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The Medullary Pacemaker Nucleus Is Unnecessary for 
Electroreceptor Tuning Plasticity in Sternopygus 
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Tuberous electroreceptors of the weakly electric fish Sfer- 
nopygus macrurus are closely tuned to the frequency of 
electric organ discharge (EOD), which is determined by a 
medullary pacemaker nucleus (PMN). Previous studies have 
demonstrated that androgens lower the frequency of PMN 
discharge and concomitantly lower the best frequencies (BFs) 
of electroreceptors. In order to determine if the PMN serves 
as an internal reference for the hormone-mediated retuning 
of electroreceptors, the PMN was lesioned and the change 
in mean BF was measured for dihydrotestosterone (DHT)- 
implanted or control animals. DHT-implanted fish showed 
the characteristic lowering of mean electroreceptor BF by 
-25%, a significant change compared with controls (p < 
0.01, Mann-Whitney). This result indicates that the PMN is 
not necessary for the hormone-mediated shift of electrore- 
ceptor tuning. 

In a related study, the contribution of the PMN to the gen- 
esis of tuning in regenerating electroreceptors was exam- 
ined by removing a patch of cheek skin from PMN-lesioned 
fish. Regenerating electroreceptors became sharply tuned 
to the previous EOD frequency by 6 weeks in the same fash- 
ion as regenerating receptors in intact fish. In addition, intact 
receptors from PMN-lesioned fish remained tuned for up to 
160 d. Together, these results demonstrate that the pace- 
maker nucleus is unnecessary for the maintenance, devel- 
opment, or hormone-mediated shift of receptor tuning. 

The weakly electric gymnotiform fish Sternopygus macrurus 
produces and detects a periodic electric field; this field is gen- 
erated by an electric organ in the posterior trunk and tail and 
is detected by electroreceptors in the epidermis (for electrore- 
ception review, see Bullock and Heiligenberg, 1986). The electric 
organ discharge (EOD) of this species appears quasi-sinusoidal, 
and each fish discharges at its own individual frequency (Hop- 
kins, 1976; Meyer and Zakon, 1982). The frequency of electric 
organ firing is determined by a medullary command, or pace- 
maker, nucleus (Bennett et al., 1967; Dye and Meyer, 1986). 
The pacemaker nucleus (PMN) is composed of pacemaker and 
relay cells; pacemaker cells are autorhythmic, electrotonically 
coupled cells that drive the discharge frequency of the electric 
organ via the relay cells, which synapse upon spinal motoneu- 
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rons (Ellis and Szabo, 1980; Elekes and Szabo, 198 1). These 
motoneurons, in turn, innervate the electrocytes of the electric 
organ. In this electromotor pathway, one PMN action potential 
results in a synchronized discharge of the electric organ. 

The EOD is used for electrolocation, the evaluation of sur- 
rounding objects by their effect on EOD geometry (Lissmann 
and Machin, 1958) and for social communication, based on 
individual EOD frequencies and EOD modulations (Hopkins, 
1972, 1974, 198 1; Hagedorn and Heiligenberg, 1985). Elec- 
trolocation ability is maximized by the close match between the 
EOD frequency and the frequency tuning of a class of electro- 
receptors called tuberous electroreceptors (Hopkins, 1976; 
Viancour, 1979). The tuberous electroreceptors, as measured 
from their afferents, have sharp tuning curves, and the receptors 
of each fish are best tuned to its individual EOD frequency 
(Bastian, 1976, 1977; Hopkins, 1976; Zakon and Meyer, 1983). 

Many species of weakly electric fish have a sexually dimorphic 
EOD at maturity (Meyer and Zakon, 1982; Bass and Hopkins, 
1983, 1985; Hagedorn and Carr, 1985). Sternopygus exhibits a 
sexual dimorphism within its species EOD frequency range of 
50-200 Hz: juveniles discharge around 100 Hz, while mature 
males discharge at the lower frequencies (50-100) and mature 
females discharge at the higher frequencies (100-200) (Hopkins, 
1972). This sex difference in the electrosensory system is due 
to circulating gonadal steroids (Meyer and Zakon, 1982; Keller 
et al., 1986; Zakon et al., 1987). Previous studies have dem- 
onstrated that administration of the androgen Sor-dihydrotes- 
tosterone (DHT) lowers the firing frequency of the PMN, and, 
therefore, the electric organ. DHT also lowers the frequency 
tuning of electroreceptors such that they remain matched to the 
lowered EOD frequency to preserve electrolocation ability 
(Meyer, 1983, 1984; Meyer et al., 1984). This hormone-depen- 
dent plasticity raises the question of how receptor tuning shifts 
to maintain the tight correlation with PMN, and hence EOD, 
frequency (Meyer and Zakon, 1982; Zakon, 1987). Does the 
hormone directly affect electroreceptor tuning with subsequent 
secondary changes in PMN firing, does the hormone directly 
affect the PMN such that the lower EOD frequency indirectly 
retunes the receptors, or does the hormone act on the target 
tissues independently but in concert such that their electrical 
properties remain matched? 

For Sternopygus, recent experiments have demonstrated that 
the EOD itself is unnecessary for the hormone-mediated shift 
in electroreceptor tuning (Keller et al., 1986). In these experi- 
ments, spinal transections silenced the EOD, and subsequent 
treatment with DHT resulted in lower best frequencies (BFs) of 
the tuberous electroreceptor population. Although it appears 
that the hormone directly affects electroreceptor tuning, the pos- 
sibility remains that the lowered PMN firing frequency may in 
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some way entrain the electroreceptors, even though the only 
PMN output is to the spinal motoneurons, and electroreceptors 
receive no efferent innervation (Szabo, 1965, 1974; Wachtel and 
Szamier, 1966; Szamier and Wachtel, 1970). 

In a related study on tuning plasticity, tuberous electrorecep- 
tors were induced to regenerate in electrically silenced and intact 
animals (Zakon, 1986). After skin removal, new receptors form 
and gradually become tuned to the ongoing EOD frequency or, 
in the case of spinally transected animals, the previous EOD 
frequency. Again, in these experiments, the PMN may have 
served as a reference, or calibration signal, for the developing 
receptors. Therefore, in the current study, in order to determine 
the contribution of the PMN to hormone-mediated tuning plas- 
ticity or tuning development, we examined electroreceptor tun- 
ing in fish administered DHT and fish with regenerating skin 
in which the pacemaker nucleus was lesioned. 

Materials and Methods 
Experimental subjects. Adult S. macrurus (20-30 cm, collected from 
the Apure drainage basin, Venezuela) were housed individually in aer- 
ated 10 gallon aquaria, maintained on a 12 hr light/l 2 hr dark cycle, 
and fed a daily diet of frozen bloodworms or live earthworms. Fish of 
both sexes were used since they show no difference in their responses 
to the treatments used in this study. Water temperature was maintained 
at -25°C. In some cases, freshwater was replaced with 50 or 100% 
isotonic saline for a few days to prevent the possible loss of animals 
after lesion surgery. Fish were monitored to determine the stability of 
the EOD frequency, and only fish that had stable EOD frequencies for 
at least 2 weeks were used. For each fish, the baseline recording, pace- 
maker lesion, and experimental treatments described below were all 
performed within 24 hr. 

Experiment I: Hormone treatment 
Afferent recording. Recordings from the tuberous electroreceptor afferent 
population were made as previously described (Zakon and Meyer, 1983; 
Zakon, 1986). Briefly, fish were curarized (0.1-0.3 mg, tubocurarine, 
Sigma), held just below the surface in a recording tank with a foam- 
lined holder, and respirated with aerated water. Recording tank tem- 
perature was maintained at 25 + 0.2”C. A dorsolateral portion of the 
head was raised from the water in order to expose the posterior branch 
of the anterior lateral line nerve (pALLN). After application of a topical 
anesthetic (5% procaine, Sigma), the posterior branch, which innervates 
receptors on the body, was exposed and glass microelectrodes (3 M KCl, 
20-50 Mfi) were used to record the single-unit responses of 20-25 tu- 
berous units. An external AC electric field approximating the EOD was 
generated with a function generator and passed through an attenuator 
so that the frequency and intensity could be varied. The best frequency 
(BF) of a tuberous unit was then taken as the lowest intensity and 
frequency at which the unit was still phase-locked 1: 1 to the stimulus 
field. The BFs of all units were then averaged to give an indication of 
the animal’s mean best frequency (xBF) of electroreceptor tuning. This 
procedure was used to determine baseline KBF in subsequent recording 
sessions. In addition, Q,,,, values were calculated for each unit in order 
to quantify the unit’s sharpness of tuning. Q,,,, is determined by di- 
viding a unit’s BF by the bandwidth of its tuning curve at 10 dB above 
threshold. 

Pacemaker lesions. Following the baseline recordings, fish were held 
vertically, the top of the head was swabbed, and subcutaneously injected 
with 5% procaine. A dorsal incision was made in the skin above the 
hindbrain, the muscle and cartilage overying the cerebellum were cut, 
and the dura matter was removed. A glass microelectrode (-20-30 pm 
tip, 3 M KCl) was then lowered into the brain to record extracellular 
activity. Successive penetrations were made to find the field potentials 
of the PMN. Small but distinct (- 50 IV) pacemaker potentials can be 
recorded in the vicinity of the PMN, presumably by volume conduction 
and from descending axons. Once the electrode enters the PMN, the 
potential rapidly grows to an amplitude of a few hundred microvolts 
to 1 mV, and it may reverse in polarity lower in the nucleus (described 
by Bennett et al., 1967). Further advancing of the electrode by only a 
few tens of microns reduces the potential amplitude and indicates that 

the electrode is moving out of the nucleus. W ‘MN localized, 
the microelectrode was raised and changed for o-- ning 5% CoCl, 
in 3 M NaCl (treatment of the PMN with cadmium in a slice preparation 
irreversibly blocks PMN activity; Maler et al., 1984). This electrode 
(- 20 Frn tip) was attached to a microliter syringe via polyethylene tubing 
and the whole system was filled with 3 M NaCl. Pacemaker activity was 
recorded via a &ass P- 15 AC-coupled amplifier attached to the syringe 
needle. This electrode was then advanced into the PMN and held in 
the region of the highest amplitude pacemaker potentials. A small pres- 
sure injection (< 1~1) was then made with the syringe. This often silenced 
the PMN completely, but in some cases activity recovered and subse- 
quent injections were necessary. The electrode was left in place for 30 
min to confirm that pacemaker activity did not resume. The electrode 
was withdrawn and the incision was closed with histoacxyl glue or su- 
tured. 

Confirmation of the PMN lesion was made.by recording externally 
from the tail to determine if an EOD was present after recovery from 
the curare and before subsequent recording sessions. Previous histolog- 
ical results show that a lesion that silences the EOD kills virtually all 
of the pacemaker cells; if some are left, the EOD will retuml(H. Zakon, 
unpublished observations). Thus, we knew that complete lesions were 
caused by the lack of an EOD. Nevertheless, some animals were killed 
at various postlesion times for histological analysis of the PMN in this 
study as well. Fish were anesthetized with MS-222 (Sigma) and perfused 
through the heart with Hickman’s Ringer followed by 10% formalin in 
Ringer’s. Whole brains, fixed in 10% formalin in Ringer’s, were paraffin- 
embedded, sectioned (10 pm), and stained with cresyl violet. 

Hormone treatment. Following baseline recording and the PMN le- 
sion, fish were implanted with DHT-filled or empty silastic capsules 
(Keller et al., 1986). Capsule implantation was made in the peritoneal 
cavity and the incision sealed with histoacryl glue. These capsules release 
DHT in concentrations of a few to 10 rig/ml of plasma, approximating 
the levels of endogenous androgens in wild-caught or gonadotropin- 
primed animals (P. Thomas and H. Zakon, unpublished observations; 
Zakon et al., 1987). These implantations also result in continuous 
release of the hormone and may cause less stress for the animal than 
daily injections. Recording of the change in KBF was made 2 weeks 
after implantation as described above. 

Experiment II: Regeneration 
In order to study regenerating electroreceptors in the absence of a func- 
tioning PMN, the cheek epidermis was removed to induce the formation 
of new electroreceptors. In this related study, the afferent recording and 
pacemaker lesion procedures were the same as previously described 
with the exception that afferent recording was made from the anterior 
branch of the ALLN. Specifically, the infraorbital branch of the aALLN 
was used as this branch innervates electreceptors anterior to the oper- 
culum and ventral to the eye, i.e., the cheek region. This area was chosen 
for skin removal because of its high density of electroreceptors and since 
previous regeneration work focused on this region (Zakon, 1986). 

Skin removal. Fish were anesthetized (MS-222) and a vatch of cheek 
skin removed. Patch size varied but was generally on the order of 0.5- 
1 cm2. Care was taken to remove only the skin and avoid damage of 
the underlying muscles and vasculature. 

Unit location. In fish with regenerating cheek skin, determination of 
the unit’s location on the skin was necessary to define it as an intact or 
regenerating receptor unit. In this case, after recording the unit’s BF, 
the wide-field stimulus was switched off and a small dipole electrode 
(search field - 1 mm*) was moved around the face to stimulate the unit 
focally (Zakon, 1986). The unit was then scored as intact or regenerating 
based on its location within or outside of the visible wound margin. 
The measurements of xBF and determination of unit location were 
made 6 weeks after skin removal, since a previous study had demon- 
strated receptors were retuned to the EOD frequency by 6 weeks. 

Results 
Pacemaker lesions 

The PMN is an unpaired, midline nucleus located in the anterior 
portion of the medulla, ventral to the 4th ventricle (Fig. 1 C). It 
is composed of 2 neuronal cell types, pacemaker cells and relay 
cells, previously described as small and large cells, respectively 
(Elekes and Szabo, 198 1). The pacemaker cells are found in the 
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Figure I. Transverse sections of the medullary pacemaker nucleus. A, Thick section (10 pm) stained with cresyl violet showing characteristic 
wedge-shape of this unpaired nucleus. This nucleus is comprised of 2 cell types, relay (large somas and ventral) and pacemaker (small somas and 
dorsal) cells. The ratio of pacemaker to relay cells in normal fish is 2: 1. B, Similar section from a nucleus several weeks after pressure injection of 
cobalt chloride. The lesion site shows a loss of pacemaker cells and some gliosis. Relay cells, however, appear intact and are found in normal 
numbers. Note the shrunken size of the nucleus, which was seen throughout its rostrocaudal extent. Scale bar, 200 pm. C, Camera lucida drawing 
of the hindbrain at the level of the PMN. ELLL, Electrosensory lateral line lobe; LC, lobus caudalis; PMN, pacemaker nucleus; ZV, fourth ventricle. 
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Figure 2. Electric organ activity in 
normal and lesioned animals. A, Nor- 
mal EOD recorded externally from tail 
showing highly regular quasi-sinusoidal 
discharge. B, Fourier analysis of the 
normal EOD. The peak power is cen- 
tered at the fundamental with some en- 
ergy at the next 2 harmonics. C, Low- 
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dorsal portion of the nucleus and have a more granular staining 
pattern compared with the relay cells, which are located ven- 
trally and stain darkly (Fig. 1, A, B). The ratio of pacemaker to 
relay cells in normal animals is 2: 1 (Ellis and Szabo, 1980); for 
example, counts of cell nucleoli from a normal PMN yielded 
174 pacemaker cells to 8 1 relay cells. However, inspection of 2 
lesioned PMN reveal few, if any, pacemaker cells (Fig. 1B; rep- 
resentative section). Relay cells, however, appear to have sur- 
vived the lesion as they occur in normal numbers throughout 
these nuclei. Lesioned nuclei show some gliosis and a shrinkage 
in cross-sectional area throughout the extent of the nucleus, but 
cell groups near the PMN appeared normal. In fact, larger in- 
jections that resulted in leakage into the medulla typically re- 
sulted in an inability to move the gills and subsequent death. 

Injections of cobalt chloride usually resulted in an immediate 
cessation of PMN activity, but on most occasions activity grad- 
ually resumed within 1 O-20 min and additional small injections 
were necessary. As the mechanism of cobalt toxicity is unknown, 
we do not know if this was due to a particular resiliency of the 
pacemaker cells, inadequate volume injections, or a slow time 
course of action of the cobalt. 

External recordings from the tails of lesioned fish indicate that 
the cobalt causes a functional ablation of the PMN and a si- 
lencing of the EOD. Figure 2, A, B, shows a normal EOD and 
its power spectrum. The normal discharge is highly regular and 
quasi-sinusoidal with peak power at the fundamental frequency 
of the EOD. However, in all lesioned fish, only a characteristic 
low-voltage activity could be monitored, present from the mo- 
ment of curare recovery onward (Fig. 2C). The peak power of 
this activity was centered around 10 Hz in all fish (Fig. 20) and 
approximately 2 m V/cm at the tip of the tail as opposed to the 
20 m V/cm seen in normal fish. We believe this activity had no 

effect on the tuberous electroreceptors for the following reasons: 
(1) Even if the receptors could be driven by this residual activity, 
most of the energy is at 10 Hz, a frequency to which tuberous 
electroreceptors are insensitive; (2) the activity riding on the 10 
Hz component is too asynchronous to temporally modulate the 
receptors in any meaningful way; and (3) both DHT-treated and 
control animals exhibited this activity, but tuberous electrore- 
ceptor tuning was altered only for the hormone-treated fish (see 
Fig. 3). 

In order to determine the site of origin of the 10 Hz activity, 
one lesioned animal was given a midspinal transection. It showed 
a subsequent loss of the 10 Hz component but continued asyn- 
chronous activity typical of spinally transected animals. This 
asynchronous activity disappeared after curarization. In all oth- 
er respects the lesioned animals showed normal behavior. 

Hormone treatment 

The BFs of normal tuberous electroreceptor units, when aver- 
aged, show a close match to the EOD frequency. In general, the 
most sensitive units are tuned slightly higher than the EOD, 
while the least sensitive units are tuned somewhat lower, and 
the mean BF is often a few Hertz higher than the EOD. The 
exact relationship between KBF and EOD frequency, however, 
also depends on the size of the fish (Sanchez, 1988). The tuning 
curves from lesioned animals show similar characteristics. There 
were no significant changes in the range of sensitivities (- 80 to 
- 13 dB; -20 dB = 20 mV/cm) or the sharpness of tuning 
(difference in XQ ,Ods between groups, p < 0.143, Mann-Whitney) 
for individuals after the PMN lesion. The PMN lesion, there- 
fore, seems to have had no effect on tuning curve parameters. 

Recordings from tuberous afferents 2 weeks after implanta- 
tion of DHT capsules show that the xBF tuning of individual 
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Figure 3. Bar graph of the percentage change in KBF for DHT versus 
control implants. The mean change for experimentals is -25.4% (n = 
5) while controls averaged -7.1% (n = 4). The difference between 
groups is significant (p < 0.01, Mann-Whitney). Numbers below the 
bars represent prelesion EOD frequency; letters simply denote fish des- 
ignation. Note fish RX, which first received a control implant, with 
little change in tuning, followed by a DHT-induced tuning shift of 
- 17.8%. 

fish is lowered 16.9-35.5% relative to the prelesion/implant 
KBF. The mean percentage change for DHT implanted animals 
was - 25.4% (n = 5). Controls showed a mean change of - 7.1% 
(n = 4). These two groups are statistically different at p < 0.01 
(Mann-Whitney), as demonstrated in Figure 3. Note that fish 
RX first received an empty control implant and then a DHT 
implant, thus serving as its own control. For this fish, a control 
drop of 1.9% was followed by a DHT-induced tuning shift of 
- 17.8%. In addition, 2 separate fish, B and X, had the same 
starting EOD frequency (and KBF) and the control showed a 
change of - 3.5%, while the experimental dropped - 23.2%. This 
hormone-induced shift in zBF is not statistically distinguishable 
from the responses seen in intact, DHT-treated animals (mean 
= -23.4%, n = 5; Keller et al., 1986). 
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Figure 4. Mean BFs of intact (jilled circles) and regenerated (open 
circles) tuberous electroreceptors versus EOD frequency (n = 4). The 
45” line indicates a perfect match between receptor BF and EOD fre- 
quency. Error bars are SD. 
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Figure 5. Representative tuning curves recorded 160 d postlesion from 
intact electrorecentors. The nrelesion EOD (triannle) was 70 Hz. These 
curves do not differ from those recorded in normal fish. The higher 
frequency selectivity in sensitive units versus the less-sensitive units is 
typical. A total recording of 2 1 units gave an average BF of 78.1 f  19.7 
Hz. 

Regeneration 
Cheek skin was removed from 4 fish following PMN lesion, and 
the tuning properties of regenerated and intact receptors were 
studied 2 months after skin removal. The intact receptors (filled 
circles, Fig. 4) were still tuned to the fish’s prelesion EOD fre- 
quency and possessed tuning curves with normal Q,,,B values. 
Regenerated receptors (open circles, Fig. 4) appeared similar to 
those recorded in a previous study using fish with an intact 
electromotor system and fish with a spinal transection that 
blocked the electric field but left the PMN unaffected (Zakon, 
1986). In 3 of 4 cases, there was no significant difference between 
the mean BFs of the intact and regenerated receptors (t test). In 
the fourth case, the mean BF of the regenerated receptors was 
significantly lower than the BF of intact receptors (p < 0.05, 
l-tailed t test) and, therefore, lower than the previous EOD 
frequency. This is not surprising, as skin regeneration proceeds 
at various rates and it is not unusual for some regenerating 
receptors to be tuned lower than intact ones even 2 months after 
skin removal. In 2 of the 4 fish, the mean QlodB of regenerated 
units was significantly lower than those of intact receptors. This 
is not unexpected, however, as it is also true of regenerated units 
in intact fish (Zakon, 1986). 

Maintenance of tuning 
In order to examine if the PMN was necessary for the main- 
tenance of electroreceptor tuning, XBFS were taken for some 
intact receptors up to 2 months postlesion. In no case did the 
mean best frequency or sharpness of tuning change by a signif- 
icant amount, and in one animal the original tuning was un- 
changed at 5 months postlesion. Figure 5 plots representative 
tuning curves from this fish against the original prelesion EOD 
frequency of 70 Hz. As is the case for intact fish, the most 
sensitive units are tuned slightly higher than the EOD, while 
the least sensitive units are tuned somewhat lower. As a pop- 
ulation, however, the KBF was 75.5 Hz f  16.9 at 100 d and 



The Journal of Neuroscience, April 1989, 9(4) 1359 

78.1 Hz f 19.7 at 160 d. The tuning curves in Figure 5 are 
from the 160 d recording. 

Discussion 
Ablation of the PMN 

The key findings of this study are that functional ablation of the 
PMN does not alter the genesis, maintenance, or hormone- 
induced shift of electroreceptor tuning. Our results, therefore, 
are contingent on the demonstration of a functional pacemaker 
lesion. The anatomical evidence is supportive, in that no pace- 
maker cells were noted in histological sections of lesioned nuclei. 
The pacemaker cells are an autorhythmic population having 
strong axosomatic and axodendritic electrical synapses upon one 
another and weaker electrical synapses with relay cells (Bennett 
et al., 1967). The loss of pacemaker cells may be due to a par- 
ticular susceptibility to the cobalt, which may have been en- 
hanced by their strong electrical coupling. This selective loss 
could have been enhanced if the cobalt entered cells damaged 
by the penetrating microelectrode and then, via the electrical 
junctions, passed to the remaining cells. In this regard it is 
interesting to note the apparent survival of the relay cells. The 
few relay cells damaged, if any, may not have resulted in a loss 
of the relay cell population, as they are not strongly coupled in 
this species (Bennett et al., 1967). It is also possible that the 
pacemaker cells, but not the relay cells, are permeable to the 
cobalt. Future investigations using intracellular injections of 
cobalt in vivo or in slice preparations could distinguish between 
these possibilities. 

The external recordings from the tails of lesioned fish provide 
evidence for the loss of pacemaker function, correlated with the 
anatomical evidence of the absence of these cells. The residual 
low-voltage asynchronous activity did not affect electroreceptor 
tuning as evidenced by the KBF change in DHT-treated versus 
control animals and the development of normal tuning in re- 
generating receptors. All lesioned fish exhibited this activity, 
but only androgen-treated fish showed tuning shifts, and intact 
and regenerating receptors remained, or became tuned to, the 
prelesion EOD frequency. 

The 10 Hz component of this low-voltage activity appears to 
have arisen supraspinally, as the one lesioned animal given a 
high spinal transection showed a loss of this low-frequency com- 
ponent while the asynchronous activity remained. The relay 
cells seem a logical candidate for the origin of this 10 Hz activity 
since the histology reveals their presence in normal numbers. 
There have been, however, no reports of autorhythmic behavior 
in these cells. Alternatively, the pre-PMN, which provides the 
sole input to the PMN in the related wave gymnotids Eigen- 
mannia and Apteronotus (Heiligenberg et al., 198 1, and unpub- 
lished observations; Dye and Heiligenberg, 1987), is capable of 
modulating the pacemaker discharge in these species. Bennett 
et al. (1967) reported the presence of chemical synaptic contacts 
on pacemaker and relay cells in Sternopygus; presumably these 
are also inputs from the prepacemaker, but this has yet to be 
demonstrated. It is therefore possible the intact inputs from this 
nucleus to the relay cells cause the observed 10 Hz activity after 
ablation of the pacemaker cells. This alternative is less likely, 
as the unit activity in the prepacemaker shows no 10 Hz rhyth- 
micity (Rose et al., 1988). The steady asynchronous activity, 
however, clearly originated at the electric organ since it could 
be blocked by curare. This activity is likely due to activation of 
electrocytes by randomly firing motoneurons. 

Hormone-mediated electroreceptor tuning 

How do the sharply tuned electroreceptors of Sternopygus re- 
main calibrated with the EOD during EOD frequency shifts? 
Investigation of the possible calibration mechanism of hor- 
mone-mediated shifts in electroreceptor tuning has focused on 
which of the electrically active tissues known to be affected by 
androgen administration could serve to “retune” or calibrate 
the electroreceptors. Previous studies (Meyer et al., 1984; Keller 
et al., 1986) have shown that the ongoing EOD is not necessary 
for the observed shifts in tuning. In these studies it was also 
demonstrated that the androgen does not merely work as a 
permissive agent since fish with spinal transections were placed 
into artificial fields of high frequency and electroreceptor tuning 
still shifted downward. In addition, if the PMN firing frequency 
is decreased by focal implants of DHT directly into the PMN, 
the electroreceptors show little or no shift in tuning (N. Mar- 
kovitz, M. Ferrari, and H. Zakon, unpublished observations). 
Our results further suggest that neither the PMN nor the ongoing 
EOD are necessary for the observed androgen-induced shifts in 
electroreceptor tuning. This result provides strong evidence for 
the direct action of the hormone on electroreceptors. 

For Brienomyrus brachyistius triphasic, a weakly electric Af- 
rican mormyrid with a pulse-type EOD, it appears that the EOD 
is necessary for the hormone-mediated shifts in receptor tuning 
(Bass and Hopkins, 1984). In this species, in which the peak 
power of the EOD pulse is at 1.2 KHz for females and 0.3 KHz 
for males, androgen administration to females causes downward 
shifts in EOD peak power and electroreceptor tuning (Bass and 
Hopkins, 1983). However, when the EOD is silenced by spinal 
transection, androgens do not cause tuning shifts in gonadec- 
tomized animals (Bass and Hopkins, 1984). As proposed by 
Bass and Hopkins (1984), the androgen may allow the electro- 
receptors to become entrained only to an ongoing EOD. It re- 
mains difficult to envision the biophysical bases of how an 
ongoing EOD could alter electroreceptor tuning, but the high- 
frequency tuning of mormyrid receptors (in Pollimyrus isidori 
as high as 18 kHz: Hopkins, 198 1) may be due to quite different 
mechanisms than those proposed for wave gymnotoids (Zakon, 
1986) and the mechanisms of tuning plasticity may therefore 
differ. 

For Sternopygus, it now appears that induced frequency shifts 
in the electrosensory system are due to a neuroendocrinological 
coordination of independent androgen-sensitive sites (Zakon, 
1987; Zakon et al., 1987). Of even broader interest is the fact 
that the 3 androgen-receptive components of this system have 
different developmental origins: the pacemaker presumably is 
from neuroectoderm, the electric organ is myogenically derived, 
and electroreceptors arise presumably from the dorsolateral 
placode, as do related hair cell receptors of the octave-lateralis 
system. If the androgen, or its metabolites, acts directly on each 
tissue in this system, how does each tissue recognize the proper 
end point? It is perplexing to imagine that steroid hormones 
circulating at a few nanograms per milliliter of plasma could 
effectively signal the correct magnitude of changes in electrical 
properties for each tissue type. 

Regeneration and maintenance of electroreceptor tuning 
Electroreceptors regenerate in the skin of electrically silenced 
(Zakon, 1986) and PMN-lesioned fish. This indicates that nei- 
ther the EOD nor the PMN is necessary for the induction of 
new receptors nor their proper physiological development. More 
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importantly, receptors regenerate and develop tuning charac- 
teristics in PMN-lesioned fish that are indistinguishable from 
intact receptors. This developmental tuning plasticity further 
supports the idea that receptor tuning is independent of central 
or motor control. The regeneration results presented here again 
raise the interesting question of how receptors recognize their 
proper “end point?’ 

These regeneration results do not distinguish between a pos- 
sible developmental genetic set point, which the receptor grad- 
ually reaches and at which it stabilizes, or the influence of cir- 
culating sex steroids or other factors during electroreceptor 
development. This question could be investigated by using al- 
lografts from high- to low-frequency fish with and without go- 
nadectomies to investigate the possible contribution of, and 
receptor competency to respond to, varying levels ofendogenous 
steroids. 

Concluding remarks on peripheral sensory plasticity 

The first suggestions that hormones might affect peripheral sen- 
sorycomponents were made by Nissen (1929) and Beach (1948). 
Examples of plastic sensory components that respond to en- 
dogenous or exogenous steroid hormones exist, but are limited. 
As previously mentioned, weakly electric mormyrids also show 
lability in electroreceptor tuning after androgen administration. 
In the fire-bellied toad, Bombina, gonadotropin induces the for- 
mation of lateral line hair cells after metamorphosis, presumably 
by release of endogenous sex steroids (U. Will and B. Fritzsch, 
personal communication). These hair cells also appear to arise 
during the breeding season from latent receptor organs. Kow 
and Pfaff (1973) have reported that tactile receptive fields of 
estrogen-primed female rats increase in size and show a trend 
toward increased sensitivity. There is, as yet, no strong evidence 
for tuning plasticity for any vertebrate auditory system. Al- 
though there are reports of sex differences in the tuning of au- 
ditory receptors in amphibians (Narins and Capranica, 1976; 
Wilczysnki et al., 1983), no study has investigated the role of 
steroids in its development. It is likely, however, that this dif- 
ference is not primarily due to steroids, but rather results from 
allometric growth changes within the auditory papillae (Wil- 
czynski et al., 1984). 

The electroreceptors of weakly electric fish represent an un- 
usual case of peripheral sensory pliancy. This class of sensory 
receptors may change their electrical filtering properties in order 
to maximize their sensitivity to the stimulus available, the EOD. 
This is most likely achieved by changes in active ion conduc- 
tances of the receptor membrane, and this will be the focus of 
future investigations. 
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