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The quasi-sinusoidal electric organ discharge (EOD) of the 
weakly electric fish Sfernopygus is involved in communi- 
cation and orientation. Each monophasic pulse of the low- 
intensity EOD is a compound action potential (AP) from the 
simultaneously firing electrocytes of the electric organ. EOD 
frequency is lower and EOD pulse duration longer in sexually 
mature males than in sexually mature females; exogenous 
androgen lowers EOD frequency and increases EOD pulse 
duration. In order to determine the contribution of single 
electrocyte spikes to the entire EOD pulse, APs were in- 
duced by intracellular current injection in single electrocytes 
of isolated pieces of electric organ. Each AP looks very 
similar to the externally recorded EOD pulses, and AP du- 
ration (APD) is significantly correlated with EOD pulse du- 
ration (r = 0.48; p < 0.0005). The APD is slightly longer when 
compared to the EOD pulse duration, but this difference is 
likely due to the stimulation paradigm. Fish treated with dihy- 
drotestosterone showed a decrease in EOD frequency, in- 
crease in EOD pulse duration, and corresponding increase 
in APD; control fish showed random, insignificant changes 
in EOD wave form and APD. Evidence presented here shows 
that changes in the passive membrane properties are un- 
likely to be responsible for the APD increase. The possibility 
is discussed that androgens act directly upon the electric 
organ, ultimately altering the ionic currents that produce the 
AP. 

Sex differences in behavior are common among vertebrates, 
especially in courtship and reproduction (fish: Bass, 1986b; am- 
phibians: Kelley, 1986; birds: Arnold et al., 1986; mammals: 
Sengelaub, 1989). Endogenous sex steroids are responsible for 
many of these sex differences. Studies of the effects of steroid 
hormones on the neural circuitry underlying sex-specific be- 
haviors can be difficult to interpret because of their inherent 
complexity. For instance, many CNS nuclei and peripheral ef- 
fectors may control or influence a behavior, the cells within a 
particular nucleus are not necessarily homogeneous in function 
or response to steroid, and it is difficult to determine whether 
hormone effects are pre- or postsynaptic. Therefore, it is not 
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easy to discern the contribution of steroid effects upon a par- 
ticular region to the control of an entire behavior. 

Results from studies of chronic electrophysiological effects of 
steroid hormones include changes in refractory period and cell 
responsiveness in different neural regions (Kendrick and Drew- 
ett, 1979; Chan et al., 1985). How these steroid effects change 
the associated behavior is unclear. The androgen-sensitive elec- 
trocommunication system of the weakly electric fish is an at- 
tractive model for studying long-term effects of steroids on ex- 
citable cells, because the association between steroid effects and 
behavior is more apparent. 

Weakly electric fish continually produce an electric organ dis- 
charge (EOD), via a relatively simple neural circuit; the EOD 
is both a behavioral event and a discrete electrophysiological 
phenomenon (Bass, 1986b). The EOD of weakly electric fish is 
used in communication (Hopkins, 1972, 1974, 1980; Gott- 
schalk, 198 1; Hopkins and Bass, 1981; Westby and Kirsch- 
baum, 1981, 1982; Hagedom and Heiligenberg, 1985; Moller 
and Serrier, 1986) and electrolocation (Lissmann, 1958; Liss- 
mann and Machin, 1958; Bullock, 1982). The EOD of many 
South American gymnotiform species is nearly sinusoidal in 
wave form, consisting of very regularly spaced monophasic puls- 
es; such fish are called “wave” fish, because the EOD oscillogram 
is wavelike in appearance. Other South American gymnotiforms 
and the African mormyrids produce an EOD in which the pulses 
are relatively brief in duration, often multiphasic, and occur 
with an irregular rhythm; these fish are called “pulse” fish be- 
cause the EOD wave form is pulselike (Bennett, 197 1). In both 
pulse and wave fish, each EOD pulse is a compound action 
potential (AP) formed by the summed APs in the individual 
cells of the electric organ, the electrocytes (Bennett, 197 1). The 
frequency of the EOD pulses in wave fish is determined by the 
medullary pacemaker nucleus (PMN) in the brain (Bennett et 
al., 1967; Ellis and Szabo, 1980); the PMN activates the elec- 
tromotor neurons, which drive the muscle-derived electrocytes 
(Bennett, 1971; Baillet-Derbin, 1978) of the electric organ, lo- 
cated in the posterior portion and tail of the fish. (There also 
exist wave-fish species, the Apteronotids, in which the electric 
organ is neurally derived; Bennett, 197 1.) 

Sex differences in the EOD have been described in both pulse 
and wave fish. In pulse species, the wave form of the pulse varies 
between reproductively mature fish, typically being of longer 
duration in males (Bass and Hopkins, 1983, 1985; Hagedom 
and Carr, 1985; Landsman and Moller, 1988; Freedman et al., 
1989). In wave species, on the other hand, mature males and 
females discharge at different frequencies (Hopkins, 1974; Mey- 
er, 1983). These sex differences can be mimicked in the labo- 
ratory by androgen treatment. The EOD pulse of female or 
juvenile pulse fish is broadened by androgen treatment, and the 
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EOD freouencv of the wave fish Sternovvms is lowered. Thus. et al., 1975; A. Mills, H. H. Zakon, and A. H. Bass, unpublished ob- 
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it was believed that the target of androgen is the electric organ servations) required an amount of current that saturated the amplifiers. 

in pulse fish and the PMN in wave fish. However, we have Current was provided by a WPI 302T stimulator with isolation unit. 

previously shown that the androgen dihydrotestosterone (DHT) 
Current was injected as a square pulse of short (0.1-6.2 msec) or long 
(16-20 msec) duration, at a frequency of l-3 Hz. Stimulus intensity 

not onlv lowers EOD freauencv. but also increases the EOD was araduallv increased from 0 until snike threshold was reached. and 
_I 

pulse duration of Sternopygus (Mills and Zakon, 1987). This is was maintained just above this level. For short-duration stimuli, if the 

not surprising, in that the duration of each pulse must be longer stimulus intensity was at its maximum and there still was no AP, the 

when the EOD frequency is lower, if a sinusoidal discharge is 
stimulus duration was gradually increased until the cell fired. AP and 

to be maintained. It was not clear from that study, which only 
stimulus traces were stored on the computer in SPIKE, as were the EODs. 
Current ranged in magnitude from 46 to 588 nA. The preamplifier to 

recorded the EOD, whether the wave form of the individual the computer became saturated at 588 nA, so current was in reality 
electrocyte APs was altered by the hormone, or whether the often larger. Presumably, more current was required when the electrodes 

timing of firing was changed such that electrocyte spikes were 
were far from the spiking membrane. As many cells as could give “good” 

summed over a longer period of time, resulting in a broader 
APs (of normal shape, 20 mV or more amplitude, and -50 mV or more 
resting potential) were recorded. (Only 17 out of 235 cells had ampli- 

single EOD pulse. tudes less than 30 mV, and only 20 out of 235 cells had resting mem- 
In this study, we wished to determine the relationship between brane potentials more depolarized than -50 mV.) The tissue was viable 

electrocyte APs and the entire EOD pulse, and whether androgen for more than 7 hr. 

treatment could increase the duration of single APs. Electrocytes 
DHT treatment. Twenty-two fish with frequencies above 92 Hz at 

were stimulated by intracellular current injection; the resulting 
room temperature were used, because the decrease in EOD frequency 
in response to DHT is larger in higher-frequency fish (Zakon and Meyer, 

APs were described and quantified and were compared to sim- 1983). The fish were randomly assigned to either DHT (N = 14) or 
ilar parameters measured from the EOD pulses. A group of these control (N = 8) treatment. Pretreatment recordings were made in vitro 

fish was then treated with DHT, to see if AP duration (APD) from electrocytes in a small piece of electric organ as described previ- 

is increased by androgen treatment as is the EOD pulse. 
ously; each fish was then implanted intraperitoneally with either a DHT- 
filled (5+dihydrotestosterone, Sigma) or an empty Silastic capsule (Dow 
Coming) of 0.5-l .O cm in length. Treatment with DHT in this manner 
has been shown to produce phvsiological concentrations (l-10 &ml) 

Materials and Methods 
Experimental subjects. Fifty-two Sternopygus macrurus were used in 
this study, selected to represent as much as possible of the entire range 
of EOD frequencies for this species, 40-l 80 Hz at 25°C. The fish were 
caught in Venezuela, in lakes or ditches, near Ciudad Bolivar or in 
Estado Apure. The fish were kept in the lab in large group tanks. The 
tanks were maintained at approximately 25°C on a 12-hr: 12-hr light/ 
dark cycle, and the fish were fed earthworms two or three times weekly. 
Fish used in the hormone implant study were transferred to 15-gallon 
aerated aquaria, with two fish per tank, separated by a divider. All fish 
were allowed to equilibrate to these conditions for at least 3 weeks prior 
to participation in experiments. Fish were less than 30 cm in length 
from snout to tail tip (range, 14-28 cm; mean, 21 + 4 cm, SD); thus 
they were juvenile (Hopkins, 1972, 1974). 

Intracellular data collection. Prior to baseline recording, each fish was 
removed from its aquarium and allowed to cool to room temperature 
(20.2-23.5”C; mean, 22.4 ? 0.7”C, SD) in a small amount of tank 
water in a plastic bucket; this allowed for direct comparison of APs 
recorded at room temperature with the EOD pulses, because the intra- 
cellular recording chamber was not temperature controlled (the EOD 
and APs are sensitive to temperature change; Keynes and Martins- 
Ferreira, 1953; Lissmann, 1958; Enger and Szabo, 1968). The EOD was 
recorded differentially near the fish’s tail, through a Grass P- 15 amplifier 
(3 Hz to 10 kHz band pass), and the frequency was measured by a Fluke 
digital frequency counter. EOD traces were stored on a Standard 286 
computer (IBM-AT clone), using the neurophysiological acquisition and 
analysis program SPIKE (Neurologics), which received the signal through 
a World Precision Instruments (WPI) Universal Signal Manifold. Sam- 

of that steroid in the blood (Keller et al., 1986). The fish’ were lightly 
anesthetized with tricaine methane sulfonate (MS-222; Sigma) for this 
surgical procedure, and the aquaria were treated with Stress Coat 
(Aquarium Pharmaceuticals, Inc.) to stimulate replacement of the slime 
coat, which was disturbed during handling. 

The fish were revived, returned to their tanks, and checked every few 
days with the frequency counter to ensure that the DHT-treated fish 
were responding to the implants by lowering of EOD frequency. If  there 
was no change in frequency after 1 week, or if the DHT capsule fell out, 
the fish was reimplanted. Some control fish were also reimplanted with 
empty capsules to control for any effects of multiple surgeries. After 4 
weeks, or when EOD freauencv had dropped bv at least 19 Hz in the 
DHT-treated fish, another segment of tail was removed and recorded 
from as before. The cut was made at least 1 cm anterior to the previous 
cut, which could still be clearly seen even though the tip of the tail had 
almost completely regenerated; this was to eliminate regenerating elec- 
trocytes from the recordings. 

Data analysis. Resting membrane potential (I’,) was read from the 
oscilloscope screen upon initial electrode penetration and again after 
I’,,, stabilized and electrophysiological data were taken. This was nec- 
essary because the first electrode often came out of the cell when the 
second electrode entered, thus many cells were repeatedly impaled, in 
order to get both electrodes inside simultaneously. In cases in which 
this initial k’, was recorded, it was noted that, upon stable penetration 
by two electrodes, the cell was slightly depolarized from the initial value. 
Generally, over the course of a few (less than 5) min, the V, would 
gradually repolarize, but not to the initial I’,,,. 

Stored traces were displayed on the computer. Cursors were moved 
to desired points on the traces, to measure duration and amplitude. 

pling rate for collection of traces was 20 kHz. - EOD pulse duration was measured from beginning to end as described 
A l-l .5-cm oiece of tail was cut from the fish with scissors and nlaced in the previous studv (Mills and Zakon. 1987). In addition. the fall time 

in room-temperature Hickman’s physiological saline with 3 mM ghrcose 
_ . 

of the pulse was measured, the rise time was calculated as total duration 
in a Sylgard-coated (Dow Coming) recording dish. The skin was peeled minus fall time. EOD frequency was also calculated as the inverse of 
from the tail with coarse forceps, thereby exposing the electrocytes. the EOD period measured in SPIKE. Calculated versus measured EOD 

Electrodes were pulled on a Flaming Brown P-IO/PC (Sutter Instru- frequencies were in most cases identical; they never differed by more 
ment Co.) from borosilicate-glass micropipettes (A-M Systems or Da- than 2 Hz. Thus, measurement error in this study is not attributable to 
gan). Electrodes were filled with 3 M KC1 and connected to either a WPI 
707A or Intra-767 intracellular amplifier. Electrode resistance during 
recording averaged 15 + 12 MQ (SD). Two electrodes were put into 
each cell. Current was passed in “breakaway” mode into the cell, through 
the more posterior electrode. The posterior electrode was chosen for 
current passing to minimize the current required for spiking, because 
only the posterior end of the cell is electrically excitable (Bennett, 197 1). 
The more anterior electrode in the cell recorded cell response relative 
to ground. Two electrodes were needed to produce and record APs 
because the large cells (0.4-4 mm long x 50-600 pm diameter; Schwartz 

SPIKE, the sampling frequency, or the monitor screen resolution, but 
rather to consequences of electrode penetration of cells. EOD duty cycle 
was calculated as pulse duration/EOD period. EOD intensity was not 
quantified. 

There was often some variability in appearance of long APs: the 
amplitude or duration could change slightly over the course of a few 
seconds before stabilizing. In such records, the traces with stable spikes 
of the highest amplitude and clearest start and end points were pref- 
erentially measured for a given cell. APs elicited by 16-20-msec stimulus 
pulses (“long” spikes) were measured from the initial deflection away 
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Figure 1. Three generalized spike shapes are shown in a-c. Resting 
membrane potential is indicated as V,. Spike beginning, end, and peak 
are indicated with triangles; spike duration is the distance between the 
two lower triangles. a, The stimulus pulse is shown (stim.), as well as 
the capacitative artifact (art.) and charging component upon which the 
spike is superimposed (chg.). Spike amplitude (amp.) is defined as the 
distance between the peak of the spike and the top of the charging 
component (see Materials and Methods for explanation). b, Spikes that 
had indistinct beginning and end points were measured at the intersec- 
tion of the predominant slopes of the rising and falling phase, with the 
top of the charging component (broken line). c, Humps were eliminated 
from the duration measurement by extending a line from the predom- 
inant slope of the falling phase of the spike and measuring to the point 
at which the line intersected the top of the charging component. 

from the baseline formed by the cell-charging potential, to the point at 
which the trace rejoined this baseline, judged by eye (the AP began and 
ended during the stimulus pulse, and thus the AP was superimposed 
on the charging pulse; Fig. la). In cases in which the AP was somewhat 
obscured by stimulus artifact or capacitative interaction between the 
electrodes, a subthreshold trace that did not contain an AP was sub- 
tracted in SPIKE from the corresponding trace containing an AP; this 
produced an uncontaminated spike trace. Some long APs had an in- 
distinct beginning or end. In those few cases, a straight edge was used 

70 80 90 100 110 120 130 140 150 160 170 

EOD frequency (Hz) 

Figure 2. EOD frequency distribution of the 52 fish used in the AP 
characterization portion of this study. Frequencies are separated into 
IO-Hz bins. 

to extend a line from the predominant falling or rising slope to the 
baseline of the AP; APD was then the time difference between the points 
at which the line or lines met baseline (Fig. 1 b). The few APs that had 
“humps” in the falling phase were similarl; measured (Fig. lc). (Humps 
appeared on APs in both treatment groups.) The duration of the falling 
phase was measured as the time from the peak of the spike to the end; 
rise time was calculated as total APD minus fall time. These measure- 
ment adjustments were made in a minority of the APs. 

AP amplitude was measured as the difference between the peak of 
the spike and the top of baseline formed by the cell-charging potential 
(Fig. la). Resting V, baseline was not used because the magnitude of 
the cell-charging potential was often exaggerated (sometimes the current- 
passing electrode was far from the active region of the electrocyte mem- 
brane; thus a larger amount of current was needed to charge the cell to 
threshold). For cases in which this charging potential was not large and 
only a small amount ofcurrent was required to bring the cell to threshold, 
AP amplitude was also measured from the resting V, baseline. 

The onset of APs induced by short-duration stimulus pulses (“short” 
spikes) was almost always obscured by stimulus artifact. The duration 
of these APs was thus measured only from the peak of the AP, judged 
by eye, to the resting potential baseline. EOD pulse and long AP fall 
times were compared to this short APD. 

The electrophysiological parameters reported in Results are the av- 
erage of four successively acquired traces. The EOD measurements are 
the average of four neighboring EOD pulses. The average AP parameters 
from each electrocyte in a given fish were then averaged together to 
produce a mean value, for comparison with the fish’s EOD pulse. For 
the general characterization of APs and their relationship to the EOD, 
only data from untreated fish, or from fish in the DHT study but prior 
to treatment, were used. 

Statistical analysis. Average values are reported as the mean f  stan- 
dard deviation (SD) or, where noted, standard error. Correlational data 
were analyzed for significance using Fisher Z values. The Wilcoxon 
signed-rank test was used to analyze all paired data in the AP charac- 
terization study. Pre- and posttreatment differences in the DHT study 
were analyzed for significance using the Wilcoxon signed-rank test, for 
comparison within a treatment group, and the Mann-Whitney U test, 
for comparison between treatment groups. Significance levels are all two- 
tailed except where noted, and p values are reported as appropriate in 
Results. Any p 20.05 was not considered significant. 

Results 
EOD parameters 
The span of EOD frequencies in this study was 76-l 7 1 Hz (Fig. 
2); EOD pulse durations ranged from 4.33 to 9.12 msec. Both 
ranges overlap those in our earlier study (Mills and Zakon, 
1987), though the earlier measurements were at a higher tem- 
perature (25°C) than in the current study (room temperature). 
The correlation between EOD pulse duration and EOD fre- 
quency was high (r = -0.83; p < 0.00005) and in good agree- 
ment with the previous study. Again, fish with low EOD fre- 
quencies had broad pulse durations, and fish with high EOD 
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Figure 3. EOD pulse (top truce), long spike (middle truce), and short spike (bottom truce), from a fish of low (a) and high (b) EOD frequency. 
Arrows denote inflections. Scale bars represent time in all three traces, and amplitude in only the long- and short-spike traces. 

frequencies had short pulse durations (Fig. 3, top traces). Duty 
cycle ranged from 48% to 82% (mean, 70 f 5%) and was also 
correlated with EOD frequency (r = 0.32; p < 0.02) but was 
not correlated with EOD pulse duration. 

As described qualitatively in the earlier study, the EOD pulse 
rises to peak faster than it falls back to baseline. Rise time ranged 
from 1.78 to 4.06 msec and averaged 39% of pulse duration; 
fall time ranged from 2.35 to 5.26 msec and averaged 61% of 
pulse duration. This ratio was constant across EOD pulse du- 
rations; thus longer-duration pulses have both longer rise times 
(r = 0.92; p < 0.00005) and longer fall times (r = 0.94; p < 
0.00005) than shorter-duration pulses. There was no significant 
tendency for longer pulses to have a higher or lower percent rise 
or fall (Fig. 4~). The EOD pulse in lower-frequency fish occa- 
sionally had a slight inflection in the rising phase (Fig. 3a), as 
seen in the prior study. 

Intracellular recordings 
Spikes were recorded from a total of 235 cells; the number of 
cells recorded per fish varied from 1 to 16, with a mean of four 
or five cells per fish. Initial V, of each fish was -76 f 8 mV 
(range, -52 to - 117 mV). Final I’,,, (measured a few minutes 
after the termination of each cell’s recording session) ranged 
from -30 to -97 mV in individual cells (fewer than 10% of 
the cells had a I’, more depolarized than -50 mV; because 
removing the data of such cells from the analysis had a negligible 
effect upon the results, the data were included). The average 
final V, for each fish ranged from -44 to -85 mV (mean, 69 
? 14 mV). This is in agreement with the I’, reported for Ster- 
nopygus by Bennett (196 1). Initial V, was almost always greater 
than final I’,, by an average of 10 + 9 mV 0, < 0.005). Thus, 
the cells generally stabilized 10 mV depolarized from initial 
resting I’,, indicating slight damage by electrodes. 

The I’, measured at the end of a cell’s recording session at 
the injection electrode, which was placed more posteriorly and 

thus closer to the active membrane than the recording electrode, 
was generally more negative than the V, at the recording elec- 
trode in the present study and in Bennett’s study (196 1). The 
mean difference between the V, at the different electrodes was 
4 f 6 mV (p < 0.001). Bennett (1971) reported a 3-mV differ- 
ence in one Sternopygus electrocyte in situ, also with the more 
posterior electrode registering a lower I’, than the more anterior 
electrode. Thus, I’,,, varies slightly with electrode placement. 

Long spikes. The amplitude of long spikes in all fish was 24- 
98 mV (mean, 53 f 18 mv), as measured from the top of the 
charging component to the peak of the spike. The potential 
reached by the peak of the AP averaged - 11 f 12 mV; thus, 
most APs did not overshoot 0 mV. In 26 of the lowest-threshold 
cells (threshold at 15-35 mV depolarization from V,) with high- 
amplitude spikes, amplitude was measured from resting poten- 
tial to the peak of the spike, as well. Half of these amplitudes 
were below 0 mV, and half were up to about +35 mV above. 
Amplitude was correlated with the magnitude of V, (r = 0.43; 
p < 0.001) and with long APD (r = 0.30; p < 0.05) and V,,, 
was correlated with long APD (r = 0.25; p < 0.05); these cor- 
relations indicate that cells with more depolarized resting po- 
tentials will have lower-amplitude and shorter-duration APs. 
This is one probable source of variation in spike measurements. 

APs produced with long-duration stimulus pulses, which by- 
passed the electromotor synapse, were similar in appearance to 
EOD pulses, though not identical (Fig. 3, middle traces). APD 
was 4.4-10.6 msec and was significantly correlated with EOD 
frequency (r = -0.47; p < 0.0005) and EOD pulse duration 
(Fig. 5; r = 0.48; p < 0.0005). APs were on average 0.75 f 1.2 1 
msec greater than the duration of the EOD pulse (p < 0.005). 
Rising inflections were never seen in electrocyte APs induced 
by direct stimulation. Often, the peak of the AP appeared to be 
broader or rounder than that of the EOD pulse. 

The mean rise time of long APs was 1.86-3.56 msec, on 
average 36% of APD. Mean fall time was 3.06-6.96 msec, on 
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average 64% of APD. Rise and fall times of long APs were 
significantly correlated with long APD (rise: r = 0.60, p < 
0.00005; fall: r = 0.93, p < 0.00005); thus, longer APs both 
rose and fell more slowly than shorter APs. There was also a 
tendency for longer APs to have a lower percent rise time and 
higher percent fall time than shorter APs (r = 0.36; p < O.OOS), 
indicating that fall time increases more than rise time in longer- 
duration spikes (Fig. 4b). 

AP rise and fall times were also significantly correlated with 
EOD pulse rise and fall times (long AP fall vs. EOD fall: r = 
0.24,~ -C 0.05; long AP rise vs. EOD rise: r = 0.64,~ -C 0.00005). 
AP fall time was generally longer than EOD pulse fall time (Fig. 
6). The difference ranged from 1.53 msec shorter to 2.77 msec 

longer than EOD fall time (mean difference, 0.73 f 0.99 msec 
longer than EOD fall time; p < 0.005). AP rise time was not 
statistically different from EOD rise time, hence the much higher 
correlation between the rise times of AP and EOD pulses com- 
pared to the fall-time correlations. This indicates that the greater 
duration of the falling phase of the long AP is responsible for 
the greater duration of the entire AP relative to the EOD pulses, 

Figure 4. a, EOD rise and fall times, 
as percent of total EOD pulse duration, 
are constant across all EOD pulse du- 
rations. Average percent rise, 39%; av- 
erage percent fall, 61%. b, Long-spike 
rise and fall times, as percent of total 
spike duration, are significantly corre- 
lated with spike duration. Average per- 
cent rise, 3696, average percent fall, 64%. 
Regression lines are shown. 

and for the difference in percent rise and fall time of the long 
AP compared to the percent rise and fall time of the EOD pulses. 

In about 30% of the long APs, a slight to marked “hump” 
appeared in the falling phase. (As mentioned in Materials and 
Methods, the hump duration was eliminated from the APD 
measurements.) The humps represent very labile components 
of membrane activity, in that over the course of a few tens of 
seconds, a hump could appear or disappear, or change in mag- 
nitude. For a given cell with a variable hump, those APs in 
which the hump was smaller or absent altogether were prefer- 
entially measured over those with a (larger) hump. Very slightly 
altering the stimulus intensity could change the appearance of 
the hump. A higher stimulus intensity resulted in elimination 
of the hump and produced a second, albeit lower amplitude and 
shorter duration, spike. The secondary AP was smaller probably 
because it occurred during the relative refractory period of the 
electrocyte; in a related species, this period was reported to be 
15 msec (Altamirano et al., 1953). Thus, it appears that the 
hump merely represents a slowing of AP repolarization, due to 
a second AP “trying” to fire during the stimulus pulse. 
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Figure 5. Long-spike duration is significantly correlated with EOD 
pulse duration. Regression line is shown 

Short spikes. Minimum stimulus duration required to induce 
short APs ranged from 0.1 to 6.2 msec (mean, 0.75 * 0.69 
msec). Amplitudes ranged from 25 to 98 mV (mean, 56 f 16 
mV). In most cases, short-spike amplitude was very similar to 
the long-spike amplitude in a given cell. 

As described in Materials and Methods, short APD was mea- 
sured only from the peak of the AP to the end, because in the 
majority of the cases, the spike onset was obscured by the stim- 
ulus artifact. It is likely that the peak of the AP was also obscured 
in some cases, thus introducing error into these measurements. 
The short APs with minimal obscuring of the rise were more 
similar in shape to EOD pulses than were the long APs, in that 
the slope of the falling phase of the short AP was closer to that 
of the EOD pulse (Fig. 3). Also, there were rarely any humps 
in short APs (only three cells out of 235 had humps, and in all 
of these cases, the stimulus duration was longer than usual). In 
the few cases in which the short AP was not obscured by the 
stimulus pulse, the entire APD was shorter than that of the long 
AP in the same cell, hence the designation “long” and “short” 
spikes. Mean short APD ranged from 1.87 to 5.42 msec. The 
short APD was generally shorter than the long-AP falling phase 
duration in the same fish, though highly correlated (r = 0.64; p 
< 0.00005). Short-AP fall duration ranged from 0.14 msec lon- 
ger to 2.83 msec shorter than long-AP fall duration (Fig. 6; mean 
difference, 1.35 f 1.07 msec shorter than long-AP fall time; p 
< 0.005). 

Short-APD fall time was also usually shorter than EOD pulse 
fall time (Fig. 6); the difference ranged from 1.54 msec greater 
to 2.36 msec shorter than EOD fall time (mean difference, 0.66 
f 0.76 msec shorter than EOD fall time; p < 0.005). However, 
the correlation of short-AP fall time to EOD-pulse falling-phase 
duration was not significant, nor was the correlation to EOD 
frequency. Thus, short spikes are not generally useful for de- 
termining correlations between electrocyte activity and EOD 
pulse. 

long EOD 
spike pulse 

short 
spike 

Figure 6. The mean duration of long spike, short spike, and EOD 
pulse in all fish. Rise time and fall time of long spikes and EOD pulses 
are differentiated by shading, only the fall time of short spikes was 
measured. Long spike (mean * SE): rise time, 2.65 + 0.04 msec; fall 
time, 4.69 f 0.09 msec; total duration, 1.21 rf~ 0.18 msec; EOD pulse: 
rise time, 2.53 + 0.07 msec; fall time, 3.97 f 0.08 msec; total duration, 
6.5 + 0.14 msec; short spike: fall time, 3.33 + 0.10 msec. The fall times 
are all significantly different (p < 0.005). 

Spontaneous spikes. A total of 36 cells from 24 fish spontane- 
ously fired spikes upon penetration by electrodes. In all cases, v,, 
in such a cell was depolarized relative to the normal K!,, of -69 
mV; V, ranged from -60 to - 13 mV (mean, -34 + 13 mV). 
It is likely that this spontaneous activity was due to depolar- 
ization past threshold, as a result of damage to the cell mem- 
brane by the electrode. The spontaneous APs were fired at a 
regular rhythm unrelated to EOD frequency; spontaneous fre- 
quency ranged from 33 to 87 Hz (mean, 49 * 15 Hz). The 
amplitude of spontaneous APs was lower than the amplitudes 
of induced APs. Spontaneous APD tended to be much broader 
than long APD and EOD pulse duration. There was no corre- 
lation between spontaneous APD or spontaneous frequency with 
EOD pulse duration, or with mean long APD, in a given fish. 

Effects of DHT on APs 

The EOD-frequency and pulse-duration ranges in the 22 fish 
prior to treatment were, respectively, 92-l 7 1 Hz and 4.33-7.09 
msec in the DHT group and 98-148 Hz and 5.02-6.68 msec in 
the control group. Ten of the 14 DHT-treated fish responded 
with lowered EOD frequencies and increased pulse durations 
(the other four fish did not show any change in EOD frequency 
despite repeated implantation, and so were not included in the 
data analysis). The range of change was - 19 to -66 Hz, with 
an average EOD frequency decline of -34 * 5 Hz (SE). EOD 
pulse durations increased +0.36 to +2.64 msec (Fig. 7; see also 
Fig. 9), with an average of +0.95 + 0.21 msec (SE). Duty cycle 
in DHT fish decreased by an average of - 13 ? 3% (SE). All of 
these changes in the DHT fish were statistically significant (p < 
0.005, one-tailed). Control EODs showed no systematic change; 
frequencies changed by -8 to + 11 Hz (mean change, - 1 & 2 
Hz, SE), and pulse durations changed by - 1.33 to +0.48 msec 
(Figs. 8, 9; mean change, -0.19 + 0.21 msec, SE). Duty cycle 
changed by an average of -3 f 2% (SE). All of the changes in 
the control fish EODs were not statistically significant. The 
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Figure 7. EOD (top truces) and long spike (bottom truces) in a DHT-treated fish, before (a) and after (b) treatment., Scale bars represent time in 
all traces, and amplitude only in the spike traces. 

changes in the EODs of DHT-treated fish were also significantly 
different from the changes in the control fish @ < 0.001, one- 
tailed). 

Rise time of the EOD pulse in the DHT group increased by 
an average of 0.37 msec (p < 0.005, one-tailed), and fall time 
increased by an average of 0.58 msec (p < 0.01, one-tailed). 
Percent rise and fall did not change. There were no significant 
changes in EOD pulse rise, fall, percent rise, or percent fall in 
control groups. The changes in EOD rise and fall times in the 
DHT group were also significantly different from those changes 
in the control group (JJ < 0.05, one-tailed). 

Changes in long spikes in most cases reflected changes in EOD 

pulse (Figs. 7, 9). Long APD increased in all but one fish in 
response to DHT; in this fish, the mean change in all cells 
recorded from was 0. This fish showed a significant change in 
EOD frequency and pulse duration, however. The increase in 
long APD in the remaining DHT-treated fish (N = 9) ranged 
from +0.46 to +3.62 msec (mean change ofallDHT fish, + 1.48 
f 0.35 msec, SE; p < 0.005, one-tailed; N = 10). The long 
APDs in the control fish changed randomly, from -2.03 to 
+0.82 msec (Figs. 8, 9; mean, -0.28 f 0.46 msec, SE). The 
changes in the APDs in the DHT-treated fish were also signif- 
icantly different from the changes in APDs in the control group 
(p < 0.02, one-tailed). 

CONTROL 

a before b after 

Figure 8. EOD (top truces) and long spike (bottom truces) in a control fish, before (a) and after (b) treatment. Scale bars represent time in all 
traces, and amplitude only in the spike truces. 
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Figure 9. The mean change in duration of EOD pulse and long spike 
in all fish, with SE bars, in the DHT-treated and control fish. DHT: 
mean pulse duration increase, 0.95 2 0.21 msec; mean spike duration 
increase, 1.48 + 0.35 msec. Control: mean pulse change, -0.19 ? 0.2 1 
msec; mean spike change, -0.28 & 0.46 msec. 

The rise and fall times of the APs in the DHT-treated group 
increased significantly (JJ < 0.05, one-tailed; mean rise time 
change, +0.54 -t 0.26; mean fall time change, +0.82 + 0.37; 
SE). The percent rise and percent fall times did not change 
significantly. The control group showed no changes in rise, fall, 
percent rise, or percent fall times. The increase in AP fall time 
in the DHT group was also significantly different from the vari- 
ation of fall time in the control group (p < 0.05, one-tailed), 
but the increase in rise time was not different from the variation 
in rise time in the control fish. Electrocyte resting membrane 
potential and amplitude in all fish did not change in either group. 

The short AP in a given fish did not necessarily reflect the 
same direction or relative magnitude of change as the long AP; 
because it was shown earlier that short APD is poorly correlated 
with EOD pulse duration, the short AP data for this portion of 
the study are not reported. 

Discussion 

There were two main findings in this study. First, single elec- 
trocyte spikes accurately reflect single EOD pulses; the mean 
APD of individual electrocytes recorded in a fish is significantly 
correlated with its EOD pulse duration. Second, mean APD 
increases significantly in fish treated with DHT, reflecting the 
DHT-induced increase in EOD pulse duration. Because the elec- 
tromotor synapse did not participate in the experimentally in- 
duced APs, DHT must have acted either directly or indirectly 
upon the electric organ itself to cause this increase in APD. 

General characterization 

The EOD. Confirming the results of the previous study (Mills 
and Zakon, 1987), EOD pulse duration and EOD frequency are 
highly correlated: fish with lower EOD frequencies have longer 
pulse durations than fish with higher EOD frequencies. Duty 
cycle is also correlated with EOD frequency (fish with higher 
EOD frequencies have greater duty cycles), but not with EOD 
pulse duration. (This lack of correlation with EOD pulse du- 
ration may be due to the presence of more error in the pulse- 
duration measurements, because judgment of where a pulse 
begins and ends is slightly subjective.) 

Electrocyte AP properties. We have characterized some of the 
electrophysiological properties of Sternopygus electrocytes. Ben- 
nett (197 1) qualitatively described APs in an earlier study, but 
did not include a systematic, quantitative comparison of AP 
properties with those of the corresponding EOD pulses. 

We found that electrocyte APs resulting from 16-20-msec 
intracellular current pulses look very similar to the EOD pulse 
previously recorded from the same fish. On average, APs did 
not overshoot 0 mV, but half of the lower-threshold subset of 
cells did overshoot 0 mV (mean, - 11 & 12 mV). However, 
they did not approach the typical equilibrium potential for so- 
dium currents. Bennett (196 1) recorded APs at the anterior and 
posterior ends of electrocytes with two intracellular electrodes, 
in the electric organ of an intact Sternopygus with an ongoing 
EOD. He showed that APs at the more posterior electrode were 
usually overshooting, while those recorded at the more anterior 
electrode usually did not overshoot 0 mV. Thus, an explanation 
for the lower average amplitudes reported here is that they were 
recorded at too great a distance from the active membrane, 
because we consistently recorded from an electrode placed an- 
terior to the stimulating electrode. The subset of lower-thresh- 
old, higher-amplitude spikes probably represents electrocytes in 
which the electrodes were closer to the active membrane. The 
positive correlation between the magnitude of the V,,, and AP 
amplitude is a result of the slightly greater V,,, and higher AP 
amplitude measured at the posterior end of the cell, relative to 
the measurements at the anterior end (the significance of the 
differential V, along the length of the electrocyte is explained 
in Bennett, 196 1). 

APDs were greater than EOD pulse durations, though they 
were significantly correlated; the correlation is lower than we 
reported in a previous abstract (Mills and Zakon, 1989) but is 
more meaningful due to the larger sample size. A significant 
correlation was expected, because the EOD pulse is made up of 
the summed spikes of the electrocytes as they are synchronously 
activated. AP rise time was the same as EOD pulse rise time, 
but the fall time of APs was longer than the fall time of EOD 
pulses. Thus, as explained below, events occurring during the 
falling phase of the spike are responsible for its longer duration 
compared to the EOD pulse. 

The spontaneous APs, which are similar to the long APs in 
that depolarization (by cell damage rather than current injection) 
is maintained throughout the spike, also tended to be broader 
than EOD pulses, especially in the falling phase. Spontaneous 
APs were not significantly different in duration from regular 
long APs, but were greater in duration than short APs and EOD 
pulses. This suggests that maintained depolarization can con- 
tribute to increases in APD. As with long APs, the fall time of 
spontaneous APs was longer than that of the EOD pulse. Other 
sources of deviation are explained in the following sections. 

Long-spike risingphase. One difference in shape between spikes 
and EOD pulses is the presence of an inflection in the rising 
phase of some low-frequency EOD pulses. These inflections 
represent the rise of the summed postsynaptic potentials (PSPs) 
of the electrocytes (Mills and Zakon, 1987) and form the sub- 
threshold portion of the rising phase of the EOD pulse. Because 
the inflections were very slight in low-frequency EODs, and 
indistinguishable from the rest of the EOD pulse in high-fre- 
quency EODs, they were included in the measurement of EOD 
pulse duration. Electrocytes in this study were stimulated di- 
rectly by injection of current, bypassing the synapse, so there 
was no PSP in the rising phase of the APs. Because EOD pulse 
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rise time was not greater than AP rise time, including the com- 
pound PSPs in the EOD pulse measurement did not appreciably 
add to pulse duration. 

Normally, the ACh-activated channels of the electrocyte are 
open prior to and during part of the rising phase of the AP. 
These open channels probably shunt some of the current of the 
rising phase of the AP, presumably increasing its rise time, and 
thus that of the EOD pulse. It is surprising, then, that the rise 
times of the APs and EOD pulses were the same, because the 
electrocyte ACh channels are not activated with intracellular 
current injection. This shunting, if it occurs, must not signifi- 
cantly contribute to the rise time of the AP, because AP and 
EOD pulse rise times were identical. 

Long-spike falling phase. Normally, as mentioned above, an 
electrocyte is induced to fire by a brief pulse of ACh released 
from the innervating electromotor neuron terminals. Thus, the 
depolarization induced by the neurotransmitter is short-lasting. 
Because of the large size of the electrocytes in Sternopygus, with 
a brief stimulus pulse large amounts of current are needed to 
bring the cell to threshold. The resulting stimulus artifact usually 
obscures the rising portion of the spike (Bennett, 197 1; present 
results). To circumvent this problem, we used a long-duration 
stimulus pulse that lasted throughout the AP. This maintained 
depolarizing current may have altered the properties of the fall- 
ing phase ofthe AP. Not surprisingly, the total APD was affected; 
because rise time of the AP was the same as rise time of the 
EOD pulse, it appears that only the falling phase was influenced 
by the maintained depolarizing current. That the broadening is 
a consequence of the long-duration stimulus pulse is supported 
by the lack of broadening in the falling phase of both “rebound” 
spikes (not quantified because of small sample size), which fired 
after cessation of a hyperpolarizing stimulus, and short APs, 
which are induced by short-duration stimulus pulses. 

The falling phase of long APs was longer relative to both the 
EOD pulse and the short APs (and sometimes the peak was 
broader in the long APs). The predominance of the falling phase 
suggests that potassium channels may be affected by the main- 
tained depolarization, because potassium channels are normally 
responsible for repolarization of electrocytes (Bennett, 197 1; 
Ferrari and Zakon, 1990). The longer falling phase of long APs 
compared to EOD pulses is also the reason the rise and fall 
times as percent of total duration differed between APs and 
EOD pulses, because the absolute rise times were the same. 

The presence in some long APs of a falling-phase hump, which 
was rarely seen in short APs and never in spontaneous APs or 
EOD pulses, suggests another reason for longer APDs. Even 
though an attempt was made to eliminate humps from the mea- 
surements, the adjusted values were still longer than APDs with- 
out humps in the same fish. Bourque and Renaud (1985) showed 
that the falling-phase hump in rat hypothalamic neurons was 
due to a calcium current. However, in Sternopygus, there is no 
calcium current during the electrocyte spike (Ferrari and Zakon, 
1990). It is almost certain that the humps represent the reac- 
tivation (due to either the maintained depolarization itself, or 
unintentional indirect stimulation of innervating nerve termi- 
nals; Grundfest, 1957) of the conductances responsible for the 
rising phase of the AP (sodium conductances; Bennett, 1971; 
Ferrari and Zakon, 1990) as if the cell were about to fire a 
second AP during the stimulus pulse. (In a few cases, a second, 
smaller AP was in fact recorded.) Such an activation could 
lengthen APD by canceling out some of the effect of the repo- 
larizing conductances, thereby slowing the repolarization; this 

is reflected in the longer falling-phase duration of long APs 
compared to short APs and EOD pulse fall times. The lack of 
humps in most short APs, induced with short-duration stimuli, 
further corroborates the conclusion that humps result from the 
long duration of the stimulus pulse. 

The shape of the APs with humps or secondary APs is very 
similar to the shape of an ongoing EOD, with a stimulus to the 
spinal cord added at various times relative to the firing of a 
pulse (Bennett, 197 1). In those experiments, the second summed 
AP is induced either during the interval between pulses, and is 
shorter in amplitude, or during the falling phase of an EOD 
pulse, adding to the falling phase as a hump. This further 
supports our argument that the hump in the falling phase of an 
AP merely represents the aborted firing of a second spike. 

Comparison with other studies. The APs we recorded in Ster- 
nopygus look very similar to APs in other monophasically dis- 
charging gymnotiform species, though they are much broader 
in duration. For example, Electrophorus (electric eel) produces 
a 24-msec AP, monophasic Hypopomus species and Gymnotus 
produce a I-2-msec AP, and Malapterurus generates an AP < 1 
msec in duration, all with a faster rise than fall (Bennett, 197 1; 
Macadar et al., 1989) as is typical of most APs. Keynes and 
Martins-Ferreira (1953) and Grundfest (1957) recorded Elec- 
trophorus APs with falling-phase humps. The former investi- 
gators showed that a hump was more likely to be recorded near 
the active membrane, indicating that the hump represented a 
PSP, fired in response to unintentional stimulation of the in- 
nervating neuron terminals. 

AP amplitudes in Electrophorus electrocytes (from both the 
“social” Sachs electric organ and the “offensive/defensive” main 
electric organ) are greater than those of Sternopygus, in spite of 
their shorter duration (amplitude, - 150 mV; Keynes and Mar- 
tins-Ferreira, 1953). In the electric eel, the AP approaches the 
equilibrium potential for sodium, due to the occurrence of po- 
tassium inactivation and a lack of outward current to quickly 
repolarize the cell. In Sternopygus, on the other hand, AP am- 
plitude never approaches the sodium equilibrium potential, due 
to large outward currents (Ferrari and Zakon, 1990). This is 
important because the electric eel uses its EOD for defense and 
offense as well as for orientation and so must generate a large- 
amplitude electric field in order to deter or stun predators or 
prey. There is no known requirement for a large-amplitude EOD 
for communication; thus, Sternopygus may not have a need to 
generate a high-intensity EOD. 

The eflects of DHT on electrocyte APs 
Treatment with the androgen DHT resulted in a lowering of 
EOD frequency and increase in EOD pulse duration, as previ- 
ously reported (Mills and Zakon, 1987). The effects on the EOD 
are similar in magnitude to this study except that pulse durations 
in the DHT-treated group did not show as strong a response in 
this study [mean increase of +0.92 msec (N = 9) versus + 1.30 
msec (N = 6) in previous study]. 

Fish treated with DHT had longer APDs following treatment 
than before treatment, and control fish showed no change in 
APD. The change in APD in response to DHT treatment was 
greater than the change in EOD pulse duration (2 1 Yo vs. 15%). 
This reflects the general trend of APDs to be longer than the 
EOD pulse durations, especially in fish of lower EOD frequency, 
and is probably due to effects of the maintained stimulus pulse 
during the recording of the APs. The one DHT-treated fish that 
did not show an increase in APD was unusual in that the mean 
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APD of the electrocytes after treatment was lower than the mean 
EOD pulse duration. Because the EOD pulse of this fish did 
significantly increase, our explanation is that the mean APD 
was biased by unintentional nonrandom sampling of the tissue. 

As expected, because rise and fall times are longer in normal 
fish with longer-duration EOD pulses, both the rise and fall time 
components of the AP increased significantly in response to 
DHT treatment. However, only the increase in fall time was 
significantly different from the random changes in the control 
group. The p value calculated for comparing change in rise time 
between the two treatment groups was very close to 0.05; thus, 
it was close to an acceptable significance level. It is likely that, 
with a larger sample size, we would have seen significance in 
this measure. The rise and fall times measured as percent of 
total AP duration did not change; thus, the relative AP shape 
did not change. 

Although we did not directly test the possibility that DHT 
alters the timing of firing of single electrocytes, other studies 
suggest that this would play a minor role. Bastian (1977) showed 
that the externally recorded EOD wave shape changes with re- 
cording electrode position relative to the fish, in a species in 
which electrocytes are not synchronously activated. We showed 
previously that EOD wave shape in Sternopygus does not change 
with electrode position around the fish (Mills and Zakon, 1987). 
Also, the summed PSPs of the electrocytes, recorded outside a 
lightly curarized fish, do not differ in duration among fish of 
widely different EOD pulse durations and frequencies (Mills and 
Zakon, 1987); this suggests a lack of systematic variation of this 
ACh-dependent synaptic property. It therefore appears that an 
increase in the APD of single electrocytes is suficient to account 
for the DHT-induced increase in EOD pulse duration. 

The increase in APD with DHT treatment is similar to that 
reported in pulse fish. Bass and Volman (1987) reported a two- 
to threefold increase in APD in the pulse fish Brienomyrus. 
Although the increase reported in this study was on the order 
of 20% and Bass and Volman showed a l OO-200% increase, the 
absolute change in milliseconds was greater in our study (1.48 
vs. 0.25 msec). This difference in absolute magnitude of andro- 
gen-induced APD increase merely reflects the much shorter spike 
durations in Brienomyrus. 

Site of action of DHT 

DHT could broaden the EOD pulse by three potential mecha- 
nisms. First, if spike wave shape is immediately dependent upon 
the frequency at which the cell is driven, then the effect of DHT 
of lowering the firing frequency of the PMN might result in 
spike broadening. Such a phenomenon is observed in various 
excitable cells. In Apfysia pleural sensory neurons (Edstrom and 
Lukowiak, 1985) and rat supraoptic neurons (Bourque and Re- 
naud, 1985) increasing stimulus frequency approximately 40- 
fold results in an APD increase of lOO-125%. In both cases, the 
frequency-dependent increase in APD is blocked in the presence 
of calcium channel blockers or EGTA, indicating its reliance 
upon a calcium current. Either an increase or a decrease in APD 
occurs in rabbit heart ventricle cells with increasing stimulus 
frequency, depending upon the frequency range; both calcium 
and potassium channel blockers alter the change in APD (Ruiz- 
Petrich and LeBlanc, 1989). 

In Sternopygus, as shown in the previous study (Mills and 
Zakon, 1987) though EOD pulse duration is highly correlated 
with EOD frequency, it is not determined on a moment-to- 

moment basis by the PMN. This was demonstrated by lowering 
the EOD frequency with the anesthetic MS-222, which did not 
alter EOD pulse duration. The EOD pulse duration remained 
constant for up to 5-10 min over thousands of EOD cycles, 
despite the steadily decreasing EOD frequency. Also, there was 
no difference in electrocyte APD at 1 Hz compared to 3 Hz, 
though this is not a large range of stimulus frequencies. Fur- 
thermore, because we did not elicit APs by stimulation at a rate 
equal to each fish’s own EOD frequency, but still found a sig- 
nificant correlation between APD and EOD pulse duration, it 
is unlikely that stimulation frequency determines electrocyte 
APD. 

Second, rather than spike broadening occurring as an im- 
mediate consequences of stimulus frequency, it could be due to 
long-term effects of a changed pacemaker firing frequency upon 
the electric organ. This possibility could be tested by lesioning 
the pacemaker of fish after initial electrocyte recording, then 
recording from electrocytes again after several weeks of DHT 
treatment. If PMN firing frequency does not determine APD, 
APD should be increased in silenced fish. We have not, there- 
fore, ruled out the possibility that steroid effects upon any part 
of the EOD-producing circuit may in turn induce some long- 
term change in the properties of the electric organ. 

Last, the hormone could exert a direct effect upon the elec- 
trocyte proper or other elements of EOD production, indepen- 
dent of its effects on the PMN. The site determining EOD dif- 
ferences between fish, and thus the site of DHT action, could 
include other brain nuclei, the relay cells from the PMN to the 
spinal cord, the electromotor neurons, the electromotor neuron- 
electrocyte synapse, or the electric organ itself. The electric organ 
has been shown to contain high-affinity androgen receptors in 
another electric fish species (Bass et al., 1986b); thus, the electric 
organ is a potential androgen target. 

The activity of brain nuclei, relay cells, the electromotor neu- 
rons, and properties of the electromotor neuron-electrocyte syn- 
apse were not directly investigated here. One possible mecha- 
nism is that the synaptic action of ACh is prolonged by some 
action of DHT upon one or more of the presynaptic elements, 
during normal EOD production, because we showed that APD 
is broader with longer stimulus duration. However, it has been 
shown in both a mormyrid and a gymnotiform pulse-fish species 
that the activity of the electromotor neurons does not vary 
systematically with the EOD (Bass and Hopkins, 1983; Hage- 
dom and Cat-r, 1985). Furthermore, we showed that compound 
PSP duration does not change after DHT treatment (Mills and 
Zakon, 1987). Thus, the electromotor neurons are unlikely to 
contribute to the coordination of EOD frequency with electro- 
cyte activity, or to the response to DHT. Any effects of androgen 
upon these elements alone would not explain the increases in 
APD that we measured, because these structures were bypassed 
by our direct-stimulus paradigm. This leaves the electric organ 
itself as the most likely target of the DHT effects. 

Passive membrane properties. Time constant (resistance x 
capacitance), a measure of passive membrane properties, would 
be expected to vary between fish of different EOD pulse dura- 
tions and APDs, if it contributed significantly to the differences 
in these parameters between individual fish. Although we did 
not measure time constant, Bennett (196 1) reported that it is 
very short relative to APD in Sternopygus. Nakamura et al. 
(1965) report a time constant of 57-180 psec in the closely 
related species Electrophorus. A brief time constant means that 
the cell membrane charges very rapidly; thus, the passive mem- 
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brane properties should not have a large effect upon the rate of 
rise or the duration of the spike. 

In some species of pulse fish, the morphology of the electro- 
cytes is correlated with the EOD pulse wave form, such that 
males or androgen-treated fish with male-typical EOD pulses 
have larger electrocytes and/or thicker cell membranes than 
normal females (Hagedorn and Carr, 1985; Bass, 1986a; Bass 
et al., 1986a; Freedman et al., 1989). This addition of membrane 
increases the total membrane capacitance, which can increase 
the time constant and thus the charging time of the cell mem- 
brane. This could significantly add to the duration of the rela- 
tively brief APs fired by the electrocytes in pulse fish. It thus 
appears that one effect of androgen on the electrocytes of pulse 
fish is to increase the amount of membrane, thereby increasing 
APD. Preliminary studies suggest that there is no systematic 
variation in amount of cell membrane of electrocytes in Ster- 
nopygus of varying EOD pulse durations, or with DHT treat- 
ment (Mills et al., 1988); thus, unlike pulse fish, there is no 
anatomical evidence that passive membrane properties vary 
systematically among individual Sternopygus. 

Proposed mechanism of DHT-induced changes in APD 
The most likely candidate for mediating differences in APD and 
EOD pulse duration between fish, and the putative site of an- 
drogen action, is the ion channel properties that are responsible 
for the production of the AP. Endogenous androgen may nor- 
mally regulate these channels, to ensure that the activity of the 
electrocytes changes in accordance with the EOD frequency. 

A variety of hormones have been shown to have rapid, short- 
term electrophysiological effects in other systems. Such effects 
include changes in action potential duration and amplitude, 
changes in cell excitability, and/or changes in ion conductance 
in response to starfish egg maturation hormone I-methyladenine 
(Moody and Lansman, 1983) vasopressin (Molokonova and 
Tamarova, 1988) thyroid hormone (Felzen et al., 1989) and a 
thyroxine-like drug (Aomine, 1988a,b), glucocorticoids (Joels 
and de Kloet, 1989; Kerr et al., 1989) steroid metabolites (Puia 
et al., 1990) and estradiol (Teyler et al., 1980; Yovanof and 
Feng, 1983; Kesner et al., 1987; Loose et al., 1989). However, 
these are all short-term effects that can occur as quickly as 30 
min after treatment. In the electric fish, the steroid-induced 
changes are produced gradually over a few weeks, though they 
are first detectable in the EOD after 1 d. Electrophysiological 
changes in APD and/or ion conductance with a longer time 
course (days to weeks) are seen in response to chronic treatment 
with NGF and corticosteroids (Rudy et al., 1982; Chalazonitis 
et al., 1987; Garber et al., 1989) estrogen (Boyle et al., 1987; 
Kesner et al., 1987) and thyroid hormone (Binah et al., 1987; 
Felzen et al., 1989). 

The lengthy time necessary for changes in EOD pulse to occur 
in Sternopygus is indicative of the mechanism of hormone ac- 
tion. Long-latency steroid effects are genomic in nature (Mc- 
Ewen, 198 1; Pfaff and McEwen, 1983). One possible mechanism 
for steroid action on cell electrophysiology is the synthesis and 
insertion of new ion channels into electrocyte membranes. The 
induction of ion channel synthesis has been shown in other 
tissues for sodium and calcium channels, in response to NGF 
and dexamethasone (Rudy et al., 1982; Garber et al., 1989) 
and for potassium channels in response to estrogen (Boyle et 
al., 1987; Pragnell et al., 1990; the former investigators suggest 
that estradiol controls the concentration of mRNA encoding 
uterine potassium channels, or a potassium channel modulatory 

protein). These new channels could alter the APD if their ki- 
netics or quantity differed from that of the previous channels 
(Levitan, 1985). 

Alternatively, the synthesis of a kinase may be induced by 
the steroid, which affects the existing ion channels. Kaczmarek 
(1988) suggests that changes in the phosphorylation state of ion 
channels or regulating components may lead to the acute ap- 
pearance of new types of active channels, and that unmasking 
of channels may be a mechanism employed by cells subject to 
prolonged changes in excitability, to regulate long-lasting changes 
in the behavior of the animal. 

If modulation of spike duration involves synthesis and in- 
sertion of new channels, the effects can be expected to require 
days or weeks to be completed. The sodium channels of the 
electric eel electrocytes require 24 hr to be synthesized and 
processed to their mature form (Thornhill and Levinson, 1987). 
The change in cell current would occur gradually, as the existing 
population of channels was turned over. Normal turnover of 
ion channels can be slow, remaining static in untreated cells for 
3 d or more (O’Dowd, 1983) and up to 30 d or more in some 
cells (Balice-Gordon et al., 1990). Treating fish with RNA or 
protein inhibitors concurrent with androgen therapy would test 
the idea that steroid effects on electrocytes are protein depen- 
dent. 

Sternopygus electrocyte spikes consist of a rising phase due 
to a sodium current, and a falling phase due to delayed and 
outward-rectifying potassium currents; there is no calcium com- 
ponent (Bennett, 196 1; Ferrari and Zakon, 1990). Although any 
electrocyte ion channel could be the target of DHT, potassium 
channels may be the most likely targets. The tendency of the 
percent of APD that is required for repolarization (the percent 
fall) to increase with APD supports this contention. Boyle et al. 
(1987) have demonstrated that uterine potassium channels can 
be modified by sex steroids. 

The steroid-induced increase in APD in Sternopygus electro- 
cytes could be accomplished through alteration of potassium 
currents alone. Ruben and Thompson (1984) showed that pre- 
venting potassium inactivation shortens the APD in molluscan 
neurons; in electrocytes, steroids may act to increase the time 
of potassium channel inactivation, thereby increasing APD 
(Bennett and Grundfest, 1966; Levitan, 1985). Bennett (1961) 
and Bennett and Grundfest (1966) suggested that the function 
of potassium inactivation in gymnotiform electrocytes is to al- 
low the spike to overshoot 0 mV, thus producing a higher- 
amplitude spike and EOD (the spike would not otherwise over- 
shoot 0 mV, because the sodium conductance is less than the 
total resting conductance). We propose that another possible 
function is to allow for broadening of the spike duration and 
thus EOD pulse duration, while maintaining similar percent rise 
and percent fall times. (This preservation of the relative ratio 
of the durations of the rising and falling phases of the EOD may 
be important in communication, because the EOD wave form 
itself apparently contains information; Gottschalk, 198 1.) The 
exact target of DHT must be determined through studies of 
individual ion channels, because it may act upon more than one 
channel type. 

For the EOD to function as a sexually dimorphic behavior, 
there must be constant coordination of central pacemaker cells 
and peripheral effecters. It is intriguing that steroid hormones, 
through their varying effects on different cell types, can coor- 
dinate the production ofa communication behavior. The studies 
of steroid effects on electric organ physiology in weakly electric 
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fish represent a clear demonstration of steroid-induced physi- 
ological changes translating directly into behavior. 
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