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Abstract. An electrosensitive catfish, Jeta/urus me/as, was trained in a two-altematives forcedchoice conditioning paradigm to discriminate between the electric fields of two direct-current (de)
dipoles, spaced 12 cm apart, the dipole axes parallel to the swimming path of the subject. The dipole
size could be varied between 1 and 10 cm. The di pole current was about 5 11A- Wh en two di po les of
different sizes were presented simultaneously, the subject's electrodiscrimination performance
exceeded the 85% correct choices leve! provided the di pole of 1 cm was tested against a di pole with
a span of 1.5 cm or more. The average stimulus strength at 1 cm di stance from the di pole axis ranged
from 1 to 10 rn V/cm. The swimming speed of the subject was 7 ± 3 cm/s. The potential swing over
the skin caused by the subject passing the dipole, matched the frequency band of the ampullary electroreceptor organs. Apparent! y motion of the fish with respect to a stationary direct-current stimulus
source, or vice versa, genera tes a biologically adequate form of reafferent stimulation. Without relative motion an electrical dc-som·ce would remain unnoticed .
Key words· : Conditioning, direct-current, e lectric flow, dipole di scrimination, Iwo-alternative
forced-choice (2AFC), electrolocation , e lectro-orientati on, senso ry-motor integratioo, exaffe rent,
reafferent.

INTRODUCTION
Among the electroreceptive fish there are many species that do not have electric
organs. Such fish are sa id to have « passive» electroreception. Carti lagin ous fish , sharks,
rays, and bony fish such as species of Siluriformes, belong to this category (MüLLER,
1995). Electrophysiological studies in such « passive electroreceptive » fis h have revea led
the receptive characteristics of the various electrosensory organs (D uKGRAAF & KALM IJ ,
1966 ; MüLLER, 1995 ; MURRAY, 1962 ; PETERS & 8 UWALDA, 1972 ; ROTH , 1968, 1972;
ROTH & SCHLEG EL, 1988) and some princip les of central process ing (ANDRIANOY et al. ,
1974 ; KNU DSEN, 1976a,b ; MCCREERY, 1977 ; MONTGOM ERY, 1984 ; WEILLE DE, 1983) .
Ecophysical stud ies have shown what ki nd of electrical stimul i are present .in tbe habi tat
(8UTSUK & BESSONOV, 198 1; KALMIJN, 1972 ; PETERS & 8R ETS HNEIDER, 1972 ; ROTH,
1972). 1n addition, behavioural experim ents have reveal ed that « pass ive electrorecepti ve »
fi sh are ca pable of prey detecti on (G USEY et al. , 1986 ; KALM IJ N, 197 1; PETERS & MEEK,
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1973 ; ROTH, 1972), prey localization, and spatial orientation with respect to electric fields
that occur everywhere in nature (DJJKGRAAF, 1968; KALMIJN et al., 1976a,b; PETERS &
V AN WJJLAND, 1974, 1993; ROTH, 1972; SJSNEROS et al., 1998; WILKENS et a/., 1997). ln
spi te of this rather complete general impression of the role of passive electroreception in
everyday fish li fe, questions concerning feature detection of external fields remain large! y
unexplored. Particularly the paradoxical mismatch between the tuning curve of the electroreceptor organs (band pass filter) and the predominant direct-current (de) nature of the
natural stimuli remains enigmatic (PETERS et al., 1988, 1995). Has the fish to move with
respect to a de source - or vice versa - in order to detect it?
ln addition to our earlier frequency discrimination studies (PETERS & BARETTA, 1998),
where two exafferent electric alternating current sources were used as exafferent stimulus
sources, we present here the first results of a frequency discrimination study wuere motion
with respect to a stationary de source generates a reafferent electrical stimulus that does
match the bandwidth of the electroreceptor organs. The results presented hereafter tell us that
passive electroreceptive fish do indeed recognize patterns from motion. A fish that passes an
electric de-current source generates in this way its own reafferent electric stimulus.

MATERJAL AND METHODS
The experiments were perfonned on a single male specimen of Ictalurus me/as of
22 cm total length and a weight of about 160 g. The subject was kept in a rectangular aliglass tank of Il 0 by 30 cm with a water depth of 10 cm, at 18 °C. The water resistivity was
kept between 300 and 340 flS/cm. Between tests the subject was allowed to swim freely
either in full daylight or in the dark. During the tests, which were performed at night, there
was complete darkness, except for light emitted by indicator LEDs of the equipment.
Each test began with an intertrial interval period (ITT) of30 s, marked by switching on
a light above the tank. This induced the subject to hide under an opaque shelter. At the end
ofthe ITI the light was switched off, upon which the subject started to swim in the direction of the other end of the tank, where two parallel electrical dipoles were presented
simultaneously. T he dipoles were of diffe rent sizes. One di pole had the e lectrodes spaced
at a fixed distance of 1 cm. The electrode spacing of the other di po le could be varied
between 1 and 10 cm. The di po les were J 2 cm apart, and parallel to the swimmi ng direction of the subject. The subj ect was trained to receive food upon turning in the direction
of the sma ller of the two dipo les (Fig. 1). The stimulus CUITent was about 5 flA , which produced voltage gradients of 1 to 10 m V /cm at about 1 cm from the di pole axis. Upon choosing correctly, the subj ect received some food deli vered via a peristaltic dispenser, and an
additiona l 60s of darkness. Upon the subj ect choosing fa lsely, the lights were switched on
immediately, which urged the subject to return to its shelter again, waiting for the next
tria l. ln this way 4 sessions of 50 tria ls per night were done. Tbe experiment began w ith
testing the di scrimination between a 1cm and a 10 cm di pole. These sessions were
repeated 20 times. T hen, fo llowing the same schedule, 7, 4, 3, 2, J .5, and l. 2 cm dipo les
were tested against the 1 cm reference di pole. After completion of the series, the discriminati on between a land 3 cm dipole was tested again, while the amplitudes of the dipole
fi e lds were randomized, and a-A:er a silk screen had been placed that kept the subject at
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1 cm or more from the electrodes. A more detailed description of the general setup is given
· in PETERS et a/. 1995.

~ 'small' dipole

------7

shelter

'large' dipole

Fig. 1. - Overview of the tank with stimulus electrodes· and feeding compartment. During the intertrial interval the fish hides at right under an opaque shelter. At« lights out», it starts to swim into the feeding compartment (direction of
an·ow), passing the two direct current sources of unequal size. Turning towards
the dipoles at right or at left causes the lights to be switched on again, or food
to be delivered, depending on the position of the positive discriminant, i.e. the
1cm di pole. The dotted line represents an infxared beam that monitors the subject's position. The silk screen, not shown here, was put hori zontally one cm
above the di pole electrodes, between the two feeding compartments. F: food
dispenser in compartment with electrodes. Black blocks on dotted line are electrodes delivering the stimulus.

RESULTS
The outcome of this experiment was that the subject could recognize the different
stimulus sih1ations. The subject mastered discrimination between a 1 cm and a 10 cm
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Fig. 2. - Direct-cui-rent dipole di scr imination perfo rmance of /ela/urus me/as.
The « rewarded di pole» ha cl a lways a spa n of J cm. T he non-rewarded d ipole
s ize was vari ed between the ex peri ments from 10 cm to 1. 2 c . En·or bars o.re
standard deviations of the di ffe rent ses ion (n= 20) . Each point in the grap h re presents the average score of 20 sess ions of 50 trials eacb .
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di pole within 30 sessions, without specifie shaping. Dipoles of smaller sizes could be discriminated equally weil from the reference di pole. At dipoles of 3 cm the number of mistakes began to increase (Fig. 2). Dipoles of 1 cm length and 1.2 cm could not be
discriminated. Placing an electrically transparent silk screen (polyamide) 1 cm above the
stimulus electrodes, in order to control the distance of the subject to the stimulus, did not
affect discrimination between dipoles of 1 and 3 cm. When the stimulus amplitudes were
randomized, the discrimination performance remained equally good.
The average swimming speed, calculated from the reaction times, was 7 ± 3 cm/s.

DISCUSSION

The relative ease with which tbe subject could be conditioned to the dipole-size discrimination task betrays its familiarity with such a ki nd of stimulus presentation. Jndeed,
electrical stimulus situations as presented above occur in nature abundantly. Also earli er
laboratory observations revealed that !. me/as turns toward an electrically simulated deprey when it bas already passed it by severa! cm , and that it is very weil able to follow a
trait of small dc-dipoles.
The two simultaneously presented electrical fields are detected as a single field , being
the sum of both dipole fields. This field is sampled by the ampull ary electroreceptor
organs dispersed oveF the skin. Apparently the catfish is able to transpose the stimulation
patterns to «food at right » or «food at left ». The present ex periment does not reveal
which specifie feature of the electric field is used for ma king the decision to turn right or
left, but even a very simple neural mechanism , like a bisensor network (cf H OPKJNS et al.,
1997 ; S c HONE, 1984), could achieve this . Any imbalance between the two baives of such
a neural network could steer th e subject in either of the two directions. Jt is not clear from
this first experiment how we should describe the internai representation of th e electri c
fi eld . What is clear is that the subj ect is capabl e of responding in a bi o logically adequate
way to the simultaneous presentation oftwo dc-dipol es of di fferent sizes, and that it is abl e
to associate these stimulus situations, which occur in nature, with the position of a potential prey.
From the swimming ve locity and the di stance to th e di pole we co nclude that the potential swing over th e skin caused by the subj ect pass ing th e dipo le, matches the frequency
band of the ampull ary electroreceptor orga ns. The res u lts presented here demonstrate th at
passi ve electrorecepti ve fi sh do ind eed recogni ze pattern s from motion. An e lectrosens iti ve catfi sh passing an e lectric direct-current source apra rently generates its own reafferent electric stimulus.
The experiments are being conti nued.

· ACKNOWLEDGEMENTS
We g ratefu lly ackJ1ow ledge the he lp of Gerard Stooke r, Ecl H.P. van cl er VceD and Rob J .Lools,
a nd Ro b va n Weercl en cluring the va ri ous pb a es of design a nd co n b·uc ti on of the setup.

ELECTRORECEPTION : PATTERNS FROM MOTION

267

REFERENCES
ANDR IANOV, G.N., H.R. BROWN & O.B. ILYINSKY ( 1974)- Responses of central neurons on electrical and magnetical stimuli of the ampullae of Lorenzini of the Black Sea Skate. J. camp. Physiol. ,
93 : 287-299.
BUTSUK, S.V. & B.!. BESSONOV ( 1981 ) - Direct current electric fi eld in some teleost species: effect
of medium salinity. J. camp. Physiol., 141 : 77-282.
DuKGRAAF, S. ( 1968) - Electroreception in the catfish lctalurus nebulosus. Experientia (Base!), 23 :
187-8.
DIJKGRAAF, S. & A.J . KALM IJN ( 1966) - Versuche zur biologischen Bedeutung der Lorenzinischen
Ampullen bei den Elasmobranchiern. Z. vergt. Physiol., 53 : 187-194.
GUSEV, G. M., B.V. KRYLOV & T.P. SUVOROVA ( 1986)- An analysis of the spatialmechanisms responsible for electrosensitivity in ray-modelling results. Biol. Cy bern. , 54 : 263-268.
HOPKINS, C.D., K.-T. SI·II EH, O. W. MCBRIDE JR & M. WINSLOW ( 1997)- A quantitative analysis of
passive electrolocation behav ior in electric fish." Brain Be ha v. Eva/., 50 (suppl 1) : 32-59.
KALM IJN, A.J. ( 1971 ) - The electric sense of sharks and rays. J. exp. Biol., 55: 37 1-383.
KA LMIJN, A.J. ( 1972) - Bioelectric fi elds in sea water and the function of the ampullae of Lorenzini
in elasmobranch fi shes. Scripps Institution of Oceanography Reference Series, Contr. no.72-69 :
1-32.
KALM IJN, A.J ., C.A. KOLBA & V. KALMIJN ( 1976) - Orientation of catfish (Jeta/urus nebulosus) in
strictly uni form electric fie lds. !. Sensitivity of response. Biol. Bull. mw: biol. St. Woods Hole,
151: 4 15.
KALM IJN, A.J., C.A. KOLBA & V. KA LM IJN ( 1976) - Orientation of catfish (Jeta/urus nebulosus) in
strictly uni torm electri c fi elds. Il. Spatial discrim ination. Biol. Bull. mm: biol. St. Woods Fiole,
151 :415-4 16.
KNUDSEN, E. ( 1976a) - M idbrain responses to electroreceptive input in catfi sh : Evidence of orientation preferences and somatotopic organization. J. camp. Physiol., 106 : 5 1-67.
KNUDSEN, E. ( 1976b) - Midbrain units in catfish: Response properties to electroreceptive input. J.
camp. Physiol. , 109 :3 15-33 5.
McCREERY, D.B. ( 1977) - Two types of electroreceptive lateral lemniscal neurons of the lateral tine
lobe of the catfish Ictalurus nebulosus; connections fro m the lateral li ne nerve and steady state
response characteristics. J. camp. Physiol. , 113 : 3 17-339.
Mü LLER, P. ( 1995) - Electric Fishes. Chapman and Hall, London (pp 584).
MONTGOMERY, J.C. ( 1984) - Noise cancellation in the electrosensory system of the thorn back ray:
Common mode rejection of input produced by the animal's own ventilatory movement. J. camp.
Physiol., 155: 103- 111.
MURRAY, R.W. ( 1962) - The response of the ampullae of Lorenzini to electrical stimulation. J. exp.
Biol. , 39: 11 9- 128.
PETERS, R.C. & A.B. BARETTA ( 1998) - AC-frequency discrimination in the electrosensitive catfish
Icta lurus melas. An estimated Weber fraction of 0.09. IJ1: ?roc. 26th Goflingen Neurobiology
Conference 1998. ELSNER, N. & R. WEHNER (Eds). Thieme, Stuttgart: 352.
PETERS, R.C. & F. BRETSCHNEIDER ( 1972) - Electric phenomena in the habitat of the catfish, lctalurus
nebulosus LeS. J. camp. Physiol., 81 : 345-362.
PETER , R.C. & R.J .A. BuwA LDA ( 1972) - Frequency response of the electroreceptors («smali pit organ »)of the catfish, fctalurus nebulosus LeS. J. camp. Physiol. , 79 : 29-38.
PETERS, R. C. & J. MEEK ( 1973) - Catfish and electric fie lds. Experientia (Base!), 29: 299-300.

..

.

. ..,
268

ROBERT PETERS, WIM LOOS, FRANKLIN BRETSCHNEIDER AND ANNE BARETTA

PETERS, R.C. & F. VAN _)YULAND ( 1974) - Electro-orientation in the passive electric catfish,
Jeta/urus nebulosus LeS. J. comp. Physiol., 92: 273-280.
PET ERS, R.C. & F. VAN Wu LAND ( 1993)- Active electroreception in the non-electric catfish /ctalurus
nebulosus. J. camp. Physiol., 173: 738.
PÈTERS, R.C., H.-P. EV ERS & J. Vos ( 1988) - Tuning mismatch between peripheral and central neurons re-tlects learning and adaptability. Adv. Biosci. , 70: 141-142.
PETERS, R.C., W.J.G. LOOS, F. BRETSCHNEIDER & P.S. HEIJMEN (1995)- Psychophysical assessment
of catfish electrosensitivity as a function of temperature and frequency. Ne th. J. Zoo/., 45 (3-4):
338-347.
ROTH, A. (1968)- Electroreception in the cattish, Arniurus nebulosus LeS. Z. vergt. Physiol. , 6J:
196-202.
ROTH, A. (1972)- Wozu dienen die Rezeptoren der Welse ? J. camp. Physiol. , 79: 113-135.
Ron1, A. & P. SCHL EGEL ( 1988)- Behavioral evidence and supporting eleë trophysiological observations for electroreception in the blind cave salamander, Proteus anguinus (Urodela). Brain, Behav.
Evol., 32: 277-280.
SCHONE, H. (1984)- Spatial Orientation. Princeton University press, New Jersey (pp. 347).
SI SN EROS, J .A., T.C. TRI CAS & C.A. LUER ( 1998) - Response properties and biological fu action of the
skate electrosensory system during ontogeny. J. camp. Physiol. A, 183: 87-99.
WEILLE, J.R. DE (1983)- Electrosensory information processing by lateral-tine lobe nemons of catfish investigated by means of white noise cross-correlation. Camp. Biochem. Physiol. , 74A (3):
677-680.
W!LK ENS, L.A., D.F. RussEL, X!NG PEi, & G. GuRG ERNS (1997) - The paddlefi sh rostrum functions
as an electrosensory antenna in plankton feecling. Proc. R. Soc. Land B, 264: 1723-1729.

