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Summary

Weakly electric fish of the pulse type electrolocate that most of their echoes did not collide with the second
objects in the dark by emitting discrete electric organ pulse. An analysis was made of how echoing more to the
discharges (EODs) separated by intervals of silence. Two second pulse depends on (i) the delay at which the stimulus
neighbouring pulse-type fish often reduce the risk of followed the last spontaneous EOD, (ii) the spontaneous
discharging simultaneously by means of an ‘echo firing rate, (iii) the intensity of the stimulus, (iv) the number
response’: one fish will respond to a neighbour’s EOD with  of stimulus pulses, (v) the interval between stimulus pulses,
a discharge of its own following at a fixed short latency so and (vi) the level of previous stimulation with double
that its EOD will occur long before the next EOD of its pulses. The results suggest that echoing more in response
neighbour. Although working elegantly for two partners, to the second pulse is probably because the first pulse
this simple strategy should fail in larger groups because causes an after-effect whose inferred properties would be
two fish could discharge in response to the same EOD of compatible with the properties of the mormyromast
a third fish. Here, | show that the mormyrid fish  afferences thought to be involved in the echo response.
Gnathonemus petersicould use a simple mechanism to
reduce this problem. Individuals were stimulated with two
closely spaced pulses, the second following so as to coincideKey words: weakly electric fish, mormyrignathonemus petersii
with an echo given in response to the first. All the fish mormyromast, central command nucleus, jamming avoidance,
examined were able to respond more to the second pulse socommunication, electric organ discharge, electrolocation.

Introduction

Weakly electric fish electrolocate objects in the dark byfor critical reviews, see also Kramer, 1990; Moller, 1995).
discharging their electric organs and monitoring theWhatever its main function, the echo response would be
spatiotemporal distribution of the associated transepidermabmpromised in groups of more than two fish since two fish
current (Heiligenberg, 1977; Heiligenberg, 1991; Moller,could echo the same EOD of a third fish. Given that both
1995). In pulse-type fish, the electric organ discharges (EODsgspond with the same fixed latency, their echoes would be
are much shorter than the intervals between successive EOBsfficiently close in time to seriously impair the electrolocation
The classic behavioural work of Heiligenberg (Heiligenbergpf both echoing fish. Thus, without further protection from
1974; Heiligenberg, 1976; Heiligenberg, 1977; Heiligenbergechoing the same EOD, echo responses would increase rather
1991) has shown, in both South American and African pulséhan decrease electrical jamming.
type fish, that their ability to electrolocate is seriously impaired Several mormyrid fish are known to be gregarious, at least
when the discharges of two fish continuously collide (foras juveniles (Hopkins, 1980; Hopkins, 1986; Moller, 1976;
historical background and earlier studies suggesting this, sé&&oller, 1995; Moller et al., 1982; Poll, 1959), and the echo
Moller, 1995). Many pulse-type fish show a so-called ‘echoresponse seems to be widespread among them (e.g. see Moller,
response (also known as a ‘preferred latency response’) thatli995). One might therefore ask whether these fish have
presumed to reduce the probability of EOD collisions. In thigleveloped any solution to the problem of two or more fish
response, one of the two partners fires an EOD at a fixed shexthoing the same EOD. The echo response has been studied in
latency just after that of its conspecific so that its EOD occurdetail in the mormyrid fisiGnathonemus petergiBauer and
in a period when its conspecific will probably be silentKramer, 1974; Bell et al., 1974; Russell et al., 1974; Kramer,
(Bell et al., 1974; Heiligenberg, 1974; Heiligenberg, 1976;1974), and much work has been done on the initiation of the
Heiligenberg, 1977; Kramer, 1974; Russell et al., 1974). Imotor command and the electromotor pathway (Bennett, 1971;
addition, the echo response might also function as an importaBell, 1986; Grant et al., 1999). The study of Russell et al.
communication signal (Russell et al., 1974; Bell et al., 1974(Russell et al., 1974) offers a simple way of analyzing the
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Fig. 1. Experimental arrangement. A fish is placed centrally within a cage in the centre of a cylindrical tank. Head-netyitaleséraulus

pulses (25mV crit, 300us duration) are applied by two carbon rods, isolated by a transformer. The head-to-tail electric organ discharge
(EOD) of the fish is recorded by two Ag/AgCl electrodes. Stimulus type, either a single pulse or two closely spaced pdides, coul
automatically selectedia a ‘channel select’ circuit. The recording electrodes detect the EOD plus the stimulus pulses. Separation, when the
two coincide, is achieved by suitably low-pass (LP) filtering and subtracting the stimulus from the recording (‘edit’). @hecittit
determines the time between the onset of the stimulus pulse train and the first subsequent EOD of the fish under tesig @hd @etayi

module ensures stimulation at a maximal rate ot asd that stimulus pulses will start with a fixed delay (100 ms) after the last EOD. Inputs u,
p(1), d of the counter module are used to increase, to set to 1 or to lower, respectively, its value. See text for fisrther deta

present problem using an extension of their approach: Experimental arrangement
stimulating a fish with two pulses, separated by the echo Fig. 1 jllustrates schematically the modules used to control
interval, could reveal how a fish would respond to a pair of tw@timulation of a fish with artificial pulses. The ‘arming and
echoing conspecifics. ‘Meaningful’ behaviour would requiredelay’ module allowed delivery of stimuli at a rate of less than
either that the fish respond more to the second of the two pulseg? at preset delays from the last pre-test EOD of the fish. A
or delay its response to the first. It will be shown that the ﬁS@ate (Squ|b-B’ WP|) was activated once per second so that an
are able to respond more to the second of two identical pulsgsoD of the fish could trigger, after a preselected delay, the
Surprisingly, this meaningful behaviour mlght derive from theoutput of pu|ses from a generator (‘de|ay’; one channel of
known properties of the electroreceptors that are probably Master-8, AMPI). A custom-designed counting module
involved in the echo response (Russell et al., 1974). Ipvax-Planck-Institut fir Biologische Kybernetik, Tibingen,
addition, prior experience of double pulses increases thgermany) delivered transistor/transistor logic (TTL) pulses, if
preference of the fish for responding to the second pulse. and only if, the fish did not discharge during the delay period.
This was achieved by presetting the modula input p(1) in
) Fig. 1] to a value of 1 when the gate was active, allowing EODs
Materials and methods to raise yia input u) the preset value and the delayed pulses to
Experimental animals decrease itvia input d), the decrease leading to a TTL output
Twenty juvenile Gnathonemus petersi{Gthr.) of both only if the preset value had not been increased by a
sexes ranging in length from 70 to 120 mm were used in thispontaneous EOD. Stimuli were generated by a multichannel
study. Fish were purchased from Aquarium Glaser, Rodgapulse generator (Master-8, AMPI).
Germany. All showed the echo response to artificial stimuli as In some experiments, double-pulse stimuli were randomly
described by Russell et al. (Russell et al., 1974). A group afterspersed among single-pulse stimuli at a preselected
10 fish was kept in a large tank (200¢30 cnmx50 cm; length  probability. This was achieved by driving a solid-state switch
x depthx height), 10 others were kept individually in smaller (‘channel select’; MAX 325) by a TTL signal with an
tanks (60cm30cnmx30cm). The tanks were equipped with appropriate duty cycle so as to convey the experiment-trigger
standard heating and filtering equipment. Water conductivitgignal (produced by the counting module) to either one of two
was 115-28QScnt?, pH6.5-7.5 and temperature 25-26 °C.channels of the pulse generator to release either a single pulse
Fish were kept on a 12h:12h L:D photoperiod withor a double pulse.
experiments conducted in subdued light (approximately Stimuli were delivered to the fisha a transformer and two
10-201x at the water surface) during the light period. carbon rods (0.8cm diameter, length 20 cm) placed vertically
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at the periphery of a cylindrical tank (polyvinyl chloride, The ‘timer’ circuit (SR 620, Stanford Research) measured
diameter 45 cm, height 26 cm) filled to a height of 10 cm withthe time between stimulus onset (‘start’) and a subsequent
water from the home tank of the fish to be tested. The fish w&OD of the fish (‘stop’). Stimulus pulses and EODs of the fish
placed with its snout and tail facing the stimulating electrodeander test were directly observed on a storage oscilloscope
in a cage in the centre on the bottom of the tank. The innévokogawa DL1200A). Mean firing frequency was
dimensions of the cages used were 9@8mmx30mm  continuously displayed on an additional counter (Fluke PM
and 310mm31.5mnx31.5mm. The frame of both cages 6665; measuring interval 10s). Continuous measurements
was made of 4mm Plexiglas, covered with plastic meslof the mean and standard deviation of the spontaneous
(square openings of approximately 1.6mm, separated hpterdischarge interval were derived by a computer using a
approximately 0.1 mm). Adjustable insertions (made of thelata-processing card (DAP 3200a/415, Microstar Labs,
plastic mesh) confined the fish in the centre of the larger cageoftware written in DAPL language and Borland Turbo Pascal
Stimuli were head-negative (rectangular) pulses of ©300 7.0).
duration and with a field strength usually of 25 mV-énfrield Histograms of the interval between stimulus onset and the
strength was measured in the empty cage with two silver wirdgst EOD usually included the effects of 200 stimuli and were
1cm apart (insulated except at their tips). In both cages, fielasually generated with a bin width of 1 ms (see, for example,
strength did not vary by more than 2% within the spacdig. 2B). The histograms were displayed on a Tektronix
available to the fish. EODs were picked up by two Ag/AgCloscilloscope and printed automatically. To assess how many
electrodes placed approximately 1cm from either end of thechoes were produced in response to the first (second) stimulus
fish and amplified (fivefold, 0.03 Hz to 300 kHz; EG&G 5113).pulse, the counts within three bins occurring approximately
Only results from series in which fish did not change theil2 ms (24 ms) after the first stimulus pulse were summed to
orientation are included below. This was monitored visuallyyield the number of echo@s (n2). The three bins chosen were
and electrically. The electrical monitoring gave an alarm signghe one with a maximum count, the neighbouring bin with the
either when the sequence of polarities within the recorded EOlRrgest count, and the bin with the largest count that also
changed (because the fish had changed its orientation witleighboured one these two bins. Framand nz, a ‘quality
respect to the stationary recording electrodes) or when a triggictor’, Q=ny/(n1+n2), was calculated to assess how strong the
level set to detect only the second (head-negative) phase of ttemdency was to echo more the second @89 or the first
EOD was no longer reached by the recorded EOD. The te€<Q<0.5) stimulus pulse. The error (standard deviation) in
tank did not contain water filters or heaters. Water temperatuestimating the quality fact@ from a limited numbeN of tests
therefore decreased in most experiments by 1°C over thgelding countsn; andnz is estimated from error propagation
course of approximately 4-6h, although in some experiments be og(n1, n2)=(M+nz)"4(nin2%+n2m?)Y2. Note that, for a
the decrease was up to 3 °C. Preliminary experiments indicatéamrge numberN of tests,ni and nz will approximate the
that the echo latency increased with decreasing temperatureymbers expected from the respective probabiléiaadb of
from approximately 9ms at 30°C to approximately 15ms aéchoing to the first and second pulses, respectivelyyraN,
20°C (S. Schuster, unpublished data), thereby potentiallgo=bN, and the error in estimatin@ will hence become
causing a mismatch of up to 1-2ms between the (fixed)roportional taN-/2 Unless stated otherwise, each valu@of
double-pulse interval and the echo interval of the fish. Suchs derived from a histogram comprisiNgtimuli, will always
shifts, however, were too small to affect the probabilities obe reported in the fornQ+og, where og is the standard
echoes to the first or second of the two pulses. deviation.

To elicit echo responses, the stimulus field must be in the tail-
to-head direction of the fish (Russell et al., 1974). Hence, the
electrodes recording the EOD will inevitably also record the Results
stimulus pulses. Since the aim of the present experiments wadesponses to double pulses with the echo interval between
to determine exactly the number of EODs overlapping with the them
stimulus pulses, it was imperative to separate the EOD from the Each of the 20 fish analyzed showed echo responses to
stimulus. This was achieved by the ‘edit’ circuit in Fig. 1: aartificial stimulus pulses in perfect agreement with the findings
low-pass filter (npi DPA2F-3dB point at 20 kHz) shaped the of Russell et al. (Russell et al., 1974). A second stimulus pulse
signal of the pulse generator to provide a copy of the expectelklivered 12 ms after the first coincided with an echo given in
waveform recorded at the electrodes, and this was thaesponse to the first pulse. Fig. 2 shows how one fish responded
subtracted from the recording (using a standard configuratico the first 200 such tests with double pulses. The upper trace
of an operational amplifier). Fig. 2A shows the results of suclbf Fig. 2A shows the electric organ discharges (EODs) of the
removal. The subtraction almost completely eliminated théish as seen after editing to remove the stimulus pulses (see
stimulus pulses, what remained of them was generally less thabove). The lower trace shows the pair of stimulus pulses
one-tenth of the head-positive first peak of the EOD oflelivered at a delay of 100ms after the last EOD of the fish
Gnathonemus petersiiTherefore, the threshold in the timer under test. Fig. 2B shows a histogram of the latendigs,
circuit could easily be set high enough to be triggered only bigetween the first stimulus pulse and the next EOD (defined in
the EODs and not also by what remained of the stimulus pulsdsig. 2A), obtained in the 200 tests. Most responses of the fish
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both stimulus types being equally likely. Latencies were processed
Fig. 2. (A) Example of a double-pulse test in which a seconSeparately for th.e two types of stimulus. (A) The distribution of
stimulus pulse followed so as to coincide with an echo given by th"eSponse latencies after the double pulses demonstrates the

fish in response to the first pulse. Upper trace: electric orgatendency of the fish to respond more to the second stimulus pulse.

discharges (EODs) of the fish after subtraction of stimulus pulses ((B) The distribution of latencies when single pulses had been
the editing circuit. Lower trace: two stimulus pulses with a 12medelivered in the same experiment. The absence of a secondary peak
interval between them. The onset of the stimulus pulses was 100 (demonstrates the absence of delayed echoes that could have been the

after the last pre-test EOD of the fish. The latergybetween —€8SON for the larger second peak seen in A. Histograms: 200 tests
stimulus onset and the subsequent EOD of the fish indicates an ecach, bin width 1 ms.
to the second pulse. (B) Histogram of latenciebtained from one
fish during the first 200 tests with double pulses. Bin width 1 ms.
Arrows on the abscissa indicate the timing of the two stimuludikely. The latency of an EOD with respect to stimulus onset
pulses. The two peaks in the histogram show echoes to the first am@iS processed separately for the two types of stimulus
second pulses. (Fig. 3A,B). When the fish received double pulses (Fig. 3A),
it preferentially echoed the second pulsg=60, nx=73;
occurred 12ms after the second stimulus pulse. The ‘qualit®=0.59+0.04; different from 0.5 &<0.05). When it received
factor’ Q (z its standard deviation, see Materials and methodsh single pulse (Fig. 3B), the fish responded with a single echo
used to assess the degree of echoing more to the second pudgel2 ms latency (Fig. 3B11=52, n,=0). This clearly shows
was 0.69+0.04. It did not change significantly in 1000that the fish simply echoed either the first or second stimulus
subsequent tests with double pulses. Interestingly, the qualipulse with a fixed latency of 12 ms rather than partially shifting
factor in the first 30 tests was 0.67+0.09, indicating that thés preferred latency from 12 to 24 ms (in which case a second
fish responded more to the second pulse right from thpeak at 24 ms would have occurred in Fig. 3B). Note that
beginning. obtaining the response latencies to the two types of stimulus
This preference does not arise from delaying the responsdsaring the same period ensures that any changes in response
to the first pulse but rather from a higher probability ofprobability could not be the basis for the different distributions
responding to the second of two closely spaced pulses. Fig.s&en in Fig. 3A,B. These results were confirmed in three series
gives an example of an experiment to show this. In thief experiments consisting of 4600 tests and also during a large
experiment, a fish continuously received a total of slightlyset of experiments to be described below.
more than 400 stimuli randomly selected to be either a single Nine of the 20 fish analyzed responded more to the second
pulse or a double pulse, both stimulus types being equallyulse within the first 200 tests with double pulses. The
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preference shown by these fish was robust when stimulws the delay at which the stimulus follows a spontaneous EOD.
intensity was varied between 12.5 and 50mVkniThe | therefore explored whether the tendency to respond more to
remaining 11 fish initially responded more to the first pulsethe second pulse of a double pulse could be due to the longer
Eight of these 11 fish eventually responded more to the secodélay at which the second pulse follows the last spontaneous
pulse after approximately 2000 double pulses had been giv&0OD. Evidence was given above that echoing more in response
at a rate of slightly less than £sThe three remaining fish to the second of two stimulus pulses does not require a fixed
continued to respond to the first pulse even after severdelay between the pre-test EOD and the stimulus onset.
thousand tests. Surprisingly, these last three fish couldowever, the degree of preference could still vary with varying
reversibly be made to ‘prefer’ the second pulse simply bylelays.
lowering the stimulus strength to half its standard setting The results demonstrated that a given fish showed the same
(25mVentd), preference to echo the second pulse more at different delay
To test whether the observed preference was a consequenedues. An example is provided in Fig. 4A,B. Moreover, no
of the chosen fixed delay of 100ms at which the stimulusorrelation was found between the quality fadfponce a
followed a spontaneous EOD of the fish, 15 fish (excludingreference had been established) and the delay. In two fish,
those that continued to respond to the first pulse after sevetatency histograms were derived from blocks of 200 tests each.
thousand tests) were re-tested with the delay unrestrictedarious delay values, constant within one block, were
except that it had to be less than 100ms. All other stimulusandomly assigned so as to prevent any systematic bias. From
properties were the same as before. All 15 fish eventuallgach histogramQ was determined and plotted against the
echoed more in response to the second pulse and showdelay. No significant correlation betwe€hand delay was
similar Q values after the same number of tests as in théound in either fishr=0.10, P=0.15, 22 delays from 40 to
experiments with a fixed delay of 100ms. The only effect o200 ms; and?=0.12,P=0.33, 10 delays from 40 to 130 ms).
the unrestricted delay was a general decrease in overall ecHence, neither the establishment of a preference nor the degree
probability, as was to be expected from the findings of Russetif the preference depends on the delay at which the double

et al. (Russell et al., 1974). pulse follows a spontaneous EOD of the fish.
An initial series of experiments aimed at increasing the _ _ _
number of actual collisions between an echo to the first Spontaneous interdischarge interval

stimulus pulse and the second pulse by making the secondThe spontaneous interdischarge interval is the second main
pulse longer in duration. This was done because the duratimariable with which to assess the role of the internal readiness
of the EOD of Gnathonemus petersis between 200 and of a fish to respond. The interdischarge interval varies greatly
300us and the echo latency of 12ms varies by 1-2ms aboirt mormyrid fish, depending on the state of ‘arousal’. The
this value, making actual collisions rare. Unfortunately, antervals are small in actively swimming fish, but large in fish
stimulus pulse of longer duration elicits more echoes (Russdiiiding in a shelter during the day (e.g. see Hopkins, 1986;
et al., 1974) so that larg€) values would be expected from Kramer, 1990; Moller, 1995). Interestingly, the tendency to
this alone. However, when the second pulse extended from 1&spond more to the second pulse was seen at a fixed delay at
to 14 ms after the onset of the first (3B0duration) pulse, no all mean firing rates. An example is given in Fig. 4C,D: the
significant changes i@ value were found (15000 tests with second pulse was preferentially echoed at both firing rates and
four fish, all under conditions of a variable delay less thamhe quality factors were 0.84+0.05 in Fig. 4C and 0.84+0.04 in
100 ms). Hence, precise coincidences between an EOD and tkig. 4D.
second pulse are not required to make the fish echo more inSeveral lines of evidence suggest the lack of a relationship
response to the second stimulus. betweenQ and the mean firing rate. (i) Six fish that clearly
In summary, most fish respond more to the second of a paiesponded more to the second pulse were tested continuously
of closely spaced pulses, thus avoiding collisions with thevith pairs of pulses, and their mean firing interval (and in some
second stimulus pulse. The following experiments investigateases also its standard deviation) was determined continuously.
the mechanism behind this observed preference by analyzilhgnear regression analyses were carried out rel&@ivglues
how it depends on (i) the fish’'s internal preparedness tobtained from blocks of 200 successive stimuli to the mean
produce an EOD, (ii) the amplitude, spacing and number of thaterdischarge interval determined from all EODs that occurred
stimulus pulses, and (iii) prior experience with double pulsesduring these 200 test. There was no significant correlafon:
values remained approximately constant despite considerable
Effects of the delay of the double pulse from the last  variation in the mean firing interval. For example, for two fish,
spontaneous EOD correlation coefficients, the numbeN of data pairsP values
The probability with which an echo response is elicited isand the range of mean firing intervals were=0.40,N=12,
not simply a function of the stimulus properties, but depend®=0.20, 73—-154 msf=+0.31,N=12, P=0.32, 78-106ms. A
strongly on the readiness of the fish to fire. This was clearljurther example, in which the mean and standard deviation of
demonstrated by Russell et al. (Russell et al., 1974), whihe interdischarge interval were monitored for several hours,
provided examples of how the probability of an echo to a givegielded for the mean interval=+0.007, N=40, P=0.96,
stimulus pulse depends both on the spontaneous firing rate anel.2—104.5ms and for its standard deviatier0.06, N=39,
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Fig. 4. Distribution of response latenciedo two stimulus pulses (separated by 12ms) obtained at different values of the delay at which
stimulus onset followed after the last electric organ discharge (EOD) of the fish (A,B) and at different spontaneous fofrigediss (C,D).
Histograms: bin width 1 ms, 200 tests each, stimulus pulses at 0 and 12ms. (A,B) Histograms obtained with same fish &tiagsratiéar
(12.4Hz in A, 12.1Hz in B) but with stimuli at different delays (120ms in A, 200ms in B) after the last pre-test EOD. (@&nahiis
obtained with a different fish from that in A and B in tests with a fixed 100 ms delay but when the fish fired at mean rateq©j &rigH 1.1

Hz (D).

P=0.71, 37.9-52.3ms. (ii) The san®>0.05) low values of stimulus intensity was randomly assigned another fixed value
Q (<0.3) were obtained in initial tests with double pulses irfor the next 200 stimuli, etc. At the end of several hours of
seven fish at mean firing intervals ranging from 77 to 150 m&xperimentation, all response latencies were grouped to obtain
(i) In several experiments, large changes@noccurred a latency histogram for each intensity, from which the
without any marked change in firing interval. For example, irprobabilities of echoing the first and second pulse an@the
one fish,Q increased from 0.47+0.03 (1200 stimuli; meanvalues reported in Fig. 5 were determined. The two fish
interval 95ms) to 0.75+0.04 (subsequent 400 stimuli; meadiffered greatly with respect to the intensities required for a
interval 112 ms), whereas in another individ@alincreased preferential response to the second pulse. Fish 2 responded
from 0.05+0.05 (200 stimuli; mean interval 160ms) tomore to the second pulse only over a very restricted intensity
0.49+0.07 (subsequent 200 stimuli; mean interval 159 ms) witrange, between 10 and 20 mV@mFish 1 responded more to

no change in firing interval. the second pulse over the entire range of intensities tested. In
_ . _ both fish, the lowest intensity at whi€hwas greater than 0.5
Effects of stimulus intensity was far above the echoing threshold. No attempts have been

Fig. 5 illustrates the effect of changing the intensity of themade to determine this threshold directly.
pulse pairs in two fish that had previously been tested with Additional experiments showed the following. (i) Echo
series of double pulses of constant amplitude (25 m¥crim  responses were occasionally found at stimulus intensities as
these prior experiments, carried out over several weeks withlaw as 0.5mV cml. (i) When double pulses were given at low
pause of at least 12 h between successive testing periods, fistensity, there appeared to be a greater number of responses
1 (filled circles in Fig. 5) always responded more to the secontd the first pulse than to the second. Unfortunately, the low
pulse even in the first 200 tests of each day, while fish 2 (opeyeneral probability of echoing at low intensities requires
circles in Fig. 5) needed a large number of stimuli in each nevengthy experimental periods for precise determinatio of
testing period before the preference to echo more in responsalues. Only at 0.5mV cm was a sufficiently precise value
to the second pulse was established. The effect of changingQ determined in fish 1(=0.44+0.04; 1800 stimulin=74,
stimulus intensity was then analysed during a single day af=57). (iii) At the highest stimulus intensitieQ, began to
testing for each fish. Testing always started with 200 doubldecrease in fish 1: at 100 mVchQ was 0.40+0.03 (1000
pulses given at a field strength of 25 mVémAfter this,  stimuli, m=127,n,=85). Thus, for both fish, there was a non-
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Fig. 5. Dependence of the dimensionless quality fa@ton stimulus  Fig. 6. Dependence of the dimensionless quality faQoon the
pulse intensity. Results obtained with two fish illustrate the extremiterval between two closely spaced stimulus pulses. Results
cases of preference seen either over a broad (fish 1, filled circleshtained with the same two fish as in Fig. 5 (fish 1, filled circles;
11200 responses to double pulses) or a narrow (fish 2, open circlg 600 tests, field strength 25 mVthnfish 2, open circles; 11400
14000 double pulses) range of intensities. The dimensionless qualitysts, field strength 12.5mV ck). The dimensionless quality factor,
factor, Q=nz/(n1+nz), wherem and nz are the number of echoes Q=ny/(n1+ny), wheren; andny are the number of echoes produced in
produced in response to the first and second stimulus pulsgesponse to the first and second stimulus pulses, respectively,
respectively, assesses the degree of preferée@.5 (below the assesses the degree of preferer@e0.5 (below the dotted line)
dotted line) indicates that mainly the first pulse is ech@#D.5 indicates that mainly the first pulse is echo@g0.5 indicates that
indicates that mainly the second pulse is echoed. Stimulus amplitugkeainly the second pulse is echoed. The interval between the stimulus
was held constant for blocks of 200 tests, then changed to anothsulses was held constant for blocks of 200 tests, then changed to
value according to a randomized design. Values are meamsvt  another value according to a randomized design. Values are means *
as obtained from all latency histograms at the same stimuluse.m. obtained from all latency histograms at the same interval.
intensity.

Effects of the interval between the two stimulus pulses
monotonic relationship betwe€&hand stimulus intensity, with Fig. 6 shows the effect of varying the interval between two
Q increasing from a value below 0.5 to a value above 0.5, ardosely spaced pulses &én While, in fish 1, a preference to
then decreasing again to a value below 0.5 as intensity &ho the second puls€%0.5) prevailed for intervals from
increased. 4ms to approximately 30ms, the preference depended more

When plotting the probabilitg; of echoing the first stimulus sharply on the pulse interval in fish@being above 0.5 only
pulse, rather than the quality fact@ (which assesses the at 8 and 12ms.
relationship betweem; and p2), as a function of stimulus The pattern seen in fish 2 (Fig. 6) was also noted in
intensity, a monotonic increase in response probalpdityas  experiments on three other fish at variable delays (<100 ms)
found in both fish. For fish 2, this increase was evidenafter they had previously received more than 1000 tests with a
(P=0.01; linear regression analysis) within the range ofl2ms interval between the stimulus pulses and in these tests
intensities shown in Fig. 5, while for fish 1 it was only barelyhad responded more to the second pulse of the pulse pair.
seen P<0.05; linear regression analysis), but was confirmed iWWhen the interval between the pulses was set to 4 ms, the fish
later experiments made at an intensity of 100 mvlcm responded more to the first pulse (6000 tests), with no change

In the above experiments, intensity remained constant fawhen a fixed delay (100 ms) was chosen in subsequent tests.
blocks of 200 stimuli. | investigated whether the same patterfihe average value @ was 0.34+0.03 (mean&£.M.), which
was obtained if intensity was changed randomly from onés significantly smaller thai®=0.5 (<0.001;t-test). At an
stimulus to another with fish 1 of Fig. 5. Manually turning ainterval of 8 ms, there was a preference to echo the second
potentiometer between successive tests resulted in haphazatdse. When the interval was 16 ms, there was no preference
intensity variations within the range 11.8-29.4mV&m for either pulse in these three figp=0.50+0.05; 4000 tests).
Despite this variation in intensity from stimulus to stimulus,
fish 1 still responded more to the second puige29, n;=103; Effects of series of more than two pulses
Q=0.78+0.04; 400 stimuli). The responses to series of more than two pulses were
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Fig. 7. Latency) distributions obtained in tests with series of more than two stimulus pulses. (A,B) Response to series of three (B) or four (
pulses all separated by a 12 ms interval. Each histogram represents 200 tests. The delay from the last pre-test eléstha@gdE@D) to

the first stimulus pulse was 100 ms in each test. (C,D) Response to series of 10 stimulus pulses at intervals of 12 msni€)(BadThe
asterisk in D indicates a lack of response to the second stimulus pulse. Histograms comprise 1000 tests each. The egbag\iaus BOD

of the test fish was variable but less than 100 ms. The timing of the stimulus pulses is indicated by arrows below théhabsciasan
response to each pulse is expected 12 ms later. Bin widths: 1 ms (A), 2ms (B), 1.6 ms (C), 0.8 ms (D).

examined in seven fish that had mainly responded to the secopibable latency used by the fish was 48 ms, i.e. a response to
pulse in their first 200 tests with double pulses. When testatie fourth stimulus pulse, so that the total latency (including
with a series of three pulses (Fig. 7A), all fish responded moste 100ms delay) came close to the first mode in the
to the third pulse, i.e. responded with a latency of 36 ms. Thidistribution of spontaneous firing intervals of this fish. This
was observed both with a fixed (100ms) and a variablevas also suggested by subsequent experiments on the same fish
(<100 ms) delay between the onset of the stimulus train and tijgig. 7D) in which a 5.2 ms interval between stimulus pulses
preceding spontaneous EOD. Echoing most in response to thkifted the maximum response to the fifth and sixth stimulus
last pulse did not occur, however, in response to a series pfilse but left the absolute latency constant.
four stimulus pulses (Fig. 7B). None of the fish reliably
showed a preference to echo the fourth pulse when a fixed Role of previous stimulation with double pulses
delay was chosen, even after being continuously tested with In several fish, the tendency to echo mainly the second of
2000 stimulus bursts. Three fish occasionally showed morsvo pulses seemed to develop slowly in a prolonged series of
echoes to the fourth than to the third pulse when the delagsts with double pulses of constant intensity (25 mvm
was variable, but these findings could not be reproducellig. 8A shows successive histograms obtained from successive
consistently. In interpreting the histograms, one must bear iblocks of 200 tests with one fish. The resulting increasg in
mind that the differences in delays with which each pulsevith block number was highly significant=0.859, N=12,
followed the last spontaneous EOD will now be larger than ifP<0.001). In two further fish, the preference increased with
the tests with double pulses and, hence, might be important Ilock number at a similar rate=0.78, N=13, P<0.002 and
determining the echo probability to each pulse. r=0.83, N=9, P<0.01). The results for these three fish are
When stimulated with a train of 10 pulses, separated bghown in Fig. 8B. Interestingly, the responses to the second
the echo interval (Fig. 7C), all responses occurred strictly gtulse did not generally increase ‘at the cost’ of the responses
multiples of 12 ms so that they all coincided with or were clos¢o the first, as would be expected if the fish had learned to
to one of the stimulus pulses. Apparently, the fish did notespond more to the second and less to the first pulse. This is
‘suppress’ its echo response to avoid collisions. The mosvident from the lack of any correlation among the response
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the effective intensity of the stimulus. This was tested in
experiments in which an initial block of 200 tests with double
pulses was followed by up to 20 blocks of tests with single
pulses. Subsequent evaluation @f after the prolonged
stimulation with single pulses did not indicate any significant
changes. Within these 20 blocks, the fish had received the same
number of pulses as in 10 blocks with double pulses, which
had demonstrably led to changesQrin at least three of the
fish (Fig. 8). This seems to indicate that any effect of prolonged
stimulation on lowering the effective stimulus might depend
0- critically either on the average stimulus rate (which is doubled

0 10 20 20 40 50 in the double-pulse stimulation) or on the presence of closely
spaced pulses.

A similar ‘adaptation’ effect can also be shown in those
fish that seemed to respond more to the second pulse right
from the beginning of the tests. To show this, one ideally
should deliver one double pulse, measure the EOD latency
and then wait for a long time. Repeating this several times
would then yield the probabilities of an echo to the first and
second pulse for the first’ double pulse encountered after a
long period. This could then be compared with the respective
probabilities obtained in tests in which double pulses were
delivered continuously at approximately s Fig. 9
provides an example of such an experiment made with one
fish. At the beginning of each of 7 days, approximately 10 000

stimuli were delivered at approximately £sThese stimuli
0 > ' 5 ' 10 ' 14 were mainly single pulses, but double pulses were
interspersed at random at an average probability of one
double pulse in 100 stimuli. Thus, double pulses were rare
Fig. 8. (A) Histograms of latencigsobtained in successive blocks of during this first phase of each experimental day. After up to
200 tests each. The histograms are ordered from front to back. No{@)q s\,ch rare double pulses had been delivered, a continuous
the slow bl.md'u'o of the tend_ency to respond more o the second sggeries of 200 double pulses (at a rate oftl was delivered
the two stimulus pulses. Bin width 1ms. (B) Quality fact@s . .
obtained in successive blocks of 200 tests in response to continuoﬂ% to asses”s Whethe.r the fish resp.onded. most to the second

pulse and (ii) to provide a control with which to compare the

stimulation with double pulses (spaced 12ms apart). Differen . .
symbols indicate three different fish; filled circles relate to thef€StS with rare double pulses. The fish was then kept separate

histograms shown in A. Regression analysis for pooled de@e80,  from the other fish and the procedure was repeated for the
N=34, P<0.001. The dimensionless quality factQrassesses the next 6 days.
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degree of preference in the fish’s response to a double Qs#6e5 Fig. 9 shows the distribution of latencies obtained over the
indicates that mainly the first pulse is echo@a0.5 indicates that 7 days in the phases with rare occurrence (Fig. 9A) and with
mainly the second pulse is echoed. continuous occurrence (Fig. 9B) of double pulses. Two clear

conclusions can be drawn from these results: (i) there is an

innate preference to respond most to the second pulse even
probabilities to the first and second pulses (linear regressioshen double pulses occur rarely (Fig. 9A; 660 double pulses
analysis with pooled data from the three fisk).16,N=34, among 66 000 stimulini=44, n;=79; Q=0.64+0.04), and (ii)
P=0.36; separate analysis for each fish also indicated ribe preference is significantly greaté?<Q.01) when only
correlation). In another fish, the rate of increas® was much ~ double pulses occur (Fig. 9B; 1400 tests=49, nx=171;
smaller,Q stabilizing after approximately 27 blocks of 200 Q=0.78+0.03). Two experiments carried out with the same
tests eachrE0.77,N=27,P<0.001). In the first block of 200 fish suggest that this difference was not because the tests with
tests performed several days later with all four fish, theontinuous double pulses always occurred later in the day: (i)
tendency to echo more in response to the second pulse had winen the fish was given the continuous 200 double pulses
been retained and they responded most to the first pulsgarlier in a day, the san@ value was found as in Fig. 9B;
However, rather than by again delivering a large number aind (ii) when the fish was continuously stimulated with double
stimuli, all the fish could readily be made to respond more tpulses for a whole day, it consistently echoed more in
the second pulse when the stimulus intensity was decreastgsponse to the second pulse, as in the first 200 tests, and no
from 25mVecent! in the second block of 200 tests. This significant changes i@ value were found over the course of
suggests that a prolonged series of tests may act to decreéis@ day.
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A of inputs (Bell et al., 1983; Grant et al., 1986). The pathway
T to this command centre is not known. However, since the
30- minimum latency of the response is only approximately 10 ms,
of which approximately 8ms can be attributed to the

electromotor pathway (see e.g. Bennett, 1971; Bell, 1986) and

201 2ms to the minimum latency of the mormyromasts, it seems
. that the mormyromast afferents must synapse directly at the
104 command nucleus, although no such direct connections have

been observed anatomically (Bell and Russell, 1978; Bell et
al., 1983). The command is issued to a relay nucleus (just
dorsal to the command nucleus) which drives the electromotor
neurons that innervate the electric organ.

The preference described here to respond more to the second
pulse of a double pulse could, in principle, arise from the
second pulse reaching the fish at a time when its ‘internal
preparedness to fire’ (due to echo-unrelated input) is greater.
This seems almost inevitable because the second pulse occurs
at a larger delay relative to the last spontaneous EOD, at which
the echo probability is expected to be larger (Russell et al.,
1974). The relative difference in delay is small, but no data
were previously available to predict the resulting difference in
response probability. Whether this accounts for the present
findings can be assessed by varying the delay between the
onset of a double pulse and the last spontaneous EOD and,
T(ms) hence, the relative gain in delay of the second pulse with

Fig. 9. Effects of continuous stimulation with double pulses (12 mge€spect to the first. Such an experiment did not result in any
separation) on the distribution of response laterciesa fish that change to the observed preferences. Moreover, if this was
already responded mainly to the second pulse in the first tests wigorrect, the preference would have depended on the mean
double pulses. The experiment was performed over the course ofspontaneous interdischarge interval, which determines how
days. At the beginning of each day, approximately 10000 stimulglosely the two respective pulse timings occur, at the given

were delivered at approximately £sMost were single pulses, but delay, to the timing of the next spontaneous EOD. Again, no

double pulses were interspersed at random at an average probabi@%n of any such relationship was found.

of one in 100 stimuli. Therefore, double pulses were rare during this The phenomenon must therefore be caused by the first pulse
first phase of each experimental day. After up to 100 of such rar&)

double pulses had been delivered, a continuous series of 200 dou %g[ilgiéic?nztatjs(g :Q?ncc:)c;;nlrirllae?d tgu;Iii:{[Sal: ggghcg‘rglrﬁ dnu de
pulses (at a rate of 1§ was given. The procedure was repeated P y a

each day. (A) Histogram showing the responses to 660 rare doub?@'Ke' The most parSImon.lous way In Wh'.Ch th!s could .be

pulses during the 7 days. (B) Histogram showing the responses of tR€hieved would be by a direct after-effect in which the first
same fish, accumulated over the 7 days, to continuous double-pulBEISe elicits a response in the command nucleus that is still
stimulation (1400 tests). The preference to echo the second pulpéesent at the advent of the second stimulus pulse so that the
more than the first is significantly largé*<0.01) than in A (note the response of the command nucleus elicited by the second pulse

differenty axis scales). Bin widths 1 ms. would occur on the ‘remainder’ of the response to the first
pulse. In principle, a simple low-pass filter in the echo pathway

) . could achieve this. However, a low-pass filter mechanism can

Discussion be rejected in view of the present results. Since the after-effect

Basis for the innate preference of a low-pass filter, i.e. its response that continues after the

It is thought that only the anterior mormyromasts arestimulus is switched off, decreases monotonically with tighe,

involved in the echo response Ghathonemus petersins  should also decrease monotonically with the interval between
inferred from the threshold and polarity-dependence of th#he two stimulus pulses. This was not observed (Fig. 6). To be

response as well as from localized stimulation (Russell et alf) accordance with these data, a temporally more ‘localized’
1974). Interestingly, mormyromast afferents may fire a train o#fter-effect would be needed. For example, a strong pulse
up to eight spikes in response to an EOD-like pulse of highould lead to a very long burst response in mormyromast

intensity (for reviews, see Bell, 1986; Bell, 1989). Since theafferents which, in turn, could lead to a full-sized second

echo response resets the spontaneous EOD rhythm (Russeléx¢itatory postsynaptic potential (EPSP) in the command
al., 1974) rather than invoking an extra EOD, it is likely thatnucleus approximately 10 ms after the first. So, the first EPSP
the echo input terminates in the medullary command nucleugused by the second stimulus pulse would occur on top of the
which initiates the motor command integrating a multiplicitysecond EPSP of the first stimulus pulse, thus increasing its

Counts per bin

0 10 20 30 40 50
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chance of eliciting an EOD motor command. This view seemthe response probabilities. Second, in the fish that appeared to
to fit well with the data in Fig. 6. The second EPSP would havéearn’ slowly, the learning effect could be mimicked simply
to occur approximately 8-14ms after the first EPSP, as isy changing the stimulus amplitude. This shows clearly that
required by the sharp dependence on pulse interval seenthe fish did not form any abstract concept of how many pulses
several fish. The second EPSP would, however, have to lteey would have to wait for (as if they were counting) before
several milliseconds in duration, at least in some fish, tdischarging an echo. Within the mechanism suggested above,
explain their broad interval tolerance. The non-lineain which the adaptation effect of prolonged double-pulse
relationship betwee® and stimulus intensity (Fig. 5) could stimulation is equivalent to a change in stimulus intensity,
then be explained as follows. (i) At greater stimulus intensitieqrolonged stimulation with double pulses at a high rate could
the first EPSP caused by the first pulse would become moedther increase the amplitude or the likelihood of the second
likely to elicit an EOD motor command. In this case, theEPSP being produced by a given stimulus pulse or generally
second pulse would then not elicit a further command, so th&dwer the amplitude of all EPSPs or increase the spike
echoes to the first pulse would become increasingly likely ahreshold in the command cells.
stimulus intensity increased. (ii) At low stimulus intensity, the
after-effect would vanish. Hence, the EPSPs in response to the Concluding remarks
first and second stimulus pulses would be of equal average sizeClearly, recording in the central command or precommand
With noise in the system, there would therefore be founuclei of intact fish is needed to prove the existence of the
possibilities: the EPSPs could both be above threshold, both peoposed after-effect and to test its timing and dependence on
below threshold, only the first could be above threshold or onlgtimulus intensity. If it could be found, the present results
the second could be above threshold. Evidently, in only one efould provide an example of how simple properties of the
the three cases leading to an echo would the response be to tbeeptors involved would guarantee an adaptive behaviour. A
second stimulus pulse. Therefore, a low-intensity limit offurther point of interest would be to investigate whether
Q=1/3 would be expected according to the two-EPSP theorythe after-effect becomes more prominent after prolonged
A possible alternative explanation of the preferred respons&imulation with double pulses. Such studies could also help
to the second of two pulses would involve subthreshold effectsur understanding of the basis for the observed inter-
at the periphery. In recording from mormyromast afferentsindividual differences. Such differences existed in the number
Bell (Bell, 1990) found that a subthreshold pulse resulted in af double pulses needed before the fish would respond most
subsequent facilitatory period that lasted 30—40 ms. This could the second of the two pulses and in the dependence of this
cause the second of two low-intensity stimuli to be moregreference on both the intensity and temporal separation of the
effective in evoking an afferent response and an echo EOBDwo pulses.
However, this explanation seems unlikely given that preferred The present findings suggest that a fish located near three
responses to the second stimulus were always found athoing conspecifics would echo mainly in response to the last
intensities well above the threshold of the echo response. EOD in their train of echoes. This would, at least in some fish,
also be robust with respect to variations in the distance to, or
Basis for the adaptation effect orientation with respect to, the group, as suggested by
The tendency to respond more to the second of two closegxperiments with randomly varied stimulus intensity.
spaced stimuli was larger when fish had received continuodsowever, further work is needed to examine the biological
stimulation with double pulses (Figs 8, 9). This effect couldsignificance of the effect. Unfortunately, it is difficult to
not be mimicked by delivering the same number of singlenonitor individual discharges in a large group of freely moving
pulses before the preference had been determined in tests wih, as would be needed. With care, one might interpret the
double pulses. The ‘adaptation’, or learning, could, howeveffindings of Graff (Graff, 1986) on freely swimming
simply be due to the different average pulse rate: it would b®larcusenius macrolepidotuss indicative of multiple echoes.
absent or very small when pulses were repeated at a rate Récause he separately recorded the EODs of a tethered fish in
1Hz and be stronger for pulses presented at an average rated€lition to those produced by six conspecifics moving freely
2Hz (as would be the case with double-pulse stimuli given atithin the tank, it would be possible to record, within the
1Hz). The experiments cannot, however, determine whethgroup, intervals of twice the normal echo interval. This would
the adaptation depends on the average rate alone or, mdw&ppen when the tethered individual responded to a discharge
critically, on closely spaced pulses being present. This wouldithin the group, and one fish within the group in turn
be expected if the fish had learned from experience with doubtesponded to the echo of the tethered fish. Note, however, that
pulses to respond more to the first and less to the second pulsithout such precautions, multiple echoes cannot be
Yet, several facts argue strongly against such ‘cognitivedemonstrated in the same way by recording the overall activity
abilities being involved. First, no consistent relationshipwithin a group unless either one deliberately omitted EODs
between the response probabilities to the first and second pufsem the recordings or the fish echoed at delays in multiples of
was found. There is therefore no evidence that the fish wef€ ms. Otherwise, to any echo response within the group, there
deciding directly which of the two pulses should be echoed, iwould also be the echo-eliciing EOD 12ms previously.
which case one would expect an inverse relationship betwedhultiple echoes can, however, readily be recorded from fish
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restrained individually within cages and placed at increasing poisson a faibles déchargesvlarcusenius macrolepidotus
distances from a pair of recording electrodes to allow (Mormyridae, Teleostei). PhD thesis, Université Paris-Sud Centre
discrimination of individual EODs on the basis of their dOrsay.

Morphology and physiology of the brainstem nuclei controlling the
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