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Summary. 1. Evoked potentials as well as single unit responses show that
the caudal lobe of the cerebellum of Eigenmannia receives input via the electrosensory system. Many of the responding cells had properties similar to those typical
of Purkinje cells. The cells probably receive input from specific receptive fields,
however precise localization of these fields was not achieved.
2. Graded deformations of the electric field produced by the fish as well as
artificial fields applied around a fish whose electric organ was silenced caused
graded responses in the cerebellum. Responses to both stimulus types were usually
phasic with a time constant of decay of about 3.5 sec, increases as well decreases
in firing frequency were observed. The latency of the neural responses decrelj/sed
as stimulus strength increased, ca. 20 msec being the shortest latency observed.
3. The minimum voltage gradient necessary to cause a change in the firing
frequency of a cerebellar cell was about 100 µ V/cm, for a fish whose electric organ
was silenced, and, the changes in spike frequency were approximately linearly
related to the logarithm of the stimulus intensity. The neurons responded best
to stimuli having a frequency near to what the fish's electric organ discharge
frequency would have been. All cells seen within an individual responded best
to this same frequency, but the frequency preferences between individuals varied
according to the discharge frequencies of the individuals.
.
4. Units were encountered in the same brain area which responded to passive
changes in the position of the tail in the electrically silent fish, these have tentatively been categorized as proprioceptors. A number of these cells also responded
in a typical way to electrosensory input giving a population of cerebellar neurons
with a bimodal input.

Introduction
In all of the vertebrate central nervous systems no structure is as
well understood in terms of principal neuronal pathways and neuronal
interactions as the cerebellum. However despite the relatively advanced
knowledge of the design and physiology of this structure, it has proved
difficult to show specific roles for the cerebellum in terms of the animal's
capabilities. It is generally agreed that this area of the brain is involved
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in the fine control of various movements and correlations have been
drawn between its degree of development and the complexity of the
sensory inflows associated with the analysis of the animal's posture
(Eccles, 1969).
The most striking hypertrophy of the cerebellum occurs among the
electroreceptive fishes. Both active electric fish, those that generate a
field with an electric organ and simultaneously measure it with specialized
sense organs, as well as those non-electric fish that have specialized
organs for detecting the very small naturally occurring electric fields
in their environment, possess a well developed cerebellum. Since the
electrosensory system develops as a modification of the lateral line
system, which is one of the most important of the primitive inputs
to the cerebellum, it is not surprising to find the hypertrophy of this
brain area. However there is little physiological evidence linking the
cerebellum to the electrosensory system. Bennett and Steinbach (1969)
have shown that the command signals that eventually activate the
electric organ of mormyrids are simultaneously projected to many parts
of the cerebellum and proposed that this can exert a gating effect
on the sensory inflow from the electroreceptors themselves. Enger and
Szabo (1965) have shown that units in the lateral line lobes of gymnotids
are involved in the electrosensory system and that these units respond
to field distortions caused by various objects. Nicholson et al. (1969)
have also shown that cells in this brain area in elasmobranchs are also
sensitive to externally imposed electric fields. However, no responses
to electrosensory input have yet to be found in the corpus cerebelli.
It is possible that these fish could present a good opportunity to
study how the cerebellum operates on input from a relatively unexplored
sensory system, and since recently much quantitative information about
how the electrosensory systems are used in the animal's lives has become
available (Scheich et al., 1973; Scheich and Bullock, in press; Kalmijn
and Bullock, in press; Heiligenberg, 1973; Hopkins, in press), we may
be able to assign new details to the role of the cerebellum in the lives
of these fish.

Methods
The weakly electric fish, Eigenmannia virescens, was used exclusively in this
study. Specimens usually ranged in size from 10 to 20 cm. Single unit recordings
from the corpus cerebelli were made under two different experimental conditions.
A. Unanesthetized, electric organ normal: In this case animals were initially dissected under the influence of the drug MS 222 (Tricain methanesulfonate) roughly
100 ppm. Approximately 20 min were allowed to pass between the end of the
dissection and the start of the experiment so that the effects of this anesthesia
had passed off. In early experiments it was found that this drug depressed the
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normal spontaneous cerebellar activity and abolished the responses to electrosensory input. In this first type of experiment the recordings were made in the
unanesthetized animal whose electric organ discharge (EOD) was normal. B. Unanesthetized, electric organ silent: In this type of experiment the preliminary
anesthesia with MS 222 was usually used, however, after the dissection the animals
were immobilized with curare or Flaxedil. The drug was given intramuscular ly
in incremental doses of 0.02 mg until the electric organ discharge was no longer
detectable even with high gain. The drug was administered in this fashion due
to the small size of the fish and the variability of individual susceptibility to it.
Again time was allowed for the effects of the initial MS 222 anesthesia to abate.
In these experiments, with the animals electric organ silent, responses to artificialy
imposed currents could be studied in isolation.
The animals were suspended in a water bath with the head slightly higher
than the rest of the body so that the exposed portion of the brain was not immersed.
The fish was held in a clamp fitted with rubber pads 15 mm wide and 25 mm
high which gripped the fish just behind the operculum leaving the head and most
of the trunk free. The head was further immobilized with a glass pipette inserted
into the mouth of the fish, this tube also conducted aerated water through the
gill system for respiration.
In experiments on fish with an active electric organ, stimuli consisted of
distortions in the electric field generated by the fish. The distortion resulted
from the "make" of a short circuit between carbon rods or silver plates placed
at various places along the fish's body (Fig. 4). A large capacitor (4 µf) was usually
inserted in this shunt circuit to block any DC that might flow due to the electrical
dissimilarities of the electrodes. This capacitor represented negligible impedance
to the roughly sinusoidal EOD. Local changes in the size of the field due to this
distortion were monitored with a second set of electrodes in the water usually
parallel to the long axis of the fish. One of the pair was placed at about the level
of the operculum and the other was 4 to 5 cm caudal.
In experiments on curarized fish (electric organ silent) electrical stimuli were
passed through the water around the fish through a pair of carbon or silver electrodes. The electrodes were coupled to the signal source through an isolation
transformer. The signal was applied to the bath by gating the source, there was
no switch in the secondary. Therefore any DC electrode potentials were constant
and accepted as part of the complex of DC fields due to the fish itself and other
unknown sources in the bath. The voltage gradient produced was monitored with
a bipolar pair of electrodes 1 cm apart placed in the water parallel to the fish
at the level of the operculum. This field varied by less than 20% over the distance
occupied by the fish and the measuring electrodes were in position to measure
the maximum value of the gradient.
The water conductivity was maintained at about 10 kohm · cm and the temperature of the experimental bath was from 2--4° C less than the temperature
of the fish's home tank which was 26-27° C.
The Ringer solution used was a modification of a formula given by Forster
and Taggart (1950). It had the following composition: NaCl, 100 mM; KC!, 2.5 mM;
CaCl 2 , 2.0 mM; Mg Cl 2 , 0.5 mM; NaHC0 3 , 0.5 mM; NaH P0 , 0.5 mM.
4
2
Slow wave and single unit recordings were made with indium filled glass
micropipettes with tips ranging in size from 3 to 20 µ. The tips were plated with
gold followed by platinum as described by Frank and Becker (1964). Stimuli
and responses were usually recorded on magnetic tape (Ampex SP 300, FM mode,
7½ ips) for later display and analysis.
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Fig. 1. A. A dorsal view of the surface of the brain of Eigenmannia. Each dot
gives the approximate location of a microelectrode track along which one or more
electrosensitive cells were found. L's indicate, approximately, areas where units
sensitive to changes in light intensity were found. B. A cross section at the level
of the dotted line in A showing the positions of the molecular (mol.), granular
(gran.) and the Purkinje (purk.) cell layers

Results

Exploration of the caudal lobe of the corpus cerebelli and eminentia
granularis revealed bilaterally symmetrical areas where neurons were
regularly found whose firing frequency could be modified by electrical
stimuli applied to the water around the fish. The dots in Fig. 1 A indicate
the approximate location of several microelectrode tracks along which
such cells were found. The remaining areas of the corpus were explored
rather thoroughly but no unit responses were seen to electrical stimuli.
Responses to light flashes were seen when recordings were made at
a depth ·of about 100 µ in a more anterior area of the corpus indicated
by the positions of the "L's". Recording depth was read from a scale
on the micromanipulator, and units were found from less than 100 µ
to about 1 mm deep in a larger specimen. Fig. 1 B illustrates the orienta-
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Fig. 2A-C. Surface evoked potentials (E.P.'s) in response to head negative,
square pulses (1 mV/cm). Position of the exploring electrode for each E.P. is
shown by the arrows labeled 2A ect. in Fig. 1A. D. E.P. recorded at a depth
of about 900 µ at the locus indicated in Fig. 1 A. Each trace is the sum of 128
replicates of the same stimulus. A negative signal at the exploring electrode produces
an upward deflection, ground was placed in the body musculature caudal to the
head and the indifferent electrode was usually placed on the remnants of the skull.
Relocation of the indifferent electrode did not change the responses

tion of the molecular, granular and Purkinje cell layers. Most recordings
were probably from the relatively large cells in the p-cell layer.

Field Potentials Evoked by Electrical Stimuli

In addition to single unit activity slow waves could be recorded
both on the surface and deeper within the cerebellum in response to
electrical stimulation. Slow waves were elicited in the curarized fish
with brief, 500 µsec, square pulses applied to the' water around the
fish. The waveform recorded at the surface of the cerebellum is indicated
in Fig. 2A. This response was similar over the entire caudal lobe of the
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cerebellum and all of the peaks were strongest over the posterior half
of the areas where the electrosensory units were found. The evoked
potential became weaker as the exploring electrode was moved furhter
anteriorly (Fig. 2B), and in the more rostral areas of the anterior lobe
the second negative going wave disappeared leaving only the early
rapid positive component and an enlarged first negative wave (Fig. 2C).
This increase in amplitude of the first negative wave is due to the
activity of a midbrain structure, the torus semicircularis, which lies
partly below the most rostral portion of the cerebellum.
As the microelectrode penetrated the surface and advanced through
the brain over the electrosensory areas the amplitude of all components
of the evoked potential increased (Fig. 2D) and units were usually
encountered in an abrupt fashion. That is, there was usually no "hiss"
responses indicating nearby groups of neurons reacting to the stimulus.
Only in the most anterior portion of the electrosensory areas was there
a clear response of this type. The slow potentials were greatest in this
area and at a depth of from 800 to 1100 µ, depending on the size of
the fish, units were usually resolved and their changes in frequency
occurred on the falling slope of the second slow wave, giving a latency
of about 20 msec.
Other slow waves could be recorded in other brain areas in response
to electrosensory stimulation and some of these will be discussed later
in connection with the latency of the cerebellar responses.

Firing Patterns in the Normal Fish
"Spontaneously" active units were readily found m the electrosensitive area of the corpus after the effects of the MS 222 anesthesia
had worn off. Spontaneous frequencies among these units varied from
3 to 74 Hz in a sample of 50 cells from 13 fish. The mean frequency
of this sample was 24 Hz (S.D. = 14 Hz). The character of the individual
spike trains was also quite variable. Some units fired regularly, the
coefficient of variation (ratio of the std. dev. to the mean x 100) of the
interspike intervals of such a unit could be as low as 8, other units
were very jittery (C.V. greater than 100) and were capable of making
spontaneous pauses of several seconds duration. The variability of the
intervals in most spike trains fell between these two extremes, the
mean C.V. being 52. It was not possible to group the units into any
discrete types based on spontaneous activity or variability of spike
intervals, these parameters seemed to be smoothly graded among the
units.
The form of the recorded spikes was not the same for all the cells
that were observed. The most commonly seen potentials were single
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diphasic spikes (simple spikes). In addition to these, burst discharges
consisting of a first large spike followed by one or more smaller spikes,
were sometimes seen occurring in a simple spike record. These burst
discharges are, in higher vertebrates, considered to be Purkinje cell
responses to climbing fiber input (Eccles, Ito, and Szentagothai, 1967;
Latham and Paul, 1971). However, it has been shown that similar
burst responses can occur in response to parallel fiber input in alligators
and elasmobranchs (Llinas and Nicholson, 1971; Nicholson et al., 1969).
Therefore it is difficult to specify in the present case whether the observed burst responses are due to parallel or climbing fiber- input. Cells
were also encountered which gave only burst responses in complete
absence of simple spikes. These always occurred at low frequencies.
Firing patterns characteristic of p-cells were not a requirement £or
acceptable units in these experiments so it is likely that units other
than p-cells were studied.
Responses to Distortions of the Animal's Electric Field
There was no characteristic of the on-going activity of a cell which
indicated whether or not it was processing electrosensory information.
Although the electric organ was functioning normally, no units were
seen which fired in any fixed temporal relationship to the roughly
sinusoidal EOD. This is in marked contrast to the behavior of the
electroreceptors themselves, one class of which (tuberous receptors) fires
synchronously with the electric organ output (Bullock and Chichibu,
1965). However, Enger and Szabo (1965) also found that many units
in the lateral line lobes had lost the ability to follow the stimulus in
this phasic fashion.
The initial stimulus used to determine if a cell was involved in the
electrosensory system was a distortion of the animal's normal field
resulting from the "make" of a short circuit between two carbon
electrodes in the water near the animal's head and tail. The stimulus
produced is an increase in the current density through the animal's
head and tail regions and a decrease in the current through it's sides.
This stimulus has the important advantage of being free from mechanical
artifacts that could stimulate normal lateral line receptors, however,
it suffers from the disadvantage of being difficult to interpret in terms
of actual changes in potential gradients at all points around the fish's
body.
Approximately 40% of the units encountered in this area of the
cerebellum responded to this distortion of the field with a change
in firing frequency. Those that did not were tested with mechanical
stimuli (table tapping and water currents) and light. Responses to
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Fig. 3A-D. Plots of interspike interval in their order of occurrence. A and C
show the two most commonly seen types of responses in the unanesthetized fish.
The bar below each baseline shows the time and the duration (1 sec) of the short
circuit stimulus. B and D show similar responses in curarized preparations. The
bars show the time and duration (1 sec) of the imposed sinusoidal stimulus. 350 Hz
at 0.71 mV/cm in Band 350 Hz at 0.22 mV/cm in D

mechanical stimuli were rare and light was never an adequate stimulus
for units in these areas. It was frequently noticed that units unresponsive to the short circuit test changed firing frequency when the animal
spontaneously moved its tail. Forcing movements of the tail also caused·
these units to respond, suggesting a proprioceptive function. However,
moving the tail also changes the distribution of the animal's electric
field perhaps in a way that activates electrosensory units insensitive
to the particular distortion caused by the shorting. The question of a
proprioceptive input to this area of the cerebellum will be discussed
in a later section.
Units were found which gave either increases or decreases in firing
frequency, or combinations of the two, in response to the stimuli.
The most commonly seen responses were an increase in frequency due
to the "make" of the short followed by a decrease below the resting
frequency on the "break" (Fig. 3A), or the opposite, an inhibition of
spontaneous firing followed by an increase (Fig. 30). The responses were
usually slowly adapting, typically decaying to 37 % of the maximum
change in about 3.5 sec. Units were occasionally seen_ which responded
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Fig. 4. Records of integrated spike frequency (upper traces) during short circuits,
indicated by the square pulse in the lower traces, with the shorting electrodes
in various positions along the length of the body. Each spike triggered a square
pulse and these were integrated with a low pass filter

with an initial larger phasic frequency change that decayed, in about
1.5 sec, to a new steady frequency which was still different from the
control frequency. These phasic-tonic units characteristically had relatively regular discharge rates.
The type or sign of a response to a short circuit stimulus was frequently, but not always, dependent on the positions of the electrodes
as shown in Fig. 4. The upper trace of each set represents the integrated
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spike frequency and the lower shows the time of occurrence an the
duration of the short. With the electrodes in position A the "make"
of the short resulted in a long lasting inhibition of the spike discharges,
followed by a strong excitation on the "break". In position B the
signs of the responses were the same but their intensity was much reduced. In O the sign of the responses was reversed, an increase in spike
frequency was now caused by the make of the short followed by an
inhibition on the break. Moving the electrodes to D caused no significant
change from C and in position E there was no response at all. Such
variability of responses dependent on the geometry of the stimulus
suggests that these units may receive input from specific receptive
fields, however, attempts to define these fields using locally applied AC
fields or more locally applied shorts failed. The evidence obtained by
the present methods suggested that the "receptive fields" encompassed
relatively large areas of the head or the trunk regions.
It was not possible to tell, from experiments such as these, whether
or not inhibition of cerebellar activity really occurred in response to
increased excitation of peripheral receptors. Any increase in current
through the skin in one area of the body, caused by such a short circuit
is accompanied by decreased current density in other areas. Therefore
without knowing the receptive field of the unit it is not possible to
know whether a change in spike rate is due to an increase or decrease
in peripheral activity.
Responses to short circuits consisting of a brief burst of a few spikes,
one larger followed by a few smaller were also regularly observed.
These cells were spontaneous ly active but their resting frequency was
low, less than 1 Hz, and quite irregular. The first response always consisted of a double discharge, a primary deflection followed by a smaller
at a fixed latency (Fig. 5A). A variable number of smaller spikes followed
this first response with varying latency. These responses were seen at
either the make or the break of the short and their position was always
dependent on electrode position as illustrated in Fig. 5B. The latency
of these responses was quite long, averaging 132 msec and not significantly different for the two electrode positions. Similar long latency
"climbing fiber type" responses have been seen in other preparations
where natural stimulation is used (Ishikawa et al., 1972).
Responses to Graded Stimuli

The deformation of the fish's field could easily be graded by inserting
some series impedance in the shorting circuit. The field was monitored
by a second set of electrodes in the water near to the fish and this
signal was rectified with a squaring circuit and then low passed giving
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Fig. 5. A. Ten superimposed sweeps triggered on the rising phase of the first spike
of a "burst" response. B1 and B2 upper, slower records showing the variability
of the position of the response relative to the onset of the short as a function of
electrode position. Lower, changes in the amplitude of the EOD resulting from
the " make" of the short

the mean square value of the EOD. Changes in the local amplitude
of the EOD are then recorded as changes in this mean DC voltage.
This measure of stimulus intensity (change in mean square voltage)
was used so that distortions caused by resistive or capacitive shunts
could be accurately compared with respect to the local alteration of
the mean EOD voltage. The simpler method of comparing resistive
shunts to capacitive shunts whose impedance is calculated on the basis
of the fundamental frequency of the EOD does not result in the comparison of identical changes in the mean EOD voltage since the EOD
is not a perfect sinusoid.
The size of a cell's response varied with the size of the stimulus
in a roughly linear fashion. Fig. 6A shows the responses of a typical
unit to a series of resistive (filled circles) and capacitive (open circles)
shorts. Control frequencies were established just prior to each stimulus.
The grand mean control frequency is shown by the solid horizontal
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Fig. 6. A. Firing frequency of a single cerebellar unit during a series of resistive
and capacitive short circuits. The size of the stimulus is expressed as the ratio
of the mean square value of the shorted EOD, measured locally, to the mean
square value of the normal EOD. Spike frequencies were calculated from the
mean of 25 consecutive interspike intervals, each point represents the grand
mean + or - 1 s.e. of several mean frequencies. Best fit lines, least squares,
are indicated for the data, y= -75x +85, for resistive, and y= -66x +87 for
capacitive deformations. B. Correlation between control spike frequency and response frequency with identical resistive or capacitive deformations. The resistive
and capacitive shorts gave the same change in the DC equivalent of the EOD,
0.41 on the scale of 6A. (r=0.73 for resistive; r=0.79 for capacitive. P<0.05
in both cases.) C. Data of 6A replotted as change in spike frequency (response control frequency). y = - 83 x + 64, for resistive and y = - 68 x + 70 for capacitive
shorts. D. Changes in the latency of responses to different sized stimuli. Each
point is the mean ± 1 s.e. of all the responses to identical deformations. Theline
is the least squares best fit to the data
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line and the ·range of mean control frequencies is indicated by the
two broken lines. The individual replicates of a given stimulus evoked
variable responses, therefore each was presented several times and the
meari response was taken. A major source of the variability of responses
to identical stimuli lies in the spontaneous fluctuations in the cell's
background firing rate. This is shown by the high correlation found
between the control spike frequencies and the responses to identical
stimuli (Fig. 6B). It seems then that the best spike train. parameter or
"neural code" that can be used to describe our stimulus is the change
in firing frequency rather than absolute firing frequency during the
stimulus. When the data of Fig. 6A are replotted as changes in firing
frequency the responses to the resistive and capacitive shorts diverge
somewhat (Fig. 60). Of four cells tested in this fashion this one showed
a clear difference in responses to deformations caused by resistive and
capacitive shunts. Additional experiments in which a single pair of
stimuli, identical with respect to mean voltage change, but generated
via a resistive shunt in one case and a capacitive in the other were
presented many times in alternating sequence. Of nine units tested in
this fashion, one gave significantly larger responses to the capacitive
shunt and two gave larger responses to the resistive. Mean responses
were compared with at-test and p values less than 0.05 were considered
significant.
Since different changes in spike frequency occurred in response to
identical changes in the mean square value of the electric organ discharge, caused by resistive or capacitive shunts, we may infer that
these different neural responses are due to some aspect of the stimulus
other than the mean voltage change. Capacitive shorts introduce, in
addition to the change in amplitude, a phase shift of° the shunted portion
of the electric organ discharge relative to the normal while resistive
shorts should produce only an amplitude change. Since it has recently
been shown (Scheich et al., 1973) that the peripheral sensory apparatus
is capable of discriminating between resistive and reactive impedances
this data may be taken as preliminary evidence that such information
is passed on to higher centers.
The latency of the responses that were observed varied widely,
ranging from 20 to 179 msec, and the latency of the response of an
individual unit was found to depend upon stimulus strength as shown
in Fig. 6D. There was a rather uneven distribution of latencies among
the units studied, and the population could possibly be subdivided
into two groups; one ranging from about 20 to 40 msec and a second
ranging from 60 to 180 msec. However the significance of this observation is hard to evaluate, given the uncertainties involved in estimations
of the stimulus strength from animal to animal.

14

J. Bastian

Firing Patterns in the Electrically Silent Fish
Experiments were also done on fish immobilized with curare or
Flaxedil. Apart from the obvious advantage of working with truly
immobile animals these experiments are interesting because these drugs
also eliminate the normal. EOD. Precisely controlled electric currents
can then be used as stimuli.
The first question asked in these experiments was: What is the effect
of the removal of the fish's normal electric field which, under natural
circumstances, is only briefly interrupted during social displays (Hopkins, in press). This question was approached in two ways. First, the,"
"spontaneous" activity of electrosensitive cells in the cerebellum of
curarized fish was compared with the "spontaneous" activity seen in
the cerebellum of fish with the electric organ functioning. The mean
frequency of 43 units in 20 curarized fish was 25.7 Hz (S.D.= 13.3 Hz)
and not significantly different from the mean frequency of 24.0 Hz
(S.D.=14.4 Hz) for 33 electrosensitive units in 13 normal fish. The
variability of the spike trains was also not affected by removal of the
fish's normal field. The average coefficient of variation of the interspike
intervals was 55.7 in the case of the non-curarized fish and 50.1 in the
curarized fish. Removal of the normally occurring electric field does
not seem to alter the spontaneous firing frequency of these electrosensory neurons.
The second point examined in the attempt to note changes brought
about by removal of the EOD was a comparison of the changes in
firing frequencies brought about by short circuit deformations in "normal" fish and imposed sinusoidal fields in curarized fish. The most
commonly seen responses, excitation followed by inhibition and inhibition followed by an increase in firing frequency were virtually the same
in both preparations (compare Fig. 3A and C with Band D). All other
response types seen in the normal preparations were also seen in the
curarized animals. The only dissimilarities seen were that the number
of units found giving only low frequency burst responses were fewer
in curarized fish, and there seemed to be a greater number of units
that responded with phasic-tonic increase in firing frequency to an
imposed sinusoidal field.

Responses to Changes in Stimulus Amplitude
The minimum amplitude for a change in firing frequency for sinusoidal
stimuli whose frequency was the same as the fish's own discharge
frequency before curarization was typically about 100 µ V/cm in water
with a conductivity of 10 Kohm ·cm (Fig. 7 A). The stimulating electrodes were in line with and several centimeters distant from the head
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"intended" electric organ discharge frequency. Each point gives the mean ± 1 s.e.
of several replicates of each stimulus. B. Changes in the latency of the unit's
response to different amplitude sinusoidal stimuli. The same symbol represents
the same unit in both plots

and tail of the fish. The dynamic ranges of the individual unit's responses
ranged from 1 to about 3 log units and the cells fell into two classes
based on their sensitivity to changes in stimulus amplitude as judged
from the slopes of the response curves. As in the case of non-curarized
fish, the latency of the responses was variable and dependent on stimulus
strength (Fig. 7B). However, the latency changes were related to the
stimulus strength in a more complex manner than was indicH,ted by
the experiments on normal fish.
The latency for the responses of the units which gave the smaller
changes in firing frequency for a given change in stimulus amplitude
(Fig. 7 A, triangles) was extremely long for weaker stimuli and linearly
related to the logarithm of stimulus strength (Fig. 7B, triangles). The
latency for the response of the second type of unit (Fig. 7 A, circles
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and squares) was shorter and plots of latency versus stimulus strength
gave S shaped curves, there being an upper and lower plateau where
latency no longer changed with increases or decreases in stimulus
strength (Fig. 7B, circle and squares). It is likely that the wider range
of latencies seen in experiments on curarized fish results from the
ability to vary the stimuli over a wide range.

Responses to Changes in Stimulus Frequency
Experiments were also done in which constant amplitude sinusoidal
stimuli were presented at various frequencies to curarized fish. It has
been previously shown that the peripheral high frequency receptors of
Eigenmannia respond optimally to stimulation with frequencies near
to that of the animal's own electric organ discharge frequency (Hagiwara and Morita, 1963; Scheich et al., 1973). Units in the cerebellum
were also found to respond best to stimuli at the frequency at which
the electric organ would have been discharging if the animals were not
curarized. The pacemaker nucleus was simultaneously recorded from
in these experiments so that any changes in the fish's "intended"
electric organ frequency would be known and taken into account.
There was a slight tendency for the pacemaker frequency to slow
during the course of an experiment but this was usually on the order
of 3 % . An objective estimate of a unit's best response was sometimes
difficult due to the variability of individual responses at a given frequency, so in each experiment a best fit curve based on a cubic polynomial was calculated and the peak of this curve was taken as the optimum frequency for that unit. Fig. 8A shows the results of two experiments using fish having markedly different pacemaker frequencies. The
arrows indicate the pacemaker frequency during the course of the
experiment. A summary of this type of experiment is given in Fig. 8B
where several unit's optimum stimulus frequencies are plotted against
the pacemaker frequencies. It can be seen that several different units
from the same fish all had nearly identical best stimulus frequencies
(filled circles). All electrosensitive units in this area of the cerebellum
responded to different frequencies of stimulation in this fashion.
The plots of stimulus frequency ·and unit response were always
asymmetrical; units from low frequency fish gave plots skewed to the
right while data from units in high frequency fish gave plots skewed
to the left or the low frequency end of the scale. This could result in
an increased ability for fish with either extremely high or low frequency
electric organ discharges to sense the discharges of fish at the other
end of the species range of electric organ frequencies.
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Fig. 8. A. Changes in different unit's firing frequency due to constant amplitude
stimuli presented at various frequencies. Open symbols from a fish having a low
pacemaker frequency and the filled are from an animal with a higher pacemaker
frequency. Arrows indicate the point on the abscissa corresponding to the fish's
pacemaker frequency during the experiment. Stimulus strength was 0.31 mV/cm
in both experiments. Data points indicated with filled triangles were taken when
the pacemaker was temporarily turned off artificially. Each point is the mean
± 1 s.e. of several replicates of the stimulus. B. Relationship between optimum
stimulation frequency of several units in different fish and the fish's pacemaker
frequency. The same symbols were used for different units from the same fish

The role of the pacemaker nucleus in the determination of this
frequency preference of cerebellar cells was investigated briefly. It is
possible to silence the pacemaker nucleus temporarily by passing rather
large extracellular current pulses into this region (Szabo and Enger,
1964). First we establish a curve relating the response of the cell in a
curarized fish to stimuli of various frequencies at a constant amplitude
(Fig. 8A, filled circle). Then the pacemaker was silenced by passing an
extracellular pulse of current through the recording electrode in the
medulla and the quiet pacemaker was continuously monitored. Several
points were then rechecked (filled triangles). No significant differences
from the previous responses were seen in the absence of the normal
pacemaker discharge.

Proprioceptive and Bimodal Units
Units were also found in the curarized preparations which responded
to forced movements of the animal's tail with changes in firing frequency.
Such cells were not sensitive to stimulation with vigorous water turbulence or table tapping, so it seems unlikely that they are receiving
normal lateral line or spinal nerve (mechanoreceptor) input: Instead
2 J. comp. Physic!., Vol. 90
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they seem to be proprioceptors sensitive to changes in the position of
the animal's tail. These units could be divided into two classes, one
of which was also sensitive to electrical stimuli, the other was not.
Fig. 9 shows the behavior of one of these bimodally sensitive cells to
electrical stimulation and changes in posture. The upper trace in A
is the integrated spike activity. Each spike triggered a square pulse
and these pulses were integrated with a low pass filter with cutoff
frequency of 0.32 Hz. This low passing technique eliminates the short
term fluctuations in firing rate and makes the longer term frequency
changes more apparent. The lower trace is the actual record of the
tail position of the animal. It can be seen in the spike frequency record
that there is a period of decreased firing frequency followed by 8, period
of increased firing during each cycle of the tail movement. The low
pass filtering introduces a significant phase lag in the integrated spike
records; therefore the phase relation between the peak of the responses
and the position of the tail is not obvious from the figure.
A Fourier analysis was also done on the record of Fig. 9A as well
as of a higher frequency record from the same cell to determine the
relative intensity of the oscillation of spike frequency at the frequency
of the tail movement (Fig. 9B1 and B2). The peaks at the funda,mental
of the tail movement frequency are the most prominent and a strong
first harmonic, probably due to the excitatory as well as the inhibitory
response in each cycle, is evident in the spectrum from the low frequency (B1). This second peak is lost in the higher frequency experiment (B2).
Fig. 9C demonstrates this unit's sensitivity to electrical stimuli. It
behaved in all ways similar to purely electrosensitive units. It was
most sensitive to stimuli at the frequency of the pacemaker nucleus,
and it was not responsive to electrical stimuli in the range of frequencies
used to move the tail or to DC.

Discussion
It has been shown that there is a significant population of neurons
in the caudal lobe of the corpus cerebelli of Eigenmannia that is involved
in the processing of electrosensory information. The cells studied have,
in general, properties similar to those described for the Purkinje cells
studied in other vertebrate preparations. The resting frequencies of the
units, the irregularity of the majority of the spike trains and the presence
of burst responses similar to those described in other lower vertebrates,
as well as simple spikes probably resulting from mossy fiber input,
all suggest that the electrical correlates of the basic cerebellar architecture
are functional in this preparation.
2*
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The characteristics of the responses of the electrosensitive units in
the cerebellum indicate that these cells probably receive their main
input from the high frequency or tuberous electroreceptors. The minimum
voltage gradient necessary to elicit a response in a cerebellar unit
(100 µ.v/cm) is similar to that necessary to cause firing in the more
sensitive of the two classes of high frequency electroreceptors (70 µ.v/cm
for phase coders) and far less than that necessary to cause firing in
the second class (700 µ.v/cm for probability coders; Scheich et al., 1973).
Neither the peripheral units nor the cerebellar cells show a sensitivity
to reasonable DC fields.
The fact that the cerebellar cells respond best to sinusoidal stimuli
at the frequency of the fish's own intended electric organ discharge
frequency, with or without the presence of the pacemaker activity,
could be a result of the fairly tight tuning of the type T or phase coder
class of peripheral receptors to the individual's electric organ frequency
(Scheich et al., 1973; Hopkins, personal communication). The synchronization of a cell's firing with a specific phase of the stimulus as occurs
in the peripheral receptors is lost at the level of the corpus as it is in
many of the cells in the lateral line lobes (Enger and Szabo, 1965). The
only other area in the brain where it is known that this phase relationship
is preserved is in the torus semicircularis (Scheich, in press). No evidence
was found in the cerebellum of Eigenmannia for the presence of a
corollary of the pacemaker discharge as has been shown in the cerebellum
of mormyrids (Bennett and Steinbach, 1969).
The latency of the responses to electrical stimuli varied widely
among units and this latency was graded with the stimulus strength.
The shortest latencies (ca. 20 msec) were seen in the small region in
the anterior portion of the electrosensory areas where a population of
neurons was found which reacted to electrical stimuli with a sharp
increase in firing frequency superimposed on the second negative wave
of the cerebellar field potential. The source of this input to the caudal
lobe of the cerebellum is not definitely known, however results of histological studies of mormyrids as well as of closely related gymnotid
species revealed some possible pathways. One possible route would be
from the anterior lateral line nerve ganglion, which carries the primary
electrosensory information, to the caudal lobe. The existence ofthis
pathway has been demonstrated in gymnotids and mormyrids by degeneration studies (Maler et al., in preparation; Maler et al., 1973). However
this input is relatively small and may not be the major input to the
caudal lobe. This pathway would result in a very short latency response
and while it could account for the first negative wave of the cerebellar
evoked potential, it could not directly cause the second wave and the
observed unit responses. A second possible input could come via a
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Fig. 10. A. Cerebellar evoked potential recorded at a depth of 900 µ very near
to the locus indicated in Fig. 1 A as 2D. All stimulus and recording parameters
are the same as indicated in Fig. 2. B. E.P. recorded in the region of the nucleus
praeeminentialis at a depth of 1.6 mm. This locus is indicated as 10B in Fig. 1A

midbrain structure known as the nucleus praeeminentialis. This structure
is thought to have strong connections to the caudal lobe in gymnotids
and in mormyrids, it is also thought to receive electrosensory information and to be afferent to the caudal lobe (Nieuwenhuys and Nicholson,
1969; Maler et al., in preparation). An evoked potential can be recorded
from the area of this nucleus and this potential reaches its maximum
during the time between the first and second cerebellar waves (Fig. 10).
The input to this nucleus is known to come from the posterior lateral
line lobes, which receive primary electroreceptor input via the anterior
lateral line nerve. In summary then one likely pathway by which electrosensory information could come to the caudal lobe of the cerebellum
would be via the posterior lateral line lobe and the nucJeus praeeminentialis.
The output of the caudal lobe has also been studied in gymnotids
(Maler et al., in preparation), it is known to project very heavily to
the previously mentioned posterior lateral line lobe. At this point the
neural circuitry associated with the input and output of the caudal
lobe seems .quite complex, but it is possible that this area of the corpus
is a major part of a feedback loop whose final output impinges upon
the posterior lobe, a structure thought to be concerned with the object
detection abilities of the electrosensory system.
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The presence of a second input to this area of the cerebellum (tentatively proprioceptive) is quite interesting not only because it projects
to cells that are also electrosensitive, but also because it suggests a
possible role for this area of the brain in the evaluation of the fish's
electrical environment. It is generally accepted that one of the main
functions of the electrosensory system in the weakly electric fish is to
detect objects or obstacles in the environment (Lissmann and Machin,
1958; Heiligenberg, 1973), and if one observes these fish swimming in
an aquarium containing a variety of obstacles one cannot help but
notice that they swim backward as often as they do forward with no
apparent loss of navigational skills. The tail is not held motionless
during swimming and, particularly during backward swimming, it is
constantly sweeping back and forth in a reciprocating or circular fashion,
rarely touching anything. Since the tail filament contains a major
portion of the electric organ, it seems that the fish must keep track
of the position of this structure if it is to gain unambiguous information
about the presence or absence of distortions of its field. Going further,
it could be of a significant advantage to the fish to be able to alter
or focus it's field to enhance the definition of a particular object.
Measurements were made by E. Knudsen of this laboratory which
have shown that the field that is generated by the fish is significantly
altered by modest (20 degree) deflections of the fish's tail. Field strength,
measured relative to a ground electrode remote from the fish, decreases
more rapidly with the distance from the side of the fish to which the
tail is bent than it does when the tail is in a straight line. This means
that the field is effectively compressed, or that the voltage gradients
are increased on that side of the fish.
Measurements of the changes in voltage gradients perpendicular to
the body of the fish were also made while the tail was moved in a sinusoidal fashion. The peak to peak amplitude of the EOD measured with
a bipolar pair of electrodes separated by 1 mm placed perpendicular
to and about 2 mm away from the surface of the skin, at the level
of the fish's eye, was 355 µv/mm. Movement of the tail ± 2 cm (13 cm
fish) caused a 21 µv/mm modulation of this amplitude. It is not yet
known whether this modulation of field strength can be used by the
fish to increase the resolution of the electrosensory system. However,
the changes in potential are much larger than the minimum changes
that can be detected by the electrosensory system, 1 µv/mm for a
latency shift in a phase coder (Scheich and Bullock, 1973), therefore
these changes must somehow be evaluated or corrected for.
The presence of electrosensory and proprioceptive cells in the cerebellum as well as cells sensitive to both of these modalities suggests that
the cerebellum could fill the above mentioned need. These bimodal
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cells could be part of a correcting device to subtract out changes in
the electric field that were cause.d by movements of the electric organ
relative to the rest of the body, enabling the animal to distinguish
between true distortions and those that were self-imposed. The fact
that this area of the brain projects to the posterior lateral line lobes,
the areas considered to be involved in object detection, lends support
to this idea.
The author is indebted to Dr. T. H. Bullock for his suggestions and criticisms
throughout the course of this study. This work was supported by grants to T. H.
Bullock from the National Institute of Neurological Diseases and Stroke and the
National Science Foundation.
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