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For many aquatic animals, the electrosense is an important sensory system used to detect prey or
conspecifics at short to medium range and for long-range orientation. Passive electroreceptive ani-
mals sense the minute electric fields of animate and inanimate sources and it has been thought that
they are most sensitive to sources that modulate the field around a few Hertz. Our data on the proper-
ties of the electrosensory system in the paddlefish reveal that the firing rate of electrosensory brain
stem neurons represents the first derivative of the stimulus, i.e. the rate of change in intensity of an
electric field. Furthermore, the responses to several non-periodic stimuli suggest that the electrosen-
sory system monitors changes in field intensity caused by the relative movement between source and
receiver and converts spatial field structure into its time derivative form. This new interpretation
solves a number of contradictions between behavioural observations and electrophysiological studies
on the electrosensory system of vertebrates.
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1. Introduction

Many aquatic vertebrates are able to perceive electric fields from animate and inanimate
sources and use this information to detect prey and for orientation in the environment.
Particularly where visibility is low, at night, or when objects are hidden in the substrate,
the electrosensory system can supplement or even substitute for the visual system at short
and medium range. Although some advanced bony fishes actively probe their environ-
ment by electric fields emitted from their electric organs, most taxa rely on passive elec-
troreception, i.e. they detect the weak electric fields created by other animals or inanimate
sources. Passive electroreception, which is the focus of this paper, is used by lampreys
[1], sharks and rays [2—4], sturgeons [5] and paddlefish [6,7], some groups of advanced
bony fishes [8,9], lungfishes [10], many amphibians [11,12] and even by mammals,
i.e. platypus and echidna [13,14]. Despite information on its behavioral relevance [15],
neuroanatomical basis [16,17], thermoelectric properties [18], and insights into how
the system deals with noise [15,19], there is surprisingly little information on how the
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information of the numerous receptor organs scattered on the skin is actually processed in
the brain.

Stimulation of the electroreceptors with artificial sinusoidal electrical fields of differ-
ent frequencies has revealed that the passive system responds in a frequency range of
0.1-20 Hz (as measured in sharks [4,20], paddlefish [21], catfish [22,23] and amphibians
[24]). Especially the insensitivity to lower frequencies leads to the conclusion that the
system cannot detect stationary (direct-current, DC) fields and is tuned to frequencies of
ca. 1-20 Hertz [4,15,20-24]. These frequencies match the ones produced by respiration
or other body movements of animals (also called AC fields), which modulate the DC
fields surrounding all animals [25]. The DC fields, however, are usually larger than the
AC modulation [25,26]. In addition to animate sources, DC fields are also of geoelectric
or magnetic origin and could be used by electrosensory animals for orientation and
navigation [25,27], at ranges far exceeding those of the visual system in an aquatic
environment. Behavioral experiments have shown that electrosensory animals are in fact
sensitive to frequencies much lower than expected from the tuning curves of primary or
secondary sensory neurons [28]. This apparent mismatch between the tuning curves of
sensory neurons and behavioral experiments is, among others, a long standing problem
which we address by the work presented here.

Challenged by the extraordinary hy-
pertrophy of the electrosensory system of
the paddlefish, with up to 75,000 elec-
troreceptors in its skin [29] shown to
detect and locate minute electrical fields
of planktonic animals in three-
dimensional space [7] (Fig. 1), we inves-
tigated the response properties of pri-
mary afferent fibers (PA) and secondary
brain stem neurons in the dorsal oc- Fig. 1. A Paddlefish striking at artificial electric fields
tavolateral nucleus (DON) to electric ~ created by two silver wires.
fields of different temporal structure.

2. Materials and Methods

2.1. Animals

Twenty-two paddlefish (Polyodon spathula) measuring 20-30 cm were used for this in-
vestigation. They were obtained from the Blind Pony Fish Hatchery, Missouri Depart-
ment of conservation and kept in a bio-filtered and aerated round tank of approximately
2000 1. The tank contained dechlorinated tap water raised to a salinity of 2%o by the addi-
tion of stock salt. Before surgery, the animals were anaesthetized with MS-222 (1:10000)
and the brain was exposed. They were placed in a recording tank, immobilized with 10 pl
Tubocurarine (Apothecon) and the gills were flushed with fresh water through the mouth.

2.2. Stimulation

Quasi-uniform electric fields were produced by two silver wires, one 10 cm in front of the
animal and one 5 cm behind it. They were driven by a constant current source (WPIL, A
395 linear stimulus isolator) connected to the soundcard of a PC. The soundcard was
modified to allow stimulus wave forms down to true DC. Custom made software con-
trolled the sound card with 16-bit resolution and 1 kHz sampling rate. Uniform fields
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were used as stimuli while searching for single units. In this case a 25 pV/cm field was
modulated at 5 Hz.

Local dipole fields were applied in a similar way, except that the stimulation elec-
trodes consisted of a pair of 5 mm spaced silver wires insulated with Teflon up to a few
hundred pm to the tip. After finding a unit with a uniform field search stimulus, the local
dipole electrodes were placed over the receptive field at a distance that resulted in ap-
proximately the same response amplitude as the uniform search stimulus.

2.3. Calibration

Calibration of the stimuli were done by measuring the electric field in the experimental
setup with two silver wires placed 2 cm apart parallel to the electric field. The signal was
amplified with a differential DC amplifier and viewed on an oscilloscope. Due to possible
polarization effects, noise and DC offsets, only large amplitude fields (in the range of
1000-5000 uV/cm could be picked up. Even with these large amplitudes, DC fields were
stable over long times and sine waves and other wave forms did not show any distortions.

In order to test the linearity of the electric fields down to the low amplitudes used dur-
ing the recordings (i.e. <50 uV/cm), one of the calibration electrodes was vibrated paral-
lel to the electric field with an amplitude of +/~2 ¢m at 5 or 10 Hz. The modulated signal
was amplified and digitized, band-pass filtered at the modulation frequency and the peak-
to-peak amplitude determined. Since only the modulation due to the vibration was meas-
ured, any DC offset was eliminated. With this method, we could test the linearity of the
stimulation unit down to electric fields of <10 pV/cm.

The stimulus intensities used in our experiments were tested for their behavioral rele-
vance in freely moving paddlefish. Local DC dipole fields with an intensity up to ten
times stronger than the one used in the electrophysiological recordings elicit prey catch-
ing behavior. Only much stronger or larger fields resulted in avoidance behavior. Thus,
stimuli used in our electrophysiolgical studies were in an intensity range that elicited
feeding behaviors in the paddlefish.

2.4. Recording

Single unit activity was recorded in the hindbrain dorsal octavolateral nucleus (DON)
with tungsten electrodes (5-25 MQ) and from primary afferent fibers in the lateral line
ganglia with glass electrodes (10-50 M€, filled with 3% lithium chloride). With tungsten
electrodes we were able to get single units only in the DON, but not in the lateral line
nerve or ganglion. Furthermore, single units in the DON were only encountered in the
deeper, intermediate layer, but not in the superficial fiber layer.

The signals were fed into an amplifier (A M Systems, model 1700), filtered (300 Hz
to 1.4 kHz), amplified 1000 times, displayed on an oscillograph (Tektronix, 2216) and
monitored on a loudspeaker. The amplified signals were fed through a window discrimi-
nator (WPI, 121 Window Discriminator) and the TTL pulses were recorded using a
commercial soundcard with a sampling rate of 1 kHz.

2.5. Data analysis

The data were further analyzed using IGOR. For every stimulus paradigm, the instanta-
neous firing rate was calculated. For stimulus durations of one second or less, the stimuli
were repeated ten times and the firing rate averaged. Longer recordings were repeated
five times and very slow sine waves that require more than 10 seconds were recorded
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only once. In order to pool the response properties of several units, the spontaneous firing
rate of each unit was subtracted and the response amplitude normalized.

3. Results

The response of DON units to a sine wave stimulus at a certain frequency is a modulation
of the spontaneous firing rate (Fig. 2). Peak firing rates do not correspond to the highest
amplitude of the sine wave, but rather to the inflection point of the sine wave, i.e. at the
time of the steepest slope. In contrast to the peak firing rates, the mean firing rate did not
change in response to sinusoidal stimulation (data not shown). There is no significant
increase at any frequency of the mean firing rate.
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Fig. 2. Relative firing rate (black trace) of secondary brain stem electrosensory neurons in response to a single
cycle of a sine wave field of 0.05 Hz (red trace). The spontaneous rate of the neurons (n=16) is subtracted. Note
that this is a single cycle sine wave stimulus, not a continuous stimulation.

Fig. 3A shows the peak firing rates vs. frequency of PA and DON units. At the high
frequency end, we observed a relative steep drop-off. The low frequency drop-off, how-
ever, is gradual. In contrast to PA, DON units show a linear slope; in other words a rate
gain that is proportional to the frequency. Fig. 3B shows the phase shift of secondary neu-
rons (DON) to sine wave stimuli of different frequencies. After subtracting a constant
latency of 40 ms, the phase shift remains at about 110 degrees over the frequency range.

In another set of experiments, we applied several non-periodic wave forms, including
a sudden step, a constant slop or changing slopes. DON units followed stimulus accelera-
tion with a time course similar to a calculated first derivative of the stimulus (Fig. 4). A
constant rate of change in field strength caused a sustained increase in firing rate
(Fig. 4A). A quarter cycle sine or cosine wave resulted in a response approximating a
quarter cosine and sine wave, respectively (Fig. 4B,C). A sudden step in amplitude of the
electric field resulted in a transient increase of the firing rate (Fig. 4 D). These experi-
ments demonstrate that at any moment, the firing rate of DON units reflect the rate of
change of the electric field, i.e. the first derivative of the stimulus. In contrast, a sinusoi-
dal stimulus only resulted in modulation of the firing rate around the spontaneous rate,
but not in a net increase in firing (see Fig. 2).

In the next set of experiments, we applied simple linear changes of an electric field
with different constant slopes. DON units responded with an increased firing rate that
remained constant for the duration of the slope stimulus. Increasing the steepness of the
slope resulted in an increase in amplitude of the plateau of the response (Fig. 4E). The
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Fig. 3. Responses of PA and DONits to sine wave ghuli of different frequencyand costant anplitude (D
puVicm pp). A: Maximal increaseof firing rate for each frequency(primary afferents, PA, red, n=17; DON,
black,n=20) B: Phase shiftf the response®f neupns as a faction d simulation frequery before and after
subtiaction of a constant latenof 40ms.

Fig. 4. Resposesof primary and seonday neuons
to different stimulus legimes: A: canstant slpe, B:
quarter cycle si@ wave, C: quadr g/cle cosine
wave, D: fast step red: stimulus, dashed line: PA,
solid line: DON, blue: calculated low-pasttered
first deiivative d the stinulus) Final anplitude of
the stmulus was25 pV/an. (PA n=12, DON n=14
All responses and the stilus were nordized to
100%) E: Resposes ofsecondar brain stemneu-
rons to six constdrslopes with inaasing steepness.



