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Changes in synaptic strength as a cellular mechanism for the formation of 

memory, such as Long-Term Potentiation and Depression are intensely studied. 

However, little is known about how synaptically induced long-term changes in the 

intrinsic excitability of neurons contribute to memory. Nothing is known about how the 

quantitative aspects of sensory stimuli are transduced into a graded change in intrinsic 

excitability and how this modifies the behavior of an animal.  

In this dissertation I present a novel example of sensorimotor adaptation in the 

electromotor output of a weakly electric fish. The adaptation is an increase in the electric 

organ discharge frequency in response to prolonged jamming of the electrosensory 

system lasting for hours to tens of hours beyond the duration of the stimulus.  The 

adaptation can be characterized as a nonassociative memory process. I demonstrate in a 

brain slice preparation that the memory is formed in the pacemaker nucleus and that the 



 viii

pacemaker also responds to long-lasting synaptic stimulation with an increase in the 

postsynaptic spike frequency persisting for hours after stimulus termination. 

In addition, I show in vivo and in vitro that the memory is graded with stimulus 

duration and amplitude, and that it is synaptically induced by NMDA receptor activation. 

The memory is maintained by a change in intrinsic excitability within the pacemaker 

nucleus and not by a change in network properties, such as a modification of synaptic 

strength. Moreover, the memory shows species-specific differences in its strength and 

duration and it correlates with the animal’s social environment. These are the first reports 

to highlight how a graded long-term change in intrinsic neuronal excitability leads to 

memory and modifies behavior in a species-specific manner. Sensorimotor adaptation in 

the electromotor system of weakly electric fish therefore could serve as an important 

model system for understanding the cellular mechanisms behind memory formation in all 

vertebrate systems, including humans, and in a classic neuroethological sense, contributes 

to our understanding how ecology instructs the evolutionary adaptation of neuronal 

plasticity.  
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Chapter 1: Introduction 

You have to begin to lose your memory, if only in bits and pieces, to realize that 
memory is what makes our lives. Life without memory is no life at all, just as an 
intelligence without the possibility of expression is not really an intelligence. Our 
memory is our coherence, our reason, our feeling, even our action. Without it, we 
are nothing.  

Luis Buñuel (1900–1983), Spanish filmmaker 

 

ELECTRORECEPTION 

Weakly electric fish can be found in tropical regions on two continents: the 

Mormyriformes (elephant-nose fish) are found in Africa and the Gymnotiformes (electric 

eels and related species) in South America. Both orders are teleosts, and both groups of 

fish generate weak electric fields in the range of tens of millivolts to a few volts around 

their bodies (electric eels also generate strong electric fields)(Hopkins, 1988; Bullock and 

Heiligenberg, 1986). They use specialized electric organs in their tail and/or along the 

body sides for locating objects in their nearby environment, or in intraspecific 

communication.  

Evolutionary reasons for developing an electrosensory system might be the 

partially muddy waters the fish inhabit (Sioli, 1984; Bullock and Heiligenberg, 1986) and 

their mostly nocturnal activity phase (Crampton, 1998; Hagedorn and Heiligenberg, 

1985; Lissmann, 1961). Additionally, a number of species live in relative darkness at the 

bottom of deep rivers with low water transparency (Sioli, 1984; Bullock and 

Heiligenberg, 1986). The electric organ discharge (EOD) is species-, gender- and size-

specific and can vary in waveform, amplitude, frequency, interpulse intervals, and 

discharge patterns (Bullock and Heiligenberg, 1986; Hopkins, 1988).  Two general types 
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of EODs can be distinguished: pulse and wave types. In wave-type fish, the EOD forms a 

quasi-sinusoidal waveform with a constant interspike interval, whereas in pulse-type fish, 

the pulses are separated by relatively long intervals and show a broader range in their 

frequency spectrum. 

Objects in the vicinity of the fish, which have a different conductivity than the 

surrounding water produce variations in the density of iso-potential field lines 

(Heiligenberg, 1991) and this is sensed by electroreceptors in the skin of the fish (Figure 

1). Two classes of electroreceptors can be distinguished, one for sensing AC-fields and 

one for mainly sensing DC-fields or low frequency AC-fields (0.5 to 50 Hz; (Zakon, 

1986). In gymnotiform weakly electric fish, electroreceptors of the first class are called 

tuberous organs, whereas ampullary receptors form the second class. Electroreceptive 

cells in both types of organs are derived from hair cells. DC-fields are produced by the 

normal physiological activity of a living organism, or by movement of salt water in the 

magnetic field of the earth (Bleckmann, 1986). These fields are sensed by ampullary 

receptors, which are not restricted to weakly electric fish alone, but can also be found in 

catfish, elasmobranchs, and in aquatic stages of amphibians (Heiligenberg, 1990). Passive 

electrolocation can also be found in the platypus (Ornithorhynchus; (Manger and 

Pettigrew, 1996).  

During evolution, weakly electric fish developed a second mechanism for 

electrolocation by actively producing an electric field with specialized organs; hence this 

mechanism is called active electrolocation instead of passive electrolocation. Tuberous 

electroreceptors are finely tuned to the frequency of the individual fish’s own highly 

regular electric organ discharge (EOD)(Zakon, 1986). In this way the sensitivity of the 

weakly electric sensory system is enhanced. By producing an AC- rather than a DC-field, 

fish can have their own individual carrier frequency and thus largely decrease the chance 
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of interference from their electrosensory system with the electric fields of other 

organisms or electric fish during encounters. Besides sensing distortions in the electric 

field caused by objects of different conductivity, the fish can also sense the EOD of 

conspecifics either by certain interference patterns, caused by the overlay of close 

frequencies, or on the basis of the EOD alone (Heiligenberg, 1990). In this way, they are 

able to discriminate between the different sexes (Hopkins, 1988), because male and 

female fish often have a different frequency range for their EOD.  
 

 

Figure 1: Schematic drawing of the electric field around a weakly electric fish.  

An object with a higher conductivity than water (non-hatched circle) increases the density 
of the iso-current density lines on the body surface of the fish, whereas a nonconducting 
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object decreases their density (hatched circle). The electric field is produced by an 
electric organ in the tail of the fish (blue area; diagram drawn after (Heiligenberg, 1977). 
 
 
 

ELECTROCOMMUNICATION 

Besides electrolocation, electric signals are also used in communicatory contexts; 

weakly electric fish can display a wide variety of EOD modulations in different social 

situations (Bullock and Heiligenberg, 1986; Hopkins, 1988). 

In this dissertation, two fish species were used, the gymnotiforms Apteronotus 

leptorhynchus and Eigenmannia virescens (Figure 2). In these fish, three basic types of 

behavioral alterations of the EOD frequency have been described: a) jamming avoidance 

responses (JAR), b) yodels, or gradual rises, and c) chirps, or pings.  

 

 

Figure 2. The brown ghost knife fish, Apteronotus leptorhynchus (A), and the glass 
knife fish, Eigenmannia  virescens (B). 
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THE JAMMING AVOIDANCE RESPONSE  

The JAR is evoked if a fish meets a conspecific with an EOD frequency in close 

proximity to its own EOD frequency. The interaction of both EOD signals interferes with 

the animal’s electrosensory system, and disturbs its ability to effectively electrolocate 

objects and other organisms in its environment. The reason for this lies in the fact that the 

fish relies on the purity of its own electrosensory channel. In this situation, in A. 

leptorhynchus, typically one of the fish shifts its EOD frequency upwards and away from 

the intruding frequency. This behavior is the so-called jamming avoidance response 

(JAR)(Figure 3). The JAR can also be evoked experimentally by presenting the fish with 

an artificial sine wave signal of similar frequency. 
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Figure 3: Jamming avoidance response (JAR)  in A. leptorhynchus.  

In this case, a fish is presented for 2 min with an artificial sine wave signal 1 Hz below its 
own EOD frequency. The JAR is comprised of an increase in EOD frequency of about 
7.5 Hz, away from the frequency of the intruding signal. After termination of the stimulus 



 6

signal, the EOD frequency relaxes back to baseline. So far, short-term stimulus 
presentations of this kind have been typically used to describe the JAR (Bullock et al., 
1972b; Heiligenberg et al., 1996; Dye, 1987; Dulka and Maler, 1994; Takizawa et al., 
1999). 
 

YODELING 

Another type of slow EOD frequency increase on the order of seconds is not as 

readily evoked as the JAR and is consequently not as well described. It is exhibited 

spontaneously or once in a while after stimulus presentation in experiments. This 

behavioral output is either called ‘Yodeling’, or gradual rises (Figure 4)(Dye, 1987).  
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Figure 4. A yodel in A. leptorhynchus.  

The yodel was displayed shortly after transfer to the recording tank. A yodel is a rapid 
increase in EOD frequency, which lasts for seconds. Note that the EOD frequency after 
the yodel stays slightly above the base line frequency measured before the yodel.  
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CHIRPING 

The third, short-lasting type of EOD modulations, ‘Chirping’ ((Dye, 1987)) or 

‘Pinging’ (Larimer and MacDonald, 1968), is mostly displayed by male fish, either 

spontaneously, or during agonistic interactions with conspecifics. It also appears during 

experimental presentation of an artificial sine wave signal and often can be seen 

overlaying the actual JAR. This type of behavior is usually interpreted as an aggressive 

signal (Hagedorn and Heiligenberg, 1985). Chirps are brief, usually 10 to 20 msec long 

sharp increases in EOD frequency, which are connected to a more or less prominent 

reduction in EOD amplitude (Figure 5). 
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Figure 5: Chirping in A. leptorhynchus.  
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The upper graph shows a plot of the EOD potential over 50 ms, the lower graph shows 
the instantaneous frequency of each EOD cycle. The chirp is characterized by a sharp 
increase in the EOD frequency, which is often accompanied by a decrease in voltage. 

 

THE ELECTROMOTOR SYSTEM 

The electric organ in most adult weakly electric fish is formed by electrocytes, 

which are embryologically derived from muscle cells. The electric organ in these fish is 

said to be “myogenic”. Apteronotids are the exception to this rule, because their electric 

organ is formed by the axons of the electromotor neurons (EMNs) in the spinal cord, 

which, in the other species, innervate the electrocytes (Bullock and Heiligenberg, 1986). 

In this case the electric organ is said to be “neurogenic”. 

In A. leptorhynchus the spinal EMNs receive synaptic input from an unpaired medullary 
pacemaker nucleus (PMn), which sets the EOD frequency ( 

Figure 6). In an in vitro preparation, the isolated PMn continues to fire 

approximately at the same rate as the EOD frequency of the intact fish (Meyer, 1984). 

The PMn contains two major cell types, the pacemaker cells and relay cells (Elekes and 

Szabo, 1985). Relay cells send long axons down the spinal cord to form electrotonic 

synapses with the EMNs. The cells in the PMn are tightly coupled via gap junctions. A 

third interneuron-like cell type, called parvocells was recently described (Smith et al., 

2000). Parvocells connect to relay- and pacemaker cells via gap junctions, but also form 

chemical synapses with relay- and pacemaker cells. The function of these cells in the 

PMn network is unknown. 

At the high discharge frequencies produced by A. leptorhynchus, it is probably 

important to have electrical transmission at every level of the electromotor system 
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(Heiligenberg et al., 1996). This form of network design ensures that synchrony between 

cells and therefore constancy in the frequency of the output is maintained. 

 

In in vitro slice preparations of the spinal cord, the EMNs stay oscillatory even 

without input from the pacemaker nucleus. As in the PMn, EMNs fire at a frequency, 

which is linearly correlated with the EOD frequency (Schaefer and Zakon, 1996). 

Therefore the PMn can be seen as being responsible for coordinating the activity of the 

EMNs in producing the EOD, but not necessarily for setting the EOD frequency alone. 

The PMn further receives synaptic input from at least two diencephalic subnuclei and one 

mesencephalic nucleus, which are described in further detail in the following paragraph. 
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Figure 6: Schematic drawing of the electromotor system in A. leptorhynchus. 

Electrosensory input feeds into the Nucleus electrosensorius (nE; white). Electromotor 
prepacemaker nuclei receive input from the Nucleus electrosensorius. Preprepacemaker 
nuclei (PPn and SPPn; green and red, respectively) project to the medullary pacemaker 
nculeus (PMn; yellow), which contains pacemaker and relay cells. The relay cells then 
send long axons to the electromotor neurons in the spinal cord of the tail region (not 
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shown). The axons of these cells form the electric organ (red). The pacemaker nucleus 
controls the EOD frequency by eliciting one EOD for each of its own discharges. 

 
 

CENTRAL CONTROL OF EOD FREQUENCY 

In A. leptorhynchus a bilateral diencephalic prepacemaker nucleus (PPn) and a 

bilateral mesencephalic prepacemaker nucleus (SPPn) form chemical synapses with the 

unpaired PMn (Figure 7). The PPn is located in the dorsal thalamus in close proximity to 

the central posterior nucleus of the thalamus and can be divided into two subnuclei, the 

PPnG (G stands for gradual) and the PPnC (C stands for chirping) with two distinct cell 

types (Kawasaki et al., 1988). The  SPPn is located medioventrally to the lateral 

lemniscus (S stands for sublemniscal)(Zupanc and Maler, 1997) and also shows two 

distinct cell types (Heiligenberg et al., 1996). The prepacemaker nuclei receive their input 

mainly from the diencephalic nucleus electrosensorius (nE), which acts as an interface 

between the electrosensory and electromotor system(Keller et al., 1990). Electrosensory 

information reaches the electrosensory lateral line lobe, and is then projected to the 

tectum opticum and nE via the torus semicircularis in the midbrain (Zupanc and Maler, 

1997). Certain subnuclei of the nE respond to chirp-like stimulus signals and the beat 

envelope caused by the interaction of two neighboring EODs of similar frequency. Two 

other subnuclei of the nE are known to control the prepacemaker nuclei, the nE↓ and the 

nE↑. The nE↓ projects to the SPPn, whereas the nE↑ targets the PPn (Heiligenberg et al., 

1996). The nE↓ tonically inhibits the SPPn by using GABA as a neurotransmitter at the 

mediating synapse. Additionally the SPPn receives excitatory input from an unknown 

source. The SPPn in turn projects to the relay cells in the PMn with NMDA receptors 

mediating the signaling, and glutamate as a neurotransmitter. At the onset of a stimulus 

signal with a frequency below the fish’s own EOD frequency, the inhibition of the SPPn 
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by the nE↓ is removed, presumably because the nE↓ is itself now inhibited by input from 

the nE↑. Activated by the unknown excitatory input, the SPPn then drives the relay cells, 

which leads to the increase in EOD frequency during the JAR (Heiligenberg et al., 1996). 

After cessation of the stimulus signal, the EOD frequency falls back to the base level 

present prior to stimulation due to increasing inhibition of the SPPn by the nE↓. The nE↑ 

provides both subnuclei of the PPn with excitatory input. Similar to the SPPn, the PPnC 

forms synapses on relay cells, with the exception that the glutamatergic input is mediated 

by AMPA receptors. The PPnG projects onto pacemaker cells, but has NMDA receptors 

at its synapses with these cells (Heiligenberg et al., 1996). The PPnC controls the fast, 

transient EOD frequency rises during chirping by mediation over AMPA receptors, 

which exhibit fast kinetics in other vertebrates, whereas the PPnG like the SPPn is 

responsible for gradual and slower frequency increases, due to the slower kinetics of the 

NMDA receptors (Daw et al., 1993; Heiligenberg et al., 1996). Therefore the kinetic 

features of the behavioral outputs of the electromotor system are attributable to a 

difference in glutamate receptor pharmacology in the control circuits. In E. virescens 

(Alves-Gomes et al., 1995) the nE↑-PPnG circuit controls EOD frequency rises, whereas 

the nE↓-SPPn circuit controls EOD frequency falls during JAR (Figure 7).  

In E. virescens the SPPn is tonically active, thus setting the EOD frequency above 

a certain base value. Inhibition of the SPPn by the nE↓ then causes a frequency fall. 

Therefore E. virescens is able to respond to a jamming signal with a frequency below its 

own EOD frequency (negative difference frequency; df) with a frequency increase during 

the JAR, and to a jamming signal with a positive df with a decrease in EOD frequency 

during the JAR. The SPPn in A. leptorhynchus is not tonically active and therefore A. 

leptorhynchus is not able to decrease its EOD frequency below the resting level. The 

nE↓-SPPn pathway only reduces the EOD frequency when the frequency is already 
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elevated during a JAR, due to a stimulus with negative df. Reasons for this might be that 

E. virescens is active in a lower frequency range (250-600 Hz) than A. leptorhynchus 

(600-1000 Hz) and that adaptations, allowing synchrony at high frequencies exclude the 

existence of a tonically active input (Heiligenberg et al., 1996).  

The nE↑-PPnG in A. leptorhynchus actually leads to an increase in EOD 

frequency during stimulus presentation with a positive df, but does not contribute to the 

JAR during stimulus presentation with a negative df, because the nE↑ receives some 

suppression during activity of the nE↓, which is preferentially active during the presence 

of signals with a negative df (Heiligenberg et al., 1996).  

The SPPn might also contribute to the production of yodels or EOD interruptions, 

as they can be seen during intensive courtship and spawning, because a direct, strong 

stimulation of the SPPn can mimic these behavioral signals (Heiligenberg et al., 1996). 
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Figure 7: Schematic diagram of EOD controlling circuitry in the brain of A. 
leptorhynchus and E. virescens.  

The rectangle encloses structures in the pacemaker nucleus. Dashed lines and question 
marks indicate structures which are not identified so far. Rectangles at synapses 
symbolize neurotransmitter receptors. For further details see text. Redrawn after 
(Heiligenberg et al., 1996). 

 

WEAKLY ELECTRIC FISH AS A MODELSYSTEM 

There are several reasons why weakly electric fish are an ideal model system for 

studying how cellular physiology and neural circuitry relate to behavior. The electric 

communication signals are relatively simple in structure and experimentally easy to 

generate (Hopkins, 1988). Moreover, the behavioral outputs are easy to quantify, as 

electrical signals are already in the ‘currency’of the nervous system. Therefore individual 

and gender differences in behavior and their manifestations in differential neural wiring 
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and/or variations at the cellular level can be correlated with an outstanding exactness for 

a vertebrate system. Up to now, the JAR and chirping might be the most thoroughly 

studied complex behaviors in vertebrates, which can be explained in terms of underlying 

neural circuitry and even receptor pharmacology (Heiligenberg, 1990).  

The neural connections, which form the electromotor system, are relatively simple 

when compared to other behavior-generating neural networks in different vertebrate 

systems. The frequency of the electric organ discharge is directly controlled by a 

pacemaker nucleus in the brainstem, which elicits one EOD cycle for each of its own 

discharges. Therefore, neuronal changes in this structure are directly reflected in an 

altered electromotor output.  

As mentioned above, the PMn is known to receive innervation from only two 

other nuclei. In addition, the behavioral responses are relatively robust and remain intact 

in a physiological preparation of the PMn. Furthermore, several plasticity phenomena 

have been described in weakly electric fish suggesting the use of this system for studying 

the cellular and molecular basis of behavioral plasticity, spanning from short-term, 

synpatically induced effects to the long-term action of hormones (Dye, 1988; Dulka and 

Maler, 1994; Zupanc and Maler, 1997; Schaefer and Zakon, 1996; Meyer, 1984).  

 

PLASTICITY IN THE PMN SPIKE FREQUENCY 

The central feature of life is its plasticity, which enables organisms to adjust their 

behavior in response to certain situations and novelties in their internal and external 

environment. One example of physiological plasticity has been demonstrated in the PMn 

slice preparation (Dye, 1988). Upon tetanic stimulation of the afferent fibers the PMn 

spike frequency stays elevated at a new level at least for seconds. This phenomenon has 

been termed Long-Term Frequency Elevation (LTFE), and has been shown to be 
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mediated by NMDA receptors (Dye et al., 1989). However, so far no behavioral correlate 

of this neuronal change has been found.  

 

 

1Hz

spike freq.

 

 

Figure 8: Long-term frequency elevation in an in vitro preparation of the pacemaker 
nucleus of A. leptorhynchus.  

Approximately 6.5 sec of an intracellular recording in the pacemaker nucleus are shown. 
After tetanic stimulation of the afferent fiber pathways (indicated by a black box), the 
spike frequency does not return to the base level (dashed line). The recording was made 
in a pacemaker cell axon. Stimulus pulses were applied to the ventral brain stem surface, 
rostral from the pacemaker nucleus: 100 msec long train at 2 kHz with a pulse duration of 
300 msec. (After (Dye, 1988)). 
 
 

SENSORIMOTOR ADAPTATION 

An important aspect of sensorimotor control is sensorimotor adaptation: that is, 

generating a persistent adaptive change in motor output in response to a long lasting, 

stable change in sensory inflow. Sensorimotor adaptation is used by the nervous system 

to fine tune motor responses. A classic example occurs with the manipulation of visual 

inputs in humans or other animals by outfitting them with prism goggles (Held and 

Freedman, 1963). The offset in the visual input by a constant angle leads to an initial 

disorientation of the subjects, but, in minutes to tens of minutes, they learn to compensate 

for it. The adaptation becomes visible as a compensatory overshoot after taking off the 

prisms.  
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In this dissertation, I tested the hypothesis that prolonged electrosensory jamming 

of a wave-type weakly electric fish would lead to sensorimotor adaptation in the 

electromotor output. 

 

SPECIFIC GOALS OF THIS DISSERTATION RESEARCH 

The usual paradigm used to study the JAR is to give the fish a stimulus of up to 2 

min, after which its EOD frequency returns to its baseline value (Bullock et al., 1972a; 

Dye, 1987; Dulka and Maler, 1994; Heiligenberg et al., 1996; Takizawa et al., 1999). In 

my research I asked if LTFE could be induced in vivo by exposing individual A. 

leptorhynchus to prolonged and/or strong artificial jamming stimuli. A prolonged 

stimulation of a weakly electric fish results in a long-term JAR, which is followed by a 

long-term elevation of the EOD frequency, similar to LTFE in the slice preparation. This 

phenomenon represents a novel example of sensorimotor adaptation in the electromotor 

system of weakly electric fish.  

Further, to circumscribe mechanistic features of the adaptation I systematically 

varied stimulus amplitude and duration in vivo. In addition, I developed a slice 

preparation of the PMn to test if a neural correlate for the JAR and the sensorimotor 

adaptation could be found in vitro. I then compared the features of the sensorimotor 

adaptation in vitro with the relationship of the adaptation to the stimulus parameters in 

vivo. These experiments are described in chapter 2. 

In Chapter 3 I addressed the mechanism behind LTFE in vitro and verified that 

the PMn is really the locus of the adaptation. 

In Chapter 4 I compared LTFE in A. leptorhynchus with LTFE in E. virescens to 

test if sensorimotor adaptation in the electromotor system is a more widespread 

phenomenon among wave-type weakly electric fish. Sporadic field observations had 
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hinted that E. virescens is a gregarious species, whereas A. leptorhynchus is a more 

solitary species. I wanted to know if sensorimotor adaptation in E. virescens was more 

pronounced than in A. leptorhynchus given the fact that a larger group size should 

increase the chance for E. virescens to meet conspecifics in jamming range. 
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Chapter 2: The Long-Term Resetting of a Brainstem Pacemaker 
Nucleus by Synaptic Input: A Model for Sensorimotor Adaptation 

ABSTRACT 

The cellular mechanisms behind sensorimotor adaptations, such as the adaptation 

to a sustained change in visual inputs by prism goggles in humans, are not known. Here I 

present a novel example of long-term sensorimotor adaptation in a well-known 

neuroethological model, the jamming-avoidance response of a weakly electric fish. The 

adaptation is relatively long lasting, up to 9 hours in vivo and is likely to be mediated by 

NMDA receptors. I demonstrate in a brain slice preparation that the pacemaker nucleus is 

the locus of adaptation and that it responds to long-lasting synaptic stimulation with an 

increase in the postsynaptic spike frequency persisting for hours after stimulus 

termination. The mechanism for the neuronal memory behaves as an integrator, where 

memory duration and strength are quantitatively related to the estimated amount of 

synaptic stimulation. This finding is contrary to the idea that neurons solely respond to 

long-lasting synaptic input by turning down their intrinsic excitability. I show that this 

positive feedback at the cellular level actually contributes to a negative feedback loop at 

the organismic level if the entire neural circuit and the behavioral link are considered. 

 

INTRODUCTION 

The EOD frequency in A. leptorhynchus is controlled by a pacemaker nucleus 

(PMn). The PMn receives input from two upstream nuclei, which modulate the 

pacemaker firing rate and, therefore, EOD frequency (Heiligenberg et al., 1996). One 

input activates the JAR via NMDA receptors, the other controls a behavior called 

“chirping” via AMPA receptors (Dye et al., 1989; Heiligenberg et al., 1996)(Figure 9). 



 19

Since specific sensory stimuli result in the selective activation or co-activation of the JAR 

and chirping, the contribution of AMPA or NMDA receptors can be non-invasively 

assayed in behaving animals. Further, in a PMn slice preparation with intact terminal 

portions of the afferent fibers a fictive JAR can be induced by electrical stimulation. 

The usual paradigm used to study the JAR is to give the fish a stimulus of up to 2 

minutes after which its EOD frequency returns to its baseline value (Bullock et al., 

1972b; Heiligenberg et al., 1996; Dye, 1987; Dulka and Maler, 1994; Takizawa et al., 

1999). I found that prolonged exposure (30 minutes or 3 hours) of a fish to a jamming 

stimulus resulted in a sustained JAR. Stimulus termination revealed a long-term 

frequency elevation (LTFE) of the EOD frequency, which could last up to 9 hours and 

during which the EOD frequency gradually relaxed back to baseline. This phenomenon is 

sensorimotor adaptation in that the firing frequency of the pacemaker was reset to 

minimize the effect of the jamming stimulus. LTFE was elicited by sensory stimuli that 

evoke a JAR, and not those that induce bouts of chirping, supporting a role for NMDA, 

and not AMPA, receptors in the induction of LTFE. In vitro, activation of the afferent 

inputs to the PMn resulted in a fictive JAR followed by LTFE, suggesting that the PMn is 

the locus of sensorimotor adaptation in this system. 
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Figure 9: Schematic diagram of electromotor circuit with behavioral responses to 
neural activity in the prepacemaker nuclei.  

a, The base electric organ discharge (EOD) frequency is set by a medullary pacemaker 
nucleus (PMn) in one-for one fashion. The PMn contains pacemaker (pmc) and relay 
cells (rc), which are electrotonically coupled. A third neuronal cell type, possibly an 
interneuron with yet unknown function is omitted for clarity (Smith et al., 2000). Relay 
cells provide electrotonic input to electromotor neurons (emn) in the tail region of the 
spinal cord, which form the electric organ with their hypertrophied axons. The 
sublemniscal prepacemaker nucleus (SPPn) controls the jamming avoidance response 
(JAR) via NMDA receptor-carrying synapses with relay cells (Dye et al., 1989; 
Heiligenberg et al., 1996). b, This nucleus is normally quiescent and therefore does not 
exert any influence on the basic EOD frequency. In presence of an appropriate jamming 
signal (e.g frequency 3 Hz below EOD frequency) descending sensory input activates the 
nucleus and raises the PMn frequency, which in turn drives the electric organ to fire 
faster, the JAR. c, A portion of the thalamic prepacemaker nucleus (PPn-C) controls 
chirps, typically 10-15 ms long EOD frequency rises. This nucleus utilizes AMPA 
receptors at its synapses with relay cells. This nucleus can be separately activated by non-
jamming signals (e.g. 40 Hz above or below the EOD frequency). Chirping behavior is 
sexually dimorphic. Females rarely chirp under both stimulus conditions. d, In males both 
stimulus situations evoke chirping. In a jamming situation therefore, males display 
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chirping behavior and JAR simultaneously (Zupanc and Maler, 1993; Dulka and Maler, 
1994) while female fish show a pure JAR. 

 

MATERIALS AND METHODS  

Animals 

Wildcaught individuals of A. leptorhynchus were obtained through different 

vendors and then housed in individual and community Plexiglas tanks in climate-

controlled rooms with a circulating water system and a dark-light cycle of 12/12 hours. 

The temperature in the rooms was held stable between approximately 26-28°C (± 0.5°C) 

and the water conditions were relatively constant. Fish were fed with frozen brine shrimp 

every two days. Individuals were allowed to acclimatize for 2 or more months before 

used in experiments. Female fish used in the experiments ranged in size from 12.8 cm to 

16.5 cm, whereas male fish were 12.4 cm to 20.7 cm in length.  

 

Behavioral Testing 

The behavioral experiments with individuals of A. leptorhynchus were performed 

by using a separate recording tank inside a Faraday cage (Figure 10). Fish were adapted 

to the conditions in the setup tank overnight and experiments were only started if 

sufficient stability in the baseline EOD frequency was achieved. An artificial sine-wave 

signal produced by a computer (PII-based computer, Dell, Round Rock, Texas), D/A-

converted (DT3010/32, Data Translation, Marlboro, Massachusetts), and then attenuated 

(Model 350D attenuator, Hewlett-Packard, Palo Alto, California) was delivered through a 

pair of carbon rod electrodes across the body of the fish, whereas the fish’s own EOD 

signal was recorded over platinum wire electrodes at both ends of the fish. The fish’s 
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body represents a dipole with the head region charged positive with respect to the tail 

region, which allowed the recording electrodes to be positioned at the body ends. The 

perpendicular arrangement of recording and stimulus electrodes avoided interference 

between EOD and stimulus signal. During the day, the nocturnal A. leptorhynchus can be 

found in shelters, e.g. plastic tubes in their home tanks. Therefore a recording apparatus 

was utilized, which featured a plastic tube to keep the fish in a relatively stable position 

with respect to recording and stimulus electrodes (Dulka and Maler, 1994). To avoid 

temperature effects on the EOD frequency (Dunlap et al., 2000), the temperature in the 

setup tank was precisely controlled at an accuracy of at least ± 0.05°C using a separate 

temperature control system consisting of a programmable DC power supply (Kepco, 

Flushing, New York), heating pad (F. Haer, Bowdoinham, Maine), and an industrial 

digital temperature controller (Watlow, Series 988, St. Louis, Missouri), which measures 

the temperature in the tank near the recording tube by means of a RTD-probe. The 

temperature was separately monitored by an NIST-traced high accuracy thermistor 

thermometer (Model 1504, Hart Scientific, American Fork, Utah). The EOD signal was 

amplified (Differential AC Amplifier, Model 1700, A&M Systems, Sequim, 

Washington), A/D-converted (PCI-MIO-16E-4, National Instruments, Austin, Texas), 

and digitally recorded (PII-based computer, Dell, Round Rock, Texas). The EOD 

frequency was calculated by using FFT-based software (window size: 8192, sample rate: 

2148), written J. Oestreich (based on Componentworks, National Instruments, Texas) and 

constantly, together with the temperature reading from the thermometer, displayed on the 

computer monitor. The frequency then was offline corrected for temperature effects using 

a q10 value of 1.61 (Dunlap et al., 2000). For the chirping experiments the EOD was 

additionally captured continuously at a high sampling rate (125 kHz) for later offline 

analysis with our own software. Every 50 ms the frequency was averaged by using the 
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number of threshold crossings of the EOD spikes. This resulted in a temporal resolution 

of 20 Hz and was sufficient to resolve chirps (Dye, 1987). 
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Figure 10: Schematic drawing of setup used in behavioral testing. 

Fish were kept in a recording tube inside the tank. The recording electrodes were fixated 
at the plastic mesh, which closed both ends of the tube. The stimulus electrodes can be 
seen at the sides of the tube. Recording and stimulus circuit are isolated against each 
other, with the exception of the electrodes. The temperature controller unit measures the 
water temperature over a RTD-probe, whereas the DC power supply is connected to a 
square-shaped heating pad underneath of the recording tube. The arrows indicate water 
flow. For further details see text. 

 

PMn slice preparation 

Fish were anesthetized in 0.75 % 2-phenoxyethanol (Sigma, St. Louis, Missouri), 

then positioned on a bed of ice, and the brain was removed immediately. Continuously 

oxygenated (95% O2, 5% CO2) and ice-cold artificial cerebrospinal fluid (ACSF; 124 

mM NaCl, 2 mM KCL, 1.25 mM KH2PO4, 1.1 mM MgSO4, 1.1 mM CaCl2, 16 mM 

NaHCO3, and 10 mM Glucose (Meyer, 1984) was run through the scull cavity during the 

procedure to improve tissue healthiness. The brain was transferred to a Sylgard-coated 
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petri dish, which was filled with fresh oxygenated ice-cold ACSF, and pinned, ventral 

side up. Under a dissection microscope, the meninges were removed, and then a part of 

the ventral surface of the brain stem was carefully dissected from the rest of the brain, 

using a pair of iridectomy scissors. The removed tissue spanned from a point in close 

proximity of the caudal aspect of the pacemaker nucleus to the pituitary fossa, which is 

located rostrally of the PMn. The thickness of the tissue slice was usually about half of 

the diameter of the brain stem. The pacemaker is visible as an ovoid, orange- to yellow-

colored protrusion of the ventral surface of the medulla. The prepacemaker nuclei are 

located rostrally to the PMn and the afferent fibers from the prepacemaker nuclei run 

close to the ventral surface of the medulla, shortly before they enter the PMn (Dye, 1988; 

Zupanc and Maler, 1997).  

A Plexiglas tissue slice chamber (designed by R. Turner and L. Maler) was used 

to maintain the brain tissue throughout the in vitro recordings. The chamber consisted of 

an outer water bath and an inner recording well. The tissue was placed on a nylon mesh 

inside the recording well and perfused continuously with aerated ACSF (concentrations 

as described above) by means of a peristaltic pump (Dynamax RP-1, Rainin, Emeryville, 

California) and vacuum-powered suction. The tissue was maintained in interface 

configuration and a humidified gas mixture (see above) from the outer water bath 

(flowrate = 8 l/min) was constantly streamed through the chamber. Gas and saline 

temperature were separately regulated (thermistor temperature controllers, TR-100, TCU-

2, Fine Science Tools, North Vancouver, B.C., Canada) and kept constant at 25° C. 

Recordings of the extracellular compound potential of the PMn were made with a blunt 

tungsten wire electrode (A&M systems), which was placed onto the surface of the tissue 

under fine control (piezoelectric inchworm drive, Burleigh, Victor, New York), and 

amplified over a differential AC amplifier (Model 1700, A&M systems). The same 
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computer system as described above was used to constantly monitor the PMn frequency. 

After the frequency reached sufficient stability the tissue rostral to the PMn was 

stimulated through a self-made bipolar silver wire electrode. The stimulus parameters 

were as follows: pulse width = 400ms, 3 pulses spaced 25 ms apart, train interval = 750 

ms, stimulus amplitude = 0.5 mA (Anapulse stimulator, Model 302-T, World Precision 

Instruments, Sarasota, Florida). The specificity of the rostral pathways in producing 

LTFE was tested by stimulating the tissue caudally to the PMn with the same stimulus 

parameters for 2 min. This resulted in no change of the PMn frequency whatsoever (Dye, 

1988)(n = 2). That the frequency change in the compound potential of the PMn reflected 

the behavior of individual cells in the syncytium was verified by recording 

simultaneously the compound potential extracellularly and the activity of individual cells 

in the PMn intracellularly with sharp electrodes (40 – 60 MΩ). Frequencies and 

frequency changes were virtually the same in both recording situations (n = 2  PMns). 
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Figure 11: Ventral view of the brain of A. leptorhynchus.  

Note the prominent pacemaker nucleus (PM) on the ventral surface of the medulla. The 
prepacemaker nuclei are located more dorso-rostral in the diencephalon and 
mesencephalon and are not included in the slice preparation. The extent of the ventral 
brain stem that was excised from the rest of the brain is indicated by the lines. The scale 
bar is 1 mm. From: (Maler et al., 1991).  
Abbreviations: ALLN - anterior lateral line nerve, C - cerebello-medullary cistern, dtP-
Cb - decussation of tractus praeminentialis cerebellaris, ELL - electrosensory lateral line 
lobe, LC - caudal lobe of the cerebellum, LR - lateral reticular nucleus, nLTa - nucleus 
tuberis lateralis pars anterior, nLTp - nucleus tuberis lateralis pars posterior, OB - 
olfactory bulb, OC - optic chiasm, ON - optic nerve, Pd - nucleus praeminentialis 
dorsalis, PLLN - posterior lateral line nerve, PM - pacemaker nucleus, POC - postoptic 
commissure, TeO - optic tectum. 
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Figure 12: Schematic diagram of in vitro setup.  

Fluid flow (ACSF) is indicated by large, black arrows, gas flow (O2/CO2 mixture) by 
small, grey arrows. Fluid flows through a number of coils of a tube (for clarity only one 
coil is shown) in the water bath of the chamber (water in water bath is not shown; water 
level would be slightly above heating strip (hatched area)) and is preheated 
approximately to the setpoint temperature of the chamber. Fluid then enters the recording 
well above through an inlet at the bottom of the well. The suction well is connected to the 
recording well over a short pipe and therefore fills up to the same level as the recording 
well. The fluid level is controlled by a suction needle, which is moved vertically by a 
micro manipulator. The fluid level is kept just underneath of a nylon mesh, on which the 
tissue is placed. Gas bubbles through holes in a rubber tube into the water bath and is in 
this way preheated and moisturized. Gas then enters the recording well through holes in 
the wall of the well. The recording well is covered by a Plexiglas lid with a triangular cut-
out (not shown). Temperatures are measured over thermistors (T1-T3; not shown). For 
further details see text. 

 

Statistical analysis 

 T-tests were used by assuming unequal variances. All values are mean ±  

standard error of the mean. 
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RESULTS 

Long-term jamming results in a prolonged JAR and poststimulus elevation of the 
EOD frequency  

A. leptorhynchus, can only produce an upward shift in its EOD frequency during 

the JAR (Heiligenberg et al., 1996). In this study, individual fish were presented with sine 

wave signals 3 Hz below their EOD frequency, which was shown previously (Bullock et 

al., 1972a; Dye, 1987) to elicit the highest JAR on average. First, a short 2 minute long 

stimulus was presented to the fish. Thirty minutes later a longer stimulus signal of either 

0.5 hrs or 3 hrs followed. The 2 min stimulation served as an internal control to test the 

hypothesis that a longer-term stimulation is more effective in producing sensorimotor 

adaptation than a short stimulus presentation.  

Since previous studies had only used short stimulus presentations, it was not clear 

if the JAR would be maintained throughout a long-term stimulation. Our results show 

that the JAR continues throughout the entire stimulation (Figure 13a, b). During the long 

stimulus presentation the JAR often showed an initial peak that relaxed to a steady state 

(89 % of the fish; n = 37; Figure 13a). The mean frequency difference between the initial 

phase and the late phase of the JAR is 2.7 ± 0.5 Hz (n = 37).  

The longer stimulus was effective in eliciting a clearly visible long-term elevation 

in the EOD frequency (Long-term frequency elevation = LTFE), which was apparent 

after the stimulus was turned off (Figure 13a, b). Usually, the frequency gradually 

returned back to baseline over the time course of 0.01 to 8.8 hrs (Figure 16b), depending 

on the stimulus parameters. Three out of 38 individuals did not show LTFE after the long 

stimulus presentation. In the remaining individuals, the initial 2 min long stimulation 

resulted in significantly smaller LTFE than the long-term stimulation (LTFE after short 
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stimulation was 14.2  ±  4.7 % of LTFE after long stimulation in the same individual; n = 

35; p < 0.000001 ; paired t-test, two-tailed).  
 

Chirping does not cause behavioral LTFE 

Besides the JAR, A. leptorhynchus produces other modulations of its basic EOD 

frequency. Chirps are short, typically around 15 ms long rises in EOD frequency of up to 

100 Hz (Larimer and MacDonald, 1968; Dye, 1987; Zupanc and Maler, 1993). They are 

either made spontaneously, or during encounters with conspecifics, where they are 

thought to be aggressive or courtship signals (Hagedorn and Heiligenberg, 1985). JAR 

and chirps are mediated by two different prepacemaker nuclei (Heiligenberg et al., 1996). 

As explained in Figure 9 the JAR is controlled by the sublemniscal prepacemaker 

nucleus (SPPn) via NMDA receptors on relay cells, whereas chirping is produced by 

AMPA receptor activation through input from a subportion of the thalamic prepacemaker 

nucleus, the PPn-C (C = chirping), again on relay cells. Thus in a unique fashion, since 

two distinct behaviors are mediated by different glutamate receptor types (Heiligenberg 

et al., 1996; Juranek and Metzner, 1997) (Figure 9a-c) the involvement of a particular 

receptor type in eliciting LTFE can be easily studied using a simple behavioral test.   

Female fish rarely chirp when tested under experimental conditions similar to 

ours (Dye, 1987; Zupanc and Maler, 1993; Dulka and Maler, 1994). In long-term 

jamming stimulations females make at most a few dozens chirps in comparison to males, 

which often produce more than 1000 chirps throughout the stimulus presentation (J. 

Oestreich, unpubl.). Both JAR and chirps are simultaneously displayed in these 

situations, with chirps overlaying the JAR (Figure 9d). To test whether activation of 

AMPA receptors also initiates LTFE, I presented males with a stimulus frequency 40 Hz 

below (n = 4) or 40 Hz above (n = 3) the fish’s own EOD frequency, at 1mV/cm stimulus 
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amplitude for 0.5 hrs. In short-term presentations this elicits only chirps (Triefenbach and 

Zakon, 2003) but no JAR (Figure 9b), because it is outside of the effective jamming 

range (Bullock et al., 1972a; Dye, 1987). In our case, the long-term presentations also 

only resulted in prolonged chirping, but no JAR-like elevation in base frequency during 

stimulation nor LTFE (0.50 ± 0.24 Hz, n = 7) after stimulus termination. As an internal 

control 0.5 hrs later fish were presented with a JAR signal 3 Hz below at the same 

stimulus amplitude, again for 0.5 hrs, which resulted in a JAR and chirping, as well as 

LTFE (3.54 ± 0.57 Hz, n = 7; Figure 14). Thus, LTFE is not elicited by activation of 

AMPA receptors alone. 
 

Dependence of in vivo LTFE on stimulus duration 

Because of the decline in the initial frequency component of the JAR I used the 

steady-state frequency as a measure for the JAR magnitude during the long stimulus 

presentation. The natural amplitude of the EOD of A. leptorhynchus varies between 0.5 to 

2 mV/cm depending on the size of the fish. I chose a constant stimulus amplitude of 1 

mV/cm to test the effect of stimulus duration on the JAR and LTFE magnitude. The mean 

magnitude of the JAR was not affected by the duration of the long stimulus presentation 

when compared between the 0.5 (3.9 ± 0.5 Hz; n = 10) and 3 hr (4.3 ± 0.6 Hz; n = 9) 

stimulated group (p > 0.5; unpaired t-test, two-tailed; Figure 15a). Further, mean LTFE 

in the 0.5 (1.7 ± 0.4 Hz; n = 10) and 3 hr (2.3 ± 0.5 Hz; n = 9) long stimulated groups was 

significantly higher than the mean LTFE in the 2 min long stimulated group (0.4 ± 0.1 

Hz; n = 21; p < 0.0001; unpaired t-test, two-tailed), which represented pooled data for the 

initial short presentations in the 0.5 and 3 hr groups. There was no statistically significant 

difference between mean LTFE resulting from 0.5 versus 3 hr long stimulations (p = 

0.3699; unpaired t-test, two-tailed). These results indicate that there is a temporal 
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threshold for activating LTFE, which requires a sufficiently long enough JAR between 2 

to 30 min in length. 
 

Dependence of JAR and behavioral LTFE on stimulus amplitude 

Since previous work (Bullock et al., 1972a; Dye, 1987) has shown that the 

magnitude of the JAR is dependent on the stimulus amplitude, I asked whether the 

magnitude of LTFE is as well. I varied stimulus amplitude by using 3 groups of fish, 

stimulated either at 1 mV/cm (n = 9), 15 mV/cm (n = 9), or 100 mV/cm (n = 6) and held 

stimulus duration constant at 3 hrs for the long-term stimulation. JAR magnitude 

increases with stimulus amplitude: at 1 mV/cm the mean JAR was 4.2 ± 0.6 Hz, at 15 

mV/cm the mean JAR was 6.4 ± 0.6 Hz, and at 100 mV/cm the mean JAR was 10.5 ± 1.2 

Hz. All differences between the means of the groups were statistically significant (p < 

0.05; unpaired t-test, two-tailed; Figure 15b). 

LTFE magnitude varied with stimulus amplitude correspondingly. At 1 mV/cm 

the mean LTFE was 2.6 ± 0.5 Hz, at 15 mV/cm mean LTFE was 4 ± 0.8 Hz, and at 100 

mV/cm mean LTFE was 9.5 ± 1.3 Hz. The difference between the means of the 1 mV/cm 

and 100 mV/cm group was significant, so were the 15 mV/cm and 100 mV/cm group (p 

< 0.05; unpaired t-test, two-tailed). The 1 mV/cm and 15 mV/cm groups were not 

significantly different (p > 0.05). In contrast to the larger difference between JAR and 

LTFE magnitude in the other groups, at 100 mV/cm the mean LTFE magnitude almost 

becomes as large as the mean JAR magnitude. If the JAR magnitude is a measure of the 

amount of afferent drive to the PMn and LTFE is a result of it, then the diminished 

difference possibly indicates a saturation of the cellular mechanisms, which underlie 

LTFE. 
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Quantitative features of JAR and LTFE 

Because there was no significant difference between 0.5 and 3 hrs stimulated 

groups in terms of JAR and LTFE magnitude, and because JAR magnitude and LTFE 

magnitude both varied with a given stimulus amplitude, I plotted LTFE as a function of 

JAR magnitude for all long-term stimulated groups of all stimulus amplitudes (Figure 

16a). Regression analysis showed a significant correlation between these parameters (r = 

0.95, p < 0.0001, n = 40; y = 0.94x – 1.77).  The intercept of the regression line at 1.9 Hz 

for the JAR indicated that in addition to the temporal threshold there is a further threshold 

for attaining LTFE; a minimum JAR magnitude is required to activate  the cellular 

mechanisms for LTFE. 

To test if LTFE magnitude predicted LTFE duration I performed a regression 

analysis on fish with a regular EOD frequency after stimulus termination (n = 18; Figure 

16b). A significant number of fish (n = 23) showed a more irregular EOD frequency 

sometime after the stimulus signal was turned off, which stemmed from another 

spontaneously displayed EOD modulation of unknown function, so-called yodels. Yodels 

can also contribute to a long-term resetting of the EOD frequency, overlaying the LTFE 

caused by JAR (Oestreich et al., 1999).  Those fish were excluded from this analysis. In 

the remaining fish LTFE could be clearly followed for 0.01 to 8.8 hrs. The higher the 

initial LTFE magnitude, the longer the EOD frequency stayed elevated above the 

prestimulus baseline frequency (r = 0.84, p < 0.0001, n = 18; y = 0.6x + 0.19).  

There was no obvious difference between females and males in JAR magnitude or 

LTFE for both relationships (Figure 16a, b). The observation that males chirp during 

jamming and females do not suggests that activation of AMPA receptors in conjunction 

with NMDA receptors, has no effect on LTFE, and agrees with our previous 
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demonstration that in males chirping alone does not initiate LTFE (Figure 14). 

Therefore, only NMDA receptor activation seems to contribute to LTFE initiation. 
 

LTFE in the in vitro preparation of the PMn 

The PMn forms an ovoid protrusion from the ventral surface of the brain stem and 

can be easily excised. It remains viable for several hours in a tissue slice chamber and 

continues to discharge at a rate correlated to the fish’s original EOD frequency (Meyer, 

1984; Smith and Zakon, 2000; Schaefer and Zakon, 1996)(J. Oestreich, unpubl.).  

In previous work (Dye, 1988; Dye et al., 1989) LTFE was induced in the slice 

preparation of the isolated PMn with only the terminal portion of the afferent fibers 

attached. A brief, tetanic stimulation of the fiber pathways resulted in temporary 

activation of the afferent input and was followed by a step-up of the PMn frequency. 

However, only a few seconds of recordings were shown and the statement was made that 

the effect lasted only for seconds. Further, these studies were not related to possible long-

term effects of sustained activation of afferent input to the PMn on the EOD frequency in 

vivo. Additionally, a brief, intense tetanic stimulation does not mimic the prolonged, low-

frequency activity of the afferent input expected in presence of a long-term jamming 

situation. To test whether the PMn indeed could be the locus of change in the 

electromotor circuit I also turned to the slice preparation. Unfortunately nothing is known 

about the natural firing rates of the prepacemaker nuclei. However, I developed a 

stimulation paradigm, which mimicked an afferent firing pattern that caused a JAR-like 

PMn frequency elevation. 

Prior to any stimulation, excised PMns were allowed to recover in a tissue 

chamber while constantly monitoring the extracellular compound potential and frequency 

of the PMn. The PMns were often quiescent for up to 30 min, but neural activity set in 
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relatively suddenly within a few seconds. The PMn frequency usually ramped up for 

another hour to 2 hours until it reached stability within a few Hertz (J. Oestreich, 

unpubl.). Thirty minutes of relative stability were sought, before stimulation was 

attempted. A 20 min long stimulation at 1.5 Hz resulted in a progressive increase of the 

PMn frequency during the stimulation, which in some cases was followed by a slight 

decrease until a stable frequency was reached (Figure 17). After stimulus termination the 

PMn frequency rapidly declined to a lower level, which, however, was still elevated 

above the original baseline frequency. The frequency then only gradually returned back 

to baseline over a time course of  up to 2.8 hrs (Figure 18c).  

In conclusion, the behavior of the PMn frequency in vitro shows a striking 

resemblance to the development of the EOD frequency during and after a prolonged 

stimulus presentation, suggesting that a resetting of the PMn indeed underlies the EOD 

frequency change.  
 

Dependence of In Vitro LTFE on stimulus duration 

To further test this notion I investigated whether the expression of LTFE in the 

slice is also affected by the stimulus duration as it is in vivo (Figure 15a). I used low 

frequency stimulation at 1.5 Hz over 2 min (n = 6) and 20 min (n = 7)  in groups of 

different PMns. I chose a 20 min stimulation instead of 30 min as in one of the in vivo 

groups, because of an increased probability of run-down effects with time. 

Mean LTFE in the 2 min group was 4.8 ± 0.8 Hz, whereas stimulation over 20 

min resulted on average in 12.5 ± 3.5 Hz LTFE. These values were significantly different 

(p < 0.05; unpaired t-test, one-tailed; Figure 18a). LTFE in both groups however was 

higher than in in vivo, suggesting that the afferent firing rate and/or number of recruited 

fibers in vitro was different from the situation in the intact animal. In summary, these 
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data together with the findings in vivo (Figure 15a) imply a temporal threshold for 

activation of the LTFE mechanism. 
 

Quantitative features of PMn frequency during stimulation and LTFE in vitro 

The elevation in PMn frequency during stimulation should reflect the strength of 

the afferent drive of the prepacemaker fiber pathways to the PMn and represents the 

equivalent of a JAR in vitro. Afferent activity should last only as long as the stimulation, 

because the somata of the prepacemaker neurons are not included in the slice preparation. 

Thus, the PMn does not receive synaptic input in the slice. Therefore, any frequency 

elevation after stimulus termination should be the result of changes at the postsynaptic 

site, the PMn. Further, the magnitude of the postsynaptic change, as it is reflected by 

LTFE should be correlated with the strength of the synaptic input, which, as just pointed 

out, is represented in the PMn frequency elevation during stimulation. To test whether the 

relationship between JAR as a measure of presynaptic activity and LTFE as a 

postsynaptic result in vivo (Figure 16a) is also reflected in the isolated PMn, I used data 

from two different stimulus groups for a regression analysis, where LTFE is plotted 

against the PMn frequency during stimulation (Figure 18b; r = 0.88, p < 0.0001, n = 14; 

y = 0.48x – 3.18). A low frequency stimulation at 1.5 Hz frequency using a triple pulse 

bout (individual pulses spaced 25 ms apart), produces a relatively large frequency 

increase during stimulation and also results in high LTFE (n = 9). Although there is 

considerable scatter in the data using the same stimulation paradigm (triple pulse), I did 

not obtain weaker responses to explore possible threshold effects seen in vivo (Figure 

16a), where pooling of groups stimulated with several different parameter combinations 

generated enough variability. Therefore, I included data from a second group of PMns, 

which were stimulated at the same frequency, but only with a single pulse. This resulted 
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in a lower PMn frequency during stimulation, which almost produces no LTFE (n = 5). 

These data further support the idea that the afferent input to the PMn has to be of 

sufficient magnitude to activate the LTFE signaling pathway. The threshold is 6.6 Hz, 

which is higher than the threshold in vivo (1.9 Hz). Again, there are no differences 

between male and female PMns. An analysis of in vitro LTFE duration versus LTFE 

magnitude (in vivo: Figure 16b) also showed a strong correlation (r = 0.9, p < 0.001, n = 

11; y = 6.3x + 17.5; Figure 18c), further strengthening the hypothesis that LTFE in the 

PMn underlies behavioral LTFE. 
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Figure 13: LTFE in the EOD frequency.  

a, Response of a female fish to a 1 mV/cm stimulus, 3 Hz below its EOD frequency. 
Initially, a 2 min long stimulus was presented. The resulting JAR (*) is enlarged in the 
inset. The EOD frequency relaxes back to baseline after stimulus offset. 0.5 hrs later 
another stimulus was presented for 0.5 hrs. The JAR is maintained througout the entire 
stimulus period and reaches a stable frequency (691.7 Hz; 5.1 Hz elevation; upper dashed 
line) after 9 min. Further, the EOD frequency right after stimulus offset decays rapidly to 
a stable, but still elevated level (2.8 Hz elevation; arrow), from which it gradually returns 
back to baseline (lower dashed line) over 1.2 hrs. The frequency and duration of the 
stimulus presentations are indicated by the bold line underneath the EOD frequency. b, 
Response of a male fish to a 100 mV/cm stimulus, 3 Hz below the EOD frequency. 
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Again, an initial 2 min long presentation (*) does not result in LTFE (inset), whereas a 3 
hrs long stimulation (onset 0.5 hrs later) results in LTFE. The initial frequency elevation 
is 8.5 Hz (arrow), the duration until decline to baseline (lower dashed line) is 
approximately 9 hrs. Note that JAR and LTFE magnitude are larger and that LTFE also 
lasts longer than in a. 
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Figure 14: Chirping by itself does not produce LTFE in males.  

a, Recording of a male fish’s EOD frequency. An initial, 0.5 hr long presentation of a 
stimulus signal 40 Hz above the fish’s own EOD frequency outside of the jamming range 
elicits chirps (brief upward deflections in the frequency trace), but no upward shift in the 
baseline EOD frequency during or after the stimulation. However, as a control, a second 
stimulation, 0.5 hrs later, again for another 0.5 hrs, at a frequency 3 Hz below the fish’s 
EOD frequency, elicits chirps and a JAR (Figure 9), which is followed by LTFE (arrow) 
after stimulus offset. Note that the temporal resolution of the signal capture was higher 
than in Figure 13 (20 samples/sec vs. 0.25 samples/sec), therefore allowing the 
resolution of the brief chirps. b, EOD frequency change after the period of chirping alone 
in comparision to LTFE after the JAR and chirping: data are pooled from 7 males, which 
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were initially stimulated at 40 Hz above (n = 3) or 40 Hz below (n = 4) the fish's EOD 
frequency. c, Detail of the chirp at the marker (*) in a: a chirp is characterized by a rapid 
EOD frequency increase, which is often accompanied by a decrease in voltage (Zupanc 
and Maler, 1993). The maximum frequency of the chirp is higher in c than in a, because 
the frequency values in a are averages over 50 ms. 
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Figure 15: Dependence of JAR and LTFE magnitude on stimulus parameters.  

a, Mean changes in EOD frequency during JAR and after stimulus period (LTFE) in 
different groups of fish and in response to different stimulus durations at 1mV/cm 
stimulus amplitude. The values were determined by measuring the elevation from 
baseline to stable frequency during JAR and after stimulus offset (Fig 2). The JAR for the 
2 min long presentation was not included, because the JAR magnitude here is more 
similar to the initial first minutes of the JAR during the long presentations, which is 
usually higher than the stable frequency during these presentations and does not reflect 
overall  magnitude of the JAR (Fig. 2b). The mean JAR for the long presentations (30 
and 180 min) is not affected by the stimulus duration (30 min: n = 10; 180 min: n =9; p > 
0.5). Mean LTFE is significantly higher for the long presentations than for the 2 min long 
presentation (2 min: n = 21; all comparisons: p < 0.05), but the increase in mean LTFE 
between 30 and 180 min stimulated groups is not significant (p > 0.3). b, Mean JAR and 
LTFE for different stimulus amplitudes in different groups of fish at 3hrs stimulus length 
for the long presentation. The JAR becomes significantly larger with increasing stimulus 
amplitude (1 mV/cm: n = 9, 15 mV/cm: n = 9, 100 mV/cm: n = 5; p < 0.05, all groups 
significantly different from each other). In correspondence, mean LTFE increases (1 
mV/cm: n = 9, 15 mV/cm: n = 9, 100 mV/cm: n = 6; p < 0.05, 1 mV/cm group not 
significantly different from 15 mV/cm group). Note that for 100 mV/cm mean LTFE is 
almost as high as the JAR (Fig. 2b). a and b, The resting EOD frequency before onset of 
all stimulus experiments was fairly stable, with an average baseline frequency change of 
–0.36 ± 0.15 Hz, measured for 3 hrs prior to stimulus onset (n = 31). 180 min group in a 
is the same than 1 mV/cm group in b. 
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Figure 16: The expression of LTFE is positively correlated with the JAR magnitude 
and LTFE duration in turn is dependent on the LTFE magnitude. 

a, Linear fit of the relationship between JAR and LTFE magnitude for male (n = 17) and 
female (n= 23) fish (total n = 40; r = 0.95, p < 0.0001). b, Linear fit for LTFE magnitude 
vs. LTFE duration. Only fish with regular EOD frequency over a long-term period after 
stimulus offset were included in this analysis (males: n = 8, females: n = 10; total: n = 18, 
r = 0.84, p < 0.0001). In a and b no obvious difference between males and females in 
respect to JAR and LTFE is noticeable, despite the fact that males are also chirping 
during the JAR. Both data sets were generated from the responses of all long-term 
stimulations regardless of stimulus amplitude. 
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Figure 17: LTFE in a preparation of the isolated pacemaker nucleus (PMn). 
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After recording a stable baseline frequency for approximately 0.5 hrs, low frequency 
stimulation (duration indicated by bold line) of the afferent fibers for 20 min resulted in a 
progressive increase in PMn frequency until a stable frequency (upper dashed line) was 
reached. Stimulus offset led to an initial rapid decline in frequency to a point (arrow), 
which was was still elevated above baseline (lower dashed line). LTFE lasted for 1.9 hrs. 
The inset shows a trace of the extracellularly recorded compound potential of the PMn at 
the mark (*). 
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Figure 18: Quantitative features of LTFE in vitro.  

a, A low frequency stimulation of the afferent fiber at 1.5 Hz using triple pulses spaced 
25 ms apart results in lower LTFE for 2 min long stimulations (n = 6) than for 20 min  
long presentations (n = 7, p < 0.05).  Note that LTFE in the isolated PMn preparation in 
both in vitro groups is higher than in vivo. b, Correlation between LTFE and PMn 
frequency elevation during stimulation for pooled data of the 20 min group in a and a 
group of PMns (n = 5) which were stimulated with a single pulse instead of triple pulses 
(total: n = 14, r= 0.88, p < 0.0001). c, LTFE duration as a function of LTFE magnitude (n 
= 11, r = 0.9, p < 0.001). a-c, Note that all in vitro relationships resemble their in vivo 
counterparts. 
 
 

DISCUSSION 

Our findings demonstrate that long-lasting electrosensory input leads to 

sensorimotor adaptation in A. leptorhynchus. The adaptation is a stable change in the 

frequency of the electromotor output (the EOD), which becomes noticeable after the 

stimulus is switched off. It is likely that the basis for this adaptation is a long-term 

NMDA receptor-dependent resetting of the spike frequency in the electromotor command 
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nucleus (the PMn). The magnitude of the adaptive change is correlated with the amount 

of synaptic input received by the postsynaptic neurons. 
 

Sensorimotor adaptation is produced by a synaptically induced increase in 
postsynaptic firing rate 

If no jamming signal is present, the PMn will discharge at its basic rate and the 

EOD frequency is stable. In the presence of a jamming signal, the synaptic input to the 

SPPn from higher electrosensory regions drives the SPPn to fire faster, which in turn 

increases the firing frequency of the PMn and, with that, the EOD frequency 

(Heiligenberg et al., 1996). This increase in EOD frequency is the JAR (Figure 9a, b). 

Initially, the responsibility of maintaining the JAR is with the presynaptic nucleus, the 

SPPn. The behavioral output of the electromotor system now becomes the crucial link, 

which closes the feedback loop. By raising its own EOD frequency away from the 

jamming frequency, the fish will decrease interference, subsequently reducing the 

sensory input feeding into the SPPn. However, with long-lasting synaptic input a cellular 

mechanism is induced in the PMn, which leads to a persistent increase in the activity of 

the PMn. This situation then, allows for a decrease in the synaptic activity, because the 

responsibility of maintaining the increased EOD frequency during the JAR is now with 

the postsynaptic site, the PMn (Figure 19a, b). 

What is the need for adaptation in the frequency of the electromotor output? The 

alternative is for continued synaptic input and possibly, a prolonged activation of NMDA 

receptors during long-term sensory stimulation. NMDA receptors conduct Ca2+ (Gasic 

and Hollmann, 1992) and one possible negative consequence of an extensive and long-

term Ca2+ influx is excitotoxicity (Choi, 1988; Rothman and Olney, 1995; DeLorenzo et 

al., 1998). This possibility is supported by the fact that in a few preparations the 
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stimulation irreversibly resulted in a progressive, apparent uncoupling of  PMn neurons 

and a reduction of the PMn potential (J. Oestreich, unpubl.), consistent with the effect of 

aspartate bath application, or treatment with a Ca2+ ionophore (Dye, 1991). 
  

Positive feedback at the cellular level functions as negative feedback on the systems 
level 

An emerging theme in cellular neuroscience is that neurons adapt to long-lasting 

synaptic stimulation by downregulating their intrinsic excitability, for example, to adapt 

to a sustained stimulus for enhancement of novelties in the sensory stream (Laughlin, 

1989; Sanchez-Vives et al., 2000a; Sanchez-Vives et al., 2000b; McCormick, 2001), to 

avoid overstimulation, or the saturation of firing rates. The last situation is termed 

homeostatic synaptic plasticity (Turrigiano and Nelson, 2000). Here, global synaptic 

strength and/or membrane excitability are turned down in response to continuing 

excitatory input to prevent saturation of the firing rate by ever increasing correlation 

between pre- and postsynaptic firing and hence runaway in increasing synaptic strength. 

A few studies have shown long-lasting increases in postsynaptic activity following 

relatively short, but high frequency synaptic stimulation (Alkon, 1984; Kaczmarek et al., 

1986; de Jonge et al., 1990; Aizenman and Linden, 2000) or bath application of 

neurotransmitter receptor agonists (Sivilotti and Nistri, 1992; Chu and Hablitz, 2000) in 

vitro. Our results add that even with long, low frequency electrical stimulations over 20 

minutes neurons can respond with a long-lasting net enhancement in their activity. This 

positive coupling between synaptic inputs and postsynaptic excitability is non-

homeostatic control of neuronal excitability, since the set point of neuronal activity is 

changed in a stable fashion. Homeostatic control of neuronal excitability, by definition 

keeps the postsynaptic firing rate at a specific set point, which is under internal cellular 
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control. I propose that at least some neurons (i. e. the neurons in the PMn) can be set to 

fire at various firing rates in a certain 'healthy' (i.e. non-excitotoxic or non-saturated) 

range of possible firing rates. These neurons adjust their firing rate in this range 

depending on the requirements of the circuit in which they are embedded. Therefore, the 

firing rate of the neuron in this range is set externally by the circuit and not internally. A 

detailed understanding of the exact role of these neurons in their circuits or the 

relationship of these circuits to behavior, is helpful in interpreting in vitro observations of 

stable changes in neuronal firing rate. 

In this dissertation I present a novel example of a synaptically induced long-

lasting increase in postsynaptic excitability, an example of positive coupling between 

synaptic stimulation and postsynaptic excitability. However, when considered in the 

context of the complete functioning circuit and including the behavioral link in the 

feedback loop, it is clear that positive feedback at the cellular level results in negative 

feedback on the circuit and organismic level, thus actually contributing to, rather than 

conflicting with, homeostatic adjustment of the circuit. 
 

Relationships between LTFE and stimulus parameters in vivo and in vitro 

A key problem in sensorimotor adaptation is identifying the locus of the change. 

Our experiments suggest that sensorimotor adaptation in the electromotor system can be 

localized to the neurons of the pacemaker nucleus, because the characteristics of the 

changes that I observe in the slice closely approximate those observed in the behaving 

animal. Mainly, the magnitude and duration of the JAR predicts the magnitude and 

duration of the behavioral LTFE similarly to the way that the magnitude and duration of 

the fictive JAR predicts the magnitude and duration of LTFE in vitro. Furthermore, our 

results show that both behavioral LTFE and LTFE in vitro have magnitude and temporal 
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thresholds: they do not occur unless the JAR is of sufficient magnitude (around 2 Hz in 

vivo) and duration (> 2 minutes). 

LTFE can be considered a form of neuronal memory. The strength and duration of 

that memory, as measured by the magnitude and duration of the elevation of EOD 

frequency, is correlated with the duration and the amplitude of the sensory stimulus. This 

relationship predicts that LTFE occurs in a graded fashion and suggests that the 

underlying cellular mechanisms are working in a linear range, until the PMn frequency is 

appropriately adjusted. This mechanism must have a temporal and intensity threshold and 

be capable of a time-intensity trade-off such that total stimulus strength (stimulus 

duration x magnitude) is integrated. 
 

Receptor pharmacology 

Earlier work has demonstrated (Dye et al., 1989; Heiligenberg et al., 1996) that a 

short JAR is mediated by NMDA receptors as the NMDA receptor antagonist d-APV 

abolishes the JAR completely. Additionally, one of the previous studies (Dye et al., 1989) 

shows that in vitro LTFE induced by short, tetanic stimulation of the afferent fibers is 

also blocked by d-APV. The possibility exists that LTFE as the result of long-term low 

frequency stimulation could be at least partially due to the co-release of another amino 

acid, peptidergic neurotransmitter, or activation of metabotropic glutamate receptors. 

However, preliminary experiments indicate that fictive JAR and LTFE in vitro during a 

long-term, low frequency stimulation are also effectively blocked by the NMDA receptor 

antagonists (+)-MK-801 and CPP (J. Oestreich, unpubl.). Taken together, these 

pharmacological data suggest that even a long-term JAR is mediated by NMDA receptors 

and that the JAR itself is the prerequisite for LTFE.  
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The behavioral data presented here show that chirping in males did not produce 

LTFE (Figure 14). Furthermore, LTFE did not vary between males and females, despite 

the fact that males chirp vigorously while performing a JAR whereas females do not 

(Figure 16). These results therefore indicate that AMPA receptors play no role in LTFE 

either when activated alone or co-activated with NMDA receptors. 
 

Cellular mechanisms for LTFE 

The quantitative correlation between synaptic strength and LTFE magnitude 

could be based on the amount of Ca2+ influx through NMDA receptors into the cell. By 

using the intracellular Ca2+ concentration the PMn neurons would measure the duration 

and strength of exposure to a signal intruding on the sensory space and adjust their 

frequency shift appropriately to avoid jamming. What are some of the possible, Ca2+-

activated mechanisms for LTFE? 

So far, most work on molecular mechanisms for the engram of memory has 

focused on Hebbian plasticity, where the memory-inducing, chemical synapse itself 

becomes the substrate for change (Bliss and Collingridge, 1993; Marder et al., 1996; 

Spitzer, 1999). However, more and more evidence is supporting the involvement of 

changes at other cellular sites in memory, particularly changes in network connectivity, 

either at synapses different from the inducing chemical synapse, and/or changes at gap 

junctions. A postsynaptic network can be synaptically induced to maintain an image of 

that input by a persistent change in activity, for example by recurrent excitation (Aksay et 

al., 2001), or by changing levels of tonic inhibition.  

In support of a possible role of gap junctions in LTFE, evidence at the mixed 

synapse of the auditory nerve with the Mauthner cell in goldfish has shown that Ca2+ 

influx via NMDA receptors can modulate the conductivity of gap junctions in a long-
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term fashion (Pereda and Faber, 1996; Pereda et al., 1998), and network models (Kepler 

et al., 1990) have indicated that changes in the number of open gap junctions could also 

increase the frequency in a network of electrotonically coupled neurons. The neurons in 

the PMn are highly coupled (Bennett et al., 1967; Elekes and Szabo, 1985; Moortgat et 

al., 2000) and therefore the possibility exists that a change in electrotonic connectivity 

underlies LTFE. 

Alternatively, the intrinsic excitability of the individual neurons could be affected 

in a long-term fashion by synaptic input (Aizenman and Linden, 2000; Alkon, 1984; de 

Jonge et al., 1990; Desai et al., 1999; Marder et al., 1996; Spitzer, 1999). Ca2+ influx 

through activated NMDA receptors has been linked to changes in membrane currents 

(Aizenman and Linden, 2000; DeLorenzo et al., 1998; Puro et al., 1996) and a possible 

candidate target in the PMn is a potassium current. Previous work (Dye, 1991; Smith and 

Zakon, 2000) has shown that the potassium channel blocker 4-AP has a profound 

influence on the activity of the PMn by raising the firing frequency. Among others, these 

findings could be in correspondence with Kv3.3, which is present in the PMn (R. Turner, 

personal communication). Kv3.3 is an A-type current, known to influence the interspike 

interval, and therefore to set the spike rate in other systems (Smith, 1999). That this 

situation could be a universal mechanism is supported by data (Wu and Barish, 2000) in 

the hippocampus, which show that an increase in intracellular Ca2+ concentration reduces 

a 4-AP sensitive potassium current and leads to increased excitability.  

The question of which cellular mechanism is involved in producing LTFE will be 

addressed in future studies. 
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Figure 19: Positive feedback at the cellular level results in negative feedback on the 
circuit level. 

 a, Electromotor circuitry with sensory input and motor output: An increase in the EOD 
frequency during the JAR effectively reduces jamming of the electrosensory system and 
therefore reduces the sensory input feeding back into the electromotor system. b, Model 
of pre- and postsynaptic influence on the PMn frequency. In the initial phase of the JAR 
the frequency increase is due to presynaptic drive by the SPPn. Continuing activation of 
NMDA receptors results in the induction of a postsynaptic signaling mechanism, which 
leads to an increase in the PMn firing rate. Synaptic input ceases after stimulus 
termination and the resetting of the PMn becomes visible as LTFE. c, In homeostatic 
synaptic plasticity neurons adapt to sustained synaptic activation (upward arrows) by 
turning down their excitability (downward arrows) or synaptic strength globally to avoid 
a saturation of their firing rate by increasing correlation between pre- and postsynaptic 
firing and hence runaway in increasing synaptic strength (Turrigiano and Nelson, 2000) 
(circle). The situation in the PMn is different: a sustained increase in synaptic input 
results in a persistent increase in postsynaptic firing rate. However, this can be 
understood if the entire circuit is considered (a).
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Chapter 3: LTFE is not LTP: a novel form of graded sensorimotor 
adaptation is NMDA receptor-induced, but postsynaptically maintained 

by increased neuronal excitability 

 

ABSTRACT 

Increasing evidence points to the contribution of changes in intrinsic neuronal 

excitability as a cellular mechanism for the generation of memories. However, little is 

known about how the features of a sensory stimulus are transduced into a graded change 

in intrinsic excitability and how this leads to a behavioral change. 

Here I report for the first time that a non-associative, long-term memory in form 

of sensorimotor adaptation in the electromotor output of a weakly electric fish is graded 

in respect to stimulus duration and stimulus amplitude in vitro. Moreover, it can be 

activated over a broad range of firing rates and patterns, suggesting that the integration of 

synaptic input by the adaptive mechanism works by simple pulse counting. Further, I 

demonstrate that the adaptation is an NMDA-receptor–dependent change in the intrinsic 

excitability of the postsynaptic neurons, and not due to continued synaptic input. 

 

INTRODUCTION 

Cellular mechanisms behind the storage of memories are a major interest in 

Neuroscience. Much is known about how changes in the efficacy of chemical synapses 

could potentially serve as a substrate for memory formation (Malenka and Nicoll, 1999), 

but the notion of changes in intrinsic neuronal excitability as another means for memory 

storage has only recently gained momentum (Marder et al., 1996; Zhang and Linden, 

2003). 
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The graded modification of intrinsic conductances is one possibility for producing 

a graded neuronal memory in response to a corresponding increase in a certain quality of 

a sensory stimulus (Egorov et al., 2002), but little is known about how sensory changes 

would be transduced into such a neuronal memory. Further, in vertebrate systems no one 

so far has been able to demonstrate, how changes in intrinsic excitability would be 

reflected in a behavioral change. 

The wave-type weakly electric fish, Apteronotus leptorhynchus actively produces 

an electric field around its body with an electric organ in its tail, and the electric organ 

discharge (EOD) frequency is directly set by a medullary pacemaker nucleus (PMn): for 

each PMn discharge the electric organ responds with one EOD (Heiligenberg, 1991). 

Afferent input to the PMn evokes behavioral modulations of the basic EOD frequency via 

NMDA receptor activation (Dye et al., 1989; Heiligenberg et al., 1996). Because the 

behavioral output of the electromotor system is in the ‘currency’ of the nervous system, 

modulations in the activity of the nervous system are directly reflected in a change of the 

electromotor output. Further, the circuitry of the electrosensory and electromotor system 

in weakly electric fish is relatively simple, and arguably the best understood neural circuit 

in vertebrates (Heiligenberg, 1990). Therefore, the electromotor system of weakly 

electric fish is a prime model system for studying the involvement of intrinsic membrane 

currents in the formation of neuronal memory, how such a memory orchestrates a 

behavioral adaptation, and how such neuronal change is produced by persistent 

alterations in the sensory input.  

Sensorimotor adaptation is the specific adjustment of a motor output to a 

persistent and specific change in sensory inflow. For example, humans and other animals 

are capable of adapting to the distortion of their visual field by prism goggles. Initially, 

reaching for an object viewed through the prism results in a missing the object by an error 
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equal to the optical displacement (Held and Freedman, 1963). However, over time the 

individual will compensate for this error. If the goggles are removed after sensorimotor 

adaptation has taken place, again an error now in the opposite direction, but also related 

in strength to the optical displacement is revealed, which then gradually wears off. 

Sensorimotor adaptation of this form involves the formation of a non-associative 

memory, which is graded in respect to the amount of sensory change.  

In the previous chapter I described sensorimotor adaptation to persistent sensory 

jamming in the electromotor system of A. leptorhynchus. The continuous presence of a 

pure sine wave signal, mimicking a conspecific with similar frequency, causes a 

prolonged jamming avoidance response (JAR) in the experimental fish. After stimulus 

termination the EOD frequency stays elevated for up to several hours during which it 

gradually returns back to baseline (Figure 20a). This sensorimotor adaptation to the 

electrosensory stimulus was termed Long-term frequency elevation (LTFE). The 

magnitude of the adaptation in vivo is graded in respect to stimulus amplitude and 

duration. In addition, LTFE can often be observed after certain, spontaneous EOD 

frequency modulations with rapid onset, so-called yodels or rises (Figure 20a, inset **). 

Neural correlates for LTFE after JAR and yodels exist in a slice preparation of the 

electromotor pacemaker nucleus (PMn)(Figure 20b, c), and closely match the PMn spike 

frequency recorded during these behavioral EOD frequency modulations in vivo (Dye 

and Heiligenberg, 1987). As already mentioned in chapter 2, a fictive JAR can be 

induced by prolonged low-frequency stimulation of the afferent fiber pathways, whereas 

in vitro yodels are induced by brief, high-frequency stimulation (Dye, 1988). Both 

stimulus paradigms result in LTFE suggesting that the mechanism for LTFE can be 

activated by a wide range of firing frequencies (Figure 20d). 
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In this chapter, I tested how the stimulus features were transduced into a graded 

memory. I found that the adaptation is produced by a broad, but behaviorally relevant 

range of different afferent firing frequencies, and patterns. In addition, like in vivo, the 

adaptation is graded in respect to stimulus duration and amplitude, consistent with the 

idea that the mechanism responsible for the adaptation integrates the synaptic input by 

simply counting pulses. Further, I demonstrate that the adaptation is dependent on the 

activation of NMDA receptors, and is due to a change in intrinsic excitability of the 

postsynaptic neurons, and not due to continued synaptic input. 
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Figure 20: Behavioral EOD frequency modulations in Apteronotus leptorhynchus 
and their neural correlates. 

(A) EOD frequency in response to stimulation with an artificial sine wave mimicking the 
presence of a conspecific in jamming frequency range (∆F = -3 Hz; stimulus periods 
marked by black bar underneath EOD frequency trace). An initial short stimulus 
presentation of 2 min leads to a JAR (*, see inset), after which the EOD frequency returns 
back to baseline. This depicts the usual stimulus paradigm, historically used in weakly 
electric fish research to describe the JAR (Bullock et al., 1972a; Dulka and Maler, 1994; 
Dye, 1987; Heiligenberg et al., 1996). In contrast, a stimulus presentation of 30 min leads 
to a prolonged JAR, which is followed by a lasting EOD frequency elevation (arrow) 
beyond the duration of the stimulus signal (LTFE = Long-term frequency elevation), 
which only gradually returns back to baseline. LTFE can also be seen after yodels or rises 
(**, see inset), a spontaneous, EOD frequency modulation of rapid onset and with 
varying communicatory function (Tallarovic and Zakon, 2002). Rapid EOD frequency 
deflections in (A) outside of the stimulus period are other yodels, whereas fast increases 
during the stimulus periods on top of the JAR are chirps, a third type of communication 
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signal. Chirps are predominantly produced by male fish and are thought to be an 
aggressive signal. They are controlled by a different pathway originating from a second 
prepacemaker nucleus, which is not subject of this study. 
 (B) A neural correlate for the JAR and LTFE exists in vitro in the PMn brain slice 
preparation: Prolonged low frequency stimulation over 20 min of the terminal portion of 
the afferent fiber bundles arising in the SPPn produces a fictive JAR in the PMn 
frequency, which is followed by LTFE. (C) A 1 sec long tetanic burst stimulation of the 
afferent fibers produces the neural correlate of a yodel, which is followed by lasting 
LTFE. (D) This study addressed the question if the same signaling pathway for LTFE is 
induced by low- and high frequency stimulation of the afferent fiber pathways. Further, I 
wanted to confirm that the mechanism for LTFE is activated by NMDA receptors, and 
expressed postsynaptically in the PMn.  
 

METHODS 

Animals 

Wild-caught individuals of A. leptorhynchus were obtained through different 

vendors and then housed in individual and community Plexiglas tanks in climate-

controlled rooms with a circulating water system and a dark-light cycle of 12/12 hours. 

The temperature in the rooms was held stable between approximately 26-28°C and the 

water conditions were relatively constant. Fish were fed with frozen brine shrimp every 

two days. 

  

PMn slice preparation 

 PMn slice preparation was as described in chapter 2. In short, the ventral portion 

of the brainstem, spanning from a point in close proximity of the caudal aspect of the 

pacemaker nucleus to the pituitary fossa, was transferred to the recording well of a 

plexiglas tissue slice chamber, where it was continuously perfused with ACSF.  

The tissue was maintained in a fluid interface and a humidified gas mixture from 

an outer water bath (flowrate = 8 l/min) constantly streamed over the tissue. Because of 
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the high gas flow rate, the temperature of the slice chamber was uniform, and gas and 

saline temperature were adequately regulated by controlling the temperature in the outer 

water bath (temperature controller: TR-100, Fine Science Tools, North Vancouver, B.C., 

Canada) and kept constant at 24° C.  

 

PMn recordings 

The method was as outlined in chapter 2. In short, recordings of the extracellular 

compound potential of the PMn were made with a homemade blunt tungsten wire 

electrode, and then amplified, A/D-converted, and digitally recorded. The PMn frequency 

was constantly monitored during the experiment. After the frequency reached stability the 

tissue rostral to the PMn, which contains the afferent fiber pathways, was stimulated 

through a self-made bipolar silver wire electrode. The stimulus parameters were as 

followed: pulse width = 400µs (the same in all experiments), either 3 pulses spaced 25 

ms apart, or in some cases 1 pulse every 250ms. Train frequencies ranged from 0.5 to 6 

Hz for the low frequency stimulations. In case of the high frequency stimulations, pulses 

were delivered at 1000 Hz for 1 sec. Stimulus amplitude in some of the low frequency 

experiments ranged from 10 to 100nA, in high frequency experiments it was 100nA. 

 

Pharmacology 

 (±)-CPP ((±)-3-(2-Carboxypiperazin-4-yl)propyl-1-phosphonic acid) was 

obtained from Sigma-Aldrich Co. (St. Louis, MO), and ω-Conotoxin GVIA from Sigma-

Aldrich Co. and Alomone Labs Ltd. (Jerusalem, Israel). Both drugs were dissolved in 

deionized water to a concentration twice that used in the final experiments. The pH value 

of the CPP solution was adjusted to 7.2 to 7.4, comparable to the pH of the oxygenated 
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ACSF. Aliquots of both drugs were stored at -20° C. Before the experiment, aliquots 

were thawed and sonicated briefly, and then mixed with an equal volume of ACSF for a 

final concentration of 30mM for CPP, and 165µM for the conotoxin. Perfusion was 

stopped 20 min before stimulation to prevent drugs from washing out and to give the 

preparation enough time to acclimate to the new conditions. This sometimes resulted in a 

temporary increase in PMn frequency of a few Hertz, but did not noticeably affect the 

survival time of the PMn within the duration of the experiment. CPP was applied 5 min 

before stimulation, and the conotoxin 20 min before stimulation. 15µl of each drug were 

pressure-applied into the fluid interface covering the rostral aspect of the slice through a 

5MΩ patch pipette (Picospritzer II, General Valve Corporation, Fairfield NJ) using 40ms 

puffs at 3-5 Pa. BSA (0.5mg/ml; Sigma-Aldrich) was added to the ACSF when using ω-

Conotoxin GVIA to prevent the toxin from binding to the Plexiglas of the slice chamber 

by preblocking possible peptide binding sites (Luo et al., 1998; Tabata et al., 1996). In 

addition, the slice chamber was pretreated with a silicone solution (Sigmacote, Sigma-

Aldrich) for the same reasons. Further, after each experiment everything in the slice 

chamber, which had come in contact with the conotoxin was cleansed by sonication for 

30 to 60 min with an enzyme cleaner (Zymit, International Products Corp., Burlington, 

NJ). 

 

Statistical analysis 

All statistical analysis was performed using Graphpad Prism 4.01 (Graphpad 

Software Inc., San Diego CA, USA), with the exception of the conotoxin experiments. 

Here, means were compared using Microsoft Excel’s build-in “TTest” worksheet 

function to determine significance (calculates P value for unpaired, two-tailed student’s t-

test; Excel 2000, Microsoft Corp., Redmond, WA). P values reported in the text are 
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averages for the parts of the curve before, during, and after the stimulation. In general, 

values are reported as mean ± standard error of the mean. Multiple pairwise comparisons 

were performed by ANOVA, followed by Newman-Keuls posthoc analysis unless noted 

differently in the text. All t tests performed for single pairwise comparisons were 

unpaired, two-tailed student’s t tests. Slopes of linear regression lines were compared by 

using Graphpad’s build-in function, which is based on an ANCOVA. 

 

RESULTS 

The dynamic range of the behavior in the whole fish is set by the pacemaker nucleus  

We first compared the dynamic range of JAR and LTFE in the behaving animal 

with fictive JAR and LTFE in the PMn slice. We tested the maximum range of the JAR 

by driving the fish to produce a large JAR until no further increase could be achieved. 

We presented the fish with a strong jamming stimulus of 100mV/cm amplitude. In 

addition, the stimulus frequency was constantly adjusted by a computer in such way that 

it would follow 3 Hz below the fish’s EOD frequency. Under these conditions we found 

that the JAR saturated at 24.3 ± 1.2 Hz (n = 32; Figure 21a). Because the fish did not 

maintain such a large JAR for more than a few minutes, and because LTFE magnitude in 

vivo is dependent on stimulus duration (Oestreich and Zakon, 2002), only little LTFE was 

induced. However, using a stimulus signal at 100mV/cm with a static frequency of 3 Hz 

below the fish’s EOD frequency just prior to stimulus presentation results in a stable JAR 

of lower magnitude (10.5 ± 1.2 Hz), which is followed by a large amount of LTFE of 9.5 

± 1.3 Hz (Oestreich and Zakon, 2002)(Figure 21b).  

We then tested the dynamic range of the fictive JAR and LTFE in vitro by 

increasing stimulus intensities until those responses were saturated. For each stimulus 
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amplitude a different group of PMns was used to avoid skewed data by a progressive 

buildup of memory with increasing stimulus amplitudes in individual preparations.  We 

found that fictive JAR and LTFE both exhibit a sharp threshold and are positively 

correlated with the stimulus magnitude until saturation is reached at 24.6 ± 4.8 Hz (n = 7) 

for the fictive JAR and 12.2 ± 3.2 Hz (n = 7) for LTFE (Figure 21c). These values 

correspond closely to the behavioral values (in red) suggesting that the dynamic range of 

the animal’s behavior is completely predicted by the properties of the PMn neurons. 

Furthermore, these results allow us in some experiments to choose a stimulus level (100 

nA) that will recruit all the afferents and therefore minimize variation in the numbers of 

afferents recruited across different preparations.  

 

The LTFE mechanism integrates stimulus pulses over a wide, linear range 

Besides being graded in respect to stimulus amplitude, LTFE amplitude both in 

vivo and in vitro also depends on the stimulus duration (Oestreich and Zakon, 2002).  

Specifically, in vitro, two minute long stimulations produce significantly less LTFE than 

20 min long stimulations. Here, we stimulated fish over a range of stimulus durations to 

estimate if LTFE could accumulate after a small number of stimulus pulses, how many 

pulses could be integrated, and if that integration was linear. A significant amount of 

LTFE (1.7 ± 0.5 Hz compared to –0.02 ± 0.05 Hz of baseline change in controls over a 

similar time period; p < 0.0001, t test) accumulated after our briefest stimulus (7.5 sec, 

1.5 Hz, triple pulses), which produced a total number of only 30 pulses (Figure 22). With 

longer stimulus durations in different groups LTFE increased gradually and linearly until 

it reached a maximum level of 12.2 ± 3.2 Hz, by 20 min of stimulation (p < 0.0001; 

ANOVA, followed by post test for linear trend) (Fig. 5). Thus, LTFE is evident after a 
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small number of stimuli (30) and develops rapidly (7.5 seconds), but can continue to 

increment linearly over many stimuli (5,400 pulses at 20 minutes) until it saturates 

around 20 minutes of stimulation. Therefore, the memory is not only graded in respect to 

stimulus amplitude, but also stimulus duration. 

 

The LTFE mechanism behaves as a pulse counter 

If an integrator is to be linear and operate over a wide range of frequencies, it 

must be insensitive to variations in spike patterns. We tested this at non-saturating 

stimulus levels (12.5nA) by presenting the PMn with constant numbers of pulses but at 

different stimulus rates and durations (1.5 Hz for 20 minutes, 3.0 Hz for 10 minutes, 6.0 

Hz for 5 minutes). We observed no significant differences in the magnitude of fictive 

JAR and LTFE over this frequency range (Figure 23a, b; p  > 0.05, both cases).  

We then tested whether the magnitude of LTFE was sensitive to stimulus patterns 

that produced different instantaneous rates of input. One group (the 2 min group in the 

previous experiment) was stimulated with triple pulses per bout, spaced 25 ms apart at 

1.5 Hz, while the other group was stimulated with a single pulse per bout at 4 Hz. In this 

way the overall number of pulses was kept constant despite large differences in the 

instantaneous firing rate. Groups were stimulated for 2 min, because LTFE is not 

saturated with these stimulus parameters (comparing 2 min vs. 20 min stimulated group: 

p < 0.05; Figure 22a). No difference was found in fictive JAR and LTFE magnitudes 

between these groups despite the difference in instantaneous frequency (4 Hz in the 

single pulse group, 40 Hz in the triple pulse group; fictive JAR and LTFE: p > 0.05, t 

test; Figure 23c, d). Thus, the LTFE mechanism integrates synaptic stimulus pulses 

without consideration of the pattern of input or their instantaneous firing frequency, but 

functions as a pulse counter. 
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Tetanic induction of LTFE 

Besides LTFE after a prolonged JAR, LTFE in vivo can also be observed after 

yodels or rises, a spontaneous rapid modulation of the EOD frequency of varying 

communicatory function (Tallarovic and Zakon, 2002)(Figure 20a).   

Previously it has been shown that LTFE in vitro can also be activated by brief, 

high frequency stimulation of the afferent fibers leading to the PMn (Dye, 1988). 

Because of the similar kinetics of yodels, and the frequency development following burst 

stimulation in vitro, it was suggested that the in vitro phenomenon represents a neural 

correlate for yodeling. The afferent firing rate the PMn receives during a prolonged JAR 

is likely much lower, and the time course of the PMn frequency during low frequency 

stimulation in vitro resembles closely the time course of the EOD frequency during 

prolonged JARs, making the low stimulus frequency paradigm a more suiting model for 

afferent input to the PMn during JARs. 

Whereas LTFE after low frequency stimulation can be followed for hours in the 

slice preparation (Oestreich and Zakon, 2002), according to the earlier study, LTFE 

induced by tetanic stimuli only lasted for seconds (Dye, 1988). In contrast, I found that 

LTFE after a single tetanic burst can last for tens of minutes in vitro (Figure 20c). 

Similarly, LTFE can also be observed after yodels in vivo (Figure 20a).  

Does LTFE elicited by low rates of stimulation over many minutes and LTFE 

induced within one second by a tetanic burst share the same mechanism, or are separate 

intracellular signaling pathways activated? LTFE induced by tetanic stimulation is 

abolished by the NMDA receptor antagonist d-APV (Dye et al., 1989). We tested 

whether NMDA receptor activation is also responsible for mediating low-frequency-

induced LTFE. We found that 20mM of the NMDA receptor antagonist CPP effectively 
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blocked the fictive JAR, and LTFE (JAR: p < 0.01, LTFE: p < 0.05, ANOVA followed 

by Dunnett’s posthoc test; Figure 24a, b).  

We then asked whether a series of tetanic stimuli would saturate the LTFE 

mechanism and occlude the development of further LTFE by prolonged low frequency 

stimulation. The PMns were initially stimulated with three tetanic bursts of 1000 Hz and 

1 sec duration each, spaced 2 min apart to ensure that LTFE was saturated. Each 

stimulation resulted in a maintained step up in spike frequency with the magnitude of the 

increase becoming progressively smaller suggesting saturation of a component in the 

LTFE pathway (Figure 24c).  

Twenty min later, low frequency stimulation at 1.5 Hz resulted in a fictive JAR of 

normal magnitude (p > 0.05, t test; Figure 24e), but reduced LTFE when compared to a 

control group of PMns, which were not tetanically stimulated prior to the low frequency 

stimulation (p < 0.05, t test; Figure 24f). The sum of LTFE after tetanic and low 

frequency stimulation was equal to LTFE in the control group (Figure 24f; p > 0.93, t 

test). Within the group that received the tetanic stimulation, LTFE after the low 

frequency stimulation was inversely correlated with LTFE after the preceding tetanic 

stimulation (fitted with a one-phase exponential decay, r 2 > 0.81; Figure 24g). These 

data show that LTFE induced by high frequency stimulation occludes LTFE following 

low frequency stimulation, and suggest that both stimulus paradigms converge onto the 

same mechanism for LTFE. 

In further support of the idea that the LTFE mechanism functions as a pulse 

counter, LTFE caused by the first tetanic stimulation, which included 1000 pulses, was of 

the same order of magnitude (5.6 ± 0.4 Hz) as LTFE obtained by 5 min long low 

frequency stimulation, during which 1200 pulses were delivered (7.3 ± 1.3 Hz).  
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LTFE is induced, but not maintained by synaptic stimulation 

We presume that LTFE is maintained by changes in intrinsic conductance of 

neurons in the PMn. It is possible, however, that the maintenance phase might be due to 

alterations in synaptic input, such as tonic transmitter release from synaptic terminals. To 

test whether continuing synaptic input to or within the PMn is responsible for 

maintaining LTFE, we used the N-type Ca2+ channel blocker ω-conotoxin GVIA.  N-type 

Ca2+ channels are often found in the synaptic terminal, where they mediate Ca2+ influx 

and subsequent release of synaptic vesicles (Meir et al., 1999). Application of ω-

conotoxin GVIA 20 min before the stimulation of the slice had no effect on the baseline 

firing frequency, but effectively blocked the fictive JAR and LTFE (mean of p values: p 

= 0.002, compared to saline controls during stimulation, and p = 0.003, after stimulation; 

Figure 25). These results suggest that N-type Ca 2+ channels exclusively mediate the 

conductance of Ca 2+ into the presynaptic terminal of the SPPn afferents and, as reported 

previously, N type Ca2+ channels do not affect the basic PMn firing rate (Smith and 

Zakon, 2000). We then tested if synaptic transmission was involved in the maintenance 

of LTFE by applying the conotoxin 5 min after the end of the stimulation, once LTFE 

had already been induced. If synaptic transmission plays a role, conotoxin should lower 

the PMn frequency elevation back to baseline. In contrast, we found that the conotoxin 

did not affect the magnitude of LTFE when compared to a saline-treated control group 

(mean of p values: p = 0.8, comparing curve to saline control during stimulation, and p = 

0.7, after stimulation; Figure 25). These data strongly support the hypothesis that LTFE 

is maintained by changes in intrinsic excitability of the PMn neurons rather than by 

continuing synaptic activity. 
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Figure 21: The dynamic range of JAR and LTFE in vivo and in vitro. 

(A) JAR in a fish stimulated with a dynamic stimulus signal. The stimulus frequency (in 
red) was adjusted by a computer, so that it would follow the fish’s EOD frequency (in 
black) with a difference of – 3 Hz in the upward direction. The stimulus frequency was 
not allowed to return to lower values. The stimulus amplitude was 100 mV/cm. 
Stimulating the fish with increasing stimulus frequencies and large amplitude resulted in 
a large JAR magnitude, which was only maintained for a few minutes, before the fish’s 
EOD frequency usually returned back to baseline frequency. These stimulus conditions 
did not result in LTFE. The average maximum JAR magnitude under these stimulus 
conditions corresponds to the maximum magnitude of the fictive JAR in vitro (red JAR 
value in C). (B) JAR and LTFE in a fish stimulated with a static stimulus frequency (in 
red), 3 Hz below the fish’s EOD frequency (in black) at 100mV/cm. Under these 
conditions, the fish maintains a JAR of lower magnitude even for 3 hrs, which induces 
LTFE. Such stimulation presumably saturates LTFE (Oestreich and Zakon, 2002), which 
is also reflected by the fact that the average LTFE magnitude in response to this 
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stimulation in vivo is similar to the average LTFE magnitude in vitro under saturating 
conditions (red LTFE value in C). (C) Average fictive JAR and LTFE magnitudes in 
different groups of PMns in response to increasing stimulus amplitudes in vitro. In these 
experiments, the afferent fiber pathways to the PMn were stimulated with increasing 
stimulus amplitudes for 20 min at 1.5 Hz using triple pulses. Note the sharp threshold at 
10nA for activating the PMn frequency change: Increasing the stimulus amplitude by 
2.5nA already results in a mean fictive JAR magnitude, which is 29.4 % of the maximum 
magnitude at 100nA, and LTFE, which is 44.1 % of the saturated magnitude. LTFE is 
virtually saturated by 17.5nA. The saturated values at 100 nA closely correspond to the in 
vivo values for JAR and LTFE (in red). 
In vivo data in (B) and (C) are from (Oestreich and Zakon, 2002). 
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Figure 22: Development of fictive JAR and LTFE over time in vitro.  

Different groups were stimulated at 1.5 Hz and 100nA with increasing durations. The 
numbers of experiments per group are reported above the values.  Frequency changes in 
the stimulated groups are compared to baseline changes at corresponding time points in 
an unstimulated control group (n = 11). (A) LTFE (open squares) is already significantly 
different from baseline changes after 7.5 sec (B), and increases gradually with longer 
stimulus durations. The fictive JAR (filled squares) increases overproportionally in 
comparison to LTFE, and reaches a maximum by 5 min. (B) Magnification of the first 30 
seconds in (A). (C) Example traces for groups stimulated with increasing durations. The 
black bar indicates the stimulus period. 
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Figure 23: Fictive JAR and LTFE in response to differences in stimulus rate, 
duration, and patterns. 

(A) Presentation of different groups of PMns with a constant number of pulses, but 
different stimulus rates and durations under non-saturating conditions at 12.5 nA stimulus 
amplitude. Stimulus pulses were delivered at 1.5 Hz for 20 minutes, 3.0 Hz for 10 
minutes, and 6.0 Hz for 5 minutes. Each bout was comprised of 3 pulses, separated by 25 
ms. No significant difference in fictive JAR and LTFE magnitude between different 
groups was observed (p > 0.05, both cases). (B) Example traces for the experiment 
described in (A). 
(C) Sensitivity of LTFE to variations in stimulus patterns with different instantaneous 
pulse rates. Group 1 was stimulated with the same number of stimulus pulses, but with 
only one pulse per bout, delivered at 4 Hz. Group 2 was stimulated with triple pulses per 
bout, separated by 25 ms, and delivered at 1.5 Hz. The stimulus amplitude was 100nA, 
and stimulus duration 2 min, where LTFE is not saturated yet. This allowed for possible 
increases or decreases in LTFE magnitude. Again, no significant difference between 
fictive JAR and LTFE was observed (p > 0.05, both cases). (D) Example traces for the 
experiment described in (C). 
 



 66

10 Hz

15 min

2.5

min

10 

Hz

C D

Control 30mM CPP
0

10

20

30 fictive JAR

LTFE

P
M

n
 F

re
q
u
e
n
c
y
 I

n
c
re

a
s
e

[H
z
]

450

sec

10

Hz

CPP

Sucrose

Control

A B
7 6

6

50mM

Sucrose

with tetanic 

prestimulaton

control
0

5

10

15

20

LTFE after tetanic
stimulation
LTFE after low frequency
stimulation

T
o
ta

l 
L
T

F
E

 [
H

z
]

w
/ t

et
an

ic

 p
re

st
im

ul
at

io
n

w
/o

 te
ta

ni
c 

pr
es

tim
ul
at

io
n

0

10

20

30

fi
c
ti
v
e
 J

A
R

 [
H

z
]

lowF LTFE vs. tet LTFE

6 7 8 9 10 11 12-2.5

2.5

7.5

12.5

17.5

tetanic LTFE [Hz]

lo
w

 F
re

q
u
e
n
c
y
 L

T
F

E
 [

H
z
]

E F G

7
7

7
7

 
 

Figure 24: LTFE activation by low and high frequency stimulation shares a 
common intracellular pathway.  

(A) Effect of NMDA receptor block on low-frequency-induced PMn frequency increase. 
30mM CPP effectively abolished fictive JAR and LTFE at 1.5 Hz, 20min, and 100nA. 
This underlines that NMDA receptors are involved in mediating low frequency-induced 
LTFE. Control application of 50mM Sucrose to test for possible osmolarity effects did 
not affect fictive JAR and LTFE when compared to controls (both: p > 0.05). (B) 
Example traces for the experiments described in (A) 
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(C - F) Low frequency-induced LTFE is occluded by previous high frequency stimulation 
suggesting that both stimulus paradigms induce LTFE via the same mechanism.  
(C) Example trace for an experiment with a tetanic prestimulation. The inset shows a 
magnification of the trace during the initial tetanic stimulation. Three bouts of stimulation 
at 1000 Hz, for 1 s, and separated by 2 min, where administered, and produced LTFE. 20 
min later, low frequency stimulation at 1.5 Hz for 20 min led to a  fictive JAR of normal 
magnitude, but failed to induce LTFE. Stimulus amplitude in both cases was 100nA. (D) 
An example trace of a control experiment without tetanic prestimulation shows a fictive 
JAR, followed by LTFE. (E) Tetanic stimulation did not affect the mean magnitude of the 
fictive JAR when compared to a group without tetanic prestimulation. (F) The sum of 
low- and high-stimulation frequency-induced LTFE was comparable to LTFE in the 
control group. (G) Within each PMn low frequency-induced LTFE was inversely 
correlated with LTFE after the previous tetanic stimulation. This relationship was fitted 
with a one-phase exponential decay (r2 > 0.81).   
 
 

 Group 1:  w-conotoxin GVIA 

before induction of LTFE (n = 7)

 Group 2: Saline controls (n = 10)

 Group 3:  w-conotoxin GVIA 

after induction of LTFE (n = 7) 

Application

in group 1

Application

in group 2 & 3

10 Hz

20 min  

Figure 25: Pharmacological blockade of synaptic input to the PMn.   
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Block of synaptic N-type Ca2+ channels by ω-conotoxin GVIA abolishes fictive JAR and 
LTFE, when applied before the induction phase (mean of p values: p = 0.002, comparing 
curve to saline control during stimulation, and p = 0.003, after stimulation). If applied 
after stimulation, the conotoxin does not affect the maintenance phase of LTFE when 
compared to saline-treated controls (mean of p values: p = 0.8, comparing curve to saline 
control during stimulation, and p = 0.7, after stimulation), suggesting synaptic activity 
does not play a role in maintaining LTFE. Plotted are mean values of the PMn frequency 
collected every 30s. Curves were not significantly different before stimulation (p > 0.2). 

 

DISCUSSION 

The magnitude of sensorimotor adaptation is graded in respect to duration of 
synaptic activity and synaptic input strength 

In sensorimotor adaptation to prism goggles, two stimulus parameters are 

important in setting the magnitude of the adaptation. First, to induce the adaptation the 

visual distortion has to be present for a certain minimum amount of time, and second, the 

larger the visual displacement, the larger the correcting adaptation will be.  

In sensorimotor adaptation in the electromotor system, which is reflected by 

LTFE in the EOD frequency, stimulus duration is also important in activating the 

adaptation in vivo (see chapter 2). However, two stimulus qualities determine the 

magnitude of the adaptation. First, the difference between stimulus frequency and the 

EOD frequency determines the JAR magnitude (Heiligenberg, 1986; Bullock et al., 

1972a). However, the difference has to be within a narrow window from 0 to 10 Hz to 

elicit a jamming avoidance response with an optimum around 3 Hz (Bullock et al., 1972a; 

Dye, 1987). Second, as I demonstrated in chapter 2, in vivo LTFE in the EOD frequency 

is graded in respect to stimulus amplitude.  

In a natural setting, it makes sense that the mechanism for LTFE is only activated 

after a certain minimum exposure of the fish to a jamming signal from a neighbor, 

because once activated, the adaptation takes time to wear off. A. leptorhynchus is 
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territorial (Schwassmann, 1978; Dunlap and Oliveri, 2002)(Oestreich, unpublished 

observations), and if a conspecific within jamming frequency range only temporally stays 

in close proximity to another individual, but is for example, subsequently chased off, 

there is no need for a lasting adaptation. However, if another fish within jamming 

frequency range stays in the neighborhood for an extended period of time, a longer 

lasting adaptation becomes necessary to avoid prolonged jamming of the electrosensory 

system. 

As already pointed out, the amplitude of a jamming signal is dependent on how 

close its source is to the fish. A jamming neighbor in close proximity to the fish would 

warrant a larger compensation than a more distant disturbance. Where and how in the 

nervous system of the fish are the variations in the electrosensory stimulus translated into 

a graded response, and where is the temporal threshold set? Here I report that the PMn 

itself is the source of the graded nature of the response. In the isolated PMn in vitro, I 

found that the induction of LTFE is dependent on stimulus duration (Figure 22), and that 

LTFE magnitude is linearly correlated with the amplitude of the stimulus current, which 

was used to recruit the afferent fibers leading from the SPPn to the PMn (Figure 21c). A 

larger number of active fibers then increases synaptic input strength. In contrast, broad 

variations in firing rate and pattern do not affect LTFE (Figure 23). These findings are 

consistent with the idea that the cellular mechanism for LTFE simply integrates the 

number of stimulus pulses it receives, over time. 

 

The cellular mechanism behind graded sensorimotor adaptation 

An interesting question from a computational standpoint is how linearity is 

transduced by the synapses. To ensure that the molecular change behind the adaptive 
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mechanism is activated in a graded fashion the integration of synaptic events would have 

to be linear as well. Location and number of the synapses, and ion channels along the cell 

body and the dendrites are all likely to influence synaptic integration, but an important 

role in the transduction of linearity may also fall to the NMDA receptor. For the 

following discussion it is helpful to contrast LTFE with Long-Term Potentiation and 

Depression (LTP and LTD), the best-known model for a molecular substrate of 

associative memory. 

 In this chapter, I have shown that NMDA receptors are not only involved in 

mediating the JAR in vivo, and LTFE after high frequency stimulation in vitro (Dye et al., 

1989), but also are responsible for mediating the fictive JAR and with that the induction 

of LTFE during low frequency stimulation in vitro (Figure 24a). It has been widely 

accepted that the NMDA receptor is crucial for the induction of LTP and LTD (Malenka 

and Nicoll, 1999). High frequency stimulation of afferent fiber pathways for e.g. in the 

CA1 region of the hippocampus is thought to induce LTP via glutamate binding to 

NMDA receptors, whereas low frequency stimulation induces LTD, also by activating 

NMDA receptors (Bear and Malenka, 1994). NMDA receptors are unique in the fact that 

they are ligand- and voltage-gated at the same time. They are voltage-sensitive, because 

of a Mg2+ plug in the extracellular mouth of their pore, which is expelled at a sufficiently 

depolarized membrane potential. Once openend, NMDA receptors are capable of 

conducting Ca2+. During low frequency stimulation, the membrane potential is only 

moderately depolarized and only a few receptors are without their Mg2+ plug, and 

therefore a smaller amount of Ca2+ flows into the cell (Bear and Malenka, 1994). A lower 

concentration of Ca2+ is thought to activate a signaling cascade, which leads to LTD. In 

contrast, high frequency stimulation leads to a stronger depolarization of the postsynaptic 

cell and with that a much larger population of the NMDA receptors are without Mg2+, 
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and thus more Ca2+ flows into the postsynaptic cell. A high influx of Ca2+ is believed to 

activate LTP. If extracellular Mg2+ is removed, low frequency stimulation also leads to 

LTP, presumably because now enough Ca2+ can flow into the cell to activate the 

signaling cascade for LTP (Otmakhov et al., 2004). 

Interestingly, cloned NR1/NR2B NMDA receptors from A. leptorhynchus brain 

show reduced Mg2+ affinity when compared to murine receptors (but exhibit similar 

characteristics otherwise)(Harvey-Girard and Dunn, 2003), so Mg2+ will be already 

expelled at lower depolarizations produced by low frequency stimulations. Therefore, in 

A. leptorhynchus Ca2+ should always flow through NMDA receptors, even when 

activated by low frequency stimulation. Perhaps this is to ensure that stimulus amplitude 

can be linearly transduced by a matching amount of Ca2+ influx over a wide range of 

stimulus frequencies. 

LTP is activated by high intracellular Ca2+ concentrations, which in turn activate 

Calcium/Calmodulin-dependent Kinase II (CaMKII) to phosphorylate AMPA receptors, 

which increases AMPA receptor conductance (Bear, 2003). Further, CaMKII activation 

influences AMPA receptor trafficking and leads to an increase in the number of AMPA 

receptors at the synapse. Both mechanisms enhance synaptic efficacy, because larger 

conductance/and increased receptor number increases the postsynaptic depolarization for 

each quantal release of presynaptic neurotransmitter vesicles. In contrast, in LTD Protein 

Phosphatase I is activated by low Calcium concentrations (Bear and Malenka, 1994; 

Bear, 2003; Morishita et al., 2001), which then in turn leads to the reciprocal process of  

dephosphorylation and endocytosis of AMPA receptors. The result of this is that synaptic 

efficacy will be decreased. 

In LTFE, low and high frequency stimulation both induce a unidirectional 

process, an increase in postsynaptic excitability. Like in LTD and LTP, presumably, 
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during low frequency stimulation Ca2+ influx over NMDA receptors will be low, whereas 

during high frequency stimulation a larger amount of Ca2+ will enter the cell via NMDA 

receptors. However, in LTFE the same pathway seems to be activated by low and high 

frequency stimulation, and therefore in contrast to the mechanism for LTP and LTD, 

opposing signaling cascades do not play a role in the mediation of LTFE. 

What is the target of the signaling cascade behind LTFE? By using the N-type 

Ca2+ channel blocker ω-Conotoxin GVIA I demonstrated that the fictive JAR and LTFE 

are induced by synaptic activity, but that LTFE is not maintained by synaptic input 

(Figure 25b). Therefore, a change in intrinsic excitability in the postsynaptic neurons in 

the PMn is the likely cause behind LTFE. Preliminary data from our lab, using 

pharmacological intervention, hint at a class of non-specific cation channels, so-called 

Transient Receptor Potential (TRP) channels as a molecular target of the LTFE signaling 

cascade (Dembrow and Zakon, 2004). Some members of this family seem to be directly 

activated by intracellular Ca2+ and therefore produce a Ca2+-activated nonspecific cation 

current (CAN), which has been described in a number of other neuronal systems (Prawitt 

et al., 2003; Launay et al., 2002; Partridge et al., 1994; Partridge and Valenzuela, 2000). 

CAN currents do not inactivate and therefore are capable of maintaining sustained 

membrane potential depolarizations and with that increases in spike frequency (Partridge 

et al., 1994). Further, it has been reported that CAN currents are involved in generating a 

synaptically driven, graded persistent increase in spike frequency in the entorhinal cortex 

(Egorov et al., 2002). In the PMn, a long-lasting depolarization following closely the time 

course of LTFE can also be noted after tetanic stimulations (Dye, 1988). Therefore a 

possible scenario for the mechanism behind graded LTFE in the electromotor PMn is that 

Ca2+ influx over NMDA receptors could directly or indirectly activate a CAN-like TRP 

channel, which then maintains a sustained depolarization and with that an increase in 
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spike frequency, linearly depending on the amount of Ca2+ flowing into the cell (Figure 

26). 

The possibility of changes in intrinsic excitability as an additional substrate for 

memory formation has gained interest over the last two decades (Alkon, 1984; Marder et 

al., 1996; Zhang and Linden, 2003), and in recent years new and exciting findings of 

synaptically driven long-term changes in intrinsic excitability in brain slice preparations, 

and dissociated cells have been made e.g. (Aizenman and Linden, 2000; Egorov et al., 

2002). However, in all of these preparations, because of the complexity of the neural 

circuits involved, a direct connection between a behavioral change and the underlying 

neuronal processes has not been successful so far (Zhang and Linden, 2003).  

In this chapter I present the first report to highlight how a change in intrinsic 

excitability directly changes a behavior in a graded manner and in a long-term fashion. 

Moreover, this phenomenon shows species-specific differences in another related weakly 

electric fish, Eigenmannia virescens. These fish are more gregarious than A. 

leptorhynchus, and therefore have a higher probability of being repeatedly jammed. I 

found that these fish show persistent LTFE, and the data suggest that this difference is 

due to specific changes in the PMn (see chapter 4).  

In conclusion, LTFE in the electromotor system of weakly electric fish could 

serve as an important model for forms of non-associative processes in motor learning 

such as sensorimotor adaptation, and how and why species-specific differences in motor 

learning and plasticity evolved. 
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Figure 26: Differences between the models for LTP/LTD and LTFE. 

(A) In LTP/LTD, both high and low frequency stimulation of afferent fibers activate 
NMDA receptors. Ca2+ influx during low frequency stimulation will be low, whereas 
Ca2+ influx during high frequency stimulation will be high. A high intracellular Ca2+ 
concentration activates CaMKII (not shown, see text) which leads to an enhancement of 
synaptic efficacy by changing the number and activity of AMPA receptors at the 
memory-inducing synapse. Low Ca2+ leads to activation of PP1 (not shown, see text), 
which in turn activates a reciprocal process by lowering number and activity of AMPA 
receptors (Bear and Malenka, 1994; Malenka and Nicoll, 1999). (B) In LTFE, synapses at 
afferent fibers from the SPPn, which induce the JAR, are thought to exclusively carry 
NMDA receptors (Juranek and Metzner, 1998; Dye et al., 1989; Heiligenberg et al., 
1996). NMDA receptors in A. leptorhynchus exhibit lower Mg2+ affinity (Harvey-Girard 
and Dunn, 2003), and therefore presumably contribute to the graded nature of the 
response in a stimulus-dependent manner. Both a low, and high intracellular Ca2+ induce 
the same mechanism, which leads to an increase in PMn frequency (LTFE), which in 
magnitude corresponds to the amount of Ca2+ influx. The target of this signaling cascade 
could be a CAN-like TRP channel close to the spike initiation zone (Dembrow and 
Zakon, 2004). A long-lasting increase in the conductance of this channel could underlie 
LTFE. 
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Chapter 4: Species-specific differences in social structure are reflected 
by changes in non-associative long-term memory 

ABSTRACT 

Here I report a species difference in the strength and duration of a nonassociative, 

long-term memory produced by changes in intrinsic neuronal excitability that correlates 

with social structure. A weakly electric fish may be jammed by a similar electric organ 

discharge (EOD) frequency of another fish and prevents jamming by transiently raising 

its own emission frequency, a behavior called the jamming avoidance response (JAR). 

The JAR requires activation of NMDA receptors, and prolonged JAR performance results 

in long-term frequency elevation (LTFE) of a fish's EOD frequency for many hours after 

the jamming stimulus.  I find that the memory (LTFE) is stronger in a shoaling species 

(Eigenmannia virescens) with a higher probability of encountering jamming conspecifics, 

when compared to a solitary species (Aperonotus leptorhynchus). Additionally, LTFE 

persists in E. virescens, whereas it decays over 5 to 10 h in A. leptorhynchus. 

 

INTRODUCTION 

A central focus of contemporary neuroscience is the study of long-term changes 

in the CNS underlying behavioral plasticity and memory (Malenka and Nicoll, 1999). 

Despite this, mechanisms governing species differences in the long-term plasticity of 

behavior are not well described, but the comparison of homologous behaviors in related 

species offers the possibility for detection of unique mechanistic changes (Wright, 2000). 

Further, with few exceptions, little is known about how these neurophysiological 

processes of plasticity vary with ecological or social factors (Bullock, 1993; Katz and 

Harris-Warrick, 1999; Wright, 2000). 
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Most research on the cellular mechanisms of memory formation focuses on 

changes in the efficacy of chemical synapses as the substrate of change. Recently, 

evidence has been presented that the intrinsic excitability of neurons could also 

potentially serve as a target for synaptically driven signaling cascades leading to long-

term memory (Aizenman and Linden, 2000). However, so far these types of changes have 

not been linked to actual behavioral manifestations of memory formation. 

In chapter 2 I described a novel form of long-term plasticity in A. leptorhynchus 

involving its JAR: mimicking the long-term presence of a conspecific with a lower 

frequency evokes a prolonged upward JAR and leads to an adaptative, long-lasting shift 

in the basic EOD frequency beyond the duration of the stimulus signal (Long-Term 

Frequency Elevation = LTFE). The frequency relaxes back to baseline over tens of 

minutes to hours depending on stimulus duration and amplitude. This example of 

sensorimotor adaptation is nonassociative as it can be evoked by a specific quality of a 

single modality stimulus, i.e. a pure sine wave within a few Hertz of the fish’s own EOD 

frequency.   

Structure-function relationships are hard to describe in many model systems for 

motor learning (Striedter, 1998). However, in weakly electric fish the circuitry for the 

JAR is well understood and a clear structure-function relationship exists: a medullary 

pacemaker nucleus (PMn) controls the EOD frequency by eliciting one EOD for each of 

its own discharges. Therefore, behavioral modulations of the EOD are a direct reflection 

of the underlying neuronal changes. 

Further, the sensory inputs to the nucleus are well described (Heiligenberg et al., 

1996), and a neural correlate for the adaptation exists in a brain slice preparation of the A. 

leptorhynchus PMn (see chapter 2 and 3). These experiments showed that LTFE is not 

maintained by continuing synaptic input, but results from a long-term increase in the 
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firing frequency of the postsynaptic PMn neurons indicating a change in their intrinsic 

excitability. Moreover, the LTFE mechanism is induced by activation of NMDA 

receptors (see chapter 3)(Dye et al., 1989).  

Electric fish are nocturnally active and move about while they forage or interact 

socially (Crampton, 1998; Hagedorn and Heiligenberg, 1985; Lissmann, 1961).  During 

the day they hide (Kramer et al., 1981; Lissmann, 1961).  In the wild, A. leptorhynchus 

are solitary or associate in small groups in vegetation (Hagedorn and Heiligenberg, 1985; 

Schwassmann, 1978; Alves-Gomes, Jose, personal communication; Taphorn, DC, 

personal communication; Zakon, H. H., unpublished observations). In contrast, E. 

virescens are often found in large numbers in shoals (Westby, 1988; Hagedorn and 

Heiligenberg, 1985; Lissmann, 1961; Alves-Gomes, Jose, personal communication; 

Taphorn, DC, personal communication; Zakon, H. H., unpublished observations). Since 

E. virescens spend so much of their time in the presence of large numbers of 

conspecifics, I tested whether they would show enhanced LTFE compared to A. 

leptorhynchus. 

I found that E. virescens expresses stronger LTFE than A. leptorhynchus in 

response to stimulation over hours. Moreover, LTFE in E. virescens is persistent, whereas 

in A. leptorhynchus it does not last longer than 5 h. 

Unlike A. leptorhynchus, E. virescens responds to a higher stimulus frequency 

with a downward JAR. I also examined whether this JAR activated a reciprocal process 

of sensorimotor adaptation in form of long-term frequency depression (LTFD). I 

observed LTFD, but in contrast to LTFE it only lasts for up to 1.2 h.  
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METHODS 

Animals 

Wild-caught E. virescens and A. leptorhynchus were obtained from Southern 

Tropical Fish Hatchery, Florida. E. virescens were housed in a large community tank 

(width = 142 cm, height = 51 cm, depth = 72 cm) together with A. leptorhynchus, or 

separately. A. leptorhynchus was additionally housed in a smaller community tank (width 

= 122 cm, height = 51 cm, depth = 46 cm) in an environmentally controlled room at 26 to 

28ºC with circulating water system and 12 h/12 h light-dark cycle. To provide the fish 

with shelters, both tanks were outfitted with 22 plastic tubes each, which varied in length 

from 10 to 18 cm, and from 2 to 5 cm in inner diameter. Fish were fed blood worms, or 

brine shrimp every 2 d.  
 

Behavioral testing 

Behavioral testing was as previously described (see chapter 2). In short, 

individual fish were randomly picked from the storage tanks and then transferred to a 

separate setup tank for testing. There they were placed in an enclosed recording tube, and 

then allowed to acclimate overnight. The water temperature in the tank was accurately 

controlled at a few hundredths of a degree Celsius, and air stones aerated the water. In 

both species, a stable 1 mV/cm strong artificial sign wave signal 3 Hz below the fish’s 

own baseline EOD frequency prior to the stimulation was delivered through a pair of 

carbon rod electrodes across the fish’s body. Additionally, E. virescens was stimulated 

with a signal 3 Hz above its EOD frequency. From now on I refer to the stimulus 

frequency in relation to the EOD frequency as – 3 Hz and + 3 Hz. 
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Platinum wire electrodes at the ends of the tube recorded the fish’s own EOD 

signal. Once a sufficient stability of the baseline frequency was observed, fish were 

presented with an initial 2 min long stimulus signal, 30 min later then with a long signal 

of 3 or 6 h. The fish’s EOD frequency was analyzed in real time by a computer, and 

stored for later offline analysis. 
 

Data analysis 

For each group, the frequency traces were aligned along the time axis, so that the 

starts of the short stimulations were defined as point 0. The frequency for each fish was 

normalized to its own frequency at this time point and the mean of the frequency change 

was computed for each group every 10 min starting at 10 h prior to the stimulation and 

for a total length of 26 h. Controls were aligned using mean values for the elapsed time 

between entering the setup arena and the begin of the stimulation in the stimulus groups. 

Unpaired, two-tailed t tests were used for statistical comparisons across groups. 

Within group comparisons were performed by paired, two-tailed t-tests, e.g. in the case of 

comparing 2 min data with 3 and 6 h data. The JAR magnitudes for all groups were 

always significantly different from frequency changes in the control groups over a similar 

time period (p < 0.01). All values are mean +/- SEM. 

 

RESULTS 

Behavioral observations in the community tank: Social structure  

Weakly electric fish are nocturnally active and hide by day to avoid predators. At 

nightfall fish leave their cover and disperse (Crampton, 1998; Kramer et al., 1981; 

Lissmann, 1961; Steinbach, 1970). Field observations indicate that E. virescens is 
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gregarious (Hagedorn and Heiligenberg, 1985; Lissmann, 1961; Westby, 1988)(Zakon, 

H. H.; unpublished), while A. leptorhynchus is more solitary, living in loosely associated 

groups in rocky environments or along river banks, and tending to be bottom dwellers, 

and hiding in shelters (Hagedorn and Heiligenberg, 1985; Schwassmann, 1978).  

I complemented these sporadic field observations by following a group of 80 E. 

virescens and roughly the same number of A. leptorhynchus in a large community tank in 

the lab. During the light hours most E. virescens are aggregated together close to one of 

the smaller walls of the tank (Figure 27a). Field observations also hint that in streams E. 

virescens often hides at the banks (Crampton, 1998; Lissmann, 1961).  

Only a few E. virescens actually use the provided plastic tubes, even when many 

tubes are available. In contrast, A. leptorhynchus readily hide in tubes (Figure 27c, d; 

(Dunlap and Oliveri, 2002)).  

At the onset of darkness the E. virescens shoal disperses and individuals move out 

over the entire extent of the tank (Figure 27b). A. leptorhynchus leave their tubes (Figure 

27e). At onset of the light cycle E. virescens again forms a shoal within a few minutes of 

lights on, and A. leptorhynchus return to their tubes. This behavior in E. virescens is also 

supported by field observations (Lissmann, 1961). 

That E. virescens behave as a group can also be demonstrated by evoking a 

typical predator avoidance behavior: If the tank wall is tapped, E. virescens coalesce in a 

more compact group, which settles toward the bottom of the tank (Figure 27f, g). This 

type of behavior can also be observed in other shoaling fish (Pitcher and Parrish, 1993).  

In summary, during the day E. virescens tend to be more closely spaced than A. 

leptorhynchus, therefore increasing the likelihood for an individual of E. virescens to 

experience electrosensory jamming. 
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Stimulus experiments: Behavioral Plasticity 

In order to escape jamming by a stimulus signal slightly below their own EOD 

frequency both A. leptorhynchus and E. virescens produce a JAR by shifting their EOD 

frequencies upwards. I tested if a species difference exists in the magnitudes of JAR and 

LTFE.  
 

Species differences in nonassociative memory: JAR magnitude 

Each fish was given a two minute long jamming stimulus (-3 Hz, 1 mV/cm) to 

obtain a baseline measure of its JAR (Figure 28a; asterisk, left inset). Both species show 

JARs of similar magnitude (p = 0.32; Figure 29a; black bars), demonstrating that the 

initial effect of electrosensory jamming is the same in both species.  

Unlike their responses to brief jamming signals, the JARs each species displays in 

response to prolonged electrosensory jamming are different from one another. When 

presented with the same jamming stimulus for 3 or 6 h, mean values for the JAR in the 3 

and the 6 h group are significantly less in A. leptorhynchus than in E. virescens (55% and 

54% of JAR in E. virescens; p = 0.0045 and p < 0.0001, respectively; Figure 29a). This 

is due to an initial decline in the JAR in A. leptorhynchus (see chapter 2; Figure 30a) and 

a steady increase of the JAR in E. virescens (Figure 30b). 

The JAR magnitude in A. leptorhynchus significantly declines by 6.7 ± 0.6 Hz in 

the 3 h group (p = 0.0006), and by 6.8 ± 0.8 Hz in the 6 h group (p = 0.0008; in both 

groups measured from 5 min after stimulus onset to offset). These values are not 

significantly different from each other, because the decline stabilizes by 3 hrs of jamming 

(p = 0.96).  

In contrast to A. leptorhynchus, the JAR in E. virescens progressively increases in 

response to prolonged stimulation. (3 h: 4.3 ± 0.9 Hz, p = 0.002; 6 h: 8.4 ± 1 Hz; p = 
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0.0004; comparing 3 to 6 h: p = 0.009; measured as in A. leptorhynchus). This suggests 

that the JAR in E. virescens is capable of increasing further with an even longer stimulus.  
 

Species differences in nonassociative memory: LTFE magnitude 

After the jamming stimulation ceases, sensorimotor adaptation (LTFE) is revealed 

as a lasting elevation in the EOD frequency. Right after the end of the stimulation, both 

species show an initial rapid drop in the EOD frequency, which is likely caused by a 

decrease in the synaptic input to the PMn. Shortly after, the frequency reaches a more 

stable value (Figure 28a; right insets at arrow), which was used to define the initial LTFE 

magnitude (chapter 2).  

Neither species shows appreciable LTFE following only 2 min of jamming when 

considering the much larger response to the long stimulus trials, although a small, but 

significant frequency increase in E. virescens in comparison to baseline changes in 

controls over a similar period is noticeable (A. leptorhynchus: p = 0.09; E. virescens: p = 

0.01, respectively; Figure 28a; Figure 29a, blue bars). This indicates that there is a 

temporal threshold for activating LTFE. 

LTFE is present in A. leptorhynchus after 3 and after 6 h of jamming (3 h: p = 

0.0048, 6 h: p = 0.02; Figure 30a), but no further increase in LTFE magnitude is 

achieved with the 6 h stimulation (p = 0.74; Figure 29a). Similarly, mean LTFE 

magnitudes in E. virescens after 3 and 6 h stimulations are in both cases significantly 

different from controls (3 h: p = 0.0057, 6 h: p < 0.0001), but not from each other (p = 

0.22; Figure 29a).  

LTFE after 3 and 6 h stimulations in A. leptorhynchus is only 36% and 22% of 

LTFE in E. virescens (p = 0.01 and p = 0.0003, respectively; Figure 29a), supporting my 
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hypothesis that E. virescens shows stronger nonassociative memory than A. 

leptorhynchus. 

 

Species differences in nonassociative memory: Estimation of synaptic input to the PMn 

The JAR is controlled by synaptic input from prepacemaker nuclei to the PMn, 

which are in turn activated by descending sensory input (for details see discussion, 

Figure 32). Prolonged synaptic activity over time induces LTFE in the PMn (chapter 2). 

Therefore, the JAR is the sum of the contributions of synaptic drive and the gradual 

postsynaptic buildup of LTFE in the PMn. Each PMn cycle gives rise to one EOD cycle. 

Thus, the EOD frequency is a direct readout of the PMn frequency. This fact allows us to 

estimate the strength of the synaptic drive to the PMn, by subtracting the LTFE from the 

JAR magnitude (JAR – LTFE). 

During the short, 2 min JAR, or the initial phase of the long JAR, LTFE has not 

been activated yet and the JAR is exclusively caused by synaptic drive to the PMn 

(Figure 29a, b; red bars and line). Synaptic input strength is the same in both species 

after these short stimulations (p = 0.4). 

With longer jamming stimuli, LTFE is gradually induced in the PMn and 

contributes to the JAR (Figure 29b, blue line). In A. leptorhynchus, 54% and 49% of the 

JAR magnitude is due to LTFE after 3 and 6 h stimulations, respectively, whereas in E. 

virescens LTFE contributes 67% and 74% to the JAR (Figure 29a). The strong 

contribution of LTFE to the JAR in the later phase of the stimulation is also reflected in 

the linear relationship between initial LTFE magnitude after stimulus termination and the 

JAR magnitude in the end phase of the long stimulation in E. virescens  (pooled data 

from 3 and 6 h stimulations; r = 0.9, p < 0.0001; Figure 31a).  I previously described the 

same relationship in A. leptorhynchus (chapter 2). As in A. leptorhynchus, a minimum 
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JAR is necessary in E. virescens to obtain LTFE, indicated by the fact that the linear fit 

does not intercept at the origin of the graph, but at 2 Hz (Figure 31a). This value 

compares to 1.9 Hz in A. leptorhynchus (chapter 2). 

The contribution of the synaptic input to the JAR in A. leptorhynchus or E. 

virescens does not significantly change after 3 h of jamming, when comparing 3 and 6 h 

groups (A. leptorhynchus: p = 0.8; E. virescens: p = 0.9), and synaptic input strength is 

also roughly the same between both species (3 h: p = 0.1; 6 h: p = 0.06; Figure 31a). 

Thus, the difference between the JAR responses of E. virescens and A. leptorhynchus 

appears to be due to differences in LTFE, not changes in synaptic input strength. 

In summary, synaptic input strength to the PMn of A. leptorhynchus and E. 

virescens appears similar in several features: magnitude, its contribution to the JAR, and 

minimum amount needed to activate LTFE. Together these findings suggest that the 

stronger nonassociative memory in E. virescens over A. leptorhynchus is  not likely due 

to differences in synaptic input strength to the PMn, but rather a postsynaptic mechanism 

within the PMn. 

 

Species differences in nonassociative memory:  LTFE Duration 

In A. leptorhynchus, a 3 h long stimulation results in a slight elevation of the EOD 

frequency above baseline, lasting on average for 5 h (n = 9; Figure 30a) before it is no 

longer significantly different from the mean frequency change in controls at that time 

point (p = 0.07).  A 6 h long stimulation leads to a change, which only lasts for 0.3 h (p = 

0.08). In addition, in some fish after stimulus termination the EOD frequency declines 

below baseline, resulting in a slight overall decline of the mean EOD frequency change 

below baseline for the group (Figure 30a), which is however, not significantly different 
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from controls. Similar to AV, a 3 h stimulation in E. virescens on average produces non-

persistent LTFE, lasting 2 h (p = 0.07; Figure 30b). However, 3 out of 7 fish in this 

group responded with persistent LTFE suggesting that a 3 h stimulus period is close to 

the temporal threshold for eliciting persistent LTFE. Previously I described in A. 

leptorhynchus that LTFE duration correlates positively with LTFE magnitude (chapter 2). 

To increase the number of data points and the range of LTFE magnitudes for a similar 

analysis, the E. virescens with non-persistent LTFE in the 3 hr group (n = 4) were pooled 

with all available individuals outside of their group, which also responded to stimulation 

with non-persistent LTFE. Two of these other fish were stimulated with a + 3 Hz 

stimulus at 1 mV, which resulted in an erroneous positive JAR followed by low LTFE, 

and one stimulated at 15mV/cm and – 3 Hz, resulting in a regular JAR followed by high 

LTFE. Like in A. leptorhynchus, for these fish, LTFE duration also correlates positively 

with LTFE magnitude (r = 0.94, p = 0.00173; Figure 31b).  

In E. virescens, with the 6 h long stimulation a persistent change in poststimulus 

EOD frequency can be achieved in all tested individuals (n = 6), lasting longer than 16 h 

(p = 0.01; Figure 30b).  

In summary, these results lend further support to my hypothesis that this 

nonassociative memory is more strongly developed in E. virescens than in A. 

leptorhynchus. Not only is LTFE of higher magnitude, but, in addition, a longer lasting 

change is achieved independently from the initial LTFE magnitude.  

 

Long-Term Frequency Depression in E. virescens 

Presenting E. virescens with a 2 min long stimulus signal + 3 Hz at 1mV/cm 

causes a JAR, in which the fish reduces its EOD frequency (Figure 28a). Similar to 2 

min stimulus presentations at – 3 Hz, 2 min presentations at + 3 Hz also do not lead to 



 86

sensorimotor adaptation (p = 0.29; Figure 29a). The downward JAR elicited during the 

long periods of electrosensory jamming progressively increases in magnitude until a 

stable frequency below baseline is achieved. This is especially noticeable in the 6 h 

stimulated group (Figure 30e).  

In both cases after stimulus termination the frequency initially remains lower than 

the baseline frequency prior to stimulation (compared to baseline changes in controls; 3 

h: p = 0.02; 6 h: p = 0.02; Figure 30e). This Long-Term Frequency Depression (LTFD) 

of the EOD is shorter in duration than LTFE. LTFD remains below baseline until 0.5 h 

after a 3 h downward JAR (p = 0.15) and until 1.2 h after a 6 h downward JAR (p = 

0.13). In comparison, LTFE lasts 2 h after 3 h of upward JAR and LTFE persists after 6 h 

of upward JAR. After a 6 h downward JAR the EOD frequency slightly overshoots above 

the original baseline frequency by about 2.5 Hz (Figure 30e), a change not significantly 

different from the control group.  

The JAR magnitude is not significantly larger after 3 h of jamming than with 2 

min stimulations within groups, but is significantly larger with 6 h of jamming (3 h: p = 

0.1; 6 h: p = 0.01; Figure 29a).  

As it was the case with upward JAR and resulting LTFE, downward JAR and 

LTFD magnitudes are not significantly increased after 3 h of stimulation (comparing 3 

and 6 h group: p = 0.15 and p = 0.11, respectively; Figure 28b). LTFD after a downward 

JAR also correlates with JAR magnitude (r = 0.78, p < 0.0001; Figure 31c). A minimum 

downward JAR of – 3 Hz is necessary for LTFD activation (r = 0.78, p < 0.0001). 

However, unlike LTFE, the duration of LTFD did not correlate with the magnitude of the 

LTFD, suggesting that a different mechanism may be involved (r = 0.12, p = 0.69; 

Figure 31d).  
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Figure 27: Community structure of Eigenmannia virescens and Apteronotus 
leptorhynchus in tanks.  

A. A shoal of E. virescens during the day. B. The same group at night. Fish are 
distributed over the entire extent of the tank. C+D. A. leptorhynchus during the day. All 
fish are hiding in plastic tubes (D).  E. Seconds after night fall, A. leptorhynchus leave 
their tube and move around independently. F+G. ‘Predator avoidance’ behavior in E. 
virescens. Before tapping the tank wall the shoal is more dispersed (F). After tapping the 
fish aggregate densely at the bottom of the tank (G). This demonstrates that E. virescens 
act together as a group. 
Night images were taken by flash photography, which did not seem to disturb the fish. 
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Figure 28: Example EOD frequency traces of individual 6 h stimulation experiments 
defining JAR and initial LTFE/LTFD magnitude.  

Note that after upward JARs in A. leptorhynchus the frequency returns to baseline, 
whereas in E. virescens LTFE is persistent. After a downward JAR in E. virescens, 
sensorimotor adaptation in form of LTFD is visible, but unlike LTFE in E. virescens, 
returns gradually to baseline. The left insets magnify the responses to the 2 min 
stimulations at the location marked by the asterisk. Note that practically no LTFE/LTFD 
is visible after short JARs.  The right insets show a magnification of the EOD frequency 
trace around the end of the long stimulation highlighting a short, rapid drop in EOD 
frequency probably caused by a decrease in synaptic input to the PMn. Arrows point to 
the inflection point in slope, which defines the initial LTFE magnitude. 
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Figure 29: A. Summary data for JAR and LTFE in response to various stimulus 
durations.  

Note that for the upward JAR in A. leptorhynchus and E. virescens, synaptic activity is 
equal during 2 min and after the long stimulations in both species, whereas LTFE is 
smaller in A. leptorhynchus than in E. virescens after long stimulations. Further note, that 
LTFD after 2 min stimulations is practically non-existent, as it was the case with upward 
JARs. Data for the 2 min stimulation from different stimulus groups were pooled, 
because they are not significantly different (p  > 0.05; numbers reflect n for controls and 
stimulated fish). B. Model of how much presynaptic activity and postsynaptic LTFE 
contribute to the EOD frequency elevation during the JAR (not drawn to scale). Note that 
presynaptic activity (JAR-LTFE) is responsible for maintaining the JAR during short 
stimulations and the beginning phase of the long stimulation, whereas the JAR in the late 
phase is mainly due to postsynaptic LTFE. In both species synaptic activity in both 
phases is of equal strength. In E. virescens, LTFE persists. A downward JAR is caused by 
a decrease in synaptic activity, which induces LTFD (see discussion). 
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Figure 30: Behavioral long-term plasticity in the mean EOD frequency (LTFE) of A. 
leptorhynchus and E. virescens after a jamming avoidance response.  

A. LTFE in A. leptorhynchus after a 3 and 6 h long stimulus signal. Note that LTFE is 
visible in the 3 h, but hardly in the 6 h group. Further note that JAR and LTFE is weaker 
than in E. virescens and that the EOD frequency during the initial JAR progressively 
relaxes to a lower, but later stable value (B). B. LTFE in E. virescens after 3 and 6 h 
stimulations. The JAR in E. virescens increases over time in both situations and LTFE 
becomes persistent after 6 h, but not after 3 h. 
C +D. Control traces of non-stimulated fish for A. leptorhynchus (C) and E. virescens (D) 
documenting baseline frequency stability. E. LTFD in E. virescens. Presenting a stable 
stimulus signal at + 3Hz leads to a downward JAR, and after stimulation a depression in 
the EOD frequency is revealed, from which the frequency gradually relaxes back to 
baseline.  
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Long stippled lines indicate baseline frequency, gray bars stimulation, all traces are mean 
EOD frequency values every 10 min with error bars reflecting S.E.M. 
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Figure 31: Correlations between JAR and LTFE/LTFD, and LTFE/LTFD and its 
duration in E. virescens for pooled data from 3 and 6 h stimulations.  

LTFE is linearly correlated with JAR magnitude (compare equation to y = 0.94x – 1.77 in 
A. leptorhynchus (Oestreich and Zakon, 2002)(A), and LTFE duration also shows a linear 
relationship with its magnitude (B). The same relationships were described for A. 
leptorhynchus (Oestreich and Zakon, 2002). While LTFD also correlates with its JAR 
(C), in contrast to LTFE, LTFD duration is not connected to LTFD magnitude (D).  
 
 

DISCUSSION  

Here we report that E. virescens, like A. leptorhynchus responds with the 

formation of a nonassociative memory, expressed as long-term sensorimotor adaptation 

(LTFE in the EOD frequency) to a long-term stimulus signal. In E. virescens, LTFE in 

response to a six hour long-stimulus below the fish’s own EOD frequency lasts much 
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longer than in A. leptorhynchus. This result correlates with differences in the animal’s 

social structure: E. virescens is a shoal-forming species, whereas A. leptorhynchus is not. 

Therefore the probability that an individual E. virescens is exposed to electrosensory 

jamming by a conspecific in its vicinity is greater than in A. leptorhynchus. Such 

persistent shifts in EOD frequency may be utilized to avoid repeated jamming. E. 

virescens also shows sensorimotor adaptation in the opposite direction to stimulation 

above its own EOD frequency (LTFD), though it does not last as long as LTFE. 

 

Differences in community structure correlate with differences in behavioral long-
term plasticity 

We confirmed a number of field observations, which indicated that E. virescens is 

a gregarious species, whereas individuals of A. leptorhynchus tend to be more loosely 

aggregated. In the tank, the differences in shoal-forming vs. non-shoal-forming behavior 

are easily observed.  

Weakly electric fish rely on their electrosensory system for orientation in their 

environment and the locating of food. In order to use their electrosensory capabilities, 

they need to have a private sensory channel, and therefore will produce a JAR if a 

conspecific with a close frequency is encountered (Heiligenberg, 1991). The probability 

of being jammed increases with group size and is therefore higher in gregarious species. 

One possible solution to escape jamming is to simply swim away from other individuals, 

because electric field strength falls off with the cube of the distance from its source 

(Knudsen E.I., 1975). However, leaving the safety of the shoal, or a shelter during the 

day could come with the cost of predation. Therefore, our hypothesis is that fish instead 

adjust their EOD frequency to avoid jamming. Longer-term adjustments in EOD 
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frequency then may be useful in cases, in which there is a high probability of future 

jamming from the same neighbors. 

We find that the difference in social structure between E. virescens and A. 

leptorhynchus is matched by the longer LTFE duration in E. virescens. That LTFE 

remained stable for at least 16 h after an upward JAR in response to the 6 hour long 

stimulus presentation suggests that sensory input in form of a conspecific with a close 

frequency leads to a persistent readjustment of the EOD frequency in E. virescens. In 

support of this idea, E. virescens show a larger variation of individual frequencies than 

other species (Kramer et al., 1981; Lissmann, 1961), as can be expected if each individual 

fish adjusts its EOD frequency according to its neighbor’s EOD frequencies.  
 

Differences in specific features of nonassociative memory formation imply specific 
changes in neural mechanisms 

Our findings demonstrate that three distinct processes lead to the expression of 

sensorimotor adaptation in the EOD frequency: the synaptic drive of the PMn, the 

coupling of synaptic input to the postsynaptic LTFE mechanism, which sets the LTFE 

magnitude, and regulation of LTFE duration. While there are no differences in the first 

process, the last two processes are different between E. virescens and A. leptorhynchus.  

First, in both species the amount of synaptic drive received by the PMn is similar 

(Figure 29a). Further, in both species a minimum JAR of around 2 Hz is required for 

induction of LTFE, indicating a similar requirement for activating LTFE.  

However, the second process, the coupling of synaptic input with the LTFE 

mechanism is stronger in E. virescens, suggested by the fact that the LTFE magnitude is 

two-fold higher in E. virescens. The stronger coupling results in a progressive increase in 
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the EOD frequency during the JAR in E. virescens, caused by a stronger increase in 

LTFE in the PMn (Heiligenberg et al., 1996; Oestreich and Zakon, 2002)).   

Third, LTFE lasts much longer in E. virescens. In A. leptorhynchus LTFE 

duration is linearly correlated with LTFE magnitude. In E. virescens this is only true for 

fish with non-persistent LTFE in the group stimulated at – 3 Hz for 3 h. In this group a 5 

Hz increase in LTFE would increase LTFE duration by 2.9 h, which compares to 3.2 h in 

A. leptorhynchus (Oestreich and Zakon, 2002), thus underlining that the same mechanism 

for non-persistent LTFE is in place in both species. With 6 h long stimuli, a lasting 

upward shift in EOD frequency in E. virescens can be evoked, whereas in A. 

leptorhynchus LTFE duration actually decreases with 6 h stimulations. This finding 

suggests that an additional mechanism exists in E. virescens, one that is not found in A. 

leptorhynchus. The argument could be made that A. leptorhynchus also possess such a 

mechanism, but that it is not activated because of the weaker LTFE magnitude in the later 

phase of the stimulation. This would imply that with stronger LTFE, its persistence could 

also be achieved in A. leptorhynchus. However, even though 100 mV/cm stimuli evoke 

E. virescens-like JAR and LTFE magnitudes in A. leptorhynchus, the EOD frequency in 

A. leptorhynchus still declines back to baseline within 9 h (Oestreich and Zakon, 2002). 

This finding suggests that LTFE duration is not correlated with LTFE magnitude after 

stimulations longer than 3 h, as it is the case in A. leptorhynchus, but that its persistence 

is the result of a mechanism unique to E. virescens and this mechanism on average 

requires stimulus durations in excess of 3 h to be activated. 

 

Neural mechanisms for the formation of nonassociative memory in the brain 

The neural circuitry underlying the JAR in A. leptorhynchus and E. virescens is 

well described (Figure 32). A medullary pacemaker nucleus (PMn) controls the EOD 
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frequency in one-for-one fashion by connecting electrotonically to electromotor neurons 

in the tail region of the fish. The PMn in turn receives input from an upstream nucleus, 

the sublemniscal prepacemaker nucleus (SPPn), which controls the upward JAR in A. 

leptorhynchus. This nucleus is normally quiescent in A. leptorhynchus, but is activated by 

electrosensory input during a jamming signal, and it increases the PMn frequency. The 

increase in firing frequency then will be relayed to the electromotor neurons and with that 

the EOD frequency will be raised accordingly.  

The neural circuitry for the control of the JAR in E. virescens is different. Unlike 

in A. leptorhynchus, the SPPn in E. virescens is tonically active and does not underlie the 

upward JAR. Instead, activation of a  subportion of the thalamic prepacemaker nucleus 

(PPn-G) produces the upward JAR.  

In A. leptorhynchus, a neural correlate for the JAR exists in a brain slice 

preparation and LTFE is expressed in the PMn (Oestreich and Zakon, 2002) as an 

increase in intrinsic neuronal excitability. There is no slice preparation of the E. virescens 

PMn yet, but it is likely that LTFE in E. virescens also resides in the PMn.  

In both species, the PMn contains two electrotonically coupled cell types, 

pacemaker and relay cells. The relay cells project to the electromotor neurons in the 

spinal cord. The SPPn in A. leptorhynchus and in E. virescens forms NMDA receptor-

dependent synapses with relay cells in the PMn, whereas afferent input from the PPn-G 

in E. virescens is received by pacemaker cells and mainly mediated by AMPA receptors, 

but NMDA receptors also contribute (Juranek and Metzner, 1997). It is tempting to 

speculate that the stronger coupling of synaptic input to the LTFE mechanism in E. 

virescens is caused by the synaptic input onto pacemaker instead of relay cells. Further, 

long-lasting LTFE in E. virescens could be the result of a signaling cascade, either unique 
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to E. virescens, or present in both species, but coactivation of NMDA and AMPA 

receptors onto pacemaker cells would lead to its activation only in E. virescens. 

LTFD in E. virescens 

In contrast to A. leptorhynchus, the SPPn in E. virescens provides tonic input to 

relay cells in the PMn via NMDA receptors and is inhibited by positive stimulus 

frequencies, which then leads to a lowering of the PMn frequency (Juranek and Metzner, 

1997). We demonstrate here that a long-term downward JAR in E. virescens also leads to 

sensorimotor adaptation (LTFD), but it is not as long lasting as sensorimotor adaptation 

after an upward JAR.  

The downward JAR occurs, because tonic input to the PMn via NMDA receptors 

from the SPPn is removed. This input presumably kept non-persistent LTFE at a certain 

level. Thus, the ongoing decline in EOD frequency during the initial phase of the 

downward JAR is due to the decay of LTFE from the absence of the SPPn input. Once 

the higher frequency-jamming signal is removed, the SPPn becomes active again and 

provides NMDA receptor –dependent input to the PMn, returning the PMn frequency and 

thus the EOD frequency to baseline. The increase in PMn frequency then is comprised of 

two active processes: synaptic input from the SPPn and the reintroduction of LTFE in the 

PMn, both of which determine the duration of LTFD. In contrast, the duration of LTFE 

appears to be due to a passive process, a wearing off of whatever molecular change has 

taken place in the cells of the PMn with the formation of LTFE.   

Passive decay of this nature would cause the LTFE duration to correlate with its 

original magnitude, as is the case in LTFE. Therefore, the fact that there is no correlation 

between LTFD magnitude and its duration is not altogether surprising. An adjustment 

error then could account for the fact that only a gradual increase in EOD frequency back 
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to baseline can be observed, instead of an immediate return to baseline caused by 

excitatory drive of the PMn.  

That even a 6 h long downward JAR fails to show a persistent sensorimotor 

adaptation has implications as to which mechanism E. virescens utilizes to alter its EOD 

frequency for prolonged periods. Based on these data it is reasonable to speculate that if 

an individual E. virescens needs to persistently change its frequency in a group it would 

have to use the upward JAR. Thus, to activate this long-term memory, input over AMPA 

and NMDA receptors must come from the PPn-G, and not the SPPn. 
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Figure 32: Neural circuitry of the electromotor system in A. leptorhynchus and E. 
virescens (Heiligenberg et al., 1996; Juranek and Metzner, 1997). 

 A. In A. leptorhynchus, an upward JAR is activated by the presence of a stimulus signal 
with negative difference frequency (-dF) via the SPPn and NMDA receptor activation on 
rcs in the PMn. This in turn drives the electric organ to fire faster. B. In E. virescens, a –
dF signal activates the PPn-G, which forms AMPA-R and NMDA-R carrying synapses 
with pcs in the PMn and the resulting PMn frequency acceleration drives the electric 
organ to fire faster. In contrast, a +dF signal inhibits the SPPn, which otherwise provides 
tonic input to the PMn via NMDA-R onto rcs. This will cause a downward JAR. –dF, 
+dF: stimulus frequency below or above EOD frequency, SPPn: sublemniscal 
prepacemaker nucleus, PPn-G: thalamic prepacemaker nucleus portion G, PMn: 
pacemaker nucleus, pc: pacemaker cell, rc: relay cell. 
In both species, the PPn-C provides AMPA-R-dependent input to relay cells, but was 
omitted from this diagram for clarity. In addition, I showed that in A. leptorhynchus the 
PPn-C-dependent input does not play a role in mediating LTFE (see chapter 2). 
Moreover, E. virescens do not chirp during the playback experiments used in this chapter 
(Oestreich, J., unpublished observations).
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Chapter 5: Conclusions 

 

This dissertation project evolved around a simple question: what was the in vivo 

correlate for in vitro LTFE, the phenomenon described by Dye in the slice preparation of 

the electromotor pacemaker nucleus (Dye, 1988) and how long would it last?   

I showed that a prolonged, stable change in sensory inflow by an electrosensory 

jamming signal induces a memory in the pacemaker nucleus, LTFE, which forms the 

basis for sensorimotor adaptation in the behavioral output of the electromotor system. 

The memory lasts for hours in A. leptorhynchus, whereas E. virescens responds with a 

persistent change. The memory is expressed in a species-specific manner and is 

correlated with differences in the social environment and with that different likelihood of 

each species to encounter prolonged jamming by conspecifics.  

Further, I went on to demonstrate the mechanism behind the adaptation in A. 

leptorhynchus: the resetting of the pacemaker was due to an NMDA-receptor-mediated 

modification in the intrinsic conductances of postsynaptic neurons in the nucleus. 

Moreover, magnitude and duration of the adaptation was graded with stimulus magnitude 

and duration. 

In the following discussion I am considering how sensorimotor adaptation in the 

electromotor system could be instructive for a wide range of phenomena. In addition, I 

will talk about some of the problems I encountered in my research, and about potential 

future directions for the project.   
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THE USEFULNESS OF SENSORIMOTOR ADAPTATION IN THE ELECTROMOTOR SYSTEM 
AS A MODEL PHENOMENON 

LTFE is a nonassociative memory process 

Assemblies of neurons in the brain can dynamically change and produce different 

output at different times depending on sensory input they receive about the external 

world. These changes can be maintained even after input ceases and are thought to 

underlie the formation of memory. 

Changes in the strength of synapses are important in associative processes of 

memory formation in which an animal learns about the relationship of two or more 

stimuli. These types of alterations are believed to be involved in cognition, and 

declarative memory in humans, which is the conscious recall of past experience. They are 

therefore widely studied (Malenka and Nicoll, 1999).  

Nondeclarative memories are not consciously accessible, and are for example 

involved in the improvement of motor skills by repeated exercise.  Nonassociative 

memory, a form of nondeclarative memory in which the response of the animal to one 

type of stimulus is altered, underlies changes in reflex strength like habituation and 

sensitization (Squire et al., 1996). These memories do not involve neural structures that 

are implied in human consciousness like neocortex and hippocampus and are therefore 

somewhat neglected.  

LTFE somewhat defies the existing categories for learning and memory in that it 

is a response to a single massed stimulus presentation and no retesting of a response after 

a training session is involved. However, massed or prolonged stimulus presentations are 

what the fish encounter in their habitat, and LTFE can be described as a nonassociative 

memory process, because it is activated by a single modality stimulus, a pure sine wave 

within a few Hertz of the fish’s EOD frequency.  
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Cellular memory for previous synaptic input in its most general form is a 

widespread plastic feature of all neuronal assemblies, including noncortical, lower order 

centers in the mammalian brain, like cerebellum and brainstem, but also the nervous 

systems of lower vertebrates and invertebrates (Alford et al., 1995; Windhorst, 1996; 

Tully, 1996; Bear, 1996; Sahley and Crow, 1998). Thus, similar types of processes might 

be involved in generating declarative and nondeclarative memory (Zhang and Linden, 

2003), and the study of simple forms of motor learning such as the vestibular-occular 

reflex or LTFE could contribute to unravel the mechanisms behind all forms of learning.  

 

LTFE is a form of sensorimotor adaptation 

Animals must be able to adapt their motor output to a prolonged or persistent 

change in their sensory world. This phenomenon is called sensorimotor adaptation and 

can involve slowly occurring structural changes or rapidly activated processes within 

sensory or motor centers in the nervous system. Examples of structural changes in 

sensory areas of the brain are the remapping of spatial fields of binaural cells in the 

auditory system of barn owls during head growth (Knudsen, 2002), and the enlargement 

of peripheral representations in the somatosensory and motor cortices during motor 

learning (Donoghue, 1995), for example in musicians (Schlaug, 2001), and during brain 

injury or the loss of limb function (Butefisch, 2004). 

Examples of rapidly induced sensorimotor adaptation are the vestibulo-ocular 

reflex in vertebrates (Lisberger, 1988), speech adaptation to changes in auditory input 

(Houde and Jordan, 1998), and the rapid restoration of orientation with prism goggles 

(Held and Freedman, 1963). 

In all of the examples, the nervous system has to adapt to a sensory disturbance of 

a certain magnitude by producing a graded response counteracting the error. Little is 
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known about the neural mechanisms, which produce such a graded response. LTFE as a 

phenomenon of sensorimotor adaptation could contribute to our understanding of how the 

nervous system rapidly recalibrates motor outputs in a graded, stimulus-dependent 

manner. 

 

The mechanism behind LTFE 

Changes in intrinsic excitability as a means to store memories in the brain is 

generating growing interest among Neuroscientists (Marder et al., 1996; Zhang and 

Linden, 2003). These changes have been described to occur in a number of motor 

structures such as the cerebellum (Zhang and Linden, 2003) and could for example be 

important in setting reflex strength or adaptations to sensory input in nondeclarative 

memory. However, there is also evidence supporting a more widespread role of this 

mechanism even in the formation of declarative memory (Zhang and Linden, 2003). 

No model system so far has described how a synaptically induced long-term 

change in intrinsic excitability is translated into a behavioral adaptation and how the 

quantitative features of the stimulus are conserved in the expression of the memory. 

LTFE in the electromotor system of weakly electric fish bridges the usual gap between 

neuronal plasticity described in brain slice preprarations and its behavioral correlates. In 

the electromotor system, changes in intrinsic excitability in the pacemaker nucleus are 

directly reflected by a modified electromotor output. Therefore potentially, the cellular 

processes underlying LTFE can be assessed in the intact sensorimotor circuit including 

stimuli with real world meaning to the animal.   

A potential candidate class of ion channels for LTFE are TRP channels (see 

chapter 3; (Dembrow and Zakon, 2004)), which could underlie Ca2±activated, 
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nonspecific cation currents (CAN currents) in a number of neural systems (Partridge et 

al., 1994). CAN currents do not inactivate and can produce sustained depolarizations, and 

therefore could cause the increase in intrinsic excitability observed in the electromotor 

pacemaker nucleus. A Ca2+-activated alteration of these currents has been described to 

produce a graded memory in entorhinal cortex neurons in vitro (Egorov et al., 2002). 

Further, they have been found in hippocampal CA1 neurons (Partridge and Valenzuela, 

2000). Therefore it is feasible that the mechanism behind LTFE could also be important 

for producing stimulus-dependent, graded neuronal changes not only in motor systems in 

the brain, but also in other areas involved in learning and memory.  

 

The ecological function of sensorimotor adaptation in jamming avoidance 

The jamming avoidance response is a specialized adaptation to the general 

problem of environmental noise interfering with one’s own communication signal. This 

interference is generated by the abiotic as well as by the biotic environment of the animal. 

Communication can be between species, among conspecifics, or within an animal, and 

jamming can happen at all levels, in the latter case by disturbing the animal’s own 

feedback signals in the specialized scenarios of electro- and echolocation.  

Examples of interference can be found in acoustic, visual, electric, and possibly 

even in chemical or olfactory communication.  

There are different strategies to avoid this masking interference. Birds, e.g. avoid 

interference by singing within a certain narrow frequency window, which is not polluted 

by noise generated by their abiotic and biotic environment (Ryan and Kime, 2003). 

Electric fish have species-specific frequency bands (Lissmann, 1961; Heiligenberg, 

1980), so do toads (Loftus-Hills and Littlejohn, 1992), and bats possibly also 
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electrolocate at species-specific bands if sympatric species are present (Jones et al., 

1994). These are evolutionary adaptations, more permanently locking a species into a 

specific ecological niche. 

There are also adaptations, which are directed by behavioral plasticity, and 

therefore are shorter in duration than changes on the evolutionary time scale. These 

behavioral modifications are adaptations of individual animals to persistent noise or 

interference sources, but with the option of returning to an optimal, preferred behavior 

once the noise source is removed. One possibility is to avoid interference from temporal 

overlapping with the signals of other senders by communicating only at certain times of 

the day, or by timing signals according to silent periods in surrounding signals etc. 

Examples for this form of avoidance can be found in the bush cricket Neoconocephalus 

spiza, where acoustic interference from three other species causes it to switch its main 

calling activity from the preferred period after dark to the daylight hours. If the three 

other species are removed, N. spiza within a few days reverts back to nocturnal singing 

(Greenfield, 1988). Pulse-type weakly electric fish phase-shift their discharge pulses to 

avoid collisions when conspecifics are present (Baker, Jr., 1981). 

Further, another form of jamming avoidance can be the opposite strategy by 

synchronizing communication signals: This has been suggested in wave type-weakly 

electric fish, where sometimes a non-specific response of a fish with a lower frequency 

towards a signal with a higher frequency is observed. The idea is that jamming can be 

avoided by matching the frequency and phase of the intruding signal (Heiligenberg et al., 

1996). The same phenomenon seems to exist in the case of visual interference in the 

North American firefly Photinus carolinus, normally a synchronous flasher, where 

asynchrony in the bioluminescent signals of neighboring males leads to a jamming of a 

female’s response behavior (Moiseff et al., 2003).  
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Other strategies of jamming avoidance are increasing amplitude and frequency of 

the signal. An example for an increase in the amplitude of a signal is raising one’s own 

voice in a crowd of other people at a loud party.  

Examples for frequency shifts can be found in birds in great tits where the 

dominant call frequency is increased in urban areas with a lot of background pollution to 

facilitate communication with conspecifics (Slabbekoorn and Peet, 2003), and in bearded 

seals where the pitch of underwater trill calls is shifted to avoid acoustic masking by 

conspecifics in a group (Terhune, 1999). 

In wave-type (examples presented in this dissertation) and pulse type electric fish 

(Kawasaki et al., 1996), and bats (Ibanez et al., 2004; Ulanovsky et al., 2004) frequency 

shifts in EOD frequency or dominant frequencies of echolocation calls are also observed 

to avoid jamming of active sensory systems by conspecifics.  

Even cases of intentional interspecific (e.g. between tiger moth (Cycnia tenera) 

and big brown bats (Eptesicus fuscus))(Fullard et al., 1994) and intraspecific jamming (in 

A. leptorhynchus)(Tallarovic and Zakon, 2005) are known.  

From the obvious prevalence of jamming in animal communication arises the 

question how the nervous system copes with persistent jamming. How often do these 

situations lead to sensorimotor adaptation and what are the mechanisms behind these 

sorts of adaptations? And, can we find common computational algorithms to deal with 

this problem and are there species-specific adaptations to the actual environmental 

situation?  

Sensorimotor adaptations are graded with the amount of offset a stimulus-induced 

error introduces into a feedback loop. In communication signals the sensory input is of 

the same modality than the motor output and these signals are relatively easy quantified. 
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Therefore, we can get at the question of how the nervous system produces a graded long-

lasting response in a stimulus-dependent fashion. 

That sensorimotor adaptation in the electromotor system following prolonged 

periods of jamming is not restricted to only one species I have shown in chapter 4. It can 

be found in at least two different species of wave-type electric fish. Moreover, there are 

differences in some key features of sensorimotor adaptation in these species, making it 

worthwhile to look for specific cellular changes in the in vitro preparations. Jamming 

avoidance responses occur in all but one genera of wave-type weakly electric fish 

(Bullock, 1982). Jamming avoidance responses have also been reported for pulse-type 

fish (Baker, Jr., 1981; Kawasaki et al., 1996).  

Therefore, studying sensorimotor adaptation in this system might reveal the 

evolution of behavioral adaptations to sensory change at a mechanistic level. 

Comparisons to explore the neuronal basis of species-specific behavior have been 

prominently requested in the literature (Bullock, 1993; Katz and Harris-Warrick, 1999) 

and comparing weakly electric fish and other groups of animals which show jamming 

avoidance by frequency shifting could be a useful step to expose commonalities or 

alternatives in sensorimotor structures and mechanisms.  

 

LIMITATIONS OF THIS DISSERTATION PROJECT 

The connection between in vivo and in vitro LTFE 

Can we be sure that in vivo and in vitro LTFE are really due to the same process? 

Obviously, there is no direct answer to this question. However the best evidence would 

be a demonstration in the slice preparation that LTFE, which has been induced by long- 

term stimulation of the intact fish in vivo, subsequently occludes LTFE of the same brain 
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in vitro. In chapter 3 I have shown that the mechanism for LTFE saturates in vitro. 

Therefore, theoretically we should expect this occlusion experiment to work if we can 

saturate LTFE sufficiently in vivo. The maximum values for in vivo and in vitro LTFE I 

reported in chapter 2 are comparable (in vivo: 9.5 ± 1.3 Hz after stimulation at 

100mV/cm for 3 h; in vitro: 12.5 ± 3.5 Hz). Thus, in vivo LTFE in magnitude somewhere 

around those values should significantly reduce LTFE in the slice if the slice is rapidly 

harvested and stimulated, before LTFE can wear off.  

However, this experiment resulted in statistically insignificant data (p > 0.05) 

when comparing LTFE in a group of PMn, which had received an in vivo stimulation at 

100mV/cm for 3 h (3.1 ± 0.6 Hz, n = 4), and a group of PMn which did not receive a 

stimulation in vivo (4.1 ± 0.5 Hz, n = 4). I tested for LTFE in vitro by using a tetanic 

stimulation to induce and test for LTFE as fast as possible. LTFE in each case was tested 

in vitro 60 min after the end of the in vivo stimulation. PMn slices are usually initially 

quiescent after excision and placement into the tissue chamber. Recovery of the PMn 

signal takes anywhere from 15 min up to 1 h. However, the PMn firing frequency is 

initially much lower and takes about 1.5 to 2 h to reach a stable value about 200 Hz or so 

above the frequency right after recovery. Moreover, the final PMn firing frequency in the 

slice stays around 100 Hz below the EOD frequency in the intact fish. In addition, even 

LTFE in the unstimulated control group if tested relatively soon after initial occurrence of 

the PMn signal is not as high as LTFE in a group, which is tested after the PMn 

frequency has stabilized (4.1 ± 0.5 Hz versus 5.6 ± 0.4 Hz) suggesting an effect of 

recovery on synaptic transmission.  

In summary, while it is a theoretically plausible and good experiment to do, 

because the brain slice has to adapt to the conditions in the tissue chamber, the PMn in 

vitro is not in the same state that it is in the intact fish, and therefore a direct test for 
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occlusion does not seem to be possible. Further, the magnitude of LTFE is relatively 

small when compared to the total PMn firing frequency, maximally comprising only a 1.7 

% or so change in the firing frequency (example of 10 Hz LTFE in a 600 Hz fish). 

Therefore, differences in LTFE between control group and stimulated group are easily 

masked by the effect of recovery. This is a problem, which is inherent to brain slice 

preparations in general and is not unique to the PMn preparation.  

However, that in vivo and in vitro LTFE are indeed caused by the same 

mechanism, is strongly supported by the fact that the quantitative features of LTFE in 

vivo and in vitro are the same (see chapter 2). Further, as already mentioned the average 

values for in vitro and in vivo LTFE are comparable. 

 

Native presynaptic firing rate 

Unfortunately nothing is known about the presynaptic firing rate or pattern, which 

is received by the PMn. Reasons for this are that the prepacemaker nuclei, which form 

the afferent fiber pathways to the PMn, are small and only contain about 100 neurons 

each (Kawasaki et al., 1988). Further, the afferent axons are thin, and the prepacemaker 

neurons are small. Thus, presynaptic recordings in vivo have not been successful so far. I 

have tried to circumvent this problem by describing in chapter 3 the realm of stimulus 

parameters that elicit LTFE.  

 

The ionic current underlying LTFE 

The best approach for identifying the current, which underlies LTFE, is whole-

cell voltage clamp of the neurons in the PMn. However, several attempts by our lab and 

other labs (Bruce Bean, personal communication) have been unsuccessful. For various 
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reasons, neither dissociation of the cells, or in situ recording attempts have worked. To 

circumscribe the mechanism pharmacologically, I blocked synaptic transmission using 

the N-type Ca2+ channel blocker ω-Conotoxin GVIA, and I have shown that the 

maintenance of LTFE is not due to continued synaptic transmission, but is likely 

dependent on a change in intrinsic excitability (chapter 3). Moreover, ongoing 

pharmacological experiments in the Zakon lab are starting to identify trp channels as 

possible target molecules for the LTFE signaling cascade (chapter 3)(Dembrow and 

Zakon, 2004). 

 

FUTURE STUDIES 

Sensorimotor adaptation in the electromotor system shows the potential to be a 

rich model for a variety of phenomena. However, there are a number of experiments, 

which would strengthen the conclusions in this dissertation and further our knowledge 

about the mechanism behind LTFE. 

 

In vivo recordings from neurons in the brain 

First, a verification of the in vitro pharmacology should be attempted in vivo. So 

far, the involvement of NMDA receptors in mediating the JAR in vivo have only been 

demonstrated with short, but not with long jamming stimuli, and the role of the receptors 

in LTFE in vivo has not been shown at all. In vivo recordings from the PMn have been 

done successfully in the past, and are not too difficult to accomplish (Dye and 

Heiligenberg, 1987; Dye et al., 1989; Heiligenberg et al., 1996). Fish can be immobilized 

by curare, and still respond to electric stimuli with a JAR.  
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Experiments in the brain slice preparation 

In chapter 3 I argued that TRP channels are potential molecular targets for the 

LTFE-inducing signaling cascade. Some of these channels are known to produce 

sustained depolarizations of a cell and therefore could increase the PMn firing rate. In 

this sense it would be of value to assess the presence of plateau potentials via intracellular 

recordings. Indeed, some of the original recordings in the Apteronotus slice preparation 

were intracellular and showed a sustained depolarization after tetanic stimulation, which 

follows closely the time course of LTFE (Dye, 1988). 

I already mentioned that pharmacological experiments are under way to test the 

involvement of TRP channels in LTFE. However, so far these recordings are done 

extracellularly, and it would be helpful to verify the pharmacological block of the plateau 

potential via intracellular recording. In addition, efforts are also underway to verify the 

existence of TRP channels in the PMn in cloning and immunocytochemical studies, and 

eventually even to express the cloned channel message in expression systems to evaluate 

the channel physiology.  

Another question is, how are the quantitative features of the stimulus transduced 

into a graded memory. One way of accomplishing this is to have the amount of Ca2+ 

influx through NMDA receptors into the PMn neurons be proportional to the afferent 

input strength. Whether this is the case could be addressed by Ca2+ imaging, which 

allows the quantitative assessment of intracellular Ca2+ concentrations. 

In chapter 4 I have shown that LTFE shows species-specific differences between 

A. leptorhynchus and E. virescens and that the differences are likely due to differences in 

their respective PMn. Here it would be of interest to develop a slice preparation of the 

Eigenmannia PMn and try to compare at the cellular level what these differences are. 

 



 111

Behavioral experiments 

One important caveat of this dissertation is that we do not know if two behaving 

fish would respond the same way. All in vivo stimulus experiments were done by 

restraining the fish in a tube, and not giving the fish a chance to escape an artificial 

stimulus signal. I have started to address this problem by using pairs of real A. 

leptorhynchus. In these experiments, stimulus fish and experimental fish are separated in 

two different tanks, which facilitates stimulus termination and allows one to directly test 

whether LTFE has been induced. The experimental fish is located in a large tank and can 

escape the stimulus signal at will, whereas the stimulus fish is restrained in a tube. Pairs 

are chosen, so that their EOD frequencies are at least within 20 Hertz of each other. The 

stimulus tank than can be warmed or cooled by a few tens of a degree Celsius to adjust 

the EOD frequency of the stimulus fish to – 3 Hz below the EOD frequency of the 

experimental fish. Such a small temperature change does not seem to have an affect on 

the behavior, and fish would experience diurnal fluctuations of this magnitude even in 

their natural habitat. Preliminary data show that, in principle, fish tend to stay in their 

shelter even when exposed to a jamming signal from a conspecific, and respond with a 

long-term JAR followed by LTFE (Figure 33). However, the outcome of these 

experiments is variable. In some cases, experimental fish leave their tube, or do not 

respond with a JAR, whereas the stimulus fish produces the JAR. Surprisingly, as shown 

in Figure 33, in other cases the stimulus fish actively jams the experimental fish. This 

observation is contrary to the traditional view of the JAR as being a passive, reflex-like 

response to the presence of a stimulus signal, and this observation has been verified in a 

separate study (Tallarovic and Zakon, 2005). Therefore, work needs to be done to 

establish the dependence of the JAR performance on state of the fish, dominance 

hierarchy, territoriality and such.  
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Of course, in an ideal case scenario, recordings of the frequency development in 

large, newly formed groups of interacting A. leptorhynchus and E. virescens, previously 

unknown to each other, would be helpful in establishing if LTFE is a real phenomenon or 

an artifact of the laboratory situation. However, tracking and separating the frequencies 

of a large number of free-moving fish is technically challenging. Last, but not least, such 

experiments should be accompanied by actual field observations of the group dynamics 

in these fish. 

 

5 Hz

EOD Freq [Hz]

 Experimental Fish

 Stimulus Fish

30 min  
 

Figure 33: JAR and LTFE in two interacting A. leptorhynchus.  
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The experimental fish was free to leave its tube and choose a different shelter further 
away from the tube where the stimulus was presented. The stimulus fish was confined to 
a tube in a separate tank. Upon electrically connecting both tanks by wires for 30 min 
(indicated by black bar), both fish perform a long-term JAR. The experimental fish did 
not leave its tube for the entire stimulus period. LTFE is revealed in both fish, after 
disconnecting the tanks again.
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