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Abstract The electric organ discharge of the gymnoti-
form fish Brachyhypopomus pinnicaudatus is a biphasic
waveform. The female’s electric organ discharge is
nearly symmetric but males produce a longer second
phase than first phase. In this study, infrared-sensitive
video cameras monitored the position of unrestrained
fish, facilitating precise measurement of electric organ
discharge duration and amplitude every 2 h for 24 h.
Males (n=27) increased electric organ discharge dura-
tion by 37 + 12% and amplitude by 24 £ 9% at night
and decreased it during the day. In contrast, females
(n=28) exhibited only minor electric organ discharge
variation over time. Most of a male’s increase occurred
rapidly within the first 2-3 h of darkness. Electric organ
discharge values gradually diminished during the second
half of the dark period and into the next morning.
Modulation of the second phase of the biphasic electric
organ discharge produced most of the duration change
in males, but both phases changed amplitude by similar
amounts. Turning the lights off at mid-day triggered an
immediate increase in electric organ discharge, suggest-
ing modification of existing ion channels in the electric
organ, rather than altered genomic expression. Exag-
geration of electric organ discharge sex differences im-
plies a social function. Daily reduction of duration and
amplitude may reduce predation risk or energy expen-
diture.
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Introduction

The gymnotiform fish of South America produce weak
electric discharges to communicate and to perceive ob-
jects in the dark (Lissmann 1958, 1961; Bastian 1986;
Hagedorn 1986). In the adults of each species, the
waveform of the electric organ discharge (EOD) has
characteristic features such as the number and polarity
of phases, the duration and relative amplitude of the
phases, and the frequency content of the signal (Bass
1986). In some species, sexually mature males and fe-
males show additional differences in EOD waveform
(Landsman 1995). Smaller differences among individu-
als’” EOD waveforms may signal individual identity if the
waveform remains constant over time (Westby 1975;
McGregor and Westby 1992).

Those studies that report individual EOD waveform
stability in gymnotiforms recorded EODs from re-
strained individuals in the laboratory, during daylight
hours over 1-4 days (Bullock 1969; Westby 1975; Mills
and Zakon 1987; McGregor and Westby 1992; Rasnow
et al. 1993). In the context of steroid hormone treat-
ments, where results typically require several days to
manifest, investigators measured the EOD once per day
at the same time each day (Meyer 1983; Hagedorn and
Carr 1985; Meyer et al. 1987; Mills and Zakon 1987;
Ferrari et al. 1995). Although these studies controlled
for potential circadian fluctuation in the signal, none of
them investigated directly the possibility that the EOD
waveform changes over a 24-h time scale.

Several species within the hypopomid family have
been observed to change EOD waveform from day to
night. In restrained Brachyhypopomus occidentalis, EOD
amplitude increased each night by 36 = 10% compared
to daytime values (n=7; Hagedorn 1995). Captive, but
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free-swimming B. brevirostris males in breeding condi-
tion increased EOD duration at night, especially when in
the presence of other males (W. Crampton, personal
communication). The EODs of a sexually mature male
B. diazi, recorded in a Venezuelan stream around mid-
night, were 50% longer in duration than they were the
following noon, immediately prior to capture; the fol-
lowing night in captivity, the EOD failed to increase to
the duration observed in the stream, suggesting that
stress may affect the day-night change (P. K. Stoddard
and E. O. Setteducati, unpublished data).

The EOD waveform is a composite function of the
individual action potentials produced by the electrocytes
in the electric organ (Bennett 1961). In hypopomids,
long columns of electrocytes stretch from the body
cavity to the tip of the filament-like tail (Sullivan 1997).
Because a longer fish can accommodate more electro-
cytes in series, EOD amplitude tends to increase with
total fish length (Coates and Cox 1945; Brown and
Coates 1952; Bennett 1971; Hopkins et al. 1990). Most
hypopomids produce a biphasic EOD waveform from
two sequential action potentials (Bennett 1961, 1971).
The pacemaker nucleus in the hindbrain triggers action
potentials across the caudal surfaces of the electrocytes.
These action potentials sum to create a headward cur-
rent flow and generate a head-positive EOD phase out-
side the body. This current in turn triggers action
potentials across the rostral surfaces of electrocytes, re-
versing the current flow and creating a head-negative
EOD phase. The duration and amplitude of each phase
of the EOD therefore depend on the duration and am-
plitude of the action potentials across each electrocyte
surface (Bennett 1961, 1971; Hagedorn and Carr 1985;
Macadar et al. 1989; Ferrari and Zakon 1993). Other
factors, such as the time interval between action poten-
tials in each face and the degree of synchrony among
electrocytes also affect the total EOD waveform. The
shape of each action potential is determined by the
properties of the ion channels in each active electrocyte
surface. The electric organ of Sternopygus spp. (family
Sternopygidae) has been a productive model for the
classic effects of steroid hormones on action potentials
(Zakon 1996). However, the natural behavior of these
species has been described only briefly (Hopkins 1974),
and only juveniles are used in the laboratory due to the
large size of this fish at maturity.

B. pinnicaudatus (formerly Hypopomus, Hopkins
1991) breeds readily in captivity, reaches maturity in
6 months (Franchina 1997a), and displays well-charac-
terized sex differences in anatomy and EOD waveform
(Hopkins et al. 1990) (Fig. 1). Juveniles and females
produce EODs of ~1.1 ms in duration with two fairly
symmetric phases. In contrast, mature males produce
EODs in which the second phase exceeds the first,
thereby extending total EOD duration (Franchina
1997a; Hopkins et al. 1990). In pilot studies of captive
breeding fish, B. pinnicaudatus males increased EOD
duration at night and decreased it during the day, while
female EOD duration remained constant (Franchina
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Fig. 1 Schematics of our study organism, sexually mature male and
female B. pinnicaudatus, shown alongside their electric organ
discharges (EODS). On average, total fish length of males exceeds
that of females at sexual maturity (Hopkins et al. 1990). Furthermore,
the caudal filament of a male is thicker and proportionately longer
than that of a female, and it sometimes has a flared, spade-like tip.
The first phase of the EOD is similar between the sexes but the second
phase is significantly longer in males (amplitudes are re-scaled to the
same height for comparison)

1993). We chose this species as a potential model for
studies of the mechanism underlying daily changes in
EOD waveform.

Our goal in this study was to quantify the day-night
changes in EOD duration and amplitude in unrestrained
B. pinnicaudatus. To judge the usefulness of this species
for physiology studies, we also tested the effects of
handling and sudden changes in light levels on EOD
modulation. Based on our data and many other areas of
research, we propose a cascade mechanism that could
explain rapid day-night changes in EOD waveform.

Materials and methods

Environmental conditions

Laboratory-raised B. pinnicaudatus lived in mixed-sex groups of
10-30 adults in outdoor pools (~150 cm in diameter and 25 cm
deep), which were covered with water hyacinths ( Eichornia crass-
ipes). The average conductivity of the pools was 117 + 30 uS cm™
(8.5 kQ cm™). Day length varied from approximately 14.5 h on 18
July to 12.1 h on 13 October. The natural rainy season in Miami,
Florida stimulated breeding throughout the experiments; all sub-
jects were in reproductive condition. We identified sex based on
morphology of the caudal filament (Fig. 1) (Hopkins et al. 1990).

Experiments took place in two identical tanks (120 x 44 x
44 cm; 232 1) within an indoor light-tight chamber. Recirculated
water falling on the surface (artificial rain) was sufficient to induce
spawning indoors, so we kept conductivity constant during each
experiment (102 + 2 uS cm™'; 9.8 kQ cm™). Six 40-W fluorescent
bulbs above each tank were on from 0600 to 2000 hours (14 h),
causing the temperature to rise during the day from 27.5 °C to
29.0 °C, on average; a tank heater kept the temperature above
27 °C at night. The faintest visible light suppressed nocturnal ac-
tivity in this species, so an array of infrared LEDs (OP293A,
Newark Electronics) backlit the tank at night for infrared-sensitive
CCD video cameras (Cohu 6410; Javelin JE7862). Oligochaete
“blackworms” were available ad libitum as food.

EOD Recording

In gymnotiforms the EOD waveform and amplitude change, based
on the orientation and distance of the fish relative to the recording
electrodes (Hopkins 1986). Therefore, repeated measurements of
the EOD may be compared only if the position of the fish is con-
stant with respect to the electrodes. However, restraining the fish
prevents normal behavior and may increase stress. We took



advantage of the natural tendency of B. pinnicaudatus to seek dark,
confined spaces during the day to limit the position of the test fish
without restraining it.

Plastic mesh partitions divided the tank into three compart-
ments, with the sides joined by a 22-cm-long, narrow mesh tube
(Fig. 2). A grid on the back of the tank indicated the lengthwise
position of a fish in the tube to the nearest centimeter. During the
day, test fish preferred to rest in the tube, which was narrow and
shaded by surface plants. Therefore, the test fish was approximately
centered between two recording electrodes located on the far ends
of the tank (120 cm apart). This geometry proved the least sensitive
to movement (Franchina 1997b). A High-8 VCR (Sony EVO-
9500A) recorded both the video camera image of the tank and the
amplified electric signal (Charles Ward Electronics amplifier BMA-
200) on one digital audio channel at 48k samples s™'. A timer fla-
shed an LED and created a brief click on the second audio channel
every 2 s for synchronization of the visual and EOD records. At
night, we videotaped as the test fish swam through the tube, then
used frame-by-frame analysis of the videotape to select the EOD
produced when the fish was centered.

Experiments

We tested 27 males (total fish length 21.6 + 2.6 cm) and 8 females
(15.6 £ 2.2 cm), because pilot data indicated that only male EODs
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Fig. 2 The experimental tank and EOD amplitude calibration
apparatus. The test fish could cross the middle compartment through
a mesh tube, while the stimulus fish was confined to the middle
compartment by electrically transparent mesh panels. A grid on the
back wall indicated lengthwise position in the tube to the nearest
centimeter. The triple dipole calibration apparatus (lower figure) was
placed in the tank only briefly for calibration of the main recording
electrodes. A 5-cm dipole playback electrode, centered in the tank,
simulated the electric organ of a B. pinnicaudatus while we measured
the signal amplitude from (a) the recording electrodes on the tank
walls and from (b) the measurement dipole located 10 cm from the
playback dipole. The ratio of these amplitudes (b/a) was used to
convert test fish EOD amplitude (mV) across the recording electrodes
to an equivalent electric field intensity (mV cm™) 10 cm from the
source
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change significantly from day to night (Franchina 1993). Nineteen
other adults “stimulated” test fish to swim through the mesh tube
frequently (at night). Around 0900 hours, we placed the test fish in
a side compartment and a stimulus fish (male, female, or none) in
the middle, then waited 30-60 min for them to return to a resting
state. Every 2 h during the day, we videotaped resting fish for a few
seconds and measured water temperature. At night, we videotaped
as the test fish swam through the tube, roughly once every 2 h. We
took more frequent records around the transition of light to dark
and during special experiments (below). Records covered 24 h, but
for statistical analysis we used only data from when the fish entered
the tank until 0600 hours the next morning.

To simulate the potentially stressful effect of transfer to the
tank, 4 of the 27 males were “‘captured” briefly, or taken out of the
water and held in a small mesh net in the tank for an hour on either
their first day or night in the tank. We also kept one male in the
tank for an additional 24 h, during which we moved him to a
bucket for an hour at night. To test how quickly the EOD would
respond to an unexpected transition to dark or light, we recorded
the EODs of four other males for a second 24-h period, during
which the lights either turned off early at 1300 hours, or came on
early at 2230 hours.

EOD measurement and analysis

We devised a new method to estimate the field intensity (mV cm™)
of a fish’s signal at a distance of 10 cm referenced to the recorded
potential difference (mV) between two electrodes 120 cm apart.
Direct measurement of the field intensity requires recording elec-
trodes to be placed a precise distance from the dipole electric
source. This method is difficult except in an anesthetized fish be-
cause slight changes in electrode or fish position result in large
errors. Furthermore, the dipole generated by the electric organ of
many species moves along the fish’s length during the discharge
(e.g. Stoddard et al. 1995; Assad et al. 1998).

The effective dipole separation of a mature B. pinnicaudatus
electric organ is 4-7 cm (P.K. Stoddard, B. Rasnow, C. Assad,
unpublished observations); we used a 5-cm carbon rod dipole as a
fish mimic. We played a single-period sine wave from the fish mimic
at an amplitude similar to that of a real fish. We recorded the signal
amplitude across two silver wire electrodes (0.64 cm apart) located
10 cm from the center of the fish mimic, as well as the amplitude
across the normal recording electrodes (120 cm apart) located on
either side of the mimic (Fig. 2). We used the ratio of the two values
to convert all recorded potential differences (mV) into field inten-
sities (mV cm™") at 10 cm from the source (= amplitude from here
on). We measured EOD duration at 5% of the peak-to-peak am-
plitude (Fig. 3A) (after Hopkins et al. 1990).

To determine the random variation in measurements caused by
a.c. line noise and digital quantization, we measured ten playback
EODs with the lights on and ten with lights off in each tank. The
coefficient of variance (standard deviation/mean) of EOD duration
was usually £ 1% (£0.02 ms). The coefficient of variance of EOD
amplitude was +0.6% (£0.0026 mV cm™"). EODs from station-
ary test fish over a 2-s period showed similar variance.

To quantify the effect of variation in the fish’s lengthwise po-
sition, we selected a series of EODs from positions 1.7 cm apart as
three different males (17, 21, and 26 cm in length) swam through
the tube in each direction (Fig. 3B). For all three fish, the coeffi-
cient of variance of duration or amplitude over a 10-cm movement
range was +2%, or only slightly more than the random variance.
Although the fish’s position was not identical during every re-
cording, we only analyzed EODs recorded when the fish was <6 cm
away from center.

We measured the duration and amplitude of a single EOD from
each record, or 14-17 EODs for each fish. From this set of mea-
surements, we chose the minimum and maximum EOD duration
values (Dmin, Dmax) and minimum and maximum EOD ampli-
tude values (Amin, Amax). We considered all values within 0.04 ms
or 0.005 mV cm™" of the minima and maxima to be equivalent and
chose the earliest value for statistical analysis. (Random variance
was +0.02 ms, +0.0026 mV cm™'). ANOVA revealed no signifi-
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Fig. 3 A Duration of each phase (D1, D2) was measured at 5% of the
total peak-to-peak amplitude then summed. The a.c. line noise and
digital quantization error caused <1% random variation in the
duration and amplitude of ten playback EODs. B A fish in the tube
with its nose at one end, as shown, was approximately centered in the
tank. EOD measurements from three males (17, 21, and 29 cm) are
shown for multiple positions in the mesh tube. As long as the fish’s
body remained straight, large changes in position did not significantly
alter EOD duration. Movement up to 10 cm from the center caused
<2% variance in amplitude. Only EODs recorded from fish positioned
within 6 cm of the center were used for analysis

cant difference in EOD minima, maxima, or amount of change
between the four males “captured” during their first period in the
tank and 23 males left undisturbed, so all 27 males were lumped for
analysis.

We tested for a relationship between EOD waveform and dis-
charge rate by measuring one interval between successive EODs
(interpulse interval) of two test males at each recording. In addi-
tion, we chose two sequences during which a stationary female
changed rate and measured the interpulse interval once per second
for 15 s.

Results
Magnitude and timing of EOD change

Over 24 h the male EOD waveform changed so that
duration and amplitude were dramatically larger at
night than during the day, while the female EOD
waveform changed very little (Fig. 4). In males, maxi-
mum values could be predicted from daytime minima
(duration ?=0.75; amplitude »=0.89; P < 0.001; all
P-values two-tailed, n=27). Male EOD duration cor-
related weakly with total fish length (Dmin: 0.038
ms cm™!, *=0.16; Dmax: 0.051 mscm™, #=0.17;
P £0.02). Male EOD amplitude increased with total fish
length (Amin: 0.28 mV cm™' - ecm™!, *=0.41; Amax:

0.5 1.0
time (days)

Fig. 4 Male EOD duration and amplitude changed in a cyclic pattern
over 24 h (A), while female EOD values changed very little (B). Each
interval on the x-axis represents 2 h. C This male’s maximum
nighttime EOD was 40% longer and 21% larger than his minimum
daytime EOD. However, the 14% and 12% differences in duration
and amplitude in this female’s EOD are barely noticeable and
probably due to random error or movement of the fish

0.4l mVem™ - em™', *=0.46; P < 0.001), but the re-
lationship was much weaker than that found in a day-
time study of the same species in the field (*=0.84;
n=15; Hopkins et al. 1990). While the amount of du-
ration change in each male (Dmax—Dmin) was unre-
lated to total fish length (P =0.29), the daily change in
amplitude (Amax—Amin) increased with length
(0.13mVem™' - em™, 2 =0.28, P=0.003).

Male EOD waveforms underwent an average change
of 0.51 £ 0.17 ms in duration, or 37% (range 21-65%)),
and 1.26 + 0.64 mV cm™! in amplitude, or 24% (range
12-57%) during a 24-h period (Fig. SA). The second,
head-negative phase of the EOD accounted for most of
this change in duration as well as most of the inter-
individual variation; both phases contributed to the
change in amplitude (Fig. 6). The increase in duration
and amplitude was clearly associated with the day-to-
night transition in males (Fig. 5B, C). In contrast, the
differences between minimum and maximum EOD val-
ues in females were absolutely and proportionately
smaller: only 0.16 £ 0.05 ms (16%) for duration and
048 + 0.32mVem™ ' -em™  (16%) for amplitude
(Fig. 5A). Bartlett’s test indicated that the variation in
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Fig. SA Twenty-seven males increased EOD duration 37 £+ 12%,
from a daytime minimum of 1.39 + 0.23 ms to a maximum of
1.89 £ 0.30 ms at night. These males increased EOD amplitude
24 + 9%, from 5.14 £ 1.14 mV cem™ during the day to
6.40 + 1.6 mV cm™' at night. In eight females, the differences
between minimum and maximum EOD duration (0.16 + 0.05 ms;
16 + 5%) and amplitude (048 + 032 mV cm™; 16 + 7%) were
absolutely and proportionately smaller. B, C The EOD values over
time of eight males (solid lines) and eight females (dashed lines). While
male EOD duration and amplitude show a sharp increase around the
light to dark transition, the slight variation in female EOD values
usually appears to be unrelated to the time of day

each female’s EOD duration over time was no different
than that of a constant playback signal (P > 0.4); in
fact, for four of eight females the maximum duration
value occurred before the minimum (Fig. 5B). On the
other hand, in all females the minimum amplitude oc-
curred before the maximum,; in three of eight females a
small increase occurred near dusk (Fig. 5C).

Male EOD duration and amplitude started to in-
crease rapidly about 1 h before lights out (2000 hours)
(Fig. 4A, 5B, C) and reached maxima by 2130 hours, on
average (Fig. 7). Therefore, most of the change occurred
within 2-3 hours. Usually EOD duration and amplitude
began to decrease slowly during the second half of the
dark phase and continued to decline after lights on. On
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Fig. 6A The second, head-negative phase of the EOD accounted for
most of the individual variation in males as well as most of the change
in total duration over time (eight males shown). These data suggest
that only the anterior faces of the electrocytes are involved in the
mechanism for changing duration. B Both EOD phases changed in
amplitude (two males shown), suggesting a mechanism for changing
amplitude that involves the whole electrocyte or electric organ

Duration 20:00

20:00

Dmin ¢ O Amin
Dmax ¢ e Amax

Fig. 7 Timing of minima and maxima. The distance of each point
from the center represents the minimum or maximum EOD value of
one male; angular location represents the time of day. Thick lines
indicate the mean vectors. Timing of minima occurred midway
through the light phase, on average, but varied greatly because EOD
values were relatively constant during most of the day. In contrast,
maxima clustered in the first 3 h of the dark phase. Data include from
1000 to 0600 hours of the first 24-h period only
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average, male minimum EOD values occurred midway
through the light phase (1300 hours) (Fig. 7), but the
timing was broadly scattered because waveform usually
changed little over most of the day.

Effect of temperature and discharge rate on the EOD

Minimum EOD duration among 27 males was nega-
tively but weakly correlated with water temperature
(Q10=-0.061 ms °C™', *=0.11, P=0.047); minimum
amplitude was not related to temperature (r*=0.05,
P =0.13). Thus, a nocturnal drop in water temperature
of 1.5 °C could account for a 6% increase in EOD du-
ration, much less than the observed 21-65%, but would
not account for the change in amplitude.

Neither EOD duration nor amplitude correlated with
the interpulse interval in two fish of each sex, so changes
in discharge rate cannot be responsible for the changes
in waveform. Even lowering the discharge rate with
anesthetic does not alter EOD duration in any species of
gymnotiform with a myogenic organ (Mills and Zakon
1987; Assad et al. 1994). However, in certain courtship
signals, when males increase EOD rate up to six times
the resting rate, EOD amplitude does diminish (Stod-
dard et al. 1996).

Response to handling

Transferring the fish from the outdoor pools to the tank
seemed to disturb fish only temporarily. Fish quickly
returned to a resting state, and at least half of the males
with stimulus females performed some courtship that
night; one pair even spawned after the female escaped
the middle compartment. Of the five males that we
“captured”’, two decreased EOD duration but returned
to about their previous duration within an hour; the
other three males’ EOD duration seemed unaffected
(Fig. 8). All five males showed virtually no difference in
EOD amplitude before and after capture (Fig. 8).

Response to unexpected light or darkness

The two males exposed to early darkness immediately
increased EOD duration and amplitude and exhibited
normal nocturnal activity. EOD values of one male
continued to increase throughout the early dark period
(Fig. 9A); for the other, EOD values increased, de-
creased, then increased again just before darkness nor-
mally would have begun (Fig. 9B). Despite the
prolonged dark phase, the overall changes in duration
and amplitude were no greater than on the previous
night. Early termination of darkness did not appear to
alter the pattern of EOD change in two males (Fig. 9C),
although the duration change of one fish was ambiguous
(Fig. 9D). These data imply that a light-to-dark transi-
tion at any time triggers a physiological process leading

0.5

1.0
time (days)

1.0
time (days)

duration ¢ [ dark
amplitude o capture

Fig. 8A-D Data from three males that were netted and restrained for
1 h (capture). Males in A and B showed a small temporary decrease in
EOD duration and amplitude. C Capture did not seem to affect EOD
waveform in this male or two others (not shown)

to increased EOD values, while the dark-to-light tran-
sition is relatively unimportant. Therefore, physiological
exploration of the hormonal and cellular mechanisms of
EOD change might be conducted after exposing the fish
to a relatively brief period of darkness to trigger the
EOD change.

Discussion
Behavioral significance of day-night EOD changes

The techniques developed in this study allowed precise
quantification of nocturnal increases in EOD duration
(37%) and amplitude (24%) in free-swimming male
B. pinnicaudatus (Fig. 5A). Female EOD amplitude, but
not duration, may change in a cyclic fashion, but such
changes are much smaller on both an absolute and a
relative scale than those of males. Thus, the sexual di-
morphisms in the EOD waveform are accompanied by
striking sex differences in the day-night modulation of
these differences.

The EOD is a signal used primarily at night for
electrolocation and communication by both sexes. The
fact that cyclic changes occur only in males, exaggerat-
ing sex differences in the waveform, implies that the
changes evolved in the context of sexual selection rather
than for electrosensory functions common to both sexes.
Courtship and spawning begin between 1 and 3 h after
dark (P.K. Stoddard, M.D. Kilburn, K.H. Patterson,
unpublished data), about the same time that male EODs
reach their maximum amplitudes and durations (Fig. 7).
Furthermore, observations of day-night EOD changes in
other hypopomids also involved fish in reproductive
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Fig. 9A-C Four males were exposed to a normal 10-h dark phase for
one period, then to a long or short dark phase during a second period.
A, B Males immediately responded to the early onset of darkness with
rapid increases in EOD duration and amplitude. C, D Early onset of
light did not appear to alter the pattern of EOD change, although the
duration change of male D was ambiguous. These data imply that a
light-to-dark transition at any time triggers a physiological process
leading to increased EOD values, while the dark-to-light transition is
relatively unimportant. The amplitude axis has been shifted vertically
for better point separation

condition (Hagedorn 1995; W. Crampton, personal
communication; P.K. Stoddard, E.O. Setteducati, un-
published data).

The decrease in EOD duration and amplitude during
the day suggests that the nocturnal increases are some-
how costly. A larger amplitude EOD might increase the
risk of detection by predatory gymnotiforms, such as the
electric eel (Electrophorus electricus), Gymnotus spp.,
and Magosternarchus duccis, which tend to be active
during the day as well as at night (Westby 1988;
M. Hagedorn, personal communication; Lundberg et al.
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1996). The fact that the second, head-negative phase of
the EOD becomes even longer than the first phase at
night increases the net negative d.c. component of the
male signal (Stoddard 1994). Such a d.c. component
should be more detectable by the ampullary electrore-
ceptors of catfish, some of which specialize in eating
gymnotiforms (Reid 1983), as well as by the ampullary
electroreceptors of gymnotiform predators. The ener-
getic cost of EOD production has never been measured,
so the relative cost of a longer, larger nighttime EOD is
unknown. By reducing EOD duration and amplitude
while resting during the day, males may improve sur-
vival, conserve energy, or both.

A model for cyclic EOD change

We combined evidence from several areas of investiga-
tion to illustrate a cascade mechanism that could cause
day-night changes in the EOD waveform (Fig. 10). The
central nervous system of all vertebrates contains one or
more “‘master”’ pacemakers, which are entrained by en-
vironmental cues and control circadian rhythms
throughout the body (Menaker and Binkley 1981;
Jacklet 1985). Indirect evidence suggests that cyclic
changes in EOD waveform could be driven by an en-
dogenous pacemaker. In B. occidentalis, amplitude
modulation persisted for two periods in constant dark-
ness (Hagedorn 1995). Three B. pinnicaudatus males
kept in constant darkness for three periods increased
duration at the normal time (Franchina 1997b). In this
study, the EOD usually began to change before lights
out, despite the absence of cues such as slowly falling
light levels (e.g. Fig. 8A).

In teleosts, the master pacemaker is the pineal gland,
which synthesizes melatonin rhythmically even in vitro
under constant conditions (Zachmann et al. 1992; Bolliet
et al. 1995, 1996; Cahill 1996). Melatonin affects the
pulsatile release of gonadotropin-releasing or -inhibiting
hormones (GnRH, GRIF) from cells in the pre-optic
area and/or hypothalamus (Peter 1983; Senthilkumaran
and Joy 1995; Khan and Thomas 1996). Melatonin and
neural output from the pineal gland may also affect
other areas of the brain and peripheral organs directly.
GnRH and GRIF control the pituitary’s release of
gonadotropins, which regulate steroid production by the
gonads (Bhattacharya et al. 1994). Steroid hormones
fluctuate in circadian cycles in nearly all teleost species
examined (Hannes and Franck 1983; Bieniarz et al.
1986; Matsuyama et al. 1988, 1995; Emata et al. 1991;
Singh and Singh 1991). In particular, baseline levels of
the primary teleost androgen, 11-ketotestosterone
(11KT), are reliably associated with male-typical be-
havior and secondary sex characters (Zakon et al. 1991;
Brantley et al. 1993; Borg 1994).

The classic mechanism of steroid action is “‘slow”
alteration of gene expression (Paul and Purdy 1992).
Treating adult or juvenile gymnotiforms with androgens
increases EOD duration in most species, but only after
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Fig. 10 A mechanism to explain modulation of the EOD waveform;
circled sine waves represent circadian fluctuation. EOD duration and
amplitude are affected directly by the properties and numbers of ion
channels in the electrocytes, as well as by other factors. Chronic
implants or daily injections of steroids alter EOD waveform after
several days, presumably by affecting gene expression in the electric
organ. In addition, hormone levels fluctuate throughout the day in
response to signals from the pineal gland. (This pattern, common to
several teleosts, still has to be demonstrated in the gymnotiforms.)
Hormones may also have immediate, non-genomic effects on cell
physiology through second messenger systems, such as a release of
cAMP leading to phosphorylation of ion channels. This model
predicts that applying the appropriate hormone or intracellular
messenger to electrocytes will cause rapid changes in the action
potentials, which can be extrapolated to changes in EOD waveform.
See text for citations of contributing work. GnRH gonadotropin-
releasing hormone; G RIF gonadotropin release-inhibiting factor; GtH
gonadotropin; //KT 11-ketotestosterone; cAM P cyclic AMP

several days (Hagedorn and Carr 1985; Ferrari et al.
1995; Landsman 1995). Genomic steroid effects proba-
bly account for sex differences in total fish length, caudal
filament morphology, and EOD duration in B. pin-
nicaudatus (Hopkins et al. 1990). However, steroids can
alter gene expression in as little as 3 h in vitro (Paul and
Purdy 1992). In this study, male EODs changed from
minimum to maximum values over a 3- to 6-h period
(Fig. 7). However, males responded to the onset of
darkness at mid-day by increasing EOD duration and
amplitude dramatically in as little as 1 h (Fig. 9A, B),

and measurable changes have recently been induced in
less than 15 min (P.K. Stoddard, V. Salazar, unpub-
lished data). Therefore, a genomic steroid mechanism is
not sufficient to explain the response to unexpected
darkness.

In contrast to classic genomic mechanisms, steroid
hormones and other neuromodulators can alter existing
ion channels within minutes through a second messenger
cascade (Erulkar and Wetzel 1987; Schumacher 1990;
McEwen 1991; Paul and Purdy 1992; Wehling 1997).
For example, steroids can affect the activity of adenyl
cyclase, which regulates the level of cyclic adenosine 37,
5’-monophosphate (cAMP) (Erulkar and Wetzel 1987,
Harrelson and McEwen 1987). Cyclic AMP promotes
the activity of protein kinase A, which phosphorylates
ion channels. Phosphorylation changes the duration of
some ion currents by changing the inactivation time
constant or voltage dependence of the channel (Hille
1992). In other cases, the amplitude of an ion current
changes because phosphorylation alters the probability
of channel opening (Levitan 1988). Steroids may also
recruit existing channels into the membrane to increase
ion current amplitude. While rapid plasticity is appar-
ently an inherent property of all ion channels, the be-
havioral consequences of phosphorylation in the
nervous system are still mostly unknown (Huganir 1988;
Levitan 1988; Hille 1992; Wehling 1997).

In weakly electric fish, phosphorylation of ion chan-
nels in the electric organ should affect EOD waveform
directly. Cyclic AMP applied to the electrocytes of
Sternopygus spp. increases the amplitude of the sodium
current within 20 min in vitro (McAnelly and Zakon
1996). (Rapid modulation of EOD waveform has not yet
been demonstrated in intact Sternopygus spp.) In the
electrocytes of Electrophorus electricus, phosphorylation
reduces the sodium current by 80% within 30 s (Emerick
et al. 1993). Thus, Fig. 10 illustrates one potential
pathway by which environmental cues could cause daily
fluctuation in steroid levels and concurrent change in
EOD waveform characters.

Our data suggest that EOD duration and amplitude
are controlled separately in B. pinnicaudatus. The first
and second phase of the EOD correspond to action
potentials in the caudal and rostral surfaces of the
electrocytes, respectively. The second EOD phase fluc-
tuated much more in duration than the first EOD phase
did (Fig. 6), suggesting that kinetics of ion channels in
the rostral surface are more affected by the modulating
hormone(s) than those in the caudal surface. Because the
amplitude of both phases fluctuated about equally, total
EOD amplitude may be controlled by a single function,
such as changing the number of active ion channels or
even the number of electrocytes that respond to the
pacemaker. The studies of Sternopygus spp. electrocytes
also suggest independent mechanisms for altering EOD
duration and amplitude (Ferrari et al. 1995; McAnelly
and Zakon 1996).

The EODs of weakly electric fish play an essential
role in communication. At the cellular level, the electric



organ is the sum of two action potentials, each created
by localized ion channels. Thus Brachyhypopomus spp.
could be an excellent model for investigating rapid
hormone effects at both a molecular and behavioral
level.
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