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Abstract

Sexually-selected communication signals can be used by competing males to settle contests without
incurring the costs of fighting. Steroid regulation of these signals can render them as reliable
indicators of a male's physiological state. We investigated how plasticity in electrocommunication
signals is driven by social competition for mates, mediated by steroid hormones, and subject to the
effects of past social experience. We measured the electric waveform's amplitude and duration and
steroid hormone levels of male gymnotiform electric fish (Brachyhypopomus gauderio) following
week-long periods of social isolation, and low or high social competition. To quantify the effect of
social history on the modulation of the electric signal, six groups of six males experienced all the
above three social conditions but in different order. We found that males differentially modulate their
electric signals depending on the order they experienced these conditions. Thus, past social
interactions affect both present and future social electric signals. Cortisol levels and the amplitude
of the electric signal appeared to track the intensity of competition, while androgen levels and the
duration of the electric signal only responded to the presence (low and high competition) or absence
(isolation) of a social environment (low and high androgens respectively). In addition, cortisol levels
were related to the body size of the males at high social competition. Taken together, these findings
suggest that the capacity of males to modulate their signals in response to social competition is
regulated by steroids.
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Social experiences influence an animal's motivational state during present and future social
interactions. Males compete fiercely or adopt alternative mating strategies when fewer mates
are available, resources are limiting, and the reproductive period is short (Andersson, 1994).
But contests between males consume time and energy in the best case, or can lead to injury in
the worst case (Neat et al., 1998). Ritualized behaviors and reliable signals facilitate the
resolution of contests while minimizing its costs (Grafen, 1990; Parker, 1974; Smith, 1973;
Zahavi, 1975). Furthermore, male aggressive interactions regulate and are regulated by steroid
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hormones such as glucocorticosteroids and androgens (Abbott et al., 2003; Elofsson et al.,
2000; Goymann and Wingfield, 2004; Oliveira et al., 2002; Overli et al., 1999; Summers and
Winberg, 2006; Wingfield et al., 1987; Wingfield et al., 1990). Yet, this bidirectional
relationship can result in collateral costs such as suppression of immune function, depletion of
energy stores, and reduced parental care (Romero, 2004; Sapolsky et al., 2000; Wingfield et
al., 1990).

Some organisms have evolved innovative adaptations to balance the benefits and costs of
energetically-demanding signals and displays. Such is the case of the gymnotiform fish
Brachyhypopomus gauderiol (Giora and Malabarba, 2009), which, by coupling its electric
signal waveform to endocrine systems with circadian, seasonal, and behavioral drivers, can
direct its expensive signal displays to the times when it might derive the greatest benefit
(Salazar and Stoddard, 2008). Four features of the life history of the nocturnal gymnotiform
fish B. gauderio make it an excellent candidate to understand the adaptive role of the circadian
regulation of communication signals. First, these fish generate an electric organ discharge
(EOD) to navigate, locate prey, and communicate with conspecifics in the dark. During the
breeding season, not only do males have larger amplitude and longer duration EODs, but they
further enhance their EODs by increasing these sex differences at night while decreasing them
during the day (Franchina and Stoddard, 1998;Stoddard et al., 2007b). Second, these sexually
dimorphic characters are associated with reproductive success. Gravid female B. gauderio
preferentially associate with bigger males with larger amplitude and longer duration EODs
(Curtis and Stoddard, 2003). Third, EOD circadian rhythm plasticity is sensitive to changes in
the social environment. Social isolation decreases the EOD circadian rhythm, and addition of
a social companion to the tank of an isolated male restores the reduced EOD circadian rhythm
of the isolated male to levels observed in males sampled from social groups. Nevertheless, this
effect is sex-specific: a male social companion induces a bigger and faster effect than a female
social companion (Franchina et al., 2001). Fourth, the EOD is modulated by melanocortins
(Markham et al., 2009;Markham and Stoddard, 2005) and by steroid hormones (Mills and
Zakon, 1991;Stoddard et al., 2006).

The EOD operates in the same modality as the nervous system's action potentials, making it a
tractable system to investigate the role of hormones in the regulation of signal production
mechanisms in the context of sexually-selected communication. The EOD can be
deconstructed into its waveform amplitude (voltage in mV, Fig. 1A), its waveform duration
(time inms, Fig. 1A), and its repetition rate or frequency (EODs per second). The contributions
of the central and the peripheral components of the electrocommunication neural network can
be dissected out (Zakon, 1998): the EOD repetition rate is controlled by the medullary
pacemaker nucleus (Dye and Meyer, 1986;Kawasaki and Heiligenberg, 1989;Kawasaki and
Heiligenberg, 1990;Keller et al., 1991), while the EOD waveform's amplitude and duration are
determined by the intrinsic properties of the peripheral electric organ (EO)'s electrocytes
(Bennett, 1970;Bennett et al., 1967). Androgens can alter the EOD centrally (EOD repetition
rate) and peripherally (EOD waveform) (Bass and VVolman, 1987;Mills and Zakon, 1991;Mills
etal., 1992;Stoddard et al., 2006;Zakon et al., 1991). The effects at either level are independent
from each other (Few and Zakon, 2001). Furthermore, 11-ketotestosterone (11-KT) and
cortisol are positively related to modulations of the EOD repetition rate in taxa with sex
differences in this parameter (Dunlap, 2002;Dunlap et al., 2002).

Increasing the density of males in a population has been shown to increase the incidence of
aggressive encounters and the levels of androgens in teleost fish (Oliveira et al., 2002;

1Recently, B. pinnicaudatus was divided into two species. Specimens found in the northern range of its distribution remain as B.
pinnicaudatus, while those found in the southern range are now classified as B. gauderio. Drs. William Crampton and David de Santana
have confirmed that our laboratory colony originated from the southern species B. gauderio.
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Pankhurst and Barnett, 1993). Nevertheless, the effect of changing social group dynamics on
steroid-regulated, condition-dependent communication signals is not well understood. In this
study, we measured the EOD and the steroid hormone levels of isolated males, and males at
low and high competition. Males experienced all three conditions but in different order which
allowed us to quantify the effect of social history in the modulation of the EOD.

Our subjects were male B. gauderio, a gymnotiform pulse-type weakly electric fish native to
marshes and slow waters of South America. Fish were selected randomly from a captive-reared,
11 generation breeding colony located at Florida International University, Miami, Florida.
Males' body length ranged from 13.0 to 24.6 cm and females' body length ranged from 14.1 to
17.9 cm. We categorized juveniles by length (7 cm or smaller) and by the absence of sexually-
mature characters (e.g, long and thick tails indicative of breeding males or swollen abdomens
indicative of gravid females). Fish were reared and housed in 450-liter (185 x 95 x 26 cm)
outdoor pools with water conductivity at 90+10 uS cm ! and mean ambient temperature at 27
+2 °C. The water surface of each pool was covered 80-100% with water hyacinths (Eichhornia
crassipes). Each breeding pool contained 10-20 fish. All fish were fed live oligochaete
blackworms (Gulfstream Tropical Aquarium, Dania, Florida) three times per week.
Experiments took place during the reproductive months, typically from May to September.

Before the beginning of the experiment, we tagged male subjects with fluorescent visible
implant elastomer (VIE, Northwest Marine Technology, Inc.) for individual identification. For
individual tagging, we anesthetized each fish using 0.075% 2-phenoxyethanol for 2-3 min and
injected the elastomer tags on the same side of each fish caudal to the pectoral fin. The elastomer
tags were injected subcutaneously following a numerical code consisting on a combination of
orange, yellow and green vertical and horizontal lines approx. 2-3 mm in length
(Supplementary Materials). Experiments complied with NIH ‘Principles of Animal Care’
publication no. 86-23, rev. 1985, and were approved by the FIU IACUC (protocol approval
no. 07-004).

The EOD machine

This method has been described in detail by (Stoddard et al., 2003). In brief, this automated
system allowed us to record and perform online analysis of calibrated EODs in free-swimming
fish. We placed male fish into one of the outer compartments of the recording tank (Fig. 1C)
and recorded the fish's EOD only when it was positioned in the center of the tank. Every 60
seconds, the peak-to-peak amplitude and tp, (time constant of repolarization of the 2nd phase,
a measure of EOD duration) of nine consecutive EODs were recorded provided that the fish
was in the center of the tank (Stoddard et al., 2003) (Fig. 1A). During the night, the EOD was
sampled at irregular intervals since the fish were more active and did not necessarily swim
through the center of the tank during all sampling intervals. Therefore, we fitted a smoothing
cubic spline function using the MATLAB Spline Toolbox (Mathworks, Natick MA) to the
selected 48h data block of each parameter to interpolate for any gaps in the data collection
(Stoddard et al., 2007b). We used the fitted data to calculate the peak-to-peak amplitude and
Tpy Values at the day minimum and the night maximum (Fig. 1B). The night-day changes were
calculated by subtracting the day minimum from the night maximum (Fig. 1B).

Design of social treatment groups

From May to August, thirty-six male fish were randomly sampled from our outdoor colony
for inclusion in the experiment. Baseline social conditions in our outdoor pools during the
experiment period consisted of groups of 10-20 fish with 2-4 males per group. Each group
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1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Salazar and Stoddard

Page 4

experienced each of the following three social conditions (Fig. 2A) but in different order:
Isolation (1 male, O juveniles, and 0 females), Social 2 (low male competition: 2 males, 4
juveniles, and 6 females), and Social 6 (high male competition: 6 males, O juveniles, and 6
females). In the two competition treatments, juveniles were included to keep the total number
of fish constant.

Before and after placement in each of the three social conditions, we weighed and measured
each male, and recorded the circadian oscillation of his EOD for 48 hours in the EOD machine.
Therefore, each group of fish alternated between being housed in outdoor pools under their
respective social condition (isolation, Social 2, or Social 6) for seven days and being
individually housed in tanks in the EOD machine for 48 hours (Fig. 2B). Since one group of
six males went through one of the six possible combinations, at any time, males in the Social
6 group were together in one pool, males in the Social 2 group were housed in pairs in three
pools, and socially isolated males were housed individually in six pools. At the end of the
experiment, each social condition had two replicates (Fig. 2B). In all, the design had six groups
of six males, counterbalanced by assigning subject males to six possible permutations of the
three social treatments (Fig. 2B).

Blood collection

At the end of the experiment, fish were returned to their most recent social condition housing
pools for another week (Fig. 2B). Then, six males from each social condition were quickly
netted from their respective social pools in the late afternoon (15:00-16:00), lightly
anesthetized by immersion for 2-3 min in a solution of 0.075% 2-phenoxyethanol, quickly bled
from the ventral vertebral sinus, and returned back to their pools. We collected 50-200 pl of
blood with a 10% EDTA-treated needle and syringe. The blood was transferred to a 10%
EDTA-treated 0.5 ml polypropylene tube and kept on ice until centrifugation. Blood samples
were centrifuged for 15 min at 7000 rpm using an Eppendorf MiniSpin centrifuge at 2-4 °C
and the plasma was removed and stored at -80°C for later analysis. We also sampled blood
from 12 females following the same protocol as with the males to quantify sex-specific
differences in steroid hormone plasma levels. Females were sampled randomly from either
Social 2 or Social 6 pools.

Steroid hormones analyses

For males in each of the three social treatments, circulating levels of unbound cortisol (F),
testosterone (T), and 11-ketotestosterone (11-KT) were quantified in plasma using enzyme
immunoassays (EIAs) specific for each hormone (Cayman Chemical Co.). The detection limits
for these immunoassays were 1.2 x 10-2 ng/ml for cortisol, 1.3 x 10-3 ng/ml for testosterone
and 6 x 1073 ng/ml for 11-ketotestosterone. The Cayman EIA kits have sufficiently high
sensitivity that after proper dilution (1:100 for isolated males and 1:500 for social males) one
male plasma sample of 10 pl is sufficient for 3 triplicate immunoassays of three steroids.

We collected sufficient plasma from six females to assay 11-KT and T, but not cortisol, so we
sampled six additional females to assay cortisol levels. From these additional plasma samples,
four of the samples were sufficient to assay a second hormone so we measured circulating T
levels a second time. To ensure that the hormone concentrations fell within the immunoassay
detection range, at least two dilutions were tested in duplicates in pilot immunoassays. Because
of their small body size, fish could not be bled more than once within a 2-3 weeks period,
therefore all the fish in this experiment were only bled once. Fish were bled within the first 3
min after capture; therefore, we assumed that the plasma cortisol levels do not reflect the effects
of handling during blood sampling (Fox et al., 1997; Pottinger and Moran, 1993), an assertion
reinforced by uniformly low cortisol levels in our social isolates (see Results).

Horm Behav. Author manuscript; available in PMC 2010 October 1.
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A pilot immunoassay using plasma aliquots from untreated fish detected assay interference.
Therefore, we triple-extracted steroid hormones from the plasma using 4x sample volume of
hexane:ethyl acetate (90:10 for samples tested for 11-KT and 70:30 for samples tested for T
and F). Systematic pilot tests showed these solvent combinations and ratios yielded the best
recoveries for all the hormone standards across the entire detection ranges of the kits. Extracted
samples were evaporated in a vacuum centrifuge (Eppendorf Vacufuge, using the organic mode
at 30°C) and reconstituted using the immunoassay kit's EIA buffer provided with Cayman's
EIA kits. Standards of known concentrations were processed using the same extraction protocol
applied to fish plasma samples to calculate percent recovery. Steroid hormones concentration
values were adjusted to account for the percent recovery calculated for each assay.

Plasma samples were assayed in triplicate using two 96-well assay Kits on the same day. The
non-extracted and extracted standards were assayed in triplicate in both of the two 96-well
plates. We used the extracted standard triplicates from the two plates for each hormone to
calculate the intra-assay and inter-assay coefficients of variation. For the two cortisol plates,
intra-assay variation was 2.6% and 1.9% and the inter-assay variation was 2.3%. For the two
testosterone plates the intra-assay variation was 2.6% and 2.0% and the inter-assay variation
was 2.3%. For the two 11-KT plates the intra-assay variation was 2.1% and 2.3% and the inter-
assay variation was 2.2%. Cross-reactivities of the cortisol antiserum reported by the
manufacturer were 100% for cortisol, 22% for prednisolone, 6.1% for cortexolone, 1.3% for
corticosterone, 0.2% for DOC and 17-hydroxy-progesterone, and less than 0.01% for 18-
hydroxy-DOC, progesterone, pregnenolone and 17-hydroxy-pregnenolone. The assays were
highly specific for the steroids tested. Cross-reactivity of the testosterone antiserum was 100%
for testosterone, 27.4% for 5a-dihydrotestosterone, 18.9% for 5p-dihydrotestosterone, 4.7%
for methyltestosterone, 3.7% for androstenedione, 2.2% for 11-KT, 0.51% for 5-
androstenediol, 0.2% for Epi-testosterone, 0.14% for progesterone, 0.11% for testosterone
enanthane, 0.05% for androsterone, 0.04% for androsterone sulfate, 0.03% for testosterone
sulfate, 0.02% for DHEA sulfate, and less than 0.01% for estradiol. The cross-reactivity for
the 11-KT antiserum was 100% for 11-KT, 0.01 % for 4-androsten-11p,17b-diol-3-one, and
less than 0.01% for testosterone, 5a-androstan-17p-ol-3-one and 5a-androsten-3p,17p-diol.
We plated, incubated, and developed the samples following the kit manufacturer's instructions
specific for each hormone tested. All developed plates were read at 405 nm with the ELx808
Ultramicroplate Reader (Biotek Instruments, Inc.) using the software interface KCJunior.

Data analyses

Plasma steroid levels were calculated against the standard curve (8 standards in triplicate) and
the extraction recovery values using the Cayman Chemicals Analysis Tools (EIA tools
available at http://www.caymanchem.com). We analyzed the effect of condition order versus
the differences in EOD tpy and amplitude across the social conditions using a two-way mixed
ANOVA with repeated measures [GLM repeated measures procedure in SPSS v. 14.0, Model
| — Fixed factors] with two factors: (1) social conditions [within-subjects factor with 4 levels
= Baseline, Isolation, Social 2 and Social 6] and (2) condition order [between-subjects factor
with 6 levels]. We logqg transformed all plasma steroid levels to fulfill the normality
assumption. Whenever significant interactions were found between these 2 factors, we used
one-way ANOVA for each social condition level and evaluated that social condition for each
condition order. For non-significant interactions, we calculated the main effects’ p-level across
each variable. Fisher's LSD multiple comparison tests were calculated to determine significant
pairwise differences. We used the GLM multivariate procedure in SPSS v.14.0 with social
group as a fixed factor and steroid hormone as a covariate to evaluate the relationship between
each steroid hormone with the dependent variables: day minima and night maxima for EOD
tpp and amplitude. We used multiple linear regression to evaluate the relationship between

Horm Behav. Author manuscript; available in PMC 2010 October 1.
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each steroid hormone with body length and mass. All statistical analyses were performed with
MATLAB or SPSS v.14.0, 0=0.05 two-tailed.

Results

Order of social experiences influences their effects on the EOD

The magnitude of the males' EOD 1p, in any particular social treatment condition depended
on the order in which they experienced the three social treatments. Social condition treatment
showed a significant order effect in daytime EOD 1p, (social condition x condition order
interaction: F (15, 75) = 2.58, p = 0.004). Males that experienced isolation as their first treatment
(Fig. 3, orders 3 & 6) depressed their daytime EOD 1p, significantly below baseline levels
(LSD post-hoc tests, p < 0.001 and p = 0.011, respectively). Furthermore, the males in these
orders did not recover their previous daytime EOD 1p, upon experiencing either the low or
high competition conditions (Fig.3). By comparison, males in all other orders produced mean
daytime EOD 1p5 values during the low or high competition conditions that matched or
exceeded their baseline levels (Fig. 3). Although we found a significant social condition x
condition order interaction (GLM repeated measures: F (15, 66) = 2.12, p = 0.02) in daytime
EOD amplitude, post hoc tests revealed no significant differences between social conditions
at each condition order.

Differences in EOD circadian rhythm magnitudes across the different social conditions

Mean EOD amplitude tracked the differences in level of competition (Social 6 > Social 2 >
Isolation), while mean EOD 1p; only tracked presence or absence of a social environment
(Social > Isolation). Overall, social competition increased the magnitudes of minimum daytime
values when the fish were at rest (amplitude: F = 11.07, p < 0.001; tp, : F = 8.18, p < 0.001),
maximum nighttime values when the fish were active (amplitude: F = 10.55, p < 0.001; T py :
F =8.17, p < 0.001), and day-night differences reflecting the magnitudes of circadian rhythms
(amplitude: F = 5.06, p < 0.001; T p, : F =13.08, p < 0.001) (Fig. 4).

Differences in plasma steroid levels across the different social conditions

Plasma concentrations of both androgens varied significantly with social condition and sex (T:
F (3, 20) = 39.53, p < 0.001; 11-KT: F (3, 20) = 3.84, p = 0.025) (Fig. 5). Overall, males'
androgen levels were higher in both social conditions than in social isolation, but did not differ
significantly between high and low social competition conditions. Females sampled from
Social 2 and Social 6 pools had plasma 11-KT levels comparable to those of isolated males,
but surprisingly, had testosterone levels significantly higher than males in any of the three
social treatments (Fig. 5).

The cortisol pattern followed the overall pattern of the androgens with one key difference —
cortisol appeared to track the intensity of competition (number of males in the pool), whereas
androgens tracked only the presence or absence of competition. Mean levels and variability of
cortisol differed significantly between social conditions and sexes (F = 7.587; p = 0.001;
Bartlett's test of variance = 8.95, p = 0.03), (Fig. 5). Cortisol levels among males in the high
competition group, Social 6, were significantly higher than for males in the low competition
group, Social 2, (p = 0.019, Fisher's LSD post-hoc test). While mean cortisol levels were
comparable between isolation and Social 2, the latter was far more variable. Cortisol levels in
females were high, comparable to those of males in the Social 6 treatment, and significantly
higher than in the isolated and low competition males (p < 0.001 for both), (Fig. 5). Recall that
females were sampled directly from Social 2 and Social 6 pools, a sex-specific competitive
environment comparable to the Social 6 treatment that males received.

Horm Behav. Author manuscript; available in PMC 2010 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Salazar and Stoddard

Page 7

When looking at the variance in the steroid levels of males across the three social conditions,
we found no significant differences in T levels (Levene statisticy 19: Isolation-Social2 = 2.09,
p = 0.18, Isolation-Social6 = 0.15, p = 0.70, and Social2-Social6 = 1.76, p = 0.21). We found
a significant difference in 11-KT levels for the Isolation-Social6 comparison (Levene
statisticy 19 = 11.83, p = 0.006), but not for the Isolation-Social2 (Levene statisticy 19 = 4.58,
p =0.06) or Social2-Social6 (Levene statisticy 19 = 3.43, p = 0.09) comparisons. We also found
a significant difference in cortisol levels for the Isolation-Social6 (Levene statisticy 19 = 8.53,
p = 0.02) and Isolation-Social2 (Levene statisticy 19 = 11.97, p = 0.006) comparisons, but not
for the Social2-Social6 (Levene statisticy 19 =1.38, p =0.27) comparison. In addition, we found
no significant relationships between T, 11-KT and cortisol among the males at each social
condition. For instance, T levels did not predict 11-KT levels (Isolation: F (1,5) = 1.93, R2 =
0.32, p (2-tailed) = 0.24, Social 2: F (1,5) = 1.13, R? = 0.22, p (2-tailed) = 0.35, and Social 6:
F (1,5) = 3.38, R = 0.46, p (2-tailed) = 0.14). Also, T levels did not predict cortisol levels
(Isolation: F (1,5) = 0.26, R2 = 0.06, p (2-tailed) = 0.64, Social 2: F (1,5) = 0.40, R? = 0.09, p
(2-tailed) = 0.56, and Social 6: F (1,5) = 0.005, R% = 0.001, p (2-tailed) = 0.94). In addition,
11-KT levels did not predict cortisol levels in males at each social condition (Isolation: F (1,5)
=0.54, R2=0.12, p (2-tailed) = 0.50, Social 2: F (1,5) = 0.34, R? = 0.08, p (2-tailed) = 0.59,
and Social 6: F (1,5) = 0.27, R2 = 0.06, p (2-tailed) = 0.63).

Relationship between steroid hormone levels and the EOD circadian rhythm across the
different social conditions

Cortisol plasma levels covaried significantly and strongly with the EOD circadian rhythm
across the different social conditions (Wilks' A = 7.94, p=0.003, eta-squared = 0.74, observed
power = 0.97). Plasma levels of cortisol were significantly and strongly related to daytime and
nighttime EOD amplitude (univariate between-subjects tests; day amplitude: p = 0.001, partial
eta-squared = 0.57, observed power = 0.98 and night amplitude: p < 0.001, partial eta-squared
= 0.60, observed power = 0.99). In contrast, plasma levels of cortisol were not significantly
related to daytime or nighttime EOD tp, (Univariate between-subjects tests; day tpp: p=0.874,
partial eta-squared = 0.002, observed power = 0.05 and night tp,: p = 0.25, partial eta-squared
=0.09, observed power = 0.20). When evaluating these relationships across each social group,
we found that plasma cortisol levels positively predicted EOD amplitude in males under both
low and high competition treatments but not in the isolated males, which showed almost no
variance in cortisol (Isolates: day R2 = 0.24, p = 0.32, night R? = 0.26, p = 0.30; Social 2: day
R2=0.71, p = 0.035, night R = 0.70, p = 0.038; Social 6: day R = 0.90, p = 0.004, night
R2=0.90, p = 0.004) (Fig. 6). Plasma cortisol levels and EOD 1p, showed no apparent
relationship (Fig. 6).

Neither T nor 11-KT plasma levels covaried with the EOD circadian rhythm across the different
social conditions (11-KT: Wilks' A = 1.68, p = 0.22, partial eta-squared = 0.38, observed power
=0.36, and T: Wilks' A =0.173, p = 0.95, partial eta-squared = 0.06, observed power = 0.08).
Even though we saw no significant relationship between either androgen and EOD amplitude
or tpy at each social treatment (Fig. 7 & 8), when the three social treatments were pooled, T
levels positively predicted EOD 1p; at night (R2 = 0.22, p = 0.05) (Supplementary Materials).
We found no significant relationship between plasma T levels and the EOD amplitude when
all social treatments were pooled. We also found no significant relationship between 11-KT
and the EOD amplitude or EOD tp, on pooled analysis (Fig. 8).

We found significant relationships between the two key EOD parameters amplitude and tp5.
Day-night change in EOD amplitude positively predicted EOD tp, (R? = 0.23, p = 0.046),
whereas the day minima and night maxima were not associated in either parameter (day: R? =
0.02, p = 0.63; night: R2 = 0.09, p = 0.24) (data not shown).
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Relationship between steroid hormone levels and body size

Both body length and mass positively predicted plasma cortisol levels in the high competition
condition only (length: R2 = 0.82, p = 0.045; mass: RZ = 0.65, p = 0.05) (Fig. 9). Body length
was associated with mass (Fig. 9) although the effect was weakest and thus not significant in
isolated males (isolates: R2 = 0.39, p =0.19; Social 2: R2=0.79, p = 0.018; Social 6: RZ=0.97,
p < 0.001). In addition, although the mean mass of all the males was similar across all three
social conditions, a high proportion of Social 2 males lost weight (66%) (32 = 19; df = 2; p <
0.001).

Discussion

Our results demonstrate that changes in the social environment of the gymnotiform fish B.
gauderio males are accompanied by changes in both their electric signals and their steroid
hormone profiles. By increasing the number of male competitors in a social group, we show
that the EOD amplitude, but not the EOD 1py, is responsive to these changes. In addition, we
also show an increase in the plasma cortisol levels, but not androgens, of these males as a
function of the increase in the number of male competitors in the social group. In contrast, the
EOD 1p, and the plasma androgen levels only increased significantly when the males transition
from social isolation to social conditions (either low or high competition). Our findings also
suggest that altering the order in which males experienced isolation versus social competition
had dramatic effects on their ability to fully enhance their electric signals during periods of
intense competition for mates.

Etho-ecological validity of our study

Although both male competition groups included six females, the sex ratio between these two
social conditions varied (low competition: 1 male: 3 females versus high competition: 1 male:
1 female). Three weeks into the breeding season, a field study of B. gauderio populations in
Uruguay found a 1:4 female-biased operational sex ratio across the multiple sites (Miranda et
al., 2008). Males were spaced out in their habitat and displayed non-overlapping home ranges,
while females occupied much larger ranges overlapping other females and the home ranges of
multiple males (Miranda et al., 2008). B. gauderio spatially aggregated by day and night,
keeping a meter or less of distance between each other in an uniform habitat (Miranda et al.,
2008). Based on these findings, we suggest that of the three pool conditions, the low
competition condition (Social 2) is closest to the densities and sex ratios observed in wild B.
gauderio populations partway through the breeding season (initial conditions have not been
observed). It is important to note that although the males in the high competition group were
potentially subjected to fewer reproductive opportunities, we collected comparable numbers
of eggs from both the low and high competition pools throughout the experiment indicating
that our experimental design and manipulations did not disrupt breeding success in our test
fish.

Social environment affects the EOD plasticity and steroid levels

Our experimental design revealed an effect of past social environment on the outcome of
present and future social interactions. The males that experienced social competition as their
first treatment were more resilient to reduction of their basal (daytime) EOD tp, when
subsequently isolated (orders 1, 2, 4 and 5; Fig. 3). It is important to note that although all the
fish in this experiment were randomly sampled from social groups of 10-20 fish with 2-4 males
per group (baseline social conditions), and that these conditions are equivalent to what they
experienced in the experimental social conditions, the baseline social conditions were
sustained, stable conditions which adult fish had experienced since they were juveniles. We
believe that it is the combined effect of initial absence of non-specific social stimuli followed
by a continually-changing social environment (fish were moved every 7 days to a different
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social condition for almost a month) what drives the differences observed in the isolation
treatment for those condition orders where isolation was experienced first (orders 3 & 6; Fig.
3).

Social isolation suppressed both EOD parameters and androgen levels of male B. gauderio.
Isolated males had the lower EOD circadian rhythm magnitudes than males in either the low
or the high competition conditions (Fig. 4). These results agree with the findings reported by
Franchina and her colleagues (2001), wherein males isolated for 3-5 days displayed a
significant reduction in the circadian modulation of their EOD amplitude and duration. In our
study, isolated males reduced their day and night EOD waveforms (Fig. 4) along with
circulating plasma levels of the androgens T and 11-KT (Fig. 5,7 and 8). Our isolation treatment
not only removed all potential male competitors but it also removed all potential mates and
non-sexual social stimuli (i.e., juveniles). Therefore, we cannot rule out the possibility that the
reductions observed in the EOD and androgens are due to the lack of complete non-specific
social stimuli rather than specifically due to the lack of male competitors. Cortisol levels were
significantly higher under high competition than low competition, but were not higher in low
competition than isolation, though isolates had significantly less variance (Fig. 5).
Nevertheless, gymnotiform Apteronotus leptorhynchus size-matched male pairs displayed
significantly higher circulating levels of cortisol and more EOD chirps, an agonistic EOD
frequency modulation, than isolated males (Dunlap et al., 2002). Even though males were tested
under isolation for 7 days in both studies, Dunlap and his colleagues (2002) kept their males
isolated for 2-weeks prior to their experiments, while our fish were under either baseline social
conditions or the experimental social conditions (Social 2 and Social 6) before they were
isolated. In addition, when compared to Apteronotus leptorhynchus, B. gauderio's baseline
cortisol levels are much higher (Dunlap et al., 2002) (Fig. 5 and Supplementary Materials).
Elevated cortisol levels during the breeding season is a pervasive adaptive strategy among
vertebrates (Landys et al., 2006), a mechanism to deal with high metabolic demands associated
with reproduction (Wingfield and Kitaysky, 2002). Either of these factors can account for the
lack of difference in cortisol levels between isolated and social males in our study.

EOD power (i.e., voltage squared or the voltage area under both waveform's phases at a constant
resistance) perfectly matches the energy expended on electrogenesis (Salazar and Stoddard,
2008). Thus for isolated males to reduce both basal EOD parameters and their circadian
augmentation appears to be an adaptive strategy to minimize energetic costs when social
benefits due to the enhanced signal parameters are absent. The EOD of B. gauderio males
seems to be a condition-dependent trait (Salazar and Stoddard, 2008). Male B. gauderio, like
male orthopterans, frogs, and some birds, invest a considerable fraction of their metabolic
energy into signal production (Bucher et al., 1982; Eberhardt, 1994; Hoback and Wagner,
1997; Kavanagh, 1987; Prestwich et al., 1989; Prestwich and Walker, 1981; Taigen and Wells,
1985). While androgens typically facilitate male signaling behavior, elevated glucocorticoids
would be expected to release energy stores necessary to sustain signaling for high-energy
signalers. Although high glucocorticoid levels are typically related to the suppression of
androgen levels (Sapolsky, 1994; Sapolsky et al., 2000), in many species, both glucocorticoid
and androgen levels are increased during reproduction (Beletsky et al., 1989; Creel et al.,
1996; Emerson and Hess, 2001; Remage-Healey and Bass, 2005).

Social competition affects EOD amplitude's circadian plasticity and cortisol levels

Cortisol and EOD amplitude covary positively with density of males in the social group (Figs.
4-6), suggesting that cortisol may be a modulator of the EOD amplitude. We do not know if
this potential modulatory effect is direct or indirect. Activating the hypothalamic-pituitary-
interrenal (HPI) axis at various levels enhances the EOD amplitude and tp, in B. gauderio
males (Markham et al., 2009;Markham and Stoddard, 2005). But only the melanocortins,
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adrenocorticotropic hormone (ACTH) and alpha-melanocyte-stimulating hormone (a-MSH),
exert rapid effects directly at the electrocytes (Markham et al., 2009;Markham and Stoddard,
2005). In this study, we measured cortisol levels several days after the males had been housed
at their specific social conditions. Although cortisol could directly initiate slow transcriptional
effects that can drive the enhancement of the EOD amplitude within this period of time, ACTH
and/or a-MSH can increase both the EOD waveform and cortisol levels independently within
the same period of time. Therefore, we cannot rule out the possibility that the relationship that
we observed between cortisol and EOD amplitude could be mediated by the effect of social
experience on melanocortins. Beyond that, cortisol may support the enhanced EOD by
increasing availability of glucose and lipids to support energetically costly signaling and
swimming behaviors associated with territoriality and courtship (Landys et al., 2006;Sapolsky
et al., 2000).

Increases in the density of competing males or in the number of perceived competitors in a
population have been shown to increase androgen levels in other teleost fish (Carlson et al.,
2000; Oliveira et al., 2001; Pankhurst and Barnett, 1993; Remage-Healey and Bass, 2005). As
discussed by Oliveira and his colleagues (2002) and as predicted by the Challenge Hypothesis
(Wingfield et al., 1990), an increase in potential competitors could intensify agonistic
interactions leading to the activation of the hypothalamic-pituitary-gonadal (HPG) axis and an
increase in circulating androgen levels. Unexpectedly, circulating androgen levels did not differ
for males in the low and high competition groups (Fig. 5). However, if only one male dominates
in the low competition pool and one or two males dominate in the high competition pools, they
alone might show elevated androgens while suppressing androgen levels in the subordinates.
Thus variance would increase but not group mean, a hypothesis consistent with the obtained
distribution of 11-KT measurements (Fig. 5). Nevertheless, we only found a significant
difference in the variance of plasma levels of 11-KT between the isolated males and the males
in the low competition group. Carlson and his colleagues (2000) found in the mormyrid fish
Brienomyrus brachyistius, an African electric fish, that the dominance status of males housed
in social groups determined the levels of 11-KT and the changes on their EOD total duration.
We did not assess the dominance status of the males in our study. Body size is usually a good
predictor of dominance status in size-mismatched male-male contests (Maynard Smith,
1982; Parker, 1974). We randomly paired the males in the low competition (Social 2) condition
rather than matching them for size. Eleven of the eighteen Social 2 pairs were size-mismatched,
and all three Social 2 pairs assayed for steroid levels were also size-mismatched. Therefore, it
is possible that by looking at the males as a group in each social condition rather than as
subgroups (i.e., alpha males, beta males and omega males) based on their dominance status
(Carlson et al., 2000), we were not able to identify the link between 11-KT levels and male-
male competition as we increased the number of competing males.

In both gymnotiform and mormyrid electric fish species, the electric organ (EO) that generates
the EOD has been shown to be a direct androgen-target tissue (Few and Zakon, 2001), and
androgen receptors have been identified in the nuclei of the electrocytes that composed the EO
(Bass et al., 1986; Dunlap and Zakon, 1998). Furthermore, androgens directly change the ion
conductances of the electrocytes leading to changes in the EOD waveform (Zakon et al.,
1999). Androgen implants to male and female B. gauderio (Allee et al., 2009; Silva et al.,
2002; Stoddard et al., 2007a) and its congener B. occidentalis (Hagedorn and Carr, 1985)
enhance the duration of the 2"d phase of the EOD but have little or no effect on EOD amplitude.
Androgen implants increase the effect of melanocortins on the EOD of B. gauderio (Allee et
al., 2009; Stoddard et al., 2007a). Therefore, we speculate that during the breeding season, in
B. gauderio, interaction with competing males and prospective mates stimulates the HPG axis
leading to an increase in baseline circulating androgen levels. Higher level of circulating
androgens would enhance the EOD tpy. The additional metabolic cost associated with the
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enhancement of the EOD via androgens and melanocortins would be sustained by increasing
cortisol to release energy.

Sex differences in steroid hormone levels across gymnotiform species

In teleost fish, 11-KT and T are the major androgens in circulation in breeding males (Kime,
1993). In many species, females have similar or higher levels of the aromatizable androgen,
testosterone (Borg, 1994). In our study, B. gauderio females had significantly higher plasma
levels of T than the males irrespective of their experimental condition (Fig. 5). Females tend
to have much lower levels of 11-KT than breeding males (Borg, 1994). Accordingly, the plasma
11-KT levels of B. gauderio females were very similar to those observed in isolated males and
were in the lower end of the range of plasma 11-KT levels observed in the males under social
conditions (Fig. 5). The androgen profiles of B. gauderio males and females follow a similar
trend as in other gymnotiform species tested, where females have lower 11-KT levels than
males but similar or higher levels of T (Supplementary Materials).

Although females had similar plasma cortisol levels than the males in the high competition
group, they displayed higher levels of cortisol when compared to isolated males and the males
in the low competition group (Fig. 5). To our knowledge, this is the first time that circulating
plasma cortisol levels for female gymnotiform fish have been reported. As mentioned earlier,
B. gauderio baseline cortisol levels are much higher than the cortisol levels reported for one
other gymnotiform species (Dunlap et al., 2002).

In conclusion, social environment regulates the enhanced male EOD potentially via 11-
ketotestosterone and cortisol. Social competition further enhances the day to night changes in
male EOD suggesting that circadian regulation of the EOD plays a role in male-male
interactions. Cortisol levels increase in males as the level of competition increases, and cortisol
is related to the social males' body size. Since the male EOD is an energetically expensive trait,
we speculate that cortisol may be regulating EOD amplitude directly as well indirectly by
providing the fuel to sustain it.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

EOD data acquisition. A. The EOD of B. gauderio is a biphasic waveform composed of a
positive phase (P1) and a negative phase (P2). We measured the peak-to-peak amplitude and
the time constant of P2 repolarization (tpy). B. To determine changes in the EOD circadian
rhythm, we measured daytime low, nighttime high, and the night-to-day difference for the
amplitude and tpy. C. The tank set-up in the EOD machine automated system (Stoddard et al.,
2003) allowed us to record the EOD of free-swimming fish continuously and accurately.
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Fig. 2.

Social conditions and experimental design. A. We used three social conditions: Isolation,
Social 2 and Social 6. For the Isolation condition, we housed males singly in a pool to deprive
them of any social stimuli. For the Social 2 condition, we housed two males with six females
and 4 juveniles in a pool to create a low competition social environment. For the Social 6
condition, we housed six males with six females in a pool to create a high competition social
environment. B. We used a counterbalanced design where six groups of six males experienced
all three social conditions but in different order. We chose this approach to evaluate the effect
of social experience on the EOD changes displayed by the males at each social condition. For
each group of six males, we recorded their EODs for 48 hours continuously at the beginning
of each experimental order (baseline values) and after each social condition. Males remained
at each social condition for a week. At the end of an experimental order, we chose one replicate
for each condition, kept those males under this condition for another week and then bled them
to assay their plasma for circulating levels of steroid hormones.
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Fig. 3.

Males displayed differences in their EOD circadian rhythm plasticity according to the order
they experienced the different social conditions. The magnitude of the day EOD 1py was
affected by social experience. Particularly, males that experienced the Isolation condition first
in the order displayed significantly lower day EOD 1py values than their prior baseline values.
In addition, when compared to the day EOD tp, of the males on the other orders, the day EOD
1py Of these males (orders 3 and 6) was lower than baseline levels during both the Social 2 and
the Social 6 conditions.
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Isolation
— Social 2
— Social 6

Raw data (dots) and mean+SEM are shown for the EOD parameters amplitude and tp, across
the social conditions. Daily minima, nightly maxima, and day-night differences follow the
same trends wherein the highest competition (Social 6) promoted the highest values and social
isolation promoted the smallest. P values are derived from post-hoc LSD pairwise tests

following repeated-measures ANOVA.
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Plasma levels of T, 11-KT and cortisol (ng/ml), varied significantly with social condition and
sex. Both T and 11-KT were lower in isolated males than in social males. Although females'
T levels were higher than males', their 11-KT levels were similar to those of isolated males.
High competition males' cortisol levels were higher than low competition males'. Females
displayed higher cortisol levels than those of isolated and low competition males. Filled circles
depict raw values while crosses depict mean = SEM. Significant p-values from Fisher's LSD
post-hoc pairwise comparisons are also shown.
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Day
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As plasma cortisol levels (ng/ml) increase, EOD amplitude (mV) increases for the low and
high competition males but not for the isolated males (low competition; day: y = 0.12x + 0.77
& night: y = 0.15x + 0.70 and high competition; day: y = 0.09x — 1.44 & night: y = 0.11x —
1.52). EOD 1py and cortisol were not related in our dataset.
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Fig. 7.

Testosterone plasma levels were not significantly related to EOD amplitude or tp, at any of
the three conditions, isolation, Social 2 or Social 6.
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11-ketotestosterone plasma levels were not significantly related to EOD amplitude or tp; at
any of the three conditions, isolation, Social 2 or Social 6.

Horm Behav. Author manuscript; available in PMC 2010 October 1.



1duasnue Joyiny vd-HIN

1dudsnuely Joyiny vd-HIN

Salazar and Stoddard

157
C
n 10f
wn
[13]
£
>
T s
C% Isolation: R2=0.39; p=0.19
Social 2: R?=0.79; p=0.018
Social 6: R?=0.97; p<0.001
%40 15 20 25
Body length [cm]
160 Isolation: R2=0.39; p=0.18
1407 Social 2: R2=0.37; p=0.20
T 120 Social 6: R?=0.68; p=0.045
=)
2 100
= 80 f
@ 26
£ 60 1 2
o] 2
O 40 6
22
20
0 ™12 14 16 18 20 22 24 26
Body length (cm)
160
Isolation: R2<0.001; p=0.99
140 Social 2: R%2=0.15; p=0.44
5120 Social 6: R2=0.65; p=0.05
gmo
e} 80
w
£ 60
o]
O 40
20
0 . . , . .
4 6 8 10 12 14

Fig. 9.

Body mass (g)

Page 23

1duosnuely Joyiny vd-HIN

Body length (cm) predicts body mass (g) in low and high competition males butnot in isolated
males (low competition; y = 0.52x — 0.67 and high competition; y = 0.89x — 7.15). Only under
high competition (Social 6), the body length (cm) and body mass (g) of the males predicts their
circulating plasma cortisol levels (ng/ml). The regression models are y = 6.21x — 43.24 for
body length vs. cortisol and y = 6.75x + 8.40 for body mass vs. cortisol.
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