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Summary

Pulse electric fish evaluate successive electrosensoryamplitude and the amplitude of the novelty response; (iv)
images generated by self-emitted electric discharges, both parameters are independent of the baseline contrast;

creating a neural representation of the physical world.
Intervals between discharges (system resolution) are
controlled by a pacemaker nucleus under the influence of
reafferent signals. Novel sensory stimuli cause transient

accelerations of the pacemaker rate (novelty responses).

This study describes quantitatively the effect of changes in
contrast of reafferent electrosensory signals on the
amplitude and probability of novelty responses. We found
that: (i) alterations of a single image in an otherwise

(v) the proportionality constant increases with the moving
average of the contrast of hundreds of previous images.
These findings suggest that the electrosensory system (i)
calculates the difference between each reafferent
electrosensory image and a neural representation of the
past electrosensory input (‘template’); (ii) creates the
comparison template in which the relative contribution of
every image decreases with the incorporation of successive
images. We conclude that contrast discrimination in the

homogeneous series cause a novelty response; (ii) theelectrosensory system ofG. carapo obeys the general

amplitude of the elicited novelty response is a linear
function of the logarithm of the change in image contrast;
(i) the parameters of this function, threshold and
proportionality constant, allowed us to evaluate the
transference function between change in stimulus

principle of appreciating any instantaneous input by the
input’s departure from a moving average of past images.

Key words: contrast discrimination, contrast adaptation, electric fish,
Gymnotus carapdovea, short term memory, sensory representation.

Introduction

Pulse-discharging, weakly electric fish actively electrolocat¢he analysis of an orienting behavioa @pecific behavioural
by emitting electric organ discharges and sensing changest directed towards the extraction of information from
provided by objects on transepidermal self-generated electribe environment Sokolov, 1990) elicited by changes in
fields. In this way they create a series of discrete electristimulus contrast, aiming to infer electrosensory processing
images on a cutaneous electroreceptive mosaic (Lissmanmgchanisms.
1958; cf. Bullock, 1986, 1999; Bastian, 1986). In this study Pulse gymnotids show a typical orienting behavior, the
we examine how fish discriminate between electrosensonyovelty response (Lissmann, 1958; Szabo and Fessard, 1965;
images of different contrast. This kind of analysis requiredarimer and McDonald, 1968; Bullock, 1969; cf. Hopkins,
unambiguous definition and measurement of the stimulu$983; Kramer, 1990; Moller, 1995). This behavior consists of
(input) and of the related performance of a sensory system transient shortening of the inter-electric organ discharge
(output; Marr, 1982). Our recent knowledge of electric imag€EOD) interval triggered by changes in nearby impedance. It
generation mechanisms allowed us to control and measure thas been frequently used to test a fish’s electrolocation ability
electrosensory image (Caputi and Budelli, 1995; Rasnowgnd to assess the effects of reafferent and exafferent input on
1996; Caputi et al., 1998; Stoddard et al., 1999; Nelson aruhcemaker frequency (Bullock, 1969; Heiligenberg, 1980;
Maclver, 1999; Budelli and Caputi, 2000; Sicardi et al., 2000Grau and Bastian, 1986; Hall et al., 1995; Zellick and von der
Caputi et al., 2003). Whereas the input is a clearly defineEmde, 1995; Post and von der Emde, 1999).
physical entity, the output of a sensory system can be After studying novelty responses evoked by a short-circuit in
considered as a broad spectrum of ‘intangible facts’. Althougthe presence of different amounts of noise, Heiligenberg (1980)
sensation and perception may exist independently of anpferred thaB. occidentalisdevelop and maintain a ‘template’
behavioural response, only behaviour can be measured central register of past electroreceptive afferences against
objectively (Spector, 2000). So, we restricted our research twhich novel afferent input is compare@aking into account
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Fig. 1. Characterization of reafferent electrosensory imageA
and its changes. (A) The diagram illustrates the
methodology employed. Local electric organ discharge  \ r
(LEOD) of Gymnotus carapovas recorded between an
electrode adjacent to the skin, and the closest base of aTimer
cylindrical object placed 2mm away from the skin. The
electrode was a 1Q0n bare-tip insulated wire; the object
consisted of a 2mm diameter, 10 mm long plastic tube with bPP{

a carbon plug electrode in each opening. An external

variable resistorg was connected to the carbon plugs to set

the baseline amplitude (bPP) of the local EOD. A secondB BaselineLEOD Comparison LEOD
variable resistor; was periodically connected in parallel,
using a timed switch setting the comparison LEOD
amplitude (cPP). Changes in object longitudinal resistance
resulted in marked changes in image contrast. (B) LEOD
recorded at the center of the image of a cylindrical object
facing the electrosensory fovea. Left: baseline LEOD C
obtained without loadréc) and right: comparison LEOD

Obiject
resistance (MQ)
o

50mV e |
50ms

cPP

100 mV cml

1ms

e a —
obtained when the same object was loaded with a sheéit -10 E *é
circuit (r=0). Wave components are labeled as Vs and ° ; 3]
V4 (according to the nomenclature introduced by Trujillog £ E
Cendz et al., 1984; )is not present at the foveal region).\f—c -20 .. N et
(C) The object resistance change mainly effects the contrast s > 30
of the image. The amplitudes of each of these LEOD peaks ~ 90 100 150 50 100 150 50 100 150

are ‘one-to-one’ functions of the peak-to-peak LEOD (PP), PP (mV cm?) PP (mV cm?) PP (mV cm?)
indicating that changes in waveform are small and
predictable from the change in PP. (D) The electric image

of a metal cylinder consists of a Mexican-hat spatial profile.

This is illustrated by the plot of the change in the peakszof V

caused by the presence of the object as a function of
distance from the projection of the center of the object. The Vs
dotted line indicates the amplitude o Wi the absence of A L s
the object (modified from Caputi et al., 2003). Center

5mV cnrl|
2mm

this hypothesis we posed the following questions: what Experimental set up
information is extracted from the input? What information is Fish were held in a net in the middle of a tank
stored in the comparison ‘template’? What are the rules relatind 8 cmx25cnmx10cm) containing 3liters of water with a
changes in electrosensory image and electromotor output? conductivity of 100+1@Scntl To create and change an
Our experiments showed that: (i) the system compares thedectric ‘stimulus-object’ we used a method introduced by
contrast of every input image with a moving average of th@on der Emde (1990). A cylindrical stimulus-object (2 mm
contrast of past images, (ii) when contrast difference betweatiameter, 1cm length) was oriented with its long axis
the actual input and the moving average of past imagggerpendicular to the skin of the electrosensory fovea (Castello
overcomes a threshold, a novelty response is evoked, and (i) al., 2000). The two ends of the cylinder were made of
the amplitude of the novelty response is graded with thgraphite carbon discs (1.5mm in diameter) inserted into a non-
contrast difference. conducting plastic tube. The carbon ends were connected to an
optocoupled switch (Hamlin HE721 Eneka SA, Montevideo,
Uruguay)via insulated copper wires (Cerba SA, Montevideo,
Materials and methods Uruguay), which left the tube at its center. To avoid non-
Non-sexually differentiatedymnotus carapd., a South  controlled stimuli due to the reaction of carbon impurities with
American pulse-emitting, weakly electric fish, 12—-25cm inwater, the probe was maintained immersed in water of
length, were used in this study. Fish were gathered in thE00uS cnt? conductivity for a few days prior to beginning the
Laguna del Sauce, Uruguay, under the regulations of thexperiments until completion. In addition, and for the same
Ministry of Ganaderia y Agricultura. All experiments purpose, we followed the procedure described by von der
conformed with the rules of the Committee for Use ofEmde (1990) of connecting a large capacitor (ERin series
Experimental Animals of the Instituto de Investigacioneswith the switch that did not alter the recorded local EOD
Biologicas Clemente Estable, and the guidelines of the Socief EOD) waveform.
for Neuroscience and the International Guiding Principles for To quantify the local electric image contrast, the voltage
Biomedical Research Involving Animals. drop between the bare tip of a 108 diameter insulated
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copper wire placed against the skin and the base of theas recorded, and this image has null contrast. Resistors lower
stimulus-object cylinder nearest to the fish was measurdtian 100K generated top-external ‘Mexican hat' profiles
(Fig. 1A). These electrodes were 2mm apart and thus th@ig. 2A, right) and resistors higher than 1@denerated top-
electric field in V cmlwas five times the voltage drop betweeninternal ‘Mexican hat’ profiles (Fig. 2A, left).

the electrodes. Signals were amplifiedl@0), and filtered Four variables were controlled during the experiments: (i)
(band pass 10-10000Hz, AM Systems, Inc. Carlsborg WAbhaseline contrast estimated as PP before a change in the
USA); a digital oscilloscope (Hewlett-Packard model 54601Aresistance of the object, (ii) baseline duration, (iii) comparison
USA) was used for observation of individual LEOD contrasts estimated as PP after a change in the resistance of the
waveforms that were also sampled (20 kHz, 12-bit resolutiomgbject, and (iv) comparison stimulus duration. The difference
Lab Master DMA A/D card, Scientific Solutions Solon, Ohio, between baseline contrast and comparison contfd®)(is

USA) for off-line measurement of the inter-EOD interval referred to as contrast change. As the electromotor activity is

(home made signal processing program). a series of brief and discrete events, the changes in duration of
_ _ either the baseline or the comparison periods lead to changes
Experimental design in the number of images evaluated during these periods.

The experimental design was inspired by the methodology In order to control these four parameters, the longitudinal
introduced by Weber and formalized by Fechner (cited byesistance of the stimulus-object was changed by means of the
Werner, 1980). Weber's procedure was based on what is nasptocoupled switch timed with an S88 stimulator (Grass
known as ‘comparative unidimensional judgements’, where &struments, Quincy, MA, USA). In each experiment, an
subject is asked to discriminate between two stimuli. Aexternal variable resistog was connected between the carbon
particular stimulus of a given type (baseline or standardiscs to set the baseline contrast. A second, variable rasistor
stimulus) is applied alternately with one of a number of othewas connected periodically in parallel to shugptand thus set
stimuli (the comparison stimulus) that are of the same type btihe comparison contrast (Fig. 2).
differ in a single physical parameter (Werner, 1980).

According to Caputi et al. (1998), Sicardi et al. (2000) and Data analysis
Budelli and Caputi (2000), the electrosensory image of a Novelty responses are transient reductions of the interval
resistive cylindrical object has a ‘Mexican-hat’-shaped profileafter a change in image contrast. To detect novelty responses,
controllable by changing the load resistance, and confirmed lwe plotted the peristimulus inter-EOD intervé) $equence.
our results obtained in the present study. Thus a singleor each response the intervals were numbered starting at the
parameter, the amplitude of the signal at the center of thest interval after the resistance chande, (2...In). The
‘Mexican-hat’ profile, can be used to estimate the contrast dfaseline inter-EOD intervald) was defined as the mean of the
the electric image of the stimulus-object. 5 intervals preceding the change in stimulus-object resistance

The experiments were performed at the perioral regiorand its lower confidence limit as the mean minus 2 standard
where density, variety and central representation of the sensagyrors 6.e.m.). Two criteria were employed to define a novelty
mosaic are maximal, and therefore this region has been definezsponse: (1) a successive shortening of two intervals
as an electrosensory fovea. At this region, background stimulismmediately after the change in impedance and (2) a second
in the absence of objects is spatially coherent (i.e. it shows tlterval (2) significantly smaller than the baseline confidence
same triphasic waveform all over the foveal region; Aguilerdimit (I2<lo-2 s.e.m.). The probability of the novelty response
et al., 2001). At the perioral region, resistive objects modulatior a given experimental condition was estimated as the
the local field, generating a ‘Mexican hat’ spatial profile ofrelative frequency of novelty responses in a set of trials. We
the stimulus amplitude (Fig. 1). Despite this, modulationdefined the amplitude of the novelty response as the
is associated with small waveform changes, which ar@ormalized maximum shortening of the inter-EOD interval
predictable from the total energy of the local stimulus(novelty response amplitude = 1 — minimum Idg). The
(Aguilera and Caputi, 2003; Fig. 1). Therefore, the amplitudesecond interval was the briefest in most caskeswés
pattern is sufficient to describe the image of resistive objectexceptionally the briefest).

Since the normalized spatial pattern is not modified when the

distance of the object remains constant (Budelli and Capulti, Experimental paradigms

2000), the change in amplitude at the top of the ‘Mexican hat Stimulus-object resistance (determining PP) was controlled
profile’ (i.e. the skin facing the object) describes the change af a trial-to-trial manner, setting independently the number and
the image. Consequently, the contrast of the image generatathplitude of both baseline and comparison stimuli. Our
by a resistive stimulus-object can be estimated by a singkxperimental paradigms were designed to answer the following
parameter: the peak-to-peak amplitude (PP) of the local electripiestions.

field at the skin facing the object. (1) How many images different from baseline have to occur

It should be noted that PP in the presence of the object m&y be detected? In order to elucidate whether the number of
be larger or smaller than PP recorded in the absence of themparison stimuli determine the characteristics of the novelty
object. When the object load was a resistor of ID@kflat response, we compared the effects of two stimulation patterns
profile equivalent to that observed in the absence of the objediffering only in the duration of the comparison period. Single
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- Fr Fig. 2. Experimental paradigm. (A) The schematic diagrams
A . 1 ! ' . i
Experiment Y illustrate the experimental procedures and the corresponding electric
p s H Ko images when the change in contrast is maximegae( and r1=0).
o o Note the opposite orientation of the ‘Mexican-hat’ profile, referred in
the text as ‘top-inward’ and ‘top-outward’, respectively. The raw
Top, inward Top, outward rgcord at the center of the Mexu:an_hat allowed us to measure the
difference QPP) between the baseline amplitude and comparison
Electric amplitude of the stimulus. The temporal course of the corresponding
Image novelty response elicited by the change in object resistance is shown

in the bottom plot. (B) Studies were performed using series of trials

50mV cmrl| APP¢ consisting of a baseline period followed by a comparison period.
Raw record| | | ‘ ‘ ‘ ‘ ‘ ‘ ‘ Four variables were controlled: the baseline amplitude (depending on
ro), the comparison amplitude (depending m), the number of

50ms baseline images (depending on the duration of the baseline period),
22 the number of comparison images (depending on the duration of the
comparison period). (C—F) The experimental paradigms used to
Novelty respong elucidate the following issues. The number of images different from
the baseline that suffice for detection (C); the effect of the difference
18 between baseline and comparison amplitud®) on the amplitude
and the probability of the novelty response (D); the effects of the
baseline on amplitude and probability of the novelty response (E);
and the effect of stimulus history on the amplitude and probability of
the novelty response (F).

Inter-EOD interval

w

Comparison PP_‘{____B_&}?I_ir_u_a P?ﬁ?@_ _ _}m&mAPP

Basline PP........ period _ _ _ _

tTTTToTToTTT Trial duration values were explored in ea_ch fish for every baseline PP (7 fish;
the results are shown in Fig. 5A).

C D (3) Is the amplitude of the response graded with the change
| Single*oddball’ | E| Charcein AP ![rrw] imaglje_con;r_ait? If so, v;/hat ishthe fffunctio? trr:at desc_ribes
|Increasardhold [ ng e relationship? To explore the effect of the previous

| ! electrosensory stimulation on the amplitude of the novelty
response, we performed two sets of experiments. In the first

R F set, the relative duration of the baseline and comparison
Chargein APPJ o] 1 periods were modified from trial to trial, without changing the

| ] total trial duration (the results are shown in Fig. 6). In five fish,
IChangein bazline | ' i trial duration was 30s, and in the other two fish trial duration
was 100s. In all trials, the amplitudes of the baseline and
comparison image contrasts were set by stimulus-object
resistances of 47@kand 15, respectively. In the second set
odd events (in which the contrast of a single image wasef experiments, the duration of baseline period ARE were
increased) were compared with increase-and-hold patterns (ioth varied (three fish; the results are shown in Fig. 7A,B).
which the contrast of approximately 100-120 successiv&hree baseline periods and foMPP were explored for each
images were increased during a 4 s period). For every chanfigh. In each case the comparison stimulus was set by one of
in contrast APP), two trials were done. In one case thefour different r1 values (100R, 47kQ, 22kQ or 15Q)
sequence was baseline—increase and hold-baseline—singtmnected in parallel witlg (470kQ), which also set the
odd event, and in the other it was baseline—single odbaseline contrast. Each trial began with a period in which the
event-baseline—increase and hold. Baseline contrast wasmulus had the same amplitude as the comparison stimulus,
constant p=co open circuit) and baseline duration was 30 sfollowed by a baseline period of the desired duration (2, 10 or
The results are shown in Fig. 4. 295s), and ending by a comparison period lasting 1s. In all

(2) How different should the comparison image be forcases the trial lasted 30s.

detection? In most sensory systems, discrimination depends on(4) Does the baseline level have influence on the amplitude
baseline level (Weber and Fechner's and Stevens’ lawsy probability of the response? Similar experimental paradigms
Werner, 1980). In order to study whether the baseline contrastere used to explore the probability of eliciting novelty
level influence the amplitude of the novelty response, weesponses. The probability of novelty response as a function of
explored the effects of similar changes in contrd$®Rs) APP and baseline PP was studied in five fish. Discrimination
starting at different baselines. Increase-and-hold patterrexperiments consisted of 10-20 cycles in which object
(baseline period, 29s; comparison period, 1s) were appliedgsistance was alternated between two values, every 30s. We
starting at several different baseline PP values. Up hP3® never found novelty responses for decreases in the image

E

Charge in basline duration
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contrast even though we explored up to the largest possib A B

APP (stepping from short to open circuit, Fig. 3B). Thus, fol S0id M _*

the purpose of detailed analysis, the low amplitude period we = 107 DA S 07"'"“4‘}'{5{&}7'}-??-'}"
considered as the baseline contrast. Probability distributio
curves as a function @&fPP were constructed for 4—-6 baseline
contrasts (results shown in Fig. 5B). Threskelflsg) was
defined as thé&PP eliciting novelty responses in 50% of the
cases.

(5) Finally, does the stimulation history have an influence
on the amplitude or probability of the response? In three othe
fish we applied asymmetric cycles to evaluate the influence « 50 mV cm-1
stimulation history on th&so. Cycles consisted of 29, 10, 2 or
0.5s baseline periods and 1, 20, 28 or 29.5s comparis(
periods, respectively, and the results are shown in Fig. 7C,L LEOD

0.9

Normalised interval

80 ms

Results Fig. 3. Electromotor responses to changes in contrast of the
The novelty response evoked by changes in electric imageelectrosensory image of a cylindrical object. (A,B) Mean.ot of
contrast as a tool to explore electrosensory discrimination the normalized intervals (140) plotted as a function of the interval

The effective stimulus for each electroreceptor is the |0céorder (N=10 trials). (A) The increase of electric image contrast elicits
self-generated transepidermal field. This field, in turn@ typical novelty response characterized by a shortening of the first

. . two intervals after the change in image contrast followed by a slow
corresponds to the mean current density flowing locally thrOngrelaxation curve. Note the significant increase ingbe (ANOVA,

the skin facing the St'mUIUS'ObJ?Ct' It is proportional t_o thEP<O.Ol). (B) The same change in contrast but in opposite direction
voltage drop between the recording electrodes (called in MOyoes not elicit a novelty response although there is a significant
previous literature ‘local electric organ discharge’, LEOD). ltincrease of variability (ANOVAP<0.01). (C) Single trial recordings

is important to note th&®. carapois a pulse fish that evaluates of the local electric organ discharge (LEOD) illustrating the
discrete electric images generated by its own EODs (reaffereexperimental paradigm.

electrosensory input) emitted every 20-50ms. The EOD in fa

generates a complex time waveform, whose four componen

have different origins and distributions along the fish body (V current. We altered the stimulation pattern by changing the
V2, Vz and V4, following the nomenclature of Trujillo-Cendz et longitudinal resistance of a cylindrical stimulus-object placed
al., 1984). In each trial, object resistance was alternated betweeith its axis perpendicular to the skin of the foveal region. Thus,
a baseline and a comparison value, producing marked changeschange in the stimulus-object resistance caused what is
of PP at the skin facing the object. At the snouGoftarapo  operatively defined (by analogy with vision nomenclature) as a
the skin is densely covered with electroreceptors and has beemange in the contrast of the electric image at the electrosensory
likened to an electrosensory fovea (Castell6 et al., 2000). In thievea. In addition, as mentioned above, the shape of the image
region the field is a collimated and spatially coherent waveforrof the stimulus-object remained similar whereas its amplitude
composed of ¥, V3 and V4 components (Castello et al., 2000; changed in proportion to the value of PP at its center. Therefore,
Aguilera et al., 2001) (Fig. 1A). For different resistive loads,in our experimental conditions this single parameter, PP at the
the amplitude of each of these components is unambiguoustgnter of the ‘Mexican-hat’ profile, was used to estimate the
related to PP (Fig. 1B). Electrosensory images generated lopntrast of the electric image of the object and will be
pure resistive cylindrical objects consist of a ‘Mexican-hat’considered in this study as the control stimulus.
center-surround opposed pattern. Its general shape depends oA decrease of object impedance (that produced an increase
the object distance and its center-surround difference is scaled electrosensory stimulus contrast, Fig. 2B,C) evoked a
monotonically with object conductivity (Caputi et al., 1998;typical novelty response consisting of an immediate shortening
Sicardi et al., 2000; Budelli and Caputi, 2000; see Fig. 1Cof the next two inter-EOD intervals (Figs 2C,D and 3, left).
modified from Caputi et al., 2003). A large object close to th&he third interval after the change in image contrast was
electric organ should provoke changes of the equivalent loadsually similar or a little longer than the second. Over the
impedance in the surrounding medium and, consequently, in tisetbsequent discharges the inter-EOD intervals slowly returned
total current output. However, in our experiments the neto the initial baseline values. In addition, the variability of the
change in total current caused by the presence of the proB©®D interval after the change in object resistance was larger
(stimulus-object) can be considered negligible due to its smathan during the baseline period (Fig. 3A). This typical pattern
size and relative distance from the energy source. Therefore, theas constant for novelty responses evoked by changes in self-
stimulus resulting from the presence of our stimulus-object cagenerated electric images, allowing us to distinguish these
be considered as a local modulation of the transcutaneousvelty responses unequivocally from other acceleration-slow
current density pattern without changing the total outputeturn patterns (cf. Moller, 1995).
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Interestingly, we found that only the variability of inter- A -
EOD intervals increased in response to a reduction in imag Single oddevert  Increase-and-holdg
contrast; novelty responses were absent (Fig. 3B). Althoug 1.0
the observed change in interval variability could indicate imag
discrimination, its analysis was not included in this study.

Changes in image contrast induced by a change in obje
impedance were presented with a minimum interval of 30s 4 0.9 1.0
This period included 600-1200 EODs, depending on th Single oddevert
baseline pacemaker mean frequency. During successive tria
the amplitude of the novelty response elicited by the sam
pattern of stimulus varied randomly around a mean value
which indicates that under our experimental conditions th
electrosensory-evoked novelty response did not sho
habituation. This finding is consistent with the observations ¢
Grau and Bastian (1986), who showed the lack of habituatio
of novelty responses to novel stimuli presented at interval
larger than 20s.

Increase-and-

0104 --* - Increase-and-hold °
| —o— Single oddevent

A single discrepancy in image contrast is sufficient to provok:
the novelty response

Novelty responses, as other types of orienting response
result from comparing a sensory input with some kind o 010 ' ' " 50 100
expectqtlon (Soko_lov, 1'990). TQ understand this I§|nd o] APP(MV cm-d)
comparison we investigated firsty how many images
constitute the sensory input that is compared with thiFig. 4. Study of the effect of the number of comparison images on
expectation signals. In other gymnotid fish and under the amplitude of the novelty response. (A) The amplitude of the
different stimulation protocol, the amplitude of the noveltynovelty responses elicited by a single odd event (left) and an
response has been reported to increase with the number increase-and-hold pattern (middle) are not s.ignifi.cantly different (
images modified by the novel stimuli (Heiligenberg, 1980). OrteSt: P<0.05,N=20). In the right plot, normalized intervals {A)

the other hand, Bullock (1969) studied the novelty response obtained using both experimental paradigms are plotted one-to-one,
a variety of p,ulse gymnotids and concluded that the according to their ordinal number. The linear relationship indicates a

) similar time course for both novelty responses. (B) Amplitude of the
electroreceptor input has a cycle by cycle access t0 thy, ety response as a function of difference between baseline and

pacemaker Similar results were obtained in pulse mormyrids comparison amplitudes\PP) obtained applying a single-odd-event
by Meyer (1982), suggesting that fish evaluate single imag¢pattern (open symbols) and an increase-and-hold pattern (filled
against a stored representation. symbols). The experimental protocols are illustrated in the inset.

Thus, the first set of experiments were designed to test tiStarting from a single baseline level (43 mV2nn the example),
hypothesis that a sustained increase in contrast of varioeach trial consisted of a pair of stimuli: a single odd event followed
subsequent reafferent images is more efficient for provokin30s later by a 4s held stimulus of identiédP, orvice versaIn
novelty responses than an increase in the contrast of a sinSUccessive trialaPP was varied in a random fashion.
reafferent image.

In three fish a series of 10 novelty responses resulting frol
a maximum increase in contrast of a single image (single odsimilarity in the relaxation time course of both novelty
event) were compared with a series of 10 novelty responsessponses is illustrated by the linear relationship when one
resulting from a maximum increase in contrast of severalesponse is plotted against the other (Fig. 4A, right); the slope
consecutive images (increase-and-hold pattern). For the samkthe line depends on the occasional difference between mean
experimental conditions, the mean amplitude of the noveltamplitudes. From these experiments it can be seen that,
response evoked by a single odd event was larger in some fistespective of the subsequent duration of the comparison
and smaller in others than the mean amplitude responspsriod, the initial increase in contrast of the imafyeR) not
evoked by an increase-and-hold pattern. Statistical analysisly triggers the novelty response but also determines its
performed for each of the fish showed no significanemplitude. Once the response is triggered, it follows a time
differences between the meatsest,P<0.01). Fig. 4A shows course that is not controlled by the subsequent electrosensory
an example from one fish comparing the effects of botlnput.
stimulus patterns. The mean amplitude of the novelty The amplitude of the novelty response was graded according
responses to a single odd event was larger but not statisticatty the evoked increment in the image contrast, following the
significant {-test,P<0.01,N=10) than the mean amplitude of same relationship independently of the number of comparison
the novelty responses to a increase-and-hold pattern. Tls&@muli (Fig. 4B). Responses to the increase-and-hold pattern

Amplitude of thenovelty reponse
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were compared with those evoked by single odd ever A
following the protocols illustrated in the inset. Starting from a
single baseline levekd=»), each trial consisted of a pair of
stimuli: a single odd event followed 30s later by a 4s hel
stimulus of identicalAPP, orvice versa In successive trials
APP was varied randomly. We observed that the amplitude «
the novelty response increased similarly witAP for both
stimulation patterns. The amplitude of the novelty respons
was well fitted by a logarithmic function APP:

Novelty response amplitude =Kog1o(APPAPR), (1)

Changen baselineandAPP .
0.154

I

L aWiy
0.10 ok . T,

ST

0.05 o oo E o
in which APR) is an incremental threshold and K is a scaling - <
constant. These parameters, obtained by regression analy:
were not significantly different between results obtained witt
single odd events and increase-and-hold patterns (Fig-4B; 0 O — —
test,P<0.01). In addition, the mean of the differences betwee ! 10 100
the amplitudes of the novelty responses evoked by the tw
stimulus patterns in each pair was zero (paitedt,P<0.001,
N=22 pairs, fish IN=12 pairs, fish 2). 1- B 0 BD oo emmmmemmm -

Amplitude of the novelty reponse(Al/l)
&
X
b
)

Discrimination function and scaling of the response are u
independent of the contrast baseline

The general rule is that discrimination threshold increase
with the baseline amplitude (following a function characteristic
of the considered sensory system; Werner, 1980). This kind
rule would imply a dependence on the absolute value of tt
contrasts of the compared images. It has been also specula
that fish compare images pulse-to-pulse, against a fixe
template (Moller, 1995), or have thahility to remember what
the current flow through its skin would look like in the
undisturbed condition and be able to compare at this site th N
field in the presence of shadows from objdetspkins, 1983). / |

In a second set of experiments we tested the hypothesis tt 0 O . |
the described function parameters are baseline dependent. -2 0 25 0 75
shown in Fig. 5, the relationship betweéPP and the APP (mV cm)
amplitude and probability of the novelty response Wagig. 5. probability and amplitude of the novelty response as
independent of the reafferent image baseline contrast. For déunctions of the increase in image contrds®®). (A) Amplitude of
obtained starting from any given contrast baseline, ththe novelty response plotted as a functiorABP. Data obtained,
threshold APR) and scaling constant (K) were similar to starting at different baseline contrast, are represented by:
values calculated from the pooled data of the same fis109.27mVcm! (closed circles), 101.35mV cth(open triangles),
(ANOVA-test, P>0.1, Fig. 5A). For the overall population of 85.43mVcn (open circles), 58.15mV crh (open squares) and
the seven fish, means and standard deviatieng of these 51.05mv_<:ml (closgd squares). Param_eters calculated fitti_ng_ the
parameters obtained from pooled data for each fish Werdata obtained, starting from ever)_/ basellne contrast, were similar to
APR=18+12 mV cnt! and K=0.13+0.07. those from pooled data. Curve-fitting of the pooled data: novelty

. . response amplitude=0.186010(APP/5.77), r=0.778, N=216,
We also measured the probability of evoking a nOVelt)P<0.0001. (B) Probabilities of evoking novelty responses are plotted

'response as a fu.nctlon APP..Changes |n. object reSIStanceas a function ofAPP. Each point represents the probability of
inducedAPP of different amplitudes, ranging from —120mV g,,oking a novelty response estimated by its relative frequency in 10
to +120mV. Each amplitude change was induced fronyials using a given pair of baseline contrast aRP in the same
different baseline contrasts (10-20 trials for e8eR and each fish. Baseline contrast: 58 mV cin(closed squares), 77 mVcfn
baseline contrast). Novelty responses occurred onlYAR®  (open circles), 88 mV cm (closed circles) and 108 mV ci(open
larger than 4-8mVcm. This APP was comparable to the squares). The thresheld{APP yielding novelty responses in 50% of
‘spontaneous’ variation of the local signal due to respiratioithe cases) is indicated by the arrow.

and other small movements. As illustrated in Fig. 5B, the

probability of evoking a novelty response was a sigmoidalor evoking a novelty response was the absolute increase above
function of APP. This function was the same for every baselinéhe baseline contrast rather than a function of the baseline
contrast. Thus, unlike other sensory systems, the critical factopntrast. The contrast increment that evoked novelty responses

05+ --————————+ o

Probability of novelty reponse
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in 50% of the casesT{g) was characteristic for each fish
(ranging between 5 and 25mV<ch It is worth noting that
APR and Tsp yielded similar values, despite being estimatec
by different methods (Fig. 5A,B). It is also important to recall
that APRy was similar when explored with a single odd event
pattern or with an increase-and-hold pattern in the same fit
(Fig. 4B).

012' _l_lq- -------------- >,_
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Change inbaseline duation %

Threshold and scaling constant depend on the preceding
temporal pattern of stimulation

0.04 4

The experiments illustrated in Figs 4 and 5 show that th {) B +
difference in contrast between the baseline and the very fir :
image that surpasses an incremental threshold value determit 10 100 1000
the amplitude of the orienting responses according to Number ofbaselineLEODs
logarithmic law. This relationship is baseline independent. 'T=ig. 6. Dynamics of the storage and update of the neural
should be noted that the same change in contrast can yepresentation of the electric image. Amplitude of the novelty
achieved by flattening a ‘top-inward’ ‘Mexican-hat’ profile or response is plotted as a function of the number of local electric organ
increasing a ‘top-outward’ ‘Mexican-hat’ profile. These resultsdischarges (LEODs) in the baseline period. Values are means +
indicate thatG. carapois permanently evaluating the change of the novelty response amplitudéld) obtained in series of trials
of the stimulus pattern independently of the baseline contrashaving baseline periods of the same duration. The inset illustrates the
This means that the fish does not compare incoming imagexperimental paradigm. The duration of the baseline period of the

with a fixed template. Moreover, this suggests that noveltincrease-and-hold pattern was varied to change the number of
responses result from the comparison of the neural response?@s€line LEODs before the amplitude step. The number of baseline
LEODs were counted (short baseline periods) or estimated by

the very first altered electric physical image with a Centramultiplying the period duration by the fish EOD rate. Trial duration

repregentatlon of the,paSt Sensor,y input. This leads to ,ﬂwas 100s (two fish, filed symbols) or 30s (three fish, open
question of how many images contribute to such representatlcsymb0|s)_ Each symbol shape represents a different fish.

In the third type of experiments we tested the hypothesis th

fish evaluate PP in a pulse-to-pulse manner, simply comparir _

the contrast of each image with that of the immediatelyxurve-fitting was not a reliable method for calculatixgf.

preceding image. We found that this is not the case (Fig. 6)Note that all amplitudes of novelty responses obtained with a

Novelty response amplitude is a function of the number obaseline period of 2s were similarly small, which is consistent

images of the same baseline contrast that precedes the changth the flat profile shown in Fig. 6 for less than 80 baseline

in contrast. In these experiments, we changed the duty cydeODs.

regulating the relative timing of baseline and comparison The dependence of novelty response threshold on recent past

stimulus periods without altering the total trial duration (Fig. 6sensory history was further studied by comparing the

inset). Object resistance was alternated between @7id  probability distribution functions of novelty responses for

15Q to produce large changes in contrast. This procedureaseline periods of 29, 10, 2 and 0.5 s (including approximately

allowed us to control the number of EODs included in the900, 300, 60 and 15 EODs). For baseline periods lasting 2,

baseline and comparison periods of the trial. Novelty respong® and 29s, the probability distribution curves were similar

amplitude increased with the number of baseline EODs frorfN=3 fish, Fig. 7C). Although a small increase Tigp was

50 to 900, with a maximum slope at approximately 120 EODsonsistently observed for baseline periods lasting 2s, the

(representing 3-6s, depending on pacemaker frequencyhange in scaling constant was the most important factor to

Similar results were obtained for different EOD pacemakeexplain the decay of the amplitude of the novelty response with

frequencies and for both trial duration studied (100 or 30s}his stimulation pattern. Data obtained with a very short

suggesting that the number of EODs, and thus the number béseline period (0.5s) were more dispersed and had a larger

electrosensory images, is the relevant variable. Tso. In these experiments there were an important number of
The increase in novelty response amplitude as a function &dilures even when the exploredPP was the maximum

the number of images during the baseline period could resytbssible (o=, open circuity1=0, short circuit, Fig. 7D).

from changes in either the scaling constant, the threshold, or

both. We addressed this issue in a fourth series of experiments

(N=3 fish) in which the duration of the baseline periagt®, Discussion

open circuit) was set at 2, 10 or 29s, and trial duration was Our results provide behavioural evidence that pulse fish of

kept constant at 30s. The results consistently showed that ttiee family Gymnotidae are able to discriminate the change in

scaling constant was an increasing function of the number @bntrast of the stimulus pattern. This implies their ability

baseline EODs (Fig. 7A,B). ThAPR) values calculated by to compare electrosensory information obtained from

curve-fitting were similar for 10 and 29s in all fish; however,consecutive electrosensory images.

Amplitude of the novelty respons&l(lg)
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Fig. 7. Parameters of t
function relating novelt
response and the changt
image contrast APP)
(A) Results obtained in
single fish using differe
increase-and-hold pattel
of stimulation, where tf
amplitude of the novel
responsel(lo) is plotted a
a function ofAPP for thre
different baseline perioc
Symbols indicate tt
duration of the baseli
period: 2s (open squar
44 EODs), 10s (clost
circles; 210 EODs), 2¢
(open circles; 600 EOD:
Trial duration was the sar
in all experiments (30¢
Note that the scalir
constant (the slope of t
line fitting the date
increases as a function
the duration of the basel
period. (B) The scalir
constants, obtained in t . . . . . ,

same way in three fish, ¢ 30 40 0 20 40 60 80 100

plotted as a function of tl APP(mV cm1) APP(mV cm-1)

number of baseline locai

electric organ discharges (LEODs3+0.88,P<0.01,N=8). Each symbol corresponds to a different fish. (C,D) Threshwiat studied in three

fish for different baseline periods. Probability of evoking novelty responses is plotted as a funafidh bf (C) data obtained from a single

fish using baselines of 2s (closed triangles), 10s (closed circles) and 29s (open circles) are compared. In (D) the rebtdisedeusing
extreme baseline periods; 0.5s (open symbols) and 29s (filled symbols) are compared. Each symbol shape correspondsttfish differen
(N=3).
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We used the novelty response as an index of discriminatiothe compared images consist of spatial modulations of the self-
This is an electromotor orienting behavior consisting of the@enerated electrosensory carrier, which provides a basal
transient reduction of the inter-EOD interval followed by aeffective stimulus for electroreceptors. This indicates that the
gradual return to baseline. The dependence of the amplitude abserved behavioural threshold is not set by the electroreceptor
the novelty response on the change in stimulus indicates thidireshold. It also suggests that the response to the comparison
occurrence of this orienting behavior is a reliable index that thetimulus should be contrasted with the response to the baseline
stimulus has been sensed and evaluated. For this reassiimulus by a sensory readout mechanism somewhere in the
novelty responses have been extensively used as index a#ntral nervous system. The observation that the effect of a
electrolocation (Bullock, 1969; Heiligenberg, 1980; Grau andingle odd event is the same as the effect of an increase-and-
Bastian, 1986; Hall et al., 1995; Zellick and von der Emdehold temporal pattern indicates that only the response to the
1995; Post and von der Emde, 1999). However, the failure afery first event of the comparison stimulus train (actual input)
a sensory stimulus to evoke a novelty response does not meéancontrasted with the response to the baseline input. By
that it has not been sensed. In fact, our experiments show tleintrast, Heiligenberg (1980) found that a change of at least
the interval variability can be modified by a change in imageéwo or three images is necessary to elicit novelty responses in
contrast even though it might not evoke novelty response8. occidentalis Differences between studied species and
Therefore, it is important to establish first what kind ofexperimental designs might account for the discrepancies.
information is obtained by analyzing the amplitude andwhile Heiligenberg’'s (1980) strategy was to add artificial
probability of the novelty response as a function of the chandgeackground noise against which a single relatively broad and
in electric image contrast. blurred image generated on the side of the fish was compared,

The function relating probability and change in imageour results were obtained by changing the contrast of smaller
contrast is the same when starting the experiment frorand sharper images on the electrosensory fovea
different baseline image contrasts. It is important to note that Our finding of a function relating the amplitude of novelty
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response to the change in image contrast indicates thatOur results support the hypothesis of a ‘template’ generation
the above-mentioned read-out mechanism provides theitially proposed by Heiligenberg (1980), but reject the
electromotor system with the relevant input for controlling thehypothesis of a fixed template, or a pulse-to-pulse comparison
amplitude of the novelty response. Thus, the changes in tlod the incoming images. In addition, study of the transference
parameters of the described function were used to study tifienction of the electrosensory—electromotor transformation
dynamic effects of stimulus presentation. indicates that the scaling constant of this function is the most
As occur with the probability function, the parameters of thesensitive parameter for evaluating the template dynamics. The
amplitude function are the same for different baseline contrastgowth of this parameter with the number of low contrast
held constant for a long period. This is opposite to the commadpaseline images indicates that the relative load of a given
finding across most sensory systems where the discriminatiomage in creating the ‘template’ fades as consecutive EODs
threshold generally depends on the baseline stimulus (Webeontinue to occur.
and Fechner’s and Stevens’ laws; Werner, 1980). For baselinesThe most likely structure suited for storage and comparison
equal or larger than 2s the amplitude of the novelty respons# sensory responses is the electrosensory lobe. The principal
was scaled with contrast increase, according to a baselineutput cells of this cerebellum-like structure are driven by the
duration-dependent rule (Fig. 7B). For the same change integration of electrosensory inputs with the parallel fiber input
contrast, the amplitude of the novelty response graduallgpoming from other sensory and motor structures, as well as
decreased as the fraction of baseline period in the total cycéerving feed-back from higher level electrosensory structures
of stimulation was shortened (Fig. 6). This suggests that th@éthelyi and Szabo, 1973; Maler, 1973, 1979; Bell et al.,
amplitude of the novelty response is influenced by a longt997b; Berman and Maler, 1999). This type of circuit fulfils
lasting stimulation period including baseline images and alsthe requirements to act as the kind of comparator between input
images belonging to the comparison period of the precedingnd internal sensory representations proposed by Sokolov
trial. The most important reduction of the response wagl990). Recordings from single cells in the electrosensory
observed when the baseline period included less than 80—-1G&Qeral line lobe of mormyrids (Bell, 1981; Bell et al., 1993,
EODs (2-45s), but some influence was detected up to 9U®97a—c), wave type gymnotids (Bastian, 1995a,b, 1996a,b,
EODs (29s), indicating that the relative importance of arl998, 1999) and elasmobranch (Bodznick et al., 1992, 1999;
electrosensory image on the transference function parametd&edznick, 1993; Montgomery and Bodznick, 1995) have
fades out as the following images are integrated in a centrdemonstrated that sensory expectations — mirror imaging the
expectation signal. moving average of the past sensory input — cancel out expected
The threshold is significantly affected by past input onlyinputs and boost novel inputs. It is important to note that this
when the baseline period is shorter than 2 s (including up to gf¥ocess does not rule out other synergistic mechanisms such as
EODs). This period might correspond to tleertain minimal  peripheral receptor adaptation (Xu et al., 1996) or further
period of time to stabilize and update a central state oiprocessing at higher levels of the electrosensory pathway. In
‘template’ of electroreceptive afferences on the background déct, Grau and Bastian (1986) found thab'st units studied in
which local novelties can be more readily discefned the torus semicircularis showed very strong, increased
described by Heiligenberg (1980). However, our results suggesgsponsivenesso novel stimuli.
that threshold for eliciting novelty responses is not the best Unlike gymnotid and mormyrid wave fish, exhibiting
parameter for extracting information about sensory processingontinuous sine-wave-like EODs (Bass, 1986), pulse fish
Threshold is independent of previous history, except when thelectrosensory system must identify a change in the images
increase in image contrast is just preceded by a decreasegenerated by the fish’'s own EOD involving an additional
image contrast. The interaction of two successive, opposite aagsociated task. Pulse mormyrids compare and update the
different lasting effects (the increase in image contrast elicitingeafferent information in a pulse-to-pulse manner by a plastic
otherwise a novelty response and the preceding decreasecimange of an electromotor command corollary discharge signal
image contrast generating a longer lasting effect indicated bpteracting with the reafferent electrosensory input (Bell, 1981,
the increase in interval variability) might explain this change irn982; Bell et al., 1993, 1997a). However@ncarapg as well
threshold. By contrast, the scaling constant appears to beiraother pulse gymnotids, there is no evidence of a pacemaker
reflection of sensory processing features such as the generatemrollary discharge (Heiligenberg, 1980; Bastian, 1986;
of a central template. In fact, while the certainty of provokingCastell6 et al., 1998). The presence of a well-timed expectation
a novelty response is only affected by the contrast of the fegignal independent of an electromotor corollary discharge is
preceding images, the amplitude of the novelty response ieflected in the occurrence of ‘omitted stimulus potentials’
affected by the contrast of images occurring up to half a minutwhen  stopping repetitive electrosensory  stimuli in
before. The scaling constant is an increasing function of thelasmobranch (Bullock et al., 1990). This phenomenon,
number of baseline images for all the explored range of baselisggnaling the time during which the omitted sensory input
duration, which suggests that the central expectation signal ehould have occurred, is widespread in nature; it is observed
‘template’ is renewed with a much longer constant tharin both vertebrates and invertebrates, from the very peripheral
previously calculated based on threshold analysis (60 EODe the highest levels of sensory processing (Bullock et al.,
versushundreds of EODs). 1990, 1993; Karamursel and Bullock, 1994, 2000; Ramon et
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al., 2001), and it might underline the central expectatiomastian, J.(1995a). Electrolocation. Iihe Handbook of Brain Theory and

mechanism Suggested by our data. However, invasive Neural Networks(ed. M. A. Arbib), pp. 352-356. Cambridge, London,
hni il b ired t lucidat heth d h Massachusetts: A Bradford Book. The MIT Press.
techniques wi € required 1o eluciaate whetner an Ovﬁastian, J. (1995b). Pyramidal-cell plasticity in weakly electric fish: a

pulse-discharging gymnotids simultaneously deal with mechanism for attenuating responses to reafferent electrosensory dputs
detection, storage, comparison and discrimination of reafferentComp. Physiol. A76 63-78.

d f t si | Bastian, J.(1996a). Plasticity in an electrosensory system. |. General features
and exatieren S|gna_s. _ of a dynamic sensory filted. Neurophysiol76, 2482-2496.

The stereotyped time course of the novelty response @astian, J.(1996b). Plasticity in an electrosensory system. Il. Postsynaptic

independent of the stimulus pattern, Suggesting that thisevents associated with a dynamic sensory filteNeurophysiol76, 2497-

behaviour is probably not completely organi;ed Withingastian, J. (1998). Plasticity in an electrosensory system. Ill. Contrasting
electrosensory structures. Transient accelerations of theproperties of spatially segregated inputsNeurophysiol79, 1839-1857.

pacemaker frequency are elicited not 0n|y by reafferenastian, J. (1999). Plasticity pf feedback inputs in the apteronotid
electrosensory systerd. Exp. Biol.202 1327-1337.

electrosensory signals but also by exafferent signals of variowg) ¢ c. (1981). An efference copy which is modified by reafferent input.

sensory modalities, which indicates that the electromotor Science214 450-453. 3 _ o
control of pacemaker is the final common path of an aler@eJ'"ﬁélﬁéélhiiizgi‘g“’l%irgisogga modifiable efference copy in electric fish.
system triggered by novel sensory stimuli. Theoretical andg c. C., Caputi, A., Grant, K. and Serrier, J.(1993). Storage of a sensory

experimental studies of pacemaker structures show that thepattern by anti-Hebbian synaptic plasticity in an electric. fidioc. Natl.

interval between pulses is a logarithmic function of pacemakey A\ SCIUSAS0, 4650-4654.
terval between pulses is a logarit ¢ function of pacema ell, C. C., Caputi, A. A. and Grant, K. (1997a). Physiology and plasticity

input (Hansel et_al., 1998). Thus, to fit the preseqt results 1t of morphologically identified cells in the mormyrid electrosensory Idbe.
should be considered that pacemaker cells, which set theNeurosci17, 6409-6423.

timing of the EOD might introduce the Iogarithmic rule. Bell, C. C., Bodznick, D., Montgomery, J. and Bastian, J(1997b). The
’ generation and substraction of sensory expectations within cerebellum like

In conclusion, we propose the following hypothesis t0 siycturesBrain Behav. Evols0, 17-31.
explain the sensory-motor integration of the novelty respons@&ell, C. C., Han, V. Z,, Sugawara, S. and Grant, K(1997c). Synaptic

; plasticity in a cerebellum-like structure depends on temporal d¥d¢ure
(1) the central nervous system of the fish computes the38z 278281

difference between the response to each incoming electrigerman, N. J. and Maler, L.(1999). Neural architecture of the electrosensory
reafferent image and a ‘central expectation signal’ or lateral line lobe: adaptation for coincidence detection, a sensory searchlight,

. ) ; i ; . and frequency-dependent adaptive filterihgexp. Biol.202, 1243-1253.
template that is repetmvely Updated with each EOD; (2) theBodznick, D. (1993). The specificity of an adaptive filter that suppresses

novelty response is triggered by a threshold-based decisionynwanted re-afference in electrosensory neurons of the skate msihllia.
process; (3) once threshold is achieved, the amplitude of theBull. 185 312-314.

novelty response is determined by the difference between tff@dznick, D., Montgomery, J. and Bradley, D. J(1992). Suppression of
common mode signals within the electrosensory system of the little skate

‘template’ and the response to the reafferent input; (4) the Raja erinacead. Exp. Biol.171, 107-125.
relaxation curve following the initial shortening of the interval Bodznick, D., Montgomery, J. and Carey, M(1999). Adaptive mechanisms

; ; ; in the elasmobranch hindbraih. Exp. Biol.202 1357-1364.
is determined by the electromotor side of the system. Th&udelli, R. and Caputi, A. A.(2000). The electric image in weakly electric

creation of the ‘template’ and the comparison process are mostish: perception of objects of complex impedankeExp. Biol.203 481-
probably carried out on the sensory side in eIectrosensoCEy492.

lateral line lobe. The triggering decision and the Iogarithmi ullock, T. H. (1969). Species differences in effect on electroreceptor input
) on electric organ pacemakers and other aspects of behaviour in electric fish.

scaling processes are probably carried out at the pre-pacemakesain Behav. Evol2, 85-118.
and pacemaker structures, respectively, Bullock, T. H. (1986). Significance of findings on electroreception for general
neurobiology. IrElectroreceptior{ed. T. H. Bullock and W. Heiligenberg),
pp. 651-674. New York: Wiley.
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