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Secretoneurin (SN) in the preoptic area and pituitary of mammals and fish has a conserved close associ-
ation with the vasopressin and oxytocin systems, members of a peptide family that are key in the mod-
ulation of sexual and social behaviors. Here we show the presence of SN-immunoreactive cells and
projections in the brain of the electric fish, Brachyhypopomus gauderio. Secretoneurin colocalized with
vasotocin (AVT) and isotocin in cells and fibers of the preoptic area. In the rostral pars distalis of the pitu-
itary, many cells were both SN and prolactin-positive. In the hindbrain, at the level of the command
nucleus of the electric behavior (pacemaker nucleus; PN), some of SN-positive fibers colocalized with
AVT. We also explored the potential neuromodulatory role of SN on electric behavior, specifically on
the rate of the electric organ discharge (EOD) that signals arousal, dominance and subordinate status.
Each EOD is triggered by the command discharge of the PN, ultimately responsible for the basal EOD rate.
SN modulated diurnal basal EOD rate in freely swimming fish in a context-dependent manner; deter-
mined by the initial value of EOD rate. In brainstem slices, SN partially mimicked the in vivo behavioral
effects acting on PN firing rate. Taken together, our results suggest that SN may regulate electric behavior,
and that its effect on EOD rate may be explained by direct action of SN at the PN level through either neu-
roendocrine and/or endocrine mechanisms.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Vaudry and Conlon (1991) originally isolated a peptide from
frog brain that Kirchmair et al. (1993) named ‘secretoneurin’ a
few years later. The bioactive peptide SN arises from the prote-
olytic processing of the �600 amino acid secretogranin-II (SgII)
precursor protein by specific prohormone convertases in several
tissues. In goldfish, SN-like immunoreactive (SN-ir) fibers and
nerve terminals were visualized in the periventricular preoptic
nucleus, pituitary and the ventrocaudal aspect of the nucleus of
the lateral recess (Canosa et al., 2011). The most conspicuous
SN-ir was found in the magnocellular and parvocellular cells of
the preoptic nucleus that project heavily to the neural lobe of the
goldfish pituitary (Canosa et al., 2011). It has been reported in
goldfish and mouse that native SN peptides stimulate luteinizing
hormone release in vitro, thus revealing a role in the control of ver-
tebrate reproduction (Zhao et al., 2006, 2010, 2011). SN also stim-
ulates feeding behavior in goldfish (Trudeau et al., 2012). In the rat,
SN has been shown to produce increases in extracellular glutamate
and GABA levels, and in central dopamine release in vivo (Agneter
et al., 2002; You et al., 1996). Overall, these and other studies
demonstrate both hormone-like and neuromodulatory effects of
SN (Trudeau et al., 2012; Zhao et al., 2009).

Weakly electric fish are advantageous model systems for behav-
ioral neuroendocrinology, including neuropeptidergic modulations
of social behaviors. The electric organ discharges (EODs) displayed
by South American electric fish (Order Gymnotiformes) constitute
easily measurable, conspicuous, and distinctive electric behaviors
that depend on well-described neural circuits (Caputi, 2005).
Each EOD is triggered by the command discharge of a medullary
structure, the pacemaker nucleus (PN), which is composed of two
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different neuronal types: intrinsically autorhythmic pacemaker
cells and projecting bulbospinal relay neurons (Bennett et al.,
1967; Caputi, 2005). The PN itself commands the regular basal
rhythm of the EOD, whereas modulations arise from higher centers
(pre-pacemaker structures) to continuously adapt PN firing rates to
environmental, physiological, and/or social contexts (Kawasaki and
Heiligenberg, 1989, 1990; Keller et al., 1991; Quintana et al., 2011).

Our study species, Brachyhypopomus gauderio (Giora and
Malabarba, 2009), modulates EOD rate in a very precise
context-dependent manner. The EOD firing rate is proportional to
water temperature (Silva et al., 2007). It exhibits a clear circadian
cycle with nocturnal increases that are further enhanced in social
interactions (Perrone et al., 2010; Silva et al., 2007), and locomo-
tion is always associated to EOD rate increases. Novel stimuli in
the surroundings produce sharp and transient increases in the
EOD rate. During courtship, females and males actively communi-
cate in a back and forth ‘‘electrical dialogue’’; to inform their readi-
ness to spawn males emit high-frequency chirps, while females
interrupt their discharge intermittently (Perrone et al., 2009;
Silva et al., 2008).

The arginine-vasopressin (AVP)/oxytocin (OXT) neuropeptides
are major controllers of social behaviors in numerous vertebrates
(Goodson and Bass, 2001; Goodson and Thompson, 2010),
including humans (Ebstein et al., 2012). Arginine-vasotocin
(AVT), the piscine homolog of mammalian AVP, induces a persis-
tent increase of EOD rate, acting directly on the PN of B. gauderio
(Perrone et al., 2010, 2014). In B. gauderio, AVT is responsible for
the social component of the nocturnal increase of EOD rate
(Perrone et al., 2010) and induces the electrical dominance
observed after agonistic encounters between males (Silva et al.,
2013).

The AVP and OXT neurons, located at the supraoptic and par-
aventricular hypothalamic nuclei of mammals, also contain and
release other neuropeptides (Meister, 1993). Importantly, the neu-
ropeptide secretoneurin (SN) is co-localized with AVT and isotocin
(IST; fish homolog of tetrapod OXT) in the preoptic area (POA) and
neurointermediate lobe of the goldfish pituitary (Canosa et al.,
2011) and in the AVP/OXT neurons in the rat (Mahata et al.,
1993). Given the importance of AVT/IST in the modulation of social
behaviors (Goodson and Bass, 2001;Goodson and Thompson, 2010)
and the clear effects of AVT on EOD in B. gauderio (Perrone et al.,
2010, 2014), we have investigated the distribution and action of
SN in this species.

Our ultimate goal is to explore the potential neuromodulatory
role of SN on social behavior. For this purpose, in this study we first
focused on the immunoidentification of SN in the brain. In addi-
tion, we evaluated the effect of SN on electric behavior using two
complementary approaches: (a) in vivo, in which we subjected iso-
lated and undisturbed individuals during their resting phase to SN
injections, and (b) in vitro, in which we recorded the PN neural
activity in brain slices subjected to injections of SN. This study
has set the stage to analyze SN modulations in complex behavioral
scenarios.
2. Materials and methods

2.1. Animals

In this study we used 34 female adult fish of B. gauderio (Giora
and Malabarba, 2009; formerly Brachyhypopomus pinnicaudatus,
see Hopkins, 1991), ranging from 11 to 18 cm in length and
5.5–11.2 g of body weight. Restricting this study to isolated, adult,
non-breeding, female animals recorded during daytime allowed us
to avoid previously described modulations of electric behavior
(Perrone et al., 2009; Silva et al., 2007).
Fish were originally collected from Laguna Lavalle (31�480S,
55�130W, Department of Tacuarembó, Uruguay) using a ‘‘fish
detector’’, an electronic audio amplifier connected to a pair of elec-
trodes as previously described (Silva et al., 2003). Fish were then
housed in social groups (2 males-6 females) in 500 l outdoor tanks,
whose water temperature and conductivity were kept within the
normal range of the natural habitat (Silva et al., 2003), and fed ad li-
bitum with Tubifex spp. In order to achieve reliable and repeatable
behaviors, our collection, trans-portation, housing, and recording
conditions were adjusted in order to minimize stress. All experi-
ments were performed in accordance with institutional and
national guidelines and regula-tions for animal welfare
(Comisión Honoraria Experimentación Animal, Universidad de la
República, Protocol Number 008/002).

2.2. Immunohistochemistry

Fish (n = 14) were anesthetized by immersion in 0.05%
2-phenoxy-ethanol (Sigma, P-1126) and then perfused with saline
followed by 4% paraformaldehyde in phosphate buffered saline
(PBS, 25–35 ml; pH = 7.4). Brains were dissected, post-fixed over-
night in the same fixative at 4 �C, and rinsed in 0.1 M PBS. Brains
were embedded in gelatin/albumin and sectioned transversally
(perpendicular to the longitudinal axis of the fish) on a vibrating
microtome.

Vibratome sections (50–60 lm) of the brain were processed for
immunohistochemical localization of SN, IST and AVT. Sections
were rinsed in PBS, and non-specific binding sites were blocked
with 0.5% bovine serum albumin (BSA, Sigma) for 1 h. Sections
were incubated for 16 h in primary antibody dissolved in 0.1 M
PBS and 0.3% Triton X-100 (PBT) with 0.5% BSA. After incubation
with the primary antibody, sections were rinsed (3 � 10 min in
PBS) and incubated for 2 h at room temperature with secondary
antibody. All sections were then rinsed (3 � 10 min in PB),
mounted in glycerol (Sigma) and cover-slipped. The following pri-
mary antibodies were used: (1) anti-goldfish SN (rabbit or mouse
polyclonal; Zhao et al., 2009). These SN antisera were generated
against the most conserved central portion of vertebrate SN and
have been extensively validated (Canosa et al., 2011; Zhao et al.,
2009). To confirm the specificity of the immunostaining, control
sections were incubated with SN antisera (1:1000) pre-adsorbed
overnight (4 �C) with 5 lM of synthetic goldfish SNa. (2)
anti-OXT (guinea pig, polyclonal, 1:1000, cat. #T-5021, Peninsula
Labs, Santa Carlos, CA, USA). This antiserum has been previously
used to identify IST-positive cells in goldfish (Canosa et al.,
2011). The anti-OXT antiserum (1:2500 to 1:60,000) was preab-
sorbed overnight (4 �C) with 10–100 lM of synthetic IST (AbD
Serotec, Raleigh, NC, USA). (3) anti-AVT (rabbit, polyclonal,
1:3000, from Dr. M. Grober, Georgia State University, USA). The
use of this antiserum has been previously validated for teleost fish
(Perrone et al., 2014; Ramallo et al., 2012). Control sections were
incubated with the primary antiserum pre-absorbed with an
excess of AVT (1 lg/ml) (Cat. #66-0-09, American Peptide
Company Inc., Sunny Valley, CA, USA). The following secondary
antibodies were used: (1) Alexa Fluor 633 (red) goat anti-rabbit
IgG (H + L) (A21070, Invitrogen, Eugene, OR, USA) for SN; (2)
Alexa Fluor 633 (red) goat anti-mouse IgG (H + L) (A21050,
Invitrogen) for SN; (3) Alexa Fluor488 (green) goat anti-guinea
pig IgG (H + L) (A11073, Invitrogen) for IST; and (4) Alexa Fluor
488 (green) donkey anti-rabbit IgG (H + L) (A21206, Invitrogen)
for AVT. The final dilutions for the secondary antibodies were
1:1000. Control experiments omitting the primary antibody were
routinely performed. The CNS cytoarchitecture was identified fol-
lowing Maler et al. (1991).

Brains with the pituitary gland attached were fixed by submer-
sion in Bouin’s solution overnight at 4 �C. Following routine
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histological procedure, the brains were dehydrated and embedded
in paraffin wax and 6 lm sections were obtained and mounted on
TESPA-coated slides. The next day, the sections were dewaxed,
rehydrated with a serial graded of ethanol and with PBS.

To reveal the fine structure of fibers and cells in the
pituitary, SN immunoreactivity was revealed with DAB
(3,30-diaminobenzidine tetrahydrochlorate hydrate). Endogenous
peroxidase activity was blocked with 0.3% H2O2 at room tempera-
ture for 35 min. The paraffin sections were washed with PBS and
incubated to blocked nonspecific binding with PBS containing 1%
bovine serum albumin (BSA) and 0.3% Triton X-100 at room
temperature for 35 min. Then, they were incubated with the rabbit
anti-SN 1:1000 overnight at 22 �C. The next day, the sections
were rinsed in PBS and immunostaining using LSAB-HRP kit
(DAKO, Carpinteria, CA, USA). They were incubated with the
biotinylated-secondary antibody for 35 min at room temperature
and after rising with PBS, the sections were subsequently
incubated with streptavidin-HRP for 35 min at room temperature
to finally be washed with PBS and developed using DAB
(Sigma–Aldrich). They were finally washed with distilled water,
dehydrated and mounted.

Paraffin sections were also used for immunofluorescence exper-
iments in the pituitary. After blocking non-specific binding, the
sections were incubated with a mix of mouse anti-SN antiserum
(1:500) and rabbit anti-chum salmon PRL antiserum (1:500, kindly
provided by Dr. H. Kawauchi, Kitasato University, Japan; see Vissio
et al. (1997) for methods) diluted in PBS overnight at 22 �C. The
next day, sections were rinsed with PBS and incubated for
90 min with secondary antibodies (1:100, diluted in blocking solu-
tion) Alexa Fluor 594 (red) goat-antimouse IgG (HþL) (A-11076,
Invitrogen,Eugene, OR) for SN, and Alexa Fluor 488 (green) goat
antirabbit IgG (HþL) (A11008, Invitrogen) for PRL at 37 �C. The sec-
tions were washed twice with PBS and mounted with mounting
medium with DAPI (Vector Laboratories, Inc. Burlingame, CA, USA).

2.3. Microscopy and image acquisition

Brain sections were viewed with an Olympus BX61 light micro-
scope, with either epi-illumination or confocal microscopy
(Olympus VF300). Confocal images were imported into Fluoview
5 (Olympus). The Z-stacks and orthogonal views were generated
and then exported to Inkscape (0.48, Boston, MA, USA) for image
adjustment. In the case of pituitary sections, the photographs were
captured using a Nikon Eclipse E600 microscope with a Nikon dig-
ital imaging system. The digital images were assembled in
Photoshop (Adobe Systems, San Jose, CA) adjusting only brightness,
contrast, and color balance.

2.4. Behavioral experiments

Fish were placed in an experimental setup that allowed
simultaneous video and electric recordings as described and vali-
dated elsewhere (Perrone et al., 2009, 2010; Silva et al., 2007).
The day–night cycle and the physicochemical parameters (water
temperature, conductivity, and pH) of non-breeding outdoor hous-
ing tanks were reproduced in the experimental tanks, consisting of
40 l glass aquaria (55 cm� 40 cm� 25 cm). Isolated females remained
in the recording tank at constant temperature (20–22 �C) and water
conductivity (150–200 lS/cm) for 12 h before the beginning of the
experiment. The EODs of freely moving isolated females were
detected by two pairs of orthogonal electrodes attached to each
tank wall, connected to two high-input impedance amplifiers
(FLA-01, Cygnus Technologies Inc.), captured by a video card
(Pinnacle Systems, PCTV-HD pro stick) and stored in a computer.

As neuropeptide actions are known to be context-dependent
(Goodson, 2008), we started to test the effects of SN in the most
basal situation for the nocturnal gregarious species, B. gauderio:
non-breeding isolated freely-swimming individuals during day-
time (10–14 h). Goldfish type A secretoneurin (SNa, 1 lg/g bw,
n = 8) was injected intraperitoneally (IP), following Zhao et al.
(2006). Its effect on EOD rate was tested against saline-injected fish
(NaCl 0.6% pH 6.4, 10 ll/g bw, n = 6). After 60 min of basal record-
ing either SNa or saline was administered, and their effects were
tested for 180 min. The EOD rate of 26 other non-breeding fish
was similarly recorded during daytime (between 10:00–11:00 h)
to quantify the range of EOD rates among individuals. To evaluate
if SNa had effects on locomotor activity, we tested the frequency of
the behavioral state defined as ‘‘motion’’ (recognized by EOD
amplitude changes >20%; Perrone et al., 2010) 150–180 min after
IP SNa or saline administration.

We sampled 10s-EOD recordings every 5 min, and calculated
the mean EOD interval in each sample using the software
Clampfit 10.0.0.61 (Axon Instruments, Foster City, CA, USA). This
interval was converted to frequency and represented the EOD rate
of each sample. The EOD basal rate of each fish was calculated as
the median of EOD rate values of 3 samples recorded before treat-
ment (45 min, 30 min, and 15 min before SNa administration). The
EOD rate post-treatment was calculated as the median of EOD rate
values of 3 samples recorded from 170 to 180 min after SN
injection.

To be able to compare individuals, we evaluated the effect of the
administration of SNa vs saline by quantifying the ratio of EOD rate
change (rate variation index, RVI) calculated as follows: the differ-
ence between the EOD rate post-treatment and the EOD rate basal
rate normalized to the EOD basal rate. RVI > 0 and RVI < 0 imply
increases and decreases in EOD rate, respectively; whereas
RVI = 0 means no effect on EOD rate (Perrone et al., 2010; Silva
et al., 2007).

2.5. In vitro electrophysiological experiments

Adult females (n = 6) were chosen at random from the housing
pools and anesthetized with sodium pentobarbital (Merck,
10 ll/g bw, final dose 25 lg/g bw, IP). The dorsal surface of the
brain was exposed while bathed with cold sodium-free
Ringer-sucrose solution (containing in mM 209 sucrose, 3 KCl,
0.75 KH2PO4, 1.2 MgSO4, 1.6 CaCl2, 24 NaHCO3, and 10 D-glucose,
pH = 7.4 after saturation with 95% O2–5% CO2). The brain with part
of the spinal cord was rapidly removed from the skull and
submerged in cold Ringer-sucrose solution. The entire surgical
procedure took less than 5 min. Transverse sections of the brain
(700 lm thick) were obtained under cold Ringer-sucrose using a
vibratome (Leica, VT1000S). Slices were incubated at room temper-
ature for 30 min in a 1:1 solution of Ringer-sucrose and fish Ringer
(containing in mM, 124 NaCl, 3 KCl, 0.75 KH2PO4, 1.2 MgSO4, 1.6
CaCl2, 24 NaHCO3, and 10 D-glucose, pH = 7.4 after saturation with
95% O2–5% CO2). Slices were then transferred to the recording
chamber contain-ing fish Ringer solution. The slice containing
the PN was maintained in the recording chamber and superfused
with oxygenated Ringer solution at room temperature (17–22 �C)
at a very slow rate of 75 ll/min. It has been already demonstrated
that in these conditions, the PN maintains its spontaneous syn-
chronized activity with a stable firing rate for several hours
(Perrone et al., 2010). All the experiments were carried out during
daytime.

Field potential recordings of PN activity were carried out as val-
idated and described elsewhere (Perrone et al., 2010; Quintana
et al., 2011). Briefly, recordings were performed with low resis-
tance glass micropipettes (3–5 MX) filled with fish Ringer solution.
The field potential reflects the synchronous activity of the neurons
of the pacemaker nucleus in close proximity with the micropipette.
Signals were amplified (AM Systems, M3000, filters 150–3000 Hz)
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and fed to a computer for further analysis. Once the electrode was
located, it remained unmoved until the end of the experiment.
After recording basal activity for 30 min, 20 ll of vehicle (sterile
double-distilled water) was added to an intermediate chamber,
in order to test its effect on the firing rate of the PN. Two hours
later, goldfish SNa (20 ll of 1 lg/ll SN; 1 lM final concentration)
was added to the same intermediate chamber. All experiments
were performed using the same batch of SNa.

Samples of in vitro electric recordings (30 s, taken every 5 min)
were obtained for up to 120 min after saline injection and 200 min
after SNa administra-tion. As for behavioral data, the mean PN dis-
charge interval in each sample was calculated using the software
Clampfit 10.0.0.61 (Axon Instruments, Foster City, CA, USA). This
interval was converted to frequency and plotted as mean ± SD of
PN discharge rate of each 30 s sample. The PN basal discharge rate
of each fish was calculated as the median of the EOD rate values of
the samples recorded before injection in the intermediate cham-
ber. We evaluated the effect of the administration of SNa using
the rate variation index, RVI (as described above).
2.6. Statistics

Behavioral and electrophysiological data subjected to statistical
procedures are presented as median ± median absolute deviation
(MAD) throughout. The non-parametric Wilcoxon matched-pairs
test for paired variables was used to test the variations of EOD rate
in injected fish, and Mann Whitney U-test was used to compare the
locomotor activity between SNa-injected fish and saline controls.
The relationship between RVI and EOD rate was determined by
regression analysis. Statistical analysis was performed using Past
3.0 (Hammer et al., 2001).
3. Results

3.1. Secretoneurin immunoreactivity in the POA

Cells immunoreactive for SN were identified in the POA of
female B. gauderio (Fig.1). Similar to the situation in goldfish
(Canosa et al., 2011), SN-ir cells were located in rostral
(Fig. 1B and C), medial (Fig. 1E and F) and caudal (Fig. 1H) sections
of the POA and send their projections to the neural lobe of the pitu-
itary gland. The distribution and size of cells resembled the parvo-
cellular, magnocellular and gigantocellular populations of
neuropeptidergic neurons of the POA. Both cytoplasm and fibers
were SN-ir, while cell nuclei were not reactive (Fig. 1C, F, H). The
SN antiserum produced a reaction that was completely blocked
by SNa preabsorption (Fig. 1I).

Both IST and AVT were also immunohistochemically-identified
in the POA (Fig. 2). The distribution of IST and AVT positive cells
(shown as green fluorescence in Fig. 2) was similar to that of
SN-ir cells (shown as red fluorescence in Fig. 2). As in SN-positive
cells, the somata and fibers but not the nuclei were IST-ir and
AVT-ir. Colocalization of SN was observed with both IST and AVT
neurons and fibers (Fig. 2C, D, G, H). The colocalization of SN and
IST is evident in Fig. 2C and D appearing as an orange and yellow
color in the merged image and in the confocal Z-stack projection
(Fig. 2D). However, some parvocellular and magnocellular ele-
ments were only SN-positive (data not shown). In some somata,
one of the peptides was dominant resulting in either more greenish
or reddish fluorescence (Fig. 2C). In addition, some fibers were SN
positive but IST negative (Fig. 2C).These SN-ir fibers were in the
proximity of somata double-labeled with anti-SN and anti-IST
(Fig. 2C). The preabsortion of OXT antiserum with IST peptide
(100 lM) blocked the reaction of the antibody in the tissue, and
OXT-ir was not affected by preincubating the tissue with AVT
(1 lg/ml) (data not shown). Some somata and fibers of
SN-positive POA cells colocalize with AVT, appearing as an orange
and yellow color in the merged figure (Fig. 2G) and in the confocal
Z-stack projection (Fig. 2H). The colocalization of SN and AVT was
identified in fibers emerging from the soma (Fig. 2G) and in distal
projections (Fig. 2G inset). Nevertheless, some fibers (Fig. 2G) and
somata (data not shown) were only SN positive. Preincubation of
AVT antiserum with AVT peptide showed no reaction in the tissue
(data not shown), and AVT immunoreactivity was not affected by
preincubating the tissue with IST, demonstrating specificity of
the AVT antiserum.

3.2. Secretoneurin-positive cells in the rostral pars distalis of the
pituitary gland

In the pituitary gland, both SN-ir fibers and cells were detected.
These cells were mainly located in rostral pars distalis of the pitu-
itary (Fig. 3A). This corresponds to the area where most PRL cells
are clustered in the teleost pituitary gland (Cerdá Reverter and
Canosa, 2009). The double-labeling with anti-SN (in red) and
anti-PRL (in green) showed that the great majority of these cells
are lactotrophs expressing both, PRL and SN (Fig. 3B). A few SN-ir
cells were also observed in the proximal pars distalis (Fig. 3A).

3.3. Secretoneurin-positive fibers reach the pacemaker nucleus

Fibers exhibiting distinct SN-ir were identified in the medulla at
the level of the PN of B. gauderio (Fig.4C and D). The SN-ir fibers
were visualized in proximity to PN neurons (Fig. 4D). As previously
described in B. gauderio (Perrone et al., 2014), AVT-ir fibers were
observed in proximity to the PN (Fig. 4G). No IST-ir fibers were
observed (data not shown). In the PN sections, the SN-positive
fibers were less abundant than AVT-positive fibers. Around the
PN, most fibers were exclusively SN-ir (Fig. 4C and D) or AVT-ir
(data not shown), whereas only a few of the SN-ir fibers colocalized
with AVT (as shown in Fig. 4H).

3.4. Effects of SNa on electric behavior

Basal EOD rate exhibited a wide range of variation among indi-
vidual resting B. gauderio recorded in social isolation, at constant
temperature and water conductivity (14.1 ± 4.8 Hz (mean ± SD),
range 5.3–29.2 Hz; n = 40). However, EOD rate was very stable in
each recorded fish and remained unchanged 180 min after saline
injections (pre-saline EOD rate, median ± MAD = 13.9 ± 3.9 Hz;
180 min post-saline EOD rate, median ± MAD = 13 ± 1.8 Hz,
Wilcoxon matched-pairs test, n = 6; p = 0.46). After the administra-
tion of SNa: (a) 4 out of 8 fish increased their EOD rate with RVI
ranging from 0.04 to 0.34 180 min after treatment (Fig. 5); (b) 4
out of 8 fish decreased their EOD rate with RVI ranging from
�0.03 to �0.28 180 min after treatment (Fig. 5); and (c) there were
no observable changes in locomotor activity (frequency of motion
behavioral unit in saline controls versus SNa injected fish, n1 = 6,
n2 = 8, Mann Whitney U-test, p = 0.753). In all cases, the effects
on EOD rate were observed within 30 min following SNa injection
and persisted for the entire recording period (180 min). Treatment
with SNa increased or decreased EOD rate depending on the indi-
viduals’ initial rate; i.e., in animals with a low initial EOD rate
SNa induced a rate increase, whereas in animals with a high initial
EOD rate SNa induced the opposite effect. Interestingly, EOD initial
rate had a predictive value on RVI (R2 = 0.796, p = 0.002; n = 8),
indicating that both the magnitude and the polarity of the SNa
effect was highly dependent on individual basal EOD rate (Fig. 5).
Consequently, EOD rates observed prior to treatment ranged from
11 to 27.8 Hz. While after SNa administration this range narrowed



Fig. 1. Secretoneurin-like immunoreactivity (SN-ir) in transverse sections of the preoptic area (POA) of female Brachyhypopomus gauderio. (A) Diagram of a rostral section of
the POA. The dots indicate the location of SN-ir cell bodies; (B) rostral section of the POA. Both parvocellular and magnocellular neurons are SN-ir (white); (C) magnification of
an area of the tissue section shown in panel B. Both SN-ir somata and fibers are observed. (D) Diagram of a medial section of the POA. The dots indicate the location of SN-ir
cell bodies. (E) Medial section of the POA. Both parvocellular and magnocellular neurons are SN-ir. (F) Magnification of an area of the tissue section shown in panel E. Both SN-
ir somata and fibers are observed. (G) Diagram of a caudal transverse section of the POA. The dots indicate the location of SN-ir cell bodies. (H) Caudal section of the POA.
Magnocellular neurons are SN-ir. (I) Complete inhibition of the SN immunoreaction in a rostral section of the POA after the preabsorption of the SN antiserum with SNa
(5 lM). Scale bars in A, D, G: 500 lm; scale bars in B, C, E, F, H, I: 50 lm. AC, anterior commissure; CCb, corpus cerebelli; DC, central division of dorsal forebrain; DD, dorsal
division of dorsal forebrain; DLd, dorsolateral telencephalon, dorsal division; FB, forebrain bundle; OC, optic chiasm; PPa, nucleus preopticus periventricularis, anterior
subdivision; PPp, nucleus preopticus periventricularis, posterior subdivision; Sc, suprachiasmatic nucleus; Vp, ventral telencephalon, posterior subdivision.
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to 14.7–23.6 Hz, and average values remained similar and were
17.9 and 17.6 pre- and post-treatment, respectively.

The PN had a low firing rate with very little variability when
isolated in the slice and kept in stable chamber conditions
in vitro (10.4 ± 1.9 Hz, range 6.8–13.7 Hz; n = 12). Perfusion of the
preparation with the vehicle had no effect on the PN discharge rate
(Fig. 6). Pre-vehicle PN rate (median ± MAD) was 9.8 ± 1.2 Hz while
120 min post-vehicle PN rate (median ± MAD) was 10.1 ± 1.1 Hz
(Wilcoxon matched-pairs test, n = 6, p = 1). The perfusion with
SNa (1 lM) produced an increase in 3 out of 6 cases, which had
very low initial basal rates ranging from 6.8 to 10.4 Hz. In these
cases, the effect on PN firing rate could be observed 90 min after
SNa administration and persisted for at least 180 min with RVIs
ranging from 0.13 to 0.53 (Fig. 6). In the other 3 cases, which had
higher initial basal rates ranging from 9.5 to 13.7 Hz, we observed
no changes in PN firing rate after perfusion with SNa in vitro. In
these cases, PN rates remained stable throughout the experiments,
with RVIs ranging from �0.08 to �0.03 (Fig. 6).

4. Discussion

Secretoneurin, an evolutionarily conserved peptide, has numer-
ous functions that include neuroinflammation, neurotransmitter
release, and neuroendocrine regulation (Trudeau et al., 2012).
Interestingly, SN in the POA of mammals and fish has been shown
to have a conserved close association to the AVP/OXT system
(Canosa et al., 2011), a peptide family which is key in the modula-
tion of sexual and social behaviors (Goodson and Bass, 2001;
Goodson and Thompson, 2010). In this study we have shown that
in the B. gauderio, SN is produced by preoptic neurons and endo-
crine cells of the pituitary, and that its distribution reaches the
hindbrain, in the vicinity of the PN. This is the first report to show



Fig. 2. Colocalization of secretoneurin-like immunoreactivity (SN-ir) with isotocin (IST) and arginine vasotocin (AVT) in medial transverse sections of preoptic area (POA) of
female Brachyhypopomus gauderio. (A) SN-ir somata (red). (B) IST-ir somata (green). (C) Colocalization of SN-ir and IST-ir is shown as an orange to yellow color in somata and
fibers. (D) Colocalization of SN and IST in a magnocellular neuron, Z-stack projection and orthogonal view. (E) SN-ir somata (red). (F) AVT-ir somata (green). (G) Colocalization
of SN-ir and AVT-ir is shown as an orange to yellow color in somata and fibers. (G, inset) Detail of a fiber double-labeled with SN and AVT. Z-stack projection and orthogonal
view. (H) Colocalization of SN and AVT in a magnocellular neuron. Z-stack and orthogonal view. Scale bars: A–G: 20 lm; I inset, H inset: 10 lm. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. (A) Sagittal view of Brachyhypopomus gauderio pituitary gland. Secretoneurin-immunoreactive (SN-ir; brown shows the DAB (3,30-diaminobenzidine tetrahydrochlo-
rate hydrate reaction) cells are shown in the rostral pars distalis surrounding nerve terminals entering the pituitary gland (arrows). Some SN-ir cells can be seen isolated in the
proximal pars distalis (arrows). (B) Colocalization of secretoneurin (SN) and prolactin (PRL) in the Brachyhypopomus gauderio pituitary gland. Most of the cells in the rostral
pars distalis are also immunoreactive for both SN (red) and PRL (green) resulting in a yellowish coloration (full arrows). Some dispersed SN-ir cells (red) were also detected at
the proximal pars distalis (arrowheads). The blue reaction represents the nuclear stain DAPI. Scale bars: A: 100 lm; B: 20 lm. RPD, rostral pars distalis; PPD, proximal pars
distalis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the influence of SN on electric behavior, and among the few studies
that have considered the neuromodulatory effect of SN on behav-
ior. Secretoneurin modulates the diurnal basal EOD rate, exerting
at least part of its effects on EOD rate directly at the PN level and
in a context-dependent manner.

4.1. SN cells and projections

Immunostaining was performed with an antibody generated
against the central core of the most conserved portion of vertebrate
SN peptide. This antiserum revealed clearly labeled cell bodies and
fibers throughout the POA, with a distinct location in the parvocel-
lular, magnocellular and gigantocellular neuronal populations, in
agreement with reports for this and other neuropeptides (Canosa
et al., 2011; Greenwood et al., 2008; Larson et al., 2006).
Secretoneurin-ir was also localized in endocrine cells of the
pituitary pars distalis, and the terminal nerves that form the pars
nervosa. Furthermore, projections of SN neurons were labeled in
the hindbrain, in close vicinity to the PN, which commands the
rhythm of the EOD. This description of SN distribution, particularly
in nerve terminals in the posterior pituitary, endocrine cells of the
pars distalis and in fibers in and around the PN raise the distinct
possibility that SN may be exerting a regulating influence by both
endocrine and/or neuroendocrine mechanisms.

In the POA prominent SN-ir in perikarya and fibers colocalized
with both AVT and IST. This included the innervation of the pars
nervosa of the pituitary where AVT, IST and presumably SN are
released from nerve terminals. This colocalization is consistent
with what is known about SN-ir in goldfish, the only other teleost
where SN distribution has been evaluated, and reinforces the
notion that SN may well be involved in the AVT/IST modulation
of sexual, aggressive and/or affiliative behaviors. Additionally,



Fig. 4. Secretoneurin-immunoreactive (SN-ir) fibers in the proximity of the pacemaker nucleus (PN). (A) Diagram of a transverse section of the medulla at the level of the PN.
The border of the PN is shown in blue. (B) Diagram of an enlarged transverse section of the PN. The green dotted lines indicate SN-ir fibers. (C and D) SN-ir fibers (green)
proximate to relay neurons. (E) Diagram of a transverse section of the PN. The yellow dots indicate a fiber double-labeled for SN and AVT. (F) SN-ir fiber (green). (G) AVT-ir
fiber (red). (H) Colocalization (yellow) of SN-ir and AVT-ir in a fiber. Scale bars: A: 500 lm; B, E: 50 lm; C, F, G, H: 10 lm; D: 20 lm. Dr, dorsal; Vt, ventral; Rt, rostral; Cd,
caudal; R, relay neuron. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. The magnitude and polarity of the effect of goldfish SNa on in vivo basal EOD
rate depends on its initial value. The dash line represents no variation in EOD rate
(rate variation index, RVI = 0). Intraperitoneal administration of SNa (1 lg/g)
induces either an increase in EOD rate (RVI > 0) or a decrease in EOD rate
(RVI < 0). In individuals whose initial basal EOD rates were low (<15 Hz), SNa
induces an increase; in individuals whose initial basal EOD rates were high
(>20 Hz), SNa induces a decrease. Linear regression analysis indicates a strong
negative relationship between RVI and basal EOD rate (n = 8).
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SN-ir was localized to lactotrophs in the rostral pars distalis. This is
also in agreement with observations in goldfish (Zhao et al., 2009).
In addition, some SN-ir cells were also detected in the proximal
pars distalis of B. gauderio corresponding to the area where growth
hormone (GH) producing cells are located (Vissio et al., 1997;
Sciara et al., 2006). This observation together with the previous
identification of SN-ir in the goldfish pituitary gland (Zhao et al.,
2009), suggests that some of these cells are likely somatotrophs.
Neuropeptidergic modulation of behavior has already been
described in B. gauderio. It is also known that the electric behavior
is affected by AVT, which induces strong EOD rate increases in this
species. The PN itself appears to be the effector of this modulatory
input: AVT-ir fibers lie in close proximity to the PN, and it is pos-
sible to reproduce the behavioral temporal pattern of
AVT-mediated effects on EOD rate in an PN isolated preparation
(Perrone et al., 2010, 2014). In this study, we found fibers around
the PN that were exclusively SN or AVT-positive, and some fibers
where both SN and AVT were colocalized. It has been proposed that
the pattern-generating circuit of the electromotor system origi-
nates from the same genetically specified compartments of the
embryonic hindbrain that gives rise to rhythmically active cardiac
and respiratory circuits in vertebrates (Bass and Baker, 1997). In
mammals, the nucleus of the solitary tract (NTS), a brainstem cen-
tral pattern generator like the PN of weakly electric fish, is also
involved in nutrient sensing and food intake. Interestingly, in the
rat, the NTS presents a high density of SN fibers (Marksteiner
et al., 1993) and AVP fibers (Michelini, 1998), thereby implicating
SN and AVP in the modulation of respiratory rhythms and feeding.
In goldfish, SNa injection into the third ventricle stimulates feeding
behavior (Trudeau et al., 2012). On the whole, our results suggest
that SN effects on EOD rhythms are carried out directly at the PN
level through a neural influence, and perhaps through an endocrine
mechanism. Future studies will be focused on the effect of both
AVT and SN on PN rate, in order to understand if and how these
two modulatory systems interact.
4.2. SNa modulation of electric behavior

This is the first study to demonstrate the effect of SN on an elec-
tric behavior and to identify a target of its action, the PN, which is
ultimately responsible for EOD rate. The rhythm of the EOD can be
considered itself an electric behavior as it signals arousal, sexual,
and dominance-subordinate status (Hagedorn and Heiligenberg,



Fig. 6. Effect of goldfish SNa on in vitro firing rate in isolated brain slices containing the pacemaker nucleus (PN). Application of 1 lM SNa produced a delayed and persistent
increase in firing rate (solid symbols) in a preparation with an initial basal rate of 10.3 Hz. On the other hand, in a preparation with an initial PN firing rate of 13.7 Hz, SNa
exerted no effect, and basal firing rate remained stable throughout the recording (open symbols). Application of control vehicle (double-distilled water) had no effect on PN
rate. Each symbol represents the mean ± SD instantaneous frequency of a 30 s sample of PN activity (PN field potentials).
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1985; Silva et al., 2002, 2007, 2013). Following previous studies
(Perrone et al., 2010, 2014; Silva et al., 2007) and to favor the link
between behavior and PN physiology, we focused on the basic unit
of electric behavior: the resting diurnal EOD rate of isolated indi-
viduals. Furthermore, in order to avoid the bias of sexual and
reproductive modulation of electric behavior, we chose to restrict
our work to non-breeding females.

Secretoneurin modulates diurnal basal EOD rate in a
context-dependent manner, i.e., the magnitude and polarity of
the effects of SNa depended on the initial value of EOD rate.
Context-dependent effects of neuropeptides to modulate physiol-
ogy and behavior are not without precedent. The effects of neu-
ropeptide Y to either enhance or suppress pituitary luteinizing
hormone release are context-dependent, varying according to
stage of the rat estrous cycle and steroidal treatments (e.g., Knox
et al., 1995). Another example demonstrates clear
context-specific effects of neuropeptides to regulate behavior.
Bredewold et al. (2014) demonstrated that both AVP and OXT sys-
tems in the lateral septum modulate social play in juvenile rats in
neuropeptide-, sex- and social context-specific ways. Furthermore,
neuropeptides can directly modulate neuronal firing patterns in
state-dependent manners. For example, in vitro, thalamic paraven-
tricular nucleus neurons respond to exogenously applied AVP
(Zhang et al., 2006) and orexins (Kolaj et al., 2007) with membrane
depolarization and state-dependent modulation of their firing pat-
terns. Furthermore, in the agonistic behavior of the highly territo-
rial weakly electric fish, Gymnotus omarorum, AVT acts differently
on potential dominants depending on the size of the contended
territory (R. Perrone, personal communication). Therefore, the
effect of IP-injected SNa to either increase or decrease EOD firing
rates may be another example of context-dependent effects of a
neuropeptide.

Interestingly, we found a wide range of diurnal basal EOD rates
in isolated individuals recorded at constant temperature. The emis-
sions of EODs, which are energetically expensive signals
(Crampton, 1998; Salazar and Stoddard, 2008), play dual key roles
in perception and communication. In this scenario, SN may act as a
homeostatic neuromodulator, involved in the complex adjustment
of EOD rate as the animal copes with different contextual demands
(environmental, social and physiological). Also interestingly, PN
firing rates recorded in vitro were lower and exhibited a narrower
range than in vivo EOD basal rates (6.8–13.7 Hz). This suggests that
the isolation of the PN in the brainstem slice excludes the action of
excitatory central inputs, most likely glutamatergic inputs from
prepacemaker areas that are important in setting EOD rate
in vivo (Juranek and Metzner, 1997, 1998; Kawasaki and
Heiligenberg, 1988, 1989, 1990; Kawasaki et al., 1988; Keller
et al., 1991; Metzner, 1993; Spiro et al., 1994).

In vivo effects of SNa on EOD rate were paralleled by the effect
of SNa on PN firing rate in brainstem slices in at least two aspects.
Firstly, when the initial PN firing rate was low (<10 Hz), SNa
induced a long-lasting acceleration similar in magnitude and tim-
ing to the EOD rate increase observed after IP SNa administration
in vivo. Similarly to previous data on AVT effects on electric behav-
ior (Perrone et al., 2010, 2014), our results suggest that SNa is
exerting its effects directly on the PN, most likely on the pace-
maker cell population, and that, in addition to possible endocrine
actions, the SN fibers identified close to the PN might be the
anatomical substrate for SN influences on PN activity. Secondly,
the effects of SNa on PN firing rate also depended on its initial
value; but in contrast to the in vivo data in which SNa induced a
decrease in EOD rate when the initial values were high, SNa failed
to induce an effect in PN firing rate when its initial value was above
10 Hz. Different targets of SNa within the brain may explain
context-dependent actions of SNa in vivo. The PN itself might be
a target for SNa excitatory effects that were therefore retrievable
in the in vitro preparation in which PN firing rates are always
low. On the other hand, pre-pacemaker structures might be the
target for SNa inhibitory effects, impossible to observe in the brain-
stem slice used, obviously disconnected from higher influences.
Future experiments will aim to artificially increase PN firing rate
in the brainstem slice (by AVT administration, for example), and
then test if SNa is able to reduce PN firing rate. This will elucidate
if behavioral actions of SN can be fully explained at the PN level.

From a more integrative neuroendocrine perspective our data
suggest a distinct interplay of AVT and SN peptides in the modula-
tion of electric behavior. Arginine vasotocin always induces a sud-
den and permanent increase in EOD rate regardless of its initial
value, sex or season that can be fully explained by its action on
the PN (Perrone et al., 2010, 2014). In contrast, SN induces changes
in EOD rate that depend on its initial value, and that cannot be fully
mimicked at the PN level. Interestingly, this fine-tuning of electric
behavior, that can be already identifiable in isolated individuals,
may constitute an important element of the neuroendocrine mech-
anisms controlling complex social interactions.
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