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Abstract Here, we report a species difference in the
strength and duration of long-term sensorimotor adap-
tation in the electromotor output of weakly electric fish.
The adaptation is produced by changes in intrinsic
excitability in the electromotor pacemaker nucleus; this
change is a form of memory 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. We find that LTFE is stronger in
a shoaling species (Eigenmannia virescens) with a higher
probability of encountering jamming conspecifics, when
compared to a solitary species (Apteronotus leptorhyn-
chus). Additionally, LTFE persists in Eigenmannia,
whereas, it decays over 5–9 h in Apteronotus.

Keywords Jamming avoidance response Æ Weakly
electric fish Æ Sensorimotor adaptation Æ Memory Æ
Species difference

Abbreviations JAR: Jamming avoidance response Æ
EOD: Electric organ discharge Æ LTFE: Long-term
frequency elevation Æ LTFD: Long-term frequency
depression Æ PMn: Pacemaker nucleus Æ SPPn:
Sublemniscal prepacemaker nucleus Æ PPn-G: Thalamic
prepacemaker nucleus portion G Æ NMDA: N-methyl-D-
aspartatic acid Æ AMPA: alpha-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid

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, to our knowledge mechanisms gov-
erning species differences in the long-term plasticity of
behavior have been only described in marine snails
of the order Opisthobranchia, where the comparison of
homologous behaviors in related species offers the pos-
sibility 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).

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 neu-
rons could also potentially serve as a target for synaptic-
ally driven signaling cascades leading to long-term
memory (Alkon 1984; Marder et al. 1996; Aizenman and
Linden 2000; Zhang and Linden 2003). However, so far
these types of changes have not been linked to actual
behavioral manifestations of memory formation.

Electric fish produce electric fields around their body
by means of specialized organs in their tail (Bennett
1971). Weakly electric fish primarily use their electric
organ discharge (EOD) for communication and location
of objects in their environment (Hopkins 1988). In wave-
type species, the EOD waveform is quasi-sinusoidal. The
electrosensory system of each fish is tuned to its own,
highly stable EOD frequency (Zakon 1986) and inter-
ference with this sensory channel perturbs the animal’s
ability for orientation (Heiligenberg 1991, 1973; Bastian
1987). Jamming of each other’s electrosense happens
when two conspecifics with closeby frequencies meet,
but one or both of the individuals shift their EOD
frequency away from the intruding frequency and,
therefore, preserve their sensory capabilities (Watanabe
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and Takeda 1963; Bullock et al. 1972a; Heiligenberg
1991). This response is called the jamming avoidance
response (JAR), and exists in the gymnotid species
Eigenmannia virescens and Apteronotus leptorhynchus.

We have recently identified a novel form of long-term
plasticity inApteronotus involving its JAR (Oestreich and
Zakon 2002): 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 min-
utes to hours depending on stimulus duration and
amplitude. LTFE is an example of sensorimotor adapta-
tion, which is used by the nervous system to fine tune
motor responses to long-lasting changes in sensory inflow.
A classic example occurs with the manipulation of visual
inputs in humans or other animals by outfitting themwith
prismgoggles (Held andFreedman1963). The offset in the
visual input by a constant angle leads to an initial disori-
entation of the subjects, but, inminutes to tens ofminutes,
they learn to compensate for it by adjusting their motor
program. The adaptation becomes visible as a compen-
satory overshoot after taking off the prisms.

Structure–function relationships are difficult 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 prep-
aration of the Apteronotus PMn (Dye 1988; Dye et al.
1989; Oestreich and Zakon 2002). These experiments
showed that LTFE is not maintained by continuing
synaptic input, but results from a long-term increase in
the firing frequency of the postsynaptic PMn neurons
indicating a change in their intrinsic excitability. More-
over, the LTFE mechanism is induced by activation of
NMDA receptors (Dye et al. 1989; Oestreich and Zakon
2002; Oestreich, unpublished observation).

In this study, we wanted to know if sensorimotor
adaptation in response to long-lasting electrosensory
stimulation also exists in Eigenmannia virescens.

We found that Eigenmannia expresses stronger LTFE
than Apteronotus in response to stimulation over hours.
Moreover, LTFE inEigenmannia is persistent, whereas in
Apteronotus it does not last longer than 5–9 h (Oestreich
and Zakon 2002). We hypothesize that this difference is
correlated with differences in the social structure of the
animals. Eigenmannia is gregarious, and therefore has a
higher propensity of being jammed by other group
members, than the more solitary Apteronotus.

Unlike Apteronotus, Eigenmannia responds to a
higher stimulus frequency with a downward JAR

(Watanabe and Takeda 1963; Bullock et al. 1972a). We
also examined whether this JAR activated a reciprocal
process of sensorimotor adaptation in form of long-term
frequency depression (LTFD).

We observed LTFD, but in contrast to LTFE it only
lasts for up to 1.2 h.

Materials and methods

Animals

Wild-caught E. virescens and A. leptorhynchus were
obtained from Southern Tropical FishHatchery, Florida.
For the purpose of convenience, we refer to them
throughout the paper as Eigenmannia and Apteronotus.
Eigenmannia were housed in a large community tank
(width=142 cm, height=51 cm and depth=72 cm)
together withApteronotus, or separately.Apteronotuswas
additionally housed in a smaller community tank
(width=122 cm, height=51 cm, depth=46 cm) in an
environmentally controlled room at 26 –28�C with
circulating water system and 12 h/12 h light–dark cycle.
To provide the fishwith shelters, both tankswere outfitted
with 22 plastic tubes each, which varied in length from
10 cm to 18 cm and from 2 cm to 5 cm in inner diameter.
Fish were fed bloodworms, or brine shrimp every 2 days.

Behavioral testing was as previously described (Oestr-
eich and Zakon 2002). In short, individual fish were
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 accu-
rately controlled at a few hundreds 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 stimula-
tion was delivered through a pair of carbon rod electrodes
across the fish’s body. Additionally, Eigenmannia was
stimulated with a signal 3 Hz above its EOD frequency.
From now on we refer to the stimulus frequency in rela-
tion to the EOD frequency as �3 Hz and +3 Hz.

Platinum wire electrodes at the ends of the tube re-
corded 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

846



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.

In the text, LTFE persistence is defined as a stable
LTFE magnitude for the duration of the experiment.

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

Stimulus experiments: behavioral plasticity

In order to escape jamming by a stimulus signal slightly
below their own EOD frequency both Apteronotus and
Eigenmannia produce a JAR by shifting their EOD fre-
quencies upwards. We tested if a species difference exists
in the magnitudes of JAR and LTFE.

Species differences in sensorimotor adaptation

JAR magnitude Each fish was given a 2-min long
jamming stimulus (�3 Hz, 1 mV/cm) to obtain a base-
line measure of its JAR (Fig. 1a; asterisk, left inset).

Both species show JARs of similar magnitude (P=0.32;
Fig. 2a; 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-h and the 6-h
group are significantly less in Apteronotus than in
Eigenmannia (55% and 54% of JAR in Eigenmannia;
P=0.0045 and P< 0.0001, respectively; Fig. 2a). This is
due to an initial decline in the JAR in Apteronotus
(Oestreich and Zakon 2002; Fig. 3a) and a steady
increase of the JAR in Eigenmannia (Fig. 3b).

The JAR magnitude in Apteronotus 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 h of
jamming (P=0.96).

In contrast to Apteronotus, the JAR in Eigenmannia
progressively increases in response to prolonged stimu-
lation (3 h: 4.3±0.9 Hz, P=0.002; 6 h: 8.4±1 Hz;
P=0.0004; comparing 3–6 h: P=0.009; measured as in
Apteronotus). This suggests that the JAR in Eigenmannia
is capable of increasing further with an even longer
stimulus.

LTFE magnitude After the jamming stimulation cea-
ses, 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 (Fig. 1a; right
insets at arrow), which was used to define the initial
LTFE magnitude (Oestreich and Zakon 2002).

Neither species shows appreciable LTFE following
only 2 min of jamming in comparison to the much larger
response to the long stimulus trials, although a small,
but significant frequency increase in Eigenmannia in
comparison to baseline changes in controls over a sim-
ilar period is noticeable (Apteronotus: P=0.09; Eigen-

Apteronotus, -3Hz Eigenmannia, +3Hz

2.5 Hz
1min

5 Hz

2.5 hr

1 Hz
5 min

* EOD frequency
JAR

LTFE
Baseline

Stimulus frequency

*
*

Eigenmannia, -3Hz

LTFD

JARLTFE

JAR

A B C

Fig. 1 Example EOD frequency traces of individual 6 h stimula-
tion experiments defining JAR and initial LTFE/LTFD magnitude.
Note that after upward JARs in Apteronotus the frequency returns
to baseline, whereas in Eigenmannia LTFE is persistent. After a
downward JAR in Eigenmannia, sensorimotor adaptation in form
of LTFD is visible, but unlike LTFE in Eigenmannia, 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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mannia: P=0.01, respectively; Figs. 1a and 2a, blue
bars). This indicates that LTFE is sensitive to stimulus
duration.

LTFE is present in Apteronotus after 3 h and after
6 h of jamming (3 h: P=0.0048, 6 h: P=0.02; Fig. 3a),
but no further increase in LTFE magnitude is achieved
with the 6-h stimulation (P=0.74; Fig. 2a). Similarly,
mean LTFE magnitudes in Eigenmannia 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; Fig. 2a).

LTFE after 3- and 6-h stimulations in Apteronotus is
only 36% and 22% of LTFE in Eigenmannia (P=0.01
and P=0.0003, respectively; Fig. 2a), supporting our
hypothesis that Eigenmannia shows stronger sensori-
motor adaptation than Apteronotus.

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, Fig. 6). Pro-
longed synaptic activity over time induces LTFE in the
PMn (Oestreich and Zakon 2002). 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 fre-
quency. 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 of the PMn
(Fig. 2a, b; red bars and line). The JAR and, therefore,
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Fig. 2 a Summary data for JAR and LTFE in response to various
stimulus durations. Note that for the upward JAR in Apteronotus
and Eigenmannia, synaptic activity (JAR–LTFE) is equal during
2 min and after the long stimulations in both species, whereas,
LTFE is smaller in Apteronotus than in Eigenmannia after long
stimulations. Further note, that LTFD after 2 min stimulations is
practically nonexistent, 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 ns for control fish and stimulated fish; experiments
are in different 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 Eigenmannia, LTFE persists. A downward JAR is
caused by a decrease in synaptic activity, which induces LTFD (see
Discussion)
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Fig. 3 Behavioral long-term plasticity in the mean EOD frequency
(LTFE) of Apteronotus and Eigenmannia after a jamming avoid-
ance response. a LTFE in Apteronotus 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
Eigenmannia and that the EOD frequency during the initial JAR
progressively relaxes to a lower, but later stable value (b). b LTFE
in Eigenmannia after 3- and 6-h stimulations. The JAR in
Eigenmannia increases over time in both situations and LTFE
becomes persistent after 6 h, but not after 3 h. c + d. Control
traces of nonstimulated fish for Apteronotus (c) and Eigenmannia
(d) documenting baseline frequency stability. e LTFD in Eigen-
mannia. Presenting a stable stimulus signal at +3 Hz 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. Long stippled lines indicate baseline frequency,
gray bars stimulation, all traces are mean EOD frequency values
every 10 min with error bars reflecting SEM. All experiments are in
different fish
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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 (Fig. 2b,
blue line). In Apteronotus, 54% and 49% of the JAR
magnitude is due to LTFE after 3- and 6-h stimulations,
respectively, whereas in Eigenmannia, LTFE contributes
67% and 74% to the JAR (Fig. 2a). The strong contri-
bution 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 termi-
nation and the JAR magnitude in the end phase of the
long stimulation in Eigenmannia (pooled data from 3-h
to 6-h stimulations; r=0.9, P<0.0001; Fig. 4a). We
previously described the same relationship in Apterono-
tus (Oestreich and Zakon 2002). As in Apteronotus, a
minimum JAR is necessary in Eigenmannia to obtain
LTFE, indicated by the fact that the linear fit does not
intercept at the origin of the graph, but at 2 Hz
(Fig. 4a). This value compares to 1.9 Hz in Apteronotus
(Oestreich and Zakon 2002).

The contribution of the synaptic input to the JAR in
Apteronotus or Eigenmannia does not significantly
change after 3 h of jamming, when comparing 3- and 6-h
groups (Apteronotus: P=0.8; Eigenmannia: 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; Fig. 2a). Thus,
the difference between the JAR responses of Eigenman-
nia and Apteronotus appears to be due to the differences
in LTFE, not changes in synaptic input strength.

In summary, synaptic input strength to the PMn of
Apteronotus and Eigenmannia 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 sensorimotor
adaptation in Eigenmannia over Apteronotus is not likely
due to the differences in synaptic input strength to the
PMn.

LTFE Duration In Apteronotus, a 3-h long stimulation
results in a slight elevation of the EOD frequency above
baseline, lasting on average for 5 h (n=9; Fig. 3a)
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 de-
clines below baseline, resulting in a slight overall decline
of the mean EOD frequency change below baseline for
the group (Fig. 3a), which is however, not significantly
different from controls. Similar to Apteronotus, a 3-h
stimulation in Eigenmannia on average produces non-
persistent LTFE, lasting 2 h (P=0.07; Fig. 3b). How-
ever, three of seven 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, we described in Apteronotus that the
duration of LTFE after 0.5 and 3 h stimulation corre-
lates positively with LTFE magnitude (Oestreich and
Zakon 2002). To increase the number of data points and
the range of LTFE magnitudes for a similar analysis, the
Eigenmannia with nonpersistent LTFE in the 3-h group
(n=4) were pooled with all available individuals outside
of their group, which also responded to stimulation with
nonpersistent LTFE. Two of these other fish were
stimulated with a +3-Hz stimulus at 1 mV, which re-
sulted in an erroneous positive JAR followed by low
LTFE, and one stimulated at 15 mV/cm and �3 Hz,
resulting in a regular JAR followed by high LTFE. Like
in Apteronotus, for these fish, LTFE duration also cor-
relates positively with LTFE magnitude (r=0.94,
P=0.00173; Fig. 4b)

In Eigenmannia, 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; Fig. 3b).
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In summary, these results lend further support to our
hypothesis that sensorimotor adaptation is more
strongly developed in Eigenmannia than in Apteronotus.
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 Eigenmannia

It is well known that Apteronotus cannot reduce its EOD
frequency below the baseline level in response to stim-
ulus frequencies above its EOD frequency (Watanabe
and Takeda 1963; Bullock et al. 1972a; Heiligenberg et
al. 1996). In contrast, Eigenmannia are capable of low-
ering their EOD frequencies in response to higher
stimulus frequencies (Watanabe and Takeda 1963;
Bullock et al. 1972a; Heiligenberg et al. 1996). The
reasons for this difference are located in the different
neural circuits for the electromotor system in both spe-
cies (Heiligenberg et al. 1996) (see Discussion; Fig. 6).

Presenting Eigenmannia with a 2-min long stimulus
signal +3 Hz at 1 mV/cm causes a JAR, in which the
fish reduces its EOD frequency (Fig. 1a). Similar to
2-min stimulus presentations at �3 Hz, 2-min presen-

tations at +3 Hz also do not lead to sensorimotor
adaptation (P=0.29; Fig. 2a). The downward JAR
elicited during the long periods of electrosensory jam-
ming progressively increases in magnitude until a stable
frequency below baseline is achieved. This is especially
noticeable in the 6-h stimulated group (Fig. 3e).

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; Fig. 3e).
This 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 (Fig. 3e), 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; Fig. 2a).

As it was the case with upward JAR and resulting
LTFE, downward JAR and LTFD magnitudes are not

Fig. 5 Social structure of
Eigenmannia virescens and
Apteronotus leptorhynchus in
tanks. a A shoal of Eigenmannia
during the day. b The same
group at night. Fish are
distributed over the entire
extent of the tank. c + d
Apteronotus during the day. All
fish are hiding in plastic tubes
(d). e Seconds after night fall,
Apteronotus leave their tube and
move around independently.
f + g ‘Predator avoidance’
behavior in Eigenmannia.
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
Eigenmannia act together as a
group. Night images were taken
by flash photography, which
did not seem to disturb the fish
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significantly increased after 3 h of stimulation (com-
paring 3- and 6-h group: P=0.15 and P=0.11, respec-
tively; Fig. 1b). LTFD after a downward JAR also
correlates with JAR magnitude (r=0.78, P<0.0001;
Fig. 4c). A minimum downward JAR of �3 Hz is nec-
essary 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; Fig. 4d).

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 (Lissmann 1961; Steinbach 1970;
Kramer et al. 1981; Crampton 1998). Field observa-
tions indicate that Eigenmannia is gregarious (Liss-
mann 1961; Hagedorn and Heiligenberg 1985; Westby
1988; Taphorn, personal communication; Alves-Go-
mes, personal communication; Zakon, unpublished
observation). In contrast, Apteronotus is more solitary,
living in loosely associated groups in rocky environ-
ments or along river banks, and tending to be bottom
dwellers, and hiding in shelters (Schwassmann 1978;
Hagedorn and Heiligenberg 1985; Taphorn, personal

communication; Alves-Gomes, personal communica-
tion). We hypothesized that differences in the social
structure of both species might be responsible for the
observed species-specific difference in long-term plas-
ticity.

Being in a much larger group could increase the
chance for an individual Eigenmannia to experience
electrosensory jamming by increasing the likelihood to
encounter another conspecific in the group with similar
EOD frequency. Our hypothesis is that an Eigenmannia
could avoid prolonged and repeated jamming from
overlap with other group member’s EOD frequencies by
long-term adjustment of its own EOD frequency.

In an initial attempt, to characterize the social
structure of the animals and to link it to differences in
behavioral long-term plasticity, we wanted to confirm
the sporadic field observations cited in the preceding
paragraph. We followed groups of 80 Eigenmannia and
roughly the same number of Apteronotus together or in
separate tanks in the lab. The observed behavior, as
described as follows, was stereotypical in both species,
whether or not both species were kept together. During
the light hours, most of the Eigenmannia are aggregated
together close to one of the smaller walls of the tank
(Fig. 5a). Field observations also hint that in streams
Eigenmannia often hides at the banks (Lissmann 1961;
Crampton 1998). Only a few Eigenmannia actually use
the provided plastic tubes, even when many tubes were
available. In contrast, Apteronotus readily hide in tubes
(Fig. 5c, d; Dunlap and Oliveri 2002).

At the onset of darkness, the Eigenmannia shoal dis-
perses and individuals move out over the entire extent of
the tank (Fig. 5b).Apteronotus leave their tubes (Fig. 5e).
At onset of the light cycle, Eigenmannia again forms a
shoal within a few minutes of lights on, and Apteronotus
return to their tubes. This behavior in Eigenmannia is also
supported by field observations (Lissmann 1961).

That Eigenmannia behave as a group can also be
demonstrated by evoking a typical predator avoidance
behavior: if the tank wall is tapped, Eigenmannia do not
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and Eigenmannia (Heiligenberg et al. 1996; Juranek and Metzner
1997). a In Apteronotus, 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
Eigenmannia, 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
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disperse randomly, but behave in a coordinated fashion
by coalescing in a more compact group, which settles
toward the bottom of the tank (Fig. 5f, g). This type of
behavior can also be observed in other shoaling fish
(Pitcher and Parrish 1993).

In summary, during the day Eigenmannia tend to be
more closely spaced than Apteronotus, therefore poten-
tially increasing the likelihood for an individual of
Eigenmannia to experience electrosensory jamming.

Discussion

Here, we report that Eigenmannia, like Apteronotus re-
sponds with long-term sensorimotor adaptation (LTFE
in the EOD frequency) to a long-term stimulus signal. In
Eigenmannia, LTFE in response to a 6-h long stimulus
below the fish’s own EOD frequency lasts much longer
than in Apteronotus.

This result correlates with differences in the animal’s
social structure: Eigenmannia is a shoal-forming species,
whereas, Apteronotus is not. Therefore, the probability
that an individual Eigenmannia in its shoal is exposed to
electrosensory jamming by a group member is greater
than in Apteronotus. Such persistent shifts in EOD fre-
quency may be used to avoid repeated jamming. Ei-
genmannia 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 specific features of sensorimotor
adaptation 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 reg-
ulation of LTFE duration. While there are no differences
in the first process, the last two processes are different
between Eigenmannia and Apteronotus.

First, in both species the amount of synaptic drive
received by the PMn is similar (Fig. 2a). 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 syn-
aptic input with the LTFE mechanism is stronger in
Eigenmannia, suggested by the fact that the LTFE
magnitude is twofold higher in Eigenmannia. The
stronger coupling results in a progressive increase in the
EOD frequency during the JAR in Eigenmannia, caused
by a stronger increase in LTFE in the PMn (Heiligen-
berg et al. 1996; Oestreich and Zakon 2002)).

Third, LTFE lasts much longer in Eigenmannia. In
Apteronotus, LTFE duration is linearly correlated with

LTFE magnitude. In Eigenmannia, this is only true for
fish with nonpersistent 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 com-
pares to 3.2 h in Apteronotus (Oestreich and Zakon
2002), suggesting that the same mechanism for nonper-
sistent LTFE is in place in both species. With 6-h long
stimuli, a lasting upward shift in EOD frequency in Ei-
genmannia can be evoked, whereas in Apteronotus,
LTFE duration actually decreases with 6-h stimulations.
This finding suggests that an additional mechanism ex-
ists in Eigenmannia, one that is not found in Apterono-
tus. The argument could be made that Apteronotus 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
Apteronotus. However, even though 100 mV/cm stimuli
evoke Eigenmannia-like JAR and LTFE magnitudes in
Apteronotus, the EOD frequency in Apteronotus still
declines back to baseline within 9 h (Oestreich and Za-
kon 2002). This finding suggests that LTFE duration is
only linearly correlated with LTFE amplitude for fish
with nonpersistent LTFE, as it is the case in Apterono-
tus, but that LTFE persistence is the result of a mech-
anism unique to Eigenmannia and this mechanism on
average requires stimulus durations in excess of 3 h to be
activated.

Neural mechanisms for sensorimotor adaptation
in the brain

The neural circuitry underlying the JAR in Apteronotus
and Eigenmannia is well described (Heiligenberg 1991;
Heiligenberg et al. 1996; Juranek and Metzner
1997)(Fig. 6). A medullary pacemaker nucleus (PMn)
controls the EOD 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 prepace-
maker nucleus (SPPn), which controls the upward JAR
in Apteronotus. This nucleus is normally quiescent in
Apteronotus, but is activated by electrosensory input
during a jamming signal, and then increases the PMn
frequency. Subsequently, the increase in PMn firing
frequency 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
Eigenmannia is different. Unlike in Apteronotus, the
SPPn in Eigenmannia is tonically active and does not
underlie the upward JAR. Instead, activation of a sub-
portion of the thalamic prepacemaker nucleus (PPn-G)
produces the upward JAR.

In Apteronotus, 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 prepa-
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ration of the Eigenmannia PMn yet, but it is likely that
LTFE in Eigenmannia also resides in the PMn.

In both species, the PMn contains two electrotoni-
cally coupled cell types, pacemaker and relay cells. The
relay cells project to the electromotor neurons in the
spinal cord. The SPPn in Apteronotus and in Eigen-
mannia forms NMDA receptor-dependent synapses with
relay cells in the PMn, whereas, afferent input from the
PPn-G in Eigenmannia 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 Eigenmannia
is caused by the synaptic input onto pacemaker instead
of relay cells. Further, long-lasting LTFE in Eigenman-
nia could be the result of a signaling cascade, either
unique to Eigenmannia, or present in both species, but
coactivation of NMDA and AMPA receptors onto
pacemaker cells would lead to its activation only in Ei-
genmannia. Alternatively, lower JAR and LTFE mag-
nitude in Apteronotus following 6 h of stimulation could
be the result of the activation of an inhibitory signaling
cascade. This mechanism then could explain why the
average EOD frequency after stimulation (Fig. 3a)
undershoots the resting EOD frequency prior to stimu-
lation.

A mechanistic reason for postsynaptic adaptation

The nervous system like most biological structures and
systems is plastic and adaptation to persistent changes in
sensory input is a known feature of the nervous system
leading to rapid changes in activity patterns (Held and
Freedman 1963; Lisberger 1988; Houde and Jordan
1998), or even structural changes (Donoghue 1995;
Schlaug 2001; Knudsen 2002; Butefisch 2004). There-
fore, it is not altogether surprising that both species
adapt to prolonged jamming.

We do not yet know what the mechanistic reason be-
hind the adaptationmight be. For example, an alternative
to adaptation in the PMn would be to maintain the EOD
frequency increase during the JARby continuing synaptic
input to the PMn. Instead, LTFE is induced in the PMn
and is responsible for much of the JAR magnitude in the
latter phase of a prolonged JAR. However, one possible
mechanistic reason for a long-lasting, postsynaptic
adaptation rather than continuing presynaptic input
could be the avoidance of excitotoxic effects by prolonged
NMDA receptor activation (Choi 1988; Rothman and
Olney 1995; Oestreich and Zakon 2002).

LTFE is a form of nonassociative memory

LTFE is essentially the expression of a relatively long-
lasting memory ranging from minutes to at least tens of
hours, and this memory underlies sensorimotor adap-
tation in the electromotor system.

‘‘Nonassociative learning results when an animal is
exposed once or repeatedly to a single type of stimulus’’,
whereas ‘‘in associative learning an organism learns
about the relationship of one stimulus to another’’
(Kandel et al. 2000). Examples for nonassociative
memory formation are habituation and sensitization in
the gill withdrawal reflex of the marine mollusk Aplysia.
LTFE is categorically similar to these forms of nonas-
sociative plasticity, because 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 fre-
quency (Oestreich and Zakon 2002). As it is the case
with associative forms of synaptic plasticity such as
LTP, NMDA receptors are also potentially involved in
mediating LTFE (Dye et al. 1989; Oestreich, unpub-
lished observation). However, in the PMn, they do not
lead to the associative strengthening of two or more
simultaneously active synapses, as has been proposed in
the LTP model (Bliss and Collingridge 1993), but rather
induce a long-lasting change in postsynaptic spike fre-
quency via changes in intrinsic excitability (Oestreich
and Zakon 2002).

Besides in the brainstem of weakly electric fish,
nonassociative plasticity could potentially be abundant
in the reflex pathways of other vertebrates as well, as
suggested by Squire (Squire and Zola 1996).

LTFD in Eigenmannia

In contrast to Apteronotus, the SPPn in Eigenmannia
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). Therefore, Ei-
genmannia can respond to stimulus frequencies above its
own EOD frequency with a downward JAR, whereas
Apteronotus is incapable of doing so (Watanabe and
Takeda 1963; Bullock et al. 1972a; Heiligenberg et al.
1996). Instead, Apteronotus sometimes will respond with
an upward JAR by either moving its EOD frequency
closer to the higher stimulus frequency or surpassing it
(Dye 1988; Heiligenberg et al. 1996; Oestreich, unpub-
lished observations). This so-called ‘Nonspecific
Response’ (Dye 1988) is also followed by LTFE if
evoked by prolonged stimulation (Oestreich, unpub-
lished observations).

Here, we demonstrate that a long-term downward
JAR in Eigenmannia also leads to sensorimotor adap-
tation (LTFD), but it is not as long-lasting as sensori-
motor adaptation after an upward JAR.

The downward JAR occurs, because tonic input to
the PMn via NMDA receptors from the SPPn is re-
moved. This input presumably kept nonpersistent 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
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NMDA receptor—dependent input to the PMn,
returning the PMn frequency and thus, the EOD fre-
quency 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 to baseline can be observed, in-
stead 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 Eigenmannia uses to alter its EOD
frequency for prolonged periods. Based on these data, it
is reasonable to speculate that if an individual Eigen-
mannia 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.

Differences in behavioral long-term plasticity
correlate with differences in social structure

Traditionally, the JAR of weakly electric fish has been
described from a mechanistic point of view. However,
unfortunately little is known about weakly electric fish
ecology and intra- and interspecific interactions of these
fish in their natural habitat. We provide here one of the
first attempts of relating physiological differences to the
ecological niche the animals live in, and a potential
explanation for the differences in long-term plasticity
observed by us.

Electric fish are nocturnally active and move about
while they forage or interact socially (Lissmann 1961;
Hagedorn and Heiligenberg 1985; Crampton 1998).
During the day, they hide (Lissmann 1961; Kramer et al.
1981). In the wild, Apteronotus are solitary or associate
in small groups in vegetation (Schwassmann 1978;
Hagedorn and Heiligenberg 1985; Taphorn, personal
communication; Alves-Gomes, personal communica-
tion; Zakon, unpublished observation). In contrast, Ei-
genmannia are often found in large numbers in shoals
(Lissmann 1961; Westby 1988; Taphorn, personal com-
munication; Alves-Gomes, personal communication;
Zakon, unpublished observation).

Our laboratory observations confirmed these field
reports. In the tank, the differences in shoal-forming
versus nonshoal-forming behavior are easily observed.

Weakly electric fish rely on their electrosensory sys-
tem 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. One pos-
sible solution to escape jamming is to simply swim away
from other individuals with similar EOD frequency,
because electric field strength falls off with the cube of
the distance from its source (Knudsen 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, and therefore will produce
a JAR if a conspecific with a close frequency is
encountered (Heiligenberg 1991).

Knudsen estimated that Eigenmannia are still able to
sense each other’s EOD up to at least 1.4 m away
(Knudsen 1975). The extent of shoals of Eigenmannia we
observed in the laboratory is much less than that (often
roughly 30–40 cm for a group of 80 fish in a 142-cm
tank) suggesting that two or more fish with similar EOD
frequencies at the opposite, outer perimeters of the shoal
should still respond to each other’s EODs with a JAR.
Bullock demonstrated that Eigenmannia indeed still
performs a JAR to weak jamming signals 1/1,000 the
strength of its own EOD (Bullock et al. 1972a; b).
Further, the probability of encountering a jamming
neighbor should increase with larger group size and
density in gregarious species.

We found that the difference in social structure be-
tween Eigenmannia and Apteronotus is matched by the
longer LTFE duration in Eigenmannia. That LTFE re-
mained stable for at least 16 h after an upward JAR in
response to the 6 h 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 Eigenmannia.

In support of the idea, that Eigenmannia responds
with stronger adaptation to the presence of a frequency
intruding into is sensory space, populations of Eigen-
mannia show a larger variation in EOD base frequencies
than other nongregarious species (Lissmann 1961; Kra-
mer et al. 1981), which is expected if a substantial
number of fish in the population have to adjust their
EOD frequency to avoid jamming by other group
members. In detail, Lissmann notes: ‘‘It would
be tempting to suggest that the great variation of fre-
quencies found in individuals of gregarious species has
developed so that each fish can receive sensory infor-
mation on its own frequency range without interference
from its neighbors.’’ Though, he further says: ‘‘Since
these fish are dispersed at night during the active phase
of their life this problem of mutual interference may
perhaps be more apparent than real.’’ (Lissmann 1961).
However, as mentioned above, Lissmann also reported
that the shoal of Eigenmannia he had observed would
return to the same hiding place at the end of each night
(Lissmann 1961). Thus, another important factor for
sensorimotor adaptation is territoriality and this could
explain the paradox raised by Lissmann. If the same fish

854



come back to a particular hiding place, interference be-
tween fish of similar frequency would occur again. By
activating LTFE fish could adjust their EOD frequencies
according to the presence of interfering signals. LTFE in
Eigenmannia lasts long enough to span the night and fish
would still be at their personal EOD frequency. There-
fore, perhaps LTFE could be the mechanism, which
explains the greater variability of EOD frequencies in
gregarious species over more solitary species and longer-
term adjustments in EOD frequency in response to
prolonged jamming then may be useful in cases, in which
there is a high probability of future jamming from the
same neighbors.

Based on our and previous observations (Lissmann
1961; Kramer et al. 1981), we propose that fish in a shoal
will be jammed by multiple neighbors, either sequen-
tially or simultaneously, that they optimize EOD dif-
ferences to avoid jamming as much as possible from
their nearest neighbors, and that LTFE essentially
solidifies the jamming-induced change in each fish’s
EOD frequency so that when the school reconvenes each
morning, a fish will seek out its previous neighbors and
automatically be in a situation with minimal jamming.

We have not yet directly tested our hypothesis in
large groups of newly introduced Eigenmannia in the
laboratory or in studies of the group dynamics of the fish
in their natural habitat. However, in support of our
hypothesis, it has been reported that in small groups of
Eigenmannia individuals maintain unique EOD
frequencies and do not cross each other’s EOD
frequency, but maintain relative frequency positions to
each other (Gaddis 1977; Fortune et al. 2003). In addi-
tion, if Eigenmannia are kept in isolation, the total range
and variance of their EOD frequencies is less than if they
are kept in under social conditions (Keeley 1995).
Moreover, our observation of LTFE in Eigenmannia has
recently been verified by another group in laboratory
studies, which resulted in large frequency changes in
Eigenmannia in response to long-term stimulation over
weeks (Fortune et al. 2003).
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