shows the decrcnsc in frequency 
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Figure 11. Effect of tricainc methane sulfonate solution 1:10000 ln water on the repetition rate of impulses of the 

clcctr!c org:m o: ::itcrn:J.~C~\\lS nlhHrons to U.s complete nncsthcs~a und rcc•J?Cl't>.~1on l'.ftcr putt.Ang the 
flsh in frt:s!J wnto~. 
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witll time when the fish hns been kept in a 1:100<>0 MS222 anAesthesia solution in 

water and the rctu-n of the impulse rate after the solution b:l.s been exchanged with 

fresh water. The electric:!.l activity of the electric transmitting organ was recorded 

:lD a. Hewlott-Pacbrd four-cha.nnel Fl\1 magnetic tnpc recorder to be played back nnd 

analyzed later. Figure 15 shows the electric activity before maesthesia; Figures 16, 

17, 18 and 19 show the electric actiVity during anesthesia: and Figures 20 and 21 

show activity during the recuperating process. 

B. RESULTS Al'D DISCUSSION 

From seven anaesthetic agents we tried, six were inadequate because the repetition 

rate of the electric signal was affected. Only the thiopental sodium Abbot (pentothal 

sodium) does not influence the electric activi!:<J of Sternarcl1us albifrons. 

The thiopental sodium has been ched~ecl on five different fishes (same st)ecies). It 

has a very fast effect in a dosage of 1:10000 in water. The fish, after it has been 

anaesthetized, would remain as such for 2 to 4 hourD lying very quietly. It recovers 

completely and the anaesthetic has no ill effect on t11e fish. We anaesthetized them 

repeatedly and after si.'C months' time they are doing woll. After tl1e fislll1as been 

:maesthetized, it has to be put in aerated fresh water where it can remain for hours. 

Figures 23, 24, ~5 and ~G sh6w that the repetition rate of the electric signal has 

not been affected in over 40 minutes. The only chnnge was produced by a slight de­

cr~se in water temperature (from 720 pulses to 700 pulses) of about 0.4 C. 

Stcrnarchus albifro'}! is very sensitive to chnn~es in water temperature. It will 

increase the repetltJon rate of the electric signn.l for :m increase in watc·r temperature . . 
and it will decrease the repetition rate for a decrcaso in water temperature. For 

every degree Centigrade, it may chnn:;-e t11e repetition rate by about 50 to 80, de­

pending on the ·;KLrticulnr fish. 

Tluopcnt!l.l ~"di .• m or Sotllum 5-cthyl-5-(l-mcthylbutyl)-2-Uuobn.rbituratc has the 
' 

chemical formula c
11 

n
17

NaN
2
o

2
s, :t molccul:lr weight of 2G·1. 3i;3lml is a yellowish-

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

~ -~""'r-:----:-~-:----------------------,---~ 
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. , stcrn:n·elms nlbifrons #7 normal elec-' ... 
-"ll ;~.cti\'ity. Water temp. 24.2°C, time: 
· ~$c/cm, 5 mV /em. 

t · . ~:.:-r~ .~':",·hns nlhif1·ons t!7 in :mcs­
·.: ::-k::i:·._. mC:tll:lllc sulfonntc 1 :10000. 

• ·· : •~r=~i'· :.:.~. z~c, time: 1 mscc/cm, 
-·::,:::, :: :::inutcs. 

n, 

Fig.l6. Str.!rno.rchus nlbifrons i11 in anes­
thetic tr::caine methane sulfonate 1:10000. 
Water temp. 24. 2"C, time: 1 msec/cm, 
5 mV/cm, 1 rn:nde. 

Fig.18. Sternnn~hus nlhift•ons #7 in ancs­
thutic b.•icainc methane sulfon:ttl.! 1 :10000. 
Water temp. :2-1. 2°C, time: 1 mscc/cm, 
5 mV/cm, 4. minutes. 
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:l. Stern:wclms albifrons ~7 in anes­
::ic tricaina methane sulfon::l.l:e 1:10000 • 

. :~er temp. 24. 2"C~ time: 1 msec/cm, 
-::-.V/cm, 5 minutes. 

.. Slcrn:Jrclms nlhlfl·nns rccupcr:lling in 
\ w~tCl'. Temp. 2·1. zoe, 8 mlmtlt:S. 

Fig. 20. Ste:-narclms n.lbifrons recupe1-ating 
in fresh water. Temp. 24.z•c, 5 minutes. 

Fig.22 . . New sct-tl\1 for mict·oclcct.rodc 
rccordln~. 
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Figure 23. Sternarchus albifrons No. 1 just before anaesthesia with 
thioper.tal sodium. Electric signal rate: 1':1710. 
Sweep 1 ms/cm, Gain 10 mv/cm; Water Temp. 22.4°C. 

Fifirc 2·1. Stcrnarclms n.lbifrons No. 1 ruucsthct.izcd w:th tlriopcnt:ll 
· scdium 1:10000 (2 nun.) 3. 5 min. in fresh wn.tcr but still 

coinplctcly immobile. Electric signal rate: ;;::::: 10:-. 
· S\I:"C!' 1 ms/cm, GoJn 10 mv/cm; W:ttcr Temp. 22. 35°C. 

~· 
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Figure 25. Stcr11archus nlbifrons No. 1 a.xucsthctized with thiopental 
sodium 1:10000 (13. 5 min.). Electric sigruil' rate: ::.: 700. 

Sweep 1 ms/cm. Gain 10 mv/cm, Water Temp. 22. 3°C. 

Figure 2 6. Slcrn:~.rchus :~.lhifl·ons No. 1 :macsthctizcci witll thiopental 
sodium 1:10000. 37.5 min. in fresh wnter. Electric sigm1l 
rate: ~ 700. Sweep 1 ms/cm. Gain 10 mv/cm. Water Temp: 22. 3•c. 
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white, hygroscopic power. soluble in water n!ld alcohol nnd is a strongly :illYl!inc 

solution. TI1c Abbot prep:u"ll-tion is of nonhygroscopic cryst.'\ls 
46

• 

Tubocurarine cluol'idc can be administered by intra-abdomino.l injection. TI1ere is 

no interference between t.ubocurarine :md tlrl.opental sodium. 

The st:lbility of thiopcnt:::>.l solutions depends upon several factors, Including the 

diluent and conclitiollS of stornge. It is recommended to keep them under refrigera­

tion and tightly stopp6red. 

•'Ffnquel" or "MS222" is a meta-a~o-benzoic-acid-etllyl-ester in the form of t:ri­

caine methane-sulfonate and bas the chemical formula c
10

H
15

No
5
s with a molecular 

weight of 261.31 and is produced as tine needles, soluble in water . It is slightly 

acid and is stable to boil..iDg. 

FiiJ.quel 1:10000 in aquarium water would affect the repetition rote :Jf Sternarchus 

albifrons ~llld make it decrease in 1() minutes from 780 to 440 (Figt;.res 27 and 28). 

35 
·. - ~~;- ... • ::- _ .. , --......,., -
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Figure 27. Sternarchus albifrons No. 2 in Aquarium Water. 
El~ctric Signal Repetition Rate: F<J 780. 

Amplitude 25 mv, sweep 1 ms/cm, water temp. 22.4°C. 8/31/72. 

Flgurc 23. SlcJ,larclms alhifrons No. 2 in l\IS-222 (Finqucl) An:tcstliCtiC 
Solucon 1 :10000 in Wn.tcr. Electric Sign.1.l ltcpctition R.1tc 

Aftc:- 10 1\linutcs in tllC An::l.csthctic: ""'4-10. 
Amplitude 38 nw, swcq; ft·cq. 1 mscc/cm, water temp. 22.-loC, ·S/31/72. 
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rv. TECHNICAL DISCUSSION 

Four specimens of Stcmn.rchus ~lhifrons have been used for cst.."l.blislling methods to 

record the ::~.utorh:;rthmic activity of their elcctrorcceptors (Figures 29, 30). The 

fishes have to be anaesthetized and curarized in order to avoid twitching of the muscles 

during microclcctrode recordings. We tried the effects of d-tubocurarine on 
42 

stcrn:l.rchus n.lbif1·on~ •. Hagiw::~.ra, et al , recommended 0. 03 to 0.1 mg curar~/fisb 

- 4 and Enger and Szabo 
3 

recommended 0. 03 mg d-tubocurarine/g fresh fish weight. 

Both used (MS 222) tricaine methanc~ulfonatc for unaesthcsia (1 :150, 000). We fotmd 

tbat the quantities given did not correspond in our case. 

The weight of the Stcrnarehus specimens varied between 16 g ana 19 g. Ooe specimen 

(16 g) received o. 5 mg d-tubocurarine intra-abdominally. The f~sh was paralyzed in 

one minute. Electrical activity of the main electric orgnn subsided after 20 minutes 

:md the fish was dead. after auother ten minutes. All the time the fish was kept in a 

4000 m.l beaker with medicated aquarium water at a pH of 7. 0 and a temperature of 

23.0°C. An aerator stone provided the necessary air. 

A second specime-n of Sternarchus (also lG g) has been anaesthetized with l\tS 222, 

1:25,000. One grnm ofl\•IS 222 h:ls been dissolved in 1000 ml ::listilled H
2
o as 

stock solution. Then this was diluated to the proper amount in a 4000 ml beaker by 

adding aquarium watet· with merbromille and acriflavine added ns disinfecbnts. 

The MS 222 dilution of 1:150,000 would not affect the fish in o·1er oue hour. The 

dilution of the l\ts 222 was reduced to 1:25,000. After 20 mi.I:.utes in the MS 222 

solution the fish was injected inlra-:lbclominally with 0. 05 mg of d-tubocurarinc 

l mil solution. The fish was pnro.lyzcd in three minutes. For one hour it gave a good 

~ -. strong electric signal of the maiQ clcctJ·ic organ, aflcr. litis gradually it diminished 
\ 
l 

l 

~ 
~ ,, . 

ln strength and in another hour Lhc fish was dead. 
0 
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Figure 23. Set-up for recording the autorhythmic actiYity of electrorcceptors. 

Fi~Ul'~ 30. Close-up of the SC"t-up fol' rcC'orditt:; the :udt•l'ltythmic actiYlt)' 
uf c h.:ct nn·N·:•plcws. 

__ ,...,_ ... _...,._,... ........ ~-.------- ·-·--- .. --... ..,. ... _... ___ -------
;-o_• -"""J--:7- ',tt"'~:.." - - . - -~ ..... ... . .. . . 

- __ .._ ....... .,,....-,.-- ..... -~ ............ 1,.... __ __... . .,. ...... ~- -.- -
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clearly the dnt.:l given by the previous authors did not correspond for our 

specimens. 

fbe third spedmcn of Stcrnarchus (18 g) was first anaesthetized in MS 222 

};1.2,500 for 20 minutes :lltcr this it ~vas injected intra-abdomiaally wit~ 0.1 ml 

0ro.05 mg/ml d-tubocural·inc (Figui·e 31}. The fish has been placed then in a 

special recording tray with cil·culating aerated water with mcrbromine, acri­

(l.lville and 1\'IS 222, 1 :7'5. 000. Recording from the electroreceptors bas been 
__ , 

;~ttcmpted with a neutral electrode in the tray water and ~silver-silver chloride 

m.icroelectrode placed on a tonic, arripullary electrorcceptor (Figure 32). The 

strong electric signal from the main transmitting electric org:m masked the weak 

1utorhythmic activ~ty of the elcctroreceptors. Tlus specimen ~s been returned to 

I1S bok after 30 n~~1utes and recovered almost instantly and is doing well since then. 

Another fourth spe·:::imen of Sternarchus (19 g) received the same treatment as the 

third specimen. This time instead of using the neutral electrcde in the tray water, a 

silvcr-silv~r chloride wire loop 1/4 in . diameter was placed armmcl Lhe tonic, 

1mpullnry electroreceptor (Figure 33)· This time the main electric organ signal 

did not mask the recordings of the authorhythmic activity of the electroreceptor • 

.. Uter40 minutes, the fish was rctnrned to its tank and recove:-ed almost instantly, 

liko the pre\1ous specimen, and is doing fine without any ill effects ::-ince tlten (Figure 

Th~ microelectroC:.e recording c~-pcriments were performed in a shielded room from 

~~o·hich all a-c instruments, plugs nnd cords were eliminntcd and t!1c shielded room 

L~cn constituted n floating ground. Dlumin.'lt.ion of lhe specimen ,\•as done by a micro­

scope bmp fL'>:cd on the stereo-microscope nnd connected to a G volt car batter./. All 

~.c:ttcrs were takc:t ont of the wa t.cr nnd all amplifiers wcro CC•lmectcc.l to baltcdes. 

Other equipment, S\rch ns the microscope support, the micro-:copc, the jack, tltc 
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Figure 31. Stt.>rnnrchus n.lhifron~ specimen :1fter 
d -tuboCUl":ll.'ine injection. 

• 

·--. J 

Fi~UI"C 32. Ampulla!')~. Ionic c-lcdron•c·cplor;; or SlC'l"ll.ll"cllliS 

!!.l!lifn~ll:_. 1'hC' whilC' points nrc :\lnpulblT rct•C'pto"rs. 
ThC' <b rl; point:; :u·c I uht•rous, ph:w i c n·t~C'rlo rs. 

40 
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Figure 33. s~t-up for recording autorhythmic acti,>ity or ampullary 
electrorcccptors of Stcrnnrchus aihifrons. The silver­
silver-chloride wire loop neutral electrode is visible. 

• Figup,i 34. Anacsthet i:t.cd ,(·urn rizc-d S!<' nHll'C'hus :1lhirr•ons in lhc 

l'<'Conlin~ fr:-ty. Carbon clcl'tro(lcs rc~conl tho acli\'il)' 
of ~he l1·ansmitting ot·g:m as seen on Lhc os.cilluscop('!. 

A1 ........ -.-·....-;r~-·- ~,:.-- .- ... ,._ •-·-· 
... ··""'~~··--·-- .. -. - .. -... - .... ~-~··- .. - ._ -- ..... ~---- ... -
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a.IIlPlificrs, etc. , was connected to one point ground and to.. the Tektronix .T22 modified 

differential amplifier ground. The ~croclectrode amplifi2r and support was cfulnged 
. 

trom the integrated circuit model used before to an electrometer tube f)'Pe and a three 

transistor amplifi01• wllich is less sensitive to tbe cl".:mge b. impedance produced by 

slight movements of the fish tlmn the previous one. The microelectrode, a silver­

s.iher-chlorido, platinum, silver-chloride electrode of 0. 5 micron tip diAmeter, wa.s 

posiiioned on tl:e electric receptor inside the grounding loop. Figure 22 shows the 

recording setur- and Figure 35 the schematic of the microe]cct.rode amplifier. 

At the same time, the electric activity of the receptors wo..s dlsplayed on one of the 

traces of a dual scope. Tbe activity of the electric transmitting organ. was recorded 

with two carbon electrodes placed at t11e end of the tray and connected to another 

Tektroni.-,: T22 amplifier and cUsplayed as a second trace on the scope. A Hewlctt­

Pilcltard four cbnnel FM tape recorder was used to recorc the electrical activity 

oC the electric receptors ·on a magnetic tape. It can be played back and analyzed at a 

later time. Photos were made dw.ing the recording. Figure 37 shows the activity of 

a. synchronous tonic elcctroreceptor (in a previous report we mentioned that we re- . 

corded from a oonsynchronous tonic electroreceptor), and Figure 38 shows the elec­

tric acti\ity of:;. nonsynchronous phasic electroreceptor. Aft'cr finishing the e.'..-peri­

ment, the fish was in icc ted with neostigmine methylsulin.te 1:10 
6 to coulltcract the 

effect of the D-tuhocurarf.ne. TI1e fishes recuperated in a few minutes and are doing 

\\'C!ll. 

Another c~q)erimcnt wo.s pe1.·formcd with two Gymn:trchus nEoticus, CllV. Each of 

these fishes wns placed in 25 gn.llon wntcr tanl's with lucitc trays raised to nppro:d­

mat~Jly 4 inches from U1c top. Gynm:lrchus niloticus is an air bt·calhcr and if left in 

a deep mnk 111us~ c~q)cnd c.'\':ccssivc cncq~y l.o swim to tl1c surface for breathing. T11c 

tal1k is kept. clean hy lucitc plntcs provided witl1 holes to let dirt fall to the bollom 
• 

'1\'hcrc it crul"l)C ·.racuum-clc:mcd v ~ry easily U1rough special l1olcs. 111c L-inks of 



INPUT 

:. 

~--r-

~ 

2. 5 ~f 
10 K 

CK5886 

2K 

A 

OUTPU' 

A 
3 

~--r-1- ll lt I 0 GRD 

CONNECTOR 

9.1 v 

·~ 

- ~ 

0 
0 
0 
0 
N 
N 
0 
,.l:::. 

-..] 



C00022047 0 

J6. High impedance microelcctrodc 
1de follower prc:m1plifier. 

Nonsyn-
1\licro-

lB. S!!:!rna rch\15 :'\Jhi f1·ons II 7. 
".lMus phasic electro rcc:cpto1'. 

:ltodc recording, 2 ms~.:c/cm, 100 mV/cm. 

44 

Fie. 37. .stcrn:l.rchus a.lbifrons dG. Syn­
chronous tonic electroreccptor. 1\ficro­
electrode reco:..·ding, 1 msec/cm, 100 mV/cm. 

. I 

Fig. 39; Gvmll:ll'Clms niloticns Cuv. 02. 
Norm:U clccll'5c.: nct.l\1ty o( tl!c tnm:smilling 
electric organ. Not com1cc!cd wilh the t:ml' 
of another G\'11111:-ll'Chts .. 2 nu;cc/cm; 1 mY/em. 
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a~nrchus niloticus are n.ppro.:dma.tcly three feet apart •. ThG covers and outside -%1()nrn!lJPlCtic stainless steel frames w~re all grounded and so wa.s the ta."i.k through 

~bon electrodes pbccd in the filters. 

rwo carbon electrodes in lucite tubes (with holes) \'.ere placed at a distance of 15 em 

tro!ll each other alongside the fishes. · A third electrode was pl::tced either midway 

between the rccc·rding electrodes or on one of the ends of these electrodes. The first 

two electrodes for each fish were connected with the T22 Tektronix amplifiers and 

cormected to two dHiarent Tek-tronix scopes. The third electrodes were connected 

to a DPDT switch which could actuate also a battery to raise the lower trace of the 

scope when the two electrodes in the two tanks were connected and hence a communica­

tion link was established between the two Gy:mna.rchus to stu<!y the effect of social 

·nteraction and communication between them. 

11 Figure 39, the normal electrical activity of the electric organs of GV1lllltll·chus 

ro. 2 and in Figure 40 the electrical activity of Gymnar~hus No. 3 can be seen. 

'igures 41 and 42 show tbat Gymna.rchus No. 2 almost stopped !11e electrical activi~ 

>r ten to twenty seconds. Figures 43 and 44 show the modified activity of the im-

.t.lses fro~.t Gymnarchus No. 3, and Figure 45 shows the modified activity of Gynm.:.u·chus 

o. 2. Wnen a metal rod was introduced in the tank of Gyrnnnrchus No. 3, Gvmrorchus 

>. 2 would nervously move back and forth and eventually attack the electrode co1mected 

th U1e other fish. TI'tis is only the beginning of studying the communication between 

o Qvmna.rchus niloticus . 

e Gvmno.rchus nilotfcus br..by wn.s sectioned nnd fi."'cd in buffered formaldehyde (10<1) 

· about one mont~1. Then it was c.lec:ilcificd with Kristensen's decalcifying solutions 

24 hours. After this, it W:J.S dehydrated using; ethyl a lcohol, toluene, to luene with 

·:Ufin, aml finnHy embedded iu dcg::u;scd p:u·affin with 5GOC mcllin~ point. 
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~0. Gvnm."trchus niloticns Cuv. lf3. Norm:tl 
;tric activity of the trnnsmitting electric 
:m. Not connected with the tank of. another 
nn:.1.rcitus_. 2 msec/cT.:l; 1 mV em. 

~z. GYmtt'lrclms ttilol:cus CttY. 1!2. Elcc­
~ actiYilj' of the electric or:;-an whc11 the 
'; h:tS been clcct-ricrtlly colmcctcd tla·ou1,;h 
bon clcctrot1cs :md a wi1·c :md switeh with 
l:mk of :.1.nolhur ~,~.r~hus. 2 'mscc/cm; 
N/cm. 

,,. 

• 

Fig. 41. Gvmu:u·chus niloticus Cuv. #2. 
Electric activity of the electric or:;a.n when 
tank has been electrically coWJ.ected through 
cq.rbon electrodes and a wire and switch \\ith 
tl1e tank of nnoiber Gvmn.1rchus. 2 mscc/cm; 
1 mV/cm. 

Fig. 43. G'11marcllus nilnticus Cu\', F3. 
Electric nctiYit-:,• of the electric org::u1 when 
Ute tank has bc_:cn clcctric:1.1ly cotu1cc!cd t1u·o~1;~~ 
carbon clcch'l.:~lcs :uul :1. wil·c :1ml switch with 
the !..~tl' or another Gymn:1n:lms. 2 m:::cc/cm: 
1 mV/cm. 
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.. H. Gymn.'lrchts niloticus Cuv. !f.3. 
-:!cctric activity of the electric orgM wl1cn 
::c t:mlt has been electrically connected 
·rough carbon clectl-odcs and a wire and 
·;;itch with tl1e tnnk of :mother Gyrnna-rclms. 
msec/cm; 1 mV /em. 

Fig. 45. GymMrchus niloticus Cuv. 4!3 • 
Electric activity of ti1e electric organ when 
the tank bas been electrically connected 
through carbon electrodes and a wil·e and 
s·witch \ilith the t!mk of another Gvmn:1rclms. 
2 msec/cm; 1 mV /em. After one minute, 
thG fish switched to its normal activity but 
with a smaller amplitude. 

An A. 0. Spencer microtome ha.s been used to cut 10 micron slices. They were 

stained with He::11n.toxylin-Eosin and rnotmt.ed with Pern1oun: on microslides. There 

are about 27 microslicles with four to five serially cut traru:versnl slices numbered 

from tl1e head in the direction of the tail: 1-1, 1-2, 2-1, 2-2, • , , , 7-3, 7-4. A few 

photomicrog1.·ap:lS are shown as Figures 4G, 47, 48, and 49 . The interpretation of 

the histological prep:u-n.tion will be made at a later dn.oo. (Figure 50) 

\talnptcrunts clcctricus, the electric cailish (Figure 51) is different from the other 

~lectric fishes b~cnusc it docs not obey Pacini's hw. All tho other electric fishes 

bey Pacini's law, nccording to which U1c im1e1-vatcd faces or tl1c electroplates be-

orne negative during U10 disch.'lr[;C, whatcvc1· ihc an.1.tomico.l orient.1.tion or the organ. 
47 

ltis fact is due 1o U1c unique o.nalomy of i\inl:tplcrurus. TilC ctccll:ic organ of 

·o.bptcrurus forms o. sot1. of lodsc jo.ckct nround the fish, hlStcad of being cmbc,klcd 

. -~· ... -~.- . -- · - ... .. ~ - ·- - .• . - . -· -- - ·- --------- -~ .. _......--- -· . .. .... - .... -. ·-· 
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Figm·a 46. Gvmn:wchm; nHo!icus, Cuv. Oxthy) 
Tr:U1S\'Cl':3:1l cut throu:~Il the !:1st 1/-1 in th<: din:ction of tl1·:: WI • . , . 
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nn.'!rclms nilotic\tS Cuv. , baby 
s). Ail~ bladder and spinal cord. 
·£'l'nph Nil~on Pl1ase-futcrfcrcncc 
· x SO. Fi."ed: Forl':ln.ldchyclc, 
~ifying:?J;.'Hema.too.·y lin-Eo sin Jldt", 
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Fig. 48. Qymnnrclms niloticus Cuv., baby 
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graph Nil;:on Phru:.c-Interfcrcncc 1\licroscope 
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·• \ ___ .,. ~f.s%\ ;\ J ALC . ~ 
1 3 min 3 min 3 min 
·~ 

I 

;(7) 
: '-.._...- 0 G) 
I 

e 0 

. 8-8 l 
' I 3 rnln 3 min I 
l 
j 
' 

~ 
~ 

3 mln 

0 

@ 

e3mln 
Lugol's 

3 min 

0 0 
If mercuric chloride was absent 
from fixative I skip Steps 5, 6 I 
and 7 and proceed 4 to 8, etc. 

0 0 @ c 

I 
Few Dips 

~ 

~ LC -@-@ AI£ 

3 mln 3 mln 3 min Few Dips 

Fig.50. DELAFIELD -HARRIS HEMATOXYLIN 

G: 
~ 

...... _./ 
3 mln 

~ 
G: 

· ~ 

~. 

G 

0 
0 
0 
0 
N 
N 
0 
..1:::> 
-....] 

c 

4 



C00022047 Q 

thin U1c body muscle as in ::~.ll the otl1cr clcctl"ic fishes. The electric orgnn, depend-

; on U1a fish's size, forms a shc::~.th from 2 to 10 mm or even thicker, in which the 

!cll·oplatcs arc st:tckcd in the longitucUnal direction arr:mgcd fn :1. somehow non-

:lcrly fashion, contr:u-y to t11c other electric fishes. The elec~roplatcs arc disks 

about l mm di:tmotcr and 20 to 40 microns thickness and dcri·1ed from myeloblasts. 

the center of the C:l.Udal face Of eo.ch electroplate, a thin st.."'lk arises from n. complex 

agin.'ltion. The end of this stnlk m:U<es cont:lct with the branches of a single myelinated 

·ve fiber arisin~ from a l:1.rgc nerve cell sitlmtcd in the gray oatter of the spinal cord 

ween the level~ of the first and second spinal nerve roots. As it can be seen on 

ure 51, the nerve b.·tmk which is l}en.vily myelinated is' easily identified. The way 

· ·:hich the electric orgn.n is innervated plays n.n important role in the synchronization 

~llrulism of tl1e discharge. 

11!alnpterurjclne clischo.rga consists of a long train of 15 to 30 monophasic pulses 

to 2 msec duration in a total time-interval of approximately 100 milliseconds. 

:X to seven inch elecb.·ic catfish could discharge impulses of approximately 200 V. 

ny surprise, Dr. En.rl Harold from the California Academy of Sciences and Stcin­

lt Aquarium in San Francisco, told me tltat the two very large (approxinn tely 2 to 

>ot) electric catfishes which tl1e aquarittm bad did not dischar:;e more than 100 volt 

es. 

surpl"ising ti1at tlle £-fnlnptcruric'L."tc we checked could put about o. 5 w/hr oC energy 

~:lcb gram of clcctl."ic tissue of the electric organ. It is our intention to investigate 

f.act more closely. Tilt:! electric discharge or three strong fresh water electric 

s M::Uantcrm·us clcctl·icus weighing between 55-GS g wns mcnsurcd when in tl1e 

!." nnd out of water in tl1c special tray with contac~. They dischnrgcd between 

)0 volts in water .u1tl between 150-1!>0 Yolts out or walcr. The disclmrgc consists 

t"S!.s of 5 to 7 impulses of 1:5 to 2 ms cc cluratio1t ·(Figures 52, 53, 5·1). 
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Figure 52. l\Tn J;-~pt<!l"urus eic-ctr-icus, Afric:m strong :r~sh water electric 
fish on th~ scale: weight Gl.S g. 

~i~urc 53 . . DC\'icc! fu1·,mcasuring the \'olla~c of the clisl'harg<'s of 
T11:11:lpfcnlnl::: clretJ·i<'us. 
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}'igurc 54. Discharges of the electric organ of ~lalaptcrurns electricus 
w~ have now in the l:thoJ·atory. Verti·::al: 1 graduation = 50 V. 
Hodzonbl: 1 graduation== 5 msec. 

Tn our synoptic Table No. 1, tl1c past achieYcments and results of the study n.re men­

tioned, the pror---osed continuation work is shown, and the future objectives are delineated. 

The multimodulation-multicoding communication system of electric fishes served as a 

node! in the development of a communication technique to rasist jammiDg. 

~he physical andogs of a phasic :md a tonic electro1·cccptor have been established for 

'1e Stemnrchus n.lhifrons, a South American fresh water we:l.k electric fish of the high 

~quency type (:?ig-tu.•cs 5G 1 5G). Tile elcctl.'oreccptors of other species have to be 

tvestiga.t.ed a.nd the rcl.':\tionships of t110 various olcctrorcccptors to t11o underwater 

~ttern recogniti::m system wm·be established. 

J mentioned ll1o effect of mo\ing objects p~st th~ clcctroreccptors in. one or ::t.nothcr 

.·ection. Some of t.llcm would ~·cspond in ouc way for. ll1c fo~;v:n: direct (head to bil) 

increasing lhc r~lc of the im11ulscs a.nd in :moU1cr way for t11c backward direction 
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Figure 55. Tonic, ampullary electrorecept:>r. 
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Figure 56 Phnsic, tubcrollS electroreceptor. 
Physical analog. 
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(tail to head) by decreasing the rate of Impulses. Other electroreccptors will rcnct 

to higher or lower conducthity thnu the medium (aquarium water) in a similar way. 

Obviously, tha response of the electrorcceptor.s in other electric fish species have to 

be assessed in order to get a better overall picture o! the underwater pattern recogni­

tion process. Figures 57 through G3 show two different elcctrorcceptors of electric 

fish. The results obtained from U1e electric receptors study wn: lead to a simulation 

plan of an underwater pattern recognition system. A passive hyl:-rid underwater pattern 

recognition system Kock di~n-ram is shown in Figure G4. m this block diagram beside 

the electric _sensory recepto1.·s, the oth~r types of lateralis line sensory receptors are 

combined to obtain a better cross-correlation of the different signals. Eventually 

passive optical senso:."Y receptors will be added (for detecting, for example, changes 

in the _ bioluminescent organisms in the w:~.ter wheu disturbed by a stimulus like heat, 

1vater turbulence. e~c. ). 

With regard to the other lateralis line organs. Sternarchus albifrons, like other teleosts, 

have can.al organ~ as well as superficial orguns, c::.lled free neu1·cmasts. Some parti­

~aritles of these organs should be noted. Not all canal organs are ·in direct relation 

with the eJ..-ternal environment. The sense organs do not always a!tornn.te with the pores 
48 

){ the canal . In sooe cases, three sense organs are located between two pores. All 

:hree cUtlulae lie in a "w~tery" fluid filling the canal. The fluid seems to be a form of 

X>lymucosucharides. The cnnalls not free from one pore to another, but is obstructed 

>etween the front and second, and tl1e second ~nd third cupula-sense org!Ul units by two 

:pithelinl plugs. Thus, the middle unit is not in direct continuity '.\'itll the C.'{ternal en­

ironment (Ref. 23). It should be mentioned tlmt Gvmnnrchus as well n.s Notoptcrus . 
:ave a completely closed canal system. Tho free ncuromasts found in the head of 

lerna.rc~ ar~ lelnti'lely lnrge, are protected by paired promine!lt epidermal flnps 

nd have'a.histologlcul structure similar to '\:Jig pit organs". As i::l U1c pit org:ms of 

:ymnnrchus (Ref. 25), these free org:~.ns of Stcrnarchus nre inncr·:n.tcd b, a bundle 

------------~------------
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Figure 58. Ph:lsic Electrorcccptor South Amc1.·ic:m Fresh Water \Vco.k Electric Fish. 
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59, Ampullary t::mic elcctrorcccptor. 
(Schematic) 

61 Tuberous phasic clcctrorcccptor, 
(Schcmntic) 

Gl 
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Fig. 60 Stimulus and recording from 
an ampullary torJc clectroreceptor. 
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Fig, 62 SUmulus nnd recording from o. 
tuberous ph:~sic clcctrorcccptor, 
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Fig. 63. Elcctroreceptors o( Gvmnarchus niloticus. 

a : ampulla.1-y electrorcceptOl" b; tuberous electl·oreceptor type b 
c: tuberous electroreceptor type c. (Schematic) 
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ick a.nd thin fibers . Tl1c specialized lateral line organs (electric sensory organs) 

be subdivided into two mo.in groups: ampulln.ry organs and tuberous organs. 

:e arc many subdivisions of these orgn.ns and we hn.vo pro\1ausly reported about 

l. 

different lateral line organ types, cn.nn.l orgn.ns, free ncuromasts, ampullru.-y 

ns and tuberous org:111S, have a characteristic distribution pattern being similar 

ymnotids, except f?r Electrophorus electrict1s. TI1e density of each type of organ 

~same species depends upon the size of the speci?lcn, e. g., canal organs in the 

reifon are separated by 1 mm in a Sternarchus nlhifrons 13 em long, and by 2 mm 

e 22 em long. 

tpproximate distribution of single organs was established by_ observing the "pore 

rn" on the surface of the skin with a dissecting microscope. It follows from the 

ous descriptions of these org:ms that these "pores" should not. be considered as 

1 hole in the integ:..tmeut in every case, but rather a local differentiation of the 

rmis overlying the sensory organs. 

~· --·--·· ·"· --..... ·.· ... - •''" ~- -
~-~ ........ --· .. - ......... . _ .. ~ . .. -. - - .. w- ..... ~. . . . . ~, .. , , , ~.._..__ .. ... , ... .,...-..,_._.,.-- •-.:;-.-..-... - --..- -.· -· -· ·· ... ..... .... 
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V. RESULTS AND CONCLUSIONS 

'e was to develop the necessary instrumcnt:lt:ion Cor microclcctrode recordings 

.cb.•oreccptors of electric fish so a.s to be able to investigate their pnttc1·n 

ion a.hility. In the pre\'ious chapter we demonstrated that the system is work-
. \ . 

and we succeeded in recording the autonomous autorhythmic electrical activity 

nic am.pulla.ry electroreccptors of Sternarchus albifrons compared with the 

organ's normal activity (Figures GS and GG). 

>rding wa.S "made d·..trfug resting of the fish with no stimulus. The impulses 

·egular around a repetition rate of between 100 and 300. TI1e ~.mplitude W"'..S 

:. 5 mv per spike. The spike duration was very short -.around 200 micro-

(1;-i~tre::; 6;), GG) • 

. r in\•estig:ttion, it can be concluded that' electric fishes could 11se their elec­

tru; (trausmitting and receiving) for navigation and communication- in other 

l:tttern recosrution.. 

>rdin:~s and h.istolosicnl evidence show t1mt Sternarclms albifrons has tlu·ee , 

electroreccptors: ampullary tonic nonsynchronous units, ampullary tonic 

1ous units, and tub;;!rous phasic nousynchronous units. The ph:,•sic:>.l an.:1.logs 

1nd phasic electroreceptors :u-c sh0\\'11 in Figures 57 and 58. 3oth arc reprc­

.,, a gcmcrator connected to resistances and capacitances in series and in 

The diiTcrencc between tonic and phasic electrorcceptors is that tho first 

e one resistance in series with U1c generator whereas U1cplmslc elcctro-

s hn.\·e a cn.pacitancc. The lon.ic cloctrorcceptors seem to be predominant, 

:>e fi\·c-to-one, co:·np:u·cd to the phn.slc electro-receptors. The clcctl·orc-

scem to act, to a ccrt.1.in extent. independently of the main clc.ctric h·:msmitting 

least l\\'o out of U.rcc <liiTcrcnt t)T>CS o( clcc lrorcccpt.ors nl'C :lS),lChronous 
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igure 66. Microclcctrodc recording of 
1e autorhylhmic electrical o.ctivily of 
1C ampulla.ry, tonic elcctroreceptors of 
tem:trchu~ nlbifl'011S. The spikes seen 
n the top of the l·hythmic almost 
inusoidal \\·axcform n.rc the electric 
lgtmls Crom the c lcctrorcccptors. 
·orizonta.l: 1 gr:ldun.tion "' 2 mscc. 
·ertic,al : 1 gracluntion= 500 mV. 
mplificalion xlOO, effective 1 gl·adua­

'on = 5 m\'. Spil•c app. 2 lo 2.5 mV. 

GG 

Figure 65. nccording from :m 
nnacslhcti~cd, curarized Stcrn:tr~lms 
albifrons specimen. Horizontal: 
1 graduation = 1 msec, Vertical: 
1 graduation= 10 mV. 
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:1e type of electro receptor will synchronize with ~he nui.n electric orgnn. 

ound tha.t the complete dcnervation of the tr:msmitting electric' organ does 

e activit:r of tl1e asynchronous .electrorecaptors (both p!msic ::nd tonic). The 

1 capable of rcsp:mding to conductive and nonconductive objects placed near 

)()dy. It mo.y nfrect the toW capability in determining certain movements or 

a certain e.•ct.eut, its sensitivity. in po.ttcrn recognition. Some of the syn- . 

mic units are connecte-d to one and the same nerve trunk part of the acoustico­

.rstem but connected to speci:ilized big nuclei in the brain. 

trik'lng fuct about fresh water we~k electric fish, besides their spontaneous 

~an, is that all of them are provided 'Yith a llighly developed lateralis line 

elated to tbis acoustico-lateralis system is an enlargement of the cere­

Jecially in Gvmna.!'chus ·niloticus and in inormyrids .' The \Ulusual importance 

lli.s system in tltese fish, compared with other teleosts, 1s nett due to an in­

tlber of "ordinal.-y'' lateral line sensory organs, but rather to the existence 

l.lmber of specialized sensory organa within. tllis same system. 

>Orting our hypotl'.esis about a hybrid complex underwater pattern recognition 

l by electric fishes in recognition of prey, predators, and ,;.a,_igatiou in 

is t•ecommended that the other latcralis line systems from different fresh 

electric fishes should be studied with the aim to find out the role of the 

1So1-y orgDJl.S in pattern recognition. 

, of the electric f~sl1 pattern recognition system would make it possible to 

models of the ph;,'sicn.l analogs or tho sensors could be integrated in object 

location, detection nnd identification. The r:mgo o.nd sensitivity of tho 

1 be assessed nnd improvements could be made. 

lcly used anacsttctic,- "1\IS 222" or "Finqucl" (tricaine meth:rncsulfonatc) -

,cts tl1c repetition rate or the electric impulses of the electric org:1n. It 

~o do a SCri(!S of experiments on cliffcrcnt. :m:tcslhctics lo cst:tblish whether 
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.:e is one which wocld not o.ffect the frequency of the impulses. It bas been found 

, Urlopentnl sodium (sodium pcnthot:ll) will not affect U1e freque:::~cy of the impulses 

is a safe ~stllc'ic for fish. acting fast and wiU1out :my ill effects. 

:lr subdivisions e.'Cist between tile one and tll() same type of elect.J:'orcceptor. but this 

not been as yet investigated in a detnilcd way. '11le connections bet\veen the electro­

epfors. the diffcre::\t nerves, nerve-trunks nnd the brain have to be investigated. In 

. way, their interrelationship could be established. Microeiectrode recordings from 

electroreceivcrs t:roper and from their nerve fibers havo been planned. Electro­

>ectio;a. and clearing of the lateral line near the electroreceptors to be investigated 

. enable us to record from the efferent ne1·ve fibers. 

m tl1e ~eriments with Gymnarchus niloticus, we concluded ·thllt one fish would 

og!'..ize and communicate with another one of the so.ru.e species. Behavioml experi­

lW in. this direction will be continued. It is recommended that further micro­

~t:rode recordings be made from the clectroreceptors and from the nerve fibers of 

.'11:trchus albifrons and of the newly received Gvmnarchus nilotlcus. 

> possible to simu1<'1.t.e :m equivalent sensory system responding to different stimuli 

erwater. A systemwiili a double feedback mechanism can be envisaged: (1) one 

resented by a constlnt frequency electric field transmitting system operating on 

phase··synchronous electrorcccptors responding to discontinuities in the electric 

d or to changes in tl1e phase ;-clationsh.ip trn.nsmitter-1;eceptor; and (2) another 

rcprcscn~d by a variable frequency trnnsmitting system rCSlJOnding to disturbances 

he field between transmittc1· and receptor with a cbnnge of the frequency of the 

lSrnitting electric org::m. To Uus we could add nn independent duul autorhythmic 

.:!ptor system: (n} responding with the increase or decrease of the autorhytlunic 

JUCncy depending on mo\'cmcnt direction of the <llsturbn.ncc in lhc electric field; 
I • 

(b) responding with a ch::mgc in tile L'ltcncy depending on the m:J.gnitudc of tl1c dis­

>ancc, nlso distinguishing between conductive nnd noncon<lucli-:c objects. 
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mn.nrshus niloticus, one of U1e mcst sensitive electric fishes, served as o. model for 

sinml:Ltion or a si::nplc pattern recognition system (Figures 67 :md G8). 

i .. 
I 

\ 
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Figure -67. 
Gymn..--trchus niloticuS. Country of. ot'i gi.n: Sudan. 
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