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Summary. We have examined how the electric organ discharge (EOD) of 
a mormyrid (Gnathonemus petersii) is affected by changes in resistive load 
(Figs. 3, 4, 5). We have also shown how this load depends on resistivity 
and distance to non-conducting boundaries (Figs. 10, 11). When resistive 
load was varied, voltage and current were related in a linear, battery-like 
manner for the initial, head positive phase of the EOD (Figs. 4, 5). This 
linear relation made it possible to estimate first phase e.m.f, and source 
resistance. For the second, head negative phase, however, voltage rose to 
a peak and then fell as resistance increased. Furthermore, the waveform 
of the second but not the first phase was strongly affected by load changes. 
These second phase features were shown to reflect a dependence of second 
phase e.m.f, on first phase current. A linear and battery-like relation between 
second phase voltage and current was seen when first phase load was held 
constant while varying second phase load (Fig. 6). These results on the 
behavior of the whole electric organ can be understood in terms of the 
underlying properties of the cellular generators, the electrocytes. 

Introduction 

The Mormyridae and other electric fish possess specialized organs for generating 
electric current. In mormyrids the electric organ is located in the thin pedunculat- 
ed part of the tail (Fig. 1). The organ consists of a dorsal and ventral column 
on each side of the midline with each of the four columns containing about 
100 disk-shaped electrocytes (Bennett, 1971; Szabo, 1961). The electric organ 
discharge (EOD) in Gnathonemus petersii has two major phases (Fig. 1). During 
the first phase, the anterior end of the electric organ is positive with respect 
to the posterior end; during the second phase it is negative. The EOD is the 
summation of the potentials occurring across all electrolytes. Microelectrode 
studies have shown that action potentials on the posterior faces of the electro- 
cytes, synaptically evoked from the central nervous system, underly the first 
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phase (Bennett, 1971 ; Bennett and Grundfest, 1961). The resulting currents cause 
depolarization and activation of the anterior faces of the electrocytes, whose 
action potentials underly the second phase. 

Current flowing between the two ends of such organs passes through the 
body and skin of the fish as well as through the surrounding water. In the 
skin, electroreceptors respond to current flow. External objects which are close 
to the fish and whose conductivity differs from that of the water will distort 
the pattern of current through the skin. By analyzing such distortions the fish 
can achieve a kind of picture of its immediate electrical environment. 

The resistive load seen by the electric organ varies with the fish's environment. 
It depends on the resistivity of the medium and on the distance and conductivity 
of surrounding objects. A description of how the electric organ output is affected 
by such changes in load is important in understanding the system, since electrore- 
ceptor input to the central nervous system is determined by the amplitude 
and waveform of the electric organ discharge. 
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Fig. 1. Major features of the mormyrid fish, its electric organ discharge and electric organ. Above, 
positions of electric organ and electroreceptors. Lower left, electric organ discharge recorded in 
water with resistivity of 2,000 Q-cm. Two inflection points on rising portion of first phase are 
indicated by arrowheads. In this and subsequent figures upward deflection indicates anterior positiv- 
ity. Lower right, schematic of part of one electric organ column. Note stalks arising on caudal 
face, fusing, and penetrating the electrocyte with the synaptic region located anterior to the cell. 
The wavy lines indicate inferred barriers to current flow between the two faces of each electrocyte 
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In this study we measured the current and voltage of the electric organ 
discharge (EOD) in a weakly electric fish (Gnathonemus petersii). We describe 
how the amplitude and waveform of the discharge vary with resistive load. 
We also show how this load depends upon the resistivity of the medium and the 
distance to non-conducting boundaries. The effects of resistive load changes 
on the amplitude and waveform of the discharge of the whole organ can be 
understood in terms of the underlying activity of single electrocytes. 

Methods 

Seventeen Gnathonernus petersii, from 15 to 18 cm in length, were used as experimental animals. 
The fish were first anesthetized (Tricaine methanesulfonate, 1 : 10,000) and then fastened with nylon 
netting into the middle of a plexiglass support frame only slightly longer and wider than the 
fish. Holes in the netting allowed the opercula to move freely for respiration. For  most experiments 
the frame was held in a 35 x 17 cm plcxiglas box filled to a depth of 9 cm with water. The frame 
was positioned so that the center of the fish was at the approximate center of the water volume, 
thus placing the center of the electric organ eccentrically, about 12 cm from one end of the box. 
Throughout these procedures the temperature of the bath was kept between 26 o and 28 ~ 

The electrodes were gold-plated, platinum-blacked silver disks, each about 0.25 cm 2 in area 
(Fig. 2). These were used for both external voltage measurements and for current passage when 
resistive load was varied with external resistors. The platinum-blacked surface was held against 
the skin, and the opposite side of  the disk and the lead were electrically insulated. In order 
to minimize contact resistance, two disks were placed at each end of the organ, one on either 
side of the tail. The leads from the two ends of  the organ were led to a differential amplifier 
(10 MO input impedance). The electrodes were positioned with the help of two landmarks. One 
was the point where the posterior edge of  the dorsal fin meets the body (see Fig. 1), which is 
at the same anterior-posterior level as the anterior border of  the electric organ (Harder et al., 
1964). The other was a slight swelling where the narrow portion of the tail begins to flare posteriorly, 
which coincides with the posterior border of  the organ. To measure the current flowing through 
the electric organ a small toroidal coil was placed around the narrow part of the tail. The space 
between the tail and the inner surface of the coil was usually filled by a loosely fitting rubber 
gasket and vaseline. After the measuring devices had been attached, the fish was allowed to recover 
from the anesthetic. 

The resistive load seen by the electric organ was varied by two methods. The first method 
was to connect different external resistors across the disk electrodes. Current pathways parallel 
to the external resistors were minimized either by placing the fish in a medium of  high resistivity 
(150,000-250,000 ohrn-cm) or by raising the tail into the air for the brief time necessary to make 
a measurement. A diode circuit (Fig. 2) was used in conjunction with the resistors to independently 
vary the resistive loads seen by the first and second phases of  the discharge (germanium diodes, 
threshold - 2 5 0  mV). The second method of  varying resistive load was to change medium resistivity 
by mixing aquarium water with either deionized water or saline to obtain different conductivities 
as measured with a commercial conductivity bridge. 

In three animals the voltage generated during electric organ discharge was measured internally. 
Teflon-coated stainless steel wires (diameter - 1 7 5  ~tm) with small uninsulated barbs at the tips 
were inserted through the skin at each end of  the electric organ on one side of  the tail. Disk 
electrodes were placed at the ends of the electric organ on the other side of the tail for external 
voltage measurement, and current passage. 

External current to excite the electric organ was delivered in three experiments with a constant 
current stimulus isolation unit connected to the disks in parallel with the external voltage recording 
amplifier. 

In three animals resistive load was measured as a function of both resistivity and of  distance 
to non-conducting boundaries. A larger (42 x 42 x 50 cm) tank was used, and the frame with attached 
fish and measuring devices was mounted in the center of  the tank with the long axis of the 
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Fig. 2. Methods. Above, enlarged portion of tail showing electric organ and placement of voltage 
electrodes and current sensing coil. Below, schematic of basic experiment. Current through the 
electric organ (/) and voltage (V) under different loads (RL). VB open circuit or battery voltage�9 
R s source resistance of battery. In some experiments R L was replaced by the diodes and resistors 
shown at right which permitted independent variation of the resistances seen by first and second 
phases 

fish vertical. The frame was held by a support attached to the bottom. Plastic tubes of different 
radii were lowered over the frame to rest on the tank bottom, and current flow was restricted 
within the boundaries of the tubes by allowing the upper end of the tube to protrude from the 
surface of the water. 

A shielded toroidal coil was used to measure the current through the electric organ. The 
amplified and filtered output of the coil was found to be flat from 300 Hz to 40 kHz, with - 3  dB 
points at 100 Hz and 250 kHz. (The frequency spectrum of a single discharge extends from about 
300 Hz to 30 kHz, with a peak at 4 kHz (Harder et a l ,  1964) but most of the power appears to 
lie between 1 and 9 kHz.) The probe output was in phase with current at the 4 kHz peak. Below 
4 kHz, probe output led current, with the phase lead reaching 21 ~ at 300 Hz; above 4 kHz, probe 
output lagged current, reaching 8 ~ at 30 kHz. The effect of these dynamic properties on actual 
EOD measurements was examined by placing the coil in the external circuit instead of around 
the tail. The current measured with the probe was compared with that measured by the voltage 
drop across a known resistor. While the amplitudes matched, there was a slight phase lead of 
current measured by the probe over the true current. This was only 5 gs at its maximum and 
was neglected. The voltage pickup of the current probe was measured by blocking current flow 
through the center of the coil with vaseline, and placing the coil in aqueous solutions in fields 
comparable to those generated by the electric organ. The coil output under these conditions was 
below the noise level of the system. 
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Fig. 3A and B. Electric organ discharge waveforms at different resistive loads. A Above, EOD 
recorded in water of about 1,500 fLcm. Below, the same EOD recorded at • 10 gain. Note initial 
negativity and after positivity. B Voltage (above) and current (below) recorded with loads of succes- 
sively greater resistance. Tail to head current through electric organ indicated by upward deflection 
in this and successive figures. The tail was lifted out of water with each change in the external 
resistors so that all current flowed through the external circuit. Note that voltage is zero with an 
external shunt and current is zero with an open circuit. The electrode interfaces and the areas 
of skin beneath them have a combined resistance of 1-2 k~ which should be added to the given 
external resistance values to obtain the actual resistance seen by the electric organ. Dots at 4.3 
and 6 K indicate inflection points mentioned in the text 

Results 

Current and Voltage Changes in the EOD with Variations in Resistive Load 

The changes in EOD ampl i tude  and  waveform were similar, whether  the load 
was varied with external resistors or by al tering med ium resistivity. On increasing 
the resistance of  the load, the voltage of the first phase increased systematically 
as the current  decreased (Fig. 3 B) and  the waveform remained essentially the 
same. In contrast ,  however, second phase voltage did no t  increase monoton ica l ly  
with increase in resistance. Instead, the voltage rose to a m a x i m u m  and  then 
declined as resistance increased (Fig. 3B). In addi t ion,  the waveform of the 

second phase changed markedly.  A t  low resistances it was of short  dura t ion  
and  roughly  symmetric  abou t  the peak. At  high resistances it was of long dura t ion  
and  asymmetric,  with a very gradual  re turn to baseline. As resistance was 
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increased the second phase peak was progressively delayed until a maximum 
delay was reached (at about 6 K in Fig. 3 B). Beyond this point the delay of 
the peak decreased slightly. An inflection point was apparent at resistances 
yielding maximum delay (indicated by dots in Fig. 3). 

If the resistive load on an ideal battery is changed, the voltage at the terminals 
(V) is related to the current flowing through the battery (/) by a simple expres- 
sion, V= Vs-Rs.I, where VB is the open circuit voltage and Rs is the source 
resistance (Fig. 2). In order to see whether current flowing through the electric 
organ was related to its output voltage in this fashion, we plotted peak voltage 
against peak current for the first and second phases at different resistive loads 
(Figs. 4 and 5). 

We measured peak voltage and peak currents in these experiments for two 
reasons : 1) These values may be most important functionally, because amplitude 
of the peak voltage transient across the skin is probably an important determi- 
nant of the electroreceptors' response (see Discussion). 2) As would be expected 
for a resistive load, voltage and current waveforms were essentially the same, 
i.e., a gain change would make them superimposable. For this reason, the 
current-voltage relationship at an arbitrary point could be determined once 
relationship of the peaks is known. This constant relation between voltage 
and current held true over a wide range of medium resistivities, indicating 
that the normal load of the electric organ is predominantly a resistive and 
not a capacitive one. In a few cases capacitors were connected across the 
electric organ. These induced, as expected, a marked phase shift between voltage 
and current. The effect of capacitive loads was not examined in detail but 
it should be pointed out that electric fish may be able to detect purely capacitive 
changes in their environment (Scheich et al., 1973). 

Peak first phase current and voltage were linearly and inversely related 
as in a simple battery. This was not true for the second phase (Figs. 4 and 
5). The "battery voltage" and "source resistance" of the first phase of the 
EOD could be estimated from the ordinate intercept and the slope of the 
line respectively (see equation in Fig. 2). However, further studies using internal 
voltage measuring electrodes (see below) showed that a better estimate of the 
e.m.f, is obtained by lifting the tail out of the water, i.e. with no load across 
the electric organ. The mean open circuit voltage of the first phase measured 
in this way in 10 animals was 11.3 volts (range 10.5 to 13 volts). The slope 
of the current-voltage relation, where resistance was changed with resistors 
(Fig. 4) was estimated in each of 8 fish by fitting regression lines to the data 
points. The mean slope was 4.8 k~2 (range 3.3 to 5.8 k•). Somewhat lower source 
resistances were obtained when load resistance was changed by varying medium 
resistivity (Fig. 5). Here the mean of five animals was 4.3 kf~ (range 4.0 to 
4.9 kf2). In each animal the maximum amount of current obtainable (i.e. at 
low resistances) was always much greater for the second phase than for the 
first. In 11 animals the maximum first phase current had a mean of 2.7 mA 
(range 2.2 to 4 mA), while the second phase maximum current had a mean 
of 4.8 mA (range 3.6 to 6.0 mA). 

This study focuses upon the major phases of the EOD. For completeness, 
however, some additional features of  the EOD should be mentioned. In most 
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Fig. 4. Peak voltage vs peak current at different resistive loads for first and second phases of 
EOD. First phase (o). Second phase (A). In these measurements the fish was held in a medium 
of high resistivity while external fixed resistors were connected across the electric organ. Some 
current could still flow through the medium at the highest resistive loads, which explains why 
the curves do not intersect the ordinate. Each dotted line represents a different resistive load. 
The slope of the line, i.e. the ratio of voltage to current, gives the value of that resistive load. 
Points of intersection of the dotted line with the first and second phase curves give the peak 
voltage and current of each phase at that resistance. Voltage and current waveforms at three 
different loads are shown 
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Fig~ 5. Peak voltage vs peak current, load changed by varyifig medium resistivity. Points on the 
left, with low currents, recorded at high resistivity, those on the right at low resistivities. First 
phase ( x); second phase (o) 
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fish two inflection points could be seen on the rising portion of the first phase 
at loads of low resistance (arrowheads at lower left of Fig. 1), the second inflection 
being sharper than the first. The origin of these inflection points is not known. 
Apart from the disappearance of these small inflection points at high resistances 
the waveform of the first phase did not change with variations in load. 

A small head negativity always precedes the prominent head positivity 
of the first phase and a small head positivity follows the second phase under 
conditions of low resistive loads (Fig. 3A). It has been suggested (Bennett, 
1971; Bennett and Grundfest, 1961) that the initial head negativity is due to 
activity in the penetrating stalks which pass through the electrocyte, joining 
the synaptic region of the cell, located in front of the anterior face, to the 
posterior electrocyte membrane (Fig. 1). Some suggestions are made in the Dis- 
cussion concerning the origin of the final positivity. 

With external resistors of large value (e.g, >30 k~2) or in media of 
high resistivity, the electric organ often gave an abnormal discharge, 2 .54  ms 
after each normal one. Sometimes 2 or even 3 successive discharges occurred, 
each at about the same time delay. These discharges were always smaller than 
normal and variable in amplitude. Such abnormal discharges have been described 
by other (Bennett and Grundfest, 1961 ; Harder et al., 1964) and are not pictured 
here. It has been suggested that (Bennett and Grundfest, 1961) the high resistance 
of the external current path maximizes the voltage across the electric organ 
causing significant current to flow through the spinal cord, which can be seen 
as a parallel pathway between the two ends of the electric organ (Fig. 1). Current 
through the spinal cord reexcites the electromotoneurons at an abnormally 
brief interval. 

Second Phase Current-Voltage Relations with Constant First Phase Load 

The results from single electrocyte studies (Bennett, 1971; Bennett and Grund- 
lest, 1961) suggested an explanation of the decrease in second phase voltage 
at high resistive loads. If first phase current through the electric organ were 
the stimulus activating the anterior face, rather than spread of local membrane 
current from posterior to anterior face, then the lower first phase current at 
high resistive loads would lead to less activation of the anterior faces and 
lower second phase open circuit voltages. To examine this possibility a resistance- 
diode network was used to vary the first and second phase loads independently 
(Fig. 2). When the first phase current was held at a maximum value, the second 
phase behaved in a battery-like manner, i.e., a linear inverse relationship was 
obtained between peak second phase voltage and current (Fig. 6A). At inter- 
mediate values of first phase current non-linear relationships were obtained but at 
still lower first phase currents a linear relationship was again seen. The changes 
in second phase waveform under these different conditions (Fig. 6 B) suggested an 
explanation of the non-linearity. When first phase current was maximum (Fig. 6B, 
top traces) the second phase waveform was rapid and symmetrical. At low first 
phase currents (Fig. 6B, bottom traces) the second phase was of the longer 
duration asymmetrical form. At intermediate first phase currents, however, 
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Fig. 6A and B. Effect of varying second phase resistance with first phase resistance held constant. 
A Family of curves, showing relation between peak voltage and peak current of second phase 
with variation in second phase load, each curve made at a fixed value of first phase resistance 
and current. Magnitude of peak first phase current at which curve was obtained is indicated 
by the associated number. B Superimposed traces of current waveforms obtained by varying second 
phase resistance while holding first phase resistance constant at three different values. These wave- 
forms are similar to those on which A is based but from a different experiment. Note relative 
constancy in first phase current during marked changes in second phase. Note also the gain changes 

(Fig. 6 B, middle traces) the second phase current appeared to be a combination 
of the waveforms seen at the first phase current extremes. At high second 
phase resistances it was dominated by a delayed peak, believed identical to 
the fast symmetric process while at low second phase resistances it was dominated 
by the asymmetric process. Second phase current flows in through the anterior 
face. Such current would tend to block activation of a resting membrane. In 
Figure 6B, middle traces, first phase current is near threshold for activation 
of the anterior face. Apparently, at low second phase resistances, the asymmetric 
process generates current which is sufficient in amplitud e and occurs early 
enough in time to interfere with or block an anterior face response. Interaction 
of this type may explain some of the non-linear second phase I V  relationships 
seen at intermediate first phase currents (Fig. 6A). 

The above results show that both of the second phase components, when 
examined in isolation and at constant first phase load, exhibit the linear, battery- 
like current-voltage relation which is characteristic of the first phase. Estimates 
of second phase e.m.f, and source resistances can thus be made. In a given 
fish, the open circuit second phase voltage at maximum first phase current 
was always slightly larger by about 10% than the first phase open circuit voltage. 
Measured in air in l0 fish the maximum second phase open circuit voltage 
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Fig. 7A-G. Effect of varying first phase current on waveform and amplitude of second phase 
open circuit voltage�9 A-F Successively lower amounts of first phase current. Current above, voltage 
below, first phase voltage not shown. G Peak open circuit voltage of second phase as a function 
of peak first phase current 

had a mean of 12.6 volts, range 11.4 to 14 volts. In each fish the source resistance 
of the second phase at maximum first phase current, estimated from regression 
lines fitted to the current-voltage data points, was lower than the corresponding 
first phase values in a given fish (mean=3.1 k~2, range 2.4~4.4 kf2, N=8) .  The 
estimated source resistance under conditions of minimal first phase current 
was somewhat larger with a mean of 3.9 k~2, range 3.2-5.3 kQ, N=8) .  

The open circuit voltage of the second phase (voltage intercept of the different 
curves) is a function of the magnitude of first phase current allowed to flow 
(Fig. 6A). Records of different first phase currents and the associated second 
phase voltages, measured open circuit, are shown in Figure 7A-F.  There is 
a close similarity between this sequence of second phase waveforms in which 
the first but not the second phase load was varied and that shown in Figure 3 B 
in which both phases shared the same set of different loads. This indicates 
that the second phase waveform changes in Figure 3 B were due to variations 
in first phase current, not in second phase load. The association of the rapid, 
high amplitude symmetric component with the high first phase current (Figs. 3 B, 
7A) and the fall in amplitude and increase in latency of this component with 
decreasing first phase current (Figs�9 3B, 7A-D)  are consistent with the origin 
of this component in an active response of the anterior faces of the electrocytes. 
The origin of the low amplitude, long duration, asymmetric process seen at 
low or even zero first phase current (Figs. 3 B, 7E-F)  is discussed below (see 
Discussion). 
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Figure 7 G is a plot of peak second phase open circuit voltage vs the associat- 
ed peak first phase current. In terms of our understanding of the underlying 
events, first phase current is below threshold for activation of the anterior 
face at the lower left of the graph while the current becomes supramaximal 
at the upper right, further increases bringing no further increase in second 
phase voltage. Between these regions is a region of gradually increasing response. 

The different degrees of activation of the anterior face result in different 
relative amounts of current during the first and second phase. In two fish 
the areas under first and second phase current waveforms were measured at 
different loads. At loads of low resistance with an active anterior face the 
ratio of charge transferred during the first phase to that transferred during 
the second was about 0.7. With loads of high resistance and an inactive anterior 
face, more charge was transferred during the first phase, the above ratio being 
about 1.3. Equal charge transfer occurred at loads of 10-20 kf2. The absolute 
amount  of charge transfer was of course much greater at loads of low resistance 
and high currents. These varying ratios are of interest for their possible influence 
on electroreceptor responsiveness. 

Voltage Measurements with Internal Electrodes 

In order to derive the true source resistance of the electric organ itself from 
the slopes of current-voltage relations such as shown in Figure 4 and 6, two 
additional resistances should be considered. One of  these is a shunt resistance 
between the two ends of the electric organ. Current could flow between the 
skin and the electric organ, between the columns of electrocytes and through 
the spinal cord. Such shunts are probably of high enough resistance so as 
not to distort the estimate of electric organ source resistance (see Discussion). 
A second resistance is the series resistance of the skin and electrode interface. 
This resistance is indistinguishable from the true source resistance with external 
electrodes alone and is likely to be large enough to significantly increase the 
estimate from experiments using fixed resistors. To examine this problem internal 
and external voltages were measured simultaneously in three fish (see Methods). 
With an external short across the disk electrodes the current was at a maximum 
and external voltage was, of course, zero. Internal voltage at this current was 
not zero, demonstrating a substantial resistance due to the skin and electrode 
interface (Fig. 8). Since most of the current was probably flowing through the 
external shunt, the difference in voltage between internal and external voltage 
divided by the short circuit current would give the resistance of the electrode 
interface and the skin below it. Values varied between 2 and 2.8 kf2 for the 
two different phases and the three fish. In these experiments the fish was kept 
in distilled water as external resistors were added. When resistance was 
incremented less current flowed through the external circuit and less voltage was 
dropped across the electrode interface and the skin immediately beneath it. Thus 
the difference between internal and external voltage fell progressively, as shown 
in Figure 8. During this same sequence the proportion of current flowing 
through the medium progressively increased. When the external circuit was open, 
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all current flowed through the medium. Internal and external voltages measured 
simultaneously at this time were very close, with the internal always slightly 
greater. The voltage recorded at this point depended on media resistivity. 

From the above analysis it is clear that the slope and voltage intercept 
of the externally recorded voltage vs current relation depended on both the 
series resistance of skin and electrode interface and on media resistivity. The 
best estimates of the true source resistance and e.m.f, of the electric organ 
are therefore obtained from the internal voltage measurements. The voltage 
intercept gives the e.m.f, and in every case was close to the voltage measured 
in air. The source resistances for the first phase were 3.5, 3.7, and 4.1 ks 
For  the second phase with first phase current constant and maximal, they 
were 1.9, 1.9, and 2.1 kf2. With first phase current constant and minimal, second 
phase source resistances were 3.0 and 2.9 (not measured in the third fish). 

Internal and external voltages were also recorded when the load on the 
electric organ was varied by changing medium resistivity. In this case internal 
and external voltages differed little. First phase source resistances estimated 
with external electrodes were 4.2, 4.1, and 4.3. Estimated with internal electrodes 
source resistances were only slightly lower, i.e. 4.0, 3.7, and 4.0. (Second phase 
source resistances could not be measured in such experiments because of the 
varying first phase load.) The close similarity of internal and external voltages 
in these experiments is due to the fact that current was not constrained to 
flow through a small area of skin and the electrode interface, but could flow 
into the medium through all regions of the skin. The possibility should be 
mentioned, however, that penetration of the skin by the internal recording 
electrode could have caused a low resistance shunt, making internal and external 
voltage closer together than they would be in an intact fish. 

Direct Stimulation of the Electric Organ 

If our understanding of the generator is correct, current passed through the 
electric organ from head to tail should depolarize and excite the posterior 
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Fig. 9A-D. Direct stimulation of electric organ. A Superimposed voltage traces showing responses to 
varying amounts of anterior to posterior current (above) and posterior to anterior current (below). 
Note reduction in latency and increase in amplitude with increasing stimulus intensity, and also the 
higher threshold for posterior to anterior current. B Recovery of head positive response following 
spontaneous EOD. Note increased response in third trace down, indicating a "supernormal" period. 
C Recovery of head negative response following spontaneous EOD in which a high amplitude "active" 
second phase was caused by high first phase current. High first phase current caused by low first phase 
resistance which also caused low first phase voltage as shown. Note, as in B, increased response in 
third trace down. D Effect on head negative response of various delays after spontaneous EOD in 
which "active" second phase is not present. Same fish and stimulus as in C, but low first phase current 
due to high external resistance was below threshold for "active" second phase. Note high first phase 
voltage caused by high first phase resistance. Note the lack of refractory period and instead an 
increase in response with decreasing delay. In B, C, and D second phase voltage was recorded open 
circuit. Calibration below C applies to D also 

e lectrocyte  membrane ,  y ie ld ing a head  posi t ive response c o m p a r a b l e  to the 
first  phase  of  the EOD.  Cur ren t  passed  in the oppos i te  direct ion,  f rom tail  
to head,  should  excite the an te r io r  m e m b r a n e  causing a head  negat ive  response  
c o m p a r a b l e  to the brief,  symmet r ic  second phase  seen a t  high first  phase  currents .  
The results show tha t  this is the case. A n  ini t ial ly head  posi t ive response  was 
evoked  by  ta i lward  current  (upper  traces, Fig.  9A)  while an ini t ial ly head  nega-  
tive response occur red  with cur ren t  in the oppos i te  d i rec t ion  ( lower traces, 
Fig.  9A).  The head  posi t ive response  had  a lower  threshold ,  which is consis tent  
wi th  the lower  th resho ld  o f  the pos te r io r  e lectrocyte  m e m b r a n e  seen in micro-  
e lec t rode  recordings  (Bennett ,  1971 ; Bennet t  and  Grundfes t ,  1961). F o r  bo th  polar -  
ities o f  response  the amp l i t ude  increased and  la tency decreased with increas ing 
s t imulus  intensity.  The amp l i t ude  changes  of  the head  negat ive  response  were 
c o m p a r a b l e  to changes  in amp l i t ude  o f  the second phase  o f  the E O D  when 
first  phase  cur ren t  was the s t imulus  (Figs. 3B, 7 A - D ) .  A po ten t i a l  o f  oppos i te  
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polarity was seen following both head positive and head negative responses. 
Curare (10 mg/kg) was given in one experiment and the same responses and 
differences in thresholds were obtained. This result showed that the responses 
were due to stimulation of the electrocytes and not the nerves. 

A refractory period and a recovery of the head positive response to a sub- 
maximal stimulus following a normal, spontaneous EOD is shown in Figure 9 B. 
A supernormal period occurs at about 2 ms stimulus delay (third trace from the 
top). When the low first phase resistance yielded an EOD with a large amplitude, 
short duration second phase (Fig. 9 C), the recovery of the head negative response 
to a submaximal stimulus of headward current was quite similar to the recovery 
of the head positive response. A supernormal response was also seen in this case 
(third trace from the top). When the same stimulus was given following an EOD 
with a low amplitude, long duration second phase there was no refractory period 
(Fig. 9 D). Instead the head negative response to the stimulus grew in size with 
decreasing stimulus delay. These results are consistent with an active response 
of the anterior membrane being the source of the large amplitude, short duration 
second phase process. They are not consistent with such an origin for the 
low amplitude, long duration process. 

Resistance Seen by the Electric Organ as a Function 
of Resistivity and Distance to Non-conducting Boundaries 

If V is the voltage generated and I is the current flowing through the electric 
organ and the external load, then V/I is the resistance of the load. We measured 
the voltage and current at different resistivities and boundary distances and 
estimated resistances as a function of these parameters by dividing peak first 
phase voltage by peak first phase current (Fig. 10). The resistance vs resistivity 
curves obtained using the large tank with no tubes in place were quite similar 
to those in which the smaller experimental container was used. The graphs 
were roughly linear between 20 and 120 k~2-cm. A load equal to a first phase 
source resistance of 3 to 4 kf2 is obtained at resistivities between 15 and 20 k~- 
cm. Energy expended during the first phase would reach a maximum at such 
resistivities. 

Resistances based on internally recorded voltages were indistinguishable from 
those based on external recordings at resistivities above 15 kf2-cm. Below this 
value, however, the slightly higher voltages recorded internally yielded slightly 
higher calculated resistances. The resistive load based on internal voltages could 
be obtained from that based on external recordings by simply adding a fixed 
resistance of about 300 Q. Such an additional resistance can be interpreted 
as the resistance of the internal tissue and skin which would be seen by the 
electric organ itself at medium resistivities near zero. However, since a low 
resistance path to the outside may have been created by penetrating the skin 
near the internal electrodes, the value of 300 f2 may be an underestimate. 

We found a steep dependence of resistive load on distance to a nonconducting 
boundary (inset of Fig. 10). The effect of boundary distance on resistance is 
most marked within a few centimeters of the fish. The difference between the 
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Fig. 10. Resistive load seen by electric organ as function of resistivity and distance to non-conducting 
boundary, x resistance with axis of fish in center of cylinder of diameter 6.4 cm. �9 resistance with 
boundary at edge of the tank, i.e. between 21 and 24 cm. Inset, resistive load at different boundary 
distances (radii of tubes) at a resistivity of 20 kf2-cm 

resistance at a given tube radius and the resistance at 21 cm (taken here as the 
resistance for a tube of infinite radius) was plotted against tube radius on 
logarithmic coordinates. The resulting plots were rather straight with negative 
slopes, i.e. R(a)- R(21)oc a-Y, where R(a) was the resistance with a tube of radius 
a and R(21) the resistance at 21 cm. The exponent y ranged between 1.7 and 
2.5, the smaller values occurring at high resistivities. 

For  comparison, the resistance between two metal electrodes was measured 
at 1 kHz while distance to a nonconducting boundary was varied with the 
same tubes used with the fish. Similar plots of resistance vs radius on log-log 
paper gave slopes between 1.6 and 2.8 depending on the separation and spatial 
extent of the electrodes. At  a given spatial separation, lower slopes were obtained 
when one of the electrodes was elongated in the axial direction. Results in 
the next section show that the relative distribution of EOD voltage over the 
skin of the fish varies with medium resistivity. Changes in medium resistivity, 
in effect, alter the spatial separation of the two poles of the fish "dipole". 
This could account for the different slopes obtained from the fish at different 
resistivities. 

The effect of distance to a non-conducting boundary at either end of the 
fish was examined by lowering the water level. The fish was placed with the head 
up to examine the effect of a boundary near the head and with the tail up to 
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examine a boundary near the tail. With the head up, lowering the water level 
from 20 cm above the snout to the snout itself caused no detectable change in 
resistance. With the tail up, lowering the water level from 15 cm above the tail 
to a point 6 cm above the tail had little effect. Lowering it further, until the tips 
of the caudal fin were just below the surface, increased the resistance about 3%. 
As soon as the tips broke the surface the resistance climbed steeply. The above 
observations were true at resistivities of 1.2 and 25 kQ-cm. Thus, as might be 
expected, the effect of non-conductive boundaries in the axial direction is more 
marked for boundaries close to the tail, where the electric organ is, than for 
boundaries close to the head. Even for the tail, however, the effect of a boundary 
on resistive load becomes significant only when it is within a few centimeters of 
the fish. 

Peak to Peak Voltage as a Function o f  Resistivity 

In 10 fish, peak first and second phase voltages were measured at either end 
of the electric organ and plotted together with their sum, the peak to peak 
voltage, as functions of medium resistivity (Fig. 11 A). First phase voltage rose 
smoothly with increasing resistance of the load in a battery-like manner. Second 
phase voltage, while initially higher than the first phase, reached a peak at 
about 30 k~2-cm and then began to fall steeply. The sharp maximum in second 
phase voltage at low resistivities resulted in a corresponding maximum in the 
summated peak to peak voltage. Beyond this peak, from about 50 k~2-cm on, 
the summated voltage was nearly flat because first phase rise was compensated 
for by a fall in the second phase. In two animals, peak to peak voltage was 
also measured between a point in front of the head and another point behind 
the tail. This measurement did not show the prominent maximum at low resistiv- 
ities. The phenomenon was examined in more detail in three additional animals 
in which the voltage at several points on and near the fish was recorded against 
a fixed reference electrode (Fig. 11 B). The bottom curve of Figure 11 B is com- 
parable to the head to tail voltages described above and shows the same reduc- 
tion of the low resistivity maximum. Notice the changing proportion between 
the voltage measured in front of the head (bottom curve) and that measured 
over the electric organ (top curve). At high resistivities on the right, the ratio 
is 3/4. On the left, at the lowest resistivity measured, it is 1/3. Thus at low 
resistivities there is an attenuation of the voltage recorded between head and 
tail in comparison to that recorded at the electric organ. A similar reduction 
in relative voltage and flattening of the maximum can be seen in the middle 
curve, indicating that the low resistivity attenuation occurs within the first few 
centimeters in front of the electric organ. 

In summary, peak to peak voltage measured at points distant from the 
electric organ increased with resistivity up to about 30 kfJ-cm. It remained 
roughly constant beyond this point to resistivities of 180 kgJ-cm. This relative 
constancy was due first to the summation of an increasing first phase and 
decreasing second phase, and second, to the low resistivity attenuation. The 
selective attenuation probably results from different patterns of  current flow 
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Fig. l l A  and B. EOD voltage as function of resistivity and position of recording electrodes. A First 
phase, second phase and peak to peak voltage recorded with electrodes at ends of electric organ. Peak 
to peak voltage is the sum of first and second phase voltages. Note sharp rise and fall of  second phase 
which causes a max i mum in peak to peak voltage. B Peak to peak voltage recorded at various points 
against a reference electrode in the corner of  the experimental chamber  behind the fish. Top curve, 
recording electrode on skin above anterior end of electric organ. Middle curve, recording electrode on 
skin 2 cm in front  of  electric organ. Bottom curve, 1~ecording electrode in the water (2 cm) in front of  
mou th  of fish. Note in middle and lower curves a decrease in size of  low resistivity max imum 

at low and high resistivities due to the core conductor properties of the fish. 
For example, along any current path between the two ends of the electric 
organ voltage is dropped both within the boundary of the fish and in the 
external medium. At high resistivities most of the voltage will fall across 
the external medium leaving the skin surface in front of the electric organ 
roughly isopotential. At low resistivities a larger fraction of the voltage will 
be dropped within the fish and the magnitude of the drop will depend on 
the length of the current path. This would result in proportionately smaller 
voltages on the anterior part of the skin than immediately over the electric 
organ. 

Anatomical Observations and Average Properties of Single Electrocytes 

After five of the experiments the tails of the fish were removed and preserved 
in formalin. The electrocytes in each of the four columns were counted with 
the aid of methylene blue staining. In each fish the mean number of electrocytes/ 
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Fish length (cm) 
Electrocytes/column (mean, range) 

Total electrocyte area (mm 2) 

First Phase 
Open circuit voltage/cell (mV) 
Short circuit current/unit area 

(mA/cm 2) 
Areal specific impedance (ohm-cm 2) 

15.5 18 16.5 15.5 - 
120, 110, 112, 106, 97, 
117-123 106-~14 109 114 100-113 93 99 
16.4 19.5 21.0 18.1 23.2 

100 103 116 108 115 
16 18 19 13 9 

4.5 3.5 3.9 5.7 9.2 
(6.0) ~ 

Second Phase 
Open circuit voltage/cell (mV) 108 116 125 
Short circuit current/unit 27 31 28 

area (mA/cm 2) 
Areal specific impedance (ohm-cm 2) 2.5 1.9 2.6 

122 129 
27 i9 

2.7 4.5 
(3.2). 

Based on electric organ source resistance determined with internal voltage measuring electrodes 

column was calculated. The total area of  electrocyte membrane  in a cross-section 
through the electric organ was also measured, making no correction for tissue 
shrinkage. Estimates of  the average first and second phase peak voltages across 
each cell were obtained by dividing the open circuit voltages of  each fish by 
its mean number  of  electrocytes/column. Dividing the short circuit currents 
by the total cross-sectional areas of  electrocytes gave estimates of the current 
densities at the two peaks of  the discharge. The true resistance of the electric 
organ was estimated by dividing the open circuit voltage measured in air by 
the short circuit current giving a "source resistance" which included the series 
resistances of  electrode interface and underlying skin. An estimate of  this series 
resistance, obtained from the three fish in which internal voltage was measured, 
was then subtracted. Internal electrodes were used in only one of the five fish in 
which numbers of  electrocytes and the cross-sectional area were determined. 
Dividing the estimated source resistance at the peaks of  the discharge by the 
mean number  of  electrocytes gave estimates of  the corresponding resistances 
contributed by each layer of  electrocytes. The latter values were multiplied by 
the area to give estimates of  the areal specific resistances. This areal specific 
resistance should more properly be termed an impedance because much of the 
current was probably carried by membrane capacitance. Unfortunately the 
capacitive and resistive components  could not be separated in these experiments. 
Table 1 lists these estimates for each of the fish. 

D i s c u s s i o n  

Inferences about Single Electrocytes from Whole Electric Organ Behavior 

The discharge of the caudal face of  the electrocytes underlies the first phase 
of  the EOD (Bennett, 1971; Bennett and Grundfest, 1961). At the peak of 
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this spike the potential across the cell is determined by the sum of the resting 
potential of the as yet unactivated rostral face plus the value of the caudal 
face overshoot. This is, of course, equal in amplitude to the spike itself since 
the resting potentials of the two faces are equal. In our experiments, the calculat- 
ed average potential across the electrocytes of any one fish at the peak of 
the first phase ranged from 100 to 116 mV (Table 1). This would seem to 
be close to the maximum obtainable from summing a resting potential 
and the overshoot of a spike unless these potentials are of unusual size, as 
in the electric eel where a large overshoot and resting potential can cause 
a peak voltage across the cell of 150 mV (Altamirano et al., 1955). In fact, 
intracellular recording in mormyrids showed resting potentials of 60 mV and 
overshoots of 20 mV (Bennett, 1971; Bennett and Grundfest, 1961). The differ- 
ence between the sum of these two membrane potentials and our estimates is 
probably due to damage following microetectrode penetration. 

The calculated average potential across the electrocytes during the second 
phase with maximum first phase current was between 108 and 125 mV (Table 1). 
These potentials must also be close to the maximum obtainable from single 
cells. The fact that first and second phase EOD voltages are close to the maxi- 
mum obtainable from the measured number of cells indicates that shunts between 
the two ends of the electric organ are of high resistance. The phenomenon 
of self stimulation at loads of high resistance suggests that such shunts exist. 
They must, however, be much higher than the source resistance of the electrically 
active tissue. Otherwise the voltage across the electric organ and the volts/electro- 
cyte would be significantly lowered. 

The fact that the contribution of each cell to the output of the electric 
organ is close to the maximum possible also requires the presence of an efficient 
barrier to local current flow between the rostral and caudal faces of each electro- 
cyte (Fig. 1). If current flowed readily from one side of the cell to the other, 
each electrocyte would be shorted and no voltage would be generated by the 
organ. Light microscopic sections show that the electrocyte margins are tightly 
adherent to the surrounding connective tissue and that they have a swelling 
at their rim which increases the surface area of the margin and thus the resistance 
around the cell (unpublished observations of the authors). Furthermore, electro- 
cytes are close together in comparison to their diameters (ratio ~ 1/2o). This 
in itself would decrease current flow around the outside in relation to that 
flowing into the neighboring cell. Electron micrographs which show stalk pen- 
etration reveal no specialized contacts between stalk and electrocyte body (Bruns, 
1971; Schwartz et al., 1975). Since tight junction have been noted in other 
situations when a high barrier to extracellular current flow exists (Waltman, 
1966), the lack of such contacts here appears to make possible a low resistance 
path. Perhaps, however, the number and area of these spaces are not large 
enough to be significant. 

The presence of barriers to local, extracellular current flow means that the 
current generated by the caudal face which depolarizes and excites the rostral 
face cannot return locally as it would in the usual spread of excitation along 
a membrane. The primary path available to it must be through the other electro- 
cytes, the skin and the surrounding medium. Thus, current exciting the rostral 
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face can readily flow when external resistance is low, but if the medium is 
of high resistivity little current flows and the rostral face is not excited. Current 
responsible for exciting the caudal face of the electrocytes can return locally, 
however. The potential across the cell during the first phase is therefore un- 
affected by the external load. These underlying events explain the effect of increas- 
ing resistivity on the EOD, i.e. the monotonic rise in first phase voltage, the 
rise followed by a fall in the second phase, the lack of variation in the first 
phase wave form and the marked changes in that of the second phase. These 
effects of increasing resistivity on EOD voltage have also been noted by others 
(Harder et al., 1964). 

There are two possible explanations of the long duration, asymmetrical second 
phase seen at low first phase current. It could result from hyperpolarization 
of the caudal face membrane following its spike or from charging of the rostral 
membrane capacitance by first phase current followed by decay of the charge. 
Such a capacitative origin of one phase of the EOD has been shown in Gymnar- 
chus noloticus and strongly suggested in some gymnotid fish (Bennett, 1971). 
Some of the published intracellular recordings from mormyrid electrocytes show 
a hyperpolarization, others do not (Bennett and Grundfest, 1961). However, 
a capacitative origin is suggested by the bottom records of Figure 6B. Here 
the second phase waveform changes slightly as a function of second phase 
resistance. The current shows a more rapid decay at low resistances than at 
high. This was also clearly seen in the voltage records (not shown). Such behavior 
is characteristic of capacitance in series with different resistors. It would not 
be seen if a caudal face hyperpolarization were the origin. Further intracellular 
studies are necessary to resolve this question, however. Whatever the origin, 
it is likely that a similar asymmetric potential of opposite sign occurs following 
the rostral face spike. This would explain the long lasting head positive potential 
seen at loads of low resistance when the rostral face is fully active (Fig. 3 A). 

Some evidence for a model of the first phase generator in G. petersii as 
an e.m.f, with a series source resistance was obtained by Harder et al. (1964). 
Electric organs of other species have also been modeled in this way. Cox et al. 
(1945), measured voltage and current generated by the electric eel, Electrophorus 
electricus, with different loads and showed a straight line relationship similar 
to those shown in Figures 4, 5 and 8. They refer to earlier similar results 
with the electric rays, Narcine brasilensis and Torpedo occidentalis. A generator 
with constant e.m.f, and fixed source resistance was also shown to explain 
the amount of electric work done under different loads in the electric eel and 
catfish (Aubert and Keynes, 1968; Keynes, 1968). 

The current voltage relationships for both the first phase and for the second 
(at constant and maximal first phase current) were remarkably linear (Figs. 4, 
6, 8). This was particularly true when the load was changed with external 
resistors rather than by altering medium resistivity (compare Figs. 4 and 5). Use of 
such resistors made it possible to change the load rapidly and without disturbing 
the thermal or ionic environment of the fish. Under these circumstances the 
linearity of the current voltage relation indicated that the e.m.f, and source 
resistance of the generator were independent of loading. This means that the 
source resistance cannot be located in the active membrane. If it were, variations 
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in current caused by load changes would affect the membrane potential and 
the spike generating mechanism in the membrane responsible for the e.m.f. 
The major source resistance must lie in the inactive membrane, cytoplasm and 
intracellular space between electrocytes. For thin, closely packed electrocytes 
the inactive membrane is probably most important. The location and size of 
the source resistance in relation to the different loads encountered by electric 
organs of marine vs fresh water electric fish have been discussed by Bennett 
(1970, 1971). 

During the peak of the second phase, current flows through the recently 
activated caudal membrane. Intracellular studies suggested that the conductance 
of this membrane remains high for several milliseconds following its discharge 
(Bennett and Grundfest, 1961). This probably explains the consistently lower 
source resistance of the second phase. The higher open circuit voltage of the 
second phase could follow from the lower source resistance if a significant 
amount of current flows across parallel resistive shunts within the tail. The 
high e.m.f, could also be due, however, to a caudal face hyperpolarization 
or a larger rostral face spike. A higher open circuit voltage and a lower source 
resistance lead to the higher short circuit current seen during the second phase. 

We estimated volts/electrocyte, current density and areal specific impedance 
from electrical and anatomical measurements. Cox et al. (1945) estimated the 
same quantities in a similar manner for electric eels and rays. These and similar 
measurements on other electric fish have been discussed by Bennett (1971) 
in relation to equivalent properties of other excitable tissue. It should be noted 
that the quantities shown in Table 1 are based on macroscopic measurements. 
Electron micrographics show extensive invaginations and canaliculi on both 
anterior and posterior electrocyte membranes (Bruns, 1971; Schwartz et al., 
1975). Lower current densities and higher areal specific impedances result if 
the surface proliferation of the two excitable membranes is considered. Rough 
estimates of the ratios of actual membrane to macroscopic area have been 
made from electron micrographs (Schwartz et al., 1975, and personal communi- 
cation from I.M. Schwartz). For the rostral face the actual membrane area 
was 5-9 times greater than the macroscopic area. For the caudal surface, actual 
membrane area was about 4 times greater. To take surface proliferation into 
account the current densities of Table 1 should be divided and the areal specific 
impedances should be multiplied by these factors. Current densities derived 
in this way fell between 2 and 6 mA/cm 2. These can be compared with current 
densities of 10 mA/cm 2 in the amphibian node of Ranvier at the peak of inward 
current (Frankenhaeuser and Huxley, 1964). 

Relations between Electric Organ Behavior and the Electrosensory System 

The load seen by the electric organ fell quite steeply as a function of distance 
from the longitudinal axis of the fish to a non-conducting boundary (Fig. 10 
inset). Most of the effect occurred within the first 8-10 cm. Increasing the 
distance beyond this point changed the resistance only slightly. A similar steep 
dependency of resistance on distance to a boundary has been derived from 



86 C.C. Bell et al. 

a theoretical examination of current flow between the two poles of a dipole 
(Frey and Eichert, 1972). More exact comparison between these results and 
ours is not possible because in the fish the anterior pole is more extended 
spatially than the posterior. Indeed the actual spatial extent appeared to depend 
on the conductivity of the medium. A nonconducting boundary in front of 
the fish did not affect the load, and such a boundary behind the fish only 
had an effect when placed within 1 or 2 cm of the tail fin. These results 
may be of use in selecting the size of an experimental chamber in future work 
on the electrosensory system. It should be emphasized, however, that boundary 
distances which did not significantly affect the total load could have a marked 
influence on the electric field created by the discharges. 

Knudsen (1975) found that the electric fields generated by gymnotid fish 
were indistinguishable from those generated by a dipole provided one examined 
the fields at a sufficient distance from the fish. He also found that the separation 
between the source and the sink of such an inferred dipole increased with 
increasing resistivity. This result is comparable to our finding of increased iso- 
potentiality of the fish's body anterior to the electric organ. 

There are three classes of electroreceptors in Mormyrids-small,  medium, 
and large (Bennett, 1971; Szabo and Fessard, 1974). The small or ampullary 
receptors are most sensitive to sine wave stimuli of low frequencies, 30-50 Hz 
(Bennett, 1971, and personal communication, R.F. Poppele). For this reason 
they are generally believed to be unresponsive to the brief electric organ dis- 
charge. In mormyrids this unresponsiveness does not appear to have been tested 
directly, however 1. It is at least possible that they would be affected by the 
discharge, particularly at both very high and very low resistances when current 
flow during the two phases is not the same. Under such conditions the EOD 
has a D.C. component resembling a monophasic pulse. Similar ampullary recep- 
tors in Gymngtids do respond to brief, large amplitude monophasic pulses 
and it is possible that the Mormyrid ampullary receptors would also (Bennett, 
1971). However, it is not known whether the D.C. component across the skin 
during the EOD is sufficient to excite the receptors at water resistivities in 
which the animal is found. The other two classes of receptors, both tuberous, 
are known to respond very well to electric organ (Bennett, 1971; Szabo and 
Fessard, 1974; Szabo and Hagiwara, 1967). The large receptors however, have 
a poor dynamic range, i.e. their output, once threshold is crossed, changes 
only slightly with stimulus intensity. They would be of limited use in signalling 
the variations in current amplitude on which electrolocation must depend. The 
medium receptors possess a wide dynamic range, however, and it is likely that 
they are the important receptors for electrolocation (Bennett, 1971; Szabo and 
Fessard, 19974; Szabo and Hagiwara, 1967). Depending on the time constants 
of the receptor cells, medium receptors may be affected by the changes in 
second phase duration caused by changes in load. The most important parame- 
ter, however, is probably the amplitude of the transient from peak first to 
peak second phase voltage. 

It is therefore of interest that the peak to peak voltage measured at several 

1 Note  added  in proof,  see next  page  
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skin points on the anterior half of the animal and at nearby points in the 
surrounding medium was roughly constant between about 20 and 180 kg2-cm. 
Very little data are available on the resistivities found in the natural habitats 
of these fish. In one study of fishes in the Congo Basin, however, the species 
Gnathonemuspetersii was found in waters which varied between 13 k~2-cm and 
180 kf2-cm depending on the collection site and the time of year (Gosse, 1963). 

Thus peak to peak voltage measured at points on and near the fish may 
remain relatively constant throughout most of the normal range of resistivities 
encountered by the animal. Further studies of the effects of resistivity on the 
entire electric field of the fish and on the voltages across the receptors are 
necessary before the functional significane of such a relative constancy can 
be evaluated. It may be suggested, however, that the relative insensitivity of 
peak to peak voltage to changes in resistive load could simplify the analysis 
process in electrolocation. 

Laboratory studies of electric fish behavior have not, in general, taken into 
account the high resistivities in which the animal normally live. Studies on 
electrolocation, for example, have only been done in aquarium water at resistiv- 
ities of 1-3 k~2-cm (Belbenoit, 1970; Harder, 1972). Under these conditions 
detection seems limited to objects at only a few centimeters distance from 
the fish. If such studies were done in water closer to the normal milieu of 
the animal, they might show that electrolocation can occur at greater distances. 
Increased detection distances would make the system of more use to a rapidly 
swimming animal. 
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Note Added in Proof. 

After submitting the manuscript we learned of a study by T. Szabo in which he saw no effect of 
the EOD on small receptor activity [Szabo, T.: {Sber eine bisher unbekannte Funktion der sog. 
ampull/iren Organe bei Gnathonemus petersii. Z. vergl. Physiologie 66, 164 175 (1970)]. It remains 
possible, however, that a more extended analysis using different resistivities would bring out a 
relationship. 


