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Summary. The mormyrid fish of Africa produce 
a weak electric pulse called an Electric Organ Dis- 
charge (EOD) that functions in electrical guidance 
and communication. The EOD waveform describes 
the appearance of a single pulse which is produced 
by the electric organ's excitable cells, the electro- 
cytes. For some species, there is a sex difference 
in the appearance and duration of the EOD wave- 
form, which is under the control of gonadal steroid 
hormones. We now show, using biochemical tech- 
niques, that the steroid-sensitivity of the myogenic 
electric organ correlates with the presence of com- 
paratively high levels of androgen-binding activity 
in the cytosol of electrocytes. 

The EOD rhythm describes the rate at which 
the electric organ fires and is under the control 
of a central electromotor pathway. Sex differences 
have also been described for the EOD rhythm. Us- 
ing steroid autoradiographic techniques, we found 
uptake of tritium-labelled dihydrotestosterone 
(3H-DHT) by cells within the reticular formation 
that lie adjacent to the medullary 'relay nucleus' 
which innervates the spinal electromotoneurons 
that excite the electric organ. However, no DHT- 
binding was observed in the relay or electromotor 
nuclei. 

Steroid-concentrating cells were also found in 
several other brainstem regions, the hypothalamus, 
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and the thalamus. In particular, a group of DHT- 
concentrating, motoneuron-like cells were ob- 
served in the caudal medulla and were identified 
as a swimbladder or sonic motor nucleus. 

The biochemical data suggest that the electric 
organ has evolved a sensitivity to gonadal steroid 
hormones that may underlie the development of 
known sex differences in the EOD waveform. The 
autoradiographic results suggest that if steroids do 
affect the development of sex differences in the 
EOD rhythm, it is at some level removed from 
known spinal and medullary electromotor nuclei. 

Introduction 

The mormyrid fish of Africa produce an electrical 
pulse, the Electric Organ Discharge (EOD), which 
functions in social communication and object de- 
tection or electrolocation (reviews: Heiligenberg 
1977; Hopkins 1983). The EOD has two elements 
referred to as the EOD waveform and the EOD 
rhythm. The EOD waveform describes the shape 
of a single electric pulse which is produced by the 
specialized muscle-like cells (see Szabo 1960; Deni- 
zot et al. 1982) or electrocytes of the electric organ. 
The excitable membranes of a single electrocyte 
generate action potentials whose summed activity 
predicts the appearance of the entire EOD wave- 
form (Bennett and Grundfest 1961). In some spe- 
cies, the EOD waveform is sexually dimorphic 
(Hopkins 1980; Moller 1980; Hopkins and Bass 
1981; Westby and Kirschbaum 1982; Bass and 
Hopkins 1983, 1984, 1985), and androgens (testos- 
terone or 5g-dihydrotestosterone) can induce fe- 
males and juveniles to produce a signal that mimics 
the EOD waveform of sexually mature males (Bass 
t986a; Bass and Hopkins 1983, 1984, 1985). 
Changes in the EOD waveform are correlated with 
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Fig. 1. a Line drawing of a sagittal view of a mormyrid brain 
illustrating the electromotor pathway. Shown are the spinal 
electromotor nucleus (EMN) which is directly innervated by 
a medullary relay nucleus (R). The relay nucleus is innervated 
in turn by a ventrally adjacent pacemaker nucleus (P). Both 
R and P have additional connections as described in Bell et al. 
(1983). See text for details, b Photomicrograph of Nissl-stained, 
transverse section through the medulla of Brienomyrus brachy- 
istius (long biphasic) at the level of the relay (R) and pacemaker 
(P) cells. Double arrows point to ' other'  cells within the medial 
reticular formation that lie near the relay neurons. Midline is 
indicated (MID). c Photomicrograph of a Bodian-stained, sagit- 
tal section through the spinal cord of B. brachyistius (long 
biphasic) showing the electromotor neurons, Bar scale for b 
and c 100 gm 

morphological (Bass et al. in press) and physiologi- 
cal (Bass and Volman 1985) changes in individual 
electrocytes. 

The EOD rhythm is the rate at which the elec- 
tric organ produces an EOD waveform, and is 
under the control of a central electromotor path- 
way. Although sex differences have been reported 
for the EOD rhythm of mormyrids (Lucker and 
Kramer 1981), there are no reports of the possible 
effects of steroid hormones on the EOD rhythm 

or its associated motor pathway (but see Meyer 
1983 for a gymnotiform electric fish). The central 
motor pathway that innervates the electric organ 
of mormyrids has been described in detail else- 
where (Bennett et al. 1967; Bell et al. 1983). The 
electric organ is innervated by the electromotor 
nucleus (EMN) which is found in the spinal cord 
at the level of the electric organ (Fig. I a, c). The 
EMN receives direct input from a 'relay' nucleus 
in the medulla (Fig. l a, b). The relay nucleus 
(Szabo 1957; Bennett et al. 1967) lies in the midline 
reticular formation and contains 25-30 (40-50 gm 
diameter) cells (R, Fig. 1 a, b). Recent anatomical 
and physiological studies (Bell et al. 1983; Elekes 
et al. 1985) have identified 15-20 smaller 
(12-25 gm) cells that lie directly ventral to the relay 
nucleus and are identified as a 'pacemaker nucle- 
us' (P, Fig. 1 a, b). The pacemaker nucleus directly 
innervates the more dorsal relay nucleus and is 
considered to make all 'final' decisions as to the 
excitation rate of the electromotor nucleus, and 
its target, the electrocytes (Grant et al. 1986). 

We have now used biochemical techniques and 
steroid autoradiography to characterize androgen- 
binding in the electric organ and the brain of mor- 
myrids. Biochemical methods suggested the pres- 
ence of an androgen receptor protein in the electric 
organ. Autoradiography revealed steroid uptake 
in several brain regions including a swimbladder 
motor nucleus. Steroid-concentrating cells were n o t  

found in the known medullary relay or spinal elec- 
tromotor nuclei. However, one candidate group 
of labelled cells in the medial reticular formation 
might affect the activity of the central electromotor 
pathway. Portions of the results have appeared 
elsewhere (Bass et al. 1984). 

Material and methods 

Steroid autoradiography. Autoradiographic studies were carried 
out with a species from Gabon, West Africa - Brienomyrus 
braehyistius (long biphasic), which has a steroid-sensitive EOD 
waveform (Bass and Hopkins 1983; Bass 1986a). Three females 
and two males were castrated at least one week prior to injec- 
tion of 50 gCi of 1, 2, 4, 5, 6, 7, 16, 17-3H-dihydrotestosterone 
(DHT) (New England Nuclear, specific activity: 200 Ci/mM). 
Just prior to injection, the DHT was evaporated with a rotary 
evaporator from a benzene-ethanol mixture and redissolved in 
a mixture of 25 gl of 100% ethanol and 25 lal of 0.65% saline. 
Injections were made intraperitoneally with a Hamilton syringe. 
Two hours after injection, the fish were anesthetized by cold 
narcosis and then decapitated. The brain and tail (which con- 
tains the electric organ and the spinal electromotoneurons (see 
Bass 1986b) were removed and quickly frozen with powdered 
dry ice on a cryostat chuck. All material was sectioned on 
a Bright cryostat ( - 1 6  ~ at 10 gm in a darkroom equipped 
with a Thomas Duplex Safelight. Three brains (two female, 
one male) were cut in the horizontal plane and two (one female, 
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Fig. 2a--ft. Photomicrographs of Nissl-stained, horizontal sec- 
tions from Brienomyrus brachyistius (long biphasic) illustrating 
examples of DHT-concentrating cells (arrows). a Sonic motor 
nucleus, small-celled division, b Sonic motor nucleus, large- 
celled division, c Ventral thalamus, d Labelled cells (double 
arrows) in the medial reticular formation that lie adjacent to 
unlabelled relay (R) cells. Bar scale is 40 gm for a-d 

one male) in the transverse plane. The electric organs and spinal 
cord were cut in the horizontal plane. Every third section was 
picked up on a slide that had previously been coated with Ko- 
dak NTB-3 nuclear track emulsion. Sections were allowed to 
dry at room temperature for two hours and then placed in 
light tight boxes containing dessicant and stored at 4 ~ After 
periods ranging from 2 months to I year, the slides were devel- 
oped in Kodak D-19 developer at 16 ~ fixed, and counter- 
stained with cresyl violet or methylene blue (procedure courtesy 
of Dr. Joan Morrell of Rockefeller University). 

All autoradiograms were scanned at 400 x .  The number 
of grains over a nucleus (or the entire soma in those cases 
where a nucleus was not readily discernable, e.g. (Fig. 2c) was 
counted at 1,000 x .  Grain counts were also made over ten adja- 
cent neuropil zones of similar area and an average background 
grain count was determined. A cell was considered labelled 
if the grain count over the nucleus or soma exceeded or equaled 
the 99% confidence interval derived from a Poisson distribution 
based on the mean background grain density (Arnold 1980, 
1981). 

One male of a closely related species, Brienomyrus niger 
(which also has a steroid-sensitive EOD waveform; Bass 
1986a), was castrated and injected with an ethanol-saline mix- 
ture. Following sacrifice as above, brain sections were mounted 
on pre-exposed, emulsion-coated slides or unexposed emulsion- 
coated slides and then processed for steroid autoradiography 
as above. This material controlled for fading of the latent image 
and artifactual grain reduction respectively (Rogers 1973). Ad- 
ditional reference brain series for Brienomyrus brachyistius (long 
biphasic) were prepared from paraffin embedded material cut 
in the transverse or horizontal plane at 15 ~tm and counter- 
stained with cresyl violet. 

Androgen binding activity. Studies of androgen-binding activity 
in the electric organ were carried out with Brienomyrus sp. 

(also referred to as B. sp. (2) in Bass 1986a and Bass and 
Hopkins 1984), a species available commercially from Ameri- 
can fish dealers. Brienomyrus sp. has a steroid-sensitive EOD 
waveform (Bass 1986a; Bass and Hopkins 1984) and is the 
focus of our studies of the effects of steroid hormones on the 
anatomy and physiology of electric organs (Bass et al. 1984, 
in press; Bass and Volman 1985). 

The amount of androgen-binding was estimated from the 
binding of a radioactive steroid to muscle cytosol in vitro (meth- 
od of Ginsburg etal.  1974 with modifications of Sheets etal.  
1985). Each assay was based on a pooled sample of electric 
organs from 6A0 male or female Brienomyrus sp. gonadecto- 
mized 6-7 days prior to the experiments. Animals were gona- 
dectomized to clear endogenous steroid from the circulation 
which would otherwise interfere with our assay. Animals were 
sacrificed by cold narcosis and kept on crushed ice during the 
dissection. The electric organ consists of four columns, two 
on either side of the midline, of wafer-shaped cells called elec- 
trocytes (see Bass 1986 b, c). Scales, overlying connective tissues, 
and tendons were removed to reveal the electrocytes. Each col- 
umn was then dissected free with a razor blade and placed 
in TEGMD buffer (pH= 7.4, 0.01 MTris,  1.5 m M  EDTA, 10% 
glycerol, 0 .02M sodium molybdate, 1 .0M dithiothreitol, 
Sigma) at 4 ~ C. The tissue was minced and then homogenized 
in the TEGMD buffer. The homogenate was centrifuged at 
40,000 RPM for 45 rain in an SW 50.1 rotor (Beckman) and 
the supernatant was removed for preparation of the incubates. 
The protein concentration of the cytosol fraction was deter- 
mined according to the method of Bradford (1976). 

Cytosol was incubated with a radioactive synthetic andro- 
gen, methyltrienolone (3H-RI 881, 87Ci/mM, New England Nu- 
clear). R1881 was used because of, as Max (1981) points out, 
its selective binding to androgen receptors (Bonne and Raynaud 
1976), but not serum proteins (Bonne and Raynaud 1975), and 
because it remains unmetabolized under conditions employed 
in our assays (Tremblay et at. 1977; Snochowski et al. 1980). 
Cytosol was incubated at 4 ~ for 4 h. Following incubation, 
labelled R1881 bound to receptor protein was separated from 
unbound steroid by gel filtration through sephadex LH-20 
(Sigma) columns. 

The amount of binding and binding affinity were deter- 
mined by saturation analysis (Scatchard 1949). Cytosol frac- 
tions were incubated with concentrations of (3H)-R1881 rang- 
ing from 0.1-10 mM. To control for nonspeeific binding, paral- 
lel incubates contained a 100 fold excess of unlabelled R1881 
(New England Nuclear). Results were analyzed by the method 
of Scatchard (1949). Values for B~,,x and K~ were obtained 
by linear regression of the data from the Scatchard analysis. 

In an additional set of experiments, binding activity was 
assayed by incubating the cytosolic fraction with one concentra- 
tion (at least 5.0 raM) of 3H-RIB81. Cytosol was incubated 
with and without a 100 fold excess of unlabelled R1881 and 
specific binding was determined as above. 

The specificity of the (3H)-R1881 binding was further eval- 
uated in a set of competition experiments with 17c~-methyl- 
testosterone (MT), dihydrotestosterone (DHT), 17-fl-estradiol 
(E) and fl-corticosterone (C) (Sigma Chemical). Either MT, 
DHT, E, or C was substituted for non-radioactive R1881, at 
concentrations in i0-, 100-, and 1000-fold excess of  (3H)-R1881. 

Steroid injections. We tested the effectiveness of R1881 in induc- 
ing elongation of the EOD. Four specimens of Brienomyrus 
sp. (two males, 78 and 85 mm standard length; two females, 
80 and 85 ram) received two injections, separated by 24 h, of 
10 gl of cold R1881 (10 -2 M in absolute ethanol). Injections 
were made into the dorsal epaxial musculature. Four other 
specimens (three males, 65-100 ram; one female, 78 ram) served 
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as vehicle controls and received two injections of 10 gl of abso- 
lute ethanol into epaxial muscle. 

Results 

Steroid autoradiography. Figure 3 a is a line draw- 
ing of a sagittal view of a Brienomyrus brain, show- 
ing the approximate horizontal levels illustrated 
in Figs. 3-5. The position of DHT-labelled cells 
in a male brain are illustrated in line drawings of 
horizontal brain sections of Brienomyrus brachy- 
istius (long biphasic). We detected no reliable dif- 
ferences in labelling between males and females. 
Within the forebrain, labelled cells (7.5 ~tm diame- 
ter) were found in the posterior tuber region of 
the diencephalon, just lateral to the periventricular 
cells of the third ventricle (Fig. 3 b). A few, scat- 
tered DHT-concentrat ing cells (5-7 gin) were also 
seen in the thalamus (Figs. 2c, 4b, 5 a, b). The larg- 
est populations of labelled cells, however, were lo- 
cated in several regions of the medulla. These cells 
will be the focus of our report as they are most  
relevant to our studies of the electromotor (and 
sonic motor ;  Bass 1986 d, e) pathway and represent 
new data on gonadal steroid-binding in a teleos- 
tean brain. 

The medullary relay nucleus in B. brachyistius 
(long biphasic) has a rostral-caudal extent of about  
500 gm. We did not  find any steroid-concentrating 
cells in the electromotor or relay nuclei. However, 
there was a large populat ion of small (12 ~tm), la- 
belled cells in the medial reticular formation dor- 
sal, lateral and caudal to the relay nucleus (rf, 
Figs. 4a, b, 5a). A pair of larger, fusiform shaped 
(12 x 25 gm), DHT-concentrat ing cells were found 
about 30-40 gm lateral to the relay neurons 
(Figs. 2d, 4a). Morphologically, these cells resem- 
ble those of the pacemaker nucleus al though they 
lie dorsal and lateral to that nucleus. These cells 
have been identified in one male brain. 

A major area containing labelled cells was 
found at the caudal end of the vagal motor  col- 
umn. Two size classes of cells were labelled. One 
group of large, oval-shaped (25-30 txm) cells was 
found near the midline. Smaller (12-15 gm) cells 
lie rostral and lateral to the large cells, scattered 
throughout  the vagal motor  region. We designated 
these cells as belonging to a swimbladder or sonic 
motor  nucleus (SMN, Figs. 2a, b, 5b) (see Discus- 
sion). 

Androgen binding. Analysis by linear regression of  
a representative Scatchard plot presented in Fig. 6 
indicates an apparent  affinity of R-1881 for its 
binding component  in the cytosol of Kd=4.2 nM. 
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Fig, 3. a Line drawing of sagittal view of Brienomyrus brain 
showing approximate levels of line drawings of horizontal sec- 
tions in Figs. b, 4a, b, 5a and b. Bar scale 5 ram. b In this, 
and Figs. 4 and 5, position of actual numbers of DHT-labelled 
cells in single horizontal sections is shown by dots. Diameters 
of dots have no relation to a cell's actual dimensions. Shown 
here are labelled cells in the area of the posterior tuber (TP) 
zone of the diencephalon. Bar scale 1 mm 

The average from three separate assays (6-10 ani- 
mals per assay) was 3.5 nM, (+0.7).  The extrapo- 
lated maximum binding from one assay is pre- 
sented in Fig. 6 and is about  20 fM/mg cytosolic 
protein. The average of the same three assays was 
20.8 fM/mg ( •  5.3) cytosolic protein. 

Results of  single concentration (one-point) as- 
says are presented in Table i and are in general 
agreement with the value obtained for Bma x by the 
Scatchard analysis. As with all other experiments, 
each assay was done on pooled tissue from 
6-10 animals. The average value from 4 separate 
assays of male electric organ was 16.1 (+  3.4) fem- 
tomoles (fM)/mg cytosolic protein, and for 2 as- 
says of female electric organ was 15.1 (+_+2.5) fM/ 
mg. The free ligand concentration used in these 
assays ranged from 6.4 to 31.4 nM/mg cytosolic 
protein. In spite of this large range of ligand con- 
centration, variation in binding activity is low, con- 
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Fig. 4. a Line drawings at level of 
the medullary relay nucleus (R). 
The two labelled cells in Fig. 2d are 
indicated with a double arrowhead. 
Labelled cells are also found in the 
medial reticular formation (U ~) that  
lies caudal and lateral to the relay 
and pacemaker cells, b A section at 
the level of the efferent nucleus of 
the lateral line nerve (ef) showing 
labelled cells in the ventral 
thalamus (VT) and again in the 
medial reticular formation (rj). Bar 
scale I mm for a and b 
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Fig. g. a Labelled cells are 
scattered throughout  the ventral 
thalamus (VT) and reticular 
formation (r~. b Labelled cells are 
also found more dorsal in the 
thalamus (DT) and in a nucleus at 
the caudal end of the vagal motor  
column that  is identified as a 
sonic motor  nucleus (SMN). The 
SMN spans the midline and 
consists of two size classes 
(see Fig. 2). Bar scale 1 mm for 
a and b 

firming that our putative androgen receptor was 
saturated under these conditions (Table 1). Al- 
though our preliminary data suggested a sex differ- 
ence in binding activity (Bass et alo 1984); addition- 
al assays did not confirm this result. 

Due to the limited amount of tissue available, 
only three competitor steroids were used; these re- 
sults are presented in Fig. 7. Percentage competi- 
tion was adjusted for non-specific binding of 
R1881. DHT competes with 100% efficiency rela- 
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Fig. 6. Scatchard plot of ~H-R1881 binding to cytosol from 
male electric organ. The B~, x is 19 femtomol/mg cytosolic pro- 
tein, while the Kd is 4.2 nM 

Table 1. Single concentration assays for androgen binding activ- 
ity in the electric organ of Brienomyrus sp. 

Electric organ Epaxial muscle 

Binding R-1881 Binding R-1881 
Activity (nM/mg) b Activity (nM/mg) b 
(fM/mg) a (fM/mg)" 

Males 

13.1 7.5 
20.1 6.4 
13.5 9.1 
17.9 31.4 

Females 

13.3 11.5 
16.8 28.6 

1.7 5.8 
0.6 6.2 

0.0 5.4 

" Binding activity expressed in femtomol (fM)/mg cytosolic 
protein 

b Concentrations of free ligand (R-1881) in nanomol (nM)/mg 
protein 

tive to R1881 at the 10 x concentration of (3H)- 
R1881, the lowest concentration used in the com- 
petition studies. At this same concentration, 17c~- 
methyl testosterone displaced approximately 70%, 
and 17-fl estradiol about 50%, of specifically 
bound R1881. At 100x excess, methyl-testoste- 
rone still competes poorly, while estradiol com- 
petes as well as DHT. In one experiment, enough 
tissue was available to carry out a competition with 
a 100 fold excess of fl-corticosterone (Sigma) 
(Fig. 7). The result was a very low level of  competi- 
tion (19%) compared to DHT and estradiol, which 
again competed equally well. The greater effective- 
ness of DHT than estradiol as a competitor at 10 x 
concentrations suggests that (3H)-R1881 binding 
is androgen specific. Although DHT competes very 
efficiently with R1881, we do not know if DHT 
is an active steroid in this system. Further studies 
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Fig. 7. Receptor specificity. Competition for specific binding 
in male electric organ. Cytosol was incubated with 6 m M  (3H)- 
R1881 for 4 h at 4 ~ with 10 fold, 100 fold and 1000 fold 
excess of DHT (d), 17fl-estradiol (e) or 17 a-methyl-testosterone 
(a) and a 100 fold excess of fl-corticosterone (c). Competitions 
are expressed as percentage competition of specifically bound 
3H-R188] as adjusted for non-specific binding of R1881 
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Fig. 8a-d. Steroid injections. Shown are oscilloscope records 
of the EOD of Brienomyrus sp. scaled to the same peak-to-peak 
amplitude. EODs were measured differentially with Ag/AgC1 
electrodes, positive polarity near the head. a, b Following two 
injections of absolute ethanol, there was no significant change 
in the EOD duration of a male (65 mm, standard length) five 
days after (b) the first injection (a). e, d In contrast, two injec- 
tions of R1881 dissolved in ethanol induced a two fold increase 
in the EOD duration of a female (80 mm) five days after (d) 
the first injection (c). The EOD has a small initial negative 
phase as indicated by the arrowheads in a-d. Bar scale in a 
equals 0.2 ms 

are underway testing other steroids, in particular 
11-keto-testosterone, which has been shown to be 
an active steroid in other fishes (see Pottinger and 
Pickering 1985) and also induces elongation of the 
EOD waveform (A.H. Bass, unpublished observa- 
tions). 

In order to compare androgen binding levels 
in electric organ with another myogenic derivative, 
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we assayed dorsal epaxial trunk muscle from the 
same animals used for the electric organ assays. 
Assays of epaxial muscle from either males or fe- 
males indicated little or no binding activity. In 
those cases where activity was found, it ranged 
from 0.6 to 1.7 fM/mg protein for (3H)-R1881 con- 
centrations ranging from 5.4 to 6.2 nM/mg protein 
(Table 1). Since epaxial assays were done at the 
same time as those on electric organs from the 
same animals, it is clear that higher levels of  andro- 
gen binding are present in the electric organ. 

Steroid injections. The average EOD duration dou- 
bled in the four specimens treated with R1881 (e.g., 
Fig. 8 c, d), increasing from an average of 0.6 ms 
(SD = 0.0) to 1.2 ms (SD = 0.05). The four vehicle 
controls (e.g., Fig. 8a, b) showed no change in 
their average EOD duration of 0.6 ms (SD = 0.05). 

Discussion 

Steroid autoradiography 

Electromotor pathway. To our knowledge, this re- 
port for mormyrids is the first study identifying 
DHT-binding sites in the central nervous system 
of any fish (also see below). One intriguing result 
was the discovery of DHT-labelled cells in the me- 
dial reticular formation adjacent to the medullary 
relay nucleus which innervates electromotoneu- 
rons. We do not know if the labelled reticular cells 
contact relay or pacemaker cell processes. How- 
ever, other studies show that the dendritic pro- 
cesses of pacemaker (Bell et al. 1983; Elekes and 
Szabo 1985; Grant et al. 1986) and relay (Elekes 
et al. 1985; Grant et al. 1986) cells extend laterally 
into the reticular formation or neighboring fiber 
bundles. Steroid-binding cells in the reticular for- 
mation could affect the activity of either pacemak- 
er or relay cells if they in fact establish functional 
contacts with those cells. If shown, this would be 
strong evidence suggesting that steroid hormones 
may influence the activity of the central electromo- 
tot pathway and so affect the development of 
known sex differences in the EOD rhythm (Lucker 
and Kramer 1981). Only more detailed studies can 
resolve these questions. 

Steroid hormones are known to affect the de- 
velopment of sex differences in the EOD rhythm 
of gymnotiform electric fish (Meyer 1983). In this 
case, steroids have been shown to affect the firing 
rate of a medullary pacemaker nucleus which de- 
termines the EOD rhythm (Meyer 1984; Meyer 
et al. 1984). To date, autoradiographic studies 
have not identified steroid-concentrating cells in 

the pacemaker nucleus of gymnotiforms (H.J. 
Meyer, A.H. Bass, D.B. Kelley unpublished stu- 
dies). 

Sonic motor pathway. We also found binding in 
two size classes of cells at the caudal end of the 
vagal motor column. Based on their location in 
the brainstem, these cells are possible candidates 
for swimbladder or sonic motoneurons (a midline, 
caudal brainstem nucleus in other teleosts; Pappas 
and Bennett 1966; Fine et al. 1982; Bass 1986d, 
e). The tentative identification of a sonic motor 
nucleus in mormyrids is reinforced by other studies 
in which a similar group of cells have been retro- 
gradely labelled with horseradish peroxidase 
(HRP), following HRP injections into the putative 
sonic musculature of another mormyrid, Brieno- 
myrus sp. (Bass 1986e). Sound production has 
been recently reported for mormyrids in reproduc- 
tive condition (Crawford et al. 1985), suggesting 
a possible role of  gonadal steroids in this behavior. 

Comparisons with other studies. Several reviews dis- 
cuss the presence of steroid binding cells in the 
brains of different classes of vertebrates (Morrell 
etal.  1975; Kelley and Pfaff 1978; Kim etal.  
1978a; Demski 1984). For brevity we will discuss 
only pertinent aspects of those studies on fish. 

Steroid autoradiographic studies have been 
done in six species of fish: male and female platy- 
fish (Xiphophorus maculatus) (estradiol-binding; 
Kim et al. 1979); male sunfish (Lepomis cyanellus) 
(testosterone-binding; Morrell et al. 1975); male 
and female adult lampreys (Iehthyomyzon unicus- 
pis) (estradiol-binding; Kim et al. 1980); male par- 
adise fish (Macropodus opercularis) (testosterone 
and estradiol-binding; Davis et al. 1977), male and 
female goldfish (Carassius auratus) (estradiol-bind- 
ing; Kim et al. 1978b), and male and female toad- 
fish (Opsanus tau) (testosterone-binding; Fine 
et al. 1982). 

In general, estradiol and testosterone binding 
is reported in the ventral hypothalamus and telen- 
cephalon (area ventralis telencephali), the preoptic 
area, and the thalamus. We have seen DHT-bind- 
ing in all of these areas in mormyrids excepting 
the preoptic area and the telencephalon proper. 
Only Davis et al. (1977) and Fine et al. (1982) ex- 
amined the brainstem and spinal cord for binding 
sites. Davis et al. report no uptake of labelled tes- 
tosterone or estradiol in the medulla or spinal cord 
of paradise fish. Fine et al. report four testoste- 
rone-binding sites in the brainstem of toadfish: the 
midbrains' torus semicircularis (homologue of the 
mammalian inferior colliculus) and optic tectum 
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(homologue of the mammalian superior collicu- 
lus), and two medullary nuclei identified as nucleus 
ventrolateralis medullae and nucleus periventricu- 
laris medullae. Steroid-binding to motor neurons 
was not reported in any of the above studies. 

Androgen receptor biochemistry 

We attempted to localize steroid-binding sites in 
the electric organ using steroid autoradiography. 
However, a high level of background, which is 
commonly seen in muscle steroid autoradiography 
(Darcy Kelley, personal communication), pre- 
vented us from distinguishing any labelled nuclei. 
As an alternative strategy, we initiated a series of 
biochemical assays to determine if the myogenic 
electric organ binds androgens. Our biochemical 
studies suggested the presence of a cytosolic recep- 
tor protein in the electric organ of male and female 
Brienomyrus sp. For comparison, we examined 
dorsal epaxial muscle, another myogenic tissue. In 
contrast to the electric organ, we found little or 
no evidence of androgen-binding activity in epaxial 
muscle. 

It is important to note that the male and female 
Brienomyrus sp. used in this study had similar 
EODs; a characteristic of this species when main- 
tained in captivity in non-reproductive condition. 
The EOD of male Brienomyrus sp. probably under- 
goes seasonal changes in duration, as in other mor- 
myrids (Bass 1986a). In addition to the similarity 
in their EODs, the electrocytes of non-reproductive 
males and females have similar morphological 
(Bass et al., in press) and physiological (Bass and 
Volman 1985) properties. For such individuals, tes- 
tosterone induces a 2-3 fold increase in the dura- 
tion of the EOD waveform (Bass and Hopkins 
1984; Bass and Volman 1985) which is paralleled 
by changes in electrocyte morphology (Bass et al. 
in press) and a 2-3 fold increase in the duration 
of action potentials generated by individual elec- 
trocytes (Bass and Volman 1985; see Bass 1986c 
and Bass et al., in press, for more detailed discus- 
sions). The discovery of high androgen-binding 
levels in the electric organ reinforces our sugges- 
tion that gonadal steroid hormones directly affect 
the properties of electrocytes. 

Our assays were limited by the small number 
of animals of our study species that were commer- 
cially available and the limited amount of tissue 
available from each animal (each electric organ 
weighs about 50 mg) for preparing cytosol frac- 
tions. While we can characterize the electric organ 
as an androgen-target tissue, further study is 
needed to rigorously define absolute quantities of 

binding activity and the specificity of binding. The 
small number of steroids tested could not ade- 
quately test the specificity of the R1881 binding 
activity. However, we feel that R1881 was the li- 
gand of choice since it exerted a strong behavioral 
effect, i.e., induced elongation of the EOD wave- 
form. When we know the endogenous active ste- 
roid in mormyrids, further receptor specificity 
analyses will be performed. 

When estradiol was present in concentrations 
of 100 fold excess that of the R1881, it displaced 
about 50% of R1881 binding. Fox (1975) has sug- 
gested the presence of a steroid receptor in brain 
extracts that interacts with both androgens and 
estrogens (also see Sheridan 1983). Fox studied an- 
drogen (testosterone and DHT bind to 'the same 
macromolecular entities') and estrogen binding in 
extracts of the hypothalamus and preoptic area 
of mice. A 500-fold excess of estradiol blocked 
83% of 3H-testosterone binding when incubated 
below saturation levels of testosterone. A 500 fold 
excess of testosterone also blocked, though less ef- 
ficiently (42%), 3H-estradiol binding below satura- 
tion levels. Fox suggested a mechanism whereby 
brain receptors detect 'the relative concentrations 
of androgens and estrogens', rather than indepen- 
dently assessing the concentration of each steroid. 
Both 17-fl-estradiol and androgens can induce 
changes in the EOD waveform (Bass 1986a), al- 
though the relative potencies of each steroid in ef- 
fecting a response have not yet been determined. 
If mormyrids have significant circulating plasma 
levels of both androgens and estrogen, the electric 
organ may also have a receptor that interacts with 
both major classes of steroids. 

For comparison, we note that several other 
myogenic structures involved in the motor control 
of reproductive behavior also have high levels of 
androgen-binding and are characterized as andro- 
gen-target tissues. These include the larynx of the 
frog, Xenopus laevis (Segil et al. 1983), the syrinx 
of zebra finches (Lieberburg and Nottebohm 
1979), the penile muscles of rats (Dube et al. 1976) 
and the swimbladder drum muscles of toadfish 
(A.H. Bass and N. Segil, unpublished observa- 
tions). We can now also characterize the electric 
organ of mormyrids as an androgen-target tissue. 

To summarize, the sexual dimorphism in EOD 
waveforms is due in part or in whole to their sensi- 
tivity to androgens. Androgen-binding in the elec- 
tric organ can allow for changes in the EOD wave- 
form. While sex differences have been reported for 
the EOD rhythm of mormyrids (Lucker and 
Kramer 1981), we have not discovered androgen- 
binding in any known portion of the central elec- 
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t romotor pathway, excepting of course the electric 
organ itself. 

Acknowledgements. The authors wish to thank Carl Hopkins 
who helped collect the Gabon mormyrids, Larry Silverman for 
help with the initial biochemical studies, Midge Marchaterre 
for preparing some of the illustrations, several anonymous re- 
ferees for their helpful comments, and Sally Mancil for typing 
the manuscript. Supported by NIH Research Grants to AHB 
(NS19942) and DBK (HD16741 and NS19949). Early portions 
of the research were also supported by NIH Postdoctoral Fel- 
lowship (NSO6309) to AHB. 

References 

Arnold AP (1980) Quantitative analysis of sex differences in 
hormone accumulation in the zebra finch brain: Methodo- 
logical and theoretical issues. J Comp Neurol 189:421-436 

Arnold AP (1981) Quantitative analysis of steroid autoradio- 
grams. J Histochem Cytochem 29:207-211 

Bass AH (1986a) A hormone sensitive communication system 
in an electric fish. J Neurobiol 17:113 146 

Bass AH (1986b) Species differences in electric organs of mor- 
myrids: Substrates for species-typical electric organ dis- 
charge waveforms. J Comp Neurol 244:313-330 

Bass AH (1986c) Electric organs revisited: Evolution of a verte- 
brate communication organ. In: Bullock TH, Heiligenberg 
W (eds) Electroreception. Wiley, New York, pp 1%100 

Bass AH (1986d) Steroid-sensitive neuroeffector pathways for 
sonic and electric communication in fishes. Brain Behavior 
Evol (in press) 

Bass AH (1986e) Sonic motor pathways in teleost fish: A com- 
parative HRP study. Brain Behavior Evol (in press) 

Bass AH, Hopkins CD (1983) Hormonal control of sexual dif- 
ferentiation: Changes in electric organ discharge waveform. 
Science 220:971-974 

Bass AH, Hopkins CD (1984) Shifts in frequency tuning in 
androgen-treated mormyrid fishes. J Comp Physiol A 
155:713-724 

Bass AH, Hopkins CD (1985) Hormonal control of sex differ- 
ences in the electric organ discharge (EOD) of mormyrid 
fishes. J Comp Physiol A 156:58%604 

Bass AH, Denizot J-P, Marchaterre M (1986) Ultrastructural 
features and hormone-dependent sex differences of mor- 
myrid electric organs. J Comp Neurol (in press) 

Bass AH, Segil N, Kelley D (1984) A steroid sensitive electro- 
motor pathway in mormyrid fish : Electric organ morpholo- 
gy, androgen receptor biochemistry and steroid autoradiog- 
raphy. Neurosci Abstr 10:972 

Bass AH, Volman SF (1985) Androgen-induced changes in ac- 
tion potential waveforms of an electric organ. Neurosci 
Abstr 11:159 

Bell CC, Libouban S, Szabo T (1983) Pathways of the electric 
organ discharge command and its corollary discharges in 
mormyrid fishes. J Comp Neurol 216:327-338 

Bennett MVL, Grundfest H (1961) Studies on morphology and 
electrophysiology of electric organs. ]II. Electrophysiology 
of electric organs in mormyrids. In: Chagas C, Carvatho 
A (eds) Bioelectrogenesis. Elsevier London New York 
Princeton pp 113-135 

Bennett MVL, Pappas GD, Aljure E, Nakajima Y (1967) Physi- 
ology and ultrastructure of electrotonic junctions. I1. Spinal 
and medullary electromotor nuclei in mormyrid fish. J Neu- 
rophysiol 30:180-207 

Bonne C, Raynaud J-P (1975) Methyltrienolone, a specific li- 
gand for cellular androgen receptors. Steroids 26:227-232 

Bonne C, Raynaud J-P (1976) Assay of androgen binding sites 
by exchange with methyltrienolone (R1881). Steroids 
27 : 497-507 

Bradford MM (/976) A rapid and sensitive method for the 
quantitation of microgram quantities of protein utilizing 
the principle of protein-dye binding. Analyt Biochem 
72: 248-254 

Crawford J, Hagedorn M, Hopkins C (1985) Acoustic song 
in an electric fish. Abstr Soc Neurosci 11:270 

Davis RE, Morrell JI, Pfaff DW (1977) Autoradiographic local- 
ization of sex steroid-concentrating cells in the brain of the 
teleost Macropodus opercularis (Osteichthyes: Belontiidae). 
Gen Comp Endocrinol 33:496-505 

Demski LS (1984) The evolution of neuroanatomical substrates 
of reproductive behavior: Sex steroid and LHRH-specific 
pathways including the terminal nerve. Am Zool 
24:809-830 

Denizot JP, Kirschbaum F, Westby GWM, Tsuji S (1982) On 
the development of the adult electric organ in the mormyrid 
fish Pollimyrus isidori (with special focus on the innerva- 
tion). J Neurocytol 11 : 913-934 

Dube JY, Lesage R, Tremblay RR (1976) Androgen and estro- 
gen binding in rat skeletal and perineal muscles. Canad J 
Biochem 54: 50-55 

Elekes K, Szabo T (1980) The mormyrid brainstem. III. Ultra- 
structure and synaptic organization of the medullary "pace- 
maker" nucleus. Neurosci 15:431-443 

Elekes K, Ravaille M, Bell CC, Libouban S, Szabo T (1985) 
The mormyrid brainstem. II. The medullary electromotor 
relay nucleus: An ultrastructural horseradish peroxidase 
study. Neurosci 15:417-429 

Fine ML, Keefer DA, Leichnetz GR (1982) Testosterone up- 
take in the brainstem of a sound-producing fish. Science 
215:1265-1267 

Fox TO (1975) Androgen- and estrogen-binding macromole- 
cules in developing mouse brain: Biochemical and genetic 
evidence. Proc Natl Acad Sci 72(2):4303-4307 

Ginsburg M, Greenstein BD, MacLuscky N J, Morris ID, 
Thomas PJ (1974) An improved method for the study of 
high-affinity steroid binding: 17fl-oestradiol binding in 
brain and pituitary. Steroids 23 : 773-792 

Grant K, Bell CC, Clausse S, Ravaille M (1986) Morphology 
and physiology of brainstem nuclei controlling the electric 
organ discharge in mormyrid fish. J Comp Neurol 
245:514-530 

Heiligenberg W (1977) Principles of electrolocation and jam- 
ming avoidance in electric fish. A neuroethological ap- 
proach, vol I. Springer, Berlin Heidelberg New York 

Hopkins CD (1980) Evolution of electric communication chan- 
nels of mormyrids. Behav Ecol Sociobiol 7:1-13 

Hopkins CD (1983) Functions and mechanisms in electrorecep- 
tion. In: Northcutt RG, Davis RE (eds) Fish neurobiology, 
vol I. University of Michigan Press, Ann Arbor pp 215- 
259 

Hopkins CD, Bass AH (1981) Temporal coding of species-spe- 
cific signals in an electric fish. Science 212:85-87 

Kelley DB (1981) Locations of androgen-concentrating cells 
in the brain of Xenopus laevis: Autoradiography with 3H- 
dihydrotestosterone. J Comp Neurol 199 : 221-231 

Kelley DB, Pfaff DW (1978) In: Hutchison JB (ed) Biological 
determinants of sexual behavior, chapt 7. John Wiley and 
Sons, Chichester, pp 225-254 

Kim YS, Stumpf WE, Sar M (1978a) Topography of estrogen 
target cells in the forebrain of goldfish, Carassius auratus. 
J Comp Neurol 182:611-620 

Kim YS, Stumpf WE, Sar M, Martinez-Vargas MC 0978b) 
Estrogen and androgen target cells in the brain of fishes, 



544 A.H. Bass et al. : Androgen-binding pathways in electric fish 

reptiles and birds: Phylogeny and ontogeny. Am Zool 
18:425-433 

Kim YS, Stumpf WE, Sar M (1979) Topographical distribution 
of estrogen target cells in the forebrain of platyfish, Xipho- 
phorus maculatus, studied by autoradiography. Brain Res 
170: 43-59 

Kim YS, Stumpf WE, Reid FA, Sar M, Selzer ME (1980) Estro- 
gen target cells in the forebrain of river lamprey, Ichthyomy- 
zon unicuspis. J Comp Neurol 191:607-613 

Lieberburg I, Nottebohm F (1979) High-affinity androgen 
binding proteins in syringeal tissues of songbirds. Gen 
Comp Endocrinol 37 : 286--329 

Lucker H, Kramer B (1981) Development of a sex difference 
in the preferred latency response in the weakly electric fish, 
Pollimyrus isidori (Cuvier et Valenciennes) (Mormyridae, 
Teleostei). Behav Ecol Sociobiol 9:103-109 

Max SR (1981) Cytosolic androgen receptor in skeletal muscles 
from normal and testicular feminization mutant (Tfm) rats. 
Biochem Biophys Res Comm 101 : 792-799 

Meyer JH (1983) Steroid influences upon the discharge frequen- 
cies of a weakly electric fish. J Comp Physiol 153:29-37 

Meyer JH (1984) Steroid influences upon discharge frequencies 
of intact and isolated pacemakers of weakly electric fish. 
J Comp Physiol A 154:659-668 

Meyer JH, Zakon HH, Heiligenberg W (1984) Steroid influ- 
ences upon the electrosensory system of weakly electric fish: 
direct effects upon discharge frequency with indirect effects 
upon electroreceptor tuning. J Comp Physiol A 154:625- 
631 

Moller P (1980) Electroperception. Oceanus 23:44-54 
Morrell JI, Kelley DB, Pfaff DW (1975) Sex steroid binding 

in the brains of vertebrates. In: Knigge KM, Scott DE (eds) 
Brain-endocrine interaction II. Rochester New York, pp 
230-256 

Pappas G, Bennett MVL (1966) Specialized junctions involved 
in electrical transmission between neurons. Ann NY Acad 
Sci 137 : 495-508 

Pottinger TG, Pickering AD (1985) The effects of 1 l~ketotestos- 
terone on the skin structure of brown trout, Salmo trutta 
L. Gen Comp Endocrinol 59:335-342 

Rogers AW (1973) Techniques of autoradiography. Elsevier 
Scientific Publishing Co., Amsterdam 

Scatchard G (1949) The attraction of proteins for small mole- 
cules and ions. Ann NY Acad Sci 51:660-672 

Segil N, Silverman L, Kelley D, Rainbow T (1983) Androgen 
binding in the laryngeal muscie of Xenopus laevis: Sex dif- 
ferences and hormonal regulation. Soc Neurosci Abstr 9: 
1093 

Sheets CS, Aten RF, Kates RS, Preston PE, Eisenfeld AJ (1985) 
Androgen receptor in the rabbit liver and apparent translo- 
cation to the nucleus. In vivo Endocrinol 116:677-685 

Sheridan PJ (1983) Androgen receptors in the brain: What are 
we measuring? Endocrine Rev 4:171-178 

Snochowski M, Dahlberg E, Gustafsson J-A (1980) Character- 
ization and quantification of the androgen and glucocorti- 
cold receptors in cytosol from rat skeletal muscle. Eur J 
Biochem 111 : 603-616 

Szabo T (1957) Un noyau particulier dans la formation reticul6e 
bulbaire de certains poissons 61ectriques (Mormyrides). 
Arch Anat Microsc Morphol Exp 46:81-92 

Szabo TH (1960) Development of the electric organ of mormyr- 
idae. Nature 188:760-762 

Tremblay RR, Dube JY, Ho-Kim MA, Lesage R (1977) Deter- 
mination of rat muscles androgen-receptor complexes with 
methyltrienonlone. Steroids 29 : 185-195 

Westby GW, Kirschbaum F (1982) Sex differences in the wave- 
form of the pulse-type electric fish, Pollimyrus isidori (Mor- 
myridae). J Comp Physiol 145:399-403 


