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Summary

Electric fish evaluate the near environment by detecting
changes in their self-generated electric organ discharge.
To investigate impedance modulation of the self-generated
electric field, this field was measured at the electrosensory
fovea of Gymnotus carapadn the presence and absence of
objects. Changes in local fields provoked by resistive
objects were predicted by the change in total energy.
Objects with capacitive impedance generated large
variations in the relative importance of the different
waveform components of the electric organ discharge. We
tested the hypothesis that fish discriminate changes in
waveform as well as increases in total energy using the
novelty response, which is a behavioural response
consisting of a transient acceleration of EOD frequency

that can follow a change in object impedance. For resistive
loads, the amplitude of novelty responses was well
predicted by the increase in total energy. For complex
loads, the amplitude of novelty responses was correlated
not only with increases in total energy but also with
waveform changes, consisting of reductions in the early
slow negative wave and increases in the late sharp
negative wave. The total energy and waveform effects
appeared to be additive. These results indicate thab.
carapo discriminates complex impedance based on an
evaluation of different waveform parameters.

Key words: electric image, electrosensory, electric fiSmnotus
carapq feature discrimination.

Introduction

Electric fish explore the near environment by processingbject distance and as a function of the absolute value of the
sensory signals evoked by their own self-generated electrabject impedance. Since impedance is a complex magnitude,
fields (Lissmann, 1951, 1958; Lissmann and Machin, 1958frequency of the local field at the site of the object is an
These fields are generated by the activation of electric orgaaslditional important parameter determining the electromotive
(EO), which transform the fish bodies into a distributedforce of the ‘object equivalent source’. Thus, the local
electrical source. The field created by the electric organharacteristics of the electrosensory carrier at the site of the
discharge (EOD) generates a spatio-temporal pattern of curresthject are critical in measuring object impedance, and
density that stimulates electroreceptors distributed over thdifferences in the organisation of electrogeneration between
skin. This field constitutes the carrier for active electrolocatiorspecies must imply differences in their impedance
signals, resulting from its modulation by objects withdiscrimination strategy.
impedances different from that of water. The difference Mormyriform pulse fish from Africa have a short electric
between the basal pattern of transcutaneous current density ardan located in the tail that generates a basal field with the
the pattern in the presence of an object constitutes the electrisc@me waveform everywhere. The waveform is biphasic, with
image of the object on the skin. Behavioral experiments haven initial head-positive phase followed by a head-negative
shown that both African (Mormyriform) and American phase. In these fish, the waveform of the virtual electromotive
(Gymnotiform) electric fish can discriminate objects on theforce generated by an object is independent of the object’s
basis of their capacitance (Meyer, 1982; von der Emde, 199fpsition relative to the fish body. The stimuli resulting from
1999; von der Emde and Ronacher, 1994). different objects located at the same place in the fish's

At every point on the fish’s skin, the transcutaneous currer@nvironment are distributed in a two-dimensional domain in
results from the sum of the basal field in the absence of thehich the axes are the peak-to-peak amplitude of EOD-
object plus the effect of the object, considered as a virtuahduced current and the ratio between positive and negative
electric source (Lissmann and Machin, 1958; Sicardi et alphases of this current. Two receptor types, one sensing the
2000; Budelli and Caputi, 2000). The electromotive force opeak-to-peak amplitude of the self-generated local electric
such an ‘object equivalent source’ decreases as a function afgan discharge (SLEOD) and the other sensing a waveform-
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related parameter, allow the fish to locate the object in thisnplementing complex impedance discrimination. Thus, our
environment and to measure ‘perceptual distances’ betweatudy is focused on the electrosensory fovea. The paper also
points in the two-dimensional domain defined by the amplitudexamines the changes in reafferent electrosensory input that are
and waveform axes (Bell, 1990; von der Emde, 1990, 1993%ble to provoke ‘novelty responses’ (a well-known orienting
von der Emde and Ronacher, 1994; von der Emde and Beliehavior, Lissmann; 1958; Bullock, 1969). These behavioural
1994; von der Emde and Bleckmann, 1997). experiments allowed us to test the hypothesis that these fish are
Although capacitance discrimination is well-demonstrated irable to discriminate two types of stimulus parameters, some
gymnotids, a detailed description of the stimulus domain isorrelated with the total energy and others only dependent on
lacking and the mechanism of capacitance detection in pulseaveform.
gymnotiforms is not yet understood (von der Emde, 1999). The
electric organ of pulse gymnotid fish is quite different from that
of pulse mormyriform fish. Pulse gymnotids have a long electric Materials and methods
organ that extends along 90% of the fish body. The organ is notEighteen sexually undifferentiate@ymnotus carapd..,
homogeneous along its length and it generates complex spati®2—25cm in length, were used in this study. These are South
temporal fields and waveforms that are highly dependent on ifsmerican pulse-emitting, weakly electric fish. The fish were
position in the field (Bastian, 1977; Watson and Bastian, 197%athered in the Laguna del Sauce, Uruguay, under the
Caputi, 1999; Assad et al., 1999). This suggests that the strateggulations of the Ministry of Ganaderia y Agricultura. All
for impedance discrimination must be quite different in pulseexperiments complied with regulations of the Committee for
gymnotids from that in pulse mormyriforms. Use of Experimental Animal of the IIBCE and according to
Wave gymnotids emit a quasi-sinusoidal carrier that ishe guidelines of the Society for Neuroscience and the
modulated in phase and amplitude by nearby objectdnternational Guiding Principles for Biomedical Research
Electroreceptors are well tuned to the main frequency of thimvolving Animals.
EOD and therefore the impedance-related sensory qualities of Fish were held within a net in the middle of a tank (182
an electrolocated object could be related to the change omx10cm) containing 3liters of water with a conductivity of
amplitude and phase of the SLEOD (Hopkins, 1983; Dye an#iloOuScntl, We used the technique introduced by von der
Meyer, 1986). In wave gymnotids, amplitude is measured bmde (1990) to modulate the reafference, i.e. the
the P-type electroreceptors and phase is measured by T-tyfpanscutaneous current evoked by the fish’'s own EOD. A
receptors. Scheich et al. (1973) showed in the wave gymnot@ylindrical ‘object’ (2 mm diameter, 1 cm length) was oriented
Eigenmanniasp. that T- and P-types of electroreceptorswith its long axis perpendicular to the skin of the electrosensory
‘respond differently in such a manner that information isfovea (Castell6 et al., 2000). The two ends of the cylinder were
provided to the brain adequate to distinguish capacitive frommade of conducting carbon discs that were inserted into a non-
resistive impedance and to assess the magnitude of the mixtw@nducting plastic tube. The carbon discs were connected to a
in complex impedanteFurther support for this argument is switch by insulated copper wires leaving the tube at its center.
provided by the demonstrated neural mechanism in these figthe switch allowed us to apply a capacitive-resistive laad (
that allows them to discriminate signals in the phase-amplitudeetween the bases of the stimulus-object. The component of the
domain (cf. Heiligenberg, 1991). SLEOD perpendicular to the skin was measured as the voltage
Very little is known about impedance discrimination in drop between the bare tip of a 108 diameter insulated copper
pulse gymnotids. The electric organ of these fish generatesnare placed against the skin and the base of the stimulus-object
complex spatio-temporal electric field resulting from thecylinder nearest to the fish (see inset in Fig. 1). The voltage drop
weighted sum of the effects of a series of electric sourcdsetween the carbon ends of the object was also recorded in most
having different time-waveforms and internal resistancegxperiments. Signals were amplifiedlQ0) and filtered (band
(Caputi, 1999; Aguilera et al., 2001). The sensory side of thpass 10-10000Hz) for observation of individual LEOD
system is also complex, in that four types of tuberousvaveforms using a digital oscilloscope, and sampled (20 kHz,
electroreceptors have been described (Bastian, 1976, 197I2-bit resolution) for off-line processing. To characterise the
Watson and Bastian, 1979). The complexity of the system hagaveform generated in the presence of a given stimulus-object
led us to the hypothesis that these fish have the ability fonpedance, we averaged 64 consecutive sSLEODs for each load
discriminate different features in the reafferent signain each fish. We compared time waveforms and their fast
waveform and to classify object images in a multidimensionaFourier transforms. To compare amplitude and waveform
‘perceptual domain’. obtained when applying different loads to the object, SLEODs
This paper describes the changes generated by objectsveére plotted against the sSLEOD obtained in the absence of load
different impedance on the amplitude and waveform of thénpedance. The difference in amplitude was shown by the
self-generated local electric field (sLEOD) of the pulsedifferent inclination of the lines and the differences in
gymnotid Gymnotus carapdL). There is a zone around the waveform by the deviation of the loop from a straight line.
mouth where receptor density is highest and where the variety To evaluate if5. carapois able to discriminate between two
of receptor types is highest (the electrosensory fovea; Castelitifferent local stimuli we used a ‘comparative unidimensional
et al., 2000). This anatomo-functional variety is necessary fgudgement’ procedure, a psychophysical method in which a
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A 7o for 29 s andn for 1s). For each trial, the inter-EOD interval
l——‘i" was displayed off-line as a function of time to test for the
Timer Z o presence of novelty responses. A novelty response was said to
"%’" :ggekgc"cu't occur when duration of the second intervg) &fter presenting
10mm —22KO the comparison SLEOD was below the inferior confidence limit
p @=2mm Sthort circuit of the baseline intervald, defined as the mean of the preceding
5 baseline inter-EOD intervalsonfidence limit#—2 s.e.m.)
\:I} 30mV cm?t The amplitude of the novelty response was defined as the
maximum shortening of the normalised interval [novelty

response amplitude = (lkHo)*100].

We explored the novelty responses following transitions
between: (i) open circuitzg) and either a pure resistive or pure
capacitive impedancezy( 5 fish); (i) pairs of impedancex(

A B &° " C and z;) causing SLEODs with the same total energy, as
8 100 €4 measured by their equal root mean square)(vaisie (5 fish);
a4 -§_3 \““H““““WH (iii) short circuit @) and either a pure resistive or pure
T E 50 g M “HWHH“ capacitive impedancezy( 4 fish). In all cases we studied the
g5 5 2{ R i tions i
S S |2 \|H|u|\|mm|\|\‘|‘|H|u|\| amplitude of the novelty response provoked by transitions in
:% Eo // ol i“i”H‘”"”H’”||‘i‘i“i‘i"iwwiwilillﬂlllyummn “ both directions z to z; andvice versi
g 0 20 40 o 1 2 3

Open circuit SLEOD (mV cm™) Frequency (kHz) Results

Fig. 1. Modulation of the SLEOD by loading the stimulus-object Modulation of the sLEOD at the foveal region.
with resistors. (A) The diagram illustrates the methodology The SLEOD at the electrosensory fovedsofcaraposhows

employed. LEOD ofGymnotus carapavas recorded between an three main waveform components:1s\8V3 and s\4, where
electrode adjacent to the skin and the closest base of a cylindrigkle prefix s indicates ‘self generated local’ ands/the EOD
object placed 2mm away from the skin. The electrode was pmi00 generating component (using the nomenclature introduced by
bgre-tip insulated wire; the objgct consisted of a plastic tul_)e Zm'ﬂguilera et al., 2001) (Fig. 1A). A plastic cylinder with
diameter ¢) and 10mm long with a carbon plug electrode in €achy,q 4 cting carbon discs at both ends was used to explore the
opening. An external variable impedarmewas connected to the effect of longitudinal impedance changes on the SLEOD. When

carbon plugs to modify the object longitudinal impedance. To o . .
evaluatep ir%pedance discrimination, a second impedance Wé@e ends of the cylindrical stimulus-object were not connected

alternatively connected using a timed switch. Changes in objedPPEN circuit), the current inten§i'Fy along the longitudinal .axis
longitudinal resistance resulted in marked changes in image contrad@S null and the SLEOD was minimal (peak-to-peak amplitude
as shown by recorded sLEOD waveforms corresponding to opef@s 0.6 of the basal value in the absence of the object). When
circuit (black), 22K (red), 6810 (blue) and short circuit (gray; the ends of the cylindrical stimulus-object were short-circuited,
same color code throughout the figure). To align the traces we usélde current flowing along the longitudinal axis and the sLEOD
as a time reference a far-field recording of the EOD that was natere maximal (approximately 2.5-3 times the value obtained
modified by the presence of our small stimulus-object. (B) SLEORyjth open circuit). Therefore, maximum and minimum
corresponding to the three _first_ loads as a function of the SLE_O@ffective values (rms values) of the reafferent signal were
corresponding to open circuit. Note the small phase shift. ,s0q by short circuit and open circuit, respectively (grey and
the energy dissipated locally during eacy EOD. Note the hump in tthaCk Iabtzls, Fig. 1).'Belfwee'nhtheb5.e boundarles, th\(levrr]ms \tlglue
high frequency shoulder of all spectra (arrow). ecrease mqnotonlc;a y with object rgsustance. en time
was standardised using the head-to-tail EOD as a reference
(Fig. 1B), the corresponding sSLEOD values between
baseline waveform is applied in alternation with a comparisowaveforms obtained using different resistive loads were very
waveform (Werner, 1980). We used an orienting response (thveell correlated 12>0.99), indicating a very similar waveform
novelty response) as an index of stimulus discrimination. Thiand a minimum phase shift (Fig. 1B).
response, consisting of a transient acceleration of EOD The amplitudes of individual wave components were
frequency, has been used extensively to test the ability of fismequivocally determined by a ‘one to one’ function of the rms
to detect changes in sensory stimuli (Szabo and Fessard, 1968{ue, indicating that a single parameter, tightly correlated with
Bullock, 1969; cf. Hopkins, 1983; Moller, 1995). the total energy, is enough to characterise the signal when the
In each experiment, an external variable impedapeegas  object impedance is purely resistive. However, small but
connected to the carbon plugs to set the baseline SLEOD. gystematic changes in waveform were also observed. The
timed switch was used to substitatewith a second variable relative amplitude of sV (sVi1/sV3) decreased with object
impedancez; to set the comparison sSLEOD (Fig. 1, inset).resistance, as did the sharpness and relative amplitude; of sV
Each trial consisted of ten cycles of 30s periods (connectin@Va/sVs, Fig. 1A). As expected by the good correlation
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between waveforms obtained with different load resistances¢kig. 2A). Important changes in sLEOD waveform were
the general shapes of the power spectral density histogrampsovoked by capacitive loads, in contrast to the small ones
were very similar: a sharp increase, a peak (at 350-500 Hz)rovoked by resistive loads. Mid-range capacitive loads (color
and a slow decay vanishing within the noise above 3kHz. Thieaces, Fig. 2B) produced much larger relative variations of sV
smooth decay of the power at the high frequency flank waand s\4than short circuit and open circuit (grey and black traces
interrupted by a hump (at 700-1000 Hz) of constant amplitudEig. 2B). In addition, important changes in phases were
when it was normalised to the peak (arrow, Fig. 1C). observed by plotting the SLEOD obtained with different

For capacitive loads within the range 0.3-300nF, sLEOxapacitive loadsersusthe sLEOD obtained in the open circuit
energy (as measured by rms value) amplitude increased asandition (color traces, Fig. 2C). This contrasts with the tight
function of capacitance. Below 0.3nF the observed sLEODsorrelation between the waveforms obtained with open and short
were similar to those obtained without connecting any loadircuits (grey trace, Fig. 2C). Striking increments of the high
(open circuit) and above 300nF the recorded sLEODs werfeequency hump in the power spectral density histogram were
similar to those obtained by short-circuiting the object basesonsistently observed, becoming maximum at intermediate

capacitance between 5nF and 12.3nF (arrow, Fig. 2D).
To analyse changes in the SLEOD waveform systematically

A we studied the amplitude of the different peaks as a function of
object impedance. In order to compare fish of different lengths,
modulation of each wave component (defined as its amplitude
divided by the amplitude of the same component in the absence
of object) were plotted together as a function of object
longitudinal resistance (Fig. 3). For every waveform component,
modulation was a sigmoidal function of object resistance
(Fig. 3A-C). The load resistance value yielding a modulation
equivalent to the 50% of the range was different for each wave
component (68.6+£8.23k 50.72+5.23K); and 33.5+3.99K;
means #s.p., for s\V4, sV3 and s\4, respectively), and these
differences were significant (Fischer exact fs§.001,N=10).
Despite these differences, both the ratiogs¥s and s\4/sV3
were well-fitted by monotonic functions of sWith opposite
slopes (red symbols, Fig.4A,B). Thus, waveform was
predictable from the total energy of the SLEOD.

50mV cnrtl

éLE“ 200, C 10- D For capacitive Ioads, ratios were ngt predictable frqm the

5 ™ g Stort circut rms value. The amplitudes of s¥nd s\élngreased following

E o~ 81 i . 16 NF different sigmoidal curves (50% modulation at 20 nF for sV

2 100 E I I « 10nF and 8nF for s¥ Fischer exact testP<0.001, N=10,

Q 3 9 I; : gn; sireuit Fig. 3D,E). The relative amplitude of g\sharply increased

@ g 4] w P with capacitance up to a maximum between 10 and 12.3nF

K 0- = i (Fig. 3F). Beyond this maximum the ratio #58V/3 decreased

§ T 2. up to the short circuit value. To compare between different fish

B I!TI we normalised the amplitude of each wave component by the

é 00—t 0.0 T 5 3 change observed betwegn open anq short circuits. The graph
Open circuit SLEOD Frequency (kH2) of sVa/sVz versussVz was fitted by an inverted-shaped curve

(mV cnm?) with its peak at approximately 8nF (Fig. 4A, blue symbols)
and the graph of s¥sV3 versussV3 was fitted by &J-shaped

Fig. 2. Modulation of the sLEOD by loading the stimulus-objectfunction having a minimum generated by capacitors of about
with capacitors. (A) sLEOD waveforms corresponding to opem2nF (Fig. 4B, blue symbols).

circuit (black), 16nF (blue), 10nF (green), SnF (red) and short For complex impedance having both capacitive and resistive
circuit (grey; same color code throughout the figure). (B) Normalise¢omponents, connected either in parallel or in series, the data
waveforms (with respect to s)/to compare the relative values of ,ini fe| within the surface limited by the curves generated by
sV1, sVa and the phase advance of the slopg-sVa. (C) SLEOD Jure resistive and pure capacitive loads (Fig. 4A,B). Therefore,

corresponding to the four first loads as a function of the sLEO 2urves aenerated by pure resistive and pure capacitive loads
corresponding to open circuit. Note the large phase shift. 9 yp P P

(D) Spectral density of the same signals. Ordinate corresponds to tHEfine @ ‘reafferent stimulus domain’ for complex impedance
energy dissipated locally during each EOD. Note that the relativ€Ylindrical objects placed near the foveancarapo.

amplitude of the humps in the high frequency shoulder (arrow) A Similar analysis was made in the frequency domain,
increases for intermediate loads, becoming the absolute maximuBecause electroreceptors in pulse gymnotids have previously
for 10nF and 5nF (red and green traces, respectively). been classified according to their tuning curves (Bastian, 1976,
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Fig. 3. Amplitude of every wave component as a function of impedance. (A—C) Resistive loads. Superimposed traces from diViefesit of
lengths (key in D) were normalised to their respective value in the absence of the object for each wave component. fotntes dif
modulation of the different waves. Arrows indicate the resistance causing a 50% modulation of the peak of each wave componen
(D-F) Capacitive loads. Superimposed traces from five fish of different lengths (key in D) were normalised to the open- crdiishort-
respective values for each wave component. Note that the 50% point occurs at 20 nFdbr7 ¥ for s¥and 2 nF for sY. Note also that the

curve corresponding to g¥has a maximum at 10 nF.

1977; Yager and Hopkins, 1993). The rising flank of thentegral over time of the square of current densi® {imes
spectrum (Fig. 1C) is close to the tuning frequency of low-pasthe specific resistance of the sk Equation 1):

burst duration coders, and the hump at the descending limh

coincides with the tuning frequency of narrow band burst £:&J2pdt )
duration coders (Watson and Bastian, 1979). In order ti | '

evaluate the relative changes of these two zones of the

spectrum, we plotted the relative power at 100 Hz and 800 Hz Since duration of the sLEOD is finite and constants

as a function of the total energy of the sLEOD (See be|owproportional to its effective value or rms value (COttOﬂ, 1966),
The total energy was used because it is a good measuremdﬁfiﬂ@d as the direct current intensity that dissipates the same
of the whole spectrum stimulation potential. For resistivedmount of energy per unit of time. Since cutaneous impedance
objects these plots show a flat profile, indicating that the signi mainly resistive (Caputi and Budelli, 1995) and

is mainly modulated in amplitude (Fig. 5A,B, red symbols).transcutaneous current density is a linear function of the
For Capacitive objectsi these p|0ts sh_d)whaped and inverted sSLEOD, the amplitude of the local stimulus is proportional to
U-Shaped prof”es, respective|y (F|g 5A,B, blue Symbo|s)_the total energy of the sSLEOD dissipated in the adjacent water.
These profiles are not symmetrical, indicating that there is nd¥e estimated numerically the rms value of the local stimulus
a ‘one to one’ correspondence between these parameters a@sdthe square root of the mean of sSLEOD squared values from
that neither is redundant. Data points generated by objecide beginning of syto 3ms after the peak of sVEquation
having combined capacitive and resistive loads fell within th&)- This last limit was arbitrarily set, due to the monotonically-
domain delimited by the lines corresponding to pure resistandd asymptotically-to-zero temporal course of:sV

and pure capacitance loads.

. o rms =, mean sLEOB. 2
sLEOD amplitude and waveform discrimination ‘/ )

The total energy of the SLEOR ) can be calculated as the We found that peak amplitude of sWas highly correlated
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with the rms value (Fig. 6). This relationship was well fitted byrelationship. The amplitude of the novelty response caused by
the same linear function for pure resistive, pure capacitive aral change in the longitudinal resistance of a cylindrical object
resistive-capacitive loads in the same fish. This result indicatés not dependent on the pair of load resistors compared but on
that the easily measurablesWas a good estimator of the total a logarithmic function of the change in the peak-to-peak
energy dissipated at the skin and consequently a good estimatonplitude of the sLEOD (a linear regression of the data in
of the stimulus at the center of the region facing the objecEig. 7A yieldsr=0.9,N=15, P<0.0001).
However, since electroreceptor response might be waveform- Since for resistive objects the peak-to-peak amplitude is
dependent, the effective stimulating energy eliciting a neurdinearly related to syand to the rms value, the amplitude of
response is equivalent to the total energy attenuated by a facttive novelty response for a change in resistance alone is also a
depending on receptor responsiveness to the stimulus waveforimgarithmic function of the changes in s&hd in rms value.
Using the novelty response as an index of the perceivednear regression analysis confirmed this hypothesis (Fig. 7A,
change in an electrosensory stimulus, we explored how thred line;r=0.9,N=15, P<0.0001). The differences between the
amplitude of the novelty response depends on the change eénpected values of the amplitude of the novelty response
stimulus energy and how changes in waveform modify thigaccording to its regressioersussVz) and the observed values
were not significantly correlated with change either in/sVs

A or in sWi/sVs (Fig. 7B,C; r=0.09 andr=0.2, respectively;
0.4 ] Open F Short N=15, P>0.4 in both cases). This lack of correlation with
47 circuit S0 o 10nE circuit . .
! » \ ! waveform parameters and the good correlation with the rms
E dpﬁ\ 16nF E value suggest that the detection cue in the case of resistive
: AN : bjects is a function of the change in total energy of the signal
! VAR ! objects is a function of the change in total energy of the signal.
— : 7’. S 00;59« : We further tested whether this hypothesis holds for the
= ! ? pa / g \\ E general case of complex impedance. When the longitudinal
;’ ! |0 / T e 2 33 nE’ load of the cylindrical stimulus-object was changed from
E 024 /O /\o___o\cp :
%) : O\oo 0/0 .\ : ; E
3 - I ted SEREE A
, . 6 00 T
? : o / \\./o 0\.%“ j S
1 0% " ' £ 10]
' / o—° ' 5
0 ‘I —.(S‘Q'././ : §_
' T T T ) g 0.9 .
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0264 | —o— SeriesRC i g 08
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' o
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% £ 015
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0.10 . _ _ _ _
20 60 100 140 180 Fig. 5. Stimulus domain as defined by power spectrum parameters.
sVa(mV cmrd) (A) Relative power at the high frequency flank (where the hump

occurs) as a function of rms value. (B) Relative power at the rising
Fig. 4. Stimulus domain as defined by time-waveform parametereedge at 100Hz as a function of rms value. Note the flat curves
(A) sVa/sVzas a function of s¥ (B) sVi/sVzas a function of s¥ obtained using resistive loads (red symbols). These curves and those
Points obtained using resistive (red symbols) and capacitive (bllobtained using capacitive loads (blue symbols) bound a domain in
symbols) loads bound a domain in which are contained resistancwhich are contained resistance—capacitance combinations (black
capacitance (RC) combinations (black filled symbols: in parallelfilled symbols: in parallel). Note the different shape of plots A and B;
open symbols: in series). Note the different shape of plots A and Kor an explanation, see text. Data presented in Figs 4 and 5 were
for an explanation, see text. obtained from different animals.
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open circuit to a given capacitor (Fig. 7, blue symbols), théhe same total energy but having different waveform
amplitude of the evoked novelty response was also a functigrarameters. In each of these pairs, one point was defined by a
of the change in sSLEOD rms value. However, the function witlgiven capacitor and the other by the resistor generating a
a best fit was not monotonically increasing. Except for the vergLEOD of the same rms value (Fig. 9; 10nF, blue traces and
small and very large rms values, where both curves converge] kQ, red traces). As also shown in Fig. 7, similar changes in
the novelty responses obtained with capacitors weraaveform provoked novelty responses of different amplitude
significantly larger than the expected value predicted by thdepending on the associated change in rms value (compare Fig.
rms change, as predicted from the experiments with resist™ -

Differences between this expected value and the measlt 204 A

amplitude of the novelty responses evoked using capacit e Capacitive loads

loads were significantly correlated with the changes e Resistive loads

sVi/sV3 and in  s\/sVs (Fig. 7B,C; r=0.75 in both cases, — Regressia line °

N=30, P<0.0001). Decreases in #§%8V3 and increases in
sVa4/sV3 account for the difference between the observed &
expected amplitudes of the novelty response. This indica
that the amplitude of the novelty response was independe
correlated with both energy and waveform parameters.

To test the hypothesis that changes in waveform alone
be detected bys. carapq we provoked changes in sLEOLC
waveform maintaining the rms value constant in five fis
Novelty responses were consistently evoked in the
experiments, indicating that fish are able to detect a param
independent of total energy. Responses were asymmetric; i 0 T ]
novelty responses (amplitude 6-10%) were always obtait 20 50 N 100
when the change in load produced a decrease #§\#/ an A rms valie (mV cm™)
increase of s¥sVz or a phase advance of the slope-<s¥a. B c

15 -

10 -

Amplitude d the novelty respase (%)

Conversely, opposite waveform changes did not modify t
inter-EOD interval, or elicit changes in the inter-EOD interv.
that did not fulfil the typical pattern of the novelty respon:
(small reduction of successive intervals; Fig. 8).

In order to study this phenomenon in more detail, v
explored the effect of waveform changes between selec
points in the above-defined stimulus domain (four points in t\
fish, six points in one fish). Two of these points were defin
by open and short circuits (black and grey traces, respectiv 002 O 002 004 0 01 02 03
Fig. 9). The other selected points were pairs of points shar Deqeaseh sV1/sV3 Increaseh sVa/sVs

0.11

Obseaved-calailated

Fig. 7. Amplitude of the novelty response as a function of the change
in sSLEOD parameters. In these experiments, the object load was
4 Mixed load e . :
« Pure capacitive load ‘( cha_nged from open circuit to a given resistor value_ (red symbols) or
e Purresistive load Ky a given capacitor value (blue symbols). (A) Amplitude of novelty
.*’ response (interval shortening as a percentage of the basal interval) as
A a function of energy (as the change in rms value) of the sLEOD.
Linear regression analysis was performed for experiments in which
oA the change in sSLEOD was obtained by loading the object with
° resistors: amplitude of the novelty response = Xldd{Arms/0.35);
° r2=0.81, N=15, P<0.0001; the regression line is drawn in red.
Changes from open circuit to capacitive loads evoked larger
- responses than changes from open circuit to resistive loads, which
. . . . . generated sLEODs with the same rms value, except at the extremes
40 60 80 100 120 of the range. (B) Difference between the predicted amplitude of the
sV3(mV cnrd) novelty response minus the measured data as a function of the
AsV1/sV3 ratio. The correlation was statistically significant only for
Fig. 6. Energy of the SLEOD as a function os¥LEOD rms value experiments performed with capacitord3=0.75, N=30, P<0.001).
is a linear function of syindependently of the impedance of the (C) Difference between the predicted amplitude of the novelty
stimulus object. Data were obtained from the same fish with resistiresponse minus the measured data as a function distigsVs
loads (red symbols), capacitive loads (blue symbols) and resistivratio. The correlation was statistically significant only for
and capacitive loads connected in parallel (black symbols). experiments performed with capacitord=0.75,N=30, P<0.001).
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A e adasIae wave components) of the self-generated carrier when they were
placed close to the fovea Gf. carapo The high density and
variety of receptors in this area suggest that waveform analysis
is performed in the electrosensory fovea (Castell6 et al., 2000).
Therefore, this region was selected to describe the significant
stimulus for impedance discrimination. However, the
complexity of the EOD precludes extrapolation of the results
obtained at the perioral region to the rest of the body.

The analysis of the amplitude of the novelty responses
provoked by the changes in sLEOD indicates thatarapo
discriminates resistance using a single energy-related
parameter. It also discriminates complex impedance by
detecting independent changes in intensity and waveform. At
present we cannot assess how many independent waveform
parameters are coded; nevertheless our findings, together with
an analysis of findings reported in previous literature, suggest
that these fish evaluate impedance-related sensory qualities of
closely located objects integrating at least two parameters of
the sLEOD waveform.

e 8 kKQ—>16nF

o 16 nF— 8 kQ
2%

w

020 kQ—>10n
010 nF— 20 kQ

040 kO—5nF
o5 nF — 40 kQ

Modulation of the SLEOD by nearby objects

Waveform components are the sum of the fields originated
in different regions of the elongated electric orga@ ofarapo
Fig. 8. Waveform changes are detected Gy carapo To test if ~ (Caputi et al., 1989, 1993; Caputi, 1999; Assad et al., 1999).
waveform changes are detected independently of changes in mh&ie sum of effects of the series of different sources that may
value, the load of the stimulus-object was chosen in such way thlse used to represent the electric organ discharge depends on
the rms values of the resulting sSLEODs were the same. This waheir relative distance to the sLEOD, on water and object
achieved by substituting a resistor (red traces) by a capacitor (bligipedance, and on their relative electromotive forces and
traces) orvice versa The plots on the right show that novelty jnternal impedance. At the electrosensory fovea, the three
responses were evoked when the impedance change was frfgmnonents of the SLEOD correspond to different sources in
resistance to capacitance (f.'”ed symbols) b.Ut not .When the Chan?ﬁe EO: (i) s\ is generated by a low electromotive force and
was from capacitance to resistance (dotted line !ndlcates the baselll%%v internal resistance source )Mlocated at the abdominal
interval). (A—C) Three examples from the same fish. . . . ) L
region; (i) s\ is generated all along the fish by a distributed
source (\4), increasing in electromotive force and internal
9B and C). Decreases of g8V3 and/or increases of a¢V3  resistance from head to tail; and (iii) s generated mainly
associated with increases in sSLEOD rms value provokedt the trunk-tail region by a source4\6f strong electromotive
novelty responses of larger amplitude than the same changefarce and high internal resistance (Caputi, 1999). At the fovea,
rms value associated with minimum changes in wavefornthe field is large, has the same orientation all along the time
(compare Fig. 9B and D). Strikingly, changes in waveformcourse of the EOD and shows identical time waveforms all
consisting of increasing s¥6Vs and a phase advance of the over the perioral region (Castell et al., 2000; Aguilera et al.,
slope s\é—sVs always evoked novelty responses, even wher2001). Due to these characteristics the modulation in SLEOD
they were associated with reduction in rms value (thawvaveform caused by resistive loads is predictable from the
otherwise did not provoke novelty responses; Fig. 9E, opechange in total energy of the SLEOD. Neverthelesgjs\éss
symbols). On the other hand, reductions in/sVs did not  modulated than s3/ which in turn is less modulated thanssV
evoke novelty responses even when they were associated wéth shown in Figs 1 and 3.
increases in rms value (that otherwise did provoke novelty When there is a capacitive load, the base of the cylinder
responses; Fig. 9E, filled symbols). This suggests thatlosest to the skin is negatively charged duringuy to the
processing of changes in waveform and total energy (estimat@aint that the charge counterbalances the effect of the EOD-
by the rms value) are independent and their effects on ttgenerated current; this causes a relative decayioi/gken the
novelty response are additive. EOD current decays below this limit, opposite current flow
originated in the capacitor discharge prevails and the sLEOD,
resulting from the addition of both, reverses phase in advance.
Discussion Thus, s\§ begins and ends earlier thars.VThe capacitor
Objects of size and shape similar to those of common preyischarges and recharges during &ffecting its time course:
modify amplitude (as measured by the rms value) and waveforthe discharge current flows in the same direction causing an
(as measured by the ratios between the peaks of the sLEQIdvance of phase of sVbut the recharge current is opposed
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15Q & Fig. 9. Changes in waveform and amplitude have additive effects. (A)
A —21kQ E 150 S . -
—1onE 5 Four loads, open circuit (generating the minimum rms value, black
b 100 trace), short circuit (generating the maximum rmsQ1grey trace)
£ 50 and two different impedances (generating the same intermediate rms
8 0 value but very different waveform, a resistor of 21 ked trace, and a
w 50 capacitor of 10nF, blue trace) were selected to test whether amplitude
K 0 50 and waveform are independently evaluated by the fish. Right: the
Open circuit SLEOD (» Q) differences in amplitude and waveform of the signals compared by the
(mV cnr) fish. The differences in amplitude are shown by the main slope of the

When resistive load were used, waveform changes were small (B,C)
and novelty responses were only elicited by increases in SLEOD rms

B Wavef loop and the differences in waveform by its deviation from a straight
avetoms Novety responses line. (B—-E) Each panel represents paired experiments in which the
#2=5-] stimulus-object impedance was changed in either direction between
open circuit and resistance (B), short circuit and resistance (C), open
circuit and capacitance (D) and short circuit and capacitance (E).
2%

e Open circuit— 21 kQ

o 21 kQ ——— Opencircuit value. Consistently with the experiment shown in Fig. 7, the amplitude
of the elicited novelty responses was graded with the increase in rms
C ® 21 kQ—— value. When large waveform changes (caused by a capacitive load, D
o — 21kQ and E) were associated with the same changes in rms value, the
amplitude of the elicited novelty responses varied as if the rms value
and the waveform were independently evaluated. The amplitude of the
novelty response was relatively increased by a waveform change
consisting of a reduction of the early slow-negative wave plus an

increase and advance of phase of the late sharp-negative wave
(compare the responses marked with filled symbols in D and E). When
st a similar waveform change was associated with a decrease in the rms
M value it provoked a small novelty response (compare E, open symbols,
with C, open symbols). Finally, when increases in rms value were
associated with opposite changes in waveform (reduction of the late
negative wave and increase of the positive-negative slope), novelty
responses were not elicited (E, filled symbols)

e Open circuit— 10nF
o 10nF———— Open circuit
the lack of correlation of the amplitude of the novelty response

E e 10NF—— with changes in s\V/sVs and s\4/sVs, suggest that the change
o — 10nF in the total energy of the signal is the cue for discrimination.
50mV cnrt Correlation analyses suggest that other waveform-dependent

OEms \H,H cues are also important for complex impedance discrimination.

sLEODs having different waveforms but the same rms value
are clearly discriminated, indicating that a waveform-
dependent parameter is used independently of sSLEOD
amplitude as a discrimination cue. Novelty responses were
causing the advance of phase of the following componen}.(sV only evoked in the direction associated with decreases in
Finally, currents generated at the caudal E@) @mmate to sVi1/sVs, increases in sMsVsand phase advances in the slope
those driven by the capacitance discharge, enhancing sV sVs—sVs4, suggesting that these parameters or their related

In summary, SLEOD waveform components are the sum afhanges in the power spectra (relative decrease in the low
effects of currents generated by the EOD and by the charge foequency range and increase in the high frequency range) are
discharge of the capacitor. The charge initially accumulated ipossible cues for waveform discrimination. Since waveform
the capacitor during V(generating a virtual source opposing parameters were significantly correlated among themselves,
V1 and thus decreasing gVis delivered later. Most of this we could not assess whether a single waveform parameter or
charge is finally delivered at the end of the EOD, causing aa combination of parameters are sensed.

increase of s¥. Therefore, the changes ingS8V3 and s\4/sV3 When changes in waveform were associated with increases
associated with capacitive loads are opposite. in rms value, the provoked novelty response was much larger
than when the waveform changes were associated with

Amplitude and waveform discrimination reductions of the rms value. This suggests that cues related to

The amplitude of the novelty response is scaled with thenergy and waveform may have additive effects and therefore
change in rms value of the reafferent signal. For resistivehat they are probably sensed in an independent manner (see
objects, the constancy of the shapes of the power spectra dfid. 9). In fact, previous literature indicates that pulse
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gymnotids are furnished with the necessary structural featureselectric organ pacemakers and other aspects of behaviour in electBrdish.

; Behav. Evol2, 85-118.
to evaluate more than a smgle parameter of the SI_Eogaputi, A. A. (1999). The EOD of pulse gymnotiforms, from a single impulse

(Bastian, 1976, 1977, 1986; Watson and Bastian, 1979; Yageli, a complex electromotor patteth.Exp. Biol.202, 1229-1241.
and Hopkins, 1993)_ Watson and Bastian (1979) described thr€eputi, A. and Budelli, R. (1995). The electric image in weakly electric fish: I.

subtypes of burst duration coders having different frequency ﬁgﬁigﬁ;?ﬁ_ﬁ%’_m waveform generatio@ymnotus carapo. J. Comput.

tuning properties. Receptor variety is particularly important incaputi, A., Macadar, O. and Truijillo-Cendz, O.(1989). Waveform generation
i A i in Gymnotus carapolll. Analysis of the fish body as an electric sourte.

the foveal region (Castell6 et al., 2000)1 suggestmg that puIseComp. Physiol. 65 361.370.

fish evaluate a complex spectrum using different types afaputi, A, Silva, A. and Macadar, O.(1993). Electric organ activation in

receptors encoding different features of the object associatedsymnotus carapcspinal and peripheral mechanissComp. Physiol. A73

: A : L 227-232.
S|gnals. The S|m|Iar|ty with color vision is clear. Castellé, M. E., Aguilera, P. A., Trujillo-Cenéz, O. and Caputi, A. A(2000).

Combining our data with those of Watson and Bastian Electroreception inGymnotus carapo pre-receptor processing and the
1979), we have compared the power spectral densit distribution of electroreceptor typed Exp. Biol203 3279-3287.
(. ) . . P . P P . (’\,(astellé, M. E., Caputi, A. A. and Trujillo-Cendz, O.(1998). Structural and
histograms with typical tuning curves. The threshold of ‘low- " fynctional aspects of the fast electrosensory pathway in the electrosensory lateral

frequency band’ receptors (best frequency below 100Hz Iitrtwe IotLe czfl gwtseeg)uFI)S_e fi_stTymn?tt:Esl catraptl)lTCOrr?p.lNeiromdol 54?—5?3.
otton, . . Principles o ectrica echnologyLonaon: Ir Isaac
follows a curve parallel to the low-frequency flank of the™"5; = = = e i
spectra (50% around 200 Hz), the threshold of ‘narrow-bangdye, J. C. and Meyer, J. H. 1986). Central control of the electric organ
receptors’ has a minimum (best frequency 500 to 2000 Hz with discharge in weakly electric fish. Electroreception(ed. T. H. Bullock and
. . W. Heiligenberg), pp. 577-612. New York: Wiley.
sharp tuning) in the frequency range where the hump occUffiiigenberg, W.(1991).Neural Nets in Electric FisiCambridge: London MIT

(between 700 and 900Hz). The independent variation of thePress.

relative power observed at 100 Hz and 800 Hz (Fig. 8) suggest§li9enberg, W. and Altes, R.(1978). Phase sensitivity in electroreception.

that low-frequency and narrow-band receptors code nNOrHopkins, C. D. (1976). Stimulus filtering and electroreception: tuberous
redundant information. Information about the total SLEOD electroreceptors in three species of gymnotoid fsiComp. Physiol. A11,

. . 71-200.
energy may be provided by wide-band receptors (broad bangyins, c. D.(1983). Functions and mechanisms in electroreceptioistn

tuned between 125-1000Hz). The various frequency Neurobiology(ed. R. G. Northcutt and R. E. Davis), pp. 215-259. Ann Arbor:
PR ; i i ; University of Michigan Press.
sensmwtles_ allow t_he f_ISh to create a mL_"tI dlnnlensIonall_issmann, H. W. (1951). Continuous electrical signals from the tail of a fish,
representation of object impedance-related stimulus features. Gymnarchus niloticu€uv. Nature 167, 201-202.
It should be noted that not only frequency tuning but alsdissmann, H. W. (1958). On the function and evolution of electric organs in

h d d h b d trated i lect t fish. J. Exp. Biol.35, 156-191.
phase dependence has been demonstrated In electroreceplongs@hann, H. w. and Machin, K. E.(1958). The mechanism of object location

a related species (Heiligenberg and Altes, 1978). Pulse markersh Gymnarchus niloticuand similar fishJ. Exp. Biol.35, 451-486.

i ; ; Meyer, J. H. (1982). Behavioral responses of weakly electric fish to complex
giving raise to the fast, electrosensory pathwaﬁ;_lncarapo " impedancesJ. Comp. Physiol. A45 459-470.
(Szabo, 1965; Castelld et al., 1998) have tuning properti@%oller, P. (1995).Electric Fishes. History and Behavidrondon: Chapman and
similar to narrow-band burst duration coders (Watson and Hall _ _
Basti 1979 d id h inf ti to int tSchelch, H., Bullock, T. H. and He_xmstra, R H(1973). Coding properties qf

astian, ) and may provide phase intormation 1o INtegrat€y, classes of afferent nerve fibers: High frequency electroreceptors in the
the signals conveyed by the three types of burst duration coderselectric fishEigenmanniaJ. Neurophysiol36, 39-60.
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