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ABSTRACT

Aggression is a fundamental behavior displayed universally among animal species, but hyper- or hypo-
aggressiveness can be maladaptive with negative consequences for individuals and group members. While the
social and ecological significance of aggression is well understood, the specific neurobiological and hormonal
mechanisms responsible for mediating aggression have not been fully elucidated. Previous studies have shown a
relationship between aggressive acts and circulating gonadal steroids, but whether classical nuclear steroid re-
ceptors regulate aggression in animals is still uncertain. We examined whether the nuclear androgen receptor
(Ar) and nuclear progestin receptor (Pgr) were necessary for aggressive behaviors and maintenance of a domi-
nance relationship in male zebrafish (Danio rerio). Dyadic social interactions of Ar knockout (ArKO), Pgr
knockout (PgrKO) and wildtype (WT) controls were observed for two weeks (2-weeks). ArKO zebrafish were
significantly less aggressive and had a less defined dominance relationship, whereas PgrKO dominant zebrafish
were significantly and persistently more aggressive with a robust dominance relationship. Our results demon-
strate the importance of nuclear steroid hormone receptors in regulating aggression of adult male zebrafish and

provide new models for understanding of the mechanisms of aggression.

1. Introduction

Aggression is fundamental for the survival and reproductive success
of an individual and is conserved widely across animal taxa (Archer,
1991; Munley et al., 2018; O'Connell and Hofmann, 2012; Olivier and
Young, 2002). In many species, aggressive behaviors are used instru-
mentally to secure food, mating opportunities or territories. However,
with increased aggressive activities, animals may risk serious injury to
acquire resources. Dominance hierarchies emerge among conspecifics
within social groups to settle aggressive disputes without risking serious
injury or energetic costs to either individual. Socially dominant in-
dividuals receive preferential access to food and mates by displacing
weaker conspecifics, thereby increasing their own chances of social and
reproductive success. Social dominance relationships are determined
primarily by acts of physical aggression but are also influenced by prior
social experience, stress coping style, body size of the animal and

neuroendocrine signals (Archer, 1991; Lischinsky and Lin, 2020, Nelson
and Trainor, 2007; Pavlidis et al., 2011; Rowland, 1989; Sloman and
Armstrong, 2002; Weitekamp and Hofmann, 2017; Wright et al., 2019).

Aggressive behaviors have multiple underlying physiological mech-
anisms that are mediated by the integration of neuronal and endocrine
signals. Experimental evidence correlates relative levels of neurotrans-
mitters, pituitary hormones, gonadal steroids, and their respective re-
ceptors with incidences of aggression (Cunningham et al., 2012; Juntti
etal., 2010; Rosell and Siever, 2015). The experimental evidence for the
effects of gonadal steroids on aggression can be traced back to the classic
experiment described by John Hunter in 1794 and Arnold Berthold in
1849 (Fores, 1947; Jorgensen, 1971; Sawin, 1996). In their experiments,
removing testes of male chicken reduced secondary sex characteristics
(comb, wattles) and male-typical reproductive and aggressive behav-
iors, while transplanting testes back to castrated roosters would restore
normal aggressive behavior and secondary sex characteristics. Since
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then, a large body of evidence has been accumulated to support an-
drogens, mainly testosterone (T), as main regulators for aggressive,
territorial, and dominance behaviors in a variety of vertebrate species
(Alward et al., 2020; Barfield et al., 1972; Collias, 1944; Geniole et al.,
2020; Hunt et al., 2019; Kristensen et al., 2020; Moore et al., 2020;
Nelson, 1995; Simon et al., 1996; Wingfield et al., 1999, 2006). Studies
based on androgen injection, androgen implantation, androgen receptor
(Ar) blockers, or Ar knockouts clearly demonstrated the cause and ef-
fects of androgens and Ars on agonistic behavior in various species
(Alward et al., 2020; Barfield et al., 1972; Collias, 1944; Rodgers et al.,
2013; Sato et al., 2004; Schwabl and Kriner, 1991; Searcy and Wingfield,
1980; Sperry et al., 2009; Wacker et al., 2016; Wingfield, 1984; Wing-
field et al., 1999). Further studies suggest the involvement of androgens
and Ars in aggression is complex, and results may vary depending on
timing (e.g., breeding vs. non-breeding season), behavioral context (e.g.,
reproductive vs. non-reproductive associated aggression) or experi-
mental conditions (Adkins-Regan, 2005; van Breukelen, 2013; Wingfield
et al., 1999). Some studies reported no correlation between androgens
and aggression (Alward et al., 2019; Cramer, 2012; McDonald et al.,
2001; Wiley and Goldizen, 2003). It is argued that androgen adminis-
tration does not affect aggressive behavior (O'Connor et al., 2002; Salas-
Ramirez et al., 2008), or that androgen will be metabolized into estro-
gens in the brain to affect aggression, thus, androgen receptor blockers
fail to inhibit aggression circuits in the brain (Clark and Nowell, 1980;
Heilman et al., 1976; Huffman et al., 2013; Soma et al., 2000). Clearly,
additional studies are needed to establish the roles of androgen and Ars
in aggression, and to address the contradictions.

Zebrafish (Danio rerio) has one single ar locus, and the ar expresses
ubiquitously in all adult tissues with sexually dimorphic expression in
the gonad and muscle (Hossain et al., 2008). The expression of ar was
also observed in telencephalon, preoptic area, and throughout the per-
iventricular hypothalamus in the zebrafish (Gorelick et al., 2008), re-
gions previously implicated in the regulation of sexually dimorphic
behaviors in mammals (Arnold and Breedlove, 1985; Morris et al.,
2004). Aggression in male African cichlid fish (Astatotilapia burtoni)
could be manipulated via steroid receptors expressed in the preoptic
area using agonists or antagonists (O'Connell and Hofmann, 2012).
A. burtoni has two androgen receptor (Ar) paralogs, Arax and Arp due to a
linage specific duplication. Ara, but not Arf, is required for aggressive
displays. Moreover, Ar is sufficient in reducing female submissive
behavior while interacting with males (Alward et al., 2020). Male ter-
ritorial aggression was reduced in AR knockout mouse (Sato et al.,
2004). Intriguingly, they also found that male aggression may be
partially regulated through androgens acting via an AR-independent
pathway distinct from the ER receptors (Sato et al., 2004). In contrast,
evidence on the roles of progestins in animal aggression is very limited
and still mixed. The subordinate male of African cichlid fish (Astatoti-
lapia burtoni) is less likely to flee when treated with a progestin (17a-
20p-P) (O'Connell and Hofmann, 2012). In rodents, progestin exposure
inhibited male aggression in golden hamsters (Fraile et al., 1987) and
female aggression in Syrian hamsters (Mesocricetus auratus, Meisel et al.,
1989). However, administration of progesterone following castration
upregulated aggression in male tree lizards (Urosaurus ornatus, Weiss
and Moore, 2003). Aggression in male mice was found to be unaffected
by progesterone, progesterone receptor (PGR) antagonism, or PGR
knockout in mice (Schneider et al., 2003). Therefore, whether progestins
and their receptors have roles in vertebrate aggression and social
behavior are still uncertain.

Zebrafish (Danio rerio) is a useful model organism to study aggression
because of the ease of genetic manipulation, structural organization of
their social groups, and recent focus in neurobiological research (Loring
etal., 2020; Oliveira et al., 2011). Zebrafish are a group living species in
the wild, in which males compete with conspecifics for preferential ac-
cess to spawning sites and females (Spence et al., 2008). The primary
resource-accruing behavior in zebrafish is aggression (Sloman and
Armstrong, 2002). Aggressive behavior in zebrafish is well characterized
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and can be measured repeatedly over time (Way et al., 2015). In the
laboratory, male zebrafish in a dyadic pair will quickly establish a stable
dominance relationship within one day (Miller et al., 2017; Clements
etal., 2018; Orr et al., 2021). The social dominance phenomenon is well-
characterized between domestically raised zebrafish (Jones and Norton,
2015). Dominant zebrafish attack the subordinate fish with a short bout
of fast swimming toward its opponent in order to make contact. This
contact may be only a lunge or may result in an actual bite. A subordi-
nate fish's behavior is characterized by retracting the fins, freezing in
place, or a quick retreat away from the attacking fish (Kalueff et al.,
2013). The effect of the dominant's aggression on the subordinate is the
formation and maintenance of a dominance relationship in which the
dominant fish can occupy a larger territory and thus have a greater
likelihood of acquiring resources (Miller et al., 2017).

The aim of the current study was to determine whether the androgen
receptor (Ar) and progestin receptor (Pgr) influence the long-term
agonistic interactions and stability of dominance formation between
competing males by examining daily attacks and retreats and relative
location of individual fish in the tank. We limited the study to male
zebrafish due to the daily cyclical hormonal regulation of ovulation in
females that may affect aggressive activity (O'Connell et al., 2013;
Terranova et al., 2016). We report that knocking out the Ar and Pgr have
dramatic and opposing effects on aggressive behavior and dominance
formation.

2. Materials & methods
2.1. Fish care

WT AB strain and mutant zebrafish lines were housed in the zebrafish
core facility with a 14-hour (h) light and 10 h dark photoperiod, at water
temperature of 28.5 °C, pH of approximately 7.2, and salinity/conduc-
tivity ranging from 500 to 1200 pS in an automatically controlled
zebrafish rearing system (Aquatic Habitats Z-Hab Duo systems, Florida,
USA). Fish were fed to satiation three times daily with a commercial
food (Otohime B2, Reed Mariculture, CA, USA) containing high protein
content, and supplemented with newly hatched brine shrimp Artemia
(Brine Shrimp Direct, Utah, USA). The Institutional Animal Care and Use
Committee (IACUC) at East Carolina University have approved all
experimental protocols.

2.2. Genetic manipulation

Ar knockouts (ArKO) and Pgr knockouts (PgrKO) were generated
using Transcription Activator-Like Effector Nucleases (TALENSs), and
mutations were confirmed as previously described (Zhu et al., 2015;
Yong et al., 2017). Briefly, zebrafish Ar (genomic sequence: CR396593;
mRNA sequence: NM_001083123) consists of 868 amino acids and 8
coding exons. ArKO was generated by targeting the beginning of first
exon, which encodes beginning part of A/B domain. TALENs generated
three different frame shifts and premature stop codes, which led to
truncated proteins with loss of major part of A/B domain, and all of C, D,
E and F domains (Yong et al., 2017). Zebrafish Pgr (genomic sequence:
CU459064; mRNA sequence: NM_001166335 & EF155644) consists of
618 amino acids and 8 coding exons. We used two sets of TALENS tar-
geted two different parts of A/B domain, i.e., beginning or end of AB
domain, which led to generation of three different Pgr mutant lines. Two
Pgr mutants (Pgrl5 and Pgr35) have a short-truncated protein with the
loss of major part of A/B domain and all C, D, E, F domains, while the
third Pgr mutant line (Pgr2d) retains major part of A/B domain, but lost
all C, D, E and F domains (Zhu et al., 2015).

To distinguish ArKO and PgrKO mutants from their WT siblings,
TALENS targeting regions were PCR amplified, verified with restriction
endonuclease digestion and visualization on agarose gel. There were no
active androgen or progestin receptors present in vivo due to premature
stop codons that terminated the formation of the protein during gene
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translation. Out of several ArKO and PgrKO lines created, Ar9.1 (ar**
ecuSy pgr15 (pgrt/e#ly and Pgrad (pgri“>/¢“3) were used in the current
study.

2.3. Observational period

Prior to social pairing, male fish of each respective genotype were
socially isolated for one week to minimize the effects of pre-existing
social experience formed during communal housing. Following social
isolation, the fish were continuously paired for 2-weeks with a conspe-
cific of similar size (3.5-4 cm) and age (7-12 months). The two males
were introduced into a novel test tank, so as not to give either fish an
advantage. There were three types of pair crossings: WI/WT, ArKO/
ArKO, PgrKO/PgrKO. For all the pairs tested, daily observations of 5 min
were conducted between 10 am and 12 pm during which the number of
attacks and retreats were counted for each fish. Dominance was assessed
based on the fraction of the number of attacks to retreats performed by
each fish. Attacks were defined as chasing, lunging at, or biting of the
conspecific, and retreats were defined as fleeing, or seeking refuge in the
back, bottom corner of the tank. For a subset of the pairs tested, addi-
tional video recordings of the agonistic interactions were acquired
during initial pairing (initial 24 h) and at 2-weeks marks. This was done
for detailed behavioral analysis (see Fig. 2) and tracking of the fish
swimming behavior and spatial distribution (see Fig. 3). A distance
caliber was placed onto each tank to calibrate spatial distributions and
motion analysis. Fish were fed only after each observation.

Two groups of students were assigned for genotyping, behavior
scoring, and data analyses. Students who conducted behavior observa-
tion and scoring were not informed genotyping. The genotyping and
social paring were conducted by a separate student who was not
involved in behavior scoring. The first group of students used Ar9.1 and
Pgr2d to conduct the experiments. To determine whether their experi-
ments were repeatable, a second group of students used different
offspring of Ar9.1 and a different PgrKO line (Pgr15) and repeated all
the experiments in a different year.

2.4. Data analysis

2.4.1. Attack/retreat counts

The daily average number of attacks and retreats in a 5-minute
period were graphed using GraphPad Prism. A social dominance rela-
tionship was determined by calculating the average number of daily
attacks and retreats. Animals with the higher number of attacks during
the observation period were considered dominant.

2.4.2. Spatial distribution and generation of heat-maps

According to our previous studies, dominant fish occupy a larger
territory, typically in the upper and front part of a tank to increase its
likelihood of acquiring food. In contrast, subordinate fish tend to occupy
the bottom and back part of a tank (Miller et al., 2017). We used video
clips and determined relative location of dominant and subordinate fish.
Video recorded interactions during the initial 24 h and 2-weeks later
were uploaded into ImageJ for processing. The Slice Remover add-on
was used to remove frames containing interactions between the domi-
nant and subordinate fish. Approximately 1 min of video, or approxi-
mately 1800 frames, were extracted at equal intervals from within the
entire 5 minute recordings to eliminate sampling bias. The frames were
then used for the Motion Tracking plugin analysis. The result of the
motion tracking was to visually show the areas in which the fish were
localized and to generate the XY coordinates of each fish in the testing
chamber for each frame. The XY coordinates were then used in a custom
program written for the statistical computing program R to create visual
heat maps to show increasing probability of fish localization as
described elsewhere (Miller et al., 2017). Two maps were made per pair,
one red for the dominant and one blue for the subordinate fish. Mea-
surement of overlapping territorial areas was done using ImageJ
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selection tool option. Imported images were calibrated to the actual tank
size then overlapping territory was manually mapped and area tabulated
in Excel for later analysis. Centroids were defined as the region of the
heatmap where a dominant or subordinate swam most frequently
illustrated graphically with the most intense heatmap color (darkest red
for dominants or darkest blue for subordinates). To measure distance
between centroids a straight line was drawn between the two darkest
centroids for each animal pair. If an animal spent an equal amount of
time at two different locations, thus, generating two centroids of equal
color intensities, then an average distance was taken between these two
centroids relative to the centroid generated by its animal partner.

2.4.3. Encounter analysis

All videos taken were viewed with a basic media player and the
length of each encounter was recorded. An encounter was considered
initiated when one fish causes a change in the swimming path of the
other. The encounter ended when the fish were no longer reacting to
each other's movements. The total number of encounters as well as the
number of attacks observed during each encounter were recorded. With
this data, the average encounter duration, average attacks per
encounter, and encounter per minute for each pair could be obtained
and compared across genotypes.

2.4.4. Statistical analysis

Statistical analyses and plots were conducted using IBM-SPSS and
GraphPad Prism, respectively. Prior to statistical analysis, all data was
tested for and passed Gaussian distribution. Unless specified otherwise,
all comparisons were first subjected to one-way ANOVA or mixed-design
(a mixture of between-group and repeated-measures variables) followed
by Tukey's Multiple Comparison post hoc test for all multiple compari-
sons, and effect size numbers (nz) and Cohen's (d) were calculated. All
statistical tests were two-tailed with 95% confidence intervals. Results
for average attack/retreats and encounter analysis are presented as
mean + SEM. Statistical significance was set at p < 0.05.

3. Results
3.1. Time-course of aggressive behavior of WT, ArKO and PgrKO animals

Daily observations of aggressive activity showed clear differences in
aggressive behavior among the three groups (Fig. 1). Most notable,
ArKO pairs were significantly less aggressive compared to WT and
PgrKO pairs. This is illustrated in the fewer daily number of attacks by
the ArKO dominants toward subordinates than WT dominants (Fig. 1A,
B; supplemental Videos 1 and 2). These differences in aggression led the
WT pairs to form strong dominance relationships immediately after
initial pairing that was strengthened with time as dominants increased
their frequency of attacks during the subsequent two days. By compar-
ison, the dominants of the ArKO pairs maintained consistently low level
of aggression throughout the observation period (Fig. 1A, B). A second
notable observation is that dominants of PgrKO pairs showed enhanced
aggression and attacked more frequently than dominants of WT and
PgrKO pairs (Fig. 1A-C). Cross correlation analysis of mixed design
ANOVA of all dominants (within-subject factor days, between-subject
factor group) further supports the notion that ArKO zebrafish are less
aggressive relative to PgrKO and WT fish; while PgrKO zebrafish are
more aggressive compared to WTs (Fig. 1G). There was a significant
main effect of group (F(2,45) = 29.89, p < 0.0001, effect size n2 =0.57;
WT n = 22, ArKO n = 23, PgrKO n = 12), but there was no effect of days
(F2,45) = 0.434, p > 0.05). Tukey's Multiple Comparison post hoc test
showed that the average number of attacks by dominants among all
groups differed significantly (ArKO vs WT, p < 0.001; WT vs PgrKO, p =
0.007; ArKO vs PgrKO, p < 0.001).

These differences in aggressive activity were mirrored by corre-
sponding differences in submissive behaviors by subordinates
(Fig. 1D-F). ArKO subordinates retreated significantly less than WT and
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Fig. 1. Daily average numbers of attacks (left column) and retreats (right column) (Mean + SEM) for WT/WT pairs (A, D) n = 22 pairs, ArKO/ArKO pairs (B, E) n =
23 pairs, PgrkKO/PgrKO (C, F) n = 12 pairs. Dominants' data are illustrated in red, and subordinates' data are illustrated in blue. (G) Average number of attacks over
two weeks period for WT, ArKO and PgrK dominants only. Bar graphs represent the average numbers of cumulative data points. Dots represent daily average number
of attacks. (H) Average number of retreats over two weeks period for WT, ArKO and PgrK subordinates only. Bar graphs represent the average numbers of cumulative
data points. Dots represent daily average number of retreats. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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PgrKO subordinates over the entire trial period, and subordinates of
PgrKO pairs retreated significantly more frequently compared to the
other two groups. We found a significant main effect of group (F(2 45) =
24, p < 0.001, effect size 2 = 0.52; WT n = 22, ArKO n = 23, PgrKO n =
12), and there was an effect of days (F(2 45y = 28.46, p < 0.05). Post hoc
test showed that the average number of retreats among subordinates of
all three groups differed significantly (Fig. 1H; WT vs ArKO, p < 0.001;
WT vs PgrKO, p = 0.001; ArKO vs PgrKO, p < 0.001). The reduction in
submissive behavior of ArKO subordinates was likely due the decreased
aggression by their dominant counterparts. Conversely, the increase in
submissive behavior of PgrKO subordinates was likely due to the in-
crease in aggressiveness of their dominant counterparts. Finally, we
found that submissive behavior among dominants did not differ signif-
icantly among the three groups (no main effect of group (F(2 45) = 2.03,
p > 0.05, effect size n* = 0.083), and there was no effect of days (F(2,4s)
=2.79, p > 0.05)). Collectively, the results suggest that knocking out the
ar and pgr genes has opposite effects on aggressive behavior of male
zebrafish. ArKO male zebrafish are significantly less aggressive while
PgrKO males are more aggressive than WT fish.

3.2. Comparison of aggressive levels among the WT, ArKO and PgrKO
animals

Our results suggested that aggressive behavior of ArKO zebrafish is
subdued compared to WT animals, while PgrKO fish displayed elevated
aggressive behavior compared to WT fish. Moreover, examination of
agonistic encounters of the PgrKO fish suggested that the intensity of
those interactions maybe elevated compared to WT fish (supplemental
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Video 3). To quantitatively assess whether the social interactions of
PgrKO fish are more aggressive compared to WT fish, we calculated the
average number of encounters per minute, average duration of en-
counters, and number of attacks per encounter for the subset of pairs
whose interactions were video recorded. The notion is that these pa-
rameters would provide more detailed information on the intensity of
social interactions as animals fight for dominance.

We found that PgrKO pairs had significantly fewer encounters per
minute compared to WT pairs during the first 24 h of observation
(Fig. 2A). There was a significant main effect of group (F(2,24) = 3.59, p
= 0.043, effect size r]2 =0.23; WT'n =11, ArKOn =7, PgrKO n = 9).
Tukey's Multiple Comparison post hoc test showed a significant differ-
ence between WT and PgrKO pairs (p = 0.036) but no difference be-
tween PgrKO and ArKO pairs (p > 0.05). The low number of encounters
of PgrKO pairs was due to the fact that PgrKO pairs fought for a
significantly longer time compared to WT pairs (Fig. 2B; F(2 24y = 4.54, p
= 0.021, effect size n> = 0.274; post hoc WT vs Pgr p = 0.032 with a
marginal difference between PgrKO and ArKO pairs p = 0.051). This
result suggested prolonged engagement in aggressive interactions of
PgrKO pairs. However, this difference in the number of encounters per
minute and duration of encounters dissipated among all three groups
after 2-weeks of interactions (Encounters per minute: F3 24y = 0.016, p
= 0.984, effect size n2 = 0.001; Encounter duration: F3 24y = 0.78, p =
0.470, effect size 1]2 = 0.061).

Dominants' attacks per encounter were also significantly higher in
PgrKO pairs during the first 24 h compared to WT and ArKO pairs
(Fig. 2C; F2,24) = 5.84, p = 0.009, effect size n2 = 0.33; Tukey's Multiple
Comparison post hoc Test, WT vs PgrKO p = 0.017, PgrKO vs ArKO p =
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Fig. 2. Differences in aggressive activity among WT, ArKO and PgrKO pairs. Average number of encounters/min (A), average duration of encounters (B), and average
number of attacks/encounter for dominants (C) and subordinates (D) during initial 24 h of pairing and 2-weeks between WT/WT, ArKO/ArKO, and PgrKO/PgrkKO
pairs. Results are presented as mean + SEM. (WT/WT n = 11 pairs, PgrKO/PgrKO n = 9 pairs, and ArKO/ArKO n = 7 pairs).
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0.02, WT n =11, PgrKO n = 9, ArKO n = 7). Interestingly, even after 2-
weeks of interactions and stable dominance relationship, the average
number of attacks by dominants of PgrKO pairs persisted at significantly
higher levels compared to dominants of WT and ArKO pairs (Fig. 2C;
F,24y = 5.71, p = 0.009, effect size 12 = 0.32; with Tukey's Multiple
Comparison post hoc Test, WT vs PgrKO p = 0.019, PgrKO vs ArKO p =
0.021, WT n = 11, PgrKO n = 9, ArKO n = 7). Moreover, significant
group differences were observed in the average number of attacks per
encounter among subordinates during the initial 24 h, but those dif-
ferences did not persist after 2-weeks of observation (Fig. 2D; initial 24
h: F 24y = 3.86, p = 0.035, effect size n2 = 0.243; post hoc test, p > 0.05;
2-weeks: Fp24) = 1.13, p > 0.05, effect size nz = 0.086). Collectively,
these results show that PgrKO fish are more aggressive than WT and
ArKO fish, and their aggression is persistent.

3.3. Effect of ArKO and PgrKO on territorial behavior

To assess how the differences in aggression among the three different
genotypes affect territorial behavior, we mapped the animals' spatial
distribution during dominance formation (initial 24 h) and 2-weeks later
(Fig. 3). As predicted from prior work (Miller et al., 2017), WT pairs
displayed robust social status-dependent localization that appears
within 24 h of pairing and becomes more robust as dominance solidifies.
By 2-weeks, subordinates localized to the corners of the tank while
dominants swam freely throughout with some overlap subordinates'
territories (Fig. 3A). Measurement of the overlapping dominants and
subordinates territories showed a significant decline between days 1 and
15 (Fig. 3D; Paired t-test, p = 0.0472, Cohen's d = 0.727; n = 11 WT
pairs). This decrease in shared swimming area is mirrored by a signifi-
cant increase in the distance between the two locations dominants and
subordinates spent most of their swimming activity (centroids, darkest
areas) (Fig. 3E; Paired t-test, p = 0.0308; Cohen's d = 2.38, n = 11 WT
pairs). Conversely, differences in spatial distribution between ArKO
dominants and subordinates were less distinct (Fig. 3B). Heat map
analysis shows significant territorial overlap in swimming activity of
dominants and subordinates during initial pairing. Although the over-
lapping territory decreased over time (Fig. 3D; Paired t-test, p = 0.008;
Cohen's d = 0.881, n = 14 ArKO pairs), the distance between centroids
where animals spent most of their swimming activity did not change
significantly over the two weeks of observations (Fig. 3E; Paired t-test, p
= 0.1284; n = 14 ArKO pairs). On the other hand, PgrKO pairs displayed
significant differences in territorial activity as dominance matured.
During the initial 24 h of observations, PgrKO pairs showed considerable
overlap in territory as they fought aggressively for dominance. After two
weeks of pairing and dominance formation, the animals localized to
opposite corners of the tank with reduced territorial overlap (Fig. 3C).
This is evident in the decrease in territorial overlap between day 1 and
15 (Fig. 3D; Paired t-test, p = 0.027; Cohen's d = 0.696, n = 12 PgrKO
pairs) and increase in the distance between centroids where animals
spent most of their swimming activity (Fig. 3E; Paired t-test, p = 0.0057;
Cohen's d = 1.35, n = 12 PgrKO pairs). Comparative analysis of the
distance between dominants and subordinates among WT, ArKO, PgrKO
pairs shows that PgrKO pairs experienced the most change in their ter-
ritorial activity (F(o,29) = 4.817, p = 0.0156; Tukey's Multiple Compar-
ison post hoc test: WT vs PgrKO p > 0.05; WT vs ArKO p > 0.05; PgrKO
vs ArKO p = 0.011, WT n = 11 pairs, ARKO n = 14 pairs, PgrKO n = 12
pairs). Collectively, the results further support the conclusion that
disruption of androgen and progestin signaling affects not only aggres-
sive behavior, but also territorial activity. This is illustrated in ArKO
pairs in which spatial swimming patterns overlapped extensively and
persisted over the two weeks of observations. This was accompanied by
low aggressive activities throughout the observation period. Conversely,
PgrKO pairs showed elevated aggressive activity that led to strong
dominance relationship evident by a strong spatial separation in
swimming activity by 2-weeks between dominants and subordinates.
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4. Discussion

Our results show that global knockout of Ar causes reduced levels of
aggression compared to WT fish, while global loss of Pgr results in
increased aggression in male zebrafish. These results are consistent with
a large body of evidence that androgen and androgen receptors are key
regulators in the aggression and suggest that Pgr is also an important
part of signaling pathways in the regulation of aggression. However, we
still do not know whether Ar and Pgr also play similar roles in the female
aggression in the zebrafish due to limitation of current studies in the
male zebrafish. Ar and Pgr express broadly not only in brain regions
important for the regulation of aggression (Gorelick et al., 2008;
Munchrath and Hofmann, 2010), but also in various peripheral tissues
such as muscles (Chiang, 2021; Hossain et al., 2008; Sinha-Hikim et al.,
2004). The relative contribution and effects of these receptors in
different tissues in the regulation and coordination of agonistic behav-
iors are still unclear. Serum T and estradiol levels were found to be lower
in ArKO males compared to those in wildtype males, while serum 11-
ketotestosterone (11-KT) was higher in ArKO male zebrafish (Yu et al.,
2018). These ArKO male zebrafish are infertile or sub-fertile due to
impaired courtship behavior and lower sperm quality (Yong et al., 2017;
Yu et al., 2018). In contrast, PgrKO male zebrafish has normal fertility
(Zhu et al., 2015). Whether there is a difference in steroid synthesizing
and secretion in PgrKO zebrafish is still unknown. Nevertheless, no
difference in serum levels of testosterone and progesterone were found
in PgrKO mice (Schneider et al., 2005). Interestingly, PgrKO mice had
larger testes, greater sperm production, increased numbers of Sertoli and
Leydig cells (Lue et al., 2013). Enhanced androgen receptor expression
in the medial preoptic nucleus and bed nucleus of the stria terminalis
were also found in PgrKO mice (Schneider et al., 2005). The disorder in
gonadal steroidogenesis and difference in fertility also likely contributed
to different aggression in ArKO or PgrKO male zebrafish. Future studies
should address these limitations and unsolved questions.

In the current study, ArKO dominant zebrafish attacked significantly
less than their WT dominant counterparts, and ArKO dominant fish also
retreated significantly more than the WT dominants. Furthermore,
although ArKO dominants attacked less frequently than WT dominants,
the frequency of attacks by ArKO subordinate in ArKO pairs was
increased. This suggests that the subordinate fish are not being subdued
by their ArKO dominant counterparts. ArKO pairs also failed to form a
clear localization pattern within the test tank, indicative of a weakly
defined dominance relationship.

These results suggest that the androgen receptor is necessary for
normal levels of aggressive behavior in zebrafish. In some species,
plasma concentrations of T are positively correlated with aggressive
behavior in males (O'Connell and Hofmann, 2012; Weitekamp and
Hofmann, 2017; Munley et al., 2018), while in other species T concen-
trations did not correlate with aggressive activity (Alward et al., 2019;
Maruska, 2015). The discrepancies found in these studies may not reflect
species differences but due to different experimental conditions. One
possible explanation for the variability in the relationship between an-
drogens and aggression is the expression of the androgen receptor,
which has been supported by findings from several studies. Zebrafish
and other members of the Cyprinidae family carry only one functional ar
gene, which binds preferentially with 11-KT, T, and dihydrotestosterone
(DHT) and is expressed strongly in the preoptic area and hypothalamus,
which are implicated in social aggression (Greenwood et al., 2008;
Hossain et al., 2008; Gorelick et al., 2008). In the California mouse,
winning territorial disputes increases AR expression in the nucleus
accumbens and ventral tegmental area (Fuxjager et al., 2010). In dark-
eyed juncos (Junco hyemalis), ar, era, and aromatase expression levels
in the ventromedial telencephalon are positively correlated with
increased aggression, while serum T levels are correlated with aggres-
sion only in males (Rosvall et al., 2012). In humans, men with more
sensitive AR proteins displayed increased aggression after exposure to T
while men with less sensitive ARs (more GAC repeats) did not show an
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increase in aggression (Geniole et al., 2019). In zebrafish, Filby et al.
analyzed transcriptome profiles of dominant and subordinate fish and
found that ar and erf transcripts are upregulated in dominant fish hy-
pothalamus (Filby et al., 2010). After an aggressive encounter, the
concentration of 11-KT is elevated in both dominant and subordinate
zebrafish but T concentration is elevated only in subordinate fish (Teles
and Oliveira, 2016). Based on our results, and evidence from other
groups (Cunningham et al., 2012; Dugger et al., 2007; O'Connell and
Hofmann, 2012; Sato et al., 2004), the expression of functional Ar in the
brains of male zebrafish is necessary for increased expression of
aggressive behaviors. We have previously shown that male ArKO
zebrafish exhibited decreased courtship behavior when paired with a
female conspecific (Yong et al., 2017). Additionally, research in rats and
mice demonstrates that AR functionality is required for full brain
masculinization in mammals (Dugger et al., 2007; Sato et al., 2004).
Collectively, this raises the possibility that in zebrafish, Ar is necessary
for full masculinization of the zebrafish brain and manifestation of
normal mating and social behavior. Certainly, the importance of brain
Ar in aggression does not necessarily exclude Ar's roles in peripheral
tissues/organs such as muscles in coordinating and executing aggressive
behavior.

Our results showed that not only were dominants of PgrKO pairs
significantly more aggressive compared with dominants of WT pairs
(Fig. 1), but the intensity of aggressive interactions was also elevated
(Fig. 2). Additionally, subordinates of PgrKO pairs retreated signifi-
cantly more than WT zebrafish due in part to the persistently elevated
attacks by dominants. Closer analysis of their interactions showed that
the encounters of PgrKO pairs lasted much longer than WTs, and
dominant PgrKO fish attacked more frequently than WT dominants.
Social interactions between PgrKO animals were continuous bouts of
dominants pursuing and attacking their submissive counterparts, while
the subordinates mostly retreated from those interactions. Those in-
teractions were prolonged, allowing for less overall encounters to be
recorded per minute (Fig. 3B). These results suggest that PgrKO animals
are more aggressive compared to their WT counterparts. This height-
ened aggression of PgrKO animals culminated with significant differ-
ences in territorial activity (Fig. 3C).

Although brain androgens are known to be important in regulating
territoriality in many animal species including fish, birds, and mammal
species (Heimovics et al., 2015; Munley et al., 2018; Silva et al., 2020);
results in male song sparrows (Melospiza melodia morphna) show that T
does not activate territorial aggression; rather it increases the intensity
of aggressive to territorial intrusions (Wingfield, 1994). Similarly, non-
breeding seasonal territorial aggression in male lizards (Sceloporus jar-
rovi) was minimally affected with supplemented T (Moore and Marler,
1987). These findings along with our results suggest that territorial
behavior may be controlled by different mechanisms, perhaps via the
action of nuclear androgenic receptors that act as transcription factors to
activate different regulatory pathways, and brain regions involved in
social aggression and territorial activity. For instance, Pgr expression
extensively overlaps with the mesocortical dopaminergic pathway of
ventral tegmental area (VTA), whose projection and regulation of the
prefrontal cortex is critical in regulating executive functions, attention,
memory, social behavior and cognition (Quadros et al., 2007; Lopez and
Wagner, 2009). Furthermore, inhibition of Pgr activity decreases
dopaminergic innervation in the VTA and impairs cognitive flexibility
and behavioral inhibition (Willing and Wagner, 2015). Collectively,
these findings suggest that Ar and Pgr can induce functional and struc-
tural reconfigure of neuromodulatory brain circuits implicated in social
behavior by independently influencing the manifestation of aggressive
and territorial behaviors. For instance, our results show that despite the
significant decrease in aggressiveness in ArKO fish, territorial roaming
by dominants was unimpeded.

The current results support the role of progestins and Pgr in inhib-
iting aggression in zebrafish males, since loss of the progestin receptor
caused increased aggressiveness in socially dominant fish. The zebrafish

Hormones and Behavior 134 (2021) 105012

Pgr is activated by several progestins, 17a,20p-dihydroxy-4-pregnen-3-
one (DHP), 17,20,21-Trihydroxy-4-pregnen-3-one (203-S), progester-
one (P4), and 17a-hydroxyprogesterone (Tokarz et al., 2013). The roles
of progestins in regulating aggression in other animals is more ambig-
uous than the androgens, since some species show increases in aggres-
sive behavior in response to progesterone exposure (Weiss and Moore,
2003) while other species show decreases in aggression in response to
progesterone (Fraile et al., 1987; Kohlert and Meisel, 2001). The
different results may not be due to species difference but could be dif-
ference in the experimental conditions. In male horneros (Aves, Fur-
narius rufus), simulated territory intrusions caused progesterone levels to
rise after an encounter during the mating period, but not during the
parental care period (Adreani et al., 2018). Progesterone treatment
increased infanticidal aggression in male mice (Schneider et al., 2009)
and progestin receptor knockouts virtually eliminated infant-directed
aggression (Schneider et al., 2003).

In female Syrian hamsters (Mesocricetus auratus), progestin implants
in the ventromedial hypothalamus reduced aggression (Meisel et al.,
1989). The zebrafish Pgr is present in the hypothalamus as well and may
be the site of progestin action in inhibiting zebrafish aggression (Hanna
et al., 2010). Another alternative hypothesis is that developmental
changes may have led to increased aggression, as progestins are
important in the brain for neuronal survival and proliferation. During
developmental, the Pgr is expressed widely across the zebrafish brain
and expressed particularly strongly in radial glia cells (Diotel et al.,
2011).

Our results coupled with previous findings suggest that the Ar and
Pgr are necessary for maintaining normal expression of aggression
required for social dominance. Maladaptive aggression levels are a co-
morbid symptom of a variety of psychiatric illnesses, and a greater un-
derstanding of the molecular mechanisms regulating these behaviors is
important. With the zebrafish becoming an increasingly popular model
for biomedical, neuroscience, and pharmacological research, these
findings can aid future studies in delineating the neurohormonal un-
derpinning of aggression. The current study identified the importance of
the Ar and Pgr in regulating zebrafish aggression, but the molecular
regulatory mechanisms are still unknown. It is possible that other steroid
hormones and receptors such as membrane receptors may also play roles
in regulating aggression as well. Further, due to the nature of global
genetic knockouts, it is also unknown if the changes in behavior were
caused by changed levels of active transcription in adult fish, or due to
alternation of brain organization during early development. Answering
these questions will help uncover the hormonal regulation of aggression
in vertebrate species.

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.yhbeh.2021.105012.
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