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Abstract. Purpose of this study introduces a multielectrode array (MEA) registration system in order to generate electric
field images of the episodic discharges generated by weakly electric fish. A multielectrode registration system has several
important features: the design of the multielectrode lattice, the amplifier circuit, the choice of reference points for differential
measurements, the recovery of the absolute values of the electric field potentials, and the application of principal components
analysis. Methods. There are several advantages of our MEA registration as compared with the traditional twoelectrode
registration: (a) the signal-to-noise ratio is significantly increased, (b) it is possible to construct the spatial distribution of the
electric field for a single electric discharge, (c) the signals’ sources can be easily separated and identified, and (d) quantitative
data on the electrical potential distribution can be obtained throughout the entire experimental tank. Results. The results
illustrate an example of applied MEA registration. Electric discharges were recorded from a weakly electric catfish, Clarias
gariepinus, using an array of 8 x 8 electrodes at a sampling rate of 20 kHz. Data show oscillograms and two-dimensional
plots of the spatial distribution of the electrical field.
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Introduction

Experimental studies of strongly electric fish (electric eels, electric rays (Electrophorus, Torpedo)),
conducted since the end of the 18th century, played a noticeable role in the development of the natural
sciences — physics, chemistry, biology, and especially electrophysiology [1]. In particular, the work
of Henry Cavendish [2], dedicated to the simulation of the Torpedo ray’s discharges and for the
first time describing the fundamental difference between electrical processes in conductive media and
electrostatics, contained a scheme of currents around an electric ray. Later, largely thanks to the works
of H. Lissmann [3,4], the constantly generated electrical discharges in two groups of weakly electric
fish (Mormyriformes and Gymnotiformes), were recorded, and a new sensory system, electroreception,
was discovered. In addition, the general principles of the joint activity of electroreceptor and power-
generating systems (electrical organs) were formulated — systems which enabled electrolocation (object
detection), spatial orientation and communication in fish [5,6].

In studies of weakly electric fish, as a rule, the electric discharges are monitored with two- and
three-electrode systems (taking into account the ground electrode when using differential amplifiers),
which are standard and common in electrophysiology. This technique allows the observation and analysis
of the oscillograms of the discharges, but not that of the spatial electric field distribution. We note that
multi-electrode recording devices have been described in past studies. In one case, a multi-electrode
array registration system was used to track free-swimming weakly electric fish (gymnotids) in their
natural environment [7]. Furthermore, several studies using an array of only 4-8 electrodes attempted to
reveal the spatial structure of the fish-generated electric field and any distortions caused by the presence
of conspecific individuals [8-10]. This approach was successful in demonstrating the electric field
emanating from fish with regular discharges, i.e. in gymnotids and mormyrids. These fish constantly
generate discharges, which are a highly stable in their shape and amplitude. Based on multiple discharge
recordings from various distances from the fish, it is possible to reconstruct the spatial distribution of
the electric field.

In contrast to gymnotids and mormyrids, which constantly generate electrical discharges, numerous
catfish (Siluriformes) generate discharges irregularly and almost always in the context of behavioral
interactions between conspecifics. The investigation of the electric activity of catfish encounters several
methodological problems [11-13], especially with regard to transition from the traditional two-electrode
set-up to a multi-electrode array one.

There are several advantages of our MEA registration as compared with the traditional two-
electrode methodology: (a) the signal-to-noise ratio is significantly increased, (b) it is possible to
construct the spatial distribution of the electric field for a single electric discharge, (c) the signals’
sources can be easily separated and identified, and (d) quantitative data on the electrical potential
distribution can be obtained throughout the entire experimental tank.

1. Materials and Methods

1.1. The multi-electrode array (MEA). The experiments were carried out in a 60 x 50 x 30 cm
tank with a multi-electrode lattice installed at the bottom. Sixty-four recording electrodes were fixed on
a sheet of plastic which fully covered the bottom of the tank. Electrodes were arranged in a squared
8 x 8 array with an inter-electrode distance of 6 cm. Stainless steel washers of 15 mm in diameter were
used as electrodes. The electrodes were protected from direct contact with fish by foam rubber and
cloth, without distorting the electric field. Water in the tank was grounded with a ground electrode in
the form of an inert metal mesh with an area of 100 cm? mounted vertically on the wall of the tank.
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The electrodes were connected to the inputs of a 64-channel differential amplifier (gain x1100). The
connections consisted of twisted pairs, with the second wire serving as a static shield.

1.2. The multichannel differential amplifier and the reference potential. Initially, the general
circuit of a multichannel differential amplifier was developed for the registration of EEG signals [14].
The circuit diagrams of the amplifiers modified by us are shown in Fig. 1 (the circuit is assembled on
TLO082 and TL084 chips, Texas Instruments, USA). The circuit was supplemented with an integrating
module 4, designed to suppress quasi-permanent galvanic potentials on the electrodes. Differential
registration provides for a high level of common-mode rejection, including 50 Hz crosstalk.

Since we were interested in the absolute values of the registered potentials, the general amplification
circuit was organized as follows. All preamplifiers 1 have a common reference input REF1. This
reference potential was formed jointly by all 64 preamplifiers with an additional common reference
amplifier 5. The latter formed the reference potential REF2 for the second cascade of differential
amplifiers with respect to the ground. The common reference amplifier receives a certain common
reference potential REFO0 to calculate the differential potentials.
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Fig. 1. Multi-channel differential amplifier circuit. The upper part of the diagram describes the structure of one of 64 registration
channels 1-4; the lower one describes the configuration of the common reference amplifier 5. Each registration channel
includes a preamplifier 1, a differential amplifier 2, an integrator 3, and an inverter 4. The IN mark corresponds to the input
signal fed directly from the electrodes, and OUT to the signal output fed to ADC analog inputs. REF0 is a common reference
potential of the amplifier as a whole; REF1 — the reference potential of preamplifiers; REF2 — the reference potential for
differential amplifiers; REF3 — the reference potential for the ADC
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At the first order of approximation, REF0 should be connected to the ground. The problem is
that initially there is no grounding inside the aquarium. It is necessary, but can only be carried out by
adding a special electrode connected by a wire to the ground of the circuit (the midpoint of the battery
supply). This earth electrode cannot be large, because otherwise it will greatly distort the field. And
the local grounding electrode located in a specific local area of the aquarium is not zero, that is, it
does not correspond to the potential of a hypothetical infinitely distant point. Its potential depends on
the distance to the source and the orientation of the source. Fish can discharge at different distances
from the earth electrode, including directly near it. So, such a decision leads to amplification of all
crosstalk on cables and connections of the common reference input and their undesired appearance in
the final signal. Avoiding this negative effect, the common reference potential was formed as a sum of
the potentials of registration electrodes connected through 10 k< resistors. Since the tested fish were
always within the registration region, the sum of all registered potentials should be equal to zero, which
ensures that the obtained reference potential (REFO0) is close to zero. The amplified signals were fed to
the inputs of two 32-channel 16-bit ADCs (E-502, L-CARD, Russia). The reference inputs of the ADCs
were also not grounded. Instead, we used as a reference the sum of amplified signals from all outputs of
the multi-channel amplifier connected through the 10 k< resistors REF3.

1.3. Sampling rate. The ADCs were synchronized to the internal reference clock of one of the
devices to collect the data. The sampling frequency was 20 kHz and the registration time was 50 minutes.
The choice of the sampling frequency seems to be of crucial importance. The characteristic duration
of the electrophysiological processes is about several milliseconds or less. One of the most significant
features of the generation of electrical discharges by electric fish is a high degree of synchronization of
the excitation of many different cells. The typical synchronization occurs within fractions of milliseconds.
Indeed, the main electric organ of Electrophorus eel, for example, occupies most part of the fish’s body,
while the discharges it generates last for about a millisecond [15]. Therefore, the characteristic time of
synchronization has to be at least an order of magnitude shorter.

Accordingly, the traditional two-electrode approach employed a sampling frequency of up to
1 MHz in studies of the activity of mormyrids and gymnotids; whereas, in other areas of biology, for
example, the multi-electrode array registration of electroencephalograms, the sampling frequency rarely
exceeds 2kHz [16]. Thus, with MEAs, the larger number of electrodes and greater sampling frequency
significantly increases the information flow and the volume of the data files, which causes obvious
difficulties. Therefore, a compromise is necessary between the desire for detailed observations of the
synchronization of the cells’ electro-excitation and the requirement to digest the augmented data streams
and large files. Using a sampling rate of 20 kHz seems to afford such a compromise and allows the
observation of both single responses of a cell group and the gaps between the responses at the ultimate
excitation frequencies [17].

1.4. Principal Component Analysis (PCA). The electric fields of biological sources decay
steeply with the distance from the source. So, the corresponding signal amplitudes recorded at different
electrodes differ significantly. The peculiarities of signal propagation, however, do not affect those
properties of the signal which are essential for the physiological processes of interest since the size
of the experimental tank was significantly smaller than the skin-depth in water [18]. Thus, the shape
of the curve corresponding to the discharge at different registration electrodes remains the same. At
the same time, most of the interference entering the water from the air, in particular, 50 Hz cross-talk
or impulse interferences, has a spatial distribution of the amplitude close to uniform, which differs
from the target signals. So, it became possible to filter out a highly spatial heterogeneous useful signal
using principal component analysis (PCA). PCA, as well as independent component analysis (ICA),
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is successfully used in electroencephalography [19]. Based on the input from 64 channels, data were
assigned to up to 64 separate components. This allowed filtering out and reconstructing the fish’s electric
discharge curve. Moreover, Principal Component Analysis also permits the isolation of other electric
phenomena, for example, assessing one fish’s body polarization in the electric field of a discharge of
another catfish (Clarias). Besides the target signal filtering, principal component analysis provides a
way to visualize the electric field in a 2D plain. In order to recover the spatial distribution of the electric
field of the discharge, we plotted, on a two-dimensional surface, the values of the weight coefficients of
the corresponding principal components. Calculation of covariance matrices and their diagonalization
was carried out by means of the sklearn library (Python3).

2. Results

A discharge of Clarias gariepinus registered with our MEA approach is exemplified in figure 2.
Previously, we found that during the discharge, the head of the catfish has a negative polarity, while
the remainder of the body has a positive one [20]. Since the orange-red curves represent negative
polarity (Fig. 2), the location of the head of the test catfish is indicated. Green and blue curves represent
positive polarity, and reveal the approximate position of the body without resorting to any sneaky
mathematical tricks.

Note that the original signal is quite noisy: the peak-to-peak noise amplitude is about 20 uV,
which, even for electrodes with a maximum desired signal amplitude of about 500 wV, results in a not-
so-good signal-to-noise ratio of 25. To filter out the noise, we used the method of principal components
analysis (Fig. 3). For PCA, a fragment of a recording with a bit duration of 80 ms was taken, which at a
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Fig. 2. Dynamics of the electric potential in the cource of the discharge generagted by Clarias gariepinus catfish using
64 electrode square array. The color legend corresponds to that in Fig. 4 (see further), which makes it possible to compare the
color of the curve with the spatial position of the corresponding electrode in the lattice
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Fig. 3. A. The first four principal components (the first is shown in blue, the second in red, the third in green, and the fourth in
purple) of the curves’ family is shown in Fig. 2. The left ordinate axis (shown in blue) corresponds to the first component, and
the right one (shown in red) corresponds to the second-to-fourth components. B. Decimal logarithms of the amplitudes of all
64 principal components. The colored dots show the data for the curves shown in A

sampling rate of 20 kHz corresponds to 1600 samples for each of the 64 channels. Thus, the principal
components of the family of curves (Fig. 2) shows that the entire target signal is concentrated in 1st, 2nd,
and 4th principal components, while all other components contains only white noise (Fig. 3A, green).
The amplitudes of the principal components rapidly decrease as the components’ number increase
(Fig. 3B).

The first component makes the most significant contribution to the total signal (Fig. 3A, blue).
The shape of the first component corresponds to the shape of the discharges previously recorded for
Clarias gariepinus. The discharge duration at half height was 35 ms. The filtered curve clearly shows the
fine structure above the plateau of the discharge, which reflects the functioning of the electro-generating
structure in the fish body [17]. The period of these oscillations was 3.9 + 0.7 ms, and the amplitude was
20-50 uV.

The general view of the second component (Fig. 3A, red) corresponds to the first derivative of
the primary signal (Fig. 3A, blue). Such an effect can occur if there is some capacity in the system.
When current flows through such a capacity, some signal would appear in the form of a derivative of the
main pulse. The nature of this capacity can vary. In particular, it can be the body of the sample catfish
or some element of the electrical circuit. However, the preliminary calibration of the setup with source
of a meander signal showed that the electric circuit transmitted the signals without noticeable distortion.
Therefore, the capacitive distortions were caused by the fish body placed in the tank, which could be
clarified with the data on the spatial position of its source (Fig. 4, I, see further).

The fourth component had a small amplitude and was quite noisy. It showed a certain peculiarity,
namely a prominent double peak between 20 and 30 ms of the signal under consideration. The amplitude
of the effect was about 20wV and the duration was about 10 ms. The discussion of the nature of this
signal requires data on the spatial position of its source (Fig. 4, IV, see further).

3. Discussion

We assume that the catfish’s electric discharges result from the electrical excitation of a certain
muscle structure by a series of triggering nerve impulses [17]. The elementary discharge of about 8 ms
in duration is generated in response to each nerve pulse. It was assumed that the intervals between
the triggering nerve pulses are noticeably shorter, resulting in a rather long monopolar total discharge.
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The latter has an irregular plateau and an amplitude greater than that of the elementary discharges
of which it is composed. This model is based on the data from the experiments performed using a
traditional two-electrode recording technique [17].

The transition to the multi-electrode method and the application of principal component analysis
affords several advantages. First, the resulting discharge curves became cleaner compared to those
registered with two-electrode registration. The 50 Hz interference was suppressed entirely. Second, the
quantitative data on the potentials near the fish body became available. With a two-electrode setup, the
amplitude of the registered discharge depended on the position and orientation of the fish in the tank.
The multi-electrode setup permits observation and analysis of the character of the decay of the field
intensity around the fish.

The analysis of the distribution of principal components’ weight coefficients among the electrodes
allows assessment of their contributions to the total electric field on each electrode. The product of the
principal component and the corresponding coefficient describes the dynamics of the electrical potential
corresponding to this component on the given electrode. However, the most interesting challenge would
be the reconstruction of the spatial distribution of the “discharge’s field.” The latter seems to be a
somewhat undefined notion. Indeed, because the electric field changes in the course of the discharge, so
the spatial distribution of the “discharge’s field” has to reflect some period of time, rather than being
momentary.

We defined the “field of a principal component” as a spatial distribution of the product of
the weight coefficient of the given component on each electrode and the amplitude of this principal
component. Therefore, in the case of the monopolar discharge (Fig. 3A, blue), the obtained values
would be approximately the maximum in absolute magnitude reached at each electrode in the course of
the discharge and corresponding to the given principal component only. The field of the first principal
component (Fig. 3A, blue) would be the desired field of the discharge. Its spatial distribution (Fig. 4, I)
describes the spatial distribution of that part of the total electrical field, which corresponds to the first
component only and does not account for all other components.

The first component field (Fig. 4, I) has a prominent dipole character, with a positive pole in
the region of the point with coordinates given in centimeters of (18, 13) and negative at (27,0). Thus,
our registration method could very likely resolve a long-debated question as to the location of the
power-generating structure. Based on our data, we surmise that this structure should be located in the
region between the poles of the dipole, i.e., in the area where the potential is zeroed out. This area seems
to be close to the head of the fish, which is consistent with repeated assertions that the electro-generating
structure in clariid catfish is located between the posterior edge of the skull and the beginning of the
dorsal fin [21]. Thus, the approximate localization of the electro-generating structure will mitigate the
anticipated challenges which await investigating histologists and morphologists.

In previous investigations, when modeling the discharge patterns of clariid catfish, we usually
observed an excellent convergence at the beginning of the recording but noticeable discrepancies at the
end [17]. Moreover, the trailing edge of the discharges often contained a prominent differential signal,
and it was not clear whether this was a feature of electro-generation or some external effect. The use
of multi-electrode registration and principal component analysis make it possible to reveal the source
of the differential signal and thus to explain the aforementioned discrepancy. The spatial distribution
of the second component’s field corresponds to the field of a monopole rather than that of a dipole.
The center of the monopole (21,5) was close to the mid-point of the dipol (22, 7), which allows us to
attribute the effect of differentiation to the fish body. However, a noticeable shift of the poles in the
field patterns for the second component with respect to the field of the first component shows that the
source of differentiation does not coincide with the source of the main discharge.

The spatial distributions typical for the principal components containing the noise did not
demonstrate any noticeable peculiarities in the spatial structure (Fig. 4, III). The noise has a small
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Fig. 4. Spatial distributions of the electric potentials corresponding to the first four principal components shown in Fig. 3A.
The numbers of the components designated by the digits in the plots. The circles mark the position of electrodes, and their
color corresponds to the color of the original curves in Fig. 2

amplitude of tens of microvolts, and its distribution was more or less uniform, which is typical for a
field of interference from external sources.

The spatial distribution of the fourth component resembled that of the second one and has a
pronounced monopole shape. The maximum was also located in a special area of space close to the
electro-generating structure (24, 6). The low amplitude of this component’s field and the low spatial
resolution of our system (the lattice pitch was 6 cm, with the size of the fish of about 15 cm) do not
allow us to propose a specific physiological origin for this effect.

Conclusion

Returning to the problem of choice of the number of electrodes and the sampling rate — is it
possible, with our limited resources, to combine a time resolution of 1js with tens of thousands of
electrodes, and a reasonable amount of data? Our studies of weakly electric fish suggest that indeed it is
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possible if we employ a biomimetic approach — and so, we propose a technical replication of those
physiological techniques which these fish use to create the amplitude-phase images of electrical events
in their brains [22].

In summary, the employment of a of multi-electrode array seems to be an effective tool for the

investigation and registration of weak electrical signals in an aquatic environment. We propose that this
method of registration could be applied to a wide range of problems, including the investigation of the
role of electric fields and electro-communications in the lives of many aquatic animals.
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