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Abstract

Weakly electric fish have parallel electrosensory systems, the phylogenetically
older ampullary system and the novel tuberous system. The tuberous system is
an adaptation related to the evolution of active electrolocation. To examine the
evolutionary relationship of the ampullary and tuberous systems, the temporal
filtering properties of ampullary neurons in the dorsal torus semicircularis of
FEigenmannia were studied. “Whole-cell’ recordings were made in vivo using
patch-type pipettes. The responses of 19 neurons to sinusoidal electric signals
(<40 Hz) were recorded and the anatomy of these neurons demonstrated by in-
jection of biocytin. All eight low-pass ampullary neurons had broad, relatively
smooth post-synaptic potentials (psps) that at low frequencies nicely reflected
the sinusoidal stimuli. These neurons had somata of 10-14 uym diameter and
thick, spiny dendrites. Eight high-pass neurons were recorded, representing three
physiological classes. The first class (3 neurons) had psps that roughly followed
the sinusoidal time course of the stimulus; the psp morphology was similar to
low-pass neurons. The second class had many small, fast, individual psps; their
rate of occurrence varied with the stimulus. Finally, four neurons showed psps
that were of constant width across stimulus frequencies. All three classes of
high-pass neurons had small somata (810 um diameter) with thin dendrites and
either few or no spines. Some of these neurons had large varicosities on the den-
drites. Three neurons had band-pass filtering properties: neurons that showed
strong band-pass properties were morphologically similar to low-pass neurons.
Comparisons of the temporal filtering, shapes of post-synaptic potentials, and
anatomy of ampullary and tuberous neurons in the torus suggest that the cir-
cuitry for tuberous processing in the torus may have evolved as an elaboration or
duplication of the ampullary system. The mechanisms underlying the low-pass
filtering characteristics of tuberous neurons therefore appear to have predated
the evolution of the tuberous system and to have served as a pre-adaptation for
the evolution of the jamming avoidance response. In addition, these data support
the hypothesis that spine density influences the temporal filtering properties of
neurons.
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Introduction

The evolution of behavior requires that complex net-
works of sensory and motor neurons be adapted to solve
novel computational problems. How neural circuits are mod-
ified for new behaviors is a major problem in evolutionary
neurobiology. One possibility is that new circuits may
evolve as elaborations or duplications of plesiomorphic cir-
cuits. Eigenmannia, a genus of South American fishes, pro-
duce and detect weak electric fields, which are used in a va-
riety of novel behaviors including electrolocation, jamming
avoidance, and social communication [see Heiligenberg,
1991; Bullock and Heiligenberg, 1986}. Eigenmannia has
two parallel electrosensory systems, the phylogenetically
older ampullary system and the novel tuberous system
{Zakon, 1986]. The neural circuitry of the tuberous system,
which is required for active electrolocation and jamming
avoidance, may have been derived from the plesiomorphic
circuitry of the ampuliary system. Alternatively, features of
the tuberous system may have evolved independently for
the control of jamming avoidance. We have investigated
temporal processing in the ampullary system of Eigenman-
nic to determine the evolutionary relationship between the
ampullary and tuberous systems.

Ampullary electroreceptors are broadly sensitive to low
frequency electric signals, typically below 50 Hz, and are
found in many species of aquatic vertebrates, including
most non-teleosts, four orders of teleosts, and some uro-
deles {for review see Zakon, 1986; Roth and Schlegel,
1988]. Fossil evidence indicates that ampullary-like recep-
tors may also have been present in some Devonian fishes
{Thomson, 1977]. These and other data suggest that am-
pullary-like receptors are a primitive character of verte-
brates [Bodznick and Northcutt, 1981]. In contrast, tuberous
electroreceptors are present orﬂy in two groups of distantly
related teleosts. These two groups, the South American
gymnotiforms and the African mormyriforms, have-inde-
pendently evolved electrogenic organs that produce weak
electric fields surrounding the fish [Hopkins, 1976, 1983].
Tuberous receptors are generally tuned near the frequency
of an individual’s electric organ discharge (EOD).

Local modulations of the amplitude and phase of a fish’s
EOD can result from its relative movement with respect
to objects in its environment. These modulations can be
detected by the tuberous system and used by the fish to
characterize and localize these objects [Heiligenberg, 1973;
Bastian, 1986; Rose et al., 1987]. Electrolocation can be
impaired in Eigenmannia by introducing an EOD from an-
other fish; the interaction between the EODs of the two fish
also causes fluctuations in the amplitude and phase of the
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signals detected by the tuberous system [Matsubara and
Heiligenberg, 1978]. Differences in EOD frequencies (the
‘beat rate’) of between 3 to 8 Hz are most detrimental to
electrolocation, whereas beat rates above 20 Hz do not
impair electrolocation [Bullock et al., 1972; Heiligenberg,
1973]. To minimize this interference, Eigenmannia reflex-
ively adjusts its EOD frequency to increase the difference
in EOD frequencies of the two fish; this behavior is known
as the jamming avoidance response (JAR).

Several classes of electrosensory neurons in the torus
have complex properties that likely contribute to the detec-
tion of behavioral conditions that elicit the JAR |see Hei-
ligenberg, 1991]. These include tuberous neurons that re-
spond best to beat rates of 2-6 Hz [Partridge et al., 1981;
Rose and Heiligenberg, 1986]. However, such neurons may
have more generalized functions, as moving stimuli can
generate modulations at these frequencies [Bastian, 1986;
Rose et al., 1987]. Also, the primitive genus Sternopygus,
which does not have a JAR, nonetheless has toral neurons
similar to those identified in Figenmannia as *detectors’ for
the JAR [Rose et al., 1987]. Thus, temporal processing in
the torus may have evolved in the context of electrolocation
and served as a pre-adaptation for the JAR.

In this study we explored the possibility that the ampul-
lary and tuberous systems have similar temporal filtering
properties. Our goal was to identify and compare the tem-
poral filtering properties, mechanisms, and anatomy of am-
pullary neurons with those for tuberous neurons described
in previous reports. Whole-cell recordings with patch-type
pipettes (‘whole-cell patch’) were made in the torus of the
weakly electric fish Eigemmannia, in vivo. This technique
has several advantages. First, both extracellular and intra-
cellular recordings from individual neurons can be ob-
tained. Second, neurons can be thoroughly labeled by injec-
tion of biocytin. Lastly, this technique permits recordings
from classes of small neurons that are rarely achieved using
standard sharp electrodes. This report describes the tempo-
ral filtering, fine temporal structure of post-synaptic poten-
tials (psps), and morphology of ampullary neurons in the
torus. We found that neurons with low-pass filtering char-
acteristics are spiny, whereas high-pass neurons have few
or no spines. The classes of ampullary neurons are similar
both in physiology and anatomy to tuberous neurons in the
torus.

Materials and Methods

Experimental procedures were similar to those used in earlier in-
vestigations of the torus [Heiligenberg and Rose, 1985; Rose and Call,
1992, 1993]. except that all recordings were made using whole-cell
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patch recording methods. The techniques used to obtain whole-cell
recordings are described in detail by Rose and Fortune [1996]. Fish of
the genus Eigenmannia were used. The fish’s EOD was measured and
then attenuated (~ 1,000 fold) by intramuscular injection of Flaxedil
{4 pg/g fish). Additional injections of Flaxedil were made during the
experiment as necessary to maintain the attenuation of the EOD. Ani-
mal husbandry, anesthesia, and surgical procedures were performed
under guidelines established by the Society for Neuroscience.

The fish’s EOD was replaced by a sinusoidal mimic (S1) which
was delivered through electrodes placed at the tail and in the mouth.
The amplitude and frequency of the S1 was adjusted to approximate
the fish’s EOD before the injection of Flaxedil. While searching for
neurons, a linear frequency sweep (2-30 Hz, 10 sec duration, (-2
mV/cm at the fish) was added to the S1, and a third signal (S2), 4 Hz
higher or lower than the S1 frequency, was either added to the S1 or
delivered through one pair of an array of carbon electrodes surround-
ing the fish. When an ampullary neuron was isolated, the S1 was
replaced with the 10 second low-frequency sweep, and the S2 was
removed. In a few cases the frequency sweep was delivered through a
pair of the carbon electrodes surrounding the fish.

Patch pipettes were constructed from borosilicate capillary glass
(A-M systems #7052, 1 mm outer diameter, 0.58 mm inner diameter)
using a Flaming-Brown type puller (Sutter Instruments, model P-97).
Electrodes were pulled in three stages to resistances between 20 and
30 MQ. Electrode tips were back-filled with 1.5% w/v biocytin (Mo-
lecular Probes, Eugene OR)in a 285 to 290 mOsmol. solution (pH 7.2)
containing (values in mM) 100 potassium acetate, 2 KCI, 1 MgCl,
SEGTA, 10 HEPES, 20 KOH, and 43 biocytin. Biocytin was replaced
by mannitol in the solution used to fill pipette shanks. A second set of
solutions had 10 mAM KCI and 92 mM potassium acetate — no de-
tectable differences were apparent between recordings with each of
these solutions.

For recordings, electrodes were mounted in a plexiglass holder
with a pressure port. This port allowed the application of pulses
{20-60 msec) of high-pressure (40 PSI) from a Picospritzer (General
Valve Corp.) or the manual application of suction or pressure from a
30 cc syringe. The electrode was advanced in 1.5 um steps (Burleigh
microdrive) through the top five layers of the torus. Responses were
amplified using an electrometer (model 767, World Precision Instru-
ments, Sarasota FL) and stored on video tape at 40 kHz with 16 bit
resolution (Vetter Instruments).

A small amount of positive pressure (1-2 cc) was applied while ad-
vancing the electrode trough the tissue. Neurons were detected by an
abrupt increase in resistance and the appearance of spikes and/or rip-
ples in the recording trace. Suction (2-5 cc) was applied until a seal re-
sistance of approximately 300—400 MC and monophasic spikes were
observed. In many instances suction did not improve the recording
and resulted in obstruction of the pipette tip. In such cases, the pipette
was cleared by withdrawing it several micra, applying pressure pulses
and, when necessary, several nanoamps of negative current. In those
cases where a stable monophasic extracellular recording was estab-
lished, responses to the frequency sweeps were recorded. To improve
the seal further, approximately —0.2 nA DC was applied in conjunc-
tion with slight additional suction. Further suction was avoided as it
oftenresulted in damage to the cells. Instead, the membrane patch was
ruptured by manually applying negative current (< 1 nA) to the elec-
trode while maintaining the suction.

Once psps of at least 10 mV were seen, most neurons were then hy-
perpolarized such that psps could be observed in the absence of spike
generation. Increased hyperpolarization resulted in an increase in the
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amplitude of psps in all but four neurons. For these four neurons, in-
creased hyperpolarization led to an abrupt decrease in the amplitude
of the psps, suggesting that a major component of the psps was a volt-
age dependent conductance.

Frequency sweeps were presented at amplitudes from approxi-
mately 0.5 to 2.0 mV/cm, followed by other test stimuli. These stimuli
included 1-sec sinewave bursts at frequencies from 5 Hz—40 Hz and
square waves. If the recording was stable, the level of current injection
was altered and the stimuli presented again. Neurons were then filled
by applying 1-2 nA of positive DC current for 1-3 minutes.

Animals were deeply anesthetized by immersion in 2% w/v ure-
thane between one and three hours after the first neuron was filled —
up to four neurons were filled per fish. Animals were perfused trans-
cardially with saline-heparin solution followed by 4% w/v paraform-
aldehyde in 0.2 M phosphate buffer (pH=7.4). The brain was re-
moved and stored at 4 °C overnight in the paraformaldehyde solution.
One-hundred micron sections were cut on a vibratome and reacted
using an avidin-biotin peroxidase kit (Vector Laboratories, Burlin-
game MA). Sections were dehydrated, cleared in xylenes, mounted on
slides, and coverslipped. Neurons were traced and their morphology
analyzed with a computer three-dimensional tracing system (Eutectic
Co.).

The temporal filtering profiles of neurons were determined by
Fourier analysis of several 500 msec segments of the intracellular
responses to frequency sweeps. Spikes, when present, were digitally
removed before analysis. The peak of the power spectrum near to the
stimulus frequency was used as a measure of the amplitude of stim-
ulus-related psps at that frequency. The filtering profiles shown in
this report are from neurons that had stable recordings with less than
+1 dB variation between independent tests of a particular stimulus
condition.

Results

We obtained intracellular recordings from 61 neurons,
of which 27 responded to ampullary stimuli. Recordings
from 19 ampullary neurons were used in this report. Eight
of these neurons showed low-pass characteristics, three
were band-pass, and eight were high-pass. Temporal filtering
profiles (fig. 1A-C) were generated for neurons where the
recording was both stable and had low access resistances
resulting in maximum recorded stimulus-related psp ampli-
tudes of at least 5 mV. Response profiles were not generated
for four of the high-pass neurons because the shapes of
their psps were largely independent of stimulus frequency,
and psp amplitude was non-linearly related to membrane
potential (see below).

Stimulation frequencies below 10 Hz elicited the largest
amplitude stimulus-related psps from low-pass neurons
(fig. 1A). Responses to high frequency stimuli (>25 Hz)
were at least 7 dB below the maximum response, but there
were considerable differences in the filtering characteristics
between low-pass neurons. For instance, the drop in psp
amplitude to 5 dB below maximum was seen at frequencies
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Fig. 1. Physiology of low-, band-, and high-pass ampullary neurons. A-C Relative amplitude of psps as a function
of frequency. These data were obtained from the intracellular responses to frequency scans (examples of which are
shown in D-F). Values are the peak amplitude of the power spectrum obtained by Fourier analysis of short (500 msec)
segments of the intracellular trace. Values for each curve were normalized relative to the maximum amplitude value for
that neuron. Frequency values (X-axis) are shown on a log scale. Filled symbols in A-C indicate the curve for the neu-
ron shown in D-F. A Low-pass neurons. B Band-pass neurons. C High-pass neurons. D-F I=Intracellular response;
E=cxtracellular response; S =stimulus. Scale bars indicate 10 mV and 500 msec. D Low-pass neuron. Time-course
of psps roughly correlate to the stimulus. Three segments from the sweep are shown (3-6 Hz, 10-12 Hz, and above
25 Hz). E Band-pass neuron. Duration of psps roughly correlates to the stimulus. Four segments from the sweep are
shown (below 4 Hz, 7-8 Hz, between 12—13 Hz, and above 25 Hz). F High-pass neuron with very fast, small psps. Three
segments from the sweep are shown (below 6 Hz, 12-13 Hz, and 20-25 Hz). For more detail, see figure 2.

ranging from 6 to 24 Hz (fig. 1 A). Low-pass ampullary neu-
rons had slowly rising excitatory psps that, in the best
recordings, reached 20 mV in peak-to-peak amplitude. The
psps were broad, smooth, and relatively sinusoidal at low
frequencies; at the lowest frequencies (<5 Hz) the psps had
flat tops (fig. ID). At higher frequencies the psps had expo-
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nential rise and fall characteristics with sharp-peaks. Unlike
high-pass neurons, which were divided into three distinct
classes on the basis of psp shape, all low-pass neurons had
similar psp morphology.

The three band-pass neurons showed maximum ampli-
tudes of stimulus-related psps for stimuli from 7-11 Hz, fal-
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