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Abstract
Living organisms display an array of molecular, physiological and behavioral rhythms synchronized with
natural environmental cycles. Understanding these interactions gains power when the complexity of
natural habitats and the diversity of behavioral and physiological adaptations are taken into account.
Brachyhypopomus gauderio, a South American weakly electric �sh, are characterized by the emission of
electrical discharges (EOD), with a very stable rate that is modulated by social and environmental cues.
The nocturnal arousal in B. gauderio coincides with a melatonin-dependent EOD rate increase. Here we
�rst show a daily cycle in both the EOD-BR and EOD-BR variability of B. gauderio in nature. We
approached the understanding of the role of melatonin on this natural behavior through both behavioral
pharmacology and in vitro assays. We report, for the �rst time in gymnotiformes, a direct effect of
melatonin on the PN in vitro preparation. Melatonin treatment lowered EOD-BR in freely moving �sh and
PN-BR, while increasing the variability of both. These results show that melatonin plays a key role in
modulating the electric behavior of B. gauderio through its effect on rate and variability, both of which
must be under a tight temporal regulation to prepare the animal for a challenging nocturnal environment.

Introduction
Living organisms display an array of molecular, physiological and behavioral rhythms, endogenous at
core, which are synchronized with environmental cycles and social stimuli. Biological rhythms confer an
evolutionary advantage, allowing individuals to change predictively, allocating energy more e�ciently and
preparing for cyclic changes in the environment. Circadian rhythms oscillate with a period close to 24
hours and are synchronized with environmental cycles (zeitgebers), mainly photoperiod, although other
cycles such as thermoperiod can act as alternative zeitgebers (Kronfeld-Schor et al. 2013). Phase
relationship between biological rhythms and environmental cycles need both stability and a certain
degree of �exibility, which allows adjustments to small unpredictable variations. In vertebrates,
information of environmental changes in light is conveyed to the brain as a rise in melatonin production
and secretion that generates a concentration plateau that coincides with the duration of the night (Falcón
et al. 2010), (Cipolla-Neto and Amaral 2018). Melatonin modulates biological rhythms in physiology and
behavior. It is synthesized in the pineal organ, the main source of circulating hormone, although other
secondary sites of production in the teleost brain have been described (Falcón et al. 2010). Teleosts
express three distinct melatonin receptors: Mel1a and Mel1b, analogous to the mammalian MT1 and
MT2 respectively, and Mel1c, which they share with amphibians, reptiles and birds (Reppert et al. 1995),
all of which are G protein-coupled receptors (Dubocovich et al. 2010). These receptors are widely
expressed throughout the brain, including mid-brain regions involved in the organization of social
behavior, as well as in peripheral organs and tissues (Falcón et al. 2010; Isorna et al. 2017).

Daily activity patterns are perhaps the most conspicuous behavioral rhythms. Animals tend to occupy
temporal niches and organize behavior accordingly. Understanding the interaction between environment,
physiology and behavior gains power when approached taking into account the complexity of natural
habitats and the diversity of behavioral and physiological adaptations. South American weakly electric
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�sh are nocturnal animals that emit electric discharges generated by a specialized electric organ. These
electric organ discharges (EODs) are involved both in active electro-reception, perhaps the main sensory
modality of these �sh (von der Emde 2006), and intra-speci�c communication, where both waveform and
frequency can encode information about an individual’s species, sex, and reproductive status (Caputi et
al. 2005; Zupanc and Bullock 2006). The EOD basal rate of emission (EOD-BR) is modulated by
environmental and social information (Engler and Zupanc 2001; Stoddard et al. 2007; Silva et al. 2007)
and is part of a behavioral display known as electric behavior (EB). The EOD-BR is directly controlled by
the spontaneous discharge of a pacemaker nucleus of the brainstem (PN) (Bennett 1971) in a 1:1
relation, meaning that each EOD corresponds to a discharge of this nucleus. The PN receives modulatory
central connections from pre-pacemaker nuclei as well as from other central structures (Kawasaki et al.
1988; Heiligenberg 1991; Quintana et al. 2014; Perrone et al. 2014; Borde et al. 2020). The PN is a stable
oscillator with low-rate variability (Capurro et al. 1999a; Vitar 2019) and consequently the EOD-BR of
isolated, resting �sh is also very stable. Brachyhypopomus gauderio (Giora and Malabarba 2009), native
to Uruguay, is a gregarious species where individuals form �exible social groups (Miranda et al. 2008).
They forage, explore and interact with conspeci�cs during the night. This state of nocturnal arousal is
accompanied by an increase in their EOD-BR synchronized with the dark-phase and modulated by social
context in laboratory conditions (Stoddard et al. 2007; Silva et al. 2007; Jun et al. 2014). This nocturnal
increase is known to be mediated by melatonin (Migliaro and Silva 2016), but it is unknown whether
melatonin alone is su�cient to mimic the natural electric behavior or if this modulation is achieved
through direct effect on the PN.

The dual role of EODs requires a robust yet �exible rhythm for animals to correctly sense the environment
while leaving some leeway to allow for social and environmental modulations. A recent study from our
group (Gascue, V. et al. 2020) has shown that in the sympatric species Gymnotus omarorum, both day-
time and social context in�uence EOD-BR variability in a consistent manner. Therefore, EOD-BR variability
provides a great metric into the ecological and social pressures the �sh are under, although it has not
traditionally been studied as a behavioral trait in itself.

Using electrophysiology and behavioral recordings (both in the �eld and in the lab) in this study we
con�rm: i) the daily rhythmicity of two distinct traits of the electric behavior of B. gauderio (EOD-BR and
EOD-BR variability) in the wild, and ii) the melatoninergic modulation of electric behavior through its
action on the central command.

Materials And Methods

Animals
Adult B. gauderio were either registered in the natural habitat (n = 6), used in behavioral experiments (n = 
23) or in in vitro recordings (n = 6). All specimens were collected in Laguna Lavalle, Depto. de
Tacuarembó (32°01'21.8"S 55°22'35.6"W). Fish were identi�ed using an electronic audio ampli�er
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connected to a pair of electrodes as described elsewhere (Silva et al. 2003). Animals used in laboratory
experiments were housed in outdoor tanks and fed with Tubifex tubifex.

Behavioral recordings in nature.

Animals in the natural habitat were recorded during the non-breeding season at the peri-equinox period,
under a natural light-dark cycle of 12:12. Periodic light and temperature measures were taken every 30
min, inside the water under the natural vegetation and outside the water (HOBO-MicroDAQ: UA-002-08
Measurement range: temperature, − 20° to 70°C; light, 0 to 320,000 lux or 0 to 30,000 lumens/ft2). EOD-
BR was recorded from �sh placed in plastic mesh enclosures, which allow water interchange, equipped
with electrodes. Nets were kept under the natural vegetation for 72 h. EOD-BR was recorded for 30s every
hour. Fish in this condition are almost always detectable, able to move around and exposed to
neighboring �sh electric signals, although long range swimming was restricted.

In order to normalize the effect of water temperature on EOD-BR, values were corrected to a constant 20°C
temperature by using the Q10 value of 1.5 as calculated for electric �sh (Dunlap et al. 2000; Silva et al.
2007).

Q10 = BR x (T)/ BR x (T + 10)

Pharmacological preparations
Melatonin stock dilution

5mg melatonin (SIGMA, 98%) were dissolved in 100µl ethanol and diluted in either in 400µl of saline
solution (behavioral experiments, 0.9% NaCl) or �sh Ringer solution (in vitro experiments, following
(Perrone et al. 2010)). For control experiments purposes a vehicle solution was made using 400µl of
saline/ringer solution and 100µl of ethanol.

Ringer-sucrose solution: in mM: 213 sucrose, 3 KCl, 0.75 KH2PO4, 1.2 MgSO4, 24 NaHCO3,10 D-glucosa,
1.6 CaCl2, pH 7.2–7.4 after carbogen saturation.

Ringer solution

in mM 124 NaCl, 3 KCl, 0.75 KH2PO4, 1.2 MgSO4, 1.6 CaCl2,24 NaH2CO3, and 10 D-glucosa, pH = 7.4
after carbogen saturation.

Behavioral experiments
Fish were placed in individual 40l (55cm × 40cm × 25cm) tanks inside a recording chamber that allowed
electric recordings as described elsewhere (Silva et al. 2007). The chamber was kept in a 12L:12D light
cycle, and temperature (20°C) and water conductivity (≈ 100µS) were kept constant according to natural
conditions (Silva et al. 2003). We recorded EODs for 1h to obtain base-line values, and then injected the
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�sh intraperitoneally (IP) with: a) 100µL of control solution (n = 9) or a melatonin solution of either b)
5µg/gbw (n = 7) or c) 50µg/gbw (n = 7) (Pinillos et al. 2001). EODs were recorded for two more hours.

Recordings were analyzed using Clamp�t (v.10.2, Molecular Devices). Recordings were sampled for 1
minute every 10 minutes, and the timing of EOD events was obtained using a threshold protocol. The
mean frequency, standard deviation (SD), and coe�cient of variation (CV) were obtained for every
sample taken, and the EOD-BR rates (mean ± SD) were plotted against time. In order to compare the
effects obtained on either different individuals or different moments, EOD-BR values of a given time (t)
were normalized against the values calculated 10 minutes before the injection (t=-10), using the following
equation:

EODBRin(t) = EODBR(t) / EODBR(-10)

In vitro experiments
Fish (n = 6) were anesthetized between 10:00 and 12:00hs as described elsewhere (Perrone et al. 2010)
and brain-stem slices (600–700 µm thick) containing the PN were immediately obtained under iced
ringer-sucrose solution. Each slice was maintained in a 4ml electro-physiological recording chamber
superfused with oxygenated Ringer solution at room temperature. Under these conditions the PN
maintains spontaneous activity for several hours (Quintana et al. 2014). PN spontaneous activity was
assessed by recording the �eld potential generated by the activation of a population of pacemaker and
relay cells close to the micropipette. Recordings were made using a low resistance glass micropipette (3–
5 MΩ) close to the PN, �lled with Ringer solution. Signals were ampli�ed (AM Systems, M3000, �lters
150–3000 Hz) and digitized (Digidata 1440, Molecular Devices) for further analysis. A 1-hour period of
basal activity was recorded (1 minute every 10 minutes) prior to the following pharmacological treatment:
either 500µl of a 1.25mg/ml melatonin solution or 500µl of a control solution consisting of the melatonin
vehicle was added to an anterior chamber and driven to the recording chamber by the �ow of Ringer
solution.

Recordings were analyzed with Clamp�t. The timing of PN spike events was obtained using a threshold
protocol to obtain instantaneous frequency values. Mean frequency (PN-BR), SD and CV were obtained
for each sample taken. In order to compare between experiments a basal frequency index (PN-BRin) was
obtained for each brain slice using the following equation:

PNBRin(t) = PNBR(t) / PNBR(-10)

Variability analysis
Variability of EOD-BR (EOD-BRvar) and PN-BR (PN-BRvar) was analyzed using two complementary
approaches: a traditional variability parameter, the coe�cient of variation (CV) and a Poincaré plot’s
analysis for a qualitative and quantitative description of our data. Both sets of analyses were performed
by an ad-hoc Matlab (The MathWorks, Inc) routine.



Page 6/21

Coe�cient of variation (CV) was calculated as follows (where δ is the calculated standard deviation, and
X is the mean, for EOD-BR o PN-BR values):

CV = δ / X

Poincaré diagrams were plotted as a means to obtain a qualitative analysis of dispersion. Each observed
value of a set of data is plotted against the following, i.e., each EOD’s instant frequency value (EOD-BR)
against the following (EOD-BR + 1). This type of diagrams is intimately related to the system’s variability
which can be quanti�ed by an ellipse �tted to the graph using least square criterion. The perpendicular
(SD1) and longitudinal (SD2) axes of this ellipse represent short- and long-term variability (cycle to cycle
and global variability) of the system respectively (Fishman et al. 2012).

Statistical analysis
The analysis of the daily rhythm in the nocturnal increase in EOD-BR was carried out using a cosinor �t
(Campuzano et al. 1999). Cosinor gives a statistical validation for the �tting of a cosine function within a
24 h period to each �sh EOD rate data, as well as the acrophase value in lineal hours for each �sh
(transformed to clock hours for simplicity). Population acrophase was calculated and statistically
validated using the Rayleigh test with the individual acrophases calculated as described (Re�netti et al.
2007).

Non-parametric tests (Kruskal-Wallis test followed by Dunn’s post hoc protocol, Mann-Whitney U test,
Wilcoxon test) were used in all following analyses and are speci�ed when data is shown. When
comparing different treatment groups at different times, a mixed effects model analysis was used
followed by Dunn's post hoc analysis to check for differences between groups. All research procedures
complied with ASAP/ABS Guidelines for the Use of Animals in Research and were approved by the
Institutional Ethical Committee (Comisión de Ética en el Uso de Animales: Instituto Clemente Estable:
008/11; Facultad de Ciencias: 1304, 1325).

Results

Daily modulations of EOD-BR in nature
Daily changes in EOD-BR recorded in nature re�ect the outcome of the circadian system interacting with a
cycling environment. Assessing the daily changes of electric behavior in the wild is mandatory for
understanding the natural outcome of a nocturnal physiology that emerges in synchrony with dusk.
Water temperature cycled as expected, rising through the day and reaching the maximum value at dusk
(as shown in (Migliaro et al. 2018)). Figure 1 shows individual (n = 6) EOD-BR changes over 72 hs. Electric
behavior has a clear daily rhythm, rising towards dusk (7 PM) and decaying towards dawn (7 AM)
(Fig. 1A). Mean population EOD-BR at dusk was 46% higher than 60 minutes before (Dusk − 60). By dawn,
EOD-BR values were 144% lower than at dusk, and 67% lower than at Dusk-60. (Fig. 1B; Kruskal-Wallis
test, n = 6, p < 0.0001; Dunn’s post hoc: EOD-BR at dusk vs EOD-BR 60 min. before dusk; n = 6, p = 0.05;
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EOD-BR at dusk vs EOD-BR at dawn, n = 6, p = 0.0001; EOD-BR 60 min. before dusk vs EOD-BR at dawn, n 
= 6, p = 0.05). Cosinor analysis con�rmed the daily rhythmicity of the nocturnal increase in EOD-BR, with
individual acrophases synchronized to the natural dusk and the moment of maximum water temperature
(Fig. 1C, n = 6, Rayleigh test, p = 0,0003).

Interestingly the nocturnal increase in EOD-BR was paired with a nocturnal increase in its variability (EOD-
BRvar). Figure 2 shows a 60% increase in CV at night compared to daytime values. (Fig. 2A, n = 6,
Wilcoxon test, p = 0,031). Figure 2B shows an individual Poincaré diagram for nocturnal and diurnal
instant EOD-BR. Statistical analysis of the parameters quanti�ed for each individual shows an 35%
increase in nocturnal short-term variability (SD1day vs. SD1night, n = 6, Wilcoxon test, p = 0,046). No
statistical differences were found for long term variability (SD2d vs. SD2n, n = 6, Wilcoxon test, p = 0,81).

Melatonin actions on electric behavior
Acute intraperitoneal treatment with melatonin during daytime consistently lowered EOD-BR in a dose-
dependent manner. Figure 3A shows the temporal dynamics of EOD-BR change relative to EOD-BR 10
minutes before treatment (measured by the EOD-BRin), for control and melatonin treated (50µg/gbw
dose) animals. Time to maximum effect, evidenced by minimum EOD-BR value, varied among individuals
ranging from 15 to 70 minutes after injection. However, a statistical analysis showed signi�cant
differences in comparison to control animals, from 20 to 120 minutes after injection (Mixed model
effects analysis with Dunn’s post hoc for multiple comparisons. Both treatment group and the interaction
between time and treatment group had a signi�cant effect, p < 0.0001). Figure 3B shows EOD-BRin for the
experimental and control groups in three different time windows: one hour before treatment, �rst hour
post treatment and second hour post treatment. Melatonin-treated animals showed a 30% decrease in the
mean EOD-BRin during the �rst hour post injection compared to control animals (Mann-Whitney U test,
control n = 9 vs Mel. n = 7, p = 0,04). This effect tended to wear out during the second hour, although it still
maintains a 25% of decrease (Mann-Whitney U test, control n = 9 vs Mel. n = 7, p = 0,017). No differences
were found during the pre-treatment hour (Mann-Whitney U test, control n = 9 vs Mel. n = 7, p = 0,66)
(Fig. 3B). In order to analyze the maximum effect of melatonin treatment, EOD-BR indexes were
calculated at the time of maximum effect (minimum EOD-BR) for each �sh. For control experiments we
used the moment of minimum EOD-BR value in the 120 minute post-injection period. At the moment of
maximum effect (time of minimum EOD-BR for each animal) EOD-BRin for the treated group showed a
34% decrease (Dunn’s post hoc, Control n = 9 vs Mel. 50µg/gbw n = 7, p < 0.0001). A second experimental
group was treated with a lower melatonin dose (5µg/gbw). The signi�cant effect of the lower dose at the
moment of maximum effect was similar in magnitude to the higher one, as depicted in Fig. 3C (Dunn’s
post hoc, Control n = 9 vs Mel. 5µg/gbw n = 7, p = 0.0240). This effect however had a shorter duration, as
EOD-BR returned to basal values before one hour (data not shown).

Melatonin effect on the variability of EOD-BR
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Melatonin effect on electric behavior goes beyond the modulation of EOD-BR and includes a clear effect
on EOD-BR variability (EOD-BRvar). While melatonin decreased EOD-BR it increased EOD-BRvar. Figure 4
shows the melatonin effect on global and cycle-to-cycle variability (CV and SD1 respectively). Data is
shown as the ratio between post (120 minutes) and pre-treatment (60 minutes) variability values for both
experimental conditions (control/melatonin). Melatonin treatment (50 µg/gbw) caused an increase in the
CV ratio of 440% and an increase in SD1post/SD1pre values of 120%, while control animals showed no
change in any of their variability measurements (Mann-Whitney test, control n = 9, Mel. n = 7, p = 0.001
and p = 0.016 respectively). SD2 values also increased 100% times in treated animals (Mann-Whitney
test, Control n = 9, Mel. n = 7, p = 0.031). Animals treated with the 5µg/gbw melatonin dose showed no
changes in their EOD-BRvar.

Melatonin effect in the central command for electric
behavior
Melatonin modulates the PN´s spontaneous activity. Melatonin perfusion induces a decrease in PN-BR.
An individual example is shown in Fig. 5A, including a control stage (white arrow marks the
administration of vehicle solution to the anterior chamber) followed by a treatment stage (red arrow
marks the addition of melatonin solution to the anterior chamber). Discharge rate decreased
progressively reaching signi�cantly lower values 40 to 60 minutes after starting melatonin perfusion,
reaching a rate 63% lower than its original values (Fig. 5B, Dunn's post hoc, n = 6, p = 0.027 and p = 0.005
at 40 and 60 minutes respectively). Melatonin effect was reverted by continuous perfusion with the
standard ringer solution, and PN-BR values were non-distinct from basal values 20 minutes after washing
(Dunn’s post hoc, n = 6, p = 0.407). PN-BRin in melatonin-perfused slices was signi�cantly decreased 60
minutes after perfusion while no effect is shown in control experiments. (Fig. 5C, Mann-Whitney test,
Control n = 4, Mel. n = 6, p = 0.014).

Melatonin effect on the variability of pacemaker nucleus
spontaneous discharge
Similarly to the effect on electric behavior, there was a tendency of melatonin treatment to increase PN-
BRvar. (Fig. 6). Melatonin increases on PN-BRvar were marginal, most probably due a small experimental
number (Wilcoxon’s, n = 4, p = 0.068). Only four out of the six melatonin treatment recordings were stable
enough before perfusion to allow a robust analysis of the spontaneous rate variability. Experimental
manipulation generated a slight increase in variability, which is evident in two of the control experiments,
however the variability of the spontaneous discharge was consistently increased by melatonin treatment.

Discussion
Nocturnality is a behavioral trait characterized by the allocation of increased awareness and general
activity (foraging, social interactions, territory patrolling) in a time window synchronized with the dark
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phase of the photoperiod, the night. This synchronization re�ects entrainment of endogenous circadian
rhythms to environmental daily cycles and mediates the colonization of a speci�c temporal niche.
Freshwater South American weakly electric �sh are nocturnal animals. Nocturnality has been explored in
several species of this group, with behavioral approaches that focus on locomotor activity, electric
behavior and electrocommunication. Early experiments showed a nocturnal increase in locomotor activity
and exploratory behavior (Lissmann and Schwassmann 1965; Black-Cleworth 1970). More recent reports
demonstrated the circadian nature of nocturnal variations in electric behavior, EOD-Br increases and
social electric signals are more frequent during the night or subjective night (Engler and Zupanc 2001;
Stoddard et al. 2007), provided social context is maintained. Due to EOD’s joint role as the carrier of
sensory stimuli and communicative signals, changes in EOD rate show different states of awareness,
novelty detection, social engagement and attention across different Gymnotiform species (Caputi et al.
2003; Silva et al. 2007; Jun et al. 2014, 2016; Perrone and Silva 2018; Gascue, V. et al. 2020). Behavioral
recordings in G. omarorum have shown that the increase in EOD-Br is a natural trait, independent of
exploratory behavior and persistent under natural constant darkness conditions (Migliaro et al. 2018).

Our results show that the electric behavior of B. gauderio, recorded in the natural habitat, has a daily
rhythm of EOD-Br characterized by a steep increase in the afternoons, with a peak close to sunset, and a
slow decay during the night towards sunrise. Individual acrophases are synchronized with the moment of
maximal water temperature values, similarly to the behavior previously described for G. omarorum
(Migliaro et al. 2018). Given the nocturnal habits of these �sh, EOD-Br is expected to increase at night, as
we observe in our results. Our data also shows another behavioral trait associated with the night, the
increase in EOD-Br variability in both global and cycle to cycle measurements. This increase in rate
variability re�ects a wider range of inter-EOD interval duration (and hence of instantaneous frequency
values), which is to be expected if animals are interacting and exploring their environment. It is interesting
to consider whether this nocturnal increase in variability re�ects an endogenous mechanism or is a
consequence of the nocturnal increase in activity and awareness. EOD-Br variability has been reported to
be very low in isolated resting gymnotiforms in laboratory conditions (Capurro et al. 1999b; Vitar 2019),
contrasting with the natural daily modulation reported for G. omarorum (Gascue, V. et al. 2020) and for B.
gauderio in the present work.

Information about the beginning and duration of the night is relayed to the vertebrate brain by the
melatoninergic system. The circadian rhythm of endogenous melatonin production is synchronized with
the night due to the inhibitory effect of the environmental light. In the present report we demonstrate that
melatonin modulates electric behavior in both EOD-Br and EOD-BR variability. Moreover, electric behavior
modulation is a consequence of the melatonin action on the discharge rate of the pacemaker nucleus
and its variability. The similarity between the melatoninergic modulation of electric behavior and
pacemaker activity suggests the central origin of this modulation. Melatonin decreases PM discharge
rate and consequently EOD-Br, while increasing PN discharge rate variability with the concurrent increase
in EOD-Br variability, showing an independent regulation of each trait.

Melatonin modulation of EOD-BR.
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Our data shows that melatonin consistently decreases EOD-Br and that this in�uence is exerted at the
level of the PN, through direct action on the in vitro preparation. This decrease in discharge rate seems at
odds with the reported nocturnal increase in EOD-Br in both laboratory and natural conditions (Silva et al.
2007; Migliaro and Silva 2016). Moreover, melatonin is a key determinant of the nocturnal increase itself
(Migliaro and Silva 2016). Melatonin actions on behavior and physiology are widely variable and context
dependent. At the neuronal level melatonin has been reported to decrease excitability in different areas of
the central nervous system as the cerebellum, suprachiasmatic nucleus or dorsal root ganglions through
regulation of a delayed recti�er potassium current, modulation of GABAergic transmission, attenuation of
the sodium current and also an interaction with passive membrane properties (Huan et al. 2001; Scott et
al. 2010; Oliveira-Abreu et al. 2018). In this sense a decrease in the frequency of pacemaker activity is to
be expected, as has been reported for other nuclei with oscillatory properties (Jiang et al., 1995; Mason
and Brooks, 1988; Oliveira-Abreu et al., 2019; Scott et al., 2010; Shibata et al., 1989; Stehle et al., 1989).
Moreover, this modulation has a time-of-the-day dependent outcome, due to circadian changes in the
expression of melatonin receptors (Gaildrat et al. 1998; Ikegami et al. 2009; Feng et al. 2015). Mel1b
receptor expression has been shown to be widespread in brain areas involved in vocal signaling in the
midshipman �sh (Feng and Bass 2016; Feng et al. 2019), a communication system which shares cellular,
circuital and functional characteristics with the electrogenic system in �sh. In this system melatonin
receptors are expressed in bulbar nuclei as well as in upstream midbrain nuclei. This shows that
melatonin regulation is a complex, multicomponent system with multiple pathways.

Electric behavior is the result of a number of in�uences converging in the PN that are in turn modulated
by different factors with different temporal dynamics, among them are melatonin concentration and
melatonin receptor expression. The buildup in the nocturnal melatonin concentration has species speci�c
pro�les across vertebrates (Falcón et al. 2010). In humans the physiological parameter indicating the
timing of melatonin increase is called DLMO (dim light melatonin onset), and precedes the expression of
nocturnal behavior in this diurnal species. The DLMO concept can be extended to other vertebrate species
given the highly conserved features of the melatoninergic system. This holds true, even when
environmental light is not a robust cyclic cue as happens with animals living in constant darkness or
humans with retinohypothalamic tract damage (Cipolla-Neto and Amaral 2018). In this way the
melatonin onset (MO) precedes the acrophase of a rhythmic behavior that is being modulated by
melatonin itself. Hence, it is interesting to take a closer look at the natural nocturnal increase in EOD-BR,
which has an acrophase at sunset that gradually declines towards sunrise. The melatonin onset might be
working as a timing signal, affecting nuclei of the midbrain that are upstream from the PN, inducing the
increase in EOD-BR. This increase will reach a maximum when the direct effect of melatonin on the PN
starts counterbalancing the initial increase, generating the progressive decrease towards sunrise. This
dual role as hormonal time giver and modulator of cellular excitability needs further con�rmation,
especially regarding melatonin onset in natural conditions.

Melatonin modulation of EOD-Br variability.
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Gymnotiforms when isolated, unperturbed and resting are incredibly stable oscillators with respect to
their electric behavior as well as to the spontaneous activity of the PN (Moortgat et al. 2000; Vitar 2019).
This makes functional sense, as these animals require a robust system capable of withstanding external
in�uences so as to not jeopardize their sensory capabilities. This stability however might be in con�ict
with the communication and cognitive capabilities of these animals, as using their EODs as a
communication channel requires these animals to modulate their frequency in dynamic ways, usually
within milliseconds after receiving a signal from a conspeci�c (Perrone et al. 2009). Exploring and
navigating the world also demands rapid adjustments in EOD rate (Caputi et al. 2003; Jun et al. 2014).

In our behavioral experiments, melatonin produced an almost 10 time increase in the CV of EOD-Br. We
can then assert melatonin’s role in the modulation of variability of electric behavior, mimicking the
nocturnal increase in EOD-Br variability in the natural habitat. This increase in EOD-Br variability results
from the increase in variability produced by melatonin in the central pacemaker, as shown in our results in
comparison to saline treated preparations. An increase in variability allows for more �exible, rapid
changes in the PN rate and hence in EOD-Br, as the ones that sustain social electric signals (Quintana et
al. 2011, 2014; Comas et al. 2019).

This is the �rst report of the in�uence of melatonin on behavior in electric �sh. In the present study we
show a melatoninergic modulation of two traits of electric behavior, both of which must be under tight
temporal regulation to allow for the correct behavioral display. This temporal association of processes
through the action of the same modulator is common in systems where the temporal synchronization of
multiple independent parts is crucial (Adkins-Regan 2013).
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Figure 1

Daily changes in EOD-BR in a population in the natural habitat a. Mean hourly EOD-BR over 72 hours
(n=6). Dots: mean EOD-BR for each �sh; blue line: mean population EOD-BR; error bars: standard
deviation; nights highlighted in gray. b. Mean population EOD-BR at dusk (7pm), an hour before dusk
(Dusk-60) and at dawn (7am). c. Rayleigh test for EOD-BR showing a signi�cant daily rhythmicity. Night
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hours are highlighted in red. Each arrowhead signals the acrophase for an individual. The black radial line
shows the interval of con�dence for the test. *=p≤0.05, **=p≤0.01, ***=p≤0.001, ****=p≤0.0001

Figure 2

Daily modulations of EOD-BR variability in the natural habitat (n=6) a.Coe�cient of variation increases
signi�cantly at night. b. Individual Poincaré plot, day and night values are plotted separately (red and blue
dots respectively). Histograms at the margins illustrate frequency’s distribution for day and night. c.
Quanti�cation of Poincaré plots renders the SD1 parameter indicating cycle to cycle variability. SD1
increases at night. *=p≤0.05, **=p≤0.01, ***=p≤0.001, ****=p≤0.0001
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Figure 3

Melatonin effect on EOD-BR. IP melatonin injection led to a decrease in EOD-BR. a. EOD-BRin values for
melatonin (red, n=7) and control groups (blue, n=9). Dots represent individual EOD-BRin values, lines
show mean values and standard deviation. EOD-BRin values in animals treated with melatonin become
signi�cantly lower than those of control animals 20 minutes after injection and throughout the whole
experiment. b. EOD-BRin for melatonin and control groups during the pre-treatment hour and the �rst and
second hour after injection. Melatonin lowers EOD-BR. Indexes are 30% lower during the �rst hour (Mann-
Whitney U test) and 25% lower during the second hour. No differences were found during the pre-
treatment hour. c. EOD-BRin values at the time of minimum EOD-BR for animals treated with a low (n=7)
or high (n=7) melatonin dose as well as control (n=9). The minimum EOD-BRin values were signi�cantly
lower in animals treated with either dose compared to control animals. *=p≤0.05, **=p≤0.01,
***=p≤0.001, ****=p≤0.0001
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Figure 4

Melatonin effect on EOD-BRvar. Melatonin injection caused an increase in EOD-BRvar. a. Ratio between CV
values after (post) and before (pre) treatment with either control vehicle (n=9) or melatonin (n=7). b. Ratio
between SD1 (cycle-to-cycle variability) values after (post) and before (pre) treatment.  *=p≤0.05,
**=p≤0.01, ***=p≤0.001, ****=p≤0.0001
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Figure 5

Melatonin effect on the PN’s spontaneous activity. Direct administration of melatonin on the PN through
perfusion caused a decrease in PN-BR. a.Individual example of PN-BR changes after melatonin treatment.
The arrows mark the addition of a control solution (white) and a melatonin solution (red). Horizontal line
signals washing of the slice. b. Mean PN-BRin values (n=6). Time 0 marks the moment of melatonin
administration. PN-BRin values were signi�cantly lower 40 and 60 minutes after melatonin
administration. The effect was reversed after washing with Ringer solution. c. PN-BRin values 60 minutes
after treatment with either the control vehicle (n=4) or melatonin (n=6) solution. Control animals showed
no change in their PN-BRin values. (*=p≤0.05, **=p≤0.01, ***=p≤0.001).
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Figure 6

Melatonin effect on the PN-BRvar. Direct administration of melatonin on the PN through perfusion
appears to cause an increase in the CV of PN-BR. Only 4 out of the 6 slices were stable enough for a
variability analysis.


