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The gymnotiform fish Eigenmannia generates weakly elec- 
tric signals for electrolocation and communication. The sig- 
nals are produced by electric organ discharges (EODs) that 
are driven by a medullary pacemaker nucleus. To avoid jam- 
ming by neighboring conspecifics with similar frequencies, 
a fish raises its own EOD frequency if the neighbor’s fre- 
quency is lower, and it lowers its EOD frequency if the neigh- 
bor’s frequency is higher (Watanabe and Takeda, 1963). 
Both the raising and lowering of EOD frequency of this jam- 
ming avoidance response (JAR; Bullock et al., 1972) are 
thought to be controlled by feature-extracting neurons in the 
diencephalic prepacemaker nucleus (PPn-G) that discrimi- 
nate the sign of the frequency difference between the jam- 
ming signal and the fish’s EOD (Kawasaki et al., 1966a; Rose 
et al., 1966; for review, see Heiligenberg, 1991). These pre- 
pacemaker neurons are excited in response to lower jam- 
ming frequencies, thereby raising the frequency, and inhib- 
ited by higher jamming frequencies, producing a discharge 
deceleration. The results of experiments presented here, 
however, suggest a mechanism for the motor control of the 
JAR that is different from the one described previously (see, 
e.g., Heiligenberg, 1991). 

Two prepacemaker nuclei, one PPn-G and one sublem- 
niscal prepacemaker nucleus (SPPn) (Keller et al., 1991 a,b), 
which provide the only known inputs to the pacemaker, were 
lesioned selectively. This article explores the effects of these 
lesions on the JAR. Pharmacological experiments were used 
to elucidate the transmitter types involved. The results sug- 
gest that the JAR is controlled by two separate motor path- 
ways. One controls frequency rises and originates in the 
dorsal substructure of the nucleus electrosensorius (Keller, 
1966). It sends excitatory connections to the diencephalic 
prepacemaker and finally to the pacemaker nucleus, where 
AMPA-type receptors mediate the synaptic transmission. The 
second pathway controls frequency decreases and origi- 
nates in the ventral substructure of the nucleus electrosen- 
sorius. It provides GABAergic input to the SPPn. The SPPn 
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is tonically active and also controls the EOD frequency even 
in the absence of jamming signals. Its projection to the pace- 
maker nucleus is mediated by NMDA-type receptors. 

The results of this study suggest that there is no single 
population of final, feature-extracting elements or “recog- 
nition units” that controls JAR-related shifts of the pace- 
maker frequency. Instead, the motor control of the JAR con- 
sists of an interaction of two independent pathways according 
to a “push-pull” principle. 

[Key words: electric fish, electrolocation, sensorimotor in- 
tegration, push-pull principle, pacemaker control, lesion 
studies, pharmacology] 

Gymnotiform fish generate weakly electric fields for electrolo- 
cation and communication purposes. The electric signals are 
produced by discharges of an electric organ that is located in 
the tail section oftheir body. The electric organ discharges (EODs) 
are driven by a medullary pacemaker nucleus that triggers each 
discharge cycle. In the gymnotiform fish Eigenmannia, EODs 
are continual, nearly sinusoidal signals with a fundamental fre- 
quency ranging between 150 and 500 Hz. The otherwise con- 
stant EOD frequency (equals resting frequency) can be modu- 
lated in the context of communication, such as courtship or 
aggression (see review by Hopkins, 1988). In addition, Eigen- 
mannia shifts its EOD frequency to avoid jamming by signals 
that originate from neighboring conspecifics (Watanabe and 
Takeda, 1963). This jamming avoidance response (JAR; Bullock 
et al., 1972) can provide a separation of EOD frequencies among 
neighboring fish that is required for accurate electrolocation of 
objects (Heiligenberg, 1973). The JAR functions even in tem- 
porarily immobilized animals, which allows one to study the 
neuronal implementation of this behavior in electrophysiolog- 
ical experiments in awake, behaving animals (Scheich and Bul- 
lock, 1974). Therefore, these fish provide an excellent system 
in which the neuronal networks that control animal behavior 
can be analyzed from the sensory periphery to the motor output. 

Many behavioral experiments have determined the compu- 
tational rules that guide the JAR in Eigenmannia (for a most 
recent review, see Heiligenberg, 1991; Heiligenberg and Ka- 
wasaki, 1992). Numerous subsequent neurophysiological and 
anatomical studies have revealed many elements of the neuronal 
implementation of the JAR (Heiligenberg, 199 1). 

Eigenmannia raises its EOD frequency in response to jam- 
ming signals of slightly lower frequency and lowers its EOD 
frequency in response to signals of slightly higher frequency. 
The fish do not use an internal “corollary” signal of their own 
EOD to determine whether a jamming signal is lower or higher 
in frequency (Bullock et al., 1972; Heiligenberg et al., 1978). 
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Instead, they evaluate modulations in the phase and amplitude 
of their own signal combined with the interfering signal to dis- 
criminate the sign of the frequency difference (see Heiligenberg, 
199 1). Phase and amplitude information are analyzed separately 
at the level of the rhombencephalon, but this information con- 
verges within the dorsal torus semicircularis of the fish’s mid- 
brain to yield “sign-selective” neurons that discriminate the sign 
of the frequency difference (Bastian and Heiligenberg, 1980a,b; 
Heiligenberg and Rose, 1985; Rose and Heiligenberg, 1985a). 
However, the spatial and temporal resolution of toral neurons 
is still insufficient to explain all aspects of the behavior (Rose 
and Heiligenberg, 1985a,b, 1986; Carr et al., 1986a,b, Heili- 
genberg and Rose, 1986; for review, see Heiligenberg, 199 1). A 
higher stimulus sensitivity and temporal resolution is achieved 
in subsequent structures that also generate the motor command 
that finally controls the JAR. The current concept of the motor 
control of the JAR is presented schematically in Figure 1. 

The torus semicircularis dorsalis is known to project to the 
diencephalic complex of the nucleus electrosensorius (Carr et 
al., 198 1) where sign-selective responses were demonstrated by 
extracellular (Bastian and Yuthas, 1984; Keller, 1988) and in- 
tracellular recordings (Heiligenberg et al., 199 1). The temporal 
and spatial resolution of some of these neurons is almost as 
accurate as that found at the behavioral level. Keller and Hei- 
ligenberg (1989) used iontophoretic application of L-glutamate 
to define distinct areas within the nucleus electrosensorius. Stim- 
ulation of a dorsal area (Fig. 1, nET) causes a smooth rise in 
EOD frequency, while stimulation of a more ventrally located 
area (Fig. 1, nEl) causes a smooth decline in EOD frequency. 
Selective lesions of these areas eliminate the corresponding fre- 
quency shifts from the JAR (Keller, 1988). Thus, the dorsal and 
the ventral nucleus electrosensorius appear to be necessary for 
the control of the JAR. 

Until recently, the only known structure providing input to 
the pacemaker nucleus was the diencephalic prepacemaker nu- 
cleus (PPn) (Heiligenberg et al., 198 1; Szabo et al., 1989), which 
as extracellular iontophoretic injections of L-glutamate have 
shown is composed of two functionally distinct subnuclei, a 
medial portion where L-glutamate elicits gradual accelerations 
of the pacemaker frequency, therefore termed PPn-G, and a 
more lateral and ventral portion where L-glutamate or intra- 
cellular microstimulations elicit abrupt frequency modulations 
or “chirps,” therefore called PPn-C (Kawasaki and Heiligen- 
berg, 1988; Kawasaki et al., 1988a). The gradual frequency rises 
are similar to those occurring during the JAR, whereas chirps 
are signals used during courtship and aggression (Hopkins, 
1974a,b, 1988; Hagedom and Heiligenberg, 1985). In accor- 
dance with the results from glutamate injections into the PPn- 
G, extracellular recordings in the vicinity of this nucleus reveal 
sign-selective neurons that are excited by negative frequency 
differences and slightly inhibited by positive frequency differ- 
ences (Rose et al., 1988). Their spatial and temporal resolution 
is often as accurate as that observed at the behavioral level (Rose 
and Heiligenberg, 1985b; Kawasaki et al., 1988b). Small lesions 
of the PPn caused a reduction of the JAR, while larger lesions 
including laterally adjacent areas eliminated the JAR completely 
but also caused damage to the animal’s ability to maintain nor- 
mal body posture (Rose et al., 1988; M. Kawasaki, personal 
communication). These results suggested that neurons within 
the PPn-G represent the final, feature-extracting elements that 
process sensory information for the control ofJAR-related shifts 
of the pacemaker frequency (Kawasaki et al., 1988; Rose et al., 
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Figure I. Original hypothesis of the motor control of the JAR in 
Eigenmanniu (Kawasaki et al., 1988a,b; Rose et al., 1988; Dye et al., 
1989; Keller and Heiligenberg, 1989; Heiligenberg, 199 1). The torus 
semicircularis dorsalis (7X) contains two classes of “sign-selective” 
cells that are excited either by positive or by negative frequency differ- 
ences (Of) between the jamming signal and the fish’s own EOD. The 
dorsal portion of the nucleus electrosensotius (nET) contains higher- 
order sign-selective neurons, excited by negative frequency differences. 
Its stimulation accelerates the pacemaker. Higher-order sign-selective 
cells that are excited by positive frequency differences are located in the 
ventral portion of the nucleus electrosensorius @El). Its stimulation 
lowers the EOD frequency. The PPn-G renresents the ton of a neuronal 
hierarchy controllin-g the- EOD frequent;. Its neurons ire excited by 
negative frequency differences and inhibited by positive frequency dif- 
ferences. Their excitation raises and their inhibition lowers the fre- 
quency of the pacemaker nucleus (I%), which triggers each discharge 
cycle of the electric organ by a single command pulse. Chirp-like fre- 
quency modulations are generated by the PPn-C and mediated by AMPA 
receptors. The effect of the PPn-G/CP was assumed to be mediated by 
NMDA-type receptors. Compare with Figure 2, which incorporates the 
new findings about the motor control of the JAR. GLUTindicates where 
electrophoretic injection of L-glutamate elicits effects. 

1988; Heiligenberg, 199 1). The excitation of these “recognition 
units” in the PPn-G due to negative frequency differences raises 
the pacemaker frequency, and the inhibition of these prepace- 
maker neurons in response to positive frequency differences 
lowers it (see Fig. 1). 

The results of the study presented here indicate, however, that 
there is no single class of final recognition units. Instead, the 
control of the JAR is mediated by two separate motor pathways 
that run from the diencephalic nucleus electrosensorius to the 
medullary pacemaker nucleus (Metzner and Heiligenberg, 199 I b; 
Metzner, 1992). This is schematically shown in Figure 2 (com- 
pare with Fig. 1). One pathway originates in the dorsal portion 
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Figure 2. Present hypothesis of the motor control of the JAR in Ei- 
genmanniu. This flow diagram is explained in more detail in the Dis- 
cussion section. Compare with Figure 1, which shows the original hy- 
pothesis. The response to jamming stimuli with negative frequency 
difference (of), that is, EOD accelerations, is controlled by a purely 
excitatory pathway (darkly stippled structures) that originates in the 
dorsal nucleus electrosensorius @ET), passes via the PPn-G/CP, and is 
assumed to terminate on pacemaker (Pn) cells, where the synaptic trans- 
mission is mediated primarily by AMPA-type receptors. The pathway 
that controls the response to positive frequency differences, that is, EOD 
decelerations (hatched structures), begins in the ventral nucleus electro- 
sensorius (nEl) and continues via GABAergic connections within the 
SPPn. The SPPn projects to relay cells, where NMDA-type receptors 
mediate synaptic transmission. This second pathway also controls the 
resting frequency by the tonic activity of the SPPn. Communication 
sianals (chirps) are generated by the PPn-C (lightly stippled), and its 
connection with relay cells in the pacemaker nucleus via AMPA-type 
recenters Kawasaki et al.. 1988a: Dye et al. 1989; Kawasaki and Hei- 
ligenberg,‘l990; verified also by my bwn experiments). The reciprocal 
GABAergic connection between the dorsal @ET) and ventral nucleus 
electrosensorius (nEl) was demonstrated by Keller and Heiligenberg 
(1989). GLUT indicates where electrophoretic injection of L-glutamate 
elicits effects (Kawasaki et al., 1988a; Keller and Heiligenberg, 1989; 
Kawasaki and Heiligenberg, 1990). 

of the nucleus electrosensorius (nET) and involves the PPn-G. 
This tract controls the increase of the pacemaker frequency in 
response to negative frequency differences. The second motor 
pathway starts in the ventral portion of the nucleus electrosen- 
sorius (nEl) and includes the sublemniscal prepacemaker nu- 
cleus (SPPn) in the mesencephalon. This additional source of 
input to the pacemaker nucleus was only recently discovered 
(Keller et al., 199 la,b). The tract via the SPPn controls the 

lowering of the pacemaker frequency in response to positive 
frequency differences. The two motor pathways finally converge 
at the level of the pacemaker nucleus, where they interact ac- 
cording to a “push-pull” principle. 

Materials and Methods 
Thirty-seven Eigenmanniu from 12 to 20 cm in body length were used 
in this study. All fish had been bred and raised in the laboratory. They 
were immobilized by intramuscular injection of Flaxedil (gallamine 
triethiodide; less than 5 &gm body weight) and gently suspended in 
the center of the experimental aquarium (resistivity, 9-12 M’cm, 26- 
28°C) by a foam-lined forceps with only the dorsal surface of their head 
protruding above the water surface. They were respirated with a stream 
of aquarium water via a glass tube inserted in their mouth. Under local 
anesthesia (Novocain), a small Plexiglas rod was glued to the parietal 
bone to stabilize the fish further. Although Flaxedil strongly attenuated 
the EODs. residual sianals (50 uV to 1 mV). locked to the soinal com- 
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mand cells, could still be monitored with a suction electrode fitted over 
the tip of the tail. These signals were amplified (Grass P- 15) and either 
stored on tape (HP 3964A) or fed directly to a computer for frequency 
analysis. The EOD frequency was monitored continually on a chart 
recorder. 

Since the curarization attenuated the animal’s EOD to a subthreshold 
level, the JAR could be elicited exclusively by artificial stimuli (Scheich 
and Bullock, 1974). The fish’s EOD was mimicked by a sinusoidal 
stimulus (S,) applied between an electrode in the mouth and an electrode 
near the tip of the tail. Frequency and amplitude of the EOD mimic 
were adjusted to those of the EOD before curarization (150-400 Hz, 
l-3 mV/cm near and perpendicular to the head surface). A second 
sinusoidal stimulus (S,), mimicking the jamming signal of a neighbor, 
could be delivered through any pair of diagonally opposed electrodes 
in a quasicircular array surrounding the fish. The second jamming signal 
could also be applied through the same pair of electrodes mimicking 
the fish’s own EOD by electronically adding the two signals. In this 
“identical geometry” condition, modulations of differential phase are 
absent, and JARS cannot be elicited (Heiligenberg et al., 1978). The 
intensity of S, was normally 30% of that of S, , measured near the body 
surface of the fish and perpendicular to its head. The stimulus electrode 
was oriented perpendicular to the fish’s body axis. The magnitude of 
the frequency difference between S, and S, was set at the fish’s optimal 
value for eliciting a JAR, typically *4 Hz. 

Previous studies of the JAR have used a stimulation regime in which 
the sign of the frequency difference between S, and S, was continuously 
alternated between positive and negative values. Under these experi- 
mental conditions, it is impossible to separate the response to either 
sign of the frequency difference from the recovery of the response from 
the preceding cycle. Recovery phenomena, however, are of particular 
importance if the JAR is to be studied before and after a lesion of a 
presumptive neural circuit. I examined the recovery time course in two 
ways: either jamming signals with only one sign of frequency difference 
were presented repeatedly; or within a series of alternating positive and 
negative frequency differences, the jamming stimulus was turned offjust 
before the frequency difference switched to the opposite sign. The re- 
sulting recovery time courses were compared with the time courses of 
EOD frequency changes to either sign of frequency difference. The nearly 
exponential time courses of EOD frequency changes were determined 
by calculating the time constant, (Y, according to 0.5 = exp(-cyT,,*), with 
T,,* being the time when the value of the JAR-related frequency shift 
had relaxed 50%. After time T,, the EOD frequency has changed to l/e 
of its original value. Therefore, the slower the EOD frequency changes, 
that is, the larger To,* is, the smaller is the corresponding value of (Y. 

The diencephalic prepacemaker nucleus, the nucleus electrosensorius, 
and the sublemniscal prepacemaker nucleus were reached by removing 
frontal bone overlying the rostra1 optic tectum and cerebellar vennis 
(approximately 2 mm*) under local anesthesia (Novocain). In some cases 
a larger hole (ca. 2 x 4 mm) was required to expose both tecta to allow 
bilateral penetrations. The prepacemaker nucleus is located approxi- 
mately 2 100 pm underneath the tectal commissure. It was localized by 
iontophoretic injection of r&utamate (Kawasaki et al., 1988a). The nu- 
cleus electrosensorius is located approximately 400-500 pm lateral and 
100-300 pm dorsal to the chirp-producing portion of the diencephalic 
prepacemaker (PPn-C) (Keller, 1988; Keller et al., 1990). The location 
of the sublemniscal prepacemaker nucleus is approximately 400-500 
pm caudal to the diencephalic prepacemaker nucleus. The pacemaker 
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nucleus was reached by making a small slit in the cartilaginous tissue 
above the corpus cerebelli. The center of the medullary pacemaker 
nucleus could be localized by detecting its field potential, which is phase- 
locked to the EOD, using a 3 M NaCl-filled glass pipette with an inner 
tip diameter of a few micrometers. 

Stimulating and iontophoresing electrodes were triple-barrel glass mi- 
cropipettes. Electrodes were variously filled with L-glutamate for stim- 
ulation, NaCl for field potential recordings of the pacemaker, indium 
for lesioning or electrical stimulation, or different transmitter agonists 
and antagonists, respectively. Cell clusters were stimulated by localized 
iontophoresis of L-glutamate [Sigma; 0.1 M in water, pH 8, ca. 100 nA 
(negative DC), with an inner tip diameter of the electrode of < 10 pm]. 
For electrical stimulation one barrel was filled with indium and trains 
of 200 Hz electric pulses of I-1 5 PA, approximately 1 msec in duration 
were applied (World Precision Instruments Accupulser A3 10). For le- 
sioning brain tissue, a high-frequency current (Birtcher Hyfrecator 733, 
bipolar setting between 30 and 40 for l-2 set; see Keller and Heiligen- 
berg, 1989) was applied through the indium-filled barrel. The resulting 
lesions had a diameter of 100-150 tirn. The site of the lesion was later 
verified in histological sections of the brain. Stimulation sites were 
marked by lesions or by iontophoretic injection of Alcian blue (Sigma; 
2% in acetate-acetic acid buffer, pH 4.0) from another barrel of the 
same micropipette assembly. A positive current of 2-8 PA DC yielded 
a discrete blue spot (ca. 20-40 Frn diameter) in histological sections. In 
some cases the stimulation sites were also verified by injection of the 
neurotracer choleratoxin (List Biological Laboratories) through one of 
the three barrels of the microelectrode assembly (pressure injection; see 
below). 

The pharmacological agents tested were GABA (y-amino-n-butyric 
acid; Sigma; 0.5 M in water, pH 3.5 with HCl); the GABA, antagonist 
bicuculline methiodide (Sigma; 2 mM in 165 mM NaCl, pH 3.2); the 
NMDA receptor blocker APV [D(-)2-amino-5-phosphonovaleric acid; 
Research Bi&hemicals Inc.; 506~~ in artificial cerebr&pinal fluid (CSF)]; 
CPP, which is another very specific NMDA antagonist [(+)-3-(2-car- 
boxypiperazin-4-yl)-propyl- 1 -phosphonic acid; Research Biochemicals 
Inc.; 1 mM in artificial CSF]; and the AMPA receptor blocker CNQX 
(6-cvano-7-nitroauinoxaline-2.3-dione: Research Biochemicals Inc.: 250 
IM cn artificial CSF). The artificial fish CSF consisted of 124 mM NaCl, 
2 mM KCl, 1.25 mM KH,PO,, 1.1 mM MgSO,, 1.1 mM CaCl,, and 16 
mM NaHCO, (L. Maler, personal communication; see Dye, 1988). GABA 
and bicuculline were injected iontophoretically (tip diameter of the elec- 
trode barrel, 5-10 pm; GABA: 30-70 nA positive DC for injection and 
20-50 nA negative DC for backing current; bicuculline: ca. 100 nA 
positive DC for injection and ca. 50 nA negative DC backing current). 
APV, CNQX, and (as a control) CSF were pressure injected. For that 
purpose, a tightly fitting polyethylene tube was pushed into the open 
end of the electrode barrel and the other end of the tube was connected 
via a T-joint to an air pressure line. By manually closing the open end 
of the T-joint, the pressure inside the barrel could be increased. This 
forced a small quantity of solution out of the tip of the electrode barrel. 
By visually inspecting the size of the droplet, a quantity of approximately 
0.1-0.2 nl was calculated to be ejected over a time period of l-5 sec. 
Any solution of this quantity, even CSF, caused an immediate increase 
of the pacemaker frequency. By listening to this acceleration in pace- 
maker frequency, the volume of the injection could be limited addi- 
tionally. In most cases, more than one drug was tested in one fish, often 
using one as a control for the action of the other. Each drug was tested 
in at least four individuals. 

In the lesion experiments, first, the area of the diencephalic prepace- 
maker causing chirps was localized by iontophoretic stimulation with 
glutamate, and then, depending on the experiment, the localization of 
either the portion of the diencephalic prepacemaker causing gradual 
EOD accelerations (PPn-G) or the sublemniscal prepacemaker nucleus 
was determined. To test the influence of lesions of the diencephalic and 
sublemniscal prepacemaker nucleus, respectively, on the response to 
iontophoretic stimulation of the nucleus electrosensorius causing EOD 
accelerations (nET) or EOD decelerations (nEl), a second electrode was 
positioned in the nucleus electrosensorius by using a separate micro- 
drive. When injecting pharmacological agents into the pacemaker nu- 
cleus, the injection electrode was positioned in the pacemaker and a 
stimulation electrode (advanced by a separate microdrive) was situated 
in either the PPn-G, the sublemniscal prepacemaker, or the nucleus 
electrosensorius. 

The intracellular recording and labeling of neurons as well as the 
injection and histological reaction of choleratoxin followed a procedure 

described in Metzner and Heiligenberg (199 1 a) and Heiligenberg et al. 
(1991). 

At the conclusion of the stimulation and lesion experiments, the fish 
was immersed in MS-222 and perfused with 4% paraformaldehyde. The 
brain was cut frontally on a vibratome in sections of 50 pm thickness, 
mounted, and counterstained with neutral red. The nomenclature of 
brain structures follows Maler et al. (199 1). 

Results 
Lesions of the medial portion of the diencephalic 
prepacemaker complex 
Iontophoretic injections of t-glutamate into the PPn-G (Ka- 
wasaki et al., 1988a) were used to produce gradual rises of the 
pacemaker frequency in order to locate the most sensitive area 
for subsequent lesioning. This location was determined by shift- 
ing the stimulation electrode in steps of approximately 50 km 
medially and rostrocaudally from the PPn-C (see Kawasaki et 
al., 1988a). Strongest responses to L-glutamate were produced 
approximately 150-200 pm medial, 50 pm dorsal, and 150 wrn 
rostra1 to the chirp-producing prepacemaker. This area, how- 
ever, was located approximately 100-l 50 pm more rostrome- 
dially than the previously described PPn-G (Heiligenberg et al., 
198 1; Kawasaki et al., 1988). It rather corresponded to the 
rostra1 portion of the central-posterior nucleus (CP) of the thal- 
amus. We will include this area of the CP into our functional 
definition of the medial portion of the diencephalic prepace- 
maker complex (= PPn-G/CP). Most recent results from ana- 

tomical studies support this functional definition (Zupanc and 
Heiligenberg, 1992; G. K. H. Zupanc and M. M. Zupanc, un- 
published observations); injections of the more sensitive neu- 
rotracers choleratoxin and Phaseolus lectin into the pacemaker 
nucleus revealed retrogradely labeled neurons not only in the 
PPn, as previously described after injections of HRP (Heiligen- 
berg et al., 198 l), but also within the adjacent CP. 

After bilateral lesions of this most sensitive area for eliciting 
gradual EOD accelerations, the fish was no longer able to per- 
form a complete JAR (Fig. 3A-D). The lesions eliminated any 
response to jamming stimuli with negative frequency differences 
(live fish; Fig. 3B), which usually drive the EOD frequency above 
the resting frequency. After the lesion, however, the EOD fre- 
quency never reached values above the resting frequency and 
the level of the resting frequency remained unchanged. Stimuli 
with positive frequency differences still lowered the pacemaker 
frequency after this lesion (Fig. 3B). Even after large lesions that 
included the laterally adjacent PPn-C (Fig. 30), the fish still 
lowered its pacemaker frequency in response to positive fre- 
quency differences. The additional lesion of the PPn-C had no 
obvious effect. 

When a jamming stimulus with negative frequency difference 
was presented at the onset of a stimulus sequence, the EOD 
frequency decreased up to 1 Hz below the resting frequency (Fig. 
38, indicated by white stars). Thus, a stimulus with a negative 
frequency difference that usually excited pacemaker cells and 
increased the EOD frequency became inhibitory after lesions of 
the PPn. 

After lesioning the PPn, the time constants of the JAR changed 
as well. This is shown in Figure 3C, where the time constants 
for the JAR to stimuli with negative (i.e., EOD accelerations; 
arrowhead upward) and positive frequency differences (i.e., EOD 
decelerations; arrowhead downward) are plotted. The changes 
in EOD accelerations were the most apparent ones. They were 
significantly slower; that is, the time constant was lower after 
the lesion than before (paired t test, P < 0.1%). The EOD fre- 
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Figure 3. Lesions of the PPn-G/CP 
and their effects on the JAR. The upper 
traces in A and B show the EOD fre- 
quency; the dotted line represents the 
resting frequency. The lower traces in- 
dicate the frequency difference (Of) be- 
tween jamming stimulus and EOD 
mimic (upward defections, positive fre- 
quency difference; downward dejlec- 
tions, negative frequency difference). 
The dashed line represents the time span 
when no jamming stimulus was pre- 
sented. The arrowheads in the upper 
truces indicate the onsets and offsets of 
the jamming stimulus (on and offin the 
lower truces). The time interval be- 
tween individual traces presented here 
is given underneath the lower truce (300 
set). A, JAR approximately 1 min be- 
fore the lesion. B, Lesion of the PPn- 
G/CP (asterisk) eliminated the re- 
sponse to jamming stimuli with nega- 
tive frequency differences. The EOD no 
longer rose above the resting frequency. 
The response to positive frequency dif- 
ferences was unchanged. Note the drop 
in EOD frequency during initial stimuli 
with negative frequency difference (in- 
dicated by the white stars). C, Time 
courses of the JAR in four fish as rep- 
resented by the time constant. The time 
constant a was calculated according to 
the formula 0.5 = exp(-cYT,), with & 
being the interval of time over which 
the EOD frequency shifted halfway to- 
ward the asymptotic level. Each col- 
umn represents a mean of 10 or more 
values. The SDS are given by the error 
bars above each column. Arrowheads 
upward, increase of EOD frequency in 
response to negative frequency differ- 
ences (=EOD acceleration); arrowheads 
downward, decrease of EOD frequency 
due to positive frequency differences 
(=EOD deceleration); R, recovery of 
EOD from previous JAR with no jam- 
ming stimulus present; R + arrowhead 
upward, recovery from previous de- 
crease below resting frequency (i.e., 
“passive” acceleration). D, Drawing of 
a frontal section through the fish’s di- 
encephalon showing the bilateral lesion 
of the whole PPn (black areas). The le- 
sion extended over a rostrocaudal length 
ofapproximately 250 pm. The asterisks 
indicate the centers of four individual 
lesions. Even after this large lesion, the 
fish still performed a JAR to positive 
frequency differences (i.e., EOD decel- 
eration). Arrowhead downward, ventral 
nucleus electrosensorius. CP, central- 
posterior nucleus; G, glomerular nucle- 
us; nE, nucleus electrosensorius; SE, 
subelectrosensorius nucleus; TA, nucle- 
us tuberis anterior; TeO, tectum opti- 
cum; TSd, torus semicircularis dorsal- 
is; V, 3rd ventricle. 
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quency increased even more slowly after the lesion than it de- 
creased before (three out of four fish; P < 0.1%). The postlesion 
EOD decelerations were slower than before as well (P < 0.1%). 
In fact, both postlesion acceleration and deceleration were slower 
than the pure recovery (P < 0.1%). 

Apart from the effects of these lesions on the JAR, I also 

tested how they affected the behavioral consequences of direct 
stimulation of the ipsilateral nucleus electrosensorius and of the 
ipsilateral SPPn (Fig. 4). Before the lesion of the PPn, r,-gluta- 
mate stimulation of the dorsal nucleus electrosensorius (Fig. 4A, 
left) caused a smooth acceleration of the pacemaker while stim- 
ulation of the ventral nucleus electrosensorius (Fig. 4B, left) 
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caused pacemaker decelerations. After the lesion, stimulation 
of the dorsal nucleus electrosensorius (Fig. 4A, right) failed to 
raise the EOD frequency while the response to stimulations of 
the ventral nucleus electrosensorius (Fig. 4B, right) remained 
intact. The response to stimulation of the SPPn (injection of 
GABA; see below) also remained unchanged (Fig. 40 

before 

EOD 
A-.-../ 

i‘_ 

Therefore, the JAR to stimuli with negative frequency dif- 
ferences, which involves EOD accelerations, appears to be me- 
diated by the PPn-G/CP. In contrast, the response to jamming 
signals with positive frequency differences, which involves EOD 
decelerations, must be controlled by a neuronal pathway that 
bypasses the PPn-G/CP. 

after 

Lesions of the sublemniscal prepacemaker nucleus 

During the course of the experiments described above, we found 
that the SPPn, which had recently been discovered in the related 
genera Sternopygus and Hypopomus (Keller et al., 199 la), also 
exists in Eigenmannia (Fig. 5; Keller et al., 199 lb). It appeared 
to be a very small nucleus, however, and only a few scattered 
cells were backlabeled in the midbrain tegmentum after injec- 
tions of Phaseolus lectin or choleratoxin into the pacemaker 
nucleus. They were located medioventrally to the lateral lem- 
niscus and rostrocaudally at the level of the dorsal raphe (Fig. 
5). 

In order to determine the role of the SPPn in the control of 
the JAR in Eigenmannia, this area was lesioned bilaterally in 
a total of six fish. Before we were able to identify the SPPn 
pharmacologically (see below), its location in the fish’s brain- 
stem had to be determined by using its position relative to the 
PPn-C. The SPPn is located approximately 500-600 pm caudal, 
50-l 00 pm medial, and 100-200 Km dorsal of the center of the 
PPn-C. 

Immediately after a unilateral lesion of the SPPn, the resting 
frequency dropped between 5 and 9 Hz below its former level 
and did not recover for the rest of the experiment (i.e., for at 
least 4 hr). The response to jamming signals with positive fre- 
quency differences was markedly reduced, and it was completely 
eliminated after bilateral lesions of the SPPn (Fig. 6A.B). EOD 
frequencies never decreased below the level of the new resting 
frequency (Fig. 6B). Nevertheless, the fish still responded to 
stimuli with negative frequency differences (Fig. 6B). The EOD 
frequency rises, however, were sometimes wobbly, and the rest- 
ing frequency was often less stable than before the lesions; it 
varied over a range of 2-4 Hz, corresponding to l-5% of its 
absolute frequency value. The JAR disappeared completely if, 
in addition to lesions of the SPPn, the PPn-G was lesioned. 

Usually, excitatory jamming signals with negative frequency 
differences caused decreases of the EOD frequency after lesions 
of the PPn (see Fig. 3B, white stars). In contrast, after lesions 
of the SPPn, the onset of a stimulus with a positive frequency 
difference never caused the EOD frequency to increase (Fig. 6B, 
indicated by the white star). 

An intact fish shifts its EOD frequency faster upward than 
downward (Figs. 3C, 6C, solid columns; see also Bullock et al., 
1972; Bastian and Yuthas, 1984). After lesions of the SPPn, 
however, this relation was inverted; decelerations of the pace- 
maker were faster than accelerations (Fig. 6C) (paired t test, P 
< 0.1%). However, much as with lesions ofthe PPn, the increase 
in the EOD frequency was generally slower than before (P < 
0.1%). 

Figure 7 shows the effects of lesions of the SPPn on the be- 
havioral responses to stimulation of both the ipsilateral nucleus 
electrosensorius and of the PPn-G/CP. After the lesion, the 

SPPn v 
25s I 

5Hz 

Figure 4. EOD frequency changes in response to stimulation of the 
dorsal nucleus electrosensorius (nEl), ventral nucleus electrosensorius 
(n.Q, and SPPn before and after lesions of the ipsilateral PPn-G/CP. 
The stimulus duration is indicated by the bars beneath the traces. A, 
Lesion of the PPn eliminated the response to L-glutamate (100 mM) in 
the dorsal nucleus electrosensorius. B, The response to stimulation of 
the ventral nucleus electrosensorius with L-glutamate was not affected. 
C’, Similarly, the effect of stimulation of the SPPn with GABA (500 
mM; see Fig. 7) did not change after the lesion. The irregular spikes in 
the right traces of A and B (after the lesion) represent abrupt frequency 
modulations (= chirps) that were produced as a result of lesioning parts 
of the PPn-C. 

frequency decrease in response to glutamate stimulation of the 
ventral nucleus electrosensorius was eliminated (Fig. 7B) while 
the stimulation of the dorsal nucleus electrosensorius (Fig. 7A) 
and of the PPn-G/CP (Fig. 7C) still elicited gradual EOD ac- 
celerations. Therefore, the control of the JAR to stimuli with 
positive frequency differences appears to be mediated by the 
SPPn. 

GABAergic input to the sublemniscal prepacemaker nucleus 

In contrast to our experience in other gymnotiform fish (Ster- 
nopygus, Keller et al., 199la; Apteronotus, W. Heiligenberg and 
W. Metzner, unpublished observations; and Hypopomus, Hei- 
ligenberg, personal communication), the SPPn in Eigenmannia 
could not be stimulated by electrophoretic injections of L-glu- 
tamate (see below). However, electrical pulses between 1 and 
15 PA (ca. 1 msec duration at about 200 Hz; eight trials in three 
fish) caused slight increases of the EOD frequency of up to 3 
Hz (Fig. 8A, left). The performance of the JAR was not altered 
significantly by the electrical stimulation; the magnitude of the 
response to signals with positive and negative frequency differ- 
ences, respectively, remained unchanged (Fig. 8A, right). 

Electrophoretic injections ofthe inhibitory transmitter GABA 
into the SPPn reduced the EOD frequency by as much as 7 Hz 
(Fig. 8B, left). The resting frequency returned then to its former 
level within a few seconds after the end of the injection. The 
frequency changes due to GABA injection into the SPPn resem- 
bled very much those observed during injection of L-glutamate 
into the ventral nucleus electrosensorius (see Fig. 8D, nE1). Dur- 
ing the JAR, GABA injections into the SPPn shifted the baseline 
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Figure 5. Photomicrograph of a fron- 
tal section through the brainstem teg- 
mentum of Eigenmannia showing the 
SPPn. A few scattered cells were ret- 
rogradely labeled after injection of 
choleratoxin into the medullary pace- 
maker nucleus (left arrow). The rostro- 
caudal level of this frontal section cor- 
responds to the level of section 13 in 
the brain atlas by Maler et al. (199 I). 
A, Overview. B, Detail as indicated by 
the boxed region in A. CANS, commis- 
sura ansulata; LL, lateral lemniscus; 
MLF, medial longitudinal fasciculus; 
PL, paralemniscal nucleus; R, red nu- 
cleus; Rd, dorsal raphe; TSv, torus sem- 
icircularis ventralis; V, fourth ventricle. B 
up to 7 Hz below the original resting frequency (Fig. 8B, right). 
The magnitude of the response to stimuli with positive fre- 
quency difference was not notably affected. The best response 
to GABA was found in a very restricted area of only approxi- 
mately 100-200 pm in diameter that corresponds to the center 
of the SPPn. The location of the stimulation sites was verified 
by injections of Alcian blue or choleratoxin. These results were 
confirmed in numerous trials in a total of six fish. Injections of 
NaCl(165 mM, pH 3.2) as a control had no effect on the resting 
frequency or on the JAR. 

The negative results of previous injections of L-glutamate into 
the SPPn were confirmed by injecting glutamate at the same 
sites where GABA injections elicited strongest effects. No re- 
sponse to glutamate was observed. 

To confirm the GABAergic input of the SPPn, bicuculline 
methiodide, a GABA, antagonist, was injected electrophoreti- 
tally. Bicuculline induced a slight increase of the resting fre- 
quency by as much as 4 Hz above its former level (Fig. SC, 
left). The bicuculline reaction was very slow; the frequency in- 
crease occurred over a period of several hundred seconds during 
continuous bicuculline injection, and recovery required up to 3 
min. During the JAR, bicuculline injection caused a slight re- 
duction in the response to stimuli with positive frequency dif- 
ference and a rise of the baseline frequency (Fig. SC, right). 

In another set of experiments, the ventral nucleus electrosen- 
sorius was stimulated with glutamate during simultaneous bi- 
cuculline injection into the ipsilateral SPPn. The frequency de- 
crease in response to the stimulation of the ventral nucleus 
electrosensorius (nEl, Fig. SD) could be blocked by injection of 

bicuculline into the SPPn (Fig. 8D). It took several minutes for 
the stimulation of the ventral nucleus electrosensorius to reach 
its former magnitude. 

These experiments suggest that the SPPn receives tonic in- 
hibitory, GABAergic input from the ventral nucleus electrosen- 
sorius. Whether the ventral nucleus electrosensorius is directly 
connected with the SPPn or whether this connection is mediated 
via yet unknown links remains to be determined by anatomical 
experiments. 

Control of the pacemaker nucleus by the diencephalic and the 
sublemniscal prepacemaker nuclei 
The medullary pacemaker nucleus in Eigenmannia contains 
intrinsic pacemaker neurons and relay neurons that innervate 
the electromotoneurons in the spinal cord. Pacemaker and relay 
cells are coupled electrotonically, while the inputs from the PPn 
and from the SPPn are mediated by chemical synapses (Bennett, 
1971; Dye and Meyer, 1986; Szabo et al., 1989). Immunohis- 
tochemical as well as pharmacological studies did not reveal 
any evidence for the presence of inhibitory transmitters in the 
pacemaker nucleus of Eigenmannia (Kawasaki and Heiligen- 
berg, 1990; G. Kennedy, personal communication). 

In order to test the pharmacological nature of pacemaker 
afferents, the AMPA antagonist CNQX and the NMDA antag- 
onist APV were injected into the pacemaker nucleus. Their 
effects on the JAR and on the efficacy of the nucleus electro- 
sensorius and of the PPn and the SPPn were tested (see also 
Dye et al., 1989). 

Injection of CNQX into the pacemaker drastically reduced 
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the response to jamming signals with negative frequency dif- 
ferences, that is, EOD accelerations (Fig. 9A-C). The JAR very 
much resembled that obtained after lesion of the PPn (see Fig. 
3), and the baseline frequency of the JAR decreased (Fig. 9B). 
The levels of the resting frequency and the JAR to stimuli with 
positive frequency differences, that is, the EOD deceleration, 
were not affected (Fig. 9B). The JAR recovered after several 
hundred seconds (Fig. 9C). A control injection of artificial CSF 
into the pacemaker nucleus had no significant effect on the per- 
formance of the JAR (Fig. 10). 

CNQX also reduced the response to glutamate stimulation of 
the medial portion of the PPn, which causes gradual EOD ac- 

Figure 6. Lesion of the SPPn and its 
effects on the JAR. The presentation of 
data follows the convention shown in 
Figure 3. A, JAR approximately 5 min 
before the lesion of the SPPn. B, The 
lesion of the SPPn (asterisk) caused a 
decrease of the resting frequency and 
eliminated the JAR to positive fre- 
quency differences. The fish was no lon- 
ger able to lower its EOD frequency be- 
low the new resting frequency. However, 
the fish still avoided jamming signals 
with negative frequency difference by 
increasing its EOD frequency. Note that, 
in contrast to the situation after lesions 
of the PPn, there was no response to 
the onset of a positive frequency dif- 
ference (white star). C, Time constants 
for EOD frequency changes during JAR 
before and after lesion of the SPPn. See 
Figure 3C for explanation of symbols. 
R + arrowhead downward, recovery 
from previous increase above resting 
frequency (i.e., “passive” deceleration). 
D, Drawing of a frontal section through 
the level of the brainstem tegmentum 
showing the lesion of the SPPn (black). 
The lesion extended over a rostrocau- 
da1 distance of approximately 200 pm. 
Compare with Figure 5 for the location 
ofthe SPPn. G, glomerular nucleus; LL, 
lateral lemniscus; MLF, medial longi- 
tudinal fasciculus; R, red nucleus; Rd, 
nucleus raphe dorsalis; TeO, tectum 
opticum; TSd, torus semicircularis dor- 
salis; TSv, torus semicircularis ventral- 
is; V, fourth ventricle. 

celerations, of its lateral, chirp-producing portion, and of the 
dorsal nucleus electrosensorius. The magnitude of responses to 
stimulation of the PPn-G/CP (Fig. 11A) and of the dorsal nu- 
cleus electrosensorius (Fig. 11 B, nET) decreased after 1 O-20 set 
and slowly recovered after several hundred seconds. In accor- 
dance with earlier findings by Dye et al. (1989), CNQX also 
blocked the input from the PPn-C (not shown). 

The responses to glutamate stimulation of the ventral nucleus 
electrosensorius (Fig. 1 ID, nE1) and to GABA stimulation of 
the SPPn (Fig. 11C) were not affected. Control injections of 
artificial CSF also had no effect, which is shown in Figure 11E 
for the stimulation of the PPn-G/CP. 
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Injections of APV into the pacemaker nucleus showed the 
same initial effects as lesions of the SPPn (Fig. 12; compare with 
Fig. 6). Immediately after the injection, the resting frequency 
dropped by as much as 10 Hz below its former level (Fig. 128), 
and the responses to jamming signals with positive frequency 
difference, that is, EOD decelerations, as well as to those with 
negative frequency difference, that is, EOD accelerations, were 
reduced (Fig. 12B). EOD accelerations recovered very fast (ap- 
proximately 1 min), whereas the recovery of EOD decelerations 
and of the resting frequency required up to 12 min (Fig. 12C). 

In contrast to injections of CNQX, APV injections did not 
affect the response to stimulations of the PPn-G/CP (Fig. 134, 

c 

Figure 7. Changes of EOD freauencv in resoonse to stimulation of the 
dorsal nucleus ei&trosensorius &&Ti ventral nucleus electrosensorius 
@El), and PPn-G/CP (CP/PPn-G) with L-glutamate (100 mM) before 
and after lesion of the ipsilateral SPPn. The stimulus duration is indi- 
cated by bars beneath the traces. A, The response to stimulation of the 
dorsal nucleus electrosensorius remained unchanged after the lesion. B, 
The response to stimulation of the ventral nucleus electrosensorius was 

25s I 
5Hz eliminated. C, Stimulation of the PPn-G/CP caused the same smooth 

acceleration of EOD frequencies after the lesion as before. 

ELECTRICAL 

A-P-1 EOD . . . . . . . . . . . . . . . . . . . . . 

SPPn nEf 
ELECTR. -GLUT. 

GABA GABA 

B . . . . 

BICUCULLINE 

Figure 8. Effects of various stimulations of the SPPn. Left side in A-C, Effect upon the resting frequency; right side in A-C, effect upon the JAR. 
A, Electrical stimulation (negative DC pulses of l-l 5 PA, approximately 1 msec duration at about 200 Hz repetition rate) caused an increase in 
the resting frequency (left) and an increase in the baseline frequency during JAR performance (right). Note that glutamate stimulation of the ventral 
nucleus electrosensorius (nEl) also lowered the baseline frequency. The magnitude of the JAR was not affected notably. B, Stimulation with GABA 
(500 mM) decreased the resting frequency (lest) and also lowered the baseline frequency during the JAR (right). C, Bicuculline methiodide (2 mM) 
increased the resting frequency (left) and also slightly reduced the response to stimuli with positive frequency differences (right). D, Injection of 
bicuculline methiodide into the SPPn (duration indicated by the upper bar) and simultaneous repetitive stimulation of the ipsilateral ventral nucleus 
electrosensorius @El) with L-glutamate (500 rnhi; indicated by the lower bars). Bicuculline blocked the EOD frequency decrease in response to 
stimulation of the ventral nucleus electrosensorius. 
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of the PPn-C (not shown), and of the dorsal nucleus electrosen- 
sorius (Fig. 13B, nET), whereas they reduced the response to 
GABA stimulation of the SPPn (Fig. 13C) and to glutamate 
stimulation of the ventral nucleus electrosensorius (Fig. 130, 
nEl). The responses recovered after several minutes. Injections 
of artificial CSF as a control had no effect. This is demonstrated 
in Figure 13E for the stimulation of the SPPn. 

The injection of CPP, another very selective NMDA antag- 
onist, into the pacemaker had the same effects as injections of 
APV. 

These results indicate that the inputs from the PPn-G/CP and 
from the SPPn to the medullary pacemaker nucleus are medi- 

before 
T 1 

Figure 9. Injection of the AMPA an- 
tagonist CNQX (500 mM) into the 
pacemaker nucleus and its effect on the 
JAR. The presentation of data follows 
the convention of Figure 3. A, JAR 100 
set before the injection. B, Injection of 
CNQX (duration indicated by bar above 

25s I 5Hz 
trace) caused the EOD frequency to re- 
main below the resting frequency. C, 
The JAR recovered approximately 14 
min after the injection. 

ated by different types of receptors. The afferents from the PPn- 
G/CP utilize AMPA receptors and can therefore be selectively 
blocked by CNQX, while the afferents from the SPPn utilize 
NMDA-type receptors, which can be blocked selectively by APV. 

Connection between the dorsal torus semicircularis and the 
nucleus electrosensorius 
Jamming signals with negative frequency differences causes ex- 
citation in the dorsal nucleus electrosensorius, and this acti- 
vation increases the pacemaker frequency, while signals with 
positive frequency differences excite units in the ventral nucleus 
electrosensorius, which in turn decrease the pacemaker fre- 
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Figure 10. Control injection of arti- 
ficial fish CSF into the pacemaker nu- 
cleus. The presentation of data follows 
the convention of Figure 3. A, JAR ap- 
proximately 120 set before the injec- 
tion. B, Injection of CSF (duration in- 
dicated by bar above trace) slightly 
reduced the magnitude of the JAR but 
did not affect the level of the resting 
frequency. 
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Figure Il. Effects of CNQX injec- 
tions into the pacemaker nucleus on the 
response to stimulations of brain struc- 
tures that mediate EOD accelerations 
(A, B) and EOD decelerations (C, D) of 
the JAR, respectively. The duration of 
the CNQX injection is marked by the 
bar above each trace; the duration of 
each stimulation is indicated by bars 
beneath each trace. The vertical bars to 
the right represent a change in the EOD 
frequency of 5 Hz. The level ofthe rest- 
ing frequency is illustrated by the bro- 
ken lines. The traces represent data from 
three different fish (A + E, B+D, and C 
were obtained from one fish each). The 
time intervals between individual stim- 
ulations are given by the numbers be- 
neath each truce. A, CNQX injections 
into the pacemaker drastically reduced 
the gradual EOD acceleration elicited 
by glutamate stimulation (100 mM) of 
the PPn-G/CP. B, Similarly, the re- 
sponse to stimulation of the dorsal nu- 
cleus electrosensorius @ET) with glu- 
tamate was reduced. C, The decrease 
of EOD frequencies due to the stimu- 
lation of the SPPn with GABA (500 
mM) was not affected. D, The pace- 
maker deceleration in response to glu- 
tamate stimulation of the ventral nu- 
cleus electrosensorius @El) was not 
notably affected as well. E, The control 
injection ofartificial CSF into the pace- 
maker nucleus had no effect on the re- 
sponse to glutamate stimulation of the 
PPn-G/CP. 
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quency (Keller, 1988, 1989; Keller and Heiligenberg, 1989; see 
Figs. 1, 2). How is this sign selectivity of neuronal responses in 
the dorsal and in the ventral nucleus electrosensorius, respec- 
tively, achieved? Since sign-selective neurons are already found 
in the torus semicircularis dorsalis (Heiligenberg and Rose, 1985, 
1986; Rose and Heiligenberg, 1985a), one might assume that 
the dorsal nucleus electrosensorius (see Figs. 1, 2, nET) should 
receive input from toral neurons excited mainly by negative 
frequency differences, whereas the ventral nucleus electrosen- 
sorius (Figs. 1, 2, nEl) is innervated by toral neurons excited 

primarily by positive frequency differences. Intracellular re- 
cording and labeling techniques can help clarify this question. 
By using HRP and Lucifer yellow as intracellular tracers, Rose 
and Heiligenberg (1985a) were able to demonstrate that these 
neurons were predominantly located in the deeper laminae of 
the dorsal torus, mainly in lamina 8c. Unfortunately, axonal 
projections to the diencephalon could not be found with the 
methods used in their study. 

In the present study, by using biocytin as an intracellular 
marker, a sign-selective cell was characterized physiologically 
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and subsequently labeled (Fig. 14). Sign-selective neurons in the 
dorsal torus semicircularis are seldom found, and the recordings 
are rarely sufficiently stable to identify the cell and to inject a 
sufficient amount of tracer (at least 10 min). Therefore, this is 
the only successfully identified and sufficiently labeled neuron 
so far. 

This neuron responded preferably to positive frequency dif- 
ferences (Fig. 14A,B). If the jamming stimulus and the EOD 
mimic were added electronically and presented through the same 
pair of electrodes (situation of “identical geometry”), no phase 
information but only information about the amplitude of the 
mixed signal was contained. In this situation, the neuron was 
excited by the decrease in amplitude (I-unit) (Fig. 14C). The 
neuron was located in the ventral portion of lamina SC (Fig. 
140) and belonged to the pyramidal cell type (Carr and Maler, 
1985). it sent a prominent axon to the optic tectum. Just ven- 
trally of the torus, a thin collateral was found heading rostrally 
to the ipsilateral nucleus electrosensorius. It passed through the 
dorsal nucleus electrosensorius without making any obvious 
contact on cells, and no axonal swellings could be seen within 
the dorsal nucleus electrosensorius (Fig. 140, inset, nE1). How- 
ever, within the ventral nucleus electrosensorius (nE1) a collat- 
eral turned off and terminated at the dorsal border of the ventral 
nucleus electrosensorius. The axon headed farther rostrally and 
could be followed halfway through the postoptic commissure 
before it was lost. From extracellular tracer injections in the 
dorsal torus semicircularis and in the nucleus electrosensorius 
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Figure 12. Injection of the NMDA 
antagonist APV into the pacemaker nu- 
cleus and its effect on the JAR. Presen- 
tation of data is as in Figures 3 and 9. 
A, JAR 60 set before the injection. B, 
Injection of APV (duration is indicated 
by the bar above the upper trace) caused 
a decrease of the resting frequency (dot- 
ted lines) from 2 15 Hz to 209 Hz and 
initially reduced the EOD acceleration 
as well as deceleration. EOD accelera- 
tion recovered much earlier than the 
deceleration (after approximately 1 
min). Compare also with the control 
experiment shown in Figure 10. C, Re- 
covery of EOD decelerations occurred 
after approximately 12 min. 

(Keller et al., 1990; Heiligenberg and Metzner, unpublished 
observations) and from intracellular labeling of other, non-sign- 
selective toral neurons that projected to the nucleus electrosen- 
sorius (Metzner and Heiligenberg, 199 l), it is known that efferent 
fibers from the dorsal torus cross over through the postoptic 
commissure to the contralateral nucleus electrosensorius. The 
finding of this toral neuron therefore supports the hypothesis 
that the ventral nucleus electrosensorius should receive input 
from toral neurons responding preferably to positive frequency 
differences (see Figs. 1, 2). 

Discussion 
Separate motor pathways control EOD accelerations and EOD 
decelerations of the JAR 
The current understanding of the motor control of the JAR is 
summarized in Figure 2 (compare with Fig. 1). Two separate 
pathways diverge from sign-selective cells of the dorsal torus 
semicircularis (TSd). The pathway controlling gradual EOD ac- 
celerations involves those toral neurons that respond selectively 
to negative frequency differences, the dorsal nucleus electrosen- 
sorius (nET), the PPn-G/CP, and the primarily AMPA-mediated 
input to the pacemaker (Pn). This is supported by the obser- 
vation that bilateral lesions of the PPn-G/CP eliminated the 
response to jamming signals with negative frequency differences, 
that is, EOD accelerations, and left the response to stimuli with 
positive frequency differences, that is, EOD decelerations, in- 
tact. Moreover, injections of CNQX, which selectively blocks 
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before APV after 

Figure 13. Effects of APV injections 
into the pacemaker nucleus on the re- 
sponse to stimulations of brain stmc- 
tures that mediate EOD accelerations 
(A, B) and EOD decelerations (C, D) of 
the JAR, respectively. The presentation 
ofdata follows the convention of Figure 
11. The traces show data obtained from 
three different fish (A, B+C+E, D). In 
all cases the resting frequency dropped 
immediately after the injection of APV 
and returned to its former level over a 
period ofa few hundred seconds (down- 
ward arrows in A-D). A, APV injec- 
tions into the pacemaker nucleus did 
not affect the gradual rises of EOD fre- 
quencies in response to glutamate stim- 
ulation ( 100 mM) of the PPn-GKP. B, 
It also did not influence the response to 
stimulation of the dorsal nucleus elec- 
trosensorius (nET). C, The deceleration 
of pacemaker frequencies caused by 
stimulation of the SPPn with GABA 
(500 mM) was reduced after APV in- 
jections and recovered after a few hun- 
dred seconds. D, Similarly, the decline 
in EOD frequency induced by gluta- 
mate stimulation of the ventral nucleus 
electrosensorius @El) was diminished 
after the injection of APV. E, Control 
injections of CSF had no effect on the 
response to GABA stimulations of the 
SPPn. 
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AMPA-type receptors, into the pacemaker nucleus (Pn), had 
results much like lesions of the PPn-G/CP. The fast time courses 
of EOD accelerations in intact fish (Bullock et al., 1972; Bastian 
and Yuthas, 1984; see also Figs. 3, 6) may in part reflect the 
fast synaptic transmission provided by AMPA-type receptors. 
However, the response to negative frequency differences (i.e., 
EOD accelerations) was initially also reduced after injection of 
APV, an NMDA antagonist, into the pacemaker (Fig. 12B). 
Although this effect was not too different from the effect of the 
control injection of CSF (Fig. lo), it may suggest that the input 
from the PPn-G/CP is at least partially also mediated by NMDA- 
type receptors. 
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The pathway that controls EOD decelerations starts with neu- 
rons in the dorsal torus semicircularis that are selective for 
positive frequency differences. It subsequently involves the ven- 
tral nucleus electrosensorius (nEl), which in turn lowers the tonic 
activity of the SPPn via its GABAergic input. The diminished 
activity of the SPPn finally reduces the NMDA-mediated input 
to the pacemaker (Pn). GABAergic transmission and NMDA 
transmitter types represent rather slow synaptic mechanisms. 
This might cause EOD decelerations to be generally much slower 
than EOD accelerations. This pathway is suggested by the fact 
that bilateral lesions of the SPPn eliminated the response to 
stimuli with positive frequency differences, that is, EOD decel- 
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Figure 14. Responses of a phase-sensitive neuron in lamina 8c of the torus semicircularis dorsalis (Tsd). The EOD mimic (S,) is indicated in 
the drawings to the left (arrowheads show positive current flow). A jamming signal (S,) that was either 2 Hz higher (Of > 0) or 2 Hz lower (Of < 
0) than S, was presented either through pairs of electrodes straddling the fish in different orientations (differential geometry, labeled d.g.; A, B) or 
through the same pair of electrodes used for delivering S, (identical geometry, labeled i.g.; C). The direction of the positive current flow for S, is 
indicated by the arrows in each of the drawings on the left. The spike rates are presented in histograms (bin width, 10 msec) covering one beat 
cycle of the interfering signals S, and 8, and plotted above the amplitude and phase functions. The numbers to the right of each spike histogram 
are the relative numbers of spikes per beat cycle. For details of data presentation, see Heiligenberg and Rose (1985). A and B, The neuron responded 
best to a jamming signal with a frequency higher than that of S, (amplitude rise combined with phase lag) and that was presented perpendicular 
to the fish’s body axis (two replications of experiment in A compared with B). C, Under identical geometry, when the interfering signal contained 
no phase information, the neuron responded to a decrease in amplitude and is thus classified as an I-unit. D, The soma of this neuron was located 
at the ventral border of lamina 8c. The heavily spined dendrites extended up to the dorsal boundary of lamina 8c and spread into lamina 8d. The 
axon split into two collaterals after it left the torus. The thicker collateral projected to the optic tectum, and the thinner branch headed 
approximately 600 pm rostrally toward the ipsilateral nucleus electrosnensorius (inset, nE), passed through the dorsal nucleus electrosensorius 
(&I), and divided into two further branches. One of them terminated just dorsal to the ipsilateral ventral nucleus electrosensorius (&I), and the 
remaining branch passed through the postoptic commissure over to the contralateral side where it was lost. TeO, tectum opticum; TSv, torus 
semicircularis ventralis. 

erations, while the response to signals with negative frequency 
differences, that is, EOD accelerations, was left intact. The JAR 
could only be eliminated entirely by lesioning both PPn and 
SPPn bilaterally. Injections of APV, an antagonist of NMDA- 
type receptors, into the Pn revealed very similar results as lesions 
of the SPPn. 

The second pathway also controls the resting frequency by 
the level of tonic activity of the SPPn. By lesioning the SPPn, 
this tonic activity was eliminated and the resting frequency de- 
creased accordingly. In addition, the SPPn receives tonic inhi- 
bition (presumably from the ventral nucleus electrosensorius). 
This is suggested by the increase of the resting frequency after 
injection of the GABA, antagonist bicuculline into the SPPn. 

Effects of APV injections into the pacemaker of Eigenmannia 
similar to those described in the present report were already 

shown in an earlier study (Fig. 4 in Kawasaki and Heiligenberg, 
1990). Still earlier results of APV injections into the pacemaker 
(Dye and Heiligenberg, 1987; Dye, 1988; Dye et al., 1989) sug- 
gested that the input from the PPn causing gradual EOD ac- 
celerations might be mediated exclusively by NMDA-type re- 
ceptors. According to our present knowledge, this appears no 
longer tenable. 

Recent tracer experiments in Eigenmannia demonstrated that 
the inputs to the pacemaker from the PPn-G/CP, which causes 
gradual EOD accelerations (Fig. 2), and from the SPPn (Fig. 2) 
are also spatially separated (Heiligenberg and Metzner, unpub- 
lished observations). The medullary pacemaker nucleus con- 
tains two classes of neurons, pacemaker cells and relay cells. 
The pacemaker cells are electrotonically coupled, fire synchro- 
nously, and drive the relay cells, which transmit each pacemaker 
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command pulse to the spinal motor neurons of the electric organ 
(Bennett, 1971; Dye and Meyer, 1986). According to our ob- 
servation of terminals labeled by the anterograde transport of 
choleratoxin, fibers from the SPPn synapse upon the somata of 
relay cells, much as in the case of Sternopygus (Keller et al., 
199 la), while fibers from the PPn-G/CP appear to terminate 
more diffusely and probably on the dendrites of pacemaker cells 
(Heiligenberg and Metzner, unpublished observations). 

NMDA-type receptors mediate predominantly the input from 
the SPPn and AMPA-type receptors mediate the input from the 
PPn-G/CP (see Fig. 2). The two classes of glutamate-receptor 
ion channels, the NMDA and the non-NMDA (AMPA) sub- 
types, therefore appear to be localized at different synapses with- 
in the pacemaker nucleus of Eigenmannia. This is in contrast 
to findings in slice preparations of the mammalian hippocam- 
pus, where NMDA and non-NMDA subtypes of receptors are 
colocalized at individual synapses (e.g., Bekkers and Stevens, 
1989). 

Bullock et al. (1972) and Bastian and Yuthas (1984) have 
already mentioned distinct differences between the time courses 
of EOD accelerations and decelerations of the JAR in Eigen- 
mannia. The acceleration phase usually is faster and has a more 
jittery time course (which corresponds to time constants with 
greater SEMs). This is consistent with the prelesion time con- 
stants shown in Figures 3C and 6C(solid columns). Bastian and 
Yuthas (1984) suggested that quite different mechanisms might 
underlie the EOD acceleration and the EOD deceleration. While 
EOD accelerations might be controlled by excitatory neuronal 
processes, the deceleration may be due to a passive relaxation 
of the pacemaker activity due to removal of a tonic input. The 
results presented here support this notion and indicate that these 
two behavioral components of the JAR are even mediated by 
two different pathways. 

In addition, Figure 2 shows the connection between the PPn-C 
and the relay cells of the pacemaker nucleus. This pathway 
controls the production of communication signals, so-called 
chirps (Kawasaki et al., 1988a; Hopkins, 1989; Kawasaki and 
Heiligenberg, 1990). The connection between the PPn-C and 
the relay cells is mediated by AMPA-type receptors and can be 
selectively blocked by CNQX (Dye et al. 1989; Kawasaki and 
Heiligenberg, 1989; verified also by my own experiments). 

inhibition of these neurons in response to positive frequency 
differences would decelerate the pacemaker. The results of the 
experiments presented here, however, suggest that there is no 
single class of final recognition units. Instead of being controlled 
by a feature extracting system, which is strictly hierarchically 
organized, the motor control of the JAR follows a more dem- 
ocratically organized “push-pull” principle (Fig. 2): the exci- 
tation of neurons in the PPn-G/CP in response to negative fre- 
quency differences is now assumed to accelerate the firing rate 
of pacemaker cells and thus to “push” the EOD frequency up, 
while the inhibition of neurons in the SPPn due to positive 
frequency differences should reduce their tonic excitation of the 
pacemaker and therefore “pull” the EOD frequency down. Al- 
though the SPPn neurons synapse upon the relay cells of the 
pacemaker nucleus, the strong electrotonic coupling between 
relay cells and pacemaker cells ensures that the SPPn controls 
the pacemaker in its entirety. 

Nevertheless, extracellular recordings from neurons within 
the PPn-G demonstrated a decrease in activity below the spon- 
taneous level during the presentation of positive frequency dif- 
ferences (Rose et al., 1988). The reduction, however, was rather 
small, and excitation in response to negative frequency differ- 
ences usually dominated (Rose et al., 1988; G. J. Rose and M. 
Kawasaki, personal communication). How can this “inhibition” 
of cells in the PPn-G then be interpreted? It is known from 
pharmacological studies that the dorsal and ventral portions of 
the nucleus electrosensorius receive reciprocal GABAergic in- 
hibition (Keller and Heiligenberg, 1989; see Fig. 2, nET and nE1). 
Whether this reciprocal inhibition is mediated by direct or in- 
direct connections between the dorsal and the ventral nucleus 
electrosensorius is not known. Positive frequency differences, 
therefore, cause not only an excitation of the ventral nucleus 
electrosensorius but also an inhibition of the dorsal nucleus 
electrosensorius. This inhibitory “side effect” could account for 
the “inhibition” observed in neurons of the PPn-G: tonic ac- 
tivity of neurons in the dorsal nucleus electrosensorius would 
maintain the spontaneous activity level of cells in the PPn-G 
when no jamming stimulus is present. Since positive frequency 
differences excite neurons in the ventral nucleus electrosenso- 
rius, they should also reduce the spontaneous activity level of 
neurons in the dorsal nucleus electrosensorius, which in turn 
should lower the activity of cells in the PPn. Thus, no direct 
inhibitory input to the PPn-G would be required. This would 
also explain why we were unable to find any response to the 
injection of GABA or glycine in this area (see also Keller and 
Heiligenberg, 1989). 

While the anatomical connection between the dorsal nucleus 
electrosensorius (Fig. 2, nET) and the PPn-G/CP is known (Kel- 
ler et al., 1990; Zupanc and Heiligenberg, 1992; Heiligenberg 
and Metzner, unpublished observations), it was so far not pos- 
sible to determine the connection between the ventral nucleus 
electrosensorius (nE1) and the SPPn. Extracellular injections of 
HRP, choleratoxin, and Phaseolus lectin into these structures 
have not yet revealed any apparent connection pattern. Since 
the connection between the SPPn and the pacemaker nucleus 
was found only recently by using new and more sensitive tracer 
techniques, future studies using still better tracers may reveal 
the anatomical connection between the nucleus electrosensorius 
and the SPPn. 

No single class ofjinal “recognition units” in sight 

Unsolved mysteries 

The flow diagram of the motor control of the JAR shown in 
Figure 2 summarizes major findings of the present study. Ie- 
sions of the SPPn, for example, leave the reciprocal connection 
between dorsal (nE1) and ventral nucleus electrosensorius (nE1) 
intact. As a consequence, stimulation of the ventral nucleus 
electrosensorius by jamming stimuli with positive frequency 
differences should still inhibit the dorsal nucleus electrosenso- 
rius and thereby lower the activity of the PPn (see discussion 

Neurons within the PPn-G/CP were suggested to represent final, above), which in turn should reduce the tonic activity of the 
feature-extracting elements or “recognition neurons” for the pacemaker. This indirect inhibitory effect could account for the 
control of JAR-related shifts of the pacemaker frequency (see slower EOD accelerations observed after lesions of the SPPn 
Fig. 1, PPn-G; Kawasaki et al., 1988a; Rose et al., 1988; Heili- (Fig. 6C). 
genberg, 199 1). The excitation of these neurons due to negative On the other hand, some results of lesions of the PPn are still 
frequency differences would accelerate the pacemaker, and the puzzling. The inhibition of the ventral nucleus electrosensorius 
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by the dorsal nucleus electrosensorius and the tonic inhibition 
of the SPPn by the ventral nucleus electrosensorius would sug- 
gest that, after lesions of the PPn, the resting frequency of the 
pacemaker and the baseline frequency during JAR should rise 
in response to jamming signals that stimulate the dorsal nucleus 
electrosensorius: increased activity of the dorsal nucleus elec- 
trosensorius should increase the inhibitory input to the ventral 
nucleus electrosensorius, which in turn should reduce its tonic 
inhibition of the SPPn and thus cause an increase in the activity 
of the SPPn. As a consequence, the pacemaker frequency should 
rise. After lesions of the PPn, however, the initial presentation 
ofjamming stimuli with a negative frequency difference instead 
lowered the EOD frequency (Fig. 3B, white stars). The time 
courses of EOD accelerations after the lesion were even signif- 
icantly slower than passive accelerations (i.e., the recovery from 
a previous decrease below the resting frequency; Fig. 3C). A 
detailed, quantitative analysis of the dynamics of the pacemaker 
and its various inputs will be required to explain such apparent 
inconsistencies. 

The role of the sublemniscal prepacemaker nucleus in other 
gymnotiform jish 
The SPPn is found in all gymnotiform fish investigated so far 
(Keller et al., 199 1 b). However, its function appears to differ 
among species. As demonstrated here, it appears to be involved 
in the motor control of the JAR in Eigenmannia by mediating 
the EOD deceleration caused by jamming stimuli with a positive 
frequency difference. In Sternopygus, a genus with a low-fre- 
quency signal, and in Hypopomus, a genus with pulse-type EODs, 
the stimulation of the SPPn with L-glutamate causes a sustained 
depolarization of the relay cells in the pacemaker nucleus, which 
leads to EOD interruptions (Keller et al., 1991a; Heiligenberg, 
personal communication) used in the context of social com- 
munication. Much as in Eigenmannia, the input from the SPPn 
to the pacemaker nucleus is mediated by NMDA-type receptors 
and can be blocked by APV. Neither Sternopygus nor Hypo- 
pomus shows a JAR similar to the JAR in Eigenmannia (Bul- 
lock, 1969). Fish of the genus Apteronotus, a fish with high- 
frequency wave-like EODs, increase their EOD frequency in 
response to negative frequency differences but are unable to 
lower their EOD frequency below the resting frequency (Bullock 
et al., 1972). Stimulation of the SPPn in Apteronotus causes 
gradual rise of the pacemaker frequency, which can be so high 
as to desynchronize and stop the pacemaker, leading to EOD 
interruptions observed in the context of courtship (Heiligenberg 
and Metzner, unpublished observations). Although the SPPn of 
Apteronotus is also exposed to the inhibitory influence of the 
ventral nucleus electrosensorius (Keller, 1989) Apteronotus ob- 
viously cannot lower its EOD frequency below the resting level 
since its SPPn is normally inactive. 
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