LLikona no pbIbHOMY
XO3AINCTBY
24 anpensa 2015

[1po anekTpuyecknx pbid : | |
U X mogenuposaHve | 7 @

OrnblUaHCKnu
Bnagnmup
MeHaoenesuny
NMad PAH
vmolsh@yandex.ru



Cekuyusi 5: Pedkoe, Heob6bI4YHO€ U Masiou3y4eHHoOe 8
MOPSIX U OKeaHax

l OrneKTpruveckme pblobl l

CnaboanekTpunyeckne

DJICKTPHYCCKHI CKaT
(Torpediniformes)
a0 50 Amnep
ATanHTHKaA

OObIKHOBEHHBIE CKAThI
(Rajiformes)
BCC OKCalibl

[MuMuOTOOOpa3HBIC
(Gymnotiformes)
HOxnan Amepuka

DNEKTPHYECKHI yTOphb
(Electrophoridac)

600 Boawr

HOxHas Amepuka

Kinosopeuioobpasusie
(Mormyriformes)
Adpuka

ICKTPHYCCKHIH COM

(Malaptiruridae) Comoo0pazHbie
oosiee 300 Boawr (Siluriformes)
Adpuka Asms, Adpuxa

FOxubIil 38e3109€T
(Astroscopus) Mopckas kopoera

5 Boast. 1 AMmnep {("'"""”~""“I’“-" scaber)
OKCaHbl {eproe mope



A3uamcKkuu com
Clarias macrocephalus




-15.0 OpnHo 13 cambiX 9K30TUYECKUX ABMEHUI, KOTOPbIE HAaM yAanoch
OOHapYXUTb — reHepaLns 0CcoObIX CepUii ANEKTPUYECKUX pa3psioB Kak
obsi3aTenbHas YacTb puTyana cnapuBaHus y KrnapueBbliX COMOB.

CbeMKa CHM3Yy Yepes npo3pavyHoe JHO akBapuyma



-12.0

3a 12 cekyHa A0 Havana reHepauumn cepum anekTpudYecknx paspsiaos.
Cawmel nsrnbaetca ayron. Camka ABUKETCH K LIEHTPY 3TOW Ay,

[1o Hayana CI'IapI/IBaHI/II7| CcamMeul AEMOHCTPpUpoBalsli CaMKke aHallorm4Hyro noay.




-10.0

3a 10 cekyHa 00 Ha4ana reHepaumm CeEpUN ANEeKTPUYECKNX pa3psiaoB.
Cawmel, n3orHyT ayro. Camka yTKkHynacb pOCTPYMOM MY B XKUBOT.







-9.0

3a 9 cekyHq 00 Hayana reHepaLmm CepUn ANEKTPUYECKUX PaspsaoB.
Cawmel, n3orHyT ayro. Camka yTkHynacb poCTPYMOM €MY B >KMBOT.




-8.0

3a 8 cekyH OO0 Hadana reHepauum cepmn areKTPUYECKNX pa3paaos.
Pbibbl 3amepnu. ObpaTute BHUMaHUE Ha YCbl CaMKN.




-7.0

3a 7 cekyH OO0 Hadana reHepauum cepmn arieKTPUYECKNX pa3paaos.
Pbibbl 3amepnu. ObpaTute BHUMaHUE Ha YCbl CaMKN.




-6.0

3a 6 cekyHO OO0 Hadana reHepauum cepmn arieKTPUYECKNX pa3paaos.
Pbibbl 3amepnu. ObpaTute BHUMaHUE Ha YCbl CaMKN.




-5.0

3a 5 cekyH 00 Hadana reHepauum cepmn areKTPUYECKNX pa3paaos.
Pbibbl 3amepnu. ObpaTute BHUMaHUE Ha YCbl CaMKN.




-4.4

3a 4.4 cekyHObl 4O Ha4ana reHepaunm cepun AfIEKTPUYECKNX pa3paaos.
B 310 Bpems nponcxogut cobbiTUe, 0 KOTOPOM S CKaXKy Mo3sxe.




-4.0

3a 4 cekyHabl 0 Ha4Yana reHepaLnmn cepum anekTpUYeckux paspsiaos.
PbiObl COXpaHAT HEMOABMXHOCTb. YCbl CAMKN MEHSIIOT HanpaBneHue.




-3.6

3a 3.6 cekyHabl 4O HaYana reHepaLuun cepumn anNeKTpUYecknux paspsiaos.
PbiObl COXpaHAOT HENOABMKHOCTb. YCbl CAMKM MEHSIIOT HarpaBneHue.




-3.2

3a 3.2 cekyHabl 0 Ha4ana reHepaLumn cepum anekTpUYeckux paspsiaos.
PbiObl COXpaHAOT HEMOABMXHOCTb. YCbl CAMKN MEHSIIOT HanpaBneHue.




-2.8

3a 2.8 cekyHabl A0 Ha4Yana reHepaLumn cepum anekTpU4ecknx paspsiaos.
PbiObl COXpaHAT HEMOABMXHOCTb. YCbl CAMKN MEHSIIOT HanpaBneHue.




-2.4

3a 2.4 cekyHabl A0 Ha4Yana reHepaLumn cepum anekTpU4Yeckux paspsiaos.
PbiObl COXpaHAT HEMOABMXHOCTb. YCbl CAMKN MEHSIIOT HanpaBneHue.




-2.0

3a 2 cekyHabl 0 Ha4Yana reHepaLnmn cepum anekTpUdYeckux paspsiaos.
PbiObl COXpaHAT HEMOABMXHOCTb. YCbl CAMKN MEHSIIOT HanpaBneHue.




-1.8

3a 1.8 cekyHabl A0 Ha4ana reHepaLumn cepum anekTpUYeckux paspsiaos.
PbiObl COXpaHAT HEMOABMXHOCTb. YCbl CAMKN MEHSIIOT HanpaBneHue.




-1.6

3a 1.6 cekyHabl A0 Ha4Yana reHepaLumn cepum anekTpUYeckux paspsiaos.
Camka Ha4yana noBopaynBaTb NEPEAHIO YacTb Tena OT rofloBbl camua.




-1.4

3a 1.4 cekyHabl A0 Ha4Yana reHepaLumn cepum anekTpUYecknx paspsiaos.
Camka noBopayMBaeT NepenHIo YacTb Terna OT ronoBbl caMmua.




-1.2

3a 1.2 cekyHabl A0 Ha4ana reHepaLumn cepum anekTpUYecknx paspsiaos.
Camka noBopayMBaeT NepenHIo YacTb Terna OT ronoBbl caMmua.




-1.0

3a 1 cekyHay [0 Hayana reHepaLuu cepumn anekTPUYEecKmx paspsiaos.
[onoBa caMKku cMeLLaeTcs OTHOCUTENBHO Gproxa camua.







-0.80

3a 0.8 cekyHAbl 4O Ha4Yana reHepaLun cepumn anNeKTpPUYeCcKnUX paspsiaos.
[onoBa camMku cMellaeTcsi OTHOCUTENbHO Bptoxa camua.
Ycbl camMKu HanpaBreHbl B CTOPOHbI




-0.76

3a 0.76 cekyHObl 4O Ha4Yana reHepauumn cepum arnekTpUYECKNX paspsigos.
[orioBa camKku CMeLLaeTca OTHOCUTENbHO Dptoxa camua.
YCbl caMKu HarnpasneHbl B CTOPOHbI




-0.72

3a 0.72 cekyHAbl A0 Ha4yana reHepaLumn cepum aneKkTPUYECcKUX paspsaos.
[onoBa caMku cMellaeTcsl OTHocUTeNbHO Bptoxa camua.
Ycbl camMkun HanpasrneHbl B CTOPoHbl. CamMel, MpMXMMaeTcs K Gptoxy caMKku




-0.68

3a 0.68 cekyHObl 4O Ha4Yana reHepauumn cepumn arnekTpUYECKNX paspsigos.
[orioBa camMku CMeLLaeTca OTHOCUTESbHO Dptoxa camua.
YCbl caMKu HanpasreHbl B CTOPOHbI. Camel, npuxumaeTca K Oproxy camMKku




-0.64

3a 0.64 cekyHObl 4O Ha4Yana reHepauumn cepumn arnekTpUYECKNX paspsigos.
[orioBa camMKku CMeLLaeTca OTHOCUTENbHO bptoxa camua.
YCbl caMKu HanpasreHbl B CTOPOHbI. Camel, npuxumaeTcd K Oproxy camMku




-0.60

3a 0.6 cekyHAbl 40 HaYana reHepauun cepun aNeKTpPUYecknx paspsiaos.
[onoBa caMku cMellaeTcsl OTHocUTenbHO Bptoxa camua.
Ycbl camMkun HanpasrneHbl B CTOPoHbl. CamMel, MpMXMMaeTcs K Optoxy caMKku




-0.56

3a 0.56 cekyHabl 40 Ha4Yana reHepauun cepun aNeKTPUYEeCKX paspsiaos.
[onoBa caMku cMellaeTcsl OTHocUTenbHO Bptoxa camua.
Ycbl camMkun HanpasrneHbl B CTOPoHbl. CamMel, MpMXMMaeTcs K Optoxy caMKku




-0.52

3a 0.52 cekyHObl 4O Ha4Yana reHepauumn cepum arnekTpUYeCKnxX paspsigos.
[orioBa camMku CMeLLaeTca OTHOCUTESbHO Dptoxa camua.
YCbl caMKu HanpasreHbl B CTOPOHbI. Camel, npuxumaeTca K Oproxy camMKku




-0.48

3a 0.48 cekyHObl 4O Ha4Yana reHepauum cepum arnekTpUYeCKNxX paspsigos.
[orioBa camMKku CMeLLaeTca OTHOCUTENbHO bptoxa camua.
YCbl caMKu HanpasreHbl B CTOPOHbI. Camel, npuxumaeTcd K Oproxy camMku




-0.44

3a 0. 44 cekyHObl 4O Hayara reHepaumn cepumn ANeKTPUYECKUX paspsaos.
[orioBa camMKku CMeLLaeTca OTHOCUTENbHO bptoxa camua.
YCbl caMKu HanpasreHbl B CTOPOHbI. Camel, npuxumaeTcd K Oproxy camMku




-0.40

3a 0.4 cekyHAbl A0 Ha4yarna reHepaLumn cepumn aneKkTPUYEcKnxX pa3psaos.
[onoBa caMku cMellaeTcsl OTHocUTenbHO Bptoxa camua.
Ycbl camMkun HanpasrneHbl B CTOPoHbl. CamMel, MpMXMMaeTcs K Optoxy caMKku




-0.36

3a 0.36 cekyHObl 4O Ha4Yana reHepauumn cepumn arnekTpUYECKNX paspsiaos.
[orioBa camKku CMeLLaeTca OTHOCUTENbHO Dptoxa camua.
Ycbl camku asmxyTcs Bneped. Camewl NnpmXnMaeTcs K Oproxy camku




-0.32

3a 0.32 cekyHObl 4O Ha4Yana reHepauum cepumn anekTpUYeCKnx paspsigos.
[orioBa camMku CMeLLaeTca OTHOCUTESbHO bptoxa camua.
Ycbl camku asmxyTcs Bneped. Camel npmXnmMaeTcs K Oproxy camku




-0.28

3a 0.28 cekyHObl 4O Ha4Yana reHepauun cepumn anekTpuYeCKnx paspsaos.
[orioBa camKku CMeLLaeTca OTHOCUTENbHO Dptoxa camua.
Ycbl caMmku aBmxyTcs Bnepen. Cameu NnpmKMMaeTcst K 6proxy cCamKu.
bBploLwHble NNaBHUKN pas3aBuUratoTcA.




-0.24

3a 0.24 cekyHObl 4O Ha4Yana reHepauum cepum arnekTpuYeCKnx paspsaos.
[orioBa camKku CMeLLaeTca OTHOCUTENbHO Dptoxa camua.
Ycbl caMmku aBmxyTcs Bnepen. Cameu NnpmKMMaeTcst K 6proxy cCamKu.
bBploLwHble NNaBHUKN pas3aBuUratoTcA.




-0.20

3a 0.2 cekyHAbl 0 Ha4yana reHepaLumn cepum aneKkTPUYECcKUX paspsaos.
[onoBa camMku cMeLlaeTcsl OTHOCUTENbHO Bproxa camua.
Ycbl camku aBuxkyTcs Bneped. Camel, npukuMaeTcs K Optoxy camku.
BploLLHbIe NNaBHUKX pa3aBUratoTCs.




-0.16

3a 0.16 cekyHObl 4O Ha4Yana reHepauumn cepumn arnekTpUYECKnX paspsaos.
[orioBa camKku CMeLLaeTca OTHOCUTENbHO Dptoxa camua.
Ycbl caMmku aBmxyTcs Bnepen. Cameu NnpmKMMaeTcst K 6proxy cCamKu.
bBploLwHble NNaBHUKN pas3aBuUratoTcA.




-0.12

3a 0.12 cekyHObl 4O Ha4Yana reHepauum cepumn arnekTpUYeCKnx paspsaos.
[orioBa camKku CMeLLaeTca OTHOCUTENbHO Dptoxa camua.
Ycbl caMmku aBmxyTcs Bnepen. Cameu NnpmKMMaeTcst K 6proxy cCamKu.
bBploLwHble NNaBHUKN pas3aBuUratoTcA.




-0.08

3a 0.08 cekyHObl 4O Ha4Yana reHepauumn cepumn arnekTpUYECKNX paspsaos.
[orioBa camKku CMeLLaeTca OTHOCUTENbHO Dptoxa camua.
Ycbl caMmku aBmxyTcs Bnepen. Cameu NnpmKMMaeTcst K 6proxy cCamKu.
bBploLwHble NNaBHUKN pas3aBuUratoTcA.




-0.04

3a 1 kagp 4o Hayana reHepaunmn cepun anekTPUYecKknx paspsiaos.
[onoBa camMkn cMeLaeTcs OTHOCUTENbHO bptoxa camua.
Ycbl caMku ABUXKYTCS Brneped. Camel, npuxmnmaetcs K bproxy camku.
BploLLHble NNaBHUKK pa3aBUHYMNCSH.
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PbiObl oTOENUNUChL Apyr OT Apyra
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3a4yem OHU 3TO AaenaroT? ‘ ?

-

* [loyemy camka ynmpaeTtcd B camua, a camel, Npu 3TOM U30rHyT
ayron?

* [loyemy OHM 3aMMpPalOT HA HECKOSIBLKO CEeKYHA, MpUYemM camka B 9TO
BpeMs NpoBOAUT YyCaMu B CTOPOHbI U 06paTHO?

« [lo4emy nocne BbiGpoca crnepmbl camel, OCTaeTCA B TECHOM
KOHTaKTe C CaMKOW, B TO BpeMs Kak caMKa cHavana
NMoBOpaYnBaeTCsa NnepeaHel YacTblo Tena B CTOPOHY, a NoToM
BO3BpaLlaeTca B NPSAMOE MOJIoXeHne?

* [loyemy 1 B Kakyto CTOPOHY camMKa NoBOpavMBaeT NEPEeaHIo YacTb
Tena?

» [lo4yemy camey n camka MeasieHHO CMeLLatoTCs Apyr OTHOCUTENBLHO
apyra, npyuyemMm camel, nNiaoTHO NPMKUMAaETCS FOfIoBOM K Dproxy
camMmkn?

« K70 11 3a4em reHepupyeT 0cobyto Ceputo SNEKTPUYECKUX pa3psaaoB?

* [o4YemMy BO BpeMA reHepauun nadkm pas3p4aao8 camMmel CBOUM TEJIOM,
COrHyTbIM B KOJ1bLO, MJIOTHO CXKUMaET TEJ10 camKn?




[ToueMy MbI I10JIarajiv, YTO OOHAPYKUM Pa3ps bl
IIPU CIIAPHUBAHUAX KIAPHUEBBIX COMOB?
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OTO o4YeHb ANIMHHAasA UCTopuUS
N 9 nonpobyto pacckasatb Bam eé
C camoro Ha4ana.



LleHTpanbHOW TeMOW 3TOWN ONMMHHON UCTOPUN SABNAETCA TaK
Ha3blBaemMagd rofiosofniomMmka [JapsuHa —
Kak cKknagblBanacbh 3BOJIIOLUNOHHAA UCTOPUA SNTIEKTPUYECKUX PbID.

OBOJSIIOLNOHHAA UCTOPUSA SNTEKTPUYECKUX PbID
OO0MMKHA BbITb 0OBbSACHEHA C y4eTOM 2-X 6a30BbIX AOKTPUH
[lapBMHOBCKOW TEOPUN — AOKTPUHbI NocneaoBaTeribHbIX MoagnduKkaumm

N OOKTPUHDbI YTUITNTAPHOCTW.

« Ecnu 6bl 803MOXHO bbIIO rMokasame, 4Ymo cyuwiecmeayem CII0XHbIU Op2aH,
KomopbIl He Mo2 obpa3oeambCs rnymem MHO204UCITEHHbIX
rnocredogamersibHbIX criabbix Modugukayul, Mosi meopus nomepriesia 6bi
rMosiHoe KpyuweHue. Ho s He moay Halimu makoao criy4qasi»
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OOKTPUHA YTUNUTAPHOCTU
KaKk NnpuobpeTaeTcs KpacoTa

« OOKmMpuUHa ymurnumapHocmu, ripedriosiazaem, 4mo
Kaxko0ass 0emarib cmpoeHuUs 8bipabomarnack Ha
rnosib3y ceoeao obnadameris. [[lpomusHUKU
meopuul nosazarom, 4mo MHoaue 4epmasl
CMpPOoEHUS co30aHbl padu Ux Kpacomal, OJis
ycrnaxxo0eHus 4yeriogeKka unu camozo Teopuya (dmo
rocrieoHee rpeorosioKeHuUe 8bIxooum 3a rnpeoersi
Hay4Ho20 0bCyX0eHUs), usnu e rnpocmo paou
pa3Hoobpasus, Ecriu 6b1 3mo bb1510 8epHO, MO
OKa3asiocb bbl pOKOBbLIM 01 Moel meopuu.»



«Anekmpuyeckue opaaHbl pbib npedcmaesissiom ... UCKJTIOYUMEsIbHYI0
mpyOHOCMmb, MOMOMY 4Ymo mpyOHO npedcmasums cebe, kKakumu
waz2amu mMoasio udmu obpasoeaHue amux usyMumersibHbix op2aHos. Ho
3amo HeyodusumeJsibHO, MakK Kak Mbl He 3HaeM 9daxke, OJisi 4e20 OHU
cnyxam.

Y Gymnotus u y Torpedo oHu, KOHe4YHO, rpedcmaerisitom cobor MOWHbIEe
cpedcmea 3awumel, a Moxem bbimb, u ripecriedogaHusi 00bbI4u, HO y
ckama Raja aHanoau4HbIl opaaH 8 Xeocme rpou3sooum masio
arniekmpu4yecmea, daxke Koada XXUBOMHOe pa3dpaxkeHo, mak Marso, 4Ymo OH
edea 5u MoxXxem criy>xumse 07151 yKa3aHHbIX ueneu.»

Y.dapsuH «llpoucxoxoeHue sudos...»

B yem TpygHoOCTbL ronoBonomMkn dapBuHa?

1. YenoBeky OT Npupoabl He AaHbI
3MNeKTpUYeCcKne opraHoi

2. KaxeTtcst HeBO3MOXHbIM MOCTaBUTb
MacLUTaOHbIN 9KCNEPUMEHT, B KOTOPOM BUA,
HEe MMEBLLUMN KaKOoro-To opraHa
BOPYr ero obpeTaeT, N Mbl MOXXEM HabroaaTb
BCe LIENMOYKM nocnegoBartenbHbIX Moandukauunn.




«Imom npudop, d6onee cxo0Hwvll O cyuiecmay, Kak s
ROKaxCy Oaibuie, C eCIeCmEeHHbIM IJIEKMPUYECKUM
OP2aHOM IJIEKMPUYECKO20 CKAMA WU INEKMPUULECKO20 Y2PA
U m. n., 4em ¢ J1elOCHCKOU OAHKOU U U36ECMHBbIMU
INeKmpuiuecKkumu oamapeamu, 1 HaA308y UCKYCCMBEHHbIM
INEKMPUUECKUM OP2AHOM. )

A\ .
A. Boisra




JTtobas coBpemeHHas baTtapenka nnm akkymynaTop —
npssAMor NOTOMOK BonbToBa ctonba.
Uncno BbinyckaemMblix cerogHa baTtapeek — munnnapabl, bonsule, 4em nogen Ha 3emre.
Hannune BHELLUHUX MCKYCCTBEHHbIX 3NEKTPUYECKNX OPraHoB NpPaKTUYeCKn ctano
BUOOBLIM Npu3Hakom Homo Sapiens




Mol OKpY>KEHbI MHOXKECTBOM
aneKkTpuyecknx Nnpmbopos,
BEOYLLUMX CBOK POAOCIOBHYIO
oT BonbTtoBa ctonba.

be3 anekTpn4eckoro MCToOYHUKa
HWU OOWH N3 3TUX Npubopos

HEe MOXET paboTtaTb

[axe Anokanuncuc
Mbl CEroHs accouumpyem
C OTKITHOYEHMEM ANEKTPUYECTBA
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Bce 3Tn npubopbl KO BpeMeHu
BceoOLero npusHaHua 3acnyr Bonbrbl
He cyllecTBOBanu

He TONIbKO KaK TeXHU4YecKue peLueHus,
HO U KaK OCO3HaHHble 3a4a4u
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B yem cocTosino yrtunutapHoe 3HayeHne BonbtoBa cton6a?



MaBHbLIM yTUNUTAPHbIM 3Ha4Y€HMEeM U300peTeHuns
BonbroBa cton6a nnu «Bonbranyeckoro annapara»
cTaria BO3MOXHOCTb NMOCTAaHOBKU U OCYLLECTBIeHUA
MHOXeCTBa Hay4YHbIX U MHXXEHEePHbIX 3KCNEePUMEHTOB
BonkTtoB CTONG NPUBIEK K U3YYEHUIO INeKTpuyecTBa
BHUMaHMe npaBuTenen U y4eHbIX
Ha co3paHue pa3HooOpa3Hbix BonbTroBbIX CTONGOB

TpaTUNUCb cepbe3Hble cpe.qCTBa

TennoBble
ABNeHuA

Xumunuyeckue
peakuuu

B ucropss mMAYK HMEWTCA BSMOOXH, OTMEYEHHME NAOLOTBOP-
BAeKyMMHE 3a coboli mMHOMecTEO ApyrHx
Takopol OwmiaAa, HampuMep, BNoXa B KOHQE

HBIMH OTRpPBITHAME,
HOBMX OTRpHTHH.

npeAuAymero sexa, korga Boasra naobpea nmpubop, xotopult
CHpaBejAMBAR MNPHAHATEALHOCTh YYEHOr? MHPA NOCBATHAA €ro
asTopy, NpMCBOHB &My HAZBAHHE BOALTOBA cTOAGA.
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dusmnonornyeckue
- ‘1 peakuuu
- }‘5';-
Ontnyeckue
SIBrIeHus

ANeKTpoMarHeTu3m




I'quemy Bonbra nbiTancsa caenarb NCTOYHUK ANIeKTpn4ecTBa
nyTeM NMPOCTOIN0 KOHTAKTa pPa3HbIX MeTannoB?

OH B34n 3Ty UAEK M3 3KCNEePMMEHTOB [anbBaHw.
06paTVITe BHUMaHUe:. B NiAryuwke HeT pa3HbIX MeTaslJioB.
Pa3Hble meTannbl ObINU B MeToAUuKe SKCnepumMmeHTa FanbBaHWn.

26 ceHTabps 1786 T.
[[anbBaHW Bnepsble
oOHapyxun
COKpaLLeHWe narku
NAryLwKn nog
NENCTBUEM
Pa3HOPOAHbIX
MeTansnos

«Ecnu 6csa dyea sicene3nas unu Kprowox Hcene3nvlil U ecid maxkice nposooauas NiACmuHa
JKceNle3nast, mo uauje 8ce20 COKpauleHuss 1ubo omcymcmeyrom, 1ubo 6ecbMa He3HAYUMENbHbI.
Ecnu, oonarxo, ooun uz smux npeomemos sicenesuvlil, a Opy20u - MEOHBIU UL JHce, YUMo 20pa300
Jydule, cepebpsHblil, Mo COKPAULeHUsl HeMeOleHHO CIMAHOBUNIUCH 20Pa300 OOoblLe U 20PA300

NPOOONAHCUMENbHEES»
JI.T'anbBanu «Tpakrar 0 Criiax 3IEKTPUYECTBA ITPU MBIIICYHOM JIBUKECHU))



Quella, non tu, che novo ardor vitale
In rana ignuda a disvelar pur giunse.

«He Tebe, a e B npenapnpoBaHHOW NAryLLKE
Ynanocb OTKPbITb HOBbIN XXaHP KU3HU»

"...2allb8aHU4YeCcKoe a5ieKmpu4ecmaeo U OCHOBAHHbIU Ha HEM
37IeKmpomagHemu3M HacmoribKO 4YyXKO0bl rMpexxHeu u3uke, 4mo oaxe
cambIl 80CMOPXKEeHHbIU MOKITOHHUK cmapou HayKu He mo2 bbl yKkazamb
8 pabomax epedyeckux unu puMcKux goU3UKo8 Kako2o-/1ubo HaMeka Ha
rnpedcmaesrieHue o 2alilb8aHU4eCcKoM arieMeHme usnu ob
arniekmpomazHume. Ho euwe saxHee mo ob6cmosimeribCmeo 4mo
2allbeaHU4YeCcKoe ariekmpu4yecmeo ece cusibHee 8/uUsiio
npeobpa3syruwum obpa3om Ha ece ocmaribHble Yacmu OU3UKU, MEXXOY
mem Kak repebil 80cmope, ¢ KomopbiM bbiriu 8cmpeveHsl 8 hu3uke
Oelcmeus ariekmpu4yecmea om MmpeHUs, ucrnapurics, Kak ObIM. ...

To Muposo33peHue, Komopoe Mbl cHUmMaem Hauboriee xapakmepHbiM U
r111000meopHbIM Orisl hU3UKU cO8peMEHHOCMU, y4YeHUe 0 eQuHcmee
cus rpupoOkl, Hawysio 8 2arbeaHu3sme Hauboriee cusbHYyH U HaarsOHYo
MoAOEpPXKKY ...«

@.Po3eHbepaep Micmopusi chusuku

“Toeoa 5 3adxceacs HegepoOAMHBbIM Ycepouem U CMpACmHbIM HCeLAHUEM
B\ S 1/CC1e008aMb 21O SAGNIEHUE U 8bIHECTNU HA C8eM MO, YMOo ObLIO 8 HeM CKPblMo2o
Tpaxkrat JI.I'ansBanu JI.IT anveanu “Tpakmam o scueomuom snekmpudecmee’




[Touemy NanbBaHm He n3obpen
«BonbToB CcTONGY
nnn «lranbBaHNYECKNN SNTEMEHT»,
eCInun OH NepBbin OBHaPY KNI
OEeNCTBME KOHTaKTa ABYX MeTarsoB?

«[anbeaHu rpasuribHO npuriucarl
Habriro0eHHoe UM serieHue oelcmaeuro
pa3spsida, HoO oH owuboYHO rosiazar, 4Ymo
a/ieKkmpudeckue 3apsobl ebipabamsiearomes
gcriedcmeue Kakux-mo XXU3HEHHbIX Mpoyeccos
8 fiarike nsayuwku. Bornbma, nocmasus
rnpasusibHble ¢b U 3 U 4 € C K U e orbimabl
ycmaHo8usi, Ymo ...»

[.C.JlaHOcbepe
“DriemMeHmapHsbIl y4ebHUK ¢bu3uku” m.2



[Touemy ["anbBaHu He N300pen
«BonbTOB CTONOY
nnn «l anbBaHUYECKNIN INEMEHTY,
eCIn OH NepPBbIN OBHAPY KNI
OEeVUCTBME KOHTaKTa ABYX vetannos? |

[ @anbLBaHM MHTepecoBario HeYTo ropasao 9,___; %e*" = ,
borbluee, YeM N30bpeTeHNE MoSIe3HbIX [ 1101 6 33_:?

YCTPOWUCTB — TaHa XXU3HEHHbIX CUIT. 2\

bnarogapsa anbBaHKU Mup yoeauncst B TOM,

4TO B JIIOOON KNEeTouke, B N1toOOM opraHe 4yBCTB
No60ro XXMBOro CyLLLEeCTBa ECTb ANIEKTPUYECKME
SIBNEHNS U OHW UrpatoT CYLLECTBEHHYIO POfb.

A KOHTaKT ABYyX MeTansfioB BCEro NMniib OblIs
O4HUM U3 (PaKTOPOB, BIUAKOLLMX HA
pe3ynbTaTtbl. ATOT pakTop [[anbLBaHM BbISABUI,
onucarn, 1 NPOLOJTKNIT CBOK OCHOBHYHO paboTy.

Tpakrar JL.T anbBaHu



BaxHblh MOMeHT: BonbTa cam HenocpeaCcTBEHHO BbIMOSTHUIT
MHO>XECTBO 9KCMEPUMEHTOB Haf XXUBbIMW OpraHn3Mamu,
noBTOPAA N MOANULMPYSA onbIThl ['anbBaHm

«7 genan nx He ToNbKO HaA
NAryLwKamu,

HO N Had YrpsiMu U Hag Apyrumum
pbibamn, Haa Awepuuamm,
canamaHgpamu, 3mMessMm n, YTo
Ba)KHee, Hag Mernkummn
TEMNNOKPOBHbLIMU XXUBOTHbLIMW,
MMEHHO Had MbllLaMU U
nTuuamMm»

Q®ur. 1. Opeirs [TaxLeanwp.

A.BonbTa




Kakyro ngero Bonbta B35in y 3NIeKTPUYECKUX yrpen?
MeTarsimdyeckme napbl Haao NpPoKnaabiBaTb MOKPbIMU AUCKaMU

«HM36ecmuo uz anamomuu, Ymo 31eKmpudecKuli OpeaH
CKAmMa u 1eKmpuiecko2o yepsi CoCmoum u3
HEeCKOIbKUX NepenoH4amslx cmonb0o8, HanoIHeHHbLX
OMm HA4Ana 00 KOHYA OONbUUM KOAUYECBOM
NAACIMUHOK WU NIIeHOK 6 U0 OYEHb MOHKUX OUCKOS,
NONIONCEHHBIX OOUH HA OPY20l C 04eHb MANbIMU
NPOMENCYMKAMU MeAHCOY HUMU, 20e NpomeKaem,
NO-8UOUMOMY, KAKAS-MO HCUOKOCMb. »




Marco Piccolino

The Taming of the Ray

Electric Fish Research in the Enlightenment, from
Walsh to Volta

[>xoH Yonu B XVIII Beke ObIno
(1726-1795) BbICKa3aHO
NpeanosioXXeHne, Yto
Gymnotus n Torpedo —
ANeKTpuYecKme pblobI
N OCTPO obcyxaarcs
BOIMpPOC:

LECTRIC FISHI
A MOTYT N pbIObI ObITh

BIRTH OF MODERN NEUROPHYSIOLOGY

aNeKTpu4yeckummn?

| STANLEY FINGER
MARCO PICCOLINO

OXFORD



LLlok OT ckaTa unu oT CypnHaMCKOro yrps
OYEHb NMOXO0X MO OLLYLLEHNAM
Ha LLOK OT NnemngeHcKon DaHKu.

Leyden Jar

e (circa 1745)

[locTaTo4yHO N1 3TOro, YTOObLI yTBEPXKAATb
00 9neKkTpMuYecKon npupoae Bo3aencTBUs yrpsa unum ckata?

Yrpu n ckatbl obutatoT B Boge. Boga - npoBoAHMK.
BHYTpn NpOBOAHMKOB 3NEKTPUYECKUX ABMEHNIN ObITb HE MOXET!

Electrical Eel (Gymnote) and Carapo Winnioctpaums Peomiopa (1717) cTpoeHus
Gymnote ( George Shaw (1808). ANEeKTPUYECKOro opraHa ckarta.



[eHpn KaBeHauLL

OT4eT 0 nonbITKax UMUTauMn Bo3aenctTeum Torpedo P —
C NMOMOLLIbIO 3NEeKTpUYecTBa

Phil. Trans. Royal Soc., 1775, P.196-225 e Torpot ty iy sy the n, Honey comee,

dith, F. R. 8.

R {;‘;5 % A LTHOUGH the proofs brought by Mr.

WALSH, that the phenomena of the tor-
pedo are produced by eleétricity, are fuch as leave little
room for doubt; yet it muft be confeffed, that there are
fome circumftances, which at firft fight feem fcarcely
to be reconciled with this fuppofition. I propofe, there~
fore, to examine whether thefe circumftances are really
incompatible with fuch an opinion; and to give an ac-
count of fome attempts to imitate the effects of this ani-
mal by eletrieity.

It appears from Mr. wALsH’s experiments, that the
torpedo is not conftantly eleétrical, but hath a power of
throwing at pleafure a great quantity of eleétric fluid
from one furface of thofe parts which he calls the elec-
trical organs to the other; that is, from the upper furface
to the lower, or from the lower to the upper, the experi-
ments do not determine which ; by which means a fhock

is produced in the body of a perfon who makes any part
of the circuit which the fluid takes in its motion to reftore
the equilibrium.

One

(/J/ A){ [,"(’7'?.6'/(4/ /Z

«Xota npokazarenbcTBa Mr.Yomma, dro BosmeictBue 10rped0  BEI3BIBAETCS
AJIEKTPUYECTBOM TAKOBBI, YTO OCTAaBJIAKOT Maj0 MECTAa COMHEHHUAM, IIOKa CJEAYET
CO3HAThCs, YTO MMEIOTCSI HEKOTOPhIE OOCTOATEILCTBA, KOTOpPHIC HA IIEPBBIM B3IVIAJ
KaQXYTCS C TPYAOM COIVIACOBBIBAKOTCS C TAKOW TUIOTE30M. S mpeajarard IMmo3ToMy
MCCIIEIOBaTh ACHCTBUTEIBHO JIM 3TH OOCTOSTENIBCTBA PEATbHO HECOBMECTUMBI C TAKUM
B3MJISIIOM M JaTh OTYET O HEKOTOPBIX IIONMBITKAX HWMUTHUPOBATH JIEHUCTBUA 3THUX
AKHUBOTHBIX JICKTPUYECTBOM.)




The fecond difficulty is, that no one hath ever per-
~ceived the fhock to be accompanied with any fpark or

light, or with the leaft degree of attraction or repulfion.

* [loyemy TOK OT ckaTa NpOTEKAET Yepes TENO YeroBeka,
ecrn ropasgo fnervye emy nporteyb Yepes Boay?

» [loyemy BO Bpems paspsga pbid He HabnogaloTCs UCKPHbI,
cBeveHune, NPUTSXKEHNS N OTTankuBaHus?

* MoxHO N1 caenaTb Takylo MOAenb ckaTa, OT KOTOPOW Mbl bDyaem
YyBCTBOBATb 3Ar1EKTPUYECKNe paspsaabl B Boge?

* Yen paspan cunbHee — HaTyparibHOro ckara unm nemngeHCcKou
BaHKK, 3apKEHHOW OT NTIEKTPOJOPHON MaLLUUHbI U
coeaNHEHHON C Moaenbto ckaTta?

It appears from fome experiments, of which I propofe
fhortly to lay an account before this Society, that iron
wire conduéts about 400 million times better than rain
or diftilled water; that is, the eletricity meets with no
more refiftance in pafling through a piece of iron wire

400,000,000 inches long, than through a column of
water of the fame diameter only one inch long. Sea-
water, or a folution of one part of falt in 30 of water,
conduéts 100 times, and a faturated folution of fea falt
about 720 times better than rain water.



http://upload.wikimedia.org/wikipedia/commons/2/22/Leidse_flessen_Museum_Boerhave_december_2003_2.jpg

Kak Te4eT aneKkTpmnyeckmm Tok?

organs than the-other. On the {fame principle, if the tor--
pedo is immerfed in water, the fluid will pafs through the

Water itvalt direétions, and thateven to great diftances fro

as is reprefented in flg. 1. where the full lines
reprefent the fetion of its body, and the dotted lines the
direttion of the electric fhuid; but it muft be obferved,

«ITo Tomy K€ IPUHLIMITY, €CIU CKAT IMOMEIICH B BOAY, PJACKTPUUCCKHUI
(daroua OyIeT MPOTEKAaTh BO BCEX HAIIPABIICHUSAX U JaKe HA OOJIbIINE
pacCTOSIHUSA OT Teja cKaTa, Kak 3TO IMOKa3aHo Ha pPHUC.l, Ie CIJIOIIHbIE
JIMHUU 03HAYAIOT CEUCHUE Tella CKaTa, a MyHKTUPHBIC — HAIIPABIICHUS
3JIEKTPUYECKOU KHUIKOCTH.»




Kak nmmntmnpoBaTb JENCTBUE CKaTa B BOAE?
Hy>XHO caenaTtb afIeKTpu4eCKUn UCTOYHUK C TaKOW
K€ 3rNeKTpu4eCcKon eMKOCTbIO KaK Yy cKaTa.




ONEKTPUYECKNIN CKaT:

ToK — 30A,

HanpsaxeHne 50 B,
ONUTENbHOCTL pa3psaaa — 3 MC.
R=U/l=1.50wm,

C = RC/R = 2000 mk®
Q=CU=0.1Kn

IlenpeHckaa baHka:

EmkocTb oaHon 6aHku 10 000 nd = 10 HD
EmkocTb 6aTapeun ns 50 6aHok — 500 HO
3apsig npu Hanpskennn 20 kB — 0.1 Kn

Bpemsa pa3psga batapen n3 50 6aHokK
Ha Harpy3ky 1.5 Om — 0.75 MUKpOCeKyHAObI

Pa3Huua emkocten 4 000 pas!



dun3nyeckas Mmoaernb ckaTta, n3rotosrieHHasa KaseHguwiem.

OneKkTpoabl caenaHsl U3 CrjflaBa CBMHUA U OJ10Ba (pewter).
[lepBas moaenb caenaHa nu3 gepesa.

Bo BTOpou bornee ygadHonm moagenu
«TEeNno» ckaTta caenaHo 13 CIoeB KOXN,
BbIMOYEHHbIX B MOPCKOM BOJE.

Morna nu aTa moaernb npeacTaBnaTb KOHOEHCATOP
c Tpebyemoun emkocTbto nopsagka 2000 MkD?



3axonsl HeloTOHA

B R
a .a d @ F, Fy G
v v

v=const, —=
A

npu F=0 F=ma Fi= —EI

[ 3akoH I1 3aKxoH III 3axoH
Cywecmeytom maxue bl Hoo oeil cubt Cunbl, ¢ komopusiyu
onmecuema, 6 Komopuix 6¢AKoe meao meno npuoop i mena
Gyoem coxpansmes cocmosnnue maxoe yckopenue, oeticmeyiom Opy2 Ha opyed,
NOKOA Wl PABHOMEPHO20 umo e20 npouseeoenue Pacibl no Mooy
U NPAMOTUHEUH020 OBGUNCEHUA Ha Maccy mena pasno u Hanpaeiens: no
00 mex nop, noxa oeli 7 yelt cue. 00HOI NPAMOIL 6
Opy2ux mei e 3acmasum e20 nPOMUEONONQHCHBIE

et e
UBMEHUMb MO COCMORHUE. Eresentationstau

Kak paboTtaet
BonstoB cTONG?

B yem HayanbHas npuynHa
OBWXEHNS N YTO OBUMKETCS
BHYTpu BornbtoBa ctonta?

Bcsa TPYAHOCTDH (bI/IBI/IKI/I COCTOHUT B TOM, YTOOBI 110 SIBJIEHUSIM JABHUIKCHUS PACIIO3HATDH

CHUJIBI IIPUPOJIBI, & 3aTEM I10 STHM CHJIaM OOBSICHUTH OCTAIbHBIC SBICHUS.
(IIpeoucnosue Hotomona k nepgomy uzoamuro)




MUXAVA DAPAAEN
»KCHEPUMEHTAABHEIE Pasdea 23. Jaxawsenue ¢ XdpaKkmepe KANPAsAEHUA SAEKMPULECKOL

MCCAEAOBAHWUS CUAN ¥ ILEKMPUNECKOZO YIPRA.
MO BDAEKTPUYECTBY Neesyanas 15 nesps Loaemens & 20nstDs

ToM 11

IISATHAALIATAY CEPUS

TIEPEBOA C AHTAUVCKOI'O
A.B. IKOBAEBOWM

o o kcnepumeHTbl M.®apages

nrod T.TI. KPABLA

........................................

) PASJEN 28

Y SACKTPHUECKOrO Yrpa

1749, Kak AW yIMBHTeNLRM 33KOMW W SBAERWS SIEKTpHTe-

C ANEKTPNHECKNM YTIpeEM S o TR I W

€ TeM, KOTOpWH npHcyw TORR X

«l 3 oHa
cBASaHa C HEpBHON CHCTEMOl K C KHINBIO; H XOTA MPAK, KOTO-
Allee BDEMA OKDVIKAET BOMDOC. MONET MOKa 4TO

. 1749, Kax AH YAHBHTE bHH 34KOHM H SABIEHHA MEI-:TpHuE-i%
mscrsvers saseoni o . CTBHy KOFAS OHH _OTKPHBAIOTCA HaM B HeopraHWyeckoll, WAH :
MepTBOA, MATEDHH, HHTEpeC HX @ABa JIH MOMET HTTH B CpaB- *
HEHHE € TeM, KOTopwH npmcym, Toff K€ CHJE, KOrjaa oHa

CBA3aHA C HepBHOH CHCTEMON M C JHINLID; H XOTA Mpak, KOTO-
PHIl B HACTOALLEE BpeMA OKPYMAET BONpPOC, MOKET NOKa 9TO
3ATMHTE H €r0 SHavYeHHe, BCAKOE NPOABHMKEHHE B HAIEM 3Ha-
HHE OO0 STOH MOrywecTpedHMOfi Cuie B €¢ OTHOWEHHH K HHepT-
HEM OpPeIMETaM DOMOracT HAM PACCEATH STOT MPAK H BHABHTD
Goaee OULYTHMO 4YpeapHvaiiul HATEpeC 5TOH RaXAeimed oTpacan
guangeckolt maykn. B camom aene, MH HaXOZHMCA TOJBKO Ha
nopore TOro, 4TO 9&I0BEKY A03BOJAEHO 3HATH 00 STOM Dpen-
METE; H Teé MHOCHC BHIAKIAECH Y4eHHE, KOTOPHE MOMOIIH

BHACHEHHE BTOro Bﬂ']lflﬂl:-l,, AD CAMOro moCaegHervt MOMEHTS
YYBCTBOBAJAH, Ka8K 5TD BECEMA OYEBHAHO N0 HX BHCKA3WBAHHAM,

4TO Aend oOCTOHT HMEHHO TaK.




MUXAVIA GAPAAEN
®KCIEPYMEHTAABHBIE Pasdea 23. JaKANNEHUE § XAPAKMEPE HANPASAEHUR SAEKMpuNecKol

MCCAEAOBAHWUS 0 Ak a.ﬂ
Mo BDAEKTPUYECTBY Y puNEcKozo yepa.

Mocrynuae 15 woadpe, Noaoxeno & gecnbpe 1838 r,

JkcnepumeHTol M.®apages
C QNEKTPUYECKUM Yrpem

saexTpHIecTsa (260, 351). C sAEKTPHUECKHM CKATOM STO
BHMOJHEHO B COBEPIIEHCTBE; ONPEACACHO H HANpPABACHHE TOKA
cuan o6wumn Tpysamm yuenux: Yoama' Kepengnma,? laas-

pan#,” Capamew,® FymbGoanara u Tedi-Jlioccaxa,® Tomna, cspa
Msmdpr [sen,’ a-pa [ssn* Bexxepeas® w Marreyyan ',

1751, C sToff e OeAb NPOHSBOAHJIHCE ONHTH HAX YTpPeEM,
H HCCaeaopanuA  YuasAmcona,” Tapaena,”™ TymGoasmra,™
Dasnbepra™ u Musana ' noman peceMa Janexo B JOKA3ATENb-
CTEE TOXKIECTEEHHOCTH SAEKTPHYECKOR CHJIW Y STOTO XHBOT-
HOTO C SJAEKTPHYECTBOM, BO3Oy#AaeMuM OOHYHRMHE cmocofaMu:
ABA NOCAENHHX YYCHHX MNOAYYHJAH JAME HCKDY.

[Toyemy HeT ccbifikn Ha A.Bonbra?




NMOMOLLUHUKN:
«C 3tuM yrpem npu Jr00e3Hoi momoiuu r. bpanau u3 ykazannou I'asepen, r. I'accno, a
UHOI/IA U APYI'MX rocnoia, Kak-1o npogeccopos lanuens, OyeHa 1 YUTCTOHA, S MOy YN
IOJIHOE 10KA3aTeJIbCTBO TOKIECTBEHHOCTH €ro CUJIbI ¢ 00BIYHBIM JIEKTPUYECTBOM

[bxon ®penepuk Puyapg OyaH — aHMMincKmii

Aavans 3001107 W NaneoHTOsOr.
Pbiuapb-komaHaop opaeHa banu.
B 1888 roay HarpaxnéH noveTHom
P — Mepanbto Kapna JTuHHes.

MHKOBLIA BMEKTPOA,  PacTeop PacTtBop MepaHeii anekTpog,
aHop) cynbata cynedata  (karoa)
LMHKa Mean

[[anbBaHMYECKUN
anemeHT daHunans

Protopterus MOCT YUTCTOHA



[NocnegHue ab3aubl ctatbm - DISCUSSION

«/ BOT, X0TH 1 ele NoKa He yoe:kaeH pakraMu B TOM, YTO HEPBHAas
KUIAKOCTH €CTh OIHO TOJILKO JJICKTPUYECTBO, BCE Ke s JyMaro, 4To
AreHTOM B HEPBHOM CUCTEMe MOXKET ObITh HEOPraHUYeCcKasi CUJjia; u
€CJIM eCTh OCHOBAHMSA NPEANoJararb, YT0O MArHETU3M SIBJISIETCH
0oJiee BBICOKOM CTENEHbIO CHJIbI, YeM JIEeKTPUUYECTBO, TO JIEIr'KO
MOKHO BOOOPa3uTh, YTO HEPBHAsI CHJIA UMeeT ellle 0oJjiee
BO3BBIIICHHbINA XapaKTep M BCe Ke TO0CTYNHA ONBbITY.

1792. OnbIT, KOTOPBIA 1 MMEK CMEJIOCTh NMPEAJI0KNUTH, COCTOMT B
CJICAYIOIEM: €CJIM YIOPb WIM CKAT ObLJI YTOMJICH YACThIM
JeCTBHEM CBOEro JIEKTPUUYECKOr0 OPraHa, T0 MOKHO JIM,
MPOIYCKAasl Yepe3 Hero TOKU, o cuJjie noagodHbIe TeM, KOTOpbie OH
CaM HUCIYCKAET, MJIU JAPYIOi CTeIEeHH CUJIbI, IOCTOSHHbIC UJIN
NnpepbiBHbIE U B TOM K€ HANIPABJEHUH, KAK U Te, KOTOPbIE OH
HUCIIYCKAET, BOCCTAHOBUTD €0 CIIOCOOHOCTh M CHJIbI OBICTPEH, YeM
€CJIM MPEeA0CTABUTD €r0 eCTeCTBEHHOMY OTABIXY ?»



[Touemy Papanen He cocnancs Ha A.Bonbta?

AsnsieTca nu BonbToB CcTONG agekBaTHOW MOAENbIO 3NEKTPUYECKOW PbIObI?
[MpeobpasyeT nn BonbToB cTONDO B rpyb0oe af1ekTpnU4eCcTBO
BO3BbILLUEHHYIO HEPBHYIO XXUAOKOCTb,

BblCacblBasi €€ N3 OKpyKalLlen cpeabl?

A yoice uccneoosan MHONCECMBO NIA2YUIEK 8 CUNE U YCMOUYUBOCMU
Kasicoou cmaouu ocmarnulenucs yxcusHennocmu. Hexomopwvix uz nux
A 3acmasunl  nocuOHymeb — NpPOCMO  Om  YCMANOCMU  UIU
HeO0OCMamoyHo20 NUMAHUs, Opy2ux 6 cocyoe ¢ 0Oojee Uil MeHee
Hazpemou 6000U, mMpemvux Om MmINCENbIX pAaH, KaleuyeHus: U
BCEBO3MOJNCHO2O pPOO0A MYYeHUlU, UYemeepmvlX - Om NOBMOPHBIX
INEKMPUHECKUX YOAPO8 U NAMbIX - OM 00HO20 MOJbKO UCKPOBO2O
paspsoa. Bce amu Habaodenus s akKypamtno 3anucovl8dl 8 OHeBHUK,
KOMOpbl ONYOIUKYIO, KO204 DACHNPOCMPAHIO MU ONbIMblL, KAK 5
cmaeinro cebe 3adayel, U Ha Opy2ue GUdbl CMEPMU Y dMUX U Opyaux
JHCUBOMHBIX, NOOBEPCHY8 UX 6 OMOENbHbIX CIYHUAsIX OeUuCmauro
YOYULTUBO20 8030YXA U NAPOB, A MAKHCE PATUYHBIX 51008

Aneccanopo /cyzenne Anmonuo Anacmacuo Bonbma




MECTHAALIATAS CEPUS
e ————————————=»

Pasdea M. OF ucmouNsuxe MOmHOCMY FaAMGHENECKOID S48MENMUT
Faapa 1. BoalysaaonHe SAERTHOANTE M T. L — NPODOAHHEN TEPWO- B BOOOME
caabiur Towoe, [aasa 1. HeakTienwe npoBpoaAmiie LenH, COTepRamme wui-
KOCTH HAW snexTpoant, Maasa 111 Axteemse vens, soslysademue PACTEOPOM
CEPHHCTOTO KAXNA.

Moctynmao B gaeape. Joxoxewo A henpuean 1840 r.

PASIENT M
06 HCTOUMHKE MOWHAOCTH raibBaHHYECKOTD SAEMeHTa

1796. Uto spAseTcd HCTOYHHKOM MOLLHOCTH B FaJbBaHAYECKOM
SNEMEHTE? — 3TOT BONPOC B HACTORULEE BPEMA HMEET YPe3Bhi-
Yailmoe 3sHAYeHHE AA5 TEOPHH H AAA DAsBHTHA SJAEKTPHYECKOH
HAYKH. M#enHs OTHOCHTENBHO BTOr0 PasAMYHH, HO CAMBIMH
SBHAYHTEALHEIMH SBJAAIOTCA JABA, H3 KOTOPHX MNEPBOE HAXOAHT
HCTOYHHK MOUHOCTH B KOHTAKTE, & BTOPOE —B XHMHUECKoll
cuae, Cnop mexuy HHMM KACAETCH CAMHX OCHOBHHX NPHHIHIOB
sJEKTpHYecKoro geficTeus, W60 MHEHHA HACTOALKO PAMIHYHL,
4TO ABa 4eN0BeKa, COOTBETCTBEHHO NPHHABIIHE HX, MPHEYMACHE
‘B AaJbHefIleM PacXoLHTLCA IO BCEM NMYHKTAM, OTHOCHUHMCA
K BOSMOWHOA ¥ rayGoxkof NpHpoAe areHTa, HAH CHAH, OT KOTO-
pofl 3aBHCHT HBJIEHHE ra/JbBaHHYECKOTO SJCMEHTa.

1797. Teopus womtaxkTa nprHagaexkut Boawre, BeIHKOMY
H3ofpeTaTenio CaMoro SJAEMEHTa; C ero BPeMEHH OHa mojiep-
WHBAJNACH UEAHM COHMOM Y4YeHHX, CPEAH KOTOPHX B NOCAEAHEE
ppeMa croaT Takue moan, xak [lpadd, Mapuanunu, Pexucp,
3ambonn, Marreyuun, Kapcren, bywmapna, a 8 oTHOmERHH BO3-

TWENTY
PovnDs}

B saabnefimeM s cosepmieHHO He 6yAy BXOAHTb B IOJpo6-
HOCTH TeX uJzeif, KoTopble PYKOBOJAHAH MHOI IpH MOHX HCCAe-
JAOBAHHAX, TaK KaK 9TO HE MOXET cojelcTBOBaTb YACHEHHIO
MOAyueHHOro pesyAprata. Sl oOrpannuych TOABKO (aKTaMm,

KOTOpBIE AEA2K0T 3TOT pPe3yAbTAT OUYEBHJAHDLIM.

laHC OpcTen,

AHOpa-Mapun Amnep
e ) Bor nowewy s mafe-
raA yNOMHHATb O TEX NPEACTABACHHAX, KOTOPHIE MOTAH Y MEHA
CAOMHTLCA B OTHOLIEMHE NPHYMHBI H OPHPOAB CHA, HCXOAMIIMX
W3 BOABTAHYECKHX MPOBOLHRKOD
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bnazooaps Yonwy — KaseHouwy — CHARLES DARWIN
[anbeaHu — Boribma — ®apadeto
6611 MOf1y4EH OM8em Ha 80r1pPOC:
«KAK pbiba moxem
2eHepuposamb pa3psiobl?»

LapeuH cehopmyrnupoeari
criedyrouwyr rnpobremy:
«Kakum obpa3om ripousowiniu
ariekmpuyeckue pbibbi?y,
cesi3ag 3rmom 80ripoc ¢ 80rPOCOM:
«3AYEM pbibbl 2eHepupyrom
arekmpu4yeckue paspsiobl?»
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OBOJOLMOHHAA NCTOPUS ANEKTPUYECKUX PbIb
OOMMKHA BbITb 0OBSCHEHA C y4ETOM 2-X 6a30BbIX AOKTPUH
[lapBMHOBCKOW TEOPUN — AOKTPUHbI NocneaoBaTesibHbIX MogNndUKaL

N OOKTPUHDbI YTUITNTAPHOCTW.

« Ecnu 6b1 803MOXHO bbI/10 r1oKaszamb, 4mo Cyuwiecmeyem Cri0XHbIU OpaaH,
KomopbIU He Mo2 0bpa3zosambCs MymemM MHO204UCTIEHHbIX
rnocriedogamersibHbIX criabbix Modugukayul, Mosi meopus nomepriesia 6bi
rosiIHoe KpyweHue. Ho s1 He moay Halimu mako_2o criy4asi»

Electric Eel Brown skin Vital organs located
e L et infront 20% of hody
Elecirophorus electricls i'-"-"“l tan :

spots

Snake-like hody
contains ;
electric-generating S

organ *_ T f*—_

Gill cover

Anus toweard
frant of body

—~"El ongated anal

“ 5kin has tiny
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OOKTPUHA YTUNUTAPHOCTN;
Kak NnpuobpeTaeTcsa KpacoTa

« OOKmpuHa ymurnumapHocmu, ripedriosiazaem, 4mo
Ka)x0as oemarsib cmpoeHuUs 8bipabomarnachk Ha
rnosib3y ceoez2o obriadamerns. [[lpomusHUKU
meopuu] nosazarom, 4Ymo MHoaue Yepmal
CMpPOoOEHUST co30aHbI padu UxX Kpacomasl, OJis
ycriaxx0eHus 4yesriogeKka unu camozao Teopua (dmo
rocrieo0Hee rpeorosioKeHue 8bIXxooum 3a npeoersi
Hay4Ho20 0bCy>X0eHUs), unu e rnpocmo paou
pa3Hoobpasus, Ecriu 61 amo bb1510 8epHO, MO
OKa3asiocb bbl pOKOBbLIM Or1 MoeU meopuu.»



JluccmanH n 3aragka dapsuHa

... O4EeHb Mario U3BeCTHO A0 CUX Nop o Bronorn4yeckom
3HaYEeHNN ANEKTPUYECKMUX OPraHoB...OTO BEPOATHO
rnmaBHasi Npu4YMHa noyemy npobsiema nx 3BOSTHOLNOHHOMN
ncTtopmn, icHo o6o3HaveHHas dapsuHbim (1872) 0o cux
Nop He UMeEeT yO0BMEeTBOPUTENBLHOIO oTBeTa.

JluccmanH, 1958

«nekmpu4yeckue opaaHbl pbib npedcmaesisirom
... UCKITIoMUmMesnibHyr0 mpyoHOCMb, MOMOMY 4YMmo
mpy0dHo npedcmasumb cebe, KakuMu waz2amu
Mo2J10 udmu obpasoeaHue amux
usymumeJsibHbIx op2aHos. Ho amo
HeydueumesibHO, MakK KaK Mbl He 3HaeM daxe,
OJ1s1 4e20 OHU cJlyXXam.

Y Gymnotus u y Torpedo OHU, KOHEYHO,
rnpedcmasrisitom cobor MoWwHbIe cpedcmea
3awumel, a mMoxem 6bimb, U rpecredosaHusi
00b6hbI4u, HO y ckama Raja aHarnoau4HbIl opaaH 8
Xxeocme rnpou3eooum Marsio sriekmpudyecmea, 0axe
Koada >XUueomHoe pa3opaeHo, mak Marso, 4mo OH
edea Jiu MoxXem Cryxume 01 yKa3aHHbIX uerneu.»

Y. [apeuH «llpoucxoxoeHue 8Udos8...»




Knaccuyeckne pabotbl [ aHca BepHepa JlnccmaHa

HenpepbiBHbIE anekTpuyeckme paspsabl O hyHKLUN 1 3BOMNIOLINM SNEKTPUYECKUX

n3 xsocta Gymanrchus nilotic
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Confinuous Electrical Signals from the
Tail of a Fish, Gympamhus pilofcus Cuy.
THROUGH the kindnesz of Dr. K E. 5. Mam:

Gold Cost, I racaivad aliving spacimsn o

nioficus, a fish which oooure in the rfvers of V‘aﬁt

Africa and in the Nila Obsarvation of this fizh in an

aguarium has reveslad two strikine feamges.. ) 2

maoda of locometion through waves passi

axtendad dorssl fin and executad ferwards and back-

(i) a markad dhility of the

'1't= ]'.m: and au: Dam:uaﬂt the fingesr-lika tail as
kmown to contain tisswes comesponding to an dlachic
QfEan, it ssemad of intsrest to consider wheather thiz
mval: 1:1 el:ahla the animal to datact objacts in

‘E‘."Lal: aDau m’ elactrodes, connectad to an smpli-
fiar, was placad in the tank with the fizh, sn ypin-

cecard 3 eontonnn sEmak e d I G
m::lmﬁ_actﬁe—ut—u Tl e

& - and ]

:am.aﬂ' g strzam of 2la pulzes cpuld ba pickad

up. ICE: constant conditions ﬂ% temparsturs ﬂ:=_=.=

siensls are emitted with sumsising o .
im intemsity and - frsguency

maimal

altsl:u:v tham parallsl to

tha lonz axiz of the animal snd placine tham
near the tail If fhe slactrodes are then mtatar_ tha

connecting line passes throush the basa of ﬂ'_= tailj
they ars no lonesr resiztarad. Deflexion from
position sither cramislly or candslly revarses the
polarity to positive of nagstive raspactively. With
the slactroda: §.

=uft.b=11:w5t1_alm:mll'ba Zivan
but it may ba pointad out that ammaechus al:mm_-.l\.
appraciates any chanees in the slactr ¢ fisld which i
=5t way to cer:m\r_-»uaﬁ TJ'_I: x

2oDpaT Wife imo the W

istic sscape reach

not sppaar if the wirs is replacsd by

matecial. It has also been shown that if, by means
m’ab-:at fraquency o2 cillator, slactrical puls

way from the spimal, the fi
of stimulation attacks the stimulatine
Feenart's* finding that lateral lina
of other fizh iz mesponsible for the lowsr limits of
parcaption of slactric cument iz of intsrsst in this
COLEERINT,

From the evelutionary point of view, thasa
obsarvarions may halp to resolve Darwin's difficulty
in axplaining the developmant of clactic ormans
throusk natersl zslaction, slthoush the zap betwaan
waak alactric orzans ar_r_ r:mtor sndplate: has wat

. MY ¥ 1'_0 means

SLASi e :L\J‘_ an =_1=cm
m supicion fests particulardy on
and Gempantidas®. Lr_foﬂ'l_tata_'ln whils
tion was #Hll in progress my i i
it appears very difficult to I='D1a;.= thiz ar_mal of to
obtair any Mosmwsidss of Gremnotidr!. I should be
;'.\Lataﬁi if anvons whe could suzzast a possibla sourca
=LD'D1‘- would writs to ma.

ofs added in proof Sinca the sbove was written, thiz

boan confimed in Marmiraps beidgqeer] and

?ﬁu@ﬂz for all a=santisl fostures. though.
i a m cad differmce in pulss shaps ad

fraguancis.

Department of Zoolosy,
Cambridse. Oct. 2. Segpon . (.0 Mar. Fisl
Adssoe, 17415 (83031

H. W, LIZ3MaNN

opraHoB pblb

[156]

ON THE FUNCTION AND EVOLUTION OF
ELECTRIC ORGANS IN FISH

By H. W. LISSMANN
Department of Zoology, Cambridge

(With Plates 5 and 6)
(Received z October 1957)

I. INTRODUCTION

The inadequacy of functional and evolutionary theories of electric organs in
fish has been apparent for a long time. Fish are the only class in the whole
animal kingdom known to possess specific electric organs. This fact appears
noteworthy because (i) the material from which these organs are derived, muscular
tissue, is commonly present in other groups of animals; (ii) in fish these organs
must have evolved several times independently. This latter conclusion is based
first on the occurrence of electric organs in widely unrelated families, and secondly
on the fact that electric organs are developed from different parts of the body.

Although it is frequently stated that electric organs are remarkable adaptations,
e.g. in having the electric elements suitably arranged in parallel or in series to
conform to the conductivity of either fresh or sea water, very little has been known
until recently of the biological significance of these organs—apart from a subjectively
experienced defensive action and a surmized offensive role. This is probably the
main reason why the problem of their evolutionary history, clearly stated by Darwin
(1872), still awaits a satisfactory answer. Dahlgren (1910), after a detailed examina-
tion of ‘the origin of the electricity tissues in fishes’, comes to the conclusion ‘that the
impulse to evolve this tissue is a real inner stimulus working independently of outer
conditions. . . . The evolution of these structures was most probably not based upon
a basis of natural selection.’

It has been customary to distinguish between strong electric organs and pseudo
or weak electric organs. Most workers in recent years have been concerned with
physiological aspects of electric tissue, and have availed themselves mainly of
Torpedo and Electrophorus, both fish giving off strong electric discharges. It appears
that an investigation of the weak electric fishes is more likely to reveal possible
evolutionary starting points. Apart from the fact, established towards the end of last
century, that the weak electric organs are capable of giving off weak electric dis-
charges (Babuchin, 1877; Sanderson & Gotch, 1888; Fritsch, 1891) very little new
information has come to light, and the functional significance and evolutionary
history of the weak electric organs have remained obscure. Suggestions, which
have been put forward in the past, about the role and mode of action of weak
electric organs appear implausible; e.g. that weak electric fish, feeding on insect
larvae, worms and crustacea may be able to stun their small prey before swallowing




[‘aHC JlnccmaHH 3apernctpupoBan paspsiabl OT
npeacTaBUTENEN KITIOBOPLINTIO0OOPAa3HbIX N TMMHOTOOBpPAa3HbIX

Ko BpemeHu JluccmaHHa y yenoBe4decTtBa
y>Xe NosiBUNOCb MHOXECTBO
NCKYCCTBEHHbIX 311EKTPNYECKNX OPraHoB
N Mbl NPeACTaBMAEeM KaKyo Mosib3y
MO>XHO XOaTb OT CUTHanoB, NOXOXNX Ha
CUHYycounay, U UMMyrbCOB CTabUNLHON

doOpMbl.

Gnathonemus petersii



«lMNpencraBnsaeTca BaXKHbIM paccMaTpmBaTbh 3MNEKTPUYECKME OpraHbl, HE Kak
opraHbl MHTEPECHble caM No cebe, a kak Ha YacTb 0bLien opraHm3aLuum pbibbi,
nrparoLLeEN posib B ee B3auMMOAENCTBUM C OKPYKatoLwmmM MUPOM»

[MpuHUMN 3nekTponokauun: B ogHopoaHoM BogHOW cpeae pbiba co3gaeT none,
HanoMuHarLlee rnone anekTpuyeckoro agunons. Jltobom obbeKT, SNEKTPONPOBOAHOCTb
KOTOPOro OTNIMYaETCs OT ANIEKTPONPOBOAHOCTN BOAbl OYAET OTKNOHATL IMHUK NONS W,
HaxoOsACb B BOAE, UCKaXaTb NepBOHaYaribHy0 KOHJUrypauuto rnonsi.

[Mpeanonaraetcs, 4To pbiba cnocobHa YyBCTBOBATb 3TO UCKaXKEHME nong
’ 7 ‘ /




[lokasaTtenbcTBa JInccmaHHa

YcnoBHopednekTopHble akcnepumeHTbl ¢ Gymnarchus niloticus n Gymnotus
carapo nokasanu, 4YTo 3Tu pblObl MOryT obHapyxmBaTb NPUCYTCTBUE
CTauMoHapHOro MarHmMTa n OHM MOryT OTNn4aTb NPOBOAHNKM OT U30NATOPOB.
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[1oka3zaTenbCTBO KOMMYHUKALMOHHOWN (OYHKL MK

[1na npoBepKkn counanbHOM Posin NEKTPUYECKNX pa3paaos B Adpuke bl
BbINOSIHEH CIEAYHOLLNN SKCMEPUMEHT: akBapuymM bbin pasaened Ha aBe
NONIOBUHbI AEPEBAHHOW paMKOM, Ha KOTOPYIO C ABYX CTOPOH Oblfia HaTaHyTa
TKaHb, TaK YTO PacCTosIHNE MEXAY CNosiMM TKaHW COCTaBNsAnu okomno 2 cMm. Pamka
6bina 3anonHeHa napaduHoOM, YTOObI TKaHb NpoMnycKkana TOMNbKO AfeKTpnudeckne
CTUMYIbI, HO He 3puTenbHble. OgnH KntoBopbin (Gnathonemus senegalensis)
Obin nocaxkeH B 04HY NOMOBUHY akBapuyma 1 BblAEPXUBANCcHa B TeYeHNE OBYX
CYTOK, 3aTeM BO BTOPYIO MOSIOBUHY akBapuyma akBapuyma Oblfia nocaxeHa
apyras pbiba, Toro e suaa. Obe pbibbl CNOKOMHO OTAbIXann Ha aHe, a
perncTpauust pPUTMOB B KaXkoW NOSIOBMHE akBapuyMa nokasblBana ctabunbHble U
MeaneHHble pUTMbl pa3psaaoB. Ecnn oo ogHon ocobu MArko gotparmeanunch
CTEKITAHHOM narnoykou, TO ee YacToTa pPe3Ko Bo3pacTtana U TyT Xe
COOTBETCTBEHHO MEHSINACh YacToTa pa3psiaoB 0cobu, Haxoasawencs B Apyrou
nonosuHe akBapuyma. Npu yganeHnu ogHon nu3 pbid nobble MaHUNynsauum co
CTEKMNSAHHOW Nafioykon B 9TOM NOMOBMHE akBapnyMa He Bbl3biBariv HAKaAKOro
BO3OENCTBUS Ha YaCcTOTy pa3psaoB pblbbl, HAXoAsWENCa B APYron nonoBUHE.




OpraHusaunsi cnadboanekTpnuyeckon pbidbl No JInccmaHHy

«lpencraengaercsa, 4YTo NepBown
3Ha4YMMOn O0CODEHHOCTbLIO B
npouecce 3BOOLUN
ANEKTPUYECKNX OpraHoB 6bIno
npnobpeTeHne peLenTopos,
YyBCTBUTESbHbIX K
SNEKTPNYECKUM CTUMYNAaM.

Ha paHHuX cTaguax aTa
4YyBCTBUTENbHOCTb MOrna obIThb
cllydyanHomn, nosxe
OOMONHUTENBHOW N B KOHLE —
OCHOBHOW (PYHKLMEN TaKNX

CEHCOPHbIX OpPraHoB.»
Lissmann, 1958




Konun4yecTBeHHbIE OLEHKN
AJTIEKTPOYHYBCTBUTEJIBHOCTH

«Mbl 0OHapyxunu, 4to
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CAMOMMCEL|

\VA

Gymnarchus mor otBeyaTtb Ha
ctumynbl 0.15 mkB/cm»
(Lissmann, Machin, 1958)
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TUMHAPX
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(u3 cmamwpu Lissmann, Machin, 1958)
Bun pe10b1 [TnoTHOCTH TOKA Cchuikn
(uWA/cm?)

Phoxinus phoxinus

Cyprinus carpio 10 Scheminzki (1931)

C. auratus 60 Adler (1932)

Parasilurus asotus 16 Regnart (1931)

Gasterosteus aculeatus 8 Abe (1935)

Gymnarchus niloticus 110 Johnson (smunoe
COOOIIICHNE)

2*10° Lissman, Machin, 1958




MexaHn3m n pusmndeckmne
npenensl anekrpopeLenuum

K npouieccopy

MPOBKA

TUrENb

CEHCOPHBbIE KNETKW

We have found that Gymnarchus can respond - CTEKTAHHAR MATIOHKA
to a continuous direct-current electric stimulus
of about .15 microvolt per centimeter, a value
that agrees reasonably well with the calculated
sensitivity required to recognize a glass rod
two millimeters in diameter. This means that an
individual sense organ should be able to
convey information about a current change as
small as .003 micromicroampere. Extended
over the integration time of 25 milliseconds,
this tiny current corresponds to a movement of
some 1,000 univalent, or singly charged, ions.

Lissmann, 1974




«lNpencraengaercs, 4To bonee
TuwlaTenbHOe uccrnegosaHme COMOB
OyoeT NNoaoTBOPHbLIM, MOCKOSbKY MoKa
He obHapyXeHO nepexoaHbIX opMm
MeXOy CUNbHOINEKTPUYECKMM COMOM U
ocTasibHbIMWU COMaMu — CUTyaLus
HanoMmnHaroLaa HeaBHIOK CUTYyaLMIo C
rmMmHoTuaammn» (JinccmanH, 1958)

B 1963 r. JlnuccmaHH n ManymH
aokasanm, YTo KnapueBble COMbI
NMELIOT 3NEKTPOPELIENTOPLI N YTO OHU
ny4yLie BCero BOCNPUHUMAaKOT CTUMYIbI
ONUTENbHOCTbLIO 25 MC U BbiLLIE.

B HazBaHuu nx nyébnukauum B Nature
NoA4YepPKNBAETCS, YTO Knapuesble
coMbl - HEanekTpuyeckue pbibbi.

«INEKTPUYECKME PELIENTOPLI Y
HEe3NeKTpnu4ecKkon pbidbI»
Lissmann, Machin, 1963
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! Electric Receptors in a Non-electric Fish
(Clarias)

Tr is now well established that certain fish can detect
objects electrically. These fish have weak electric organs,
and set up an electric field in the surrounding water. A
nearby object distorts this field, and the distortions are
detected by the fish. The electric receptors are sense
organs communicating with the water by means of jelly-
filled canals.

In an early examination® of this ‘electric sonse’ we
suggested that the incoming electrical signals were
‘smoothed’ at the electric receptors before being coded
into impulses in the afferent ne: This hypothesis was
tested in a series of experiments? in which & Gymnarchus
niloticus was trained to respond to an applied electric
field. The hypothesis was fully confirmed; the smoothing
time-constant was found to be about 25 msec. Tt was
further found that the fish was unexpectedly sensitive to
trains of pulses of low-repetition frequency ; this suggested
that adaptation of the receptors was taking place with a
time constant of some tens of milliseconds. Each successive
pulse of the train would then give rise to a separate
sensory signal. If the time taken in the central nervous
system to process the sensory data and releaso the
response (the ‘perception time’) were sufficiently long,
soveral of theso separate signals might be centrally
summated to form a larger stimulus.

All the species of the two families of fish examined so
far (Mormyridae, Gymnotidac) possess electric organs and
specialized olectric receptors derived from the lateralis
system. On evolutionary grounds there is reason to
suppose that somo non-electric fish may have clectric
receptors?, and that knowledge of their propertics may
help towards an under li of the hani of
eleetric receptors in generalt.

For our cxperiments an African species of Clarias—
belonging to tho very large catfish family (Siluridac)—was
chosen for the following re (a) Ono specics of this
family is known to be electric—the strong electric Malap-
terurus; no conneeting link to non-clectric eatfish has been
established through a weak electric species. (b) A number
of members of this fam Clarias, Saccobranchus, Malap-
terurus, Amiurus, Silurus, ete.) were found to respond to a

N\,
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Fig. 1. Threshold field for the ‘standard onse’ by Clarias to trains
of pulses from 50 ¢/s to 500 ¢/s, and also to d.c.
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Fig. 2. Threshold field for single pulses

T T
01 1 10
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Fig. 3. Threshold fleld for low-frequency pulse trains. @,20¢/s; x,10¢'s;
~ - -, single pulses

moving magnet. (c) Freshwater catfish possess ‘small
pit organs’ structurally reminiscent of ‘mormyromasts’;
one marine species has ampulle of Lorenzini, receptors
known to be sensitive to electric currents in the Elasmo-
branchs®-?. (d) In life habits and ecology many catfish
resemble the mormyrids and gymnotids.

The experimental procedure followed that used for
Gymnarchus®: a specimen of Clarias (anguilloides?) was
confined within a tank fitted with two electrodes between
which an electric field could be established. The input t©
the electrodes was of controllable amplitude, and could be
either d.c., single pulses or trains of pulses. The fish
was trained to give ‘a standard response’ when the electri¢
field was applied; the threshold field required to elicit this
response was measured for the various types of stimulus.

The results for pulse trains of relatively high frequency
and for d.c., are shown in Fig. 1. As with Gymnarchus, th®
threshold is determined only by the mean value (or ‘d.C-
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THE ELECTRIC SENSE OF SHARKS AND RAYS

By A.J. KALMIJN
Laboratory of Comparative Physiology, University of Utrecht, The Netherlands
Seripps Institution of Oceanography, La Jolla,” Califormia®

(Received 18 March 1971)

INTRODUCTION

In 1917 Parker and van Heusen published their historic paper on the behavioural
responses of the catfish, Amiwrwe mebuloms, 1o metallic and non-metallic rods. They
found a blindfolded Amiurus to be remarkably sensitive to metallic rods, nglx]nl\
responding to them even at a distance of some centimetres, whereas a glass rod did not
elicit a reaction until it actually touched the skin of the animal. When much of the
metal was exposed to the water, the fish swam away from it; when linke was exposed,
B ﬂi,]-'“'{"m the fish turned towards the rod and often nibbled it. Ina series of simple but convincing
i _‘E" cxperiments Parker and van Heusen demonstrated that these responses were due to the
; galvanic currents generated at the interface between metal and aquarium water, The
same responses could be obtained by sending a weak direct current into the water via
two electrodes, kept 2 am apart, In this csse approach and nibbling were called forth
by a current of a little Jess than 1 #A and the avoidance reactions by currents of 1 2A

Or more.

Parker and van Heusen did not realize the significance of their results, but in fact
they were studying the electrosensitivity of fishes that have -as we now know
distinct electroreceptors. Curiously enough, the electroreceptors of Amiwrur were not
identified experimentally and investigated electrophysiologically until very recently
(Dijkgraaf, 1968; Roth, 1968, 1969). Even now, we can only speculate about the
biological meaning of the clectrosensitivity of the catfish.

Long after the work of Parker and van Heusen, in the year 1951, a new impetus to
the study of the electrosensitivity was given by Lissmann, He examined the clectric
discharges that Gymmarchus niloticus and other weakly electric fish almost continuously
emit, and proposed the theory that they play an cssential role in an clectrosensory
mechanism for object location. These fish would be able to detect a nearby object of an
clectrical conductivity different from that of the surrounding water by appreciating the
distortion it causes to their clectric ficld. Later on, Lissmann proved Gymimarchus to be
indeed very sensitive to purely clectrical stimuli as implied by his theory, and also
showed the fish to be able to discriminate between objects of only slightly different
conductivity (Lissmann, 1958; Lissmann & Machin, 19358)

Lissmann tentatively regarded the weakly electric fish as evolved from a pre-electric
fish without clectric organs but already sensitive to electric fields. He suggested that at
this early stage the electrosensitivity might have been used to detect muscular poten-
tials of prey, predators, members of the same species, and of the animal itself. Today,
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Akyna obHapyXnBaeT 3apbITyt0 B NECOK
kambany no e€ nonam AbixaHus. Ecnu
BMeCTO Kambarbl B NeCOK 3apbITb
SNEKTPUYECKMN ONNOSTb U Ha HEro nodaTtb
noTeHuuarnbl, UMUTUPYIOLLNE OblXaHne
kambarbl, TO akyrna atakyeT AuMnorb.
(Kalmijn, 1971)
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Electroreception in the Guiana dolphin
(Sotalia guianensis)

Nicole U. Czech-Damall, Alexander Liebschner2, Lars Miersch3, Gertrud Klauer4,
Frederike D. Hanke3, Christopher Marshall5, Guido Dehnhardt3 and Wolf Hanke3,*

Psychophysical experiments with a male Guiana dolphin determined a
sensory detection threshold for weak electric fields of 4.6 yV cm=1, which is
comparable to the sensitivity of electroreceptors in platypuses.
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COUNT AND SPARK? THE ECHO RESPONSE OF THE WEAKLY ELECTRIC FISH
GNATHONEMUS PETERSII TO SERIES OF PULSES

STEFAN SCHUSTER*
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fish use species-specific
discharge for

mate recognition
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Mate choice is mediated by a range of sensory
cues, and assortative mating based on these cues
can drive reproductive isolation among diver-
ging populations. A specific feature of mormyrid
fish, the electric organ d.lscllarg: (EOD), is us:d
for elect ion and int

cation. We hypothesized that the EOD also
facilitates assortative mating and ultimately
promotes prezygotic reproductive isolation in
African weakly electric fishes. Our behavioural
experiments using live males as well as EOD
playback demonstrated that female mate recog-

nition is influenced by EOD signals s.nd that
of

the Congo River. Using their electric organ discharge
(EOD), mormyrid fishes sense objects by active electro-
location (Lissmann & Machin 1958; von der Emde
19997, Beside this, the EOD signal plays an essential
role in social communication (for reviews, see Moller
1995; Bullock et al. 2005; Ladich er al. 2006) . Based on
multlocus genetic analyses, we have demonstrated that
EOD types are indicative for evolutionary divergence
between Campmiomormyrus species of the lower Congo
(Feulner et al. 2006). The high diversity of sympatrically
occurting species is reflected in the vast variety of EOD
signals in this genus.

We hypothesized that the EOD is used in mate
recognition and that female preference for EOD
signals of conspecific males facilitates assortative
mating, thereby ultimately providing a prezygotic
solation mechanism. This study focused on Campylo-
mormyrus compressrostris and related species. We pre-
dicted a preference of female C. compresirosris for
nspecific males and their EODs over closely related,
sympatric Campylomormyrus  ripnchophorus males,
which exhibit 3 much longer EOD (figure la.b), but
no discrimination between conspecifics and the
distantly related Campylomormyrus tamandua, whose
EOD & more similar to conspecific males. We tested
this hypothesis by assessing female preferences for
oonspecific males in comparison to the two different
male types. To exammne the specific roke of the EOD
for fernale discrimination, we replaced males by play-
back signals.

2. MATERIAL AND METHODS

{a) Phylogenetic analysis

Bayesizn phylogenetic inference was performed on 2 combined
dataset of the mitochondrial cytochrome b and the nudesr
rbosomal ST gene (1999bp) (Feulner er al. 2006). A tree of
proviously examined species (Feulner & al. 2M07) wan expanded
by seversl new specimens used in the behavioura] experiment
(GenBank scomsion numbers EUS64340-EUS64374). In toral, 49
were examined.

females are attracted to EOD cha

conspecific males. The dual function of the EOD
for both foraging and social communication
i ling mate ition leading to assorta-
tive mating) luul.:rlm:s the importance of elec-

{b) EOD analysis

BOD divergence amang: species was examined by principal com

ponent malyis (FCA) of 10 EOD charscteristics. The fillowing

BOD charscteristics were measured for 3 total number of 46
o iroszris: 6 males, 16 females, 2 unsexed speci

tric signal dif ion for the

| of
African weakly electric fishes. Thus, the EOD

provides an intriguing mechanism promoting
trophic divergence and reproductive isolation
between two closely related Campylomormyrus
specics occurring in sympatry in the lower
Congo rapids.

Keywords: assortmtive mating Campylomornyrus
electric organ discharge; ecological speciation;

weakly electric fish (mormyridae)

1. INTRODUCTION

A variety of different sensory cues are known to play a
key role in mate choice (Jiggins er al. 2001; Kingston &
Rossiter 2004; Bridke o al. 2006; Boul er al 2007).
These cues can drive reproductive isolation between
diverging populations by facilitating assortative mating.
Here, we report a case of female mate recognition
(assortment) based on species-specific electrical signak
in weakly electric fishes (genus Campylomormyrus) from
Electronic supplementary material is availshle at http: ! du.doi org’
10 1098/ rsb] 20080566 or via hitp: journab myalsociety.org.
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; C exmandier: 6 males, 11 females; C. rinmehophorus: ﬁvemﬂs\
using 2 custon-made programme: duration and relative amplitude of
the two mein phemes (mEvimem nd mingnem) md the optioal
re and post phase (before or afier the main posifive and negstive
phsse, not exvhibited by all species), and smplitude md Fequency of
the pesk of fhe Fast Fousier jom (FFT). The amplind
of the phsws we mahued reltive to the pesketo.pesk amph
e, The first and last 2 per cent devistion Som the peak-to-peak
amplitude was taken = the 3@rting and endpoint of each BOD.

() Behavioural experiments
All mecimens used in the experiments were imported from
Kinshasa and occur in sympatry in the lower Congo. They
were mised separately, so it all fishes considersbly exceeded
40 per cent of the mavimsl species siz, fus ensiring that they have
reached sexual maturity (tota] length: O comprecsimurris
13.0-185cm, C ripmchophores 23.5-30.0 cm 2nd G tawandua
19.0-21.0 cm). Al males showed 2 Kink in their anal fin base
indicating sexual manurity. Priar to the experiments, females were
ilsted md bresding conditins were achieved by simidating low
conductivity, rainy semn condifions (Kinchbeum & Schugrdt
2% Schugardt & Kirschbaum 2004, see ako for mainteance
conditions). As 2 redt of the careful application of our estsblished
Frocedures to sirmilat breating, 2 the females in our experiments
were ready to spawm. This was evidenced by an enlarged body cavity.
Two females relemed eggs shortly after the operiment. Ripe
€ compressimsmis females (n=6) could choose between 2 conspecific
amd 2 heterospecific ripe male located behind 2 grid an either sideafa
large test tank (1605050 cm). The central zme of this tank

‘This journal is © 2008 The Royal Sodety
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Figure 1. () Bayesian phylogeny based on 1990 bp combined of the mirochondrial cytodhrame b and the nuclear ribosomal
57 gene. Branch lengths are proportional o mumber of characrer changes. Bayesian support is indicared if =075
Representatve photes and examples of EOD wave types for the three species examined are shown o the right. (5 EQOD
divergence among species demonstrared in a PCA using 10 EOD characteristics (§2). Different symbaols refer o different
species (miangle, C. dynchophorms drde, O compresiosris, plus, O remandug).

containing the femsle had 2 widh of 96 cm. Two zmes of 32am
cach (adjacent to each male) were considered the
zomex’. A platic fube was provided in the centre of each zme for
shelter. Females were videotaped overnight (ie. in darknes) under
infrared ilumination and the fishs location was scored every
Zmin. On the second day, the experiment was repeard with males
switched between sides. The total numiber of ohiervations was 560
per fmale. To test if the EOD alone was sufficient to trigger female
mate recognition, male-specific EODs were played back into the tank.
Each £male (n="7) was simutaneculy pmmed with two
signals comsisting of e BOD wave-

forms. One sequence of pubed intervak was chosen =t mndom
from 2 single C. comprecsimgric male recarded (see the electmic
suplementary material for 2 dietailled description of the senp). The
time the focal female spent in the prefeence mne near fie active
EOD playb ck was recorded for 1040 s (eight insrvals of 1305 with
ignal betwemn sides). Female p

= the propartion. of observations or time seent )sncunng\md\ the
conspecific male or playback Data were amlysed with 2 generalized
linear mixed model of the binomisl fmily with female idemsity’
included 2 2 randam factar using R (http wwwr-project ang).

3. RESULTS
Phylogenetic relationships and species assignment
were revealed by genotyping and morphological

Biol Lerr (2009

ins pection (figure 1a). In our behavioural experiment,
we contrasted closely related sympatric species,
C. compressivostris and C. riynchophoris, with a distant
relative C. ramandua. The sister species C. compressie-
osteis and C. vyynchophorus produced very distinet
EODs that differ largely in their duration. The EOD
of C. ramandua was more similar to that of
C. compresarostris than to C. ripmchophorus (figurelb;
table 1). In agreement with previous studies, our data
did not suggest any difference between female and
male EOD in C. compresirostris (C. mumenius morph
C (Feulner er al. 2006) revised as €. compresirosris
{Feulner er al. 2007)). This was evidenced by a single
species-specific cluster of dat points in the PCA
analysis of 10 EQD characteristics. This analysis
clearly separated the three different species, but did
not indicate differences between sexes within species,
as both sexes were represented in our sampling.

In both experiments, . compressrosiris females
preferred conspecific males over C. ripmchophorus
males. By contrast, C. compressimstns females neither
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element that evolved for crypsis has itself been modified by sexual
selection.

Weakly electric fish generate multipurpose dectric signals for
electrolocation and communication™. Anatomical, physiological

Adkmndedgrmert, We hark T Lun (AFATch. ) o providin the v of e o sicknd she
emviranmentsl data for the CASTimages. Wealso thank the
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cbservations n e North Sexwere fsnded by an EEC MAST contract WAMN.S. & supported iy NERC.
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Predation enhances
complexity in the evolution

of electric fish signals

Philip K. Stoddard

Department of Biological Science, Florida International University, Miani,
Florida 33199, USA

Theories of sexual selection assume that predanon is a restrictive,
simplifying force in the evolution of animal display characters’
and many empirical studies have shown that predation opposes
excessive elaboration of sexually selected traits’. In an unexpected
turnaround, Ishow here that predation pressure on neotropical,
‘weakly electric fish (order Gymnotiformes) seems to have selected
for greater signal complexity, by favouring characters that have
enabled further signal elaboration by sexual selection. Most
fish d that lower detectability
of their electrolocation ication signals by key pred
A second wave phase added to the ancestral monophasic signal
shifts the emitted spectrum above the most sensitive frequencies
of electroreceptive predators. By using playback trials with the
pred y electric eel ( ph electricus), 1 show that these
biphasic signals are less detectable than the primi tive mono phasic
signals. But sexually mature males of many species in the family
Hypopomidae extend the duration of the second phase of their
electric signal pulses’ and further amplify this sexual dimorphism
nightly during the peak hours of reproduction®, Thus a signal

Siluriformes (catfish)

ophoridae. i A —

Elecr
Intermittent pulse

Gymnotidae

puise
Rhamphichtnyidae
puise

Eigenmanniidas
wave

| Stemopygidee _ /N /TN
wave

Figure 1 Molecular-marphol onsensus phylogeny of the gymnatiform
familles*** i plofted along With schematic electric organ discharge (EOD) wave
formsof rep s Arrows depict postulated transitions from simple:
monophasic to multiphasic EOD waveforms. Dashed lines represent equally
supported altemate phylogenias. Apteronotidae possess independenty derived
electiic organs, thus the biphasic EOD s derived in this family:

254
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and devel I evidence together indicate that the ancestral
waveform of the electric organ discharge (EOD) was an intermittent
monophasic pulse*”*. This primitive discharge type s rare in extant
gymnotiform fish, having been replaced largely by continuous wave
trains (in three families) or multiphasic pulsed waveforms (in three

. 1). To address the forces that mould signal complexity, 1
focus hereon the diverse EOD waveforms of pulse-discharging fish.
1 consider electrolocation, sexual selection and avoidance of pre-
dation as possible factors that could favour the switch from a
monophasic to a multiphasic EOD.

In fact, electrolocation cn favour increased complexity of the
EOD, and may well have done so in those species with accessory
electric organs and enhanced waveform complexity at the head
instead of the tail®. But in the biphasic Brachyhypopomus species,
local biphasy occurs at the tail but not at the head (Fig. 2) where
electrosensory exploratory behaviour ocaurs (PK.S., unpublished
data) and where electroreceptors are most dense herefore,
among the Brachyhypopomus spedies with biphasic waveforms, the
simplest example of signal enhancement, electrolocation could not
have been involved with the transition from monophasy to biphasy
in the main electric organ.

Most Brachyhypopomus species display sexual dimorphism in the
second phase of their biphasic pulse BODs, particularly at the tail
(Fig. 2)"'-"*, But, before modification for sex recognition and mate
attraction™", the second phase would have existed probably in
some sexually monomorphic form. Furthermore, in other gymnoti-
form families—such as Gymnotidae, Rhamphichthyidae and
Apteronotidae—this additional phase i present but not sexually
dimorphic. Sexual selection thus does support the ancestral con-
versions from monophasy to biphas:

Key predators of weakl i
catfishes and the electric
sister order Siluriformes (catfish) possess ampullar

ptors with extreme sens y o low frequen

ssive dectrolocation) but is tuned below the spectrum of
most gymnotiform EODs. The best frequencies for gymnotiform
and catfish ampullary receptors are about 30 Hz and 8 Hz
(refs 16, 18) respectively, whereas the spectral peaks of gymnotiform
EODs are generally much higher, in the range of 50-3,000 Hz
(ref. 19). Gymnotiforms, but not catfish, evolved a second paralle
electroreceptive pathway, the tuberous electroreceptor system, two

female

0Sms
Fgure 2 Local and remote EODs of male and female Brachyhypopomus
pinnicaunatys. EOD wavefoms wers meomed at locations indicated by the dots.
Amplitudesare r to nomalize peaks of the first EOD phase. Note that
the EODs are sexually dimorphic, with the male's second phase extended in
duration, and that he EOD local to the head is nearly monophasic, paricularty in
the female.
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orders of magnitude less sensitive than the ampullary system, but
tuned to the higher frequendies of the EOD™®, Tuberous dectro-
receptors sense the autogenous EQD during active electrolocation
of nearby objects such as prey, predators, mates and hiding places.
EODs mdtubr.muscIncn-nroccpmrsapparasmamodm—adapumns
that allow eectrolocation above the frequency range of the
predator’s sensitive ampullary dectroreceptors. What adaptations
shifted the EOD spectrum upwards?

The ancestral monophasic BOD pulse” resembles a single-period
cosine wave which has alow frequency spectral peak dose to 0 Hz
(Fig. 3b), just where electroreceptive predators are maximally
wnsitive. Fig. 3 shows that the addition of a negative-going
second phase shifts spectral energy upwards, above the best fre-
quency of the ampullary electromeceptors. The transition from
monophasic to multiphasc EODs evolved at least twice amang
pulse families and a third time in a wave family Apteronotidae
(Fig. 1). The wave fish Sternopygidae, Eigenmanniidae and
Apteronatidae generate EOLY trains with even duty cpcles (Fig. 1),
resulting in a further narrowing of the spmrum““'

Can the shift from monophasy to multiphasy reduce detection by
electroreceptive predators? To address this question | obtained a
large dectric eel and trained it with food to approach dectrodes
playing a variety of clectric playback signals (sec Methods). In a
randomized series of trials, the eel was presented, at natural
intensities, with either the hiphasic EODs of female
Brachyhypopemus pinmicaudatus or the same waveforms rendered
maonophasic bydigital deletion of the second phase (Fig. 3¢, d). The
electric eelwas halfas likely to appmach the playbadk of the biphasic
EOD as the monophasic half-EOD even though peak-to-peak
amplitades of the hiphasic stimuli were twice as great (approach
to biphasic EOL in 6/21 trials compared with approach to mono-
phasic EQI¥in 12/18 trials Fisher's exact test, P = 0.01)

I recorded EODs of three gymnotiform species that emit pulsed

Time xvoitage Power Specium
wavesarm uED magnitude

7 3 4
Frequency (kHz)

T2 3 4

Frequancy (kHz)

Rgire 3 Biphase EOD puses have less anery & low IRquences han e
epans. a, The ancesrd monophasic EOD S modelied a5 a8

Addition of asecond osing e

o 1he spsoval peak and degresss
sacrorerepion of dednrecepive pradain am maximaly senalive an ~cn
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monophasic EODs (Fig, 4a). Each has 2 unique drcumstance that
reduces its vulnembility to dectroreceptive predators The first
spedes, the dectric ed, is itself an electroreceptive predator and
produces a low-voltage, monophasic EOD for electrolocation but
can ako producchigh-voltage discharges (to 600 V) for defence and
prey capture” . Carrent phylogenies place the electric ed at or near
the root of the order Gymnatiformes, with monophasy primitive,
but well defended in all respects™. The second species with a simple
monophasic EOD is Gymnetus glindricus, common to sreams of
middle America. The @i cpfindricus species group, the northernmaost
gymnotiform, inhabits a geographic refuge devoid of the two key
electroreceptive predator groups, the dectric edl and lage ptnldndld
catfishes®. The third species with a monophasic EOD is a small,
defenceless Brachyhypopomus from Amazonia, a region rich in
electroreceptive predators. A well-resolved phylogeny shows that
this monophasic species is derived from a hiphasic ancestor’. This
spedies has the largest electric organ in its genus®. Field workers
frequently mistake its EOD for that of the sympatric dectric e
(]. Alves-Gomes, personal communication). On the basis of her
field studies of fish in northern Peru, M. Hagedorn (personal
comminication) proposed that the monophasic Brachyfypopormus is
a batesian mimic of the electric eel

I took calibrated EOD recordings of three spedmens of the
monophasic Brachyfiypopermus and compared them with calibrated

Ampliudes,
rescaled |

.

0 cquency (Hey'S
Eloctropharys eloctricus
Gpmnolus cyndifcuys
Brachyhypepanz 59, |

1ms

spedes will monaenasic EOD puses. The EODS and power
spects of #l hee monophasic species are extmemely simiar compamdwil the
. 3) Themonophasic Brechyhypopomus & roposed

A 1999 Macmillan Magazines Ltd
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Summary

Weakly electric fish use active electrolocation — the
generation and detection of electric currents — to explore
their surroundings. Although electrosensory systems
include some of the most extensively understood circuits in
the vertebrate central nervous system, relatively little is
kmown quantitatively about how fish electrolocate objects.
TWe believe a prerequisite to understanding electrolocation
and its underlying meural substrates is to quantify and
visualize the peripheral electrosensory information
measured by the electroreceptors. We have therefore
focused onm reconstructing both the electric organ
discharges (EODs) and the electric images resulting from
nearby objects and the fish's exploratory behaviors. Here,
we review results from a combination of techniques,
including field measurements, pumerical and semi-

analytical simulations, and video fmaging of behaviors.
EOD maps are presented and interpreted for six
gymuotiform species. They reveal diverse electric field
patterns that have significant implications for both the
electrosensory and electromotor systems. Qur simulations
generated ictions of the electric images from nearby
objects as well as sequences of electric images during
exploratory behaviors. These metheds are leading to the
identficaion of image features and computational
algorithms that could reliably encode electrosensory
information and may help guide electrophysiological
experiments exploring the neural basis of electrolocation.

Key words: elecmolocation, elecmroreception, elscwic organ
discharge, Gymnotiformes, electric fish

Introduction

Two orders of teleost fish, the Cr)mnonfmmes from Smnh
America and the Mormyroidei in Africa, have i
evolved capabilities to generate and sense electric fields, ca]lcd
electrogenesis and electroreception (for reviews, see Bullock
and Heiligenberg, 1986; Carr. 1990). Electric discharges
(EODs) generated by a specialized electric organ (EO) within
the body cause electric current to flow in the swrounding
water. Nearby objects with a different elecmeal impedance
from that of water alter the current flowmg through sensory
electroreceptor organs in the fish's skin. Electric fish can locate
and identify, or electrolocate, nearby objects, on the basis of
fhe spatial and temporal patterns of transdermal potential
perturbations called electric images

Since the discovery of electroreception in the 1950s, great
progress has been made i studies of electric fish and the
central neurophysiology of electrosensory systems. However
the specific algorithms and neuronal computations involved in
active electrolocation are stll largely unknown. Understanding
how electric fish perceive cbjects from electric images is
difficult, in part because electric mages are generally complex
fimctions of object and EOD geometry, and also because

electrolocation is performed through a vanety of behaviors that
are difficult fo maintain in electrophysiological preparations.
‘The fish’s normal movements change the EQ source locations
and the orientation of the electroreceptor amray relative to
external objects, and therefore greatly affect the sequence of
electric images Presumably the fish employ behavioral
strategies to enhance the information available in the peripheral
electrosensary mage. However, this hypothesis has not been
fully tested because the electrosensory mput has not yet been
well described during exploratory behaviars in freely moving
fish

Quantifying the pattemn of electrosensory stinmli is a crucial
step in studying electrosensory information processing and
understanding electrolocation at algorithmic and neuronal
levels. How is the electric image of the fish's environment
formed? Can we predict changes in the electric field from
objects and during natural behaviors? Do the behaviors have
significant sensory consequences and thus reflect the animal’s
particular strategies or computational requirements?

To answer these questions we have forused om
reconstructing quantitatively the entire pattern of currents

Figenmannia  Apteronotus

vir s Leptoriynchus

Fig. 1. Elecmic organ
discharge (EOD) maps
Electric potentials at 12
equally separated phases
comprising one period
i twee ‘wave fish
(colmns  1-3) and
similar phases i three
‘pulse’ fish (columns
4-6). EODs progress
fom top to bottom
Above each column is
the fish’s head-to-tail
waveform. Subject body
lengths, fom left to
right are 19.5, 21.0, 9.8,
144, 14 158cm
respectively. Asterisks
imdicate larger vertical
scale. Rostral is 1o the
lIeft, caudal to the right

suggesting that segments of the electric organ are active
sequentially instead of synchronously (Rasnow et al., 1993).
The 5-10cmms! velocity of the peaks along the tail is
consistent with the expected conduction velocity of the spinal
relay axons driving the electric organ (Lorenzo et al., 1990).
The electric field vector in the caudal 30-75 % of Apteronofus
spp. also rotates during the EOD cycle (Rasnow and Bower,
1996), whereas rostral of the pectoral fin, the field magnitude

Apteronotus  Brachyhypopomus Brachyhypopomies — Gyvmotus

albifrons . carapa

and sign oscillate while maintaining relatively constant
orientation.

Brachyhypoponus sp. (soon fo be named B. walten by
J. P. Sullivan) and B. Beebei (Schultz, 1944)
The slow biphasic pulse EOD (4ms) of Brachylypopomus
sp. begins with a widely spaced dipole in the rostral body.
which smnzthens for 0.5 ms before propagating caudally with
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[lo31HEEe HAYAIOCh U3YUYEHHE IIIEKTPUUECKUX CBOMCTB TaK HA3bIBAEMbBIX
HEAJIEKTPUUECKUX pbi0. VcciienoBanus Mokazalin, 4TO MPAKTUYECKH BCE OHU B
OTPEIEICHHBIX aKTaX >KU3HEIEATEIbHOCTH CIOCOOHBI CO3/1aBaTh
XapaKTEpHBIC CIIa0bIe IEKTPUUECKUE Pa3psIIbl.

Bo3Huk Bonpoc UMEIOT JIM OHU OMOJIOTUYECKUN CMBICT.

Cpenu Tak Ha3bIBA€MbIX HEAIEKTPUUECKUX PhIO OKA3aJUCh U TAKUE, Pa3psiibl
KOTOPBIX OJIU3KU K CIA003IEKTPUUECKUM, HATPUMED, Y YEPHOMOPCKOTO
3Be3ouera [Muxaitnenko, 1970]. Takux ppiO B 5BOJIIOIIMOHHOM OTHOIICHUN
HPUIILUIOCH OTHECTH K MPOMEXyTouHbIM (hopmaMm [bapon, Muxaiinenko, 1970].

B.P. NPOTACOB, A. 1. BOHAAPYYK, B.M. OAbLIAHCKHMH
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’ CCCP, 1.6.1., mpod. B.P.IIporacos
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WHCTUTYT 3BONKOLMOHHON MOP®OOrumn
W 3KONOruUM XUBOTHBIX WM. A.H. CEBEPLOBA

B.J. Bapou

OJIEKTPOT EHEPATOPHBIE
CUCTEMBI PBIB:

3BOJTIOLIUS | 2
U MEXaHU3MBI
ajanTauuu =

R
b

Puc .4 PacnpefjeneHue 3NEeKTPUYECKOrO MOTeHUHana BOIU3M

paspgne

Puc.1 B3aumojxeficTBue 3Be3fouera U.scaber U XepTBbl,
3neKTPUUECKHA pa3paj - B KBajpaTe BBepXy Kajapa.

M3JATENLCTBO “HAYKA™

Mockea 1982 Puc:z Peuuiu ase3jjoyeTa U.sca‘bnr Ha NoAnNAbBAHHE MOP-
ckoro xota Dasiatis pastenaca.

Puc .3 PacnpejesieHHe 3NEeKTPHUYECKOro NOTeHUWAna BOAWIU
Tena 3mes3jovera Uranoscopus scaber npH paspaje.






buonunyeckoe u KOMIIBIOTCPHOC MOAC/IMPOBAHUC

AIEKTPOOPUEHTAIIMOHHBIX cucTteM poio B CIIIA.

Eigenmannia Aplere tus  Brachyhypopomus Brachyipopomes — Gymioies

virescens leptorhynchus albifrons . beebrwi carapo
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BEVNOHNYECKOE MOAEJIMPOBAHUE
QJIEKTPOCUCTEM
CJIABOS3JIEKTPUHECKUX PbIb

Jlaypear I'ocynapctBennoi npemuu CCCP,
1.6.H., mpod. B.P.IIporacos
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broHHYeckoe

B MoxeTHpoBaHKe
SNEKTPOCHCTEM

B C12009/IeKTPHYECKHX

B.P NPOTACOB, A.1. EOHAAPYYK, B.M. OAbLUAHCKHMI

BBEAEHUE -
B IAEKTPOIKOAOTHIO




B 70-x — Hayane 80-x rr. ObINK pa3padboTaHbl, U3roTOBJIEHbI U
UCNbITaHbl 4EUCTBYOLWMUE MaKeTbl AN CBA3U MexAay

BOoAOJ1a3aMM.

PAZIrOIME A2KIY 21NN




WHXXeHepHble pa3paboTKM cOnpoBOXaanncb nccriegoBaHUSMMU
dousnyeckom cneundukn aNeKTPoANHAMUKN NPOBOASALLUX cpes,

Ctpyktypa IMI1 Ha paccTOSAHUSIX, COM3MEPUMbIX CO CKMH-CNOEM, AnarpaMmmbl
HanpaBNeHHOCTU, BCeHaNpPaBfeHHOCTb, BIUSIHUE rPpaHnl, 3aBUCUMOCTb
COOTHOLUEHUSA CUrHan/Wym n JanbHOCTU CBA3U OT BEJINYUHDI
3NEeKTPOnpoOBOAHOCTM.




Bbinu npeanoXeHbl KPUTEPUN KONMMYECTBEHHOU OLEeHKN 3hcheKTUBHOCTHU
AUMNONBbHbLIX aHTEeHH, 3KCNepUMeHTasribHO uccrieaoBaHbl KOMMNOHEHTbLI UMMeAaHca,

npeanoXeHbl CNocoObl ONTUMMN3ALNA AaHTEHH.
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Noapo6HO uccnenoBanochb BNUsiHne B3aUMHOW OpMEHTaLun aHTeHH Ha YPOBHMU
CUrHasnoBs.

B3anmuas opueHTauus quiosnei Bup nmarpammsl HarpaBiieHHOCTH

Maremarnueckoe onucanue
(YpaBHEHHME B NOJISAPHBIX
KOOPJIMHATAX)

I'paduueckoe
u3006paxeHue

I'padpuueckoe
U300paxkeHue

CrnoBecHOe oIucanue

e 7
Ocp perucrpupymomero aumnoss Ha- / b

IIpaBJieHa Ha IEHTP U3JTYYaIoIEero k(0)=cos 0
AU (puanalbHast KOMIIOHEHTA)

Ocb perucrpupytomero uons nep- 1
MCHIMK YJIsIpHa HallpaBJIEHHWIO Ha k(@)= —sinf
2

HOEHTD M3IIYYallLEero JaUuIloi

Perncrpupyroumii umons opuentipo- 1
BaH 110 MaKCHUMYyMY PErHCTPHPYEMO - k(@)= — /1 +3cos?0
ro currana (MOJyJTh CHrHaia) -

Ocu perucTpupyoLero u u3yyaoiie-

1
p=—ig pe— S 2 —
ro JIMIOJIEN TTapaJlilesIbHBI k(0) 2 (3cos”6 — 1)

Ocu perucrpupyomiero u uanyuaone-
IO JIMIOJIEH IePHEeHIUKYIISAPHBI




Bbina npegnoXxeHa MeToAuKa 3HepPreTM4eCcKoro pacyerta npegenbHbIX
BO3MOXHOCTEN NOoABOAHOU CBA3M HA TOKaxX NPOBOAUMOCTU U
NpPoOUNNICTPUPOBaHA Ha NpUMepe CUCTEMbI ANA Nepenadum peym m

NMOCTAHOBKA 3AOAYN

TWUM N OCOBEHHOCTU PAMOH AKCMMYATALMN TPEBO\‘BAHMH K
OBBEKTA CBA3HOWM CUCTEME
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KOHCTPYKUMW KOHCTPYKUMAM MATHUTHBIE MATHUTHBIA MNPOBOAHOCTbL YCNOBUSA FMYBUHA OANIBHOCTb WH®OPMA-
N TABAPUTHI N TABAPUTAM MOMEXWU ®OH B CPEAE CPE[bI TUBHOCTb
AHTEHH ncxoasa ns BBNN3N

YOOBCTB U OBBEKTOB

OCOBEHHOCTEWN

SKCNNYATALINN
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AHTEHH PAS3JINYHbIX NMPUMEPHAA OLEHKA YPABHEHUE
A0NYCTUMBbIX OLlEHKA PEAﬂbHOVI PACMPOCTPAHEHUA
KOHCTPYKLI PABOYMNX YYBCTBUTENb-

\-IACTOT CBA3N HOCTWU
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BbISIBNEHUE OLlEHKA OLIEHKA XAPAKTEPUCTUKN
HAUBONEE TPEBYEMOIO TPEBYEMOW MPUEMHOWN
NPEMIEMOM uwnoanoro MOLWHOCTH AMMNAPATYPbI
AHTEHHbI MOMEHTA
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B 80-x ObIfi U3roToBIIE€HbLI U UCMbITaHbI B
MOpe€e OeNCTBYHOLME MaKeTbl YCTPOUCTB
KOHTPOSA opyanu fiosa




B 70-x — 80-x rogax mMbl NAOTHO COTPpYyAHMYaNnu
C NMpUKragHbIMn opraHm3aumsimm ot
KannHnHrpaga o BnagmuBocTtoka u
[leTponaBnoBcka-Kam4yaTcKoro.

_ Ho k koHuy 80-x y Bcex aTux opraHu3aumnm
- “ Ha4yanucb bornblune TPYAHOCTU

977 |
s
K.T.H. Pyonés Bukrtop lNeTpoBuu,

AOLEeHT Kadheapbl
Mpu6opoctpoeHus OBDY

KoMnneKkT neperoBopHoOro yCTpoMcTea A aKkBaslaHrmcToB



3 coenaHHbIX Torga paspaboTtok Hanbonee MHTEPECHON
npeacTaBnseTcss cMcTeMa KOHTPOns NepPeKkocoB Tpana




[MpocTeniuaa cncrtema KOHTPOSIA CUMMETPUM B OAHOPOAHON BOoAE

C I'IpFIMOIZ CBA3blO MeXay NCTOYHUKOM U MPUEMHUKOM.

H. W. LissMANN

Nevertheless, it is useful to keep this model in mind when considering the possible
anatomical and physiological counterparts in the fish body and the history of their
origin,

‘While there may not be a single simple answer to the problem of the evolution
of all electric organs, a number of unrelated forms have striking similarities in
common. A comparative survey may, therefore, yield valuable information.

178

Receiving electrod / | e

L Comman electrod

adapter

Transmitiv electrodies:

Text-fig. 11. Diagram of the electric field about equal charges of opposite sign. The lines of force | Electrodes System
(solid lines) and the lines of equipotential (dotted lines) are indicated. E and E, correspond o “
to the discharging electrodes in the model or the electric organ of a fish; R and R, represent [lepednee Bercuwe Bercwuue
the recording electrodes or the hypothetical receptors. AGpo mopycd YeHmpb! YEHMPoI

| T — |
| Tenepamap |
| omudaemozo

| ombema

(@) The discharge mechanism

All available evidence suggests that independent evolution of electric organs in
fish has taken place at least seven times. In the majority of cases embryology and
innervation indicate clearly that the origin is from muscular tissue. As far as is
known there is nothing in fish muscles which may point to the reason why in this
class of animals alone muscle should be particularly predisposed to such a specializa-
tion. Although the regularity of myotomic arrangement should make a reconstruc-
tion into serial electroplates perhaps more feasible, it must be remembered that not
only tail and trunk muscles have been incorporated into electric organs—as in the
case of Rajidae, Mormyridae, Gymnarchus, the Gymnotidae, and probably also in
Malapterurus (Johnels, 1956)—but also hypobranchial muscles (Torpedinae) and
even eye muscles (Astroscopus) (Dahlgren, 1927). The origin and significance of
the electric organs in the submental filaments of Staetogenes elegans (Ellis, 1913;
Lowrey, 1914) remains obscure. In an inquiry about the causes of the evolution of
electric organs it appears more profitable to consider the whole functional complex

[enepamaop
oxudaemoeo
amberma

|

5] )

Komaridnoe :I
apo

F C0P30

Jnexim—,
pusgeckui

opzar '

«{ Knonnergpearns! l» s A’Z’;«’[/fb’,’,’;’]}%%;"’ﬂ—— ~{ Mopmupomacime ]— -

| ]




7
"b;“_/‘







Cuctema KOHTPOMS NepekocoB Tpana no3BonseT PukcmpoBaTb
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BroHnKa — 3TO HEe Hayka U He TeXHUKa. B e

broHHYeckoe
BuoHnka — aTo MeTogonorvsa akcnopTa MOZETHPOBAHMH

naen n3 GuonornMm B TEXHUKY 9NIEKTPOCHCTEM
C12D09TeKTPHYECKHMX




g OyeBuaHas ¢ Buay naes

= «B3STb U3 NMPUPOAbI U caoenaTh TakkKe» -
= npwn 6onee BHUMATENTbHOM PacCMOTPEHUN
= 4aCTO OKa3bIBAETCH NMOXXHOMWN.

“ %" B 6onbLUMHCTBE Cry4YaeB Mbl ULLIEM He

Sl 35. > npsiMyto MeTadopy, a obpaTHyto.

K npnpoaHbiM o6bektam He npunaraeTcs
«TEeXHN4Yeckasi AOKYMEHTaUnsa».
UTo0ObI pacno3HaTtb Kakyr-nmbo oCob6eHHOCTb
Hago obLlaTbed co cneunanucTtaMmmn no JaHHOMY OObEKTY .
[aneko He akT, YTO CneunanucTbl 3axXoTAT 0bLaTbCA.
[aneko He gakT, YTo Bbl X nonmeTe —
OHU BCE rOBOPSIT HA CBOMUX SI3blKaX.
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Kak npaBuno y npaktndeckon 3agayvm v npMpoaHoOro aHanora
pasHble MacLuTaobl.

[ns cornacoBaHnsa macwtaboB Hago NPONyCcTUTbL Uaet Yepes Pusmko-
mMatemMatndecknin aHannid. OTBET MOXET OKa3aTbCs OTpULATENbHbIM:
[axe oyeHb TOYHas Moaesb MyXHu,

BbINOSIHEHHAs B MacluTabe cnoHa,
obnagaet NNoXnMMm NETHLIMU Ka4ecTBaMu.

baryglobo.ru
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HayKa WULLIET HEMNPUCTYMHbIE BEPLLMHbI, YTOObI NOKOPSATb UX,
a TeXHMKA NbITAETCSA NPONOXNUTb POBHbLIE MYTW.

Y HayKu N TEXHUKM pasHble CUCTEMbI OLLeHKN 3P EKTUBHOCTM.
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BIOLOGY

! Electric Receptors in a Non-electric Fish
(Clarias)

Ir is now well established that certain fish can detect
objects electrically. These fish have weak electric organs,
and set up an electric field in the surrounding water. A
nearby object distorts this field, and the distortions are
detected by the fish. ctric receptors are sense
organs communicating with the water by means of jelly-
filled canals.

In an early examination' of this ‘electric sonse’ we
suggested that the incoming electrical signals were
‘smoothed’ at the clectric receptors before being coded
into impulses in tho afferent nerves. This hypothesis was
tested in a series of expe in which a Gymnarchus
niloticus was trained to respond to an applied electric
field. The hypothesis was fully confirmed; the smoothing
time-constant was found to be about 25 msee. Tt was
further found that the fish was unexpectedly sensitive to
trains of pulses of low-repetition frequency ; this sugg ted
that adaptation of the receptors was taking place w
time constant of some tens of milliseconds. Each succe:
pulso of the train would then give rise to a separate
sensory signal. If the time taken in the central nervous

em to process the sensory data and releaso the
onse (the ‘perception time’) were sufficiently long,
soveral of theso separate signals might be centrally
summated to form a larger stimul
cies of the two families of fish examined so
mmnotidac) possess electric organs and
specialized olectric receptors derived from tho lateralis
stom. On evolutionary grounds the
supposoe that somo non-clectric fish may he
recoptorst, and that knowledgo of their properl
help towards an understanding of the mechanism of

For our experiments
belonging to the very lax
n for the followin

: h a w ic s
of members of this family (Clarias, Saccobranchus, Malap-
terurus, Amiurus, Silurus, ete.) were found to respond to a
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Fig.3. Threshold leld for low-frequency pulsetrains. @,20¢/s; x,10¢'s;
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moving magnet. (c) Freshwater catfish possess nall

pit organs’ structurally reminiscent of ‘mormyromast 5

s has ampull of Lorenzini, receptors

nsitive to electric currents in the Elasmo-

branchs®". (d) In life habits and ecology many catfish
resemble the mormyrids and gymnotids.

The experimental procedure followed that used for
Gymnarchus?: a specimen of Clarias (anguilloides?) Wi
confined within a tank fitted with two electrodes betweer
which an electric field could be established. The input t0
the electrodes was of controllable amplitude, and could b¢
either d.c., single pulses or trains of pulses. The fish
was trained to give ‘a standard response’ when the elect;
field was applied; tho threshold field required to elicit thi¢
response was measured for tho various types of stimulus

The results for pulse trains of relatively high frequency
and for , are shown in Fig. 1. As with Gymnarchus, the
threshold is determined only by the mean value (or ‘d.c-
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npOBeﬂ,eHHble HaMW SKCNEPUMEHTbI Ha NEPUCTOYCbIX COMax rnokKasa’sin, 4To UX
OTBETbl HA CTUMYIJ1bl OJNTNTEJIbHOCTbIO AECATK MC ropa3afo OTHETIINBEE, YEM

OTBETbl HAa CTUMYI1bl OJINTEJIbHOCTBIO €EANHULIbI MC
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DIIEKTPOTEHEPATOPHASI AKTUBHOCTBb SYNODONTIS @)
U EE U3BMEHEHWS ITPU JIEMCTBUUN CJIABBIX
DJIIEKTPUYECKHUX TTOJIENA
© 1993r. A.A. Opaos, B. /1. Bapon, B. M. Oapmasckuii
[MpenctarieHo akazemukoM [1.C. TMarnoeiM 23.02.93 1.
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Puc. 2. [Tocmcmumyashoie cucmoepammovt P20 S. sp.1.
a-omecymemeue a.umyad. 6 - cmumMyaauus o0Hopoo-
HbIM 208K MPU1eCKUll UMIYAbCHBIM NOAeM HANDAHCEH-
Hocmoto 150 mx B/em. [lepuod emumyaayuu 2c. iu-
meavHocms cmumyaa 100xmc. & - mo sice npu oaumens-
Hocmu cmumyaa 5Smc. Obugee wucao P20 na kaxcdoit
eucmoepamme 6400, wupunadurna 10mc, MomeHmol Ho-
AauuUUMBYAbCANOK A3AHBICIMPEAKAMU.




B 1993 r. B Odomonuu B.[l.bapoH, A.A.Opnos 1 A.C.I'onybuoB BnepBblie 0OHapyXunm
MOHOMONAPHbIE pa3psabl krnapuesoro coma Clarias gariepinus, nposiBNSOLWMECH TONbLKO
B npoLecce coumanbHbIX B3anMOO4eNCTBUN.

African Clarias catfish elicits long-lasting weak electric pulses

V. D. Baron, A. A. Orlov and A. S. Golubtsov

Severtzov Institute of Animal Evolutionary Morphology and Ecology of the Russian Academy of Science,
Leninsky Prospect 33, Moscow 117071 (Russia)
Received 1 November 1993; accepted 25 January 1994

Figure 2. Drawing from videorecords containing in the same
frame w of experimental tank and a screen of oscilloscope
displaying fish EODs. The individual marked with an asterisk is
discharging.




[MpencrtaBnseTcs, 4To bonee

TuwlaTenbHOe uccrnegosaHme COMOB
OyoeT NNoaoTBOPHbLIM, MOCKOSbKY MoKa
He obHapyXeHO nepexoaHbIX opMm
MeXOy CUNbHOINEKTPUYECKMM COMOM U
ocTasibHbIMWU COMaMu — CUTyaLus
HanoMmnHaroLaa HeaBHIOK CUTYyaLMIo C
rmumHoTuaamu (JincemanH, 1958)

B 1963 r. JlnuccmaHH n ManymH
aokasanm, YTo KnapueBble COMbI
NMELIOT 3NEKTPOPELIENTOPLI N YTO OHU
ny4yLie BCero BOCNPUHUMAaKOT CTUMYIbI
ONUTENbHOCTbLIO 25 MC U BbiLLIE.

B HazBaHuu nx nyébnukauum B Nature
NoA4YepPKNBAETCS, YTO Knapuesble
coMbl - HEanekTpuyeckue pbibbi.
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BIOLOGY

! Electric Receptors in a Non-electric Fish
(Clarias)

It is now well established that certain fish can detect
objects electrically. These fish have weak electric organs,
and set up an electric field in the surrounding water. A
nearby object distorts this field, and the distortions are
detected by the fish. The electric receptors are sense
organs communicating with the water by means of jelly-
filled canals.

In an early examination! of this ‘electric sense’ wo
suggested that the incoming electrical signals were
‘smoothed’ at the electric receptors before being coded
into impulses in the afferent nerves. This hypothesis was
tested in a series of experiments® in which a Gymnarchus
niloticus was trained to respond to an applied electric
field. The hypothesis was fully confirmed; the smoothing
time-constant was found to be about 25 msec. Tt was
further found that the fish was unexpectedly sensitive to
trains of pulses of low-repetition frequency ; this suggested
that adaptation of the receptors was taking place with a
time constant of some tens of milliseconds. Each successive
pulse of the train would then give rise to a separate
sensory signal. If the time taken in the central nervous
system to process the sensory data and release the
response (the ‘perception time’) were sufficiently long,
soveral of theso separate signals might be centrally
summated to form a larger stimulus.

All the species of the two families of fish examined so
far (Mormyridae, Gymnotidae) possess electric organs and
specialized olectric receptors derived from the lateralis
system. On evolutionary grounds there is reason to
suppose that somo non-clectric fish may have clectric
receptors?, and that knowledge of their properties may
help towards an understanding of the mechanism of
electric receptors in general®.

For our experiments an African species of Clarias—
belonging to the very large catfish family (Siluridae)—was
chosen for the following reasons: (a) Ono specics of this
family is known to be electric—the strong clectriec Malap-
terurus; no connecting link to non-electric catfish has been
established through a weak electric species.  (b) A number
of members of this family (Clarias, Saccobranchus, Malap-
terurus, Amiwrus, Silurus, ete.) were found to respond to a
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moving magnet. (¢) Freshwater catfish possess ‘small
pit organs’ structurally reminiscent of ‘mormyromasts’s
one marine species has ampulle of Lorenzini, receptors
known to be sensitive to electric currents in the Elasmo-
branchss-%. (d) In life habits and ecology many catfish
resemble the mormyrids and gymnotids.

The experimental procedure followed that used for
Gymnarchus®: a specimen of Clarias (anguilloides?) was
confined within a tank fitted with two electrodes between
which an electric field could be established. The input t©
the electrodes was of controllable amplitude, and could be
either d.c., single pulses or trains of pulses. The fish
was trained to give ‘a standard response’ when the electri®
field was applied; the threshold field required to elicit this
response was measured for the various types of stimulus.

The results for pulse trains of relatively high-frequency
and for d.c., are shown in Fig. 1. As with Gymnarchus, th®
threshold is determined only by the mean value (or ‘d.C:
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OcobeHHOCTU aneKkTporeHepauuu comoB. Peructpauus
pa3psanoB ¢ NOMOLBLIO crieyuanu3mpoBaHHOMU
MUKpOMNpoLeccopHoOU annapary

Synodontis schall

CUTHANBHBIH
rpoieccop

1 - MHCTPYMEHTAJIbHBIH YCUJIUTEIb
2 - IpOrpaMMHpPYeMbIH YCHIUTEIb
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Electric Discharges
in Asian Catfish Ompok bimaculatus (Siluriidae)
K. S. Morshnev and V. M. OI’shanskii
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IlepBasi perucTpanusi 3J1eKTPUIECKUX Pa3psi/ioB
OT a3MATCKOM NMPECHOBOAHOU PHIObI
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Monopolar Electric Discharges of the Catfish Parasilurus asotus
(Siluridae, Siluriformes)

V. D. Baron“ and V. M. Olshansky
Institute of Ecology and Evolution, Russian Academy of Sciences (IEE RAS), Leninsky pr. 33, Moscow, 119071 Russia
@ e-mail: vbaron@mail.ru
Received October 14, 2008

Abstract— Electric discharges in the catfish Parasilurus asotus are registered for the first time. The discharges
are monopolar pulses of a 50—300 ms duration which corresponds to the frequency characteristics of
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THE FUTURE OF RESEARCH ON ELECTRORECEPTION AND
ELECTROCOMMUNICATION
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Summary

the evolution of electric organs. (5) Ethological significance
will be found for a variety of known physiological features;
e.g. uranoscopids, skates and weakly electric catfish with
pigodic electric discharges; electroreceptive ability

animals S amprevs. chimaera roeons,
paddlefish and salamanders with Lorenzinian-type

Bevond continuation of currently active areas, some less
studied ones are selected for predictions of marked
(1) Most will he in cellular
components and molecular mechanisms for different
classes of leceptm or central pathways. (2) Mme major

fils, reptiles or invertebrate g

advance. discoveries

fave E-l-E'{‘tl ureceptne species representing independ®
evalutionary ‘inventions’. (3) Electric organs with weak
and episodic electric discharges will be found in new taxa;
first, among siluriforms. (4) New examples are ta be
qgpected, Slll."ll as hmp] eys, “hme synchronized muscle

‘mediates in

ampullae; gymnotiform and mormyrid detection of the
apacitative component of impedance. (6) The organization
o} some higher functions in the cerebellum and forebrain
ill gradually come to light.
Key words: electroreception, brain
organisation, complexity, cognition.

electrocommunication,




Cnucok nutepartypsbl K ctatbe Teogopa bynnoka
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3Ha4YeHns crabblX aNEKTPUYECKNX pa3psaaoB CKaToB,
3BE€304YETOB U COMOB B Ka4eCTBE BaXXHOM 3aga4yn Oyayuimx
nccnegoBaHMM NokasblBaeT, YTO ronososiomka apBuHa
OCTaEeTCH HE CIOXEHHOMN.

Electroreception



C 2001 r. mbl HA4Yanu
n3yyatb BbETHAMCKUX
KrnapuneBbiX COMOB.
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YeM MHTepecCHbL ~-
KrapueBble COMbI?

AMIyJIsipHBIE PELENTOPHI
B oTnnyme ot MopMupua, rMMHOTUA, NEPUCTOYChIX COMOB U MHOTUX OPYrnX
cnaboanekTpuyeckux pbld KnapmeBbie COMbI FrEeHEPUPYHOT pa3psiabl TONbKO
Npy coumanbHbIX B3aMMOOTHOLLEHUSIX, T.€. TONbKO MO KOHKPETHbLIM
nosoaam.

« Paspsagbl y knapneBbiXx COMOB Mo hOpMe U ANMMTENTbHOCTM COOTBETCTBYHOT
XapakTepUCTMKaM aMnynspHbIX 3NEeKTPOPELLENTOPOB, CBOMCTBEHHLIX BCEM
SNEeKTPOYYBCTBUTENbHbLIM HEINEKTPUYECKUM pbibaMm.

« [lpegnonaraetcs 4TO Y NPeAKOB COBPEMEHHbLIX TMMHOTUA pa3psaabl Obinu

MMEHHO TaKMMU — MOHOMONSAPHLIMW, OOMbLION ANUTENBHOCTH.

*  MoLHOCTb pa3psaoB Y KrnapueBbiX COMOB ropasao HUXKe, YeM y pl
MOPMUPUA, TMMHOTUA, 3BE3A04YETOB, CKaToB . AMMNNUTYAbLI pa3psaoB 177 \
COUBMEPUMbI C BESTMYMHON MUOTPaMM, T.€. OHW GrIM3KN K NPOMEXyTouHbIM | 27
dopmamM Mexay HESINEKTPUYECKUMN U SNEKTPUYECKUMN pbiGamMu. 7 W,

. M OPMYIDOMACTI



DKCNEPUMEHTHI OKA3aJIH, YTO KIapHUEBbIC COMBI
COIIPOBOXKIAIOT CBOU aTaKW Ha APYTHX PbIO
NEKTPUUYECKHUMU pa3psigaMu




MexBuaoBas arpeccus




MexBu10Bas arpeccus




MexBu10Bas arpeccus




ATaka Ha )KePTBY TaKKe
MOKET COINPOBOKIATHCS
ICKTPUUYECKHM Pa3psiAoM

".'\:.- '




ATaka Ha )KePTBY TaKKe
MOKET COINPOBOKIATHCS
ICKTPUUYECKHM Pa3psiAoM

——
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ATaka Ha JKepTBY




B 2005 r. HamMun ObINM HaYaTbl AKCNEPUMEHTbLI HA abOPUreHHbIX KNnapueBbiX coOMax
IOxxHoro BeeTHama C. macrocephalus co ctumynaumen HepecToBOro NoBeaeHus.
BriepBble 6biny obHapyXeHbl pa3psaabl, reHepUpyeMble CaMKOW MPU XapakKTepHbIX OSs

penpoaykTMBHOINo noseageHmnd no3ax ™

13 16 00 samka



B 2006 rogy 661110 nokasaHo, YTo caMka
C.macrocephalus npu HepecTe reHepupyet
NaYkn 3NeKTpMYECKnUx paspsaoB




Takum obpasom ObINo nokasaHo,
YTO reHepauuns rnadkm paspsigoB ABNSETCS
00s13aTeNbHON YacTblO XXECTKOro putyana cnapuBaHus.




OcHoBHblE 3KcnepumeHTansHble nccnegosanmsa 2008 r.
BbINOMHANUCL Ha pblbopasBoaHon doepme Quang Lai B CanTho




['eHepanyst 2IEKTPUIECKUX
pa3psa0B COIPOBOXKIAAET
OOJIBIIMHCTBO 3aMETHBIX

IOBEJIEHYECKUX aKTOB KJIAPUEBBIX

COMOB — arpeccuto, OXOTy, HEpecCT.
3AYEM?







I/I3mepeH|/|;| ANEeKTpU4eCKnx notTeHumanoB HenocpegCcrBeHHO
Ha Terie KnapmeBbiX COMOB MNMPpU X counaribHbIX B3aMMOOENCTBUSAX.

heiologii, Fol. 42, No. 4, 20

Electric Discharges of Clariid Catfishes Cultivated
in South Vietnam

" M. OI’shanskii*
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KonnyecTtBo nayvek paspagoB
B 3@aBMCMMOCTU OT BPEMEHW BO BPEMSA HEPECTA
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B burst EODs

B mono EODs
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5:00:00
3:00:00
1:00:00
23:00:00
21:00:00
19:00:00
17:00:00
15:00:00
13:00:00
11:00:00
9:00:00
7:00:00
5:00:00
3:00:00
1:00:00
23:00:00
21:00:00
19:00:00
17:00:00
15:00:00
13:00:00
11:00:00
9:00:00

B EODs in bursts

B mono EODs

7:30:00
6:30:00
5:30:00
4:30:00
3:30:00
2:30:00
1:30:00
0:30:00
23:30:00
22:30:00
21:30:00
20:30:00
19:30:00
18:30:00
17:30:00
16:30:00
15:30:00
14:30:00
13:30:00
12:30:00
11:30:00
10:30:00
9:30:00
8:30:00

7:30:00




Ecnn pelwwatb 3agayy 0 yHKUMOHANbLHOM
Ha3Ha4YeHUN INEeKTPUYEeCKNX paspsaaos B
nyxe [dapBuHa, TO KapTMHa OOSMKHA ObITb
cobpaHa uernnkom 13 Bcex AeTtareu, T.e.
BCE OCODEHHOCTU CTEPEOTUMNA NOBEAEHUS:

* Mo4YeMy camKa yrnmpaeTtcd B camua?

* No4YemMy cameLl, U30rHyT ayromn?

* MOYEMY U B KaKyto CTOPOHY caMKa noBopayMBaeT nepeaHioto
4yacTb Tena?

* No4YeMy caMmeLl nepenons3aeT XXUBOTOM Yepes ee rorioBy 3a
3aTbINMOYHbIN BbICTYN?

* NOYeMy YCbl CaMKW HarnpaBfieHbl CHa4ana B CTOPOHbI, @ NOTOM
Bnepen?

OOIMKHbI CITOXUTBbCA B LIENTbHYH KapTUHY,

OLOHMM U3 KYCOYKOB KOTOPOM DyadeT PyHKUMA Navykn pa3psaos.



[Tpexae Yyem obcyxaaTtb PyHKLUMOHANbLHOE 3HAYEHME
pa3psa0B HAOo0 ObINO OTBETUTL Ha KITKOYEBOW BOMPOC:
B Kako MOMEHT Mo OTHOLLEHUIO K MaYvke pa3psaaoB
camel, C.macrocephalus BbibpackiBaeT cnepmy?




Bug ceepxy

Bua cHusy
(4epes gHo aKBapmylvla)

Cnepma

YporeHl/lTaan bV
OTPOCTOK



OLUEHMM CKOPOCTb CINEPMUERB:

0.08




0.16







0.32




40

0




0.48




0.56




0.64




0.72




0.80




LUAI CETKWM 10 MKM




0.00

LUAI CETKWM 10 MKM

CBE@FIO,D,
MWUKPOCKOMNOM
NOABMXXHOCTU

CIMEPMMEB

ASUNATCKOIO COMA


























































Bpewms, B Te4eHne KOTOPOro CrepMmnn CoOXpaHsatoT NOABMXKHOCTb, HE MPeBbILAaeT 2 MUHYT.

|
V=60 mkm/0.8 sec < 0.1 mm/sec

CKOpOCTb OBUXEHUA CrnepMmneB Nocsi€e aktTuBn3aumm O4EHb 6bICTpO nagaer.



Putyan cnapuBaHua y C.macrocephalus




B Takom nosnoxeHun
PbIObI ObINN B
MOMEHT BblOpoca
cnepmbl
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B Takom
NOSIOXXEHNU PbIObI
cTanu B MOMEHT
BblIOpOCa MKpb

CnepmMmusim Hago
NPONTU NYTb OO0
NKPUHOK
He MeHbLle 6 CM.
3a cyeT cobCTBEHHOM
NOABWMKHOCTU OHU
MOTYT NPOUTU HE
bonee 2 cm



« OnNNogoTBOPEHHOCTb UKPbI KOHTPONMpPOBanach
nyTemM gopalimBaHnsa MKPUHOK
[0 CTagun NNYUHKN U MOJIOOMW.

 Bbonblue NoNoBUHbLI UKPUHOK B Ka>XAoM
IKCNMepMMeEHTE OKa3aJinCb OornjiogoTBOPEHHBIMM.




biology
NA 4Yero Npu HepecTe MOryT OblTb HYXXHbI . e
A by Hep y y letters

ariekTpuyeckue paspsaabl? Evolutionary biology
Electrifying love: electric

fish use species-specific
discharge for
mate recognition

Philine G. D. Feulner"®*, Martin Plath'~,
Jacob Engelmann®, Frank Kirschbaum?®®
and Ralph Tiedemann'

[To MHEHHIO 3alaIHBIX UCCIIEA0BATEIICH DIICKTPUUECKUE Pa3psIabl
IIPU HEPECTE KJIHOBOPHLUIOOOPA3HBIX M TUMHOTOOOPA3HBIX
BBITIOJIHSIOT KOMMYHUKAIIMOHHYO (PYHKIIHUIO B LIENISAX:

- CUHXPOHU3aIlM1 HEPECTA
- MEKBUJIOBOU U30JIALIUU
- BEIOOpA IOJIOBOTO MapTHEpa

Oto npexanoiaraet, yto pa3psaasl [IPEJIITECTBYIOT Beiopocy
MOJIOBBIX MPOTYKTOB.
boiiee Toro, peub UAET O TOM, UTO CAMKa MEYET UKPY
B OTBET Ha pa3psiJibl CaMIIOB.
VY KapueBbIX COMOB pa3psiibl TECHEPUPYET CaMKa,
npuuem [TIOCJIE BpiOpoca camMIioM CIiepMbl



€

}

3a4yeM OHM 3TO aenatoT? ‘
N

O6wmnn oTBET Ha Bomnpoc: «B 4yem cocTouT Nnonb3a?» Mbl 3HaAeEM.

[Tonb3a coOCTOUT B TOM, YTOObLI MPONTMN CKBO3b CUTO
eCTEeCTBEHHOro otTbopa.

Ham Hago ncxogst n3 atoro obuiero otBeTa HamT KOHKPETHbIE
OOBbACHEHUSA —
B YEM MOXET COCTOATb NOoNb3a pa3fnmnyHbiX 0COBEHHOCTEN
puTyarna cnapmBaHus KrapueBbiX COMOB?

CaMKkn knapmeBbIX COMOB MEYYT MHOIO UKPbI, C TEM, YTOObI
NKPUHKW paccesanmcb No 0OonbLION TEPPUTOPUN.

[Mocne BbiIMeTa UKPbI 1 €€ oNnoAoTBOPEHUS B3pOCTble 0cobu 3a
NKPOW HE yXaxunBaroT




noyemy camka ynumpaeTtcs B camua, a camel, npu
9TOM U3OrHYT Oyrom?

NoYemMy OHM 3aMUPaOT Ha HECKOJSTbKO CEKYHA,
NpuyemM camMmka B 3TO BpeMsi NPOBOAUT ycamMun B
CTOPOHBLI 1 0BpaTHO?

noyemy nocne BblGpoca criepmbl camel
OCTaeTCsl B TECHOM KOHTaKTe C CaMKOW, B TO
BpeMsl Kak camMka cHadana nosopaymBaeTcs
nepegHer YacTblo Terna B CTOPOHY, a NOTOM
BO3BpaLLaeTcs B NPSAMOE MornoxeHne?

No4YeMy U B KaKytd CTOPOHY CaMKa noBopadmBaeT
nepegHo YacTb Tena?

noyemMy camel U camka MeAneHHO CMeLLaTCs
AOPYr OTHOCUTENBLHO Apyra, NpuyemM camel|
MNAOTHO NPWXXNUMAaETCH rofloBON K BproXy camkn?

3a4eM camka reHepupyeT 0cobyto cepuio
ANEeKTPUYECKUX pa3psaoB?

novyemy BO BpeEMA reHepaunmn rnayvikm pa3paa0B
camMmel CBOUM TEJ1IOM, CONHYyTbIM B KOJ1bLO,
MIOTHO CXKUMAET TeNio CaMKn?



-10.0

noyemy camka ynupaetcs B camua, a camel, Npu 3TOM U3OrHYT Oyron?




-10.0 novyemMy OHM 3aMnNpParoT Ha HECKOJTIbKO CEKYH/, ?




no4yemMy nocrie Bblbpoca crnepmMbl OHN COXPaHAIOT
HEeNnoABMXHOCTb, MPUYEM CaMKa B 3TO BpeMS NpoBOAUT ycaMu B
CTOPOHbI N 0bpaTHO?




HanomMHI0 BbilLecka3aHHoe

B Takom nosnoxeHun
PbIObI ObINN B
MOMEHT BblOpoca
cnepmbl
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B Takom
NONOXEeHUN PblObI
cTanu B MOMEHT
BblIOpOCa MKpb

Cnepmusam Hago
NPONTU NYTb
He MeHbLle 6 cMm



OLUEHMM CKOPOCTb CINEPMUERB:

Bpemsi oT MOMeHTa Bbibpoca cnepmbl ——p O O 8




























O6nauko crnepmebl 3a 0.8 cek. nepeMecTmnoch NPUMeEpPHO Ha 1-3 Mm
N 3aMETHO YBENMYNIIOCL B AMaMETpPE.
HabntogeHns 3a cnepmMmon nog MUKPOCKOMOM nokasaro, YTo O . 80
CKOPOCTb COCTaBNSET 40NN MM/CeK, a BpeMS COXpaHEeHUS
MNOABWXHOCTUN HE NPEBLILLIAET 2 MUHYT.




no4yemMy nocrie Bblbpoca crnepmMbl OHN COXPaHAIOT
HEeNnoABMXHOCTb, MPUYEM CaMKa B 3TO BpeMS NpoBOAUT ycaMu B
CTOPOHbI N 0bpaTHO?




-2.4

no4yemMy nocrie Bblbpoca crnepmMbl OHN COXPaHAIOT
HEeNnoABMXHOCTb, MPUYEM CaMKa B 3TO BpeMS NpoBOAUT ycaMu B
CTOPOHbI N 0bpaTHO?




-2.0

no4yemMy nocrie Bblbpoca crnepmMbl OHN COXPaHAIOT
HEeNnoABMXHOCTb, MPUYEM CaMKa B 3TO BpeMS NpoBOAUT ycaMu B
CTOPOHbI N 0bpaTHO?




-1.4

no4yemMy nocrie Bblbpoca crnepmMbl OHN COXPaHAIOT
HEeNnoABMXHOCTb, MPUYEM CaMKa B 3TO BpeMS NpoBOAUT ycaMu B
CTOPOHbI N 0bpaTHO?




-0.60

noyYemy camka 1 camel, MearieHHO CMeLLlalTCs
ApYr OTHOCUTENbHO Apyra?




-0.52

noyYemy camka 1 camel, MearieHHO CMeLLlalTCs
ApYr OTHOCUTENbHO Apyra?




-0.44

noyYemy camka 1 camel, MearieHHO CMeLLlalTCs
ApYr OTHOCUTENbHO Apyra?




-0.32

noyYemy camka 1 camel, MearieHHO CMeLLlalTCs
ApYr OTHOCUTENbHO Apyra?




-0.24

noyYemy camka 1 camel, MearieHHO CMeLLlalTCs
ApYr OTHOCUTENbHO Apyra?




-0.16

noyYemy camka 1 camel, MearieHHO CMeLLlalTCs
ApYr OTHOCUTENbHO Apyra?




-0.08

noyemMy camka u camel, MeasIeHHO CMeLLatoTCs
ApYr OTHOCUTENbHO Apyra?




-0.04

noyemMy camka u camel, MeasIeHHO CMeLLatoTCs
ApYr OTHOCUTENbHO Apyra?




3a4eM caMKa reHepupyeT ocobyto ceputo
AEKTPUYECKUX pa3psaoB?
noyYemy BO BpeM4 reHepaumm navykn paspsnos
cameL, CBOMM TEeSfIoOM, COrHYTLIM B KOSbLO,
NNOTHO CXXUMAET TENo CaMKn?
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O0OKmMpuUHa ymusaumapHocmu,

rnpedrnonazaem, 4Ymo Kaxxdas 0emarib
CmpoeHusi 8bipabomaracb Ha rosib3y ceoezo
obnadameris.

[[lTpromuesHuUKU meopuu] rnonazarom, 4mo
MHo2ue Yepmbl cmpoeHUsi co30aHb! padu ux
Kpacomeal, O ycrnaXxo0eHus Yesioeeka usnu
camoeo Teopua (amo rnocriedHee
rpeornornoxeHue 8bIXxoo0um 3a npeoder
Hay4Ho20 0bcyx0eHUsl), umu Xxe rnpocmo padu
pasHoobpa3sus, Ecnu 6b1 amo b6b1510 8epHO, Mo

OKa3sariocb bbl poko8bIM Orisi Moel meopuu).
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~BHAFOOAPO 3A BHUMAHUE!
BCEM CMNARWBO!
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