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Summary

South American weakly electric fish produce a variety of
electric organ discharge (EOD) amplitude and frequency
modulations including chirps or rapid increases in EOD
frequency that function as agonistic and courtship and
mating displays. In Apteronotus leptorhynchuschirps are
readily evoked by the presence of the EOD of a conspecific
or a sinusoidal signal designed to mimic another EOD, and
we found that the frequency difference between the
discharge of a given animal and that of an EOD mimic is
important in determining which of two categories of chirp
an animal will produce. Type-l chirps (EOD frequency
increases averaging 650Hz and lasting approximately
25ms) are preferentially produced by males in response to
EOD mimics with a frequency of 50-200 Hz higher or lower
than that of their own. The EOD frequency ofApteronotus
leptorhynchusis sexually dimorphic: female EODs range
from 600 to 800Hz and male EODs range from 800 to
1000Hz. Hence, EOD frequency differences effective in
evoking type-l chirps are most likely to occur during
male/female interactions. This result supports previous

observations that type-l chirps are emitted most often
during courtship and mating. Type-Il chirps, which consist
of shorter-duration frequency increases of approximately
100Hz, occur preferentially in response to EOD mimics
that differ from the EOD of the animal by 10-15Hz. Hence
these are preferentially evoked when animals of the same
sex interact and, as previously suggested, probably
represent agonistic displays. Females typically produced
only type-ll chirps. We also investigated the effects of
arginine vasotocin on chirping. This peptide is known to
modulate communication and other types of behavior in
many species, and we found that arginine vasotocin
decreased the production of type-Il chirps by males and
also increased the production of type-I chirps in a subset
of males. The chirping of most females was not significantly
affected by arginine vasotocin.

Key words: arginine vasotocin, communication, behaviour, weakly
electric fish, electrosensory systefpteronotus leptorhynchus.

Introduction

Weakly electric fish generate an electric field around theibehavior

(Bullock et al., 1972; Heiligenberg, 1977;

body that, in conjunction with an array of electroreceptorsHeiligenberg, 1986; Heiligenberg, 1991). The JAR consists of
comprises an active sensory system enabling the animals dogradual change in the EOD frequency of a given animal in
detect and identify objects in their environment and alseesponse to the presence of the EOD of a conspecific with a
provides a channel for intraspecific communication (forslightly different frequency. This enlarges the frequency
reviews, see Bullock and Heiligenberg, 1986; Turner et aldifference between the EODs of the conspecifics, preserving
1999). South American weakly electric fish include speciethe electrolocation abilities of the animals that would otherwise
that produce a discontinuous or pulse-like electric orgabe jammed by the interfering EODs (Heiligenberg, 1973). In
discharge, or EOD, and others that produce a continuous quaaddition, the JAR may facilitate the ability of an animal to
sinusoidal EOD. Among the latter, the so-called wave-speciedjscriminate other EOD waveforms (Kramer, 1999). Several
several EOD frequency and amplitude modulation patternadditional EOD modulation patterns have been observed in
have been described that function as communication signatither agonistic or reproductive contexts in bethenmannia
(Hopkins, 1972; Hopkins, 1974a; Hopkins, 1974b; Hopkinsyirescensand Apteronotus leptorhynchushese include long
1974c; Hopkins, 1988; Hagedorn and Heiligenberg, 1985jises (moderate EOD frequency increases lasting several
Hagedorn, 1986). seconds), short rises lasting 1-2s, frequency falls, EOD
The well-known jamming avoidance response (JAR) isessations and chirps (Hopkins, 1974c; Hagedorn and
undoubtedly the most thoroughly studied of these types dfleiligenberg, 1985; Hagedorn, 1986). This latter behavior,
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initially described as ‘pings’ (Larimer and MacDonald, 1968)type-Il, had essentially the same characteristics as the more
and as ‘chirps’ (Bullock, 1969), consists of very rapid increasesommonly occurring brief chirps described earlier.
in EOD frequency ranging from approximately 50Hz to well The results of this study confirm the existence of two
in excess of 500Hz. Chirps typically last approximatelyqualitatively different chirps produced bypteronotus
10-30ms but, during actual courtship, they can last ovdeptorhynchusand show that the propensity of animals to
100ms (Hagedorn and Heiligenberg, 1985). The highesproduce the two chirp types is sexually dimorphic. With rare
frequency long-duration chirps also result in a decrease in EO&xceptions, females only produced the more commonly
amplitude which, in the case &igenmannia virescengan observed type-Il chirps. In addition, in males, the probability
result in a cessation of the discharge known as an interruptiaf type-I and type-II chirp production varies with the difference
(Hopkins, 1974c). between the discharge frequency of an experimental animal

Chirps are readily evoked under laboratory conditions bynd that of a sinusoidal mimic of the discharge of a conspecific.
stimulating an animal with a sinusoidal signal with anThis difference frequency, or DF, determines the beat
amplitude and frequency that mimic the discharge of drequency of the composite signal that the animal receives, and
conspecific, and this behavior persists in neurophysiologicahe DF-dependent response differences support the idea that
preparations (Dye, 1987). In addition, both the anatomy antthe type-Il chirps are important communication signals among
physiology of the sensory and motor circuitry involved inindividuals of a given gender while the type-I chirps may be
controlling chirping are well understood (for reviews, seemore important for male/female interactions (Hagedorn and
Zupanc and Maler, 1997; Metzner, 1999). Studies of chirpingleiligenberg, 1985; Hagedorn, 1986). Thus, the roles of type-
by Apteronotus leptorhynchimave shown that males are more | and type-Il chirps may parallel the roles of long- and short-
likely than females to chirp in response to mimics of theduration discharge interruptions observed in the related fish
discharge of a conspecific, although a subset of females wHligenmannia virescens The long-duration interruptions
also chirp (Dye, 1987). Non-chirping females can be inducegdreferentially occur during sexual interactions, while the short-
to chirp following chronic testosterone implants (Dulka andduration behavior is linked to agonistic encounters (Hopkins,
Maler, 1994). Testosterone implants also alter the distributioh974c).
of substance P, which has been shown to modulate chirpingLastly, the effect of arginine-8-vasotocin on male and
(Weld et al., 1991), in brain areas known to be involved in théemale chirping behavior was investigated. This neuropeptide
control of this behavior (Weld and Maler, 1992; Dulka et al.and the related peptide arginine vasopressin in mammals have
1995). In addition to modulating communication behaviorclear-cut modulatory effects on reproductive behavior in many
androgens have also been shown to modulate the wavefogpecies (for reviews, see Moore, 1992; Moore and Lowry,
and fundamental frequency of the EOD, which are sexuall$998), and recent studies have demonstrated effects of arginine
dimorphic in this and other species. Both the pacemakerasotocin on the vocalization behaviors linked to reproduction
nucleus that drives each cycle of the discharge and thef the plainfin midshipman fisRorichthys notatugGoodson
biophysical properties of cells within the electric organ areand Bass, 2000a; Goodson and Bass, 2000b). We found that
influenced by steroid hormones (Meyer, 1983; Meyer, 1984ntraperitoneal injection of arginine vasotocin caused dose-
Meyer et al., 1987; Mills and Zakon, 1987; Mills and Zakon,dependent changes in male behavior, but this treatment was
1991; Zakon et al., 1991; Ferrari et al., 1995; Dunlap et algften ineffective in changing female behavior.
1997; Dunlap et al., 1998; Dunlap and Zakon, 1998; Zakon and
Dunlap, 1999).

Observations oApteronotus leptorhynchuairing courtship Materials and methods
and mating and during stimulation with mimics of the The weakly electric fish Apteronotus leptorhynchus
discharge of a conspecific show that chirps can varyEigenmann) was used exclusively in this study. Animals were
particularly among males, in terms of maximum frequencyhoused singly or in small populations of 2-6 fish at
change, chirp duration and the extent to which EOD amplitudapproximately 26 °C. The conductivity of the water in the
changes (Hagedorn and Heiligenberg, 1985). Zupanc andrious holding tanks ranged between 500 and iGam?.
Maler (Zupanc and Maler, 1993) quantitatively describedAnimal care and handling and experimental and surgical
chirps produced byApteronotus leptorhynchumales and protocols were in accord with University of Oklahoma Animal
found that the ‘typical’ male chirp has a duration ofCare and Use Committee guidelines. During experiments, the
approximately 15ms during which the EOD goes through é&ish were restrained in an envelope made of nylon mesh
frequency excursion of approximately 100Hz. In additionand suspended in the center of a plexiglas tank
they observed chirps of longer duration and of much large30.5cnx30.5 cnx7 cm deep. The tank was filled with water
frequency change, but these were seen rarely. Recently, Engfesm the animal’'s home tank, and the water was recirculated
et al. (Engler et al., 2000a; Engler et al., 2000b) observed twmetween the experimental tank and a reservoir aerated and
clearly identifiable categories of spontaneously occurring antémperature-controlled to maintain the animal at a temperature
stimulus-evoked chirps. One category, referred to as typedbetween 26 and 27 °C.
was similar to the chirps observed only rarely by Zupanc and Animals used ranged from 145 to 218 mm in total body
Maler (Zupanc and Maler, 1993) while the second categoryength. Males were distinguished from females on the basis of
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the electric organ discharge frequency, which typically rangeesponse (NSR). A frequency-clamp device was therefore used
from approximately 600 to 800 Hz in females and from 800 Hzo ensure that a selected difference frequency (DF), defined as
to as high as 1050Hz in males (Meyer et al., 1987). Heatlhe stimulus frequency minus the EOD frequency of the fish,
morphology also varied between males and females (agas maintained even when the frequency of the fish changed.
described by Hagedorn, 1986). Males typically had moré computer system with a Labmaster DMA 1/O interface,
elongate snouts than females. In addition, the morphology @finning LabPac software (Scientific Solutions, Solon, OH,
the cloacal papilla was found to be a reliable indicator ofJSA), was programmed to measure both the EOD frequency
gender in larger animals. In females, this structure is bulbownd the stimulus frequency. The difference frequency was
and lacks pigmentation, resulting in an obvious whitedetermined and compared with a pre-set DF value chosen for
appearance. In males, it is more heavily pigmented and & given experiment. A digital-to-analog output was
recessed. Sex was verified by dissection of animals witbontinuously updated according to the difference between the

intermediate EOD frequencies. actual and desired DF values. The resulting analog voltage was
_ _ _ led to the voltage-controlled frequency input of the function
Recording and stimulation generator, with the result that the stimulus frequency was

The electric organ discharge (EOD) was measured betweeontinuously maintained at the desired value above or below
silver chloride electrodes placed near the head and tail, and thisat of the experimental animal. This frequency clamp was
head-to-tail EOD was amplified with a World Precisionused in all experiments in which the desired DF value was
Instruments (WPI, Sarasota, FL, USA) DAM 50 preamplifierbetween +48 Hz angd8 Hz, but not for experiments using DF
(gain 100& and low- and highpass filters set to 300Hz andsalues outside this range since little to no change in the EOD
10kHz, respectively) and led to a Cambridge Electroniof the animal occurred with these larger DF values.

Design (CED, Cambridge, UK) 1401 plus data-acquisition

computer running Spike Il for Windows. The head-to-tail EOD Experimental design and chirp analyses

was analog-to-digital converted at a sampling frequency of Each experimental period consisted of an initial 10s pre-
12.5kHz. The head-to-tail EOD signal was also led to a&timulus period during which the baseline EOD of the animal
custom-built Schmidt trigger circuit that produced a singlevas measured, followed by a 100s stimulation period during
pulse at the negative-going zero-crossing of each EOD cyclehich the sinusoidal stimulus of the desired DF was applied.
The resulting pulse train, which marked the time of occurrencA final 10s period with no stimulus followed the end of the
of each EOD cycle, was also led to the data-acquisition undtimulation period. Typically, 12min separated the start of
and time-stamped with a resolution of i) Following each each successive experimental period and, depending on the
experiment, the analog-to-digital recordings of the EODexperiment type, 40-42 experimental periods made up a single
waveform and the times of each EOD cycle were converted &xperimental session. For studies of the effects of DF sign and
text files and imported to Matlab (The Mathworks Inc, Natick,magnitude on chirp production, responses to sinusoidal signals
MA, USA), and chirp counts and the associated EODof DFs of + and-1, 2, 4, 8, 12, 16, 24, 28, 32, and 48 Hz were
amplitude and frequency changes were measured using thexrorded. Each stimulus was repeated twice for a total of 40
algorithm described below. experimental periods, and different random sequences of DF

The discharge of a conspecific was mimicked by a sinusoidaresentation were used with different fish to minimize any
signal produced by a Tektronix FG 501A function generatorsystematic effects of habituation. DF values of + afad12,

The signal was isolated from ground with a WPl A395 analo@8, 100 and 200 Hz were used in a second series of experiments
stimulus-isolation unit and capacity-coupled to large Ag/AgCldesigned to determine chirp responses to a wider range of DFs.
electrodes placed approximately 15cm from either side of thEour replicates of each stimulus, randomized for each fish,
fish. Stimulus field strength was set to 1 mVémrior to  were used in these sessions, giving a total of 40 experimental
placing the fish in the chamber, and the orientations of thperiods. For studies of arginine vasotocin on chirp behavior,
stimulation and head-to-tail recording electrodes wer&?2 experimental periods were used; 21 stimulus presentations
carefully adjusted to minimize contamination of the head-toef -12Hz were interleaved with 21 DF stimuli-e4 Hz. The

tail EOD signal by the stimulus field. Throughout eachfirst or control phase of these experiments consisted of 12
experiment, the stimulus field was also measured using experimental periods, six at each DF. This was immediately
dipole electrode pair, 1 cm spacing, oriented perpendicular tollowed by an intraperitoneal injection of 100 or 300f fish

the long axis of the fish near the operculum. This signal wasaline (Bastian, 1974). A second set of 12 stimulation periods,
amplified, analog-to-digital converted at 12.5kHz, and savethe saline phase, followed this injection. After this, a second
together with the head-to-tail EOD. injection of the same volume of saline plus arginine vasotocin

The chirp production of an animal varies considerably(Sigma, St Louis, MO, USA) at concentrations resulting in
contingent upon the relative frequencies of the fish and of théosages of 0.005-1 g was applied and followed by a set
stimulation signal (Dye, 1987), and the EOD frequency of aof 18 interleaved-12 and-4 Hz DF stimulus periods.
animal also typically changes upon stimulation because of the The EOD zero-crossing times and the peak-to-peak
production of a jamming avoidance response (JAR) or otheamplitude of each EOD cycle were exported to Matlab, where
gradual EOD frequency rises such as the non-selectiven algorithm counted and categorized chirps and measured the
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duration of each chirp, the peak-to-p * )
(p-p) frequency change and E( ' . :
amplitude change. First, the times of E A )

zero-crossings  were  converted 909 Hz T P e S00Hz
instantaneous frequency, and thresh V =t !

were entered for type-Il and type-I chir K 10s
Values for these were typically 40 and :

Hz above the baseline frequency of B R C

animal, which was determined from © 19ms '

initial 10s of each experimental perit T .
Second, candidate chirps were identi /

as increases in instantaneous frequ

that exceeded the lower threshold ¢

(type-II chirps) or both the low- and hic

frequency thresholds (type-l chirps).

be considered a valid chirp, at least se
consecutive  instantaneous  freque

measurements must remain above the D E
frequency threshold. This constre 2x10° 9 5004 -
filtered out occasional spurious freque 103 T
increases caused by false EOD trigc Ax10? ] 4004

The beginning of each chirp was identi

8 2x10? {7 _ 1
as the time of the first instantane = ? I
frequency value that exceeded the m o 1075 fhiL 300+ i
plus three standard deviations of .| & 4x10! ] .
instantaneous frequency measurem 'g 2x10L A 2004
ending 10 EOD cycles before the f 2 10t )
above-threshold value. The end of e 3
chirp was identified as the time of the 4 1 100+
instantaneous frequency value either tl 2 1 4
standard deviations above or below 100 LT 0 AT e
mean pre-chirp frequency. Chirp durat 0 200 400 600 800 0 10 20 30 40
was measured as the difference betv Frequency charge (Hz) Duration(ms)

these times. Peak-to-peak freque
change was measured as the maxir
minus minimum instantaneous freque

Fig. 1. Examples of chirps produced by a majgeronotus leptorhynchua response to
stimulation with sinusoidal electric fields. (A) Instantaneous electric organ discharge
o . EOD) frequency plot during stimulation with-& Hz difference frequency (DF) stimulus
valug within each chirp, and ,the EC Eield. ')Fem(geratu);ep26.5°c.g(B,C) Instantaneous frequency and EqOD wya\(/efo)rms during the
ampl'tUde change was determined a_s type-I (left) and type-Il (right) chirps indicated by the asterisks in A. (D,E) Histograms of
ratio of the mean peak-to-peak ampliti  chirp peak-to-peak frequency change (D) and duration (E) for chirps made by this male
of the first 10 EOD cycles withinthe ch  during one experimental session. Black columns, type-I; grey columns, type-II chirps.
to the mean pre-chirp EOD amplitude. -
magnitude of the jamming avoidar
response, or non-selective response, was measured as Thee EOD amplitude is typically unchanged or slightly reduced
difference between the mean EOD frequency measureatlring this behavior. These chirps were originally described
approximately halfway through the stimulation period and thejuantitatively by Zupanc and Maler (Zupanc and Maler, 1993)
EOD frequency measured during the 10s pre-stimulus periodnd more recently termed type-II chirps (Engler et al., 2000a).
The EOD frequency measurement during the stimulatioepending on the individual fish and on the stimulus
period was made from the longest data segment within whictonditions, males may also produce a much longer chirp
no chirps occurred beginning 35s after stimulus onset. 20-30ms in duration during which EOD frequency first
Values are presented as meanssteM. accelerates to nearly double its normal frequency then briefly
decelerates to approximately 100 Hz below the baseline EOD
frequency. The EOD amplitude is also usually reduced during
Results these events, which will be referred to as type-I chirps and,
Chirp characteristics of males and females under appropriate stimulus conditions, both chirp types appear
The most common chirp type produced by males consists aftermixed, as shown by the instantaneous EOD frequency plot
a brief (10-15ms) increase in EOD frequency of 75-100 Hzof Fig. 1A. The-4Hz DF stimulus used for this stimulation
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Table 1.Summary of the characteristics of type-l and type-Il chirps produced by a typical male and female
Apteronotus leptorhynchus

Mean duration Mean p-p frequency Mean EOD amplitude
N (ms) (H2) (%) Mean JAR
DF Type-l  Type-ll Type-| Type-ll Type-I Type-ll Type-l Type-ll (Hz)
-12Hz 3 345 2080 23.54+0.20 12.38+0.08 642.2+46.50 88.13+0.34 77.80£0.40 95.9+0.03 0.25+0.16
-4Hz 8 32 411 28.75£0.97 16.03%£0.22 614.1+16.0 97.07£1.45 80.95+0.81 96.6+£0.16 9.05+0.81
-12Hz? 0 321 - 15.16+0.21 - 86.38+0.92 - 98.18+0.13 1.50+0.19
-4Hz ? 0 716 - 15.95+0.19 - 75.91+0.54 - 99.28+0.16 12.65+0.50

DF, difference frequency; p-p, peak-to-peak; EOD, electric organ discharge; JAR, jamming avoidance fspomgeer of chirps.
Values are meansse.m.

period also evoked a jamming avoidance response of 10.8 Hahirps (23.5+0.2 ms) was also significantly longer than that of
The instantaneous EOD frequencies during the type-I and typgspe-1l chirps (12.4+£0.1 msP<0.0001,t-test). The peak-to-
[l chirps indicated by the asterisks in Fig. 1A are shown on apeak amplitude of the EOD was also measured immediately
expanded time scale together with the EOD waveformgrior to and during each chirp. During type-Il chirps, the EOD
measured between the head and tail of the animal in Fig. 1B,&mplitude averaged 95.9+0.03% of the normal amplitude,
respectively. Both chirp types begin with a gradual EODwhile during type-I chirps EOD amplitude fell to an average
frequency increase which, in the case of the type-I chirp, isf 77.8+0.35 % of normal; these changes are also significantly
followed by a rapid second phase of EOD acceleration. It idifferent (°<0.0001 t-test).
during this second phase of EOD acceleration that the Descriptions of the chirps produced by this male-1@
maximum EOD amplitude decrease occurs; as EOD amplitudend -4Hz DF during one experimental session are
recovers, its frequency typically falls below baseline levelssummarized in Table 1 and, in the case of this fish, several
The prolonged small EOD amplitude decrease seen after tiobaracteristics of type-l and type-ll chirps differed
type-Il chirp in Fig. 1C is partly the falling phase of the beatsignificantly contingent on the stimulus DF value. However,
resulting from weak contamination of the head-to-tail EOD bythese differences were not seen in all cases, and when the
the stimulus field. mean chirp characteristics of all fish studied are compared,
A histogram of the peak-to-peak EOD frequency changeso significant differences emerge contingent on DF
for 2425 chirps recorded from this animal during 24 stimulusnagnitude (Table 2). Fewer chirps were produced in
presentations (100 s duratiotl,2 Hz DF) is shown in Fig. 1D. response to the lower DF stimulus and, importantly, the ratio
The distribution is obviously bimodal, and the non-overlappinggf mean numbers of type-ll to type-lI chirps per animal
groups correspond to the peak-to-peak frequency changebanged as a function of DF magnitude. This raises the
associated with type-l (black columns) and type-ll (greypossibility that DF frequency differentially affects the
columns) chirps. The mean frequency changes of the 208§fobability of type-l and type-Il chirp production.
type-ll and the 345 type-I chirps were significantly different, Eleven males were tested with2 Hz DF, and nine of these
averaging 88.1+0.3 for type-Il chirps and 642.2+6.5Hz forwere also tested withd Hz DF, as described above; although
type-l chirps P<0.0001, t-test). The distribution of chirp all animals produced both type-l and type-Il chirps, the
durations is shown in Fig. 1E. The mean duration of type-humbers of each type produced varied widely among

Table 2.Summary of the characteristics of type-l and type-II chirps produced by 11 male and nine female
Apteronotus leptorhynchus

Mean duration Mean p-p frequency Mean EOD amplitude
N (ms) (H2) (%) Mean JAR

DF Type-I Type-II Type-I Type-lI Type-I Type-ll Type-I Type-li (Hz)

-12Hzd  1731/11 20889/11 26.63x1.45 15.60+0.52 447.6+41.6  80.28+9.01 83.12+3.00  95.1+0.64 7.41+1.76
-4Hz 3 620/5 9135/8 28.00+1.60 16.59+0.31 448.9+63.7  76.91+7.63 85.06+2.03  95.5%7.63 12.9+1.91
-12Hz @ 64/9 7107/9 24.48+1.51 16.97+1.21 531.0+129  106.5%+29.4 65.29+6.78  93.9+2.81 4.57+1.15
-4Hz @ 5/1 3504/7 25.87+0.77* 16.95+1.43 857.0+£128*  78.6+20.1 60.43+2.12* 94.2+3.77 13.8+£2.05%

DF, difference frequency; p-p, peak-to-peak; EOD, electric organ discharge; JAR, jamming avoidance response.

Sample sizesN) are given as humber of chirps/number of fish.

Entries are grand means unless marked with asterisks, which indicate that means and standard errors are based on thfeoresponses
animal. ¥ indicates the mean jamming avoidance response of seven animals.
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individuals. Generally, males produc

larger numbers of type-ll chirps; t A
number produced per 100sl2Hz DF
stimulus epoch ranged from 40 to 2
with a mean of 158.3+23.2 chirps 108
These individuals consistently produt
fewer type-l chirps at this DF. Type
chirp counts ranged from less than 1
maximum of 75, with a mean
13.11+6.53chirps 1006  The gran
means of chirp characteristics measi
for the male fish are summarized
Table 2 together with the mean magnit
of the JAR evoked by thel2 and-4Hz
DF stimuli. Type-1 and type-II chirps we
significantly different in all measur
characteristics and, as expected,

766Hz 100Hz

10s

B
10ms

magnitude was greater fed Hz DF. Or D E
average, however, the characteristic: 2x1( - 80
type-1 and type-II chirps did not vary wi M i .
DF. 1079

As has been repeatedly noted (C 4L 647
1987; Zupanc and Maler, 1993), feme g 4¥10" | T
are generally far less likely to chirp eitl % ox10* | 48
spontaneously or in response to mimic 5 i
the discharge of a conspecific. Howe' & 10' 2]
by screening a large populatic £ 3]
individual females were found that wor < 4] 7
reliably chirp in response to the sa 1 16
stimuli used with males. Fig. 2 illustrai 21 i
the typical range of chirp types produt 100 0o

T T T T T T T T 1 0 T T T T T T T 1

by a female. Responses to a 1064z 0 200 400 600 800 0 10 20 30 40
DF stimulus is shown in Fig. 2A, and 1 Frequency charge (Hz) Duration(ms)

chirps identified via the asterisks a

shown on an expanded time scale Fig. 2. Examples of chirps produced by a femfgiéeronotus leptorhynchus response to

Fig. 2B,C. This animal produced 3
chirps in response to 21 presentati
of a 100s, -12Hz DF stimuli. The

-4 Hz difference frequency (DF) stimulation. (A) Instantaneous electric organ discharge
(EOD) frequency plot. Temperature 26.3°C. (B,C) Instantaneous frequency and EOD
waveforms during the chirps indicated by the asterisks in A. (D,E) Histograms of chirp

peak-to-peak frequency change (D) and duration (E) for chirps made by this female during

distributions of peak-to-peak frequer
changes and of chirp durations w
unimodal (Fig. 2D,E) and averag
86.38+0.92 Hz for frequency changes and 15.16+0.21 ms fare also summarized in Table 2. The duration of type-II chirps,
chirp durations. The mean characteristics of chirps producdtieir peak-to-peak frequency changes and their EOD amplitude
by this female are summarized in the two lower rows ofhanges did not differ significantly from those of male type-II
Table 1. With rare exceptions, the chirps produced by femaleshirps (-tests). Comparisons of the type-I chirps produced by
were similar to the type-Il chirps produced by males, and typenales and females also showed no significant differences;
| chirps were not recorded. however, as stated above, the sample size for female type-I
Nine females were studied as described above and, of theshjrps was very small.
six produced only type-II chirps while three produced type-II
chirps together with small numbers of type-lI chirps. On Differential effects of DF on typeversustype-Il chirp
average, the females produced 65.8+20.9 small chirps per 100s production
—-12 Hz DF stimulus (range 5-170). Of the three females that The numbers of type-I and type-Il chirps evoked by 100s
did produced type-I chirps, one produced a total of 56 in 12pochs of stimuli having DFs ranging frem8 to +48 Hz were
presentations of thel2Hz DF stimulus while the remaining determined for 13 males and six females. Stimuli of different
two fish produced one and six type-I chirps. The grand mearids were presented in a different random order in each
of the chirp characteristics measured for this sample of femalexperiment to reduce any systematic effects of habituation and,

one experimental session.
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in the case of some females in which habituation wasost effective DF for type-l chirp production is in the
particularly marked, the initial order of DF presentation waseighborhood of100 Hz.
reversed in a second experiment on another day. Data fromSix females were also studied with stimulus DFs ranging
individuals studied in this fashion were averaged. Fig. 3Xrom —-48 to + 48Hz. These females only produced type-ll
summarizes the mean production of type-Il chirps by maleshirps, and female chirp probability as a function of DF is
To normalize for the variation among individuals in total chirpsummarized in Fig. 3C. Although the standard errors of many
production, the number of chirps produced by a fish at eaaf the mean probabilities are large, the shape of the tuning
DF is expressed as a proportion of the total number of chirpsurve is similar to that for the production of male type-ll
produced by that animal during the experimental session fahirps. Two females were also studied using large DFs.
that day (chirp probability). Type-Il chirp production showedFemales will produce chirps in response to DFs of £100 and
clear peaks at + an€éll2 Hz DF and, on average, negative DF200Hz, but these responses rapidly habituated, and tuning
stimuli were more effective. curves as shown in Fig. 4A were not completed for females.
Of the 13 males studied, two did not produce any type-l The slower long-duration frequency changes (jamming
chirps and two produced a total of 10 or fewer. Data from thesevoidance responses, JARs, and non-selective responses,
four fish were excluded from the analysis of type-I chirp tuningNSRs) due to stimuli of various DFs were also measured in
to avoid the effects of high probabilities that result when fisthese experiments and are summarized in Fig. 3D for males
produce few chirps. Type-l chirp production showed &filled symbols) and females (open symbols). As described
significantly different pattern of DF tuning, as shown inpreviously (Dye, 1987), the JAR is maximal for approximately
Fig. 3B; the probability that this behavior would occur was-4Hz DF and, on average, males produced larger JARs over
lowest at small absolute DF values and increased with largéne range of negative DFs usefbteronotus leptorhynchus
DF values. A second sample of six males was studied usingoaly produces a true JAR in response to negative DFs. Since
broader range of DFs-200 to +200Hz), and the tuning of the animal does not lower its firing frequency below its
type-1 chirping (filled symbols) and type-Il chirping (open baseline level, responses to positive DF stimuli are not
symbols) in response to these stimuli is shown in Fig. 4A. Afrequency decreases as in other species. Instead, the smaller
indicated above, type-ll chirp probability is maximal in frequency increase seen in response to positive DF stimuli is
response to DFs of approximately +12 Hz, while type-I chirpgermed the ‘non-selective response or NSR’ (Dye, 1987), and
are preferentially evoked by much larger DFs. On average, thbe NSR was also typically larger for males than for females.
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(A) Probability of male type-Il chirps S E ]
versusDF (N=13 fish). (B) Probability ~ £ < 1507
of male type-l chirpsrersusDF (N=9 o ]
fish). (C) Probability of female chirps = E 10.01
versusDF (N=6 fish). (D) Magnitude © & 504
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Fig. 4B shows the magnitudes of the JAR and NSR of male
evoked by higher-frequency DFs; neither of these types
behavior appears for absolute DFs greater than approximate
100 Hz.

Effects of arginine vasotocin on male chirp probability

In a subset of the males studied, intraperitoneal injections «
arginine vasotocin differentially altered type-l1 and type-II
chirp responses in a dose-dependent manner. An example
the effects of arginine vasotocin injection on chirping evokec
by -12Hz DF stimulation is shown in Fig.5. The
instantaneous frequency recording shown in Fig. 5A was take
approximately 120 min after a 3Q0injection of saline and
just before the injection of arginine vasotocin. The recordin(
of Fig. 5B was taken 36min after a 0@yl arginine
vasotocin injection in the same volume of saline. There was
striking increase in the number of type-l chirps accompanie
by a decrease in the number of type-Il chirps.

The time courses of experiments for a male in which above
and below-threshold arginine vasotocin injections were use
are summarized in Fig. 6 and Fig. 7. Alternating presentatior
of 100 s epochs 6f12 Hz and-4 Hz DF stimuli were presented
at 12min intervals, and type-l and type-Il chirp counts are
plotted in Fig. 6A,B (type-l) and Fig. 7A,B (type-1l). Data
from the experiments using above-threshold (Q®§?)
and below-threshold (0.ygl) arginine vasotocin
concentrations are indicated by open and filled circles
respectively. Initially, 12 control stimulus presentations, six a T

Chirp probability

JAR or NSR (Hz)

each DF, were applied, and the animal produced 3-5 type-| ai N e e e S S B —
130-180 type-ll chirps during each 100s stimulus 200 -100 0 100 200
presentation. The mean counts for each chirp type during tt Differencefrequeny (Hz)

control phases of these and additional experiments witn
different arginine vasotocin dosages are shown by the ligtFig- 4. Tuning curves relating male type-I and type-Il chirp
grey columns of the histograms of Fig. 6C and Fig. 7C. probability t_o_ a wide range pf difference frequency (DF) values.
Following the last control stimulus, the fish was injectec”t) Probability of type-l (filed symbols) and type-Il (open
. ) . symbols) chirp productionversus stimulus DF KN=6 fish).
with 300ul of fish saline, and the sequence of s} and . . : .
_4Hz DE stimuli was r ted. Chirpina w. ften inhibit (B) Mggmtude of the jamming a_vmdance response (JAR) and non-
z S, ull was .epeaef T ping was ofte €Clselective response (NSR@¢rsusstimulus DF N=6 fish). Values are
for a short time following an injection, perhaps as a result ¢yeans 4s.em.
handling the fish. In some experiments, saline alone resulte
in significant alterations in the numbers of type-I chirps evoke
by subsequent stimuli, as is shown by the filled symbols in Fidiowever, did not alter chirp production above or below that due
6A (saline). Mean type-l and type-II chirp counts following to saline alone. The asterisks in Fig. 6A and Fig. 7A show the
saline injections in five separate experiments with this male achirp counts from the experimental periods shown in Fig. 5A,B.
shown by the dark grey columns in Fig. 6C and Fig. 7CThe effects of administration of five concentrations of arginine
respectively. vasotocin on type-I and type-Il chirp production are summarized
Various dosages of arginine vasotocin, delivered inpBOO in Fig 6C and Fig. 7C, respectively. With arginine vasotocin
volumes of Ringer, were injected following the saline phase afloses equal to or below 000491, no significant changes in
the experiments, and chirps were monitored during 18 additioniie mean numbers of chirps of either type were seen compared
1005 stimulus periods (nine-at2 Hz DF interleaved with nine with chirp responses following saline, but above this threshold
at -4 Hz DF). As shown by the instantaneous frequency plotsonsistent increases in type-l and decreases in type-Il chirps
of Fig.5 and the counts of chirps per 100s (Fig. 6A,Bwere seen.
and Fig. 7A,B; arginine vasotocin), suprathreshold doses A series of experiments similar to those described with Fig 6
(0.08ug g, open symbols) resulted in large increases in thand Fig. 7 was completed for a second male, and similar results
number of type-I chirps and a reduction in the number of typewere obtained, except that the minimum arginine vasotocin
Il chirps evoked by botk12 and-4Hz DF stimuli. Lower concentration at which significant changes in chirp responses
arginine vasotocin doses (e.g. Q@4l, filled symbols), were seen was 0.Qgg™l In addition, for this fish, two
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500 Hz

Fig. 5. Chirps produced by a makgpteronotus

leptorhynchus before and after injection of
arginine vasotocin (AVT). (A) Responses to
-12Hz difference frequency (DF) stimulation
after a control injection of saline but before AVT

injection. (B) Responses of the same animal to

-12Hz DF stimulation following AVT injection.
The calibration is the same for A and B.
Temperature 27 °C.

additional experiments were performed in wt

saline alone was injected during the third pha:
the experiment (arginine vasotocin concentre
Opgg™d), and no significant changes in ct
counts were observed.

The effects of arginine vasotocin injecti
were studied in a total of 12 males using a pro
similar to that described in conjunction with Fig
and Fig. 7. Large arginine vasotocin doses (Rf
per animal; approximately 16 g1) were used t
ensure above-threshold concentrations. For
fish, the mean numbers of type-I and type-Il ct
evoked during the six12 and-4Hz DF stimul
following the saline injection were compared v
the mean chirp counts from the stimuli of
same DF following the saline+arginine vasott
injection. Fish were then divided into s
populations depending on whether or
significant changes P&0.05, t-tests) occurre
following arginine vasotocin injection. In all cas
following arginine vasotocin injection, the me
numbers of type-ll chirps per stimulation pel
were significantly decreased relative to se
treatment. Fig. 8A summarizes the change
type-II chirp production in response-tt2 Hz DF
stimulation. The response of each animal dt
each stimulus presentation was converted t
percentage of the mean number of chirps proc
during the first six stimulus presentations (cot
phase) to normalize for individual differences
the absolute numbers of chirps produced.
grand mean type-IlI chirp production for all 1
during these control stimulus presentati
was 167.9+23.3chirps 100 Type-Il chirg
production showed a steady, roughly exponel
decay during the control period and through
saline phase of the experiments, and s
injection had no effect on chirp product
beyond that attributable to habituation (Fig. €
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Fig. 6. Effects of arginine vasotocin (AVT) on the production of type-I chirps by a
single male. (A) Counts of type-I chirps per stimulus presentation during control
conditions, following saline injection and following 0.04 (filled symbols) and
0.08ug gt (open symbols) doses of AVT. Asterisks indicate chirp counts from the
recordings of Fig. 5A,B. (B) Type-l chirp counts from thdHz difference
frequency (DF) stimulus presentations interleaved with-th2Hz DF stimuli.

(C) Histograms summarizing the mean numbers of type-I chirps evoketi2iyz

DF stimulation during the six control stimuli (light gray columns), during the six
stimuli following saline injection (dark gray columns) and during nine stimuli
following the indicated AVT doses (black columns). Values are meanmsvt
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However, following arginine vasotocin injection, the meanlink between individual characteristics and type-l chirp
responses show a rapid decay to approximately 55% of th@roduction was established, we did observe that the highest-
control chirp rate. A similar pattern of changes in type-Il chirpfrequency animal within a population tank was most likely to
production was seen for responses4diz DF stimulation. produce type-I chirps and to show increases following arginine
Following arginine vasotocin injection, five of the 12 malesvasotocin injection. This suggests that position in a dominance
also showed significant increases in type-l chirp productiorhierarchy may influence this behavior.
six showed no significant change and one showed a significant
decrease. Of the five that increased chirp production, one Effects of arginine vasotocin on female chirp probability
produced no type-I chirps during the control phase or following Nine females ranging in length from 176 to 190 mm in length
saline injection, but produced an average of 4.3 type-I chirpsith EOD frequencies ranging from 670 to 836Hz (mean
per post-arginine-vasotocin stimulus period. The remaining39.9+16.8 Hz) were studied using the same protocol as in the
four fish that showed significant increases following argininestudies of males. As described above, most females only
vasotocin injection produced an average of 8.46+2.08 typegroduced type-Il chirps; hence, the following analyses were
chirps per control stimulus presentation. Data from these fistestricted to this chirp type. The same arginine vasotocin dose
were normalized to the mean control responses, as describ@dOug per animal) was used with females. The mean chirp
above, and are plotted in Fig. 8B (open symbols). Of the sevemoduction of each animal during the sik2 Hz DF stimulation
fish that did not show significant increases following arginingperiods following saline injection was compared with the mean
vasotocin injection, five produced at least one type-I chirp peshirp production during the nine stimulus periods following
stimulus presentation, and the number of tyne-I
chirps per control stimulus averaged 23.4+1
The mean chirp counts from this sam
normalized as described above, are plotted ir
8B as filled symbols. Although arginine vasotc
affected the rates at which type-Il and in s
males the rates at which type-l chirps v
produced, this treatment had no effect on
characteristics of either chirp type. The peal
peak frequency change, the duration and
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following arginine vasotocin injection. In bc % 120
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The differences among males in terms £ 1

the numbers of type-Il chirps produced dui § 0

control runs, following saline injection a 0.02 0.& 0.08 0.16 160

following argi_nine. vasqtocin injection were | AVT dose (g gh)

correlated with fish size, which ranged fr

145 to 218 mm, or resting EOD frequer Fig. 7. Effects of arginine vasotocin (AVT) on the production of type-II chirps by a

which ranged from 789 to 1032Hz (me single male. (A) Counts of type-I chirps per stimulus presentation during control

933.5+20.2 Hz). EOD frequencies were corre conditions, following saline injection and following 0.04 (filled symbols) and
o ) o . 0.08ug gt (open symbols) doses of AVT. Asterisks indicate chirp counts from the

to a standard temperature of 27°C us',ngla recordings of Fig. 5A,B. (B) Type-l chirp counts from thd Hz difference

of 1.56 .(Engler et al., 2000a). The disch frequency (DF) stimulus presentations interleaved with-th2Hz DF stimuli.

frequencies of all but one were above 880Hz ¢y Histograms summarizing the mean numbers of type-I chirps evoketi2iyz

within the range typical for males (Meyer et DF stimulation during the six control stimuli (light gray columns), during the six

1987). The lowest-frequency animal was ki stimuli following saline injection (dark gray columns) and during nine stimuli

and verified to be male. Although no definit  following the indicated AVT doses (black columns). Values are meargsmt
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Fig. 8. Summary of the effects of arginine vasotocin (AVT) on maleFig. 9. Summary of the effects of arginine vasotocin (AVT) on
type-1 and type-Il chirp production in response-fi® Hz difference  female chirp production in response-tb2 Hz difference frequency
frequency (DF) stimuli. (A) Mean type-II chirp production during (DF) stimuli. (A) Mean type-Il chirp production by six females
control conditions, following saline injection and following AVT showing non-significant (mean chirp rate following AVT not
injection. (B) Mean type-l chirp production during control different from mean rate following salinB>0.05,t-tests) effects of
conditions, following saline injection and following AVT injection. AVT injection. Light grey bar indicates control phase, dark grey bar
Open symbols, mean responses of animals showing significaindicates saline phase and black bar indicates AVT phase of the
responses to AVT (mean chirp rate following AVT > mean rateexperiments. (B) Open circles, mean type-II chirp production of two
following saline,P<0.05,t-tests). Filled symbols, mean responses offemales showing significant decreases following AVT injection.
animals showing non-significant responses to AVT. (C) MearFilled triangles, responses of a single female showing a significant
magnitudes of the jamming avoidance response (JAR) durinincrease in type-ll chirp production following AVT injection.
control conditions, following saline injection and following AVT (C) Mean magnitude of the jamming avoidance response (JAR)
injection. Open symbols indicate JAR responses of animals showirproduced during control conditions, following saline injection and
significant effects of AVT and filled symbols indicate JAR following AVT injection for nine females. Values are mearseim.
responses of animals showing non-significant effects of AVT
injection. Values are meanss£.m. (N=12).

response, are plotted in Fig. 9A. Although more variable than in

males, female type-Il chirp production also decreased during the
arginine vasotocin injection. Arginine vasotocin caused naontrol and saline phases of the experiment, and this probably
significant change in chirp production in six of the nine femaleggeflects habituation to the stimulus. A peak in chirp counts
and the mean numbers of chirps produced during each of tilamediately followed the arginine vasotocin injection, but this
stimulus periods, expressed as a percentage of the mean coninctease was not sustained and analysis of the pooled data from
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these six animals also showed no significant difference betweehirps function as intersexual signals. Type-Il chirps are more
chirp production following arginine vasotocwersussaline likely to be related to intrasexual behavior, such as territoriality
injection. and agonistic behavior, since appropriate DFs for evoking
Two of the remaining three females showed significanthese chirps are more likely to occur when animals with similar
decreases in chirp production following arginine vasotocirEOD frequencies encounter one another. The tuning
injection (Fig. 9B, open circles) and one female showed aharacteristics of type-I chirps, however, are compatible with
significant increase (Fig. 9B, filled triangles). The decrease itheir role in courtship and mating since DFs ranging from 100
female chirp production is similar to that seen for male typeto 200 Hz are most likely to occur as a result of the interactions
Il chirps (Fig. 8A). The increase in chirping shown by a singlebetween male and female EODs.
female following arginine vasotocin injection is essentially a
return to the initial or control level of responsiveness. Sensory-motor integration and chirp production
Fig. 9C summarizes the effects of saline and arginine The summation of an individual's EOD with that of a
vasotocin injection on the magnitude of the JAR evoked by theonspecific, or with a sinusoidal mimic as used in these studies,
-12Hz DF stimulus. As in the case of males, arginingesults in a beat waveform consisting of a continuous pattern
vasotocin, but not saline, resulted in small increases in the JA®t amplitude and phase modulations repeated at the difference
approximately reversing the decrease due to habituation.  frequency or DF. Two categories of tuberous electroreceptor
Neither EOD frequency nor fish length within this sampleafferent, the P-receptor (probability coder) and T-receptor
was correlated with chirp production or the presence of &onic receptor) afferents, encode the amplitude and timing,
significant arginine vasotocin response. However, there may lespectively, of the EOD (Scheich et al., 1973). A third
a threshold size below which females do not chirp, since a largategory of electroreceptor, ampullary receptors, is specialized
population of fish was screened and animals smaller than thoserespond to low-frequency electric signals (direct current to
studied here typically did not chirp at all. approximately 50Hz), and these receptors are known to
respond to the chirps or EOD interruptions produced by the
related fistEigenmannia virescer{Metzner and Heiligenberg,
Discussion 1991; Metzner and Heiligenberg, 1993). Higher electrosensory
Studies of chirps produced Wpteronotus leptorhynchus centers evaluate the information provided by the tuberous
during agonistic encounters, courtship and spawningfferents, enabling the animals to determine both the frequency
(Hagedorn and Heiligenberg, 1985; Hagedorn, 1986), aofind the sign of the DF; this information is used to initiate and
spontaneously occurring chirps (Engler et al., 2000a) and @bntrol the well-studied jamming avoidance response (for a
those evoked by electrosensory stimuli designed to mimic theeview, see Heiligenberg, 1991). Chirps occur spontaneously
discharges of conspecifics indicate that these animals produgEngler et al., 2000a), so a second EOD or its mimic is not
at least two types of chirp (Zupanc and Maler, 1993; Englestrictly necessary for the production of this behavior, but the
et al., 2000b). The results presented here confirm the recemtesence of beats greatly increases chirping. Although the beat
observations of Engler and Zupanc (Engler and Zupanc, 200€@kquencies or DFs that maximally evoke the JAR and chirps
and show that, particularly in males, two qualitatively differentare different, the same populations of electroreceptor afferents
chirps are produced. The more commonly produced type-Bncode these stimuli. However, separate regions within the
chirps are thought to be agonistic signals, while the type-lectrosensory lateral line lobe (ELL), the recipient of the
chirps may function as intersexual signals such as maleceptor afferent projection, contribute to the control of these
advertisement. As has also been noted previously, femaléges of behavior (Metzner and Juranek, 1997; Metzner, 1999).
chirp less readily than males (Dye, 1987; Zupanc and Maler, Tuberous receptor afferents branch within the ELL, resulting
1993; Dulka and Maler, 1994), and the typical female chirp in three somatotopic projections terminating within the
similar to the male type-II chirp. lateral, centrolateral and centromedial ELL subdivisions
The EOD frequency ofApteronotus leptorhynchuss  (Heiligenberg and Dye, 1982), and the frequency—response
sexually dimorphic; female discharges typically havecharacteristics of ELL pyramidal cells, the principal efferent
fundamental frequencies ranging from 600 to 800Hz, whileeurons of these subdivisions, differ. Centromedial pyramidal
discharges of males usually fall within the range 800 taells are most responsive to low-frequency amplitude
1000 Hz (Meyer et al., 1987). Dye (Dye, 1987) found that thenodulations that are effective in evoking the JAR, while those
number of chirps evoked under experimental conditions was\within the lateral map are most sensitive to higher amplitude-
function of the frequency difference (DF) between the EODmodulation rates such as those that evoke chirps (Shumway,
mimic used as a stimulus and the animal's own dischargE989). The separate roles of these ELL subdivisions in
frequency and that the best absolute DF frequency for evokingoviding the information necessary for the JAR and chirp
chirps was between 6 and 14 Hz (12Hz DF in this study). Aproduction were clearly demonstrated by Metzner and Juranek
suggested by Dye (Dye, 1987), given the sexual dimorphisifMetzner and Juranek, 1997), who showed that bilateral lesions
of the discharges in this species, difference frequencies as law the lateral ELL subdivision exclusively abolished chirping
as 12 Hz are unlikely to occur when animals of opposite seand that bilateral lesions of the centromedial ELL subdivision
come into close proximity, making it unlikely that the type-Il exclusively abolished the JAR. Type-I and type-Il chirps seem
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to be distinct types of behavior; they are characterized by nomesponse characteristics correlated with the tuning of type-l and
overlapping peak-to-peak frequency changes, durations arygbe-II chirps to different DF values.
changes in EOD amplitude. In addition, these behavior patterns Subdivisions of the nE project to the prepacemaker (PPn) and
are tuned to quite different DF values and, at least in malethe sublemniscal prepacemaker (SPPn) nuclei, and efferents
arginine vasotocin injection alters the animals’ propensity tdrom these regions modulate the firing frequency of cells in the
produce these behaviors in opposite directions. These resuftacemaker nucleus, thereby controlling the electric organ
suggest the presence of further specializations within thdischarge frequency. The production of two types of chirps,
electrosensory processing regions that enable the animalsdimilar to the type-l and type-II chirps described herein and by
distinguish the high beat rates of 50—200 Hz, which primarilyfEngler et al. (Engler et al., 2000a), can be evoked by stimulation
evoke type-l chirps, from the lower rates that evoke type-lbf a subdivision of the PPn, the PPn-chirp or PPnC. Single spikes
chirps. Subsets of ELL pyramidal cells, particularly those ofn individual PPnC neurons, evoked by intracellular current
the lateral segment (Shumway, 1989), are responsive to highejection, resulted in small EOD accelerations 5-10ms in
amplitude-modulated frequencies, but it is not known whetheduration that resembled type-Il chirps, while ionophoresis of
these ELL cells can be further subdivided into groupglutamate, which activated larger populations of neurons,
specialized to process the different amplitude modulations thatvoked longer-duration chirps with larger EOD accelerations
preferentially evoke these chirp types. Additional studies of théhat were followed by a reduction in frequency reminiscent of
initial stages of electrosensory processing focusing on mudhe type-I chirps (Kawasaki et al., 1988). These effects of single
higher beat rates are needed. versusmulticellular stimulation of PPnC neurons led to the
The ELL efferents project to the n. praeminentialis dorsalifiypothesis that smaller chirps (type-1l) are evoked when
(nPd) and the torus semicircularis, and the frequency—responiselividual or small populations of PPnC cells are active, but if
characteristics of cells within both of these structures have al$arger populations of these cells are activated then type-I chirps
been studied. Neurons within the torus are clearly specializeate produced. The categorical differences between type-l and
to respond preferentially to beats of different frequenciesype-Il chirps, together with the absence of intermediate forms,
Toral neurons of the related fiEigenmannia virescerean be  suggests that the transition from small to large numbers of active
separated into three categories, low-pass, band-pass or hignC neurons is highly nonlinear and, as proposed by Engler et
pass, on the basis of their responsiveness to beats of differeht (Engler et al., 2000a), dendritic specializations of PPnC
frequencies, and the morphological and biophysical propertiegeurons, including electrotonic coupling among dendrites
of neurons within these categories are well understood (Rog8upanc, 1991), may be correlates of the switch that selects type-
and Call, 1992; Rose and Call, 1993; Rose et al., 1994; Fortuheersustype-II chirp production.
and Rose, 1997; for a review, see Rose and Fortune, 1999).The observations that chirps can be evoked in
The low-pass cells, which respond preferentially to beat rateseurophysiological preparations and that typersustype-I|
of approximately 10 Hz, are not only well suited for processinghirps can be selectively evoked by stimulation with
information important for the JAR but are also candidates foappropriate DF values should facilitate further studies aimed
selectively contributing to the production of type-Il chirps.at defining the sensory mechanisms enabling the selection of
High-pass neurons, which often show no response attenuatidifferent chirp types as well as testing hypotheses regarding
to beat rates in excess of 30 Hz, are candidates for contributitige control of these patterns of behavior by PPnC.
to type-l chirp production. However, the responses of these
neurons to beat rates in excess of approximately 50 Hz have Neuroendocrine modulation of chirping
yet to be studied. Sex steroids (Dulka and Maler, 1994; Dunlap et al., 1997;
The toral efferents project to the diencephalic n.Dunlap et al., 1998; Dunlap and Zakon, 1998; Zakon and
electrosensorius (nE) and to the optic tectum (Carr and MaleBunlap, 1999), the monoamines norepinephrine, dopamine and
1986; Keller et al., 1990), the former structure providing theserotonin (Maler and Ellis, 1987) and at least one peptide,
link between electrosensory processing and the motor outpsitibstance P (Weld et al., 1991), can modulate chirping
circuitry that controls the electric organ (Bastian and Yuthasehavior inApteronotus leptorhynchu#t. is also known that
1984; Heiligenberg et al., 1991). Extensive studies of théhe distribution of substance-P-like immunoreactive neurons is
anatomy and physiology of the nE impteronotus sexually dimorphic and modifiable by androgens (Weld and
leptorhynchusand in the closely related fishigenmannia Maler, 1992; Dulka et al., 1995; Dulka and Ebling, 1999). The
virescens have identified subdivisions responsible fordistributions of several other substances potentially capable of
increasing (the nB and decreasing (the mlE the EOD modulating this behavior, including somatostatin (Sas and
frequency. Important differences exist in the control ofMaler, 1991; Zupanc et al., 1994), galanin (Yamamota et al.,
the EOD frequency ofApteronotus leptorhynchusand  1992) and Met-enkephalin (Richards and Maler, 1996), have
Eigenmannia virescer($leiligenberg et al., 1996), but in both also been described. A detailed description of the distribution
species, cells of the nEare linked to the production of chirps. of arginine vasotocin within the brain ofpteronotus
Cells within this region and another nE subdivision, theeE leptorhynchusis not yet available, but its presence in the
are driven by beat patterns that evoke chirping, but it is not y@interior hypothalamus and in preoptic areas has been
known whether categories of nE cell exist that have frequencydocumented (Johnston and Maler, 1992). In addition, recent
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studies ofEigenmannia virescensave shown that electrical effects of arginine vasotocin in females may reflect differences
stimulation of the preoptic area evokes chirp-like behavior irin the reproductive status of individuals tested or that a related
this fish (Wong, 2000). Unlike stimulation of either the nE orpeptide, such as isotocin, is involved in controlling chirping in
the PPnC, preoptic stimulation evokes chirp-like responseemales. Studies of peptide modulation of fictive vocalizations
after a very long latency, perhaps indicating indirect influencem the midshipman fisiPorichthys notatushave shown that

of preoptic activity on the PPnC neurons. Preliminaryarginine vasotocin applied directly to the preoptic areas
experiments with Apteronotus leptorhynchushow that modulates the characteristics of vocalizations associated with
electrical stimulation of the preoptic areas also evokes chirpingourtship activity in parental, mate-calling males but not in
behavior and, interestingly, only type-lI chirps have beeriemales or sneak-spawning males. Isotocin, however, modulated
evoked by this technique. Anatomical results confirm synaptigocalizations normally not associated with reproductive
connections reciprocally linking the preoptic to thebehavior in females and sneak-spawning males (Goodson and
prepacemaker regions. The prepacemaker region projeddass, 2000b).

directly to the preoptic area, but the reciprocal connection is

probably indirectia the preglomerular nucleus (Wong, 1997; This research was supported by NIH grant NS12337.
Zupanc and Horschke, 1997). Additional studies aimed at

determining the distribution of arginine-vasotocin-containing
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