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Summary. 1. The electric organ discharge (EOD)
of wave-type weakly electric fish is generated as
an extremely regular series of electric organ pulses.
Measurements of pulse duration and EOD fre-
quency were made in the species Sternopygus and
Eigenmannia. Pulse duration is highly inversely
correlated with EOD frequency in a population
of fish, so that the EOD waveform remains quasi-
sinusoidal over the species range of EOD frequen-
cies. This places most of the energy of the EOD
within the fundamental harmonic to which the
electroreceptors are most sensitive.

2. Treatment with the anesthetic MS-222 tran-
siently lowers EOD frequency, but does not change
pulse duration. This demonstrates that pulse dura-
tion is independent of immediate EOD frequency
and, therefore, of the medullary pacemaker nucle-
us (PMN).

3. In Sternopygus, small monophasic potentials
could be recorded outside the tails of curarized
fish. These were of constant duration and shape
across all fish regardless of the fish’s EQOD fre-
quency. The location along the body where this
potential reversed polarity was close to, although
not identical with, the isopotential line for the
EOD pulse. These potentials were partially
blocked by the curare. They probably represent
the summed psps of the synchronously-firing elec-
trocytes. This result supports the hypothesis that
differences in EOD waveform, specifically pulse
duration, arise from electrocyte membrane events
following the psp (postsynaptic potential).

4. Implantation of Sternopygus with 5-a-dihyd-
rotestosterone (DHT) in silastic capsules results in
decreased EOD frequencies, as previously reported
for this species (Meyer and Zakon 1982; Meyer

Abbreviations: DHT 5-o~dihydrotestosterone; EOD electric or-
gan discharge; FFT Fast Fourier Transform; PMN medullary
pacemaker nucleus; psp postsynaptic potential

1983). In addition, corresponding significant in-
creases in EOD pulse duration occurred (a mean
increase of about 1.3 ms or 24%). No changes were
measured in controls implanted with empty cap-
sules. The maximum decrease in EOD frequency
and increase in pulse duration plateau at different
times, suggesting that they are the result of differ-
ent processes. After removal of the hormone cap-
sules, EOD frequency and pulse duration reverted
to baseline levels within a few weeks.

5. These results demonstrate a degree of coor-
dination between the PMN and the electric organ
not previously recognized. It is likely that andro-
gens play a role in this process. If, as proposed,
the electrocyte membrane properties determine the
characteristics of the waveform, then the androgen
must act on both the PMN and the electrocytes
to keep EOD frequency and pulse duration in reg-
1ster.

Introduction

The EOD of weakly electric fish is used as both
a communication signal with conspecifics (Hop-
kins 1972, 1974a, b, 1980) and for electrolocation
(Bastian 1981; Bullock 1982). The EOD is pro-
duced either by a myogenic (mormyriforms, all
gymnotiforms except Apteronotus) or neurogenic
(Apteronotus) electric organ in the tail. The cells
of the electric organ, the electrocytes, are excited
simultaneously and their action potentials sum to
produce the EOD (Bennett 1971). The discharge
frequency is determined by the firing frequency of
the medullary pacemaker nucleus ((PMN]; Bennett
etal. 1967; Ellis and Szabo 1980), which can be
transiently modified for communication (Hopkins
1974a, b; Hagedorn and Heiligenberg 1985) or to
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preserve electrolocation abilities (the jamming
avoidance response [JAR]; Bullock etal. 1972;
Heiligenberg 1977).

Weakly electric fish may be classified into two
groups based on the characteristics of the wave-
form of their discharge: ‘wave’” and ‘pulse’ fish.
The quasi-sinusoidal waveform of wave fish can
be thought of as a highly regular series of pulses.
Most wave fish produce a simple, monophasic
pulse each time the electric organ fires. The dura-
tion of the interval between successive pulses is
the same as or only slightly more than the duration
of each pulse, producing approximately a 50%
duty cycle; hence the designation of the waveform
as quasi-sinusoidal. The EOD of ‘pulse’ fish con-
sists of brief pulses, produced at a highly variable
rate. The interval between pulses is long compared
to the duration of the pulse itself. The pulse wave-
form may be mono-, bi-, or triphasic, and so may
be complex in the time domain (Bennett 1971 ; Bas-
tian 1977; Westby and Kirschbaum 1982 ; Bass and
Hopkins 1983, 1984, 1985; Hagedorn and Carr
1985).

Sexual dimorphisms are seen in the EOD in
both wave and pulse fish. Male Eigenmannia and
Sternopygus discharge at lower EOD frequencies,
whereas male Apteronotus discharge at higher
EOD frequencies than the females of those species
(Hopkins 1972; Westby and Kirschbaum 1981;
Meyer 1983; Hagedorn and Heiligenberg 1985;
Meyer etal. 1986). In sexually dimorphic pulse
fish, the waveforms of the two sexes may differ
in the number, amplitude, and duration of various
phases and, usually, in the total duration of the
pulse (Westby and Kirschbaum 1982; Bass and
Hopkins 1983, 1986; Hagedorn and Carr 1985).
In all cases observed to date, the EOD pulse of
females and juveniles is of shorter duration than
that of mature males. These differences are likely
due to the effects of steroids on the tissues involved
in producing the EOD, as they may be elicited
in the laboratory by treatment with sex steroids
(Meyer and Zakon 1982; Bass and Hopkins 1983,
1985; Meyer 1983; Hagedorn and Carr 1985;
Meyer et al. 1986). It is currently thought that in
wave fish, sex steroids affect the PMN, thereby
changing EOD frequency, whereas in pulse fish,
these hormones affect the electric organ, where
they influence pulse waveform properties. We have
re-examined this line of thinking, and demonstrate
that androgens also affect the EOD pulse duration
in the wave fish Sternopygus, and that this effect
is likely due to direct actions of the hormone on
the spiking membrane of the electrocytes. Some

of the preliminary results of this study have ap-
peared eclsewhere in abstract form (Mills and
Zakon 1986).

Materials and methods

Experimental subjects. Twenty-seven Eigenmannia virescens and
44 Sternopygus macrurus were used. The Eigenmannia wete sup-
plied by a dealer (and were most likely from Peru), and the
Sternopygus were caught in the Apure drainage basin, Vene-
zuela. The Eigenmannia ranged in length from 12.5-21.0 cm,
and in EOD frequency from 270-504 Hz; the Sternopygus from
11.5-40.7 cm, and 43-165 Hz. Length was measured from the
tip of the snout to the tip of the tail with a ruler. The fish
were housed in aerated 20-60 gallon tanks. Sternopygus were
kept singly or in groups of less than eight. All Eigenmannia
were in one tank. The aquaria were located in environmentally-
controlled rooms with a 12 h light/12 h dark cycle. Tank tem-
peratures were maintained at approximately 25 °C. Most tanks
contained snails, gravel, live and/or plastic plants, and short
lengths of PVC tubing for fish to hide in. The fish were fed
a daily diet of frozen bloodworms (chironomid larvae) or live
earthworms (only the Sternopygus).

Recording procedure. The fish were individually moved from
their home tanks to a 39 x 36 x 16 cm recording tank. The re-
cording tank was maintained at 25.0+0.2 °C, so that it would
be similar to the home tank temperature. The larger Sterno-
pygus were kept aligned with the electrodes by a flat plastic
barrier placed in the recording tank parallel to the bar bearing
the electrodes. All Eigenmannia and the smaller Sternopygus
were suspended near one side of the recording tank, in a
straight, narrow nylon net to restrict lateral movement. This
was to prevent any distortion in EOD waveform which might
have resulted from the fish bending its body during recording.
There is some distortion in the EOD measurements if there
are any obstructions within five electric organ lengths of the
fish (Frey and Eichert 1972). Our recording tank was not large
enough to prevent such distortions. However, this did not affect
the validity of our measurements, since most of the distortion
is in the EOD amplitude rather than duration. Also, because
the fish were always in the same place when recordings were
made, any distortions present appeared in all measurements,
and so would not have affected the results.

EODs were recorded with head-to-tail electrodes (head
positive) through a Grass P-15 AC-coupled amplifier (3 Hz-
10 kHz passband). The electrodes were separated by a distance
of 30 cm. After waiting at least 5 min for the fish to accommo-
date to the tank, two 400 or 800 ms samples of each fish’s
EOD were stored on a Nicolet 4094 digital oscilloscope, sam-
pling rate of 100 or 200 ps per point, respectively. Unless other-
wise specified, all EOD measurements were made with the Nico-
let 4094. Upon completion of the experiments, the fish were
returned to their home tanks. If the experiment required direct
handling of the fish, Shieldex (Aquatronics) slime-coat inducer
and/or MarOxy (Mardel Laboratories, Inc.) fungicide were
added to the aquaria afterwards, to reduce the likelihood of
infection.

Measurement of the location of the reversal in polarity
for the EOD pulse was made with a fish in a net in the center
of the recording tank. The EOD was recorded differentially
between an electrode near the body and an indifferent electrode.
The indifferent electrode was placed in a beaker filled with
aquarium water and contacting the recording tank through a
wick, in order to reduce contamination by the EOD. The elec-
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trodes were made from insulated copper wire and the exposed
tip was 1 mm in diameter. The active electrode was placed near
the middle of the tail and moved along the fish’s body in milli-
meter increments by a micromanipulator. Traces were stored
on the Nicolet digital oscilloscope or passed to a storage oscillo-
scope. EOD pulse duration was measured similarly by placing
the active electrode in various locations along the fish’s body.
Repeated measurements showed the accuracy to be +0.1 ms.

MS-222 treatment. Three Sternopygus were examined. They
were individually placed in a shallow plastic tray containing
2000 ml tank water. The tray was floated in the recording tank,
and the water in the tray was kept at an average temperature
(for all recording sessions) of 25.3+0.3 °C. The temperature
varied during each recording session by no more than +0.1 °C.
Two head-to-tail samples of the EODs were stored every minute
for 10 min as control data. Next, each fish was given 50 mg
of the anesthetic MS-222 (tricaine methanesulfonate, Sigma
Chemical Co.) every 2 min, until the EOD ceased. The EOD
was recorded every minute, as long as the discharge was present.
The total dose of the drug was 200 mg for two of the fish
and 250 mg for the third. A similar experiment was carried
out on six Eigenmannia.

Measurement of ‘psps’. Two methods were used to record ‘psp’
(postsynaptic potential) durations. For the first method, fish
were injected with curare (0.1-0.2 mg/g) in the dorsal muscula-
ture of the back and placed in a net near one side of the record-
ing tank. The EOD was recorded differentially with one elec-
trode placed near the tip of the tail and the other, acting as
an indifferent electrode, at the other side of the tank (a distance
of about 20 cm). After injection, fish usually lay still in the
net, thereby permitting the placement of the electrode nearby
to record the changes in the EOD as the curare took effect.
Data from fish which moved during this time were discarded.
Measurements of pulse duration were made directly from stored
traces on the oscilloscope or from photographs of traces. Re-
peated measurements of the same traces gave a measurement
error of +0.1 ms.

The second technique allowed us to measure the ‘psp’ of
uncurarized fish. We utilized the same step as in recording re-
versal site for the EOD. With the electrode carefully placed
so as to lie at the site of reversal in potential for the EOD,
the ‘psp’ potential could still be recorded over a short segment
of the tail.

Hormone treatment. Nine Sternopygus were housed in three
20 gallon tanks, each with two water-permeable plastic dividers,
so that each fish had a separate compartment. The aquaria
were maintained at approximately 25.0 °C. EOD records from
each fish were taken and then animals were implanted with
either Silastic capsules containing 5-a-dihydrotestosterone
(DHT, Sigma Chemical Co.) or empty Silastic (Dow Corning)
capsules (see Keller et al. 1986). Each tube was placed in the
peritoneal cavity of an MS-222-anesthetized fish, through a
small hole cut on the anterior ventrolateral part of the fish,
slightly caudal and ventral to the pectoral fin, on the right
side. Each capsule was pushed as far anteriorly as possible
to reduce the chance of its falling out later. After insertion,
the hole was sealed with histoacryl tissue glue (B. Braun Mel-
sungen AG, West Germany). The fish were returned to their
home tanks after recovering from the anesthesia. EODs were
recorded and stored every 6 to 8 days following implantation
for a total of 8 weeks. The temperature of the recording tank
was 25.1+0.2 °C throughout the experiment with a maximum
variation of +0.1 °C within a single recording session.

On day 57 post-implantation, the capsules were removed
from three of the experimental fish, allowing them to return
to their original EOD frequencies (Meyer 1983). An incision
of 1-2 cm was made at the implantation scar, and the capsule
was removed with forceps. The cut was then sutured and sealed
with tissue glue. To control for any effects of surgery alone
on the EOD, the other three experimental fish and the three
control fish were incised, forceps were moved around inside
the fish, and the cut was sutured and sealed without capsule
removal. All fish were sexed at the end of this experiment.
To be certain of accurate identification, a sample of gonadal
tissue was removed and inspected under the microscope.

Implantation rather than injection was chosen to administer
the DHT for two reasons. The use of implants appears to be
less stressful to the fish than daily injections (Keller et al. 1986).
This helps to eliminate any effects of stress on the EOD (Ma-
zeaud et al. 1977). Another advantage is that implants ensure
a more constant release of the hormone than daily injections.
Although blood androgen concentrations were not determined
in this experiment, measurement of the plasma DHT concentra-
tion in Sternopygus implanted in this way in a previous study
indicated levels on the order of a few to ten ng/ml (Keller
et al. 1986), which is within the normal physiological range
of androgen titers in teleosts (Fostier et al. 1983). (DHT is likely
an analog to the normally occurring androgens in most teleosts,
testosterone and 11-ketotestosterone).

Data analysis. Measurements of pulse duration (the positive-
going phase of a single EOD cycle) and interval duration (the
time between the end of one pulse and the beginning of an-
other), in ms, were taken from baseline. Baseline was estab-
lished by lining up the horizontal cursor of the oscilloscope
screen with the bottom of the displayed waveform. Five pulse
duration and five interval duration measurements were taken
from each of the two stored waveforms, and mean values were
calculated for each measure. Thus each data point represents
ten measurements of each parameter for each fish. In addition,
duty cycles were calculated as pulse/(pulse + interval), to deter-
mine the relationship of this variable to EOD frequency. EQOD
frequency was calculated as 1/(pulse +interval), the inverse of
the period. EOD frequencies were not adjusted for temperature,
as there was minimal temperature drift (see Enger and Szabo
1968).

A Fast Fourier Transform (FFT) program, which was sup-
plied with the Nicolet 4094, was used to analyze the distribution
of energy in the EOD waveform into its component series of
harmonics. For the fish not involved in the hormone or MS-222
studies, samples from waveforms of one or two high, medium,
and low EOD frequency fish were analyzed by FFT. The
heights of the first three peaks (little energy was seen in the
higher harmonics) of the resulting power spectra were mea-
sured, and converted to a decibel (dB) scale for comparison.
For the MS-222 experiment, one FFT was performed on a
waveform sample from each fish prior to, and another after,
administration of the anesthetic and the ratios of amplitudes
of the first three harmonics were compared. EOD waveforms
of the DHT-implanted and control fish were also analyzed be-
fore implantation, again at 35 and 56 days post-implantation,
and on days 32 and 63 following capsule removal.

Statistical tests. Two statistical tests were employed to analyze
the data from the hormone-treated fish. Comparisons made
within a group were analyzed with the Wilcoxon matched pairs
signed ranks test. Comparisons between groups were analyzed
with the Mann-Whitney U test. Both were one-tailed tests, with
a significance level of P<0.05.
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Results
EOD characteristics

The EOD of both Eigenmannia and Sternopygus
is a nearly sinusoidal wave. The waveform of Ei-
genmannia is smoother and more rounded at the
bottom. The EOD of Sternopygus has a flatter ba-
seline, which may be horizontal or sloped. Figure 1
shows the EODs of three individual Sternopygus,
with discharge frequencies ranging from high to
low values. The EODs of Eigenmannia essentially
resemble the top trace of this figure (Fig. 1A), ex-
cept on a faster time scale. In Sternopygus, but
not Eigenmannia, a small inflection can sometimes
be seen in the rising phase of the EOD, especially
in fish with low frequency EODs (arrows in
Fig. 1B and C).

Measurement of EOD pulse duration at var-
ious locations along the body in Sternopygus (N=
4) indicate that the pulse is of virtually identical
duration for each individual. However, pulse dura-
tion varied considerably berween fish. Note in
Fig. 1 that the duration of a single EOD pulse in-
creases as EOD frequency decreases in these three
fish. This relationship is true for both Eigenmannia
and Sternopygus (Figs. 2 and 3).

Figures 2A and 3A quantitatively show that
fish of higher EOD frequencies have shorter pulse
durations than fish of lower EOD frequencies. Ei-
genmannia (Fig. 2A) pulse durations range from
about 1.7-2.3 ms (mean=2.0+0.2 ms), a span of
only 0.6 ms (35% increase) over a 234 Hz (87%
increase) frequency range. The interval durations
(Fig. 2B) are from 0.3-1.4ms (mean=0.7+
0.3 ms). In contrast, Sternopygus pulse durations
are from 4.0-13.6 ms (mean="7.3+1.9 ms), a dif-
ference of 9.6 ms (240% increase) over a 122 Hz
(284% increase) frequency range (Fig. 3A). The
interval durations are from 2.0-9.6 ms (mean=
4.842.1 ms; Fig. 3B). Like pulse duration, then,
the interval durations are shorter in higher fre-
quency fish than in lower frequency fish. Not
surprisingly, pulse duration and interval duration
are strongly correlated with EOD frequency (r= —
0.90 and —0.94, respectively, in Eigenmannia, r=
—0.89 and —0.91, respectively, in Sternopygus).

In order to determine whether pulse and inter-
val durations co-vary by the same amount in fish
of various EOD frequencies, the duty cycle was
calculated for both species. Duty cycle, which is
shorter in lower frequency fish, ranged from
61-84%, (mean=74+7%) in Eigenmannia; in
Sternopygus, duty cycle ranged from 53-74%
(mean =624 6%). This was also highly correlated
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Fig. 1. The EODs of three Sternopygus. A EOD frequency =
160 Hz. B EOD frequency =125 Hz. C EOD frequency =70 Hz.
Arrows denote inflections
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Fig. 2. Pulse duration (A), interval duration (B) and duty cycle
(C) as a function of EOD frequency for Eigenmannia (N=29).
The regression line is drawn and the correlation coefficient is
in the upper right-hand corner of the figure. Each point repre-
sents data from one fish
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Fig. 3. Pulse duration (A), interval duraticn (B), and duty cycle
(C) as a function of EOD frequency for Sternopygus (N=32).
The regression line is drawn and the correlation coefficient is
in the upper right-hand corner of the figure. Each point repre-
sents data from one fish

with EOD frequency (Figs. 2C and 3C; Eigenman-
nia: r=0.89; Sternopygus: r=0.72).

There was no detectable correlation between
length and EOD frequency in either Sternopygus
(r=—0.34) or Eigenmannia (r=0.08). There is a
demonstrated correlation between these two pa-
rameters within each sex in Sternopygus such that
they are negatively correlated in males and posi-
tively correlated in females (Hopkins 1974b;
Meyer 1983). However, as we did not note the
sex of the fish and therefore pooled the data from
both sexes for analysis, the lack of correlation be-
tween length and EOD frequency is not surprising.

FFT data showed that most of the energy of
the EOD is in the fundamental harmonic. The
higher harmonics were low in amplitude compared
to the fundamental. In Eigenmannia, the first har-
monic is 8.0~15.4 dB (mean=11.7 dB, +3.3dB,
—5.5dB) greater in amplitude than the second
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Fig. 4. Pulse duration (filled triangles), interval duration (filled
circles) and EOD frequency (open squares) of a representative
Sternopygus before and during treatment with MS-222. Time 0
represents the first in the series of doses of the drug admin-
istered. Note that pulse duration is constant throughout, where-
as EOD frequency decreases and interval duration increases

harmonic, and 21.6-24.1dB (mean=23.0dB,
+1.2 dB, —1.3 dB) greater than the third. In Ster-
nopygus, the first harmonic was 7.0-15.8dB
(mean=14.1 dB, +2.0 dB, —2.7 dB) greater than
the second, and 17.8-27.8 dB (mean=22.5dB,
+2.9dB, —4.3 dB) greater than the third. There
was no obvious relationship between EOD fre-
quency and relative amount of energy in the first
three harmonics. Hence, most of the energy pro-
duced by the electric organ is alloted to the funda-
mental harmonic, and very little to the higher har-
monics. This is to be expected since, with shifts
in pulse duration, the EOD remains nearly sinusoi-
dal across a range of EOD frequencies.

Determinants of pulse duration

Two experiments were undertaken to determine
whether the duration of the pulse is controlled at
the level of the electric organ, as is usually the
case (Bennett 1971; Bass and Hopkins 1983 ; Hage-
dorn and Carr 1985), or whether some aspect of
pulse duration is additionally influenced by central
mechanisms. First, in order to observe if the EOD
pulse duration is affected by the firing frequency
of the PMN on a cycle by cycle basis, the PMN
was slowed down by MS-222 (Bullock et al. 1972).
Second, the EOD pulse was blocked by curare to
see if the potentials that remain, which we believe
to be summated electrocyte postsynaptic potentials
{(psps), differ in their duration.

The effects of MS-222. The EOD frequencies of
all of the MS-222-treated Sternopygus declined an
average of 27+ 9 Hz (range =21-37 Hz) during the
first 7 min; subsequently, the EOD abruptly
ceased. Figure 4 shows the data from a typical fish.
The control data, from the same fish prior to anes-
thetic treatment, showed a mean change of
0.3+£2.2 Hz (range= +2 to —3 Hz). The pulse du-
rations varied no more than +0.3 ms during both
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the control and drug experiments. Interval dura-
tions from the control data varied at most +0.1 ms
(Fig. 4). The experimental data yielded a mean in-
crease in interval duration of 2.0+0.3 ms. The
duty cycle, which during the control period varied
no more than 4%, dropped 9-17% (mean=13+
3%) in the three fish during the experimental peri-
od. Similar results were obtained with Eigenman-
nia. Thus, MS-222 acutely lowers EOD frequency
without affecting pulse duration. This decrease is
maintained over several minutes, during which tens
of thousands of EOD cycles are produced.

As the effect of MS-222 is to increase the inter-
val between pulses with no effect upon pulse dura-
tion, the EOD becomes less sinusoidal. This is
shown in the FFT. Baseline recordings showed sec-
ond harmonics from 4.8 to 159 dB (mean=
11.0 dB, +4.4 dB, —9.4 dB) down from the funda-
mental and the third harmonic down 22.3 to
23.1 dB (mean=22.8 dB+ 0.4 dB) from the funda-
mental. After MS-222 treatment, the second har-
monic was only 3.2 to 9.1 dB (mean=6.4 dB,
+2.6 dB, —3.7 dB) down and the third was 15.3
to 23.0dB down (mean=19.5dB, +3.2dB,
—5.1 dB). This indicates that the energy in the
EOD was partially redistributed to the higher har-
monics as the EOD became less sinusoidal.

3

Measurement of the ‘psps’. The amplitude of the
EOD began to decrease 3-5 min after injection of
curare. As the amplitude fell, the small inflection
became more noticeable (Fig. 5). The amplitude
of the pulse waned rapidly within the next few
minutes, until the pulse was almost or completely
absent. This revealed the initial inflection to be
the rising phase of a smaller potential. However,
the amplitude of this potential also diminished as
the EOD pulse fell. This small potential could ei-
ther represent the ‘spinal command signal’ which
drives the electric organ, or the summated postsyn-
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Fig. 5A, B. Effects of curare on the EOD.

A data from a fish with an EOD frequency
of 70 Hz, B data from a fish with an EOD
frequency of 125 Hz. In both cases the EOD
wave is shown: 1) prior to, 2) ~3 min after,
and 3) ~5 min after injection of 10-20 mg
curare. Note inflections (arrows) in baseline
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Fig. 6. Duration of the EOD pulse (open circles) and the ‘psp’
pulse (filled circles) as a function of EOD frequency (N=9)

aptic potentials of the synchronously-driven elec-
trocytes. We fecl that the latter interpretation is
most likely correct (see Discussion), so we refer
to the small potential as the ‘psp’ component. Fig-
ure 6 indicates that the ‘psp’ duration is virtually
identical (~1.9ms) in all fish recorded, even
though the pulse duration of their EODs varied
from almost 10.0 ms to less than 4.0 ms.

Since the electric organ acts as a dipole, the
amplitude of the EOD falls to zero as an electrode
reaches the organ’s electrical midpoint and the
EOD reverses polarity on the other side of it. When
the electrode was moved along the fish’s body after
curarization, the ‘psp’ was seen to drop to zero
and reverse its polarity at about the same place
as the EOD before curarization (2 fish). In one
additional fish with a regenerated tail, the reversal
point for both potentials was again at about the
same location, but 3—4 cm farther back along the
body than normally observed.

After making these initial measurements, we
discovered that the ‘psp’ could be recorded in un-
curarized specimens so that reversal points for
both EOD and ‘psp’ could be determined with
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Fig. 7A-F. Difference in reversal point for EOD and ‘psp’
pulse. Electrode positioned in various locations along the tail
flanking both reversal points. It is moved progressively more
caudalward from its initial position (A), arbitrarily designated
as 0 mm, through a series of other positions (B-F). The distance
of each position with respect to the zero point is given in the
left corner above each trace. Calibration bar =20 ms

greater accuracy in a fish without changing its po-
sition. Observation of the location of reversal sites
for the ‘psp’ (Fig. 7E) and EOD pulse (Fig. 7C)
components in noncurarized fish indicated that
they are similar, although not identical. Figure 7
illustrates the change in EOD as the active elec-
trode approached and passed the location of the
polarity reversal for the EOD. The ‘psp’ then re-
versed and blended into the EOD pulse. Note that
there was a difference of 6 mm in the location of
the zero isopotential lines of these two components
(see Discussion). Measurements of ‘psp’ duration
made under these conditions also give its duration
at about 1.8-1.9 ms.

The effects of DHT

As reported previously (Meyer and Zakon 1982;
Meyer 1983; Zakon and Meyer 1983; Keller et al.
1986), the EOD frequencies of all of the androgen-
implanted Sternopygus decreased significantly
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Fig. 8. Change in EOD frequency over time in 2 experimental
(A) and 2 control (B) fish. The four fish represented are those
of the largest and smallest change in pulse duration within
each group. Notice that both DHT-treated fish show a marked
decline in EOD frequency. The control fish do not change sig-
nificantly

from the control fish as early as the first measure-
ments made (day 6 following implantation). Fig-
ures 8 and 10B show the changes in EOD fre-
quency over the course of the experiment. By
day 6, the frequencies of the experimental fish were
also significantly different from their day 0 values.
The maximum decrease for each fish (—20 to
—50 Hz or 20.1 to 40%) occurred between the
20th and 28th day following implantation. The
control fish achieved a maximum change in EQOD
frequency between days 20 and 49, but this change,
ranging from —12 to + 12 Hz, was not significant-
ly different from the day 0 values. The maximum
percent changes were from —8.6to +11.8%. Most
EOD frequencies of experimental fish had in-
creased by up to 5.5 Hz from their lowest values
by day 35, and then plateaued. Figure 8 shows the
rate of change of EOD frequency in four fish: the
experimental (Fig. 8A) and control (Fig. 8 B) fish
showing the most and least change in pulse dura-
tion. The average decrease in EOD frequency in
DHT fish was —35.34+12.7 Hz, or —28.9+7.0%.
The average change in EOD frequency in control
fish was —3.7+13.6 Hz, or —2.94+11.0%. Fig-
ure 10B displays the average EOD frequencies of
the control and experimental fish over time.

In the experimental fish, interval duration in-
creased 61-122% (mean=92+23%), and the duty
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Fig. 9. Change in pulse duration over time in 2 experimental
(A) and 2 control (B) fish. The data are from the fish which
showed the most and least change in pulse duration within
each group (same fish as in Fig. 8)

cycle decreased —15-21% (mean=—18+2%).
These changes were statistically significant from
the day 0 values. In the control fish, the change
in interval duration varied from —18 to 31%
(mean= +8+18%), and in duty cycle from —11
to +4% (mean= —3.2+5.5%). These values var-
ied without any particular trends, and the differ-
ences were not statistically different from the day 0
values.

Pulse durations of the hormone-implanted fish
gradually increased following implantation, and
were significantly different from pre-implantation
values by as early as the first measurements taken
(day 6); the changes were also significantly differ-
ent from those of the control fish. The maximum
increase was from 0.8-2.3 ms (13.3-43.4%), mean
by day 28. Figure 9A shows the pulse durations
of two hormone-treated fish, the ones which under-
went the most and least amounts of change in pulse
duration. Pulse durations of control fish had
changed at most —0.7 to +0.5ms (—10.9 to
+9.6%) at their maximum change (Fig. 8 B). The
mean maximum change in pulse duration of DHT
fish was +1.3+0.6 ms, or +24.44+11.7%. The
mean maximum change in control fish was
+0.1+0.7 ms (+2.5+11.6%), but was not signifi-
cantly different from the day 0 values. Figure 10A
illustrates the mean changes in pulse duration over
time in the control and DHT fish.

The average rate of increase from the day of
implant in hormone-treated fish to the day the
maximum value of pulse duration occurred was
3.0+ 0.6%/day. During this time, the rate of chan-
ge of EOD frequency was 4.5+0.7%/day. These
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Fig. 10. Each point represents the average change from the pre-
treatment (day 0) values of the six DHT fish or the three control
fish. (A) Change in pulse duration. (B) Change in EOD fre-
quency

rates of change are not strikingly different. The
days at which the average values of EOD fre-
quency and pulse duration plateaued at their new
values, however, differed: EOD frequency by
day 20, pulse duration by day 28. Therefore, an-
drogen treatment gradually decreases EOD fre-
quency and increases pulse duration, but the chan-
ges in these two characteristics follow a different
time course and so must be due to different pro-
cesses.

On day 57, implants were removed from three
of the DHT-implanted fish. These fish showed a
gradual decrease in pulse duration and a concur-
rent increase in EOD frequency approaching, to
within 3% of, baseline values. Both parameters
reached their maximum recovery by day 63 post-
removal. The recovery occurred with a slower rate
and took almost twice as much time to reach maxi-
mum change as the initial DHT-induced changes
(recovery rates of 1.7+0.2%/day for EOD fre-
quency, 1.540.2%/day for pulse duration). In
contrast, the 3 fish whose implants were not re-
moved retained their lowered EOD frequencies
and lengthened pulse durations.

Recordings of ‘psp’ duration were made in
hormone-implanted (N=3), control (N=2) and
implant-removed (N=2) fish by placing an elec-
trode on the reversal point for the EOD pulse.
Accurate measurements could be made from un-
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curarized fish which were stationary inside a nar-
row net, as described previously. The ‘psp’ dura-
tion of all individuals was between 1.8-2.0 ms,
showing that it was uninfluenced by androgen
treatment.

Examination of gonads at the termination of
the experiment indicated that individuals of both
sexes were included in both the hormone and con-
trol groups. Thus, as has been previously demon-
strated for the PMN and electroreceptors in this
species (Meyer 1983 ; Keller et al. 1986), androgen
affects the electric organ of both sexes.

Discussion

The relationship between pulse duration
and EOD frequency

We have analyzed the EOD of wave fish in terms
of the duration of the positive-going phase of the
single EOD cycle. Bennett (1971) showed that each
EOD pulse arises from a head-negative baseline,
so we measured pulse duration from that baseline,
which is most consistent with the biophysics of
pulse production. Furthermore, Bennett (1971)
found that the individual synchronously-fired ac-
tion potentials which sum to produce the EOD
are identical in appearance and duration to the
EOD pulse. The waveshape of the EOD pulse is
thus a good reflection of the waveshape of the ac-
tion potentials, and the interval of the EOD repre-
sents the time during which the electrocytes are
repolarized, before being instructed to fire again.

In Eigenmannia and Sternopygus, there is a high
correlation between EOD frequency and pulse du-
ration. Fish of higher EOD frequencies have short-
er pulse durations, while fish of lower EOD fre-
quencies have longer pulse durations. The EODs
of both Eigenmannia and Sternopygus are nearly
sinusoidal, based on appearance and power spec-
tra. The high correlation between EOD frequency
and pulse duration in both species is therefore not
surprising. For a waveform at a given frequency
to be sinusoidal, pulse duration and interval dura-
tion must be nearly equal (duty cycle=50%). The
interval between successive pulses, then, is greater
in low frequency fish, and lesser in high frequency
fish. Duty cycles measured here were greater than
50%, so the EOD deviates from being a perfect
sinusoid, especially at high frequencies. It is inter-
esting that the pulse durations varied less among
Eigenmannia than Sternopygus, despite the greater
frequency variation in Eigenmannia.

Gottschalk (1981) analyzed the waveforms of
the wave fish Sternopygus and FEigemmannia in

terms of the head-positive (P) and the head-nega-
tive (N) half-waves of a single EOD cycle, mea-
sured from the zero potential line. He showed that
the P/N ratio is directly correlated with EOD fre-
quency. In agreement, we find that the duty cycle,
a ratio of pulse duration/(pulse+interval), is di-
rectly correlated with EOD frequency. Both mea-
sures demonstrate that the EOD pulse and interval
durations decrease with EOD frequency but that
the interval duration decreases more. He also
found that the P/N ratios differ between male and
female Sternopygus but not Eigenmannia. We did
not sex our fish during the first part of the study.
Nevertheless, since there is a sexual dimorphism
in EOD frequency in Sternopygus such that EOD
frequencies of females are above and males below
100 Hz (Hopkins 1972; Meyer 1983), there is un-
doubtedly a difference in the duty cycles of the
two sexes. In our study, pulse duration was always
greater than or equal to the interval duration, while
in Gottschalk’s, the opposite was true. However,
this difference can be attributed to differences be-
tween the measurements of pulse duration in these
two studies.

The correlation between pulse duration and
EOD frequency, whether in the untreated fish or
following DHT treatment, results in the mainte-
nance of a nearly sinusoidal EOD waveform. This
is evidenced by comparison of the results of Fast
Fourier Transforms of waveforms of fish with dif-
ferent EOD frequencies, to those from fish during
the course of an MS-222 experiment, in which case
the sinusoid is not preserved. Under MS-222, as
the EOD frequency decreases but pulse duration
remains constant, more energy appears in the high-
er harmonics. The importance of this lies in the
nearly exclusive electroreceptor sensitivity to the
fundamental harmonic of the EOD waveform;
higher harmonics are useless, because the receptors
cannot detect them. Thus, in order to most effi-
ciently expend energy in signal production, the
EOD must be kept sinusoidal.

Aside from the necessity for preservation of a
sinusoidal waveform, another potential role for the
differences in pulse duration may be for temporal
encoding of EOD during communication. Physio-
logical and behavioral evidence indicates that the
temporal properties of the EOD waveform in this
species provide sufficient information to identify
the fish as a female conspecific. Gottschalk (1981)
demonstrated that the response of a male Sterno-
pygus to a conspecific female EOD stimulus was
inversely correlated with P/N ratio. Hopkins and
Bass (1981) have shown that temporal cues alone
can stimulate species recognition.
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MS-222-induced changes in EOD

Treatment with MS-222 resulted in a constant
pulse duration with decreasing EOD frequency,
showing that the two can be manipulated indepen-
dently. At least in the short term, then, pulse dura-
tion is not determined by the medullary pacemaker
nucleus, as is EOD frequency.

In some respects, it may be surprising that a
general anesthetic like MS-222 affects the PMN
but not the electrocytes. Presumably, the effect of
MS-222 on the pacemaker is to block voltage-sen-
sitive Na* and K* channels (see Shanes 1950;
Taylor 1959; Blaustein and Goldman 1966; Cald-
well 1976 for the effects of cocaine and its deriva-
tives on excitable tissues). The electrocyte mem-
branes also contain voltage-sensitive Na™ and K*
channels (Keynes and Martins-Ferreira 1953;
Nakamura et al. 1964; Bennett 1971), which are
active in spike production. Why then would the
drug not affect the excitable membranes of the
electric organ? One explanation is that once it
enters the gill capillaries, it takes longer to reach
the electric organ than the brain. This appears un-
likely, because a fish anesthetized with MS-222 for
over an hour showed no change in pulse duration.
It is possible that the properties of the MS-222-
targeted active ion channels in the pacemaker
might be different in structure from any corre-
sponding channels in the electric organ, and thus
are not affected by the drug. In fact, there is evi-
dence (Nakamura et al. 1964) that at least the K
channels in the electrocytes have properties other
than those of classical squid axon K™ channels
(Hodgkin and Huxley 1952). On the other hand,
the K* channels of the PMN are likely to be A-
type (P. Stys and L. Maler, personal communica-
tion). In any case, it appears that MS-222 does
not affect the electrocytes.

Identity and significance of the ‘psp’

Classic work on the neuromuscular junction (Fatt
and Katz 1951) has relied on the fact that low
doses of curare block the muscle action potential,
allowing underlying psps to be studied. We suggest
a similar phenomenon occurs at the neuroelectro-
cyte junction. Curare exerts its effects by blocking
the psps in the electrocytes along the length of
the electric organ. As psp amplitude is lowered
below action potential threshold, the EOD ampli-
tude would gradually fall until all, or most of, the
electrocytes failed to spike, while psps would be
diminished but still present. Thus, a small reduc-
tion of psp size could result in a large reduction
in EOD amplitude.

The reduction of ‘psp’ amplitude during curar-
ization is consistent with this interpretation. It
would be difficult to explain the reduced amplitude
of the potential if it were a spinal command signal,
as the descending axons from the PMN are electro-
tonically coupled to the electromotor neurons
(Elekes and Szabo 1981). This means that curare
would not likely exert an influence on the synapse
between the descending axons and the electromo-
tor neurons. Second, both potentials behave as di-
poles with their zero isopotential lines in nearly
the same place. This result suggests that they share
the same source (the electrocyte), a conclusion em-
phasized by the abnormally more caudal location
of the electrical midlines in a fish with a regener-
ated tail. The slight misalignment (6 mm) between
the reversal sites is possibly due to the fact that
the exact source for each potential is not the same
(chemosensitive versus electrogenic membrane)
within the electrocyte. Further, there is no reason
to suspect that the spinal cord would act as a dipole
source. Westby and Kirschbaum (1978) have also
identified a small curare-sensitive potential with
many similar properties in the mormyrid Pollimyr-
us isidori, and have similarly concluded that it is
a summated psp.

The most compelling piece of evidence in favor
of this interpretation is that intracellular records
from Sternopygus electrocytes show an early inflec-
tion on the spike, identical to that observed in the
EOD around the animal (Bennett 1971). When the
cell is hyperpolarized by current injection, the spike
is eliminated, leaving a true psp similar in appear-
ance to our presumptive psp. The intracellular psp
which Bennett recorded is of slightly longer dura-
tion than the ‘psp’ potential recorded in this study.

The ‘psp’ was of the same duration in all of
the nine curarized fish which were examined in
this study, even though their EOD pulses varied
in duration by a factor of two. The ‘psps’ of intact
fish were of the same duration. This observation
suggests that all neural processes before this point
have little or no influence on EOD pulse duration.
This and other evidence in this study (indepen-
dence of EOD frequency and pulse duration with
MS-222; similar duration pulses when EOD is re-
corded anywhere around the fish) suggests that the
sole determinants of EOD pulse duration are in
the electric organ, and probably due to events
which follow the generation of the psp.

Steroid effects on EOD pulse

As in both gymnotiform and mormyriform pulse
fish, where androgens are known to prolong EOD
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pulse duration, DHT caused significant increases
in EOD pulse duration in Sternopygus, a wave
gymnotiform. In this study, the increase in pulse
duration ranged from 13-43%. These changes are
not as extreme as those produced in pulse fish
under similar hormone treatment. In a mormyrid
species, Bass and Hopkins (1985) found a 60-87%
decrease in peak power frequency; pulse durations
typically increased 100-350% (Bass and Hopkins
1983, 1984, 1985). Likewise, Hagedorn and Carr
(1985) found that the EOD of female Hypopomus
occidentalis decreased in peak power by 71% and
that the duration of the second phase of the EOD
increased significantly.

It is interesting that the rate of return of the
EOD and pulse duration to baseline values was
slower than the rate of change of these parameters
in the opposite direction upon the initial implanta-
tion. Based on this, it would be tempting to con-
clude that pulse duration is capable of a more rapid
increase than a decrease. However, since we do
not know the time course for clearance of steroids
from the bloodstream nor the influence of the im-
plants upon the otherwise intact hypophyseal-gon-
adal axis of these fish, further work must be done
to examine this suggestion.

We presume that the primary site of androgen
action is the electrocyte. A less likely alternative,
however, is that DHT could exert a direct effect
only upon the PMN and not the electrocytes. The
changes in pulse duration and the realignment with
the new firing rate of the PMN might then be due
to long-term effects of the electrocytes being driven
at a different frequency. This must be directly
tested by determining whether electric organ pulse
durations are increased in hormone-treated fish
with a PMN lesion or spinal transection (and
which is therefore electrically silent). The fact that
androgens act directly on the other elements in
the electrosensory system, the PMN and the recep-
tor cells, renders the former alternative more likely
(Meyer et al. 1984; Keller et al. 1986; Ferrari and
Zakon, in prep.). Furthermore, the presence of an-
drogen receptors has been confirmed in the electric
organ of a mormyrid (Bass et al. 1986Db).

The effects of hormones on the waveshape of
the EOD may be understood in terms of the electri-
cal behavior of the electrocytes and their contribu-
tion to the EOD pulse. The different waveforms
and durations of the EOD pulse in various species
of weakly electric fish are determined by the electri-
cal properties of the electrocyte membranes (Ben-
nett 1971; Bass 1986a, b). The waveform produced
by Sternopygus and Eigenmannia, for example, is
relatively simple. When the electrocytes are stimu-

lated to fire by the spinal motoneurons, only the
caudal, innervated face spikes, producing a mono-
phasic EOD. In the pulse mormyrids, both anterior
and posterior faces generate action potentials. In
these electrocytes, the posterior membrane forms
stalks which may also penetrate the anterior face
of the electrocyte, thus conveying the action poten-
tial with precise timing into various compartments
of the cell (Bass 1986a). In most pulse gymnoti-
forms, both faces of the electrocyte are excitable,
and fire asynchronously (Bennett 1971; Hagedorn
and Carr 1985).

In keeping with their physiological diversity,
the locus of action of steroids upon the electrocytes
from various species differs. The spikes from both
faces of the electrocyte of the mormyrid, Brieno-
myrus brachyistius, are changed in duration after
DHT (Bass and Volman 1985). In contrast, Hage-
dorn and Carr (1985) demonstrated that it is only
the spike emanating from the anterior face of the
electrocyte in Hypopomus which is altered after
treatment with DHT. Although we have not yet
made intracellular recordings from hormone
treated fish, we presume that DHT affects only,
or mostly, the posterior (spiking) membrane of the
electrocytes of Sternopygus.

Since spinal cord command signals appear sim-
ilar in males and females of species with sexually
dimorphic EOD waveforms and of hormone-
treated and intact fish, it has previously been pro-
posed (Bass and Hopkins 1983; Hagedorn and
Carr 1985), that the effect of hormones on the ac-
tion potentials in these cells may be by alteration
of one or more of the following properties: 1. phys-
iology of the electromotor junction (emj). 2. cable
(passive) properties of the electrocyte membrane.
3. the voltage-sensitive (active) ion channels.

In Sternopygus, the locally recorded EOD pulse
duration is the same and the presumptive summed
psps do not vary in shape or duration in fish of
different EOD frequencies. These findings imply
that the mechanism responsible for waveform dif-
ferences lies beyond the emj. This is a reasonable
assumption as, once the psp brings the membrane
to spiking threshold, the regenerative voltage-de-
pendent mechanisms will proceed regardless of psp
duration.

Passive properties of the electrocyte membrane
could limit its charging time and therefore influ-
ence spike duration and waveshape. The size and
shape of the electrocyte could in turn influence
its passive properties. In some species, sexual di-
morphism exists in the morphology of the electro-
cytes. DHT not only masculinizes the EOD of the
females of these species, but also results in a more
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male-like appearance of the electrocytes. In species
with a sexual dimorphism of the electrocytes, the
anterior (uninnervated) face of the male electrocyte
is thicker, more infolded and, therefore of greater
area (Bass and Hopkins 1983; Hagedorn and Carr
1985; Bass 1986b; Bass et al. 1986a). Treatment
of females with DHT increases the thickness and
infolding or the total size (Bass and Hopkins 1983;
Hagedorn and Carr 1985; Bass 1986b; Bass et al.
19864a) of the electrocyte which would likely influ-
ence its time constant.

We have not studied the electrocytes of Sterno-
pygus histologically, so we are unaware of any sex-
or individual-specific variation in the gross mor-
phology of the electrocytes. However, convincing
evidence against the membrane time constant de-
termining spike durations is presented in the work
of Nakamura et al. (1964) on Electrophorus, and
Bennett (1961) on Sternopygus and FEigenmannia,
three closely-related gymnotids. The membrane
time constant for these species is around
100-200 ps. Since the electrocytes of Sternopygus
have a much slower rise-time, it is likely that the
cable properties of the electrocyte membrane do
not determine the characteristics of a significant
portion of each EOD pulse. Thus, we would expect
that DHT would have little or no influence on
the membrane time constants. These results impli-
cate the active properties of the electrocyte mem-
brane in determining pulse duration in Sternopy-
gus.

Little is known about the ionic conductances
in the electrocytes of Sternopygus, but the ionic
currents underlying the spike have been studied
in the electric eel, Electrophorus (Keynes and Mar-
tins-Ferreira 1953; Nakamura et al. 1964). The
muscle-derived electrocytes of Electrophorus pos-
sess Na® and K* channels. The Na® channel
seems similar to the ‘classical’ Na™® channel, but
the K™ channel shows some interesting differences
from the classical K* channel (Hodgkin and Hux-
ley 1952). At rest, the K™ channels are conducting.
However, during depolarization, the K* channels
initially inactivate allowing the depolarization to
reach a peak value and delaying the repolarization
of the cell. During the falling phase of the spike
the K* channel becomes activated and aids repo-
larization of the membrane potential. This se-
quence of conductance changes ensures a large vol-
tage excursion from resting potential and a pro-
longed discharge (Bennett 1961; Nakamura et al.
1964). It appears, then, that at least the properties
of the active K* channels play a significant role
in determining EOD waveform characteristics,
particularly pulse duration. Whether the duration

of the pulse is solely a function of the kinetics
of the K* current, or whether modification of the
Na™ conductance also occurs are questions for fu-
ture research. Voltage clamp studies of the ionic
currents in electrocytes from fish whose EOD pulse
durations vary will pinpoint the ionic mechanisms
responsible for differences in pulse duration and
a potential substrate for androgen effects upon the
pulse.

The electrocytes of most pulse fish generate a
complex pattern of ionic current flow since each
EOD pulse comprises the summated voltages of
two or more action potentials out of phase with
each other. Unraveling the contribution of the var-
ious ionic currents of cach face to the waveshape
of the electrocyte spike, even under voltage clamp,
becomes a difficult task. Because they possess only
a single active membrane, the clectrocytes of gym-
notiform wave fish such as Sternopygus offer a po-
tentially more tractable preparation for addressing
these questions.

Coordination of PMN and electric organ

It is well known that the tuberous electroreceptor
cells are tuned to the power spectrum of the spe-
cies-specific EOD in both wave and pulse fish
(Hopkins 1976; Viancour 1979; Meyer and Zakon
1982; Zakon and Meyer 1983; Bass and Hopkins
1984). In species with sexual dimorphisms or indi-
vidual differences in EOD frequency composition,
the receptors are usually best-tuned to a prominent
peak in the individual’s power spectrum. The
matching of tuning to the EOD is maintained
throughout developmental (Meyer etal. 1986;
Zakon 1986) and hormonally-induced changes
(Meyer and Zakon 1982; Zakon and Meyer 1983)
in EOD frequency.

We have shown in this study that the EOD
frequency and pulse duration are coordinated in
two species of wave fish with myogenic organs.
It would also be interesting to find out if such
a correlation exists in Apteronotus as well, in which
the electric organ is neurogenic.

We have also shown that these two parameters
shift in a well coordinated manner after systemic
treatment with androgens, suggesting that hor-
mones are normally important in their coordina-
tion. These results emphasize a level of control and
coordination not previously recognized in weakly
electric fish. Interestingly, the EOD frequency and
pulse duration change with different time courses
and peak at different days following DHT treat-
ment, with the changes in pulse duration lagging
behind those in frequency. This suggests that the
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hormone affects two different, and probably inde-
pendent, processes. Shifts in tuberous electrorecep-
tor tuning also lag behind the changes in EOD
frequency in Sternopygus (Zakon and Meyer 1983).

Complementary to androgen-induced de-
creases in EOD frequency in Sternopygus, female
sex hormones appear responsible for eliciting in-
creases in EOD frequency: EOD frequency de-
creases after ovariectomy, and increases after injec-
tions of estradiol 17-f and human chorionic gona-
dotropin (Meyer 1983; Yan and Zakon, unpubl.).
Accordingly, the EOD pulse duration decreases
significantly when females are injected with gona-
dotropin, which occurs due to the secretion of the
fish’s own steroids (Yan and Zakon, unpubl.). This
finding strongly underscores the role of sex steroids
in the natural coordination of these parameters.

Thus, in Sternopygus, the membrane properties
of three different tissues, the PMN (neural tissue),
the tuberous receptor cells (ectodermal derivative)
and the electric organ (myogenic derivative) must
be kept in register. This appears to be accom-
plished by sex steroids. This species offers a unique
opportunity to study the actions of steroids on the
electrical properties of three distinct tissues and
the mechanisms by which those electrical proper-
ties may be coordinated.
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