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All animals must integrate internal and environmental information into an 

appropriate behavior that ultimately aims to increases fitness.  In order to investigate the 

proximate and ultimate mechanisms underlying adaptive behavior, I examined the role of 

neuroendocrine molecules at three distinct levels of biological organization. At the level 

of the individual, I demonstrate that steroid hormone receptors play distinct roles in 

modulating adaptive behavior, physiology and brain gene expression in dominant and 

subordinate African cichlid fish. At the level of the social community, I investigate how 

the behavior and physiology of one individual can affect the behavior, physiology, and 

brain gene expression of other community members. I found striking covariance patterns 

that implicate identifiable neuroendocrine pathways as mediators of specific social 

signals, establishing an important model to investigate the molecular basis of how 

behavioral phenotypes spread through communities. Finally, I investigate how the 

neurochemistry of the five major vertebrate classes has changed in a way that covaries 

with sensory integration, life history, and mating strategy. To address this question, I 

have laid an important theoretical framework to study the evolution of behavior as well as 

establishing neuroanatomical brain homologies across vertebrate lineages. I show that 
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variation in where neurochemicals (dopamine, steroids, neuropeptides) are produced in 

the brain varies across vertebrates while where signals are received (ie receptors) are 

conserved, providing a novel theory of social brain evolution. In summary, I use a 

multidisciplinary approach to study hormonal contributions to the proximate and ultimate 

mechanisms of social behavior on many levels of biological organization and have 

contributed important novel insights that have significantly increased our understanding 

of the evolution of behavior and its neural and molecular underpinnings. 
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Chapter 1: Introduction 

I am interested in how animals make decisions.  This dissertation focuses on the 

neural and molecular substrates of social decision-making in vertebrates. Social decisions 

are daily decisions that animals must make on which natural and sexual selection 

impinge. Despite such diversity in behavioral phenotypes, all species have adaptive 

behavioral strategies enabling them to respond appropriately to similar situations in their 

social environment, such as the opportunity to mate with a conspecific or the challenge of 

defending resources. Although there are conserved behaviors to social challenges and 

opportunities across animals, there is tremendous diversity in ecology and sensory biases, 

leading to variation in what environmental information a given species is paying attention 

to. However, we know very little about how the brain integrates different environmental 

information into a conserved behavioral output, begging the question, how do vertebrate 

brains output similar behaviors when the information input is vastly different? 

Deciphering both proximate and ultimate mechanisms of how animals make social 

decisions to produce an adaptive behavior is crucial for understanding how the 

neuroendocrine substrates of behavior have evolved. Neuroendocrine signaling pathways 

are excellent candidates for integrating external environmental cues and internal 

physiology into a context-appropriate response (Wingfield et al., 1990). I examine the 

neuroendocrine regulation of behavior at three levels: at the level of the individual 

(Chapter 2), the social community (Chapter 3), and across vertebrate classes (Chapter 4).  
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My goal in the first two parts of my dissertation is to understand how molecular 

mechanisms function to produce social behavior in great detail within a single species in 

the hope that this study can then be expanded to other cichlid species in order to 

determine how neuroendocrine modulation of behavior has facilitated the rapid 

divergence of cichlids in East Africa’s Great Lakes. To this end, I used the African 

cichlid Astatotilapia burtoni, an emerging model system in social neuroscience 

(Robinson et al., 2008), to investigate the neural and molecular underpinnings of social 

decision-making. A. burtoni readily form social communities in which males adopt either 

a dominant or subordinate phenotype depending on the immediate social environment 

(Fernald, 1976; Hofmann, 2003). Dominant males are brightly colored and defend 

territories where they court and spawn with females.  On the other hand, dominant males 

are cryptic in coloration, do not maintain territories and school with females in the open 

water.  In the laboratory environment, I can easily establish communities in which a 

subset of the males form territories in terracotta shelters while the rest of the males adopt 

the subordinate male phenotype and school with females in the center of the tank.  This 

type of experimental paradigm is very amenable to investigating mechanisms within 

individuals or asking how social perturbations alter the community dynamics of all group 

members. 

 Social decision-making requires integrating internal physiology with external 

social information into a context-appropriate behavior. In order to study the molecular 

and neural basis of social dominance in A. burtoni, I first selected candidate molecules 

that act in the brain, carry information about internal physiology as well as respond 
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acutely to social information. Steroid hormones are excellent candidates for mediating 

social decision-making and classically act through nuclear hormone receptors that 

function as transcription factors to modulate gene transcription. Sex steroid hormones 

carry information about internal physiology in A. burtoni, as dominant and subordinate 

males differ in circulating steroid hormone levels (chapter 2). Furthermore, sex steroid 

hormones respond acutely to social information and this response is well described in the 

literature as the challenge hypothesis (Wingfield et al., 1990). 

WITHIN INDIVIDUALS 

Chapters 2 of this dissertation work focuses on how gonadal hormones contribute 

to behavioral phenotypes in male A. burtoni dominant and subordinate individuals. I use 

a single species in order to address the proximate mechanisms of neuroendocrine 

modulation of behavior, as it is important to understand the molecular underpinnings of 

behavior across multiple levels of biological organization. At the level of behavior, I 

injected dominant and subordinate males with sex steroid receptor agonists and 

antagonists and observed changes in specific aspects of behavior that differed with social 

status.  I decided to focus on the androgen, estrogen, and progesterone receptors (AR, 

ER, and PR, respectively). To determine if changes behavior were reflected at the level of 

hormones and physiology, I measured circulating levels of 17β-estradiol, testosterone, 

and progesterone, and also measured relative testes size a as measure of reproductive 

physiology. To determine if changes at the level of hormones and behavior were reflected 

in the brain, I measured gene expression of candidate neuroendocrine genes in the 
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preoptic area, a brain region mediating aggression and male sexual behavior. Finally, I 

used microarrays to determine if changes in behavior were reflected in changes in the 

preoptic area transcriptome. It is my hope that this work can be compared across closely 

related species to address the evolution of behavior in future studies. 

WITHIN SOCIAL NETWORKS 

Although intra- and inter-sexual selection is typically studied in isolation, these 

forces work simultaneously to sculpt the evolution of species.  Understanding how 

behavior transmits and is regulated though a social network is crucial to unraveling the 

processes of behavior. I have therefore studied the role of steroid hormones in modulating 

phenotypic transmission through social networks by characterizing how the behavior of 

one individual in a community influences the behavior, physiology, and brain gene 

expression of others in the social network. I accomplished this by observing both direct 

and indirect interactions between two males within many communities and then 

measuring gene expression of sex steroid hormone receptors in several brain regions 

implicated in regulating social behavior and reward processing. I then used correlation 

matrices and hierarchical clustering to draw association patterns between behavior, 

hormones, and brain gene expression. This chapter lays an important foundation to better 

understanding how selection may occur at the population level as well as how individual 

variation in group composition contributes to differences in overall fitness between 

communities. 
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ACROSS VERTEBRATE CLASSES 

Although studying the proximate mechanisms of behavioral phenotypes within a 

species allows the contribution of new insights to the fields of evolution and 

neuroethology, I am ultimately interested in understanding how novel behavior traits 

evolve. All animals must make a context appropriate choice to challenges and 

opportunities in their environment, and many of the underlying mechanisms that regulate 

these responses are conserved, even across large evolutionary distances. However, brain 

morphology in vertebrates shows tremendous diversity, making direct comparisons 

across vertebrate classes challenging. To fairly compare the neural basis of behavior 

across vertebrates, I have demonstrated that a neural network that regulates social 

decision-making is present in all major vertebrates lineages (O’Connell and Hofmann, 

2011b). This neural network is composed of the mesolimbic reward system and the social 

behavior network (Newman, 1999). It is important to combine these two traditionally 

separate circuits, as social decision-making requires the evaluation of stimulus salience as 

well as producing the appropriate behavioral response. With this anatomical foundation, I 

compare the neurochemistry of endocrine factors implicated in mediating social behavior 

across 88 species representing five major vertebrate lineages within this neural network. 

In summary, I use a multidisciplinary approach to study hormonal contributions to 

the proximate and ultimate mechanisms of social behavior on many levels of biological 

organization and have contributed important novel insights that have significantly 

increased our understanding of the neuroendocrine basis of behavior and its evolution. 
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Chapter 2: Social status modulates sex steroid responsiveness and brain 
gene regulatory networks 

ABSTRACT 

Social status strongly affects behavior and physiology, in part mediated by 

gonadal hormones, although how each sex steroid acts across levels of biological 

organization is not well understood. I examine the role of sex steroids in modulating 

social behavior in dominant (DOM) and subordinate (SUB) males of a highly social fish, 

Astatotilapia burtoni. I first used agonists and antagonists to each sex steroid receptor and 

found that androgens and progestins modulate courtship behavior only in DOMs, while 

estrogens modulate aggressive behavior independent of social status. I then examined the 

hormonal and physiological responses to sex steroid receptor antagonists and uncovered 

substantial changes in circulating steroid hormone levels and gonad size only in SUBs, 

not in DOMs. Consistent with status-based differential physiological sensitivities to drug 

manipulation, I found that neuropeptide and steroid receptor gene expression in the 

preoptic area was sensitive only in SUBs. When I compared the transcriptomes of males 

that received either vehicle or an estrogen receptor antagonist, 8.25% of all genes 

examined changed expression in DOMs in comparison to only 0.56% in SUBs. Finally, I 

integrate all results across multiple levels of biological organization and infer functional 

modules that underlie the complex interplay between behavior, physiology, and gene 

expression. My work suggests that environmentally induced changes at one level of 

biological organization do not simply affect changes of similar magnitude at other levels, 
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but that instead very few key pathways likely serve as conduits for executing plastic 

responses across multiple levels. 

INTRODUCTION 

Behavior and physiology are profoundly affected by an individual’s position in a 

social hierarchy. To function in a social group, every group member integrates 

information about its own internal physiological state with external social information 

into a behavioral output that ultimately promotes its fitness. Although behavioral and 

hormonal responses within social groups are relatively well understood in mammals and 

fish (Newman et al., 2005; Bales et al., 2006; Parikh et al., 2006), researchers have only 

recently begun to examine the molecular events in the brain that mediate the behavioral 

responses of individuals in different social states (Burmeister et al., 2005; Maruska & 

Fernald, 2010). Despite the importance of integrating external and internal signals within 

the brain into subsequent behavioral and molecular changes, studies investigating this 

integration are limited due to the general difficulty of incorporating multiple levels of 

analysis such as environment, physiology, and molecular responses in the nervous 

system. Thus, our present understanding of how physiology, brain gene expression, and 

social environment regulate behavior in a social hierarchy is still limited. 

Sex steroid hormones are excellent candidates for mediating the integration of 

external and internal information into an adaptive behavioral response. These hormones 

vary across many physiological contexts such as sex, social status, breeding condition, 

and season (Oliveira et al., 2002; Trainor et al., 2007; Goymann, 2009). Such variability 
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plays an important role in regulating an animal’s behavioral response in relation to a 

physiological state in both reproductive and aggressive contexts (Wingfield et al., 1990). 

Circulating hormones robustly respond to social stimulation and have been extensively 

studied in the context of the androgen challenge response to aggressive interactions, a 

physiological response conserved across vertebrates (Hirschenhauser and Oliveira, 2006; 

Gleason et al., 2009). In order to integrate these social and physiological cues into a 

molecular response, sex steroids act through either nuclear steroid hormone receptors, 

which function as transcription factors and modulate gene expression (reviewed in Wahli 

and Martinez, 1991), or more quickly through membrane-bound steroid receptors that 

trigger a signal transduction cascade (Remage-Healey and Bass, 2006; Mani et al., 2009). 

In order to study the proximate mechanisms of male-typical behavior in a social 

hierarchy, I use the African cichlid fish, Astatotilapia burtoni, which has become a 

powerful model system in social neuroscience and genomics (Hofmann, 2003; Robinson 

et al., 2008). Males of this species have two plastic behavioral phenotypes that impinge 

on both physiological state and external social environment. Dominant males (DOM) are 

brightly colored and aggressively defend territories where they court and spawn with 

females. Subordinate males (SUB) are dull in coloration, reproductively suppressed, and 

school with females. The brain gene expression profiles of these two phenotypes differ 

substantially (Renn et al., 2008). SUB males will transition to DOM status given the 

opportunity, which involves a concerted effort of gene expression in the brain and testes 

as well as a rapid flux in steroid hormones (Maruska and Fernald, 2010a; Huffman et al., 

2011).  
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I examined the differential role of steroid hormones in the regulation of behavior 

in these two social phenotypes with the hypothesis that the gene networks of steroid 

hormone receptors change with social status. I first determined how androgen receptors 

(ARs), estrogen receptors (ERs), and the progesterone receptor (PR) modulate social 

behavior and circulating hormone levels in these two phenotypes within a community 

setting.  Additionally, I examined steroid hormone receptor regulation of gene expression 

in the preoptic area, a brain region that regulates aggressive and sexual behaviors in all 

vertebrates (Newman, 1999; O’Connell and Hofmann, 2011a,b) in an effort to obtain an 

integrative understanding of the actions of steroid hormone receptors across multiple 

levels of biological organization. 

RESULTS 

Differential roles of sex steroids in a social hierarchy 

I utilized a within-subject design using specific sex steroid receptor agonists and 

antagonists (Figure 1) and found that sex steroid receptors differentially modulate 

aggression and courtship in the two phenotypes (Figure 2). Teleost fish have two 

isoforms of AR (ARα and ARβ) and ERβ (ERβa and ERβb) due to a genome duplication 

early in the evolution of this lineage (Hoegg et al., 2004), and I selected drugs that 

targeted all three ER isoforms or both AR isoforms (see methods for details). 

Manipulation of ER changed aggressive behavior, but not courtship behavior, 

independent of social phenotype. Specifically, estradiol treatment increased aggression 

(chases) in DOMs (GEE, p=9.3x10-9, Wald χ2=32.984), while treatment with the ER-
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specific antagonist ICI182780 decreased chases (GEE, p=1.4x10-6, Wald χ2=23.284). 

Importantly, ER manipulations in DOMs did not affect courtship displays (GEE: 

estradiol, p=0.864, Wald χ2=0.03; ICI182780, p=0.06, Wald χ2=3.539), suggesting a 

specific action of the drug. Surprisingly, aggressive displays were also increased in SUBs 

treated with estradiol (GEE, p=1.8x10-4, Wald χ2=13.993), which was unexpected given 

the suppression of the SUB behavioral repertoire by DOMs in the community. Not 

surprisingly, treatment of SUBs with an ER antagonist did not result in a behavioral 

change (GEE, p=0.8, Wald χ2=0.064), as SUBs rarely display aggressive behavior even 

under control conditions. ER manipulation did not affect fleeing behavior in SUBs (GEE: 

estradiol, p=0.24, Wald χ2=1.382; ICI182780, p=0.86, Wald χ2=0.033). 

AR manipulations exclusively affected courtship behavior, and had no effect on 

aggressive behavior. Specifically, DOMs treated with DHT, an AR agonist, increased 

courtship displays (GEE, p<0.0002, Wald χ2=13.794), while treatment with an AR 

antagonist, cyproterone acetate (CA), decreased courtship behavior (GEE, p=8.5 x10-6, 

Wald χ2=19.823). Aggressive behavior of DOMs did not change with manipulation of 

AR (GEE: DHT, p=0.22, Wald χ2=1.502; CA, p=0.20, Wald χ2=1.624). Similarly, no 

behavioral change in aggression (GEE: DHT, p=0.55, Wald χ2=0.360; CA, p=0.55, Wald 

χ2=0.355) or fleeing (GEE: DHT, p=0.81, Wald χ2=0.058; CA, p=0.75, Wald χ2=0.100) 

was observed in SUBs (which rarely display any courtship behavior).  

PR manipulations showed effects similar to those of AR such that I observed 

changes in courtship behavior displayed by DOMs. Specifically, DOMs treated with 17α-
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20β-P increased courtship displays (GEE, p=0.040, Wald χ2=4.233), while the PR 

antagonist ZK112993 decreased courtship displays (GEE, p=0.041, Wald χ2=4.168). 

Aggressive behavior in DOMs did not change with PR manipulation (GEE: 17α-20β-P, 

p=0.148, Wald χ2=2.091; ZK112993, p=0.053, Wald χ2=3.751). Similar to DOMs, 

aggressive behavior in SUBs did not change with PR manipulation (GEE: 17α-20β-P, 

p=0.14, Wald χ2=2.173; ZK112993, p=0.68, Wald χ2=0.172). Interestingly, SUBs treated 

with 17α-20β-P displayed less fleeing behavior (GEE, p=0.001, Wald χ2=11.195), but 

this behavior did not change after treatment with the PR antagonist (GEE, p=0.52, Wald 

χ2=0.409). 

Dissociation of behavior with hormones and physiology 

To investigate whether my manipulations of sex steroid receptor signaling 

affected circulating levels of sex steroid hormones in relation to social status, I measured 

free circulating 17β-estradiol, testosterone, and progesterone in the plasma of animals 

that received the receptor antagonists or vehicle only (Figure 3). As expected, control 

DOMs had higher circulating testosterone (t11=3.7, p=0.005) and 17β-estradiol (t12=3.8, 

p=0.003) levels than control SUBs. Progesterone levels, however, did not differ between 

social states, although there was a non-significant trend to higher levels in DOMs 

(t11=2.053, p=0.065). Surprisingly, I found that in DOMs treated with a receptor 

antagonist, circulating levels did not change for any of the sex steroids compared to 

controls (ANOVA: 17β-estradiol, F3,34=1.796, p=0.169; testosterone, F3,32=0.289, p=0.83; 

progesterone, F3,33=0.289, p=0.436), despite the clear behavioral responses I observed. 
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Even more striking, SUBs displayed distinct changes in circulating hormone levels with 

treatment of receptor antagonists (ANOVA: 17β-estradiol, F3,30=7.106, p=4.23x10-4; 

testosterone, F3,30=7.106, p=0.001; progesterone, F3,30=3.471, p=0.03). SUBs thus still 

responded on a physiological level even though they showed little behavioral response to 

steroid hormone receptor manipulations within a social community.  

Gonadosomatic index (GSI) was higher in control DOMs compared with control 

SUBs (t14=2.3, p=0.039).  Steroid receptor antagonists did not affect the GSI of DOMs 

(F3,34=0.231, p=0.853), yet in SUBs ER antagonist treatment resulted in a significant 

reduction in GSI (F3,32=8.521, p=0.0004; Bonferroni post hoc test: p<0.033), a remarkable 

physiological change in such a short time span of treatment. 

Regulatory network of sex steroid receptors 

To better understand how sex steroid receptors regulate social behavior in a 

hierarchy, I used quantitative real-time PCR to analyze the expression of these receptors 

and neuropeptides in the preoptic area (POA) of males that received either a sex steroid 

receptor antagonist or vehicle (Figure 4). I measured the expression of all sex steroid 

hormone receptors as well as the nonapeptides arginine vasotocin (AVT) and isotocin 

(IST), as all these neuroendocrine pathways play important roles in modulating social 

behavior across vertebrates (Goodson and Thompson, 2010).  

To my surprise, control and experimental groups of DOMs did not differ in the 

expression of any of these candidate genes despite the robust changes in social behavior I 

had observed, but consistent with the lack of differences in hormone levels and GSI 
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described above. In SUBs, however, mRNA levels of several candidate genes differed 

significantly between control and experimental groups, consistent with my finding 

described above of an apparent disconnect between the molecular and behavioral 

responses to sex steroid antagonist treatment. In SUBs, PR and IST levels were sensitive 

to antagonist treatment (PR: ANOVA, F3,28=5.321 p=0.006; IST: ANOVA: F3,28=3.820, 

p=0.022). Specifically, SUBs given an ER, AR or PR antagonist decreased expression of 

PR (ER antagonist Dunnett’s t-test, p=0.038; AR antagonist Dunnett’s t-test, p=0.005; PR 

antagonist Dunnett’s t-test, p=0.006), while expression of IST increased after exposure to 

the AR antagonist (Dunnett’s t-test, p=0.02). 

ER regulation of the social transcriptome 

Since perturbation of ER exhibited consistent and significant effects on behavior 

in both DOM and SUB males, I then asked to which extent the POA gene network 

regulated by ER differed between DOMs and SUBs. To investigate the molecular 

consequences of ER perturbation on a genomic scale I compared the POA transcriptomes 

of the individuals from the behavioral trials after administration of either ER antagonist 

or vehicle. In DOMs, 71.6% array features with cichlid sequences yielded above 

background intensities, whereas in SUBs there were only 45.9% of such features, 

indicating that the POA expresses about 56% more genes in DOMs compared with SUBs 

(χ2= 2405.002; p<0.001). This difference is not a technical artifact, as normalized 

intensity distributions (as a measure of dynamic range in gene expression) did not differ 

substantially between the DOM and SUB experiments (Figure 5A). I then compared 
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(separately for DOMs and SUBs) the POA transcription profiles of ER antagonist-treated 

animals with those of vehicle controls, though none of the differences survived false-

discovery correction for p<0.05 in either social phenotype. However, when I examined 

the p-value distributions for DOMs and SUBs, I discovered that small p-values were 

considerably overrepresented in the DOM dataset (Figure 5B), indicating wide-spread 

gene regulation. I chose p<0.05 as an acceptable significance threshold, as my aim was to 

compare broad-scale patterns of gene regulation across phenotypes. Unexpectedly, 

despite the almost complete absence of physiological or candidate gene expression 

responses to antagonist treatment in DOM males, 8.25% of array features that provided 

signal above background were differentially regulated (LIMMA, p<0.05) between control 

vs. ER antagonist. An even more striking picture emerged in SUBs, where the p-value 

distribution was surprisingly devoid of small values (Figure 5), suggesting a genome-

wide suppression of expression variation in this phenotype. At a p<0.05 threshold, only 

0.59% of the features were differentially regulated between the control and ER antagonist 

groups (LIMMA, p<0.05), even though SUBs demonstrated significant changes in 

physiological and gene expression measures following ER antagonist manipulation, as 

described above. Finally, the POA transcriptome responses to ER perturbation showed 

very little overlap between DOMs and SUBs, as only four genes were regulated at p<0.05 

by ER in both datasets (Table 1). These sequences represent novel genes for which no 

annotations could be found in the databases. 
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Integration of genes, physiology, and behavior 

To examine the relationship between behavior, hormone levels, gonadal state, and 

gene expression in DOMs and SUBs, I used the network analysis platform Cytoscape 

(Kohl et al., 2011) to create association networks across levels of biological organization. 

Each network is based on Spearman correlation coefficients (Table 2-3) between 

measures of behavior, physiology, hormones, and POA gene expression in DOMs (n=32) 

and SUBs (n=32). As can be seen in Figure 6, only four significant associations were 

shared between DOM and SUB males: ERα and ERβa are highly correlated, as are AVT 

and IST, estradiol levels and GSI, and estradiol and progesterone levels.  

This analysis enabled us to identify network modules that may contribute to 

specific aspects of A. burtoni sociality, based on what is known about behavior, 

physiology, and life history of this species. In DOMs, border disputes and threat displays 

are only directed toward other DOMs (Baerends and Baerends-van Roon, 1949). My 

results suggest that these behavior patterns are tightly regulated by ERβa and ERβb 

signaling and together form a territory defense module. The most striking differences 

between DOMs and SUBs were the interactions of hormones and physiology with 

behaviors and gene expression.  In DOMs, testosterone, in association with chasing and 

courtship, represents a community interaction module, as these behavior patterns are 

directed exclusively at the community of females and SUBs. However, in SUBs, 

testosterone is associated with the other steroid hormones and GSI as well as AR subtype 

expression. This suggests that circulating steroid hormones are more reflective of gonadal 

state, and that together these measures may constitute a module of anticipating 
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opportunity, which might enable SUBs to seize opportunities to ascend in social status. 

Finally, I find strong associations between estradiol, progesterone, testosterone, and 

feeding in DOMs, a pattern that could be indicative of a module governing reproductive 

physiology. 

DISCUSSION 

Specific roles for steroid hormone pathways in social situations 

Androgens and estrogens have a dynamic influence on behavior and have been 

intensively studied for decades in the context of sexual behavior and aggression (Beach, 

1948; Lehrman, 1965; Ball and Balthazart, 2004). Of particular relevance to my study is 

recent work by Juntti et al. (2010), who showed that mice with a conditional neuronal AR 

knockout displayed deficits in sexual behavior, yet the number of aggressive displays did 

not differ compared to wild-type mice. Research in several other vertebrates also suggests 

that AR is important in male-typical sexual behavior, including teleost fish (present 

study, Sebire et al., 2008), amphibians (Behrends et al., 2010), birds (Fusani et al., 2007), 

and reptiles (Tokarz, 1986). For many years, the role of estrogens in the male brain has 

been relatively underappreciated compared to androgens. However, conversion of 

testosterone to estrogen by aromatase is necessary for male aggression in mammals and 

birds (Schlinger and Callard, 1990; Trainor et al., 2006), as well as for reproductive 

behavior in some species (Adkins-Regan and Garcia, 1986). Male ERα knockout mice 

also display deficits in sexual behavior (Wersinger et al., 1997), although this may be due 

to organizational effects of estrogen in the developing male brain (Kudwa et al., 2006). 
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Estrogenic and androgenic modulation of behavior varies based on environmental 

cues (Trainor et al., 2007; Wingfield et al., 2001). However, in A. burtoni males, which 

breed year-round, variation in AR and ER modulation of behavior likely arises from the 

social rather than seasonal cues. I have shown here that testosterone modulates sexual 

behavior in DOMs, and that estrogens regulate aggression independent of social status.  I 

obtained these results using males that were well established in their respective social 

states and by treating them with an agonist or antagonist for several days. However, when 

SUBs are provided with an opportunity to ascend in social status, aggressive behavior 

and androgens rise within thirty minutes of transition, although estrogens do not increase 

for several days (Maruska et al., 2010; Huffman et al., 2011). It may be that androgens 

play a short-term role in modulating aggressive behavior during social instability (see 

also Wingfield et al., 1990; Oliveira et al., 2002), whereas estrogens may maintain 

aggressive motivation over the long term if and when the social environment has 

stabilized. This neuroendocrine ‘tag team’ may also be a consequence of the relatively 

slow up-regulation of brain aromatase by AR (Abdelgadir et al., 1994). Interestingly, 

however, I found that treatment of SUBs with DHT did not change aggressive behavior. 

This may indicate that SUBs need both an androgen surge as well as a social opportunity 

– such as a vacant territory and/or the removal of suppression by DOM males – to ascend 

in social status. 

The role of progesterone in the adult male brain is less understood than the actions 

of androgens and estrogens, although several studies indicate that PR is important in 

sexual behavior in mammals (Witt et al., 1994; Phelps et al., 1998) and reptiles (Lindzey 
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and Crews, 1988). My results also show that PR facilitates male sexual behavior in A. 

burtoni DOMs. However, PR had a surprising effect in SUBs, decreasing fleeing 

behavior when treated with a PR antagonist, which might suggest that the perception or 

interpretation of social (i.e., threatening) cues is modulated by PR. Work in humans has 

shown that progesterone, along with cortisol, increases in avoidance situations that 

signify fear of rejection (Wirth and Schultheiss, 2006). Furthermore, treatment with 17α-

20β-P has anti-anxiety effects in rodents (Picazo and Fernandez-Guasti, 1995). It is thus 

possible that PR regulates social cognition in a manner that is conserved across 

vertebrates, although more studies across a wide range of taxa will be needed to test this 

novel hypothesis. 

Integrating the transcriptome with behavior and physiology 

I have described a covariation network structure as a useful tool to organize data 

across levels of biological organization into functional modules and to interpret them in 

ways that allow us to generate new hypotheses about the underlying biology of adaptive 

behavior. My work suggests that there may be separate neuroendocrine modules 

governing different aspects of behavior within a social group. DOMs display behavior 

patterns towards other DOMs that are closely associated with expression of ER, while 

interactions with other community members, including females and SUBs, appear to 

involve a different module that is dominated by androgens. SUBs are quite different, in 

that their hormones are tightly linked to gonadal state and AR expression, which may 

enable them to quickly seize social opportunities to ascend to DOM status. 
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I found several interesting patterns with steroid receptor antagonist treatment and 

downstream gene expression, particularly the suppression of IST by AR in SUBs. 

Neuropeptides of the oxytocin family have drawn a lot of attention in the mammalian 

literature by regulating trust (Kosfeld et al., 2005) and affiliation (Insel and Shapiro, 

1992). Integrating what we know from mammalian literature, oxytocin (isotocin) 

modulates affiliative behavior in mammals, and an equivalent behavior may be schooling 

in fish.  SUBs school with females in the community, and given the opportunity to ascend 

in social status and the accompanying testosterone rise, it is important to inhibit schooling 

behavior (presumably via down-regulating the IST pathway) in order to establish 

dominance, a relatively solitary station. This idea is consistent with the effects of 

exogenous IST in goldfish, where it causes an increase in social approach (Thompson and 

Walton, 2004).  

Another interesting relationship is that of androgens, estrogens, and expression of 

their receptors in the POA, which seem to play very different roles depending on an 

individual’s position in the social hierarchy. SUBs have lower expression of ERs 

compared to DOMs (Figure 4), and the lack of a transcriptome response in SUBs 

compared to DOMs follows this pattern. Inhibition of ER mechanisms in SUBs after 

administration of an ER antagonist, in combination with low circulating testosterone 

levels, and the resulting absence of brain AR activation, appears to lead to a remarkable 

suppression of both POA transcriptomes activity and variation (Figure 5B). 
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Searching for patterns across levels of biological organization 

In an era when molecular tools have become available for non-traditional model 

systems to explore the underpinnings of complex behavioral phenotypes, few researchers 

have analyzed a particular phenotype across many levels of biological organization. I am 

not aware of any other study to date that has integrated behavior, hormones, physiology, 

candidate gene expression, and transcriptome profiling within the same individuals, yet a 

complete understanding of the mechanisms underlying behavioral variation across 

individuals might require the kind of integration across multiple levels of biological 

organization I have attempted here. 

My results show that phenotypic changes at one level of biological organization 

do not predict changes of comparable magnitude at another level (Figure 7). My 

expectation at the beginning of this study was that a behavioral response to sex steroid 

receptor manipulations would be accompanied by corresponding changes in circulating 

hormone levels, candidate gene expression, and transcriptome activity, regardless of 

social status. However, I found marked differences in DOM and SUB responses at 

various levels.  These discrepancies could, in part, be explained by differences in gene 

expression of sex steroid receptors in some brain regions (Burmeister et al., 2007) or in 

the testes (Maruska and Fernald, 2011), by effects of the community structure on the 

behavioral expressions of DOM and SUB males, or most likely a combination of all these 

factors. 
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Conclusions 

My results suggest that multiple levels of biological organization should be 

investigated between phenotypes in order to gain a deeper insight into the molecular 

underpinnings of complex behavior. Additionally, I have used a systems biological 

approach to demonstrate that individual variation in behavior, physiology, and gene 

expression can be used to examine functional relationships across levels of biological 

organization that contribute to social phenotypes as well as generate new hypotheses. 

METHODS 

Animals 

Astatotilapia burtoni from a wild-caught stock population were maintained in a 

naturalistic community as previously described (Munchrath and Hofmann, 2010) with 

eight males and eight females per tank. A total of 34 DOM and 32 SUB were used in this 

study. All work was carried out in compliance with the Institutional Animal Care and Use 

Committee at The University of Texas at Austin. 

Behavior and Pharmacology 

Male A. burtoni chosen for this study were stable in social status for one week 

before injections. Only one animal per tank was manipulated at a given time. Animals 

were injected intraperitoneally with 10 µl mineral oil per gram body weight (gbw) for 

two days and then with a sex steroid receptor agonist or antagonist for the next two days. 

One group of males used as the control group for all end-point analyses were injected 
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with vehicle for all four days. Focal observations were done for five min the following 

morning of each day after injections and for two days after injections ended (Figure 1) by 

an observer blinded to treatment. This observation paradigm was done to avoid non-

genomic fast-acting effects of steroid hormones (Remage-Healey and Bass, 2006). Social 

behaviors recorded are described in Fernald (1976).  

The following doses used were chosen based on a dose-response curve conducted 

in DOM males in which three doses of each drug were tested to see which had the largest 

effect on aggressive and/or courtship behavior: 0.4 µg/gbw 17β-estradiol (Steraloids; n=8 

SUB and n=10 DOM), 0.13 µg/gbw dihydrotestosterone (Sigma; n=8 per social status), 

0.125 µg/gbw 17α-20β-dihydroprogesterone (Steraloids; n=8 per social status), 1.6 

µg/gbw ICI182780 (ER antagonist; Sigma; n=8 per social status), 0.83 µg/gbw 

cyproterone acetate (AR antagonist; Sigma; n=8 per social status), and 1.6 µg/gbw 

ZK0112993 (PR-antagonist; Bayer Schering Pharma AG; n=8 per social status). All 

antagonists have been shown to bind their respective teleost sex steroid receptors 

(ICI182780: Hawkins and Thomas, 2004; cyproterone acetate: Wells and Van der Kraak, 

2000; ZK0112993: Pinter and Thomas, 1997). 

On the last day of behavioral observations, weight and length of each individual 

that received an antagonist or only vehicle was recorded, and blood was drawn for 

hormone assays. Gonads were removed and weighed for calculation of the 

gonadosomatic index (GSI: testes mass divided by body mass times 100). Brains were 

rapidly dissected, embedded in O.C.T (Tissue-Tek), fresh frozen on dry ice, and stored at 

-80°C until sectioning. 
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Hormone Assays 

Free testosterone, estradiol, and progesterone were measured for each individual 

using ELISA (Assay Designs). Plasma samples were diluted 1:30 and processed as in 

Kidd et al. (2010) and manufacturer’s instructions. 

Laser-microdissection and RNA isolation 

Brains were sectioned at 18 μm, thaw-mounted onto membrane-covered slides 

(P.A.L.M. Microlaser Technologies AG, Germany), and hydrated for 1 min in cold 95%, 

70%, and 50% ethanol, stained with toluidine blue (0.5% toluidine blue, 1% phenol, 20% 

ethanol in water) for 2 min, rapidly dehydrated in an ascending ethanol series, incubated 

in xylene for 5 minutes, and air-dried for 2 minutes. Sections were visualized on a laser-

microdissection microscope (P.A.L.M. Microlaser Technologies AG), and an area 

corresponding to the POA (including parvocellular, magnocellular, and some 

gigantocellular cells; Braford and Northcutt, 1983) was excised and captured with the 

laser (Figure 8). There was some technical variation as the capture of the gigantocellular 

portion of the POA likely varied across individuals. Thirty µl of Trizol (Invitrogen, 

Carlsbad, CA) was added to the sample and stored at -80°C until further processing. 

Total RNA was isolated with Trizol according to the manufacturer’s instructions. 

RNA Amplification, Reverse Transcription and Quantitative PCR 

Isolated RNA from individual males was subjected to one round of amplification 

using a MessageAmp II kit (Ambion) according to manufacturer’s instructions. 
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Additionally, samples from animals that received either vehicle only or ER antagonist 

treatment were divided after the first round of amplification, with one half being 

immediately reverse transcribed and the other half processed for another round of RNA 

amplification to be used for microarray analysis. Each RNA sample was treated with 

DNAse I (Ambion, Austin, TX) according to the manufacturer’s instructions. The RNA 

was reverse transcribed using Superscript III reverse transcriptase (Invitrogen) and gene-

specific primers (see Table 4). Positive controls used 1 ng of whole brain RNA in place 

of RNA derived from laser microdissected samples, and in negative controls the reverse 

transcriptase was omitted. Excess primers and salts from the transcription reaction were 

removed in Microcon YM30 columns (Millipore, Bedford, MA). An aliquot of the 

sample was used for Ribogreen analysis to determine total cDNA concentration of each 

sample. qPCR primers (Table 4) were designed to flank exon boundaries using the 

zebrafish genome as a reference. For each sample, target gene abundance was measured 

in triplicate in an ABI PRISM 7900HT real-time PCR cycler (ABI SDS 2.2.1 software) 

using SYBR Green (Invitrogen). Standard curves were constructed using known dilutions 

of cDNA, and amplification efficiency was calculated. For each individual, median 

values from the reference and target gene triplicates were used to calculate the relative 

transcript abundance of the target gene using the Mean Normalized Expression formula 

of Simon (2003). Each sample was normalized to total cDNA as measured by Ribogreen 

(Invitrogen). 
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Transcriptome Profiling 

Microarray samples were prepared as in Renn et al (2008). Samples were 

hybridized in a loop design (Figure 9), where DOM and SUB males were in separate 

loops, and each array was hybridized with a vehicle- or ER antagonist treated sample. 

Two technical replicates were performed, where each sample was labeled with both Cy3 

and Cy5 to control for dye bias. The slides were scanned on an Axon 4000B array 

scanner using GenePix 6.0 software (Molecular Devices) and filtered for microarray 

printing errors, hybridization artifacts, and signals with low intensity. Intensities were 

lowess-normalized within arrays in R/Bioconductor (Renn et al., 2008). 

Data Analysis 

All analyses, with the exception of the microarray data, were conducted in 

PASW. To determine differences between DOM and SUB males, t-tests were used with 

vehicle-treated animals. In all other cases, statistics for DOM and SUB males were run 

separately. For behavioral data, a generalized estimating equations (GEE) model was 

used, using the behavioral measure as the dependent variable and the drug as an 

independent variable, and baseline behavior (day 1 and 2) was compared to drug 

treatment (day 4-6) as a within-subject variable. Hormone measurements and qPCR data 

were not normally distributed and were log-transformed, resulting in normally distributed 

residuals. Hormone data were analyzed with ANOVA using hormone as the dependent 

variable and drug as the independent variable followed by a Bonferroni posthoc test. 

qPCR gene expression data from the experimental groups were compared to the control 



 26 

gene expression levels using ANOVA followed by Dunnett’s t-test, which corrects for 

multiple testing. Significance was considered as p<0.05. Because most of my data was 

non-parametric, I calculated correlations using Spearman rank correlation coefficients to 

explore covariation patterns. The microarray data were analyzed in R/Bioconductor. 

Between-group analyses were conducted using the LIMMA package (Smyth et al., 2004). 
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Chapter 3: The social interactome: molecular transmission of behavior 
through social networks 

ABSTRACT 

An individual’s behavior and physiology are profoundly affected by behavior of 

other individuals in a social network. Many human mental states (e.g. loneliness, 

happiness, cooperation) and disease phenotypes (e.g. obesity, smoking) spread in social 

networks (Christakis et al., 2007, 2008; Fowler et al., 2008; Cacioppo et al., 2009; Fowler 

and Christakis, 2010), however little is known about the molecular contributions to 

phenotypic transmission. I used a highly social fish that forms dominance hierarchies in 

naturalistic communities to ask how the behavior of one individual affects behavior, 

physiology, and brain gene expression of others in a social network. As social decision-

making requires integrating external information with internal physiological state, I 

focused on steroid hormone receptors, as steroid hormones relay information about 

internal physiology and can rapidly respond to social cues (Wingfield et al., 1990; 

Oliveira et al., 2001). I recorded behavior of one dominant and one subordinate male 

from many community tanks and examined covariance patterns of behavior, physiology, 

circulating steroid hormones, and brain gene expression of sex steroid hormone receptors. 

I find striking covariance patterns between dominant and subordinate males that suggest 

the behavior, physiology, and brain gene expression of one individual impinges on 

behavior and physiology of community members.  My results provide a strong 
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framework in which to study the molecular contributions of behavioral phenotype 

transmission through a social network. 

RESULTS AND DISCUSSION 

Community tanks containing male and female Astatotilapia burtoni were allowed 

to establish stable social hierarchies. A. burtoni males have reversible dominant (DOM) 

and subordinate (SUB) social phenotypes that are well described (Fernald, 1976; 

Hofmann, 2003). One DOM and one SUB male from each community were observed 

over a two-week period. DOMs established and defended territories while SUBs 

continued to school with females. DOMs displayed more aggressive and courtship 

behaviors than SUBs, while SUBs displayed more fleeing behavior (Table 5), which is 

stereotypical of this species. DOMs also had larger testes (higher gonadosomatic index) 

as well as higher circulating levels of testosterone and 17β-estradiol as previously 

reported (Table 5) (Maruska and Fernald, 2010b). DOMs also had higher levels of 

progesterone than SUBs (t20=2.676, p=0.015), although a previous study found a similar 

non-significant trend (Chapter 2). 

Although the behavior and physiology of social dominance is well studied within 

individuals, the aim of this study was to examine how behavior and its underlying neural 

mechanisms transmit through a community. Integrating my own previous studies and the 

work of others on the neuroendocrine mechanisms of social behavior within individual 

DOM and SUB males, I made the made the following predictions. (1) The androgen 

receptor (AR) and progesterone receptor (PR) modulate courtship behavior in DOMs 
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(Chapter 2). I predicted that within DOMs, androgen and progestin hormone and receptor 

levels would covary with courtship behavior and gene expression in the social decision-

making (SDM) network, which is composed of brain regions that regulate reward 

processing and social behavior (O’Connell and Hofmann, 2011b). (2) Estrogens modulate 

aggression in both DOMs and SUBs via the estrogen receptors (ERs). In teleosts and 

across vertebrates, the preoptic area (POA) is integral in mediating male aggression 

(O’Connell and Hofmann, 2011b).  I therefore predicted that 17β-estradiol hormone and 

receptor levels would covary with aggression and expression of ER in the POA in both 

DOMs and SUBs.  (3) When DOMs are not chasing SUBs in the school, their time is 

spent either courting females or defending their territories from other DOMs. I predicted 

that I would see a behavioral or hormonal response – and corresponding change in brain 

gene expression - in SUB males during DOM courtship or territorial defense, as 

observation of courtship or fighting can alter the behavior, physiology, and brain gene 

expression of observers (Oliveira et al., 2001; Dziewecynski et al., 2004; Desjardins et 

al., 2011). 

Transmission of behavior and physiology through social networks 

Observing male dyad pairs within the same community allow me to examine the 

covariance of behavior, physiology and hormones within a community. I recorded the 

behavior of each focal animal regardless of receiver identity. I then examined the 

covariance of behavior of male dyads on the last day of observation with GSI and 

circulating hormone levels using Pearson correlations (Table 6). I found striking patterns 
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of covariance between behavior, GSI, and hormone levels within the dyad males (Figure 

10). Several intuitive behavioral relationships are seen which support this type of 

relationship modeling. Courtship in DOMs is negatively associated with SUB fleeing 

(P=-0.352, p=0.048) and positively associated with SUB aggression (P=0.403, p=0.022). 

The negative relationship arises between SUB fleeing and DOM courtship, as DOMs are 

actively pursuing a female rather than displaying aggression towards the school of SUBs. 

SUB males may observe that DOM males are engaged elsewhere and the temporary lift 

of repression to assert aggressive behavior towards other individuals in the community.   

A signal-receiver relationship is also found across levels of biological 

organization in associations of hormones and behavior. A negative association is found 

between DOM territorial defense behavior and SUB estradiol (P=-0.535, p=0.015) and 

testosterone (P=-0.425, p=0.038) levels. Territorial defense behaviors are only seen 

between DOMs and SUB males are only spectators to these aggressive interactions. 

Observation of DOM aggressive encounters by SUBs may lower circulating levels of 

testosterone and estradiol.  The neuroendocrine interplay of estradiol and testosterone in 

SUBs is complex.  When SUBs are given the opportunity to ascend in social status, 

testosterone levels will increase within 30 minutes (Maruska and Fernald, 2010). 

Additionally, I have previously shown that estradiol increases aggression in A. burtoni 

males independent of social status (Chapter 2). Despite this complexity, it appears that 

testosterone is important in social ascent and estradiol is important in displaying the 

aggressive behavior necessary to defend a territory. Thus decreasing levels of 

testosterone and estradiol in SUB male that observe DOM-DOM aggressive interactions 
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may reinforce their SUB status.  An alternative explanation is that lower circulating 

levels of estradiol and testosterone in SUB males promote DOM-DOM aggressive 

interactions. Determining the directionality of this community interaction of behavior and 

hormones would require functional manipulation of DOM-DOM interactions or 

circulating hormone levels in SUB males. 

In contrast to the negative interaction of SUB estradiol levels and the level of 

DOM-DOM interactions in the community, there is a positive association between SUB 

estradiol levels and DOM chases (P=0.506, p=0.023). Chases by dominant males are 

typically only directed to the school consisting of SUBs and females. As I did not record 

the identity of the receiver, this association represents both chases that the focal SUB 

male received as well as observed.  It may be possible that SUBs experiencing aggression 

by DOMs increases estradiol levels, which I have previously shown to increase 

aggression in SUB males (Chapter 2). On the other hand, DOMs may be able to detect 

via olfactory cues SUB individuals with high estradiol levels and then aggressively target 

them as more likely to ascend in social status. A functional manipulation of DOM 

community aggression or SUB estradiol levels would be required to determine the 

directionality of this association. 

Interesting associations also emerge between circulating hormones in DOMs and 

SUBs. Circulating hormone levels covary between DOMs and SUBs, suggesting that 

social or olfactory cues in the community may be influencing the circulating hormone of 

an individual. Specifically, negative associations are found between DOM progesterone 

and SUB estradiol levels (P=-0.488, p=0.034) and DOM testosterone and SUB 
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progesterone levels (P=-0.456, p=0.033). Steroid hormones can be excreted either 

through the gills or urine and can function as olfactory signals (Robinson et al., 1998; 

Kidd et al., 2010). Therefore it is likely that an individual can sense the circulating 

hormones of community members that induce a change in circulating levels in the signal 

receiver. 

I have shown that the behavior and hormone levels of one community member 

can alter the behavior and physiology of other individuals, which is well established in 

the field of behavioral ecology.  Importantly, the behavior and hormones of DOMs and 

SUBs covary in a way that is easily interpreted in the ecological light of their complex 

community behavior. However, where studies of hormonal effects in signal senders and 

receivers typically end, I have gone an additional step further to examine the effects of 

these community interactions on brain gene expression. 

Sex steroid receptor mRNA and protein in the brain 

In order to understand the molecular contributions to phenotypic transmissions 

through social networks, I measured the levels of sex steroid hormone receptors in male 

dyads in two different experiments. I quantified the number of cells containing AR, ERα, 

ERβ and PR protein in DOM and SUB male dyads using immunohistochemistry (n=8 

dyads) (Munchrath and Hofmann, 2010). I also used in situ hybridization to measure 

mRNA levels of steroid hormone receptors as well as aromatase (ARO). Due to the need 

to analyze multiple brain regions per individual, I used eight male dyads to measure 

expression of ARα, ARβ, and PR and eight separate male dyads to measure expression of 
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ERα and ARO. I focused my quantification efforts on five brain regions of the social 

decision-making network (O’Connell and Hofmann, 2011b), a network of brain regions 

that encompass the mesolimbic reward system and social behavior network (Newman, 

1999). I quantified expression in the aTn (anterior tuberal nucleus; putative ventromedial 

hypothalamus), periventricular part of the posterior tubuculum (TPp; putative ventral 

tegmental area), Vd (dorsal region of the ventral telencephalon; putative nucleus 

accumbens), Vv (ventral region of the ventral telencephalon; putative lateral septum) and 

the parvocellular, magnocellular, and gigantocellular regions of the preoptic area (POA), 

as these regions are important in evaluating the salience of as external stimulus as well as 

regulating male sexual behavior and aggression (Fuxjager et al., 2010; O’Connell and 

Hofmann, 2011b).  

I found differences in steroid hormone receptor levels between DOM and SUB 

phenotypes mostly in the POA and Vv (Table 7). Specifically, SUB males have more PR 

in Vv (t6=-0.753, p=0.048) and ARO in the gigantocellular cells of the POA (t5=-2.860, 

p=0.035) than DOMs. As PR mediates fleeing behavior in SUBs (Chapter 2) and anxiety 

in mammals (Picazo and Fernandez-Guast, 1995), it may be differential expression in Vv 

than mediates this behavior. On the other hand, DOMs have more ERα cells in Vv 

(t6=2.854, p=0.029) and the parvocellular region of the POA (t7=-3.227, p=0.015) than 

SUBs. As ER modulates aggression in this species (Chapter 2), it may be that higher 

expression of ERα in the POA and Vv facilitates the elevated aggression of DOMs. 
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Behavior in social networks covaries with brain gene expression 

In order to examine the covariance of behavior and physiology with brain gene 

expression in social networks, I used a hierarchical clustering analysis to visualize 

clusters that are synergistically or antagonistically coregulated between community males 

(Figure 11) using Pearson correlation coefficients between behavior, physiology and 

brain gene expression of male dyads. I focus here on mRNA measures using in situ 

hybridization as there is a larger dynamic range between phenotypes, although the 

covariance matrix from immunohistochemistry-derived cell counts are presented in 

Figure 12. I identified several synergistically and antagonistically regulated clusters of 

behavior, hormones, and gene expression that are detailed in Figure 11 and here I discuss 

the overall patterns of covariance that contain behavior, physiology and brain gene 

expression. Some clusters (Cluster 1 and 3) only include associations between expression 

of steroid hormone receptor in particular brain regions whose interactions may be 

governed by behaviors or other sensory cues that I did not measure. 

A striking pattern is found between DOM territorial defense behavior and ERα 

and ARO expression in the SDM network that covaries with testosterone levels and POA 

expression of ERα and ARO in SUBs (Clusters 9, 10, 12, 13). Within DOMs, ERα and 

ARO expression in SDM network exist in coregulated clusters with DOM-DOM 

aggression, as I predicted. ER mediates aggression in DOMs, presumably via the 

conversion of testosterone into 17β-estradiol by ARO, and expression of ERα and ARO 

is elevated in DOMs compared to SUBs (present study, Renn et al., 2008). Furthermore, 

the SDM network is involved in the neural processes of winning an aggressive encounter 
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in rodents (Fuxjager et al., 2010) and thus it is likely that DOM-DOM aggression also 

involves neural processing in these homologous regions in A. burtoni. Within SUBs, 

testosterone is coregulated with ERα and ARO expression in several brain regions. 

Testosterone regulates ARO expression in rodents (Abdelgadir et al., 1994) and thus this 

cluster within SUBS likely reflects hormonal regulation of gene expression by 

testosterone. Integrating this information between community members, I speculate that 

observing DOM-DOM aggression mediated by ER in DOMs lowers testosterone in 

SUBs, which then lowers ERα and ARO expression, effectively suppressing the neural 

substrates of aggression needed for social ascension. 

The other prominent pattern of note is the relationship of behavior, hormones, and 

gene expression of DOM courtship covarying with the behavior, hormones, and gene 

expression of SUB fleeing and aggression. DOM courtship is mediated by testosterone 

and progesterone via AR and PR (Chapter 2), most likely in the POA (Macey et al., 

1974). Fleeing by SUBs is in part mediated by progesterone levels (Chapter 2) and likely 

in coordination with cortisol (Picazo and Fernandez-Guast, 1995; Wirth and Scheultheiss, 

2006). Acute aggression in SUBs on the other hand likely involves testosterone, as a 

sharp spike in aggression in ascending SUB males coincides with are quick rise in 

testosterone levels (Maruska and Fernald, 2010a). A larger covariance pattern (Clusters 4, 

5, 6) emerges that suggests DOM courtship, testosterone and progesterone levels along 

with AR and PR expression in the POA covaries in a synergistic relationship with SUB 

aggression and AR in the POA as well as an antagonistic association with progesterone 

levels and fleeing.  I found a covariance between DOM courtship and SUB fleeing and 
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aggression in Figure 10, and integrating brain gene expression with this association 

indicates that the preoccupation of DOM males courting females, regulating by 

testosterone and progesterone via their respective receptors, and the simultaneous relief 

of aggression towards SUBs allows the SUB males in the community to reduce fleeing 

behavior and progesterone levels and increase aggression associated with increasing AR 

expression. 

A notable absence in any mRNA coregulated clusters is 17β-estradiol levels in 

either DOM or SUB males. 17β-estradiol levels in SUBs seem particularly sensitive to 

hormone levels and behavior in DOMs (Figure 10), however, 17β-estradiol was not 

present in any of the clusters highlighted in Figure 11. It may be that 17β-estradiol is 

particularly sensitive to behavior and physiology of conspecifics but downstream changes 

in gene transcription either do not involve sex steroid hormone receptors or are taking 

place in brain regions not included in my analysis. Given the important role of ER in 

mediating aggressive behavior in A. burtoni (Chapter 2), it would be fruitful to pursue 

other likely targets of the estrogen receptor in mediating phenotypic transmission through 

a social network. 

Molecular contributions to phenotypic transmission in social networks 

I have described a system and method of analysis that allows us to understand 

how behavior can spread through communities, altering both physiology and brain gene 

expression (Figure 13). Within individuals, I have shown coregulated clusters in which 

behavior and physiology covary with brain gene expression, providing a mechanistic 
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basis for how a behavioral response to a social stimulus alters physiology and brain gene 

expression. Between individuals, I found coregulated clusters in which the behavior or 

physiology of one individual covaried with the behavior and physiology of another 

community member. Specifically, I have identified modules of community interaction 

and that involves estrogens, the preoptic area, and expression of ER and ARO and 

another that involves androgens, progestin, courtship behavior, and expression of AR and 

PR. These results provide a new framework in which to functionally study the phenotypic 

transmissions of behavior on a molecular level, which is important, as understanding the 

physiological and molecular mechanisms of how phenotypes spread through social 

networks will lead to insights into the role of a community in influencing an individual’s 

neurochemistry and physiology, which is important in social decision-making and the 

spread of mental states in humans. 

METHODS 

Study Organism and Behavior 

Astatotilapia burtoni males and females from a wild-caught stock population were 

kept in aquaria as described previously (Munchrath and Hofmann, 2010). The animals 

chosen for this study were DOM and SUB males who had been in their respective social 

states for at least two weeks. All work was carried out in compliance with the 

Institutional Animal Care and Use Committee at The University of Texas at Austin. 

One DOM and one SUB male from the same tank were observed for five min 

three days a week for two weeks, as such pairs (n=32 tanks) allow for downstream 



 38 

analysis of social network interactions. Behaviors observed include aggressive and 

subordinate behaviors as described in Fernald (1976). On the last day of behavioral 

observations, weight and length of each focal individual was recorded and blood was 

drawn for hormone assays. The gonadosomatic index (GSI) was calculated as the ratio of 

gonad weight to body weight multiplied by 100. Brains were rapidly dissected and either 

fresh frozen for in situ hybridization (n=16 male dyads) or fixed overnight in 4% 

formaldehyde for immunohistochemistry (n=8 male dyads). 

Hormone Assays 

Free testosterone, estradiol, and progesterone was measured for each individual 

using ELISA (Assay Designs). Plasma samples were diluted 1:30 and processed as in 

Kidd et al. (2010) and manufacturer’s instructions. 

Radioactive in situ hybridization (ISH) 

Brains were fresh frozen in O.C.T. (Tissue-Tek) and stored at -80ºC until 

sectioning at 20 microns into four series.  Slides were then taken from the -80ºC, fixed in 

4% formaldehyde and treated with acetic anhydride as previously described in Munchrath 

and Hofmann (2010). Slides were incubated at 65ºC for 18 hours in 200 µl of 

hybridization buffer containing 2.0 x 106 c.p.m/min of 35-S labeled riboprobe prepared 

by reverse transcription of templates described in Munchrath and Hofmann (2010). The 

probes were 646, 516, 788, 359, and 964 base pairs in length for ARα (Genbank 

AF121257), ARβ (Genbank AY082342), ERα (Genbank AY422089), PR (Genbank 



 39 

FJ605735), and brain aromatase (Genbank FJ605734), respectively. Probes were purified 

from the transcription reaction using NucAway spin columns (Ambion). Control slides 

were incubated with 2.0 x 106 c.p.m/min of sense probe in place of the antisense probe. 

After hybridization, slides were placed in 65ºC 4X SSC + 1mM DTT for 5 min to remove 

coverslips.  Slides were then washed once in 65ºC 4X SSC + 1mM DTT for 1 hr, washed 

twice in 65ºC 50% formamide + 2X SSC + 1mM DTT for 1 hr, washed twice in 65ºC 

0.1X SSC + 1mM DTT for 10 min, and equilibrated to room temperature in 0.1X SSC + 

1mM DTT for 15 min. Slides were then dehydrated in an ascending ethanol series and air 

dried overnight. Slides were dipped in Kodak NTM emulsion, dried at 55ºC for 1 hr and 

then maintained in darkness at 4ºC. After 1-2 weeks, emulsion was developed for 4 min 

in Kodak developer at 15ºC, washed in chilled water for 15 s, fixed in Kodak fixer for 6 

min and then washed in distilled water. Sections were then counterstained with cresyl 

violet before dehydration, clearing in xylene and coverslipping in Permount (Fisher). 

Control slides showed no binding above background (Figure 14). 

Immunohistochemistry (IHC) 

Brains were fixed in 4% formaldehyde overnight at 4ºC, washed in 1X PBS and 

then cryoprotected in 30% sucrose overnight at 4ºC before embedding in OCT. Samples 

were stored at -80ºC for 6-8 weeks before being sectioned at 20 microns into five series. 

One of each series was used for IHC to detect AR, ERα, ERβ, and PR protein as 

described in Munchrath and Hofmann (2010). The fifth series was counterstained with 

methylene green (a nuclear stain) and was used to count the total number of cells in a 
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particular brain region in order to control for any differences in cell number between 

DOM and SUB males. 

Cells labeled by IHC for each steroid hormone receptor or counterstained with 

methylene green were counted using the Fractionator routine of the Stereo Investigator 

software package (Microbrightfield, Williston, VT, USA). A region of interest was 

defined under low power (4X), and then, under higher magnification (20X), positive cells 

were counted that fell within 75-µm-square counting frames. The computer placed 

counting frames systematically every 80 µm (i.e. with 5 µm between each counting 

frame) within the region, after a randomly chosen start-site. Cell nuclei containing steroid 

receptor protein were clearly marked by dark brown staining. For each brain region, 

reported cell numbers are calculated as the estimated number of cells divided by the total 

area of the brain region. The total number of cells did not differ with social phenotype 

with the exception of the parvocellular region of the POA (Table S3). Therefore, the 

counts of steroid receptor immunoreactive cells in the parvocellular region was divided 

by total cell number for each individual. For each individual, three sections of each brain 

region were counted. Slides were coded and processed by a blinded observer. 

Photomicroscopy 

Images for both ISH and IHC were taken with a digital camera (AxioCam MRc, 

Zeiss) attached to a Zeiss AxioImager.A1 AX10 microscope (Zeiss) using the 

AxioVision  (Zeiss) image acquisition and processing software.  Images were compiled 

and brightness- and contrast-enhanced in Adobe Photoshop CS3. 
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For ISH analysis, I modified protocols from Hoke et al. (2004) and Burmeister et 

al. (2008). For each brain region, I calculated an individual’s mean from up to eight 

images taken as two nonoverlapping images from each of two to four sections. For each 

section, I took three images using the 100X objective: a color image of the black silver 

grains and purple nissl bodies (cell image), a blue-filtered image of the silver grains in the 

same field of view (grains image), and a blue-filtered image on a nearby area of the slide 

containing no tissue (background image) to represent any background level of silver 

grains, which can vary across the slide due to emulsion thickness. I used Image J (NIH, 

Bethesda, MD) to convert the grains and background image into black and white images 

using the “make binary” function. The area of the grains was obtained using the “analyze 

particles” function.  For each section I subtracted the area of background silver grains 

from the area of the silver grains of interest. The cell area was quantified using an 

automated counting procedure in Adobe Photoshop as described in Hoke et al. (2004). 

Briefly, purple nissl bodies were isolated using the “select color” function, thresholds 

were set individually for each image, and the remainder of the image was erased. The 

area covered by nissl bodies were determined using Image J. Silver grain density for each 

brain region for each individual was calculated as the ratio of the area of silver grains 

above background to the area covered by cells in the standard-size sampling window. 

Data Analysis 

All analyses were conducted in PASW and significance was considered as 

p<0.05. To test for differences between phenotypes, a paired t-test was run with behavior, 
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GSI, hormone levels or steroid hormone levels as the dependent variable and each male 

dyad as the paired independent variable. For covariance analysis, Pearson correlation 

coefficients were calculated and used to generate the covariance hierarchical clustering 

analysis matrixes using the hclust function in R/Bioconductor (version 2.9.0). I used the 

heatmap function and color options in the package gplots to visualize the clusters. Only 

behavior recorded on the last day of observation was used in the correlation analysis. As 

SUB males rarely display aggressive behavior, threat displays and chases were combined 

in to an aggression index. Aggressive behavior directed to DOM males by DOM males 

was summed into a “territory dispute” variable and included threat displays, border 

disputes, and carousels, as these three behaviors are only observed between DOM males 

(Baerends and Baerends-van Roon, 1949). To account for multiple hypothesis testing, a 

Benjamini-Hochberg false discovery rate (FDR) correction was applied within each 

experiment for correlation matrices and within each brain region for steroid hormone 

receptor measurements. 
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Chapter 4: Evolution of a social decision-making network in the 
vertebrate brain 

ABSTRACT 

All animals integrate external sensory information with internal physiological 

cues into a behavioral output that allows them to respond to environmental challenges 

and opportunities and ultimately increase their survival and fitness. The neural 

contribution to evolutionary adaptations of behavior is poorly understood. Here I analyze 

in 88 species from five major vertebrate lineages the expression patterns of ten genes 

known to regulate social behavior across twelve interconnected fore- and midbrain 

regions that constitute a social decision-making (SDM) network. I find that across 

vertebrate lineages, there is more spatial variation in ligand production while spatial 

expression of receptors is more conserved. Importantly, this variation across species 

cannot be explained by variation within a lineage. I also find evidence that the gene 

expression profiles of different nodes of the SDM network have experienced divergent 

selection pressures. The preoptic area, for instance, appears to be under strong stabilizing 

selection, whereas the striatum has undergone adaptive evolution. My analysis suggests 

that the evolution of lineage-specific life histories and behavioral strategies covaries with 

the spatial distribution of specific ligands in the brain, while receptors are more 

conserved, possibly reflecting the conserved adaptive behavioral outputs of social 

behavior across taxa. 
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INTRODUCTION 

All animals have evolved flexible strategies that allow them to respond to their 

social environment by integrating the salience of an external stimulus with internal 

physiological cues into an adaptive behavioral response (O’Connell and Hofmann, 

2011a). Individual fitness depends on displaying particular behaviors (e.g., reproductive 

or aggressive behavior) in a context-appropriate manner. However, because life history 

strategies, ecology and sensory integration mechanisms are astonishingly diverse and 

subject to phylogenetic constraint, it has been difficult to examine the evolution of the 

underlying neural and molecular mechanisms (Pollen and Hofmann, 2008). I recently 

proposed a comprehensive framework that facilitates such studies based on the insight 

that the challenges (e.g., protection of offspring, competition for resources) and 

opportunities (e.g., mate choice, foraging) animals commonly face are functionally 

equivalent across taxa and that behavioral responses can often be described using the 

common currency of approach and avoidance (Schneirla, 1965; O’Connell and Hofmann, 

2011a). Here I build on this framework by analyzing in 88 species representing five 

major vertebrate lineages the evolution of expression profiles for ten neurochemical 

genes across twelve brain regions that constitute the neural networks that encode and 

process the salience of environmental and physiological cues important to behavioral 

decision-making. 

This endeavor is complicated by the astonishing diversity of behavioral responses 

to social stimuli, both between and within vertebrate lineages. Variation in sensory 

system bias, life history, mating system, and habitat – in addition to phylogenetic 
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constraints – has resulted in a striking diversity in what information an animal is paying 

attention to in its environment (Endler and Basolo, 1998). At the same time, this variation 

provides a unique opportunity to determine the extent to which variance in brain structure 

and neurochemistry underlie these adaptations. Yet the tremendous variation in brain 

structure has made it difficult to establish homology relationships for many brain regions 

of interest (Striedter, 2005), although progress has been made in this regard (O’Connell 

and Hofmann, 2011b). 

My analysis focuses on two neural networks originally described in mammals and 

since expanded to other vertebrate lineages (O’Connell & Hofmann, 2011b): The 

mesolimbic reward system, which is generally assumed to evaluate stimulus salience via 

dopaminergic signaling (Deco and Rolls, 2005; Wickens et al., 2007), and the social 

behavior network, which in concert with sex steroid and neuropeptide hormones regulates 

social behavior such as sexual behavior, aggression, and parental care (Newman, 1999). 

Although, these networks in the limbic system and basal ganglia were initially thought to 

emerge early in the mammalian and reptilian lineage, respectively (MacLean, 1990), it is 

now widely recognized that these neural systems were already present very early in the 

vertebrate lineage (Bruce and Braford, 2009). Finally, these two networks have 

traditionally been studied separately, even though they constitute a larger integrated 

social decision-making (SDM) network that governs stimulus evaluation and behavioral 

choice across all vertebrates (O’Connell and Hofmann, 2011a,b). 

I profiled the distribution of gene products known to be involved in behavioral 

regulation across the twelve fore- and midbrain regions of the SDM network in 88 
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species representing five major vertebrate lineages (Figure 15). I chose to examine the 

distribution of genes associated with the dopaminergic system (tyrosine hydroxylase, 

dopamine D1 receptor), sex steroid hormone signaling (aromatase and nuclear hormone 

receptors for estrogen, androgen, and progesterone), and nonapeptide systems 

(vasopressin, oxytocin, the vasopressin V1a receptor, and the oxytocin receptor), as these 

pathways play fundamental roles in regulating complex social behavior in all vertebrate 

taxa (Crews, 1986; Goodson and Thompson, 2010). I excluded several neurochemical 

systems of obvious importance, such as other aminergic and neuropeptide pathways, due 

to a lack of comprehensive information available across taxa. 

I tested two hypotheses based on the observation that the tremendous variation in 

life history and ecology across vertebrate taxa is associated with comparable variation in 

both sensory specialization and behavioral displays, while at the same time responses to 

social challenges and opportunities appear to be fundamentally equivalent (from the view 

points of adaptive value and approach/avoidance; for detailed discussion see O’Connell 

and Hofmann, 2011a). I therefore predicted that (1) in the SDM network the distribution 

of gene products in brain regions involved in the context-dependent selection of 

behavioral responses is highly conserved. For example reproductive behavior of a male in 

to the presence of a female is dependent on hypothalamic sex steroid hormone receptor 

signaling in all vertebrate animals studied thus far (Wada and Gorbman, 1977; Liley and 

Stacey, 1983; Powers et al., 1987; Watson and Adkins-Regan, 1989; Rozendaal and 

Crews, 1989). In contrast to this first hypothesis, I predicted that (2) the distribution of 

neurochemicals in brain regions involved in processing of salience of sensory 
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information will vary across lineages, reflecting the diversity in sensory utilization seen 

in vertebrates.  

RESULTS AND DISCUSSION 

Neurochemical evolution of the vertebrate social brain 

To compare the neurochemical profiles of brain regions within the SDM network, 

I determined whether a gene was present or absent in a particular brain region within 

each species (Figure 15) and then determined the consensus for that vertebrate lineage 

(see methods for details). Although the prefrontal cortex is considered part of the reward 

system in mammals (Zilles and Wree, 1995), I omitted this region from my comparative 

analysis, as its evolutionary antecedents in non-mammalian vertebrates are not clear 

(Reiner, 1986). When comparing the distribution of neurochemicals across the SDM 

network, I observed several striking characteristics. First, neurochemical profiles are 

remarkably conserved across the vertebrate SDM network (Figure 16), in support of my 

first hypothesis and consistent with the important roles these pathways play in regulating 

adaptive behavior. Secondly, the spatial distribution of ligands, as compared to receptors, 

is much more restricted. Specifically, receptors are widely distributed across brain 

regions (top part of Figure 16), while the spatial distribution of ligand producing cell 

bodies is comparatively restricted (bottom part of Figure 16). Finally, there appears to be 

more variation in where the ligands are produced (i.e., distribution of dopaminergic and 

neuropeptide producing cells) than variation in where the receptors are located.  
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To address how well conserved neurochemical expression profiles are either 

across or within brain regions, I calculated a divergence score (“D”) for each 

neurochemical and brain region, respectively, where D>0 indicates that one or more 

changes have occurred since tetrapods diverged from ray-finned fishes about 450 million 

years ago (mya, Kumar and Hedges, 1998). Figure 17A shows divergence scores for each 

brain region (columns) and neurochemical (rows). The most conserved (Davg=0) brain 

regions in my analysis are the basolateral amygdala (blAMY) and the preoptic area 

(POA), whereas the striatum (Str) is the least conserved (Davg=0.7). Average divergence 

scores for each brain region within either the reward system or social behavior network 

did not indicate that one system had undergone more changes than the other during 

vertebrate evolution (Figure 17B1; Mann Whitney U14=27.5, p=0.662). Furthermore, 

changes in neurochemical profiles are uniformly distributed across the major transitions 

of vertebrate evolution and do not appear to be correlated between the reward system and 

the social behavior network (Figure 17B2-3). 

The neurochemicals with the most variation are tyrosine hydroxylase (TH; 

Davg=0.6), arginine vasopressin (AVT; Davg=0.5), and oxytocin (OXY; Davg=0.4), while 

the most conserved genes are the oxytocin receptor (OTR; Davg=0) and the progesterone 

receptor (PR; Davg=0). Receptor expression profiles that show some variation across 

vertebrates are the androgen receptor (AR; Davg=0.2), and the dopamine D1 receptor 

(D1aR; Davg=0.3). I averaged the divergence scores for each neurochemical across brain 

regions and found that the variation in spatial distribution of ligand production (TH, 

Aromatase, AVP, OXY) is significantly greater than the variation in spatial distribution 
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of receptors (AR, V1aR, D1aR, ER, OTR, PR; Figure 2C) (Mann Whitney U10=2, 

p=0.038). Furthermore, the distribution of ligands exhibits a very heterogenous temporal 

pattern with two dramatic changes (Figure 17C2). First, the number of brain regions that 

contain TH-producing cells changed dramatically 450 mya when teleosts and tetrapods 

shared their last common ancestor, although without an outgroup I cannot determine 

whether TH expression was lost or gained in these brain areas. Second, several brain 

regions gained neuropeptide (AVP, OXY) expressing cells after the split between birds 

and reptiles ca. 220 mya.  Conversely, very few changes occurred in the spatial 

distribution of receptors (Figure 17C-3). I note that aromatase could reasonably be 

grouped with either ligands or receptors, as this enzyme is localized in cells where it 

converts testosterone to estrogen, thus binding one ligand and producing another ligand 

that impinges on the estrogen receptor pathway. To be conservative, I have grouped 

aromatase in the ligand class. 

Selection pressures on specific brain regions 

As each brain region plays a different functional role in the SDM network, I 

hypothesized that different brain regions would be under different selection pressures 

regarding neurochemical composition. To address this I analyzed the neurochemical 

pattern of each brain region separately. I found brain regions had different degrees of 

neurochemical conservation across vertebrates (Figure 18). I discuss here the most 

conserved and most diverged brain regions across vertebrates; all other brain regions in 

the SDM network are depicted in Figure 19. The preoptic area, which is regarded as a 
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neuroendocrine relay station (Wood, 1998), is highly conserved in its neurochemical 

profile across vertebrates, suggesting stabilizing selection, likely due to its importance in 

coordinating and regulating basic behavioral functions such as energy homeostasis (Saper 

et al., 2001), thermoregulation (Romanovsky, 2007), aggression (Newman, 1999), and 

male sexual behavior (Dominguez and Hull, 2005). However, neurochemical gene 

expression is most variable across vertebrates in the striatum, a brain region regarded as a 

reward-processing center (Wickens et al., 2007), suggesting that this region has 

experienced adaptive evolution and may be a focal point where species differences in 

behavior and life history are implemented in part.  

Variation at the species level: quantitative or qualitative? 

I next asked if the variation seen across vertebrates might be confounded by 

species-level variation within a lineage by examining the spatial patterns of dopamine-

producing and AVP cells at the species level. I chose to investigate these gene products in 

more depth, as they contribute the most divergence to my across vertebrates analysis and 

they are also the best studied across taxa. Importantly, I found very little 

presence/absence variation within a vertebrate lineage in the distribution of dopaminergic 

or AVP-producing cells (Figure 20), suggesting that the novel patterns observed across 

vertebrates are not explained by variation within each lineage. 

Importantly, my literature review suggests that variation in neurochemical profiles 

within or across species from the same lineage is generally quantitative rather than 

qualitative (total presence or absence), as has been described within species with 
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alternative phenotypes (Burmeister et al., 2007; Greenwood et al., 2008), between sexes 

(Chakraborty and Burmeister, 2010) and between species (Young et al., 1995; Leung et 

al., 2011). Qualitative (i.e., presence/absence) differences between closely related species 

that differ in social behavior have rarely been reported and mostly come from 

comparisons of V1a receptor expression between monogamous and polygamous vole 

species (Insel et al., 1994) that have relied almost exclusively on autoradiographic 

techniques. In the absence of comprehensive analyses using immunohistochemistry 

and/or in situ hybridization for this receptor I asked how concordant the results obtained 

with the three different techniques are. The only data sets that are sufficiently complete 

for such an analysis are descriptions of estrogen receptor distributions in the brain of the 

rat, Rattus norvegicus, and the Carolina anole, Anolis carolinensis. Interestingly, I find 

that immunohistochemistry and in situ hybridization results are highly concordant, 

whereas autoradiography appears to give diverging results in several brain regions (Table 

8), although there is not enough data for a statistical analysis. Using multiple techniques 

in parallel would be the desired approach in future studies to examine variation between 

and within closely related species. Particularly promising for determining whether 

species-level variation can indeed be dichotomously present or absent between 

phenotypes are quantitative PCR and transcriptome sequencing from micro-dissected 

brain regions, as they do not rely on user-introduced variation in signal detection times. 
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“Evo-devo” of social behavior 

I examined the neurochemical profiles of brain regions important in social 

decision-making and found that the distribution of receptors is highly conserved across 

vertebrates, whereas the ligand production sites are more variable, likely the consequence 

of two major expansions 450 mya and 222 mya ago. The high conservation of receptor 

distributions may be owed to the functional contexts within which animals respond to 

social challenge and opportunity are ancient. Conversely, lineage differences in life 

history and ecology, coupled with phylogenetic constraint, might determine where and 

how social signals of different modalities are weighted and processed in the brain, 

possible aided by differences in the local production of ligands. As a consequence, small 

shifts in ligand expression to new locations in the brain might accompany the evolution 

of novel life history strategies or social systems, consistent with the known pleiotropic 

roles of many of these ligands. Interestingly, recent investigations into the evolution of 

developmental mechanisms have similarly observed that the appearance of novel body 

plans or color patterns is often associated with changes in the spatial expression patterns 

of morphogenetically important ligands (Carroll, 2008, Werner et al., 2010). Similarly, 

species, variation in behavior may arise due to quantitative differences in receptor or 

ligand distributions (Insel et al., 1994, Greenwood et al., 2008). My analysis also 

highlights the need for more comparative studies into the qualitative and quantitative 

measures of these and other neurochemicals in non-mammalian taxa.  Because the brain 

regions that govern social behavior function within a network, the integrative and 
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systems-level approach I have employed here will provide new insights into the neural 

and molecular architecture of social behavior and its evolution. 

METHODS 

I synthesized data from several decades of research on the distribution of 

neurochemistry in the brains of various vertebrates comprising a total of several hundred 

published studies. Where available, I included information from multiple techniques, 

such as in situ hybridization, immunohistochemistry, and autoradiography. Although ER 

has two subtypes, ERα and ERβ, I combined data from the two genes where the isoforms 

had been studied, as such data were available for only a small subset of species because 

most studies were carried out prior to the discovery of two subtypes and/or utilized 

autoradiography with estrogen as the labeled ligand and thus did not discriminate 

between ER subtypes. 

The data are presented as strictly absence or presence of a gene or protein in 

particular brain region, as quantitative measures are not comparable across studies, 

techniques, and well as the phenotypes tested. Due to the inconsistent use of 

neuroanatomical nomenclature within and between vertebrate classes I included in my 

analysis only studies that showed series of photomicrographs and/or diagrams (rather 

than only verbal descriptions of distribution). If the publication did not present a brain 

region included in my analysis, this regarded as “data not available.” The nomenclature 

for each brain region for each vertebrate lineage was used as described in O’Connell and 

Hofmann (2011b). Where there was variation within a species, such as seasonal variation 
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or sex differences, the gene was considered “present” if it was observed in at least one 

phenotype.  Within a lineage, a gene was considered “present” if the gene was observed 

in a particular brain area in at least 50% of the species in the analysis. 

In order to facilitate the comparison of the neurochemical distributions of genes 

across vertebrates, I applied an unsupervised hierarchical clustering analysis to the 

presence/absence of cell groups producing vasopressin, oxytocin, or dopamine (or 

tyrosine hydroxylase) and expression of receptors across fore- and midbrain regions. I 

assigned dichotomous presence/absence calls to obtain the dissimilarity matrix, using 

correlation as the distance measure. The clustering analysis of neurochemical distribution 

patterns for each lineage was then performed using the hclust function in R/Bioconductor 

(version 2.9.0). I used the heatmap function and color options in the package gplots to 

visualize the clusters. 

Neurochemical distributions for each gene for each brain regions were mapped 

onto the vertebrate phylogeny according to parsimony using Mesquite (Maddison and 

Maddison, 2010).  Divergence scores (“D”) were calculated based on the number of 

changes observed in the parsimonious model, with a score of zero indicating no changes 

in the phylogeny and thus a completely conserved profile, while a (maximal) score of two 

in the parsimony model indicates two changes and is considered less conserved. The 

divergence scores for each neurochemical or brain region were then averaged and used as 

the dependent variable in a Mann-Whitney U test (PASW for Mac) with the class of 

neurochemical (ligand or receptor) or brain network (social behavior network or 

mesolimbic reward system) as the independent variable.  Significance was considered as 
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p<0.05. For representations across evolutionary time, I relied on the divergence timeline 

of Kumar and Hedges, 1998. 
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Chapter 5: Genes, Hormones, and Circuits: 

An Integrative Approach to Study the Evolution of Social Behavior 

ABSTRACT 

Tremendous progress has been made in our understanding of the ultimate and 

proximate mechanisms underlying social behavior, yet an integrative evolutionary 

analysis of its underpinnings has been difficult. In this review, I propose that modern 

genomic approaches can facilitate such studies by integrating four approaches to brain 

and behavior studies: (1) Animals face many challenges and opportunities that are 

ecologically and socially equivalent across species; (2) they respond with species-

specific, yet quantifiable and comparable approach and avoidance behaviors; (3) these 

behaviors in turn are regulated by gene modules and neurochemical codes; and (4) these 

behaviors are implemented by brain circuits such as the mesolimbic reward system and 

the social behavior network. For each approach, I discuss genomic and other studies that 

have shed light on various aspects of social behavior and its underpinnings and suggest 

promising avenues for future research into the evolution of neuroethological systems. 

INTRODUCTION 

All animals continuously integrate their internal physiological state with 

environmental events and subsequently choose one action over another to increase their 

chances of survival and reproduction. These decisions are about obtaining and defending 

resources (such as food, shelter or mates) or evading danger (such as predator avoidance), 
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and they often take place in a social context, such as dominance hierarchies, mate choice, 

and/or offspring care. Even though the survival value and evolution of behavioral 

decisions have been examined in great detail by behavioral ecologists (Krebs & Davies, 

1997), we are just now beginning to understand the neural and molecular mechanisms 

underlying these decision-making processes. As biologists have moved beyond the 

ultimately fruitless debates about the relative contributions of nature and nurture, we have 

come to understand that behavior – like all phenotypes – is the result of interactions 

between genetic, environmental, and developmental/epigenetic processes (Hofmann, 

2003; Zhang et al., 2004; Schwander et al., 2010; Arnold, 1992; Crews, 2010). At the 

same time, comparative studies have illuminated the behavioral, neural, and molecular 

underpinnings of behavior, suggesting that – similar to developmental (True and Carroll, 

2002; Carroll, 2000) and genetic systems (McGary et al., 2010) – at least some of the 

mechanisms regulating behavior across multiple levels of biological organization are 

conserved in a wide range of species (Pollen and Hofmann, 2008; Robinson et al., 2005; 

Sandrelli et al., 2008; Oldham and Geschwind, 2006; Woolley et al., 2004; Insel and 

Young, 2000).  

How do animals decide which behavioral action to take when faced with a 

complex array of sensory stimuli and internal state conditions, and how did such a 

decision-making system evolve? In this review, I incorporate recent insights from a range 

of biological disciplines into a framework that promotes an integrative understanding of 

the evolution, survival value, causation, and development of behavioral decisions, as first 
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proposed almost half a century ago by Nikolaas Tinbergen (1963), the Nobel-prize 

winning co-founder of the scientific study of behavior (Burkhardt, 2005). 

I outline four pillars to support this framework (Figure 21) and discuss them in the 

light of functional genomics. First, given the astonishing diversity of behavioral displays 

we find in nature, we need to define behavioral contexts of relevance to the life history 

and ecology of any given species such that comparisons across taxa are as unbiased as 

possible (see Healy & Rowe, 2007, and Pollen & Hofmann, 2008, for detailed 

discussions of this difficult subject). All animals, at one time or another, face challenges 

(e.g., territorial intrusions; competition for shelter; predation) as well as opportunities 

(e.g., finding a mate; a chance to climb in the social hierarchy; obtaining food) that affect 

their chances of survival and reproduction in similar ways. I suggest that comparative 

studies into the mechanisms of social behavior should expose individuals of different 

species to equivalent social stimuli. Second, by carefully determining the relative 

amounts of approach and avoidance (or withdrawal; see Schneirla (1965) for a classical 

appraisal of this concept) in any challenge/opportunity context we can obtain quantitative 

behavioral and physiological measures as an entry point into the neural, endocrine, and 

molecular mechanisms of the behavioral response in question. Third, the remarkably 

conserved actions of hormones, specifically sex steroid and neuropeptide hormones, in 

the regulation of behavior have long been a focus of research (Beach, 1948; Lehrman, 

1965; Crews, 2008; Foran and Bass, 1999; Rissman et al., 1999; Insel et al., 1993; 

Adkins-Regan, 2009). Similarly, the role of catecholamines, dopamine in particular, in 

encoding the salience and rewarding properties of a (social) stimulus appears to be 
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conserved across a wide range of animals (Berridge et al., 1998; Zhang et al., 2007; 

Heimovics and Riters, 2008). In addition, it has become evident that the coordinated 

activity of sets of genes (modules) can be conserved across species (Smith et al., 2008; 

Machado et al., 2009) or within species life history stages (Aubin-Horth et al., 2009). 

Fourth, because the orchestration of these neuroendocrine and molecular processes 

follows complex spatial and temporal patterns throughout the brain (Newman, 1999; 

Crews, 2003; Young and Wang, 2004; Hull and Dominguez, 2006), we require a detailed 

understanding of the neural circuits involved in this regulation, such as the social 

behavior network (Newman, 1999; Goodson, 2005; Crews, 2003) and the mesolimbic 

reward system (Deco and Rolls, 2005; Wickens et al., 2007). Of course, within a 

comparative framework a neural network approach can only be accomplished if the 

homology relationships for the relevant brain regions have been resolved across a wide 

range of taxa (Striedter, 1997; Northcutt, 1981; O’Connell and Hofmann, 2010b). 

UNIVERSAL PROPERTIES OF LIVING SYSTEMS 

All living systems share the same macromolecules (nucleic acids, amino acids) 

for the storage, transfer, and utilization of information, which is considered strong 

evidence for a common origin of life on earth. Even more important to modern biology, it 

suggests that throughout evolutionary history a shared set of building blocks –“tool box” 

(Carroll, 2008; Prud’homme et al., 2007) – has been deployed and expanded upon as 

novel traits and lineages arose. Based on the whole genome sequences that have become 

available for diverse species, we now know that a remarkably large number of protein-
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coding genes are shared (have orthologs) across all animals (and, to a lesser extent, all 

organisms). Similarly, conserved non-coding regions dispersed throughout the genome 

appear to play important regulatory and developmental roles across a wide range of 

taxonomic groups (Simpson and Ayyar, 2008; Prud’homme et al., 2006). 

The realization that protein-coding genes are so highly conserved across species 

raises a question that is fundamental to our understanding of genetic information: how 

can highly conserved genetic codes generate the astounding array of body types and 

behavioral expression that mark the diversity of life? Advances in understanding the 

human genome have come from comparing variation in the sequences and in the 

expression patterns of genomes across species (Carroll, 2005), a process that amounts to 

an experimental manipulation of genetic components, with nature providing the 

independent variables, and anatomy, physiology, and behavior being the dependent 

variables that allow us to understand the function of genetic sequences. Comparative 

genomics has given us the tools to dissect the human or any other genome with regards to 

transcription initiation sites, splice sites, number of protein coding genes, as well as genes 

that do not follow canonical rules. Importantly, comparative genomics has been of 

tremendous utility for delineating promoter and other regulatory sequences, and the 

discovery of RNA genes and microRNAs (Ambros, 2004; Chodroff et al., 2010; Ponting 

et al., 2009). Thus, genomics is most useful as a comparative science, and is instrumental 

for understanding the variation of brain and behavior across species and how this 

variation evolved. 
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Comparative research into the evolution of developmental processes (evo-devo) 

has taught us that regulatory pathways and developmental programs underlying 

morphological differentiation (e.g., those controlled by homeotic genes) are highly 

conserved across a wide range of taxa (Carroll et al., 2000). Small variations (e.g., via 

gene regulation in space and time, gene duplication/subfunctionalization) in these 

pathways can result in morphological novelties that may give rise to new lineages in the 

course of evolution. One example is the repeated convergent evolution of eyes as image-

forming devices likely evolved independently in numerous lineages (Fernald, 2006). 

However, the transcription factor PAX6 appears to be crucial in the developmental 

programs of eyes in a range of distant lineages (Callaerts et al., 1997), suggesting that this 

gene has been recruited into an eye developmental program on multiple independent 

occasions. As PAX6 is pleiotropic (i.e., plays a key role in several other developmental 

programs), it remained intact during long periods of “eyelessness”. Thus, as has 

previously been suggested, such “deep homologies” (Robinson et al., 2008; Shubin et al., 

2009; Hofmann, 2010; Striedter and Northcutt, 1981) might also underlie social behavior 

that – given the appropriate functional context and selection pressure – has evolved 

independently in multiple lineages (Toth and Robinson, 2009). Here, I provide an explicit 

framework to study the evolution of social behavior, spanning an arch from functionally 

equivalent social contexts via quantitative behavioral measures and molecular 

mechanisms of neural circuit function, all the way to the conserved roles of 

neurochemical systems. 
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CHALLENGE AND OPPORTUNITY 

An important consideration in studying how behavioral decisions are made and 

evolve is how to compare such complex behavior patterns across diverse species. While it 

has long been recognized that a full understanding of biological processes requires the 

study of diverse model systems (Krogh, 1929), behavioral displays are remarkably 

diverse across species. This often confounds the comparisons of neural and molecular 

mechanisms underlying a given behavior across species (Healy and Rowe, 2007; Pollen 

& Hofmann; 2008). Therefore, we need a framework in which to study behavior that is 

placed in an evolutionary context and that can be applied across many taxa.  

I propose a classification scheme based on two of Tinbergen’s (1963) “four 

questions” – survival value and evolution – by categorizing animal behavior according to 

the life history and/or ecological context in which it takes place. Specifically, social 

interactions related to reproduction, offspring care, or foraging take place in the context 

of opportunity, whereas the aggressive defense of a territory (or other valuable resource) 

or offspring can be considered behavior patterns that occur in response to a challenge 

(Figure 22). Such a grouping of diverse behavior patterns allows us to reduce the 

taxonomic diversity to basic functional contexts and already hints at the intriguing 

possibility that the neural and molecular networks underlying challenge and opportunity 

behaviors evolved from genomic, endocrine and neural processes that may at least in part 

be conserved. 

Behavioral responses to challenges have been documented in all the diverse taxa 

studied and include the defense of resources (e.g., shelter, food, mates) and predator 
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avoidance (Krebs and Davies, 1993; Possingham, 1989; Hixon, 1987; Wolff and 

Peterson, 1988; Takahashi et al., 2005; Moller et al., 2006). In many species, resource 

defense typically involves aggressive displays. For example, male fruitflies, Drosophila 

melanogaster, will display aggressive behavior in defense of females or territories 

(Hoffmann, 1987; Dow and von Schilcher, 1975), and variation in this behavior across 

populations can be explained in part by genetic differences (Hoffmann, 1988) and can be 

subject to artificial selection (Hemmat and Eggleston, 1988; Hoffmann and Cacoyianni, 

1989; Dierick & Greenspan, 2006). Edwards and colleagues (2006) profiled whole body 

transcriptomes of high and low aggression strains of Drosophila males and females and 

found a profound transcriptional response involving ~10% of the genome between the 

two lines. Genes whose activity differed significantly are involved in circadian rhythm, 

learning, courtship, neurotransmitter secretion/transport, and response to stress. 

Interestingly, many of the genes in these categories were down-regulated in the high 

aggression line compared to the low aggression line. This study also identified several 

novel genes implicated in aggression, highlighting how functional genomics can 

complement classical forward genetic screens in traditional genetic model systems. 

The genomic response to a challenge within a species can also be plastic and vary 

with season. Male song sparrows, Melospiza melodia, for example, display territorial 

defense in the form of vocalizations.  The type of song reflects the level of aggression 

and can be used as a predictor for whether the social interaction will result in an attack or 

flee (Searcy and Beecher, 2009). A recent transcriptome analysis not only revealed that a 

subset of genes is differentially regulated between individuals encountering an intruder 
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compared to non-social controls, but that these gene sets respond differently to social 

stimuli according to season (Mukai et al., 2009). This study indicated that the animals 

have a genomic response to a social challenge, and that the genomic response can vary 

with environmental input. 

Gene modules that regulate response to social challenges can be influenced by 

both environment and evolutionary history. An elegant microarray study by Alaux and 

colleagues (2009) in honeybees (Apis melifera) showed that the same genes that are 

constitutively up-regulated in an aggressive strain, the Africanized bees, compared to the 

more docile European bees are the same genes that are up-regulated when European bees 

are presented with alarm pheromone, a challenge that triggers aggressive responses in the 

defense of the colony. Interestingly, the activity of these genes was also increased in 

older bees compared to younger bees, in line with the observation that aggressive 

behavior increases as these animals age and assume defense-related tasks.  

Another genomic model system of aggression in the context of male-male 

competition is the cichlid fish, Astatotilapia burtoni (Hofmann, 2003; Wong and 

Hofmann, 2010). Dominant males are highly aggressive and defend territories where they 

court and spawn with females, whereas subordinate males are reproductively suppressed 

and school with females.  Importantly, these behavioral phenotypes are plastic and 

subordinate males will challenge dominant males for access to resources. Microarray 

analysis revealed that dominant males express higher levels of some neuroendocrine-

associated genes, like vasotocin and prolactin, as well as structural proteins, like actin and 

tubulin, compared to subordinate males (Renn et al., 2008). These studies have given 
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important insights into the genomic regulation of social dominance behavior in a 

community context. 

In nature, challenge and opportunity rarely present themselves in isolation, which 

is an important factor in designing comparative experiments in this context. Recent 

studies in A. burtoni highlight the complex relationship between these functional 

contexts. For example, subordinate males with an opportunity to ascend in social status 

(and thus to obtain a territory for mate attraction) display aggressive behavior towards 

potential territorial challengers within minutes of being provided with a vacant shelter, 

followed closely by an increase in sex steroid hormones. There is a rapid genomic 

response to social ascent as expression of the immediate early gene egr-1 in preoptic 

GnRH neurons is induced, as well as sex steroid receptors and steroidogenic acute 

regulatory (StAR) protein, which regulates androgen production, in the testes (Burmeister 

et al., 2005; Maruska and Fernald, 2010; Huffman et al., 2011; Maruska et al, 2010). 

Behavioral responses to opportunities are often studied in the context of female 

mate-choice and male courtship, although behavioral patterns associated with foraging 

and habitat selection have been studied in detail as well (Stamps, 2001; Stephens et al., 

2001). It is well established that sensory cues influence mate choice (Ryan et al., 1990; 

Candolin, 2007), but only recently has a combination of genomic and candidate gene 

approaches, coupled with hormonal and behavioral measures, begun to illuminate the 

molecular substrates of mate choice in the female brain. In female swordtails, 

Xiphophorus nigrensis, the presence of an attractive male stimulus elicits a remarkably 

fast (within 30 min) genomic response in 306 (8.9%) of the 3422 genes examined in a 
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study by Cummings et al. (2008). Importantly, these authors found that 77 of these genes 

were associated with mate choice conditions (i.e., whether the female was allowed to 

choose between an attractive and non-attractive male, or whether she was exposed to two 

non-attractive males), and that the majority of these genes were down-regulated 

compared to the other social conditions. Also, the gene expression patterns in females 

exposed to mate choice conditions were almost exactly inverse to those exposed to other 

females: Genes that were down-regulated in females in the mate choice treatment were 

up-regulated in the female social control and vice versa. 

The finding that the vast majority of genes associated with mate choice were 

down-regulated compared to the other social conditions is consistent with the classic 

notion that the execution of behavior is tightly controlled by central inhibitory 

mechanisms (Roeder 1935). Cummings et al. (2008) thus suggested that down-regulation 

of a suite of genes (i.e., suppression of activity at the molecular level) might result in the 

release of this (physiological) central inhibition of neural circuits that govern female mate 

choice. It would be fruitful to investigate the genomic responses in the context of female 

mate choice in other species to better understand the underlying genomic mechanisms 

and how they relate to the physiology of brain circuits. Anurans provide a tractable model 

system for this fundamental question in biology, and recent studies in the túngara frog, 

Physalaemus pustulosus, by Hoke and co-workers in the context of phonotaxis have 

examined immediate early gene induction in response to a mate choice stimulus as a 

proxy for neural activation (Hoke et al., 2004, 2005, 2007). These studies have begun to 

delineate the brain networks involved in assessing – and responding to – male call 
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patterns and established an important foundation for understanding where in the brain 

mating decisions are made (Hoke et al., 2008). 

The act of courtship and mating also elicits a genomic response in female 

Drosophila.  Following a courtship ritual that relies on multiple sensory cues from both 

sexes (Greenspan and Ferveur, 2000), genomic profiling was done for the whole animal 

(Lawniczak and Begun, 2004).  Females that were courted but did not mate showed 

differential gene expression compared to females that were not courted, and females that 

were courted and mated had an additional gene set that was differentially regulated 

compared to females that had been courted but did not mate. This work suggests that the 

integration of sensory cues from the courtship experience influences a female’s 

transcriptome in addition to the actual mating event. It remains to be seen which 

transcriptional changes were elicited in the brains of courted and mated females, as 

whole-organism profiling likely masks brain-specific gene regulation. 

Insights into the neural basis of opportunistic foraging behavior have come from 

genomic studies in insects. Honeybees (Apis mellifera) have a distinct behavioral 

transition from hive-bound duties during the first couple weeks of life to pollen foragers. 

This distinct behavioral transition is associated with striking changes in the brain 

transcriptome on the order of thousands of genes (Whitfield et al., 2003), predominantly 

in transcription factors (Grozinger et al., 2003) and genes associated with metabolic 

processes (Ament et al., 2008). Some of the genes involved in these processes show a 

conserved mechanism across insects. For example, the gene foraging (or for) is higher in 

forager bees than in hive bees (Ben-Shahar et al., 2002), and is also increased in fruitflies 
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expressing the rover (actively foraging) phenotype compared to the sitter phenotype 

(Drosophila melanogaster; Sokolowski, 2001). A recent study by Toth and colleagues 

(2010) that used transcriptome analysis to compare brains of paper wasps (Polistes 

metricus) and honey bees suggests that gene expression associated with foraging 

behavior is highly conserved in social insects, while the activity of genes associated with 

reproductive behavior is more variable, possibly due to the major differences in the 

mating system of these two species. 

The challenge and opportunity framework allows the development of behavioral 

paradigms that are applicable across many species. I have presented evidence that 

genomic responses to opportunities, such as foraging in insects, are similar across 

species, supporting the notion of conserved gene sets regulating functionally equivalent 

behavioral responses. More generally, this framework predicts that there is significant 

overlap between gene sets regulating foraging and those regulating mating behavior 

within and/or across species. However, variation in genomic responses, such as those 

found in the context of reproduction in insects, are also informative as they provide 

insight into how unique behavior patterns may have evolved in a lineage-specific manner, 

e.g., in response to unique selection regimes. Importantly, variation in genomic responses 

to functionally equivalent social stimuli can also reveal species differences in the relative 

contribution of different sensory modalities in association with a conspecific versus a 

food source. 

Within this framework of challenge and opportunity, we can now begin to ask to 

which extent the molecular substrates underlying these behavioral responses might be 
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conserved across diverse species (Robinson et al., 2008). However, few such analyses 

have been attempted thus far across relatively closely related species (Smith et al., 2008; 

Machado et al., 2009). This is, of course, at least in part due to the still small number of 

genomic analyses of behavior, partially due to the limited genomic tools available for 

some species. However, a more fundamental limitation lies in the multitude of divergent 

behavioral measures researchers have developed to assess behavioral responses in diverse 

species (Pollen & Hofmann, 2008). We therefore need to consider whether there is a 

common “currency” for behavioral measures that can facilitate comparative analyses. 

APPROACH AND AVOIDANCE 

In order to ask questions about the causation or development of behavior, there 

must first be fundamental behavioral measures that are principally valid across most 

species. Behavioral displays exhibited in the context of challenge and opportunity can 

usually be classified as either approach towards, an avoidance of (withdrawal from), or a 

passive response to a relevant stimulus. From the viewpoint of proximate mechanisms, 

this concept provides us with a heuristic framework for comparative studies aimed at 

development or causation of behavior across even diverse species (Schneirla, 1965; 

Porges, 2001; Thompson and Walton, 2004). Using the approach/avoidance scheme 

(including passive responses) in relation to environmental or social stimuli (summarized 

by Schneirla, 1965; see also Mirenowicz and Schultz, 1996; Morrison and Salzman, 

2010), I can operationally define shared behavioral categories that are independent of the 
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specific sensory modalities or idiosyncratic motor patterns, which may characterize 

species-typical behaviors in each taxon (Figure 23). 

The decision to either approach or avoid a stimulus naturally has implications for 

the survival and reproduction of an individual. In noxious situations it may be most 

advantageous to withdraw, while an approach response is most appropriate to a mate or 

food resource. It is important to note that the appropriate response of an individual is 

dependent on prior experience, condition of the individual, and brain gene expression, 

and specializations in these mechanisms may have appeared through natural selection of 

traits that favor approach or avoidance in different situations (Schneirla, 1965). 

Furthermore, this framework allows a quantification of behavior in relation to 

physiological and molecular measures, such as hormone levels or gene expression, to 

determine how these variables may covary across species. 

There is a rich literature in behavioral ecology examining approach and avoidance 

responses, often in the context of foraging (reviewed by Stephens, 2008) and predator 

avoidance (reviewed by Dodson, 1989; Griffin, 2004). Propensity to approach or avoid a 

particular stimulus has a genetic basis that suggests there is within and between species 

variation in these adaptive responses (Lardner, 1998; Wahlsten, 1971; Brodkin et al., 

2004). These behaviors are comparable across taxa and have been documented in 

invertebrates and vertebrates in response to attractive or noxious stimuli (Jing et al., 

2009; Faber et al., 1989; Schaller and Emlen, 1961; Stephens, 2008; Todorov, 2008). 

Functional studies investigating the genetics underlying approach/avoidance 

behaviors have mostly focused on odor-guided behavior, and studies exploiting other 
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sensory modalities are needed. In many species, olfactory information provides salient 

information about species identity, sex, social status, and/or reproductive condition 

(Kavaliers et al., 2005; Brown, 1979; Halpin, 1986; Johnston, 2003; Wyatt, 2003). 

Anholt (2001) and colleagues identified several genes involved in the odor-avoidance 

response in Drosophila using mutant lines that failed to respond to a noxious odor. Loci 

disrupted in these mutants include ion channels and genes implicated in odor recognition 

or postsynaptic organization. Mutant mice that have deletions of neuropeptide or steroid 

hormone receptor genes also have disrupted olfactory recognition (reviewed in Kavaliers 

et al., 2005). These knockout strains can recognize predator (cat) odors but fail to 

recognize parasitized conspecifics (Kavaliers et al., 2005, 2003). 

Social networks can also influence an individual’s response of approach or 

withdrawal to a stimulus. Work in guppies (Poecilia reticulata) has shown that behavior 

of individuals within the shoal can influence both foraging behavior and avoidance of 

noxious stimuli. Individual guppies will prefer the routes established by shoal founders 

either during foraging or while escaping predators, which suggests that social information 

facilitates decisions about movement in the local environment (Laland and Williams, 

1997; Brown and Laland, 2002). Social approach behavior, such as female mate choice, 

can also be influenced by group dynamics, as mate choice copying has been documented 

in every vertebrate lineage (Kirkpatrick and Dugatkin, 1994; Laland, 1994; Freeberg, 

1996; Pruett-Jones, 1992). However, this transmission of approach or avoidance 

decisions through social groups can sometimes be maladaptive and prevent the adoption 

of optimal behaviors. For example, Laland and Williams (1998) trained founder guppies 
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to prefer a longer (more costly) route to a food source over a shorter route (less costly). 

Other guppies adapted this behavior and this maladaptive preference persisted even after 

the founder guppies were removed. Guppy avoidance behavior has a genetic component 

as animals from high or low predation populations will differentially respond to predator-

induced alarm pheromones (Huizinga et al., 2009). To date, no genomic analyses have 

been carried out in the context of social networks, though it would be interesting to 

determine the molecular correlates of information transmission in social groups. 

In summary, while the challenge/opportunity framework provides equivalent 

social contexts in which to conduct experiments, the approach/avoidance framework 

makes possible quantification of behavior in ways that transcends species-specific 

conditions and sensorimotor processes, and thus facilitates the comparison of behavioral 

mechanisms across diverse taxa. For instance, approach/avoidance measures have a rich 

history in opportunity behaviors such as foraging (Stephens, 2008) and mate choice 

(Ryan, 1990), in strong support of the notion that “molecular universals” hypothesis can 

in fact be adequately tested. It is, however, important to note that the (proximate) 

approach/avoidance framework is most useful only when applied within carefully chosen 

(ultimate) challenge/opportunity contexts of adaptive relevance.  

The behavioral responses of approach and avoidance must have neural origins 

that are specific to both defined brain regions and neurochemicals used to process the 

relevant information. Many mechanistic studies have highlighted the fundamental role 

that hormones and catecholamines play in regulating these behaviors. Studying the shared 
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behavioral mechanisms underlying social challenges and opportunities at the behavioral 

level will allow us to fairly compare social decisions across vertebrates. 

HORMONES AND MONOAMINES 

Studying behavior in the context of neurochemicals allows us to uncover its 

physiological and developmental basis (Beach, 1948; Panksepp and Huber, 2002; 

Wingfield et al., 1998).  Given this, there may be universal codes underlying the 

evolution of behavioral mechanisms similar to the homeotic pathways that have become 

fundamental to our understanding of the evolution of developmental mechanisms. The 

crucial role of dopaminergic (and other aminergic) cells in encoding the salience (or 

rewarding properties) of a (social) stimulus appears conserved in all animals studied thus 

far (Deco & Rolls, 2005; Heimovics and Riters, 2008; Kubikova and Kost’al, 2010; 

Woolley et al., 2004; Unoki et al., 2006; Riemensperger et al., 2005; Bainton et al., 

2000). For example, studies on the salience-encoding properties of the dopaminergic 

system in worms, insects, and vertebrates provide a framework for understanding drug 

addiction in humans (Schafer, 2004; Ninkovic and Bally-Cuif, 2006; Nestler, 2000; 

Bellen, 1998; Feng et al., 2006). More generally, the modulatory role of various 

neuroendocrine and neurotransmitter systems (neuropeptides, steroid hormones, biogenic 

amines) in social behavior is conserved across species, even though the specific 

manifestations of the behavior can vary greatly across species and/or conditions (Bentley, 

1998; Adkins-Regan, 2009, Woolley et al., 2004; Trainor et al., 2006). These patterns 

have also been investigated in human social cognition and attachment (Ferguson et al, 
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2002). Above, I briefly addressed the involvement of catecholamines and hormones in 

approach/avoidance behavior from the perspective of behavioral ecology, and I will now 

discuss in greater detail the role of these neurochemicals in modulating behavior. 

Hormonal modulation of approach and avoidance  

The hormonal basis of behavior has been studied for decades by behavioral 

neuroendocrinologists, who have made great advances in understanding how the complex 

interactions of the brain and physiology result in meaningful behavioral responses.  A 

classic example of this is the “challenge hypothesis”, which predicts how androgen levels 

and dynamics relate to social behavior across diverse social systems and environments 

(Wingfield et al., 1990). This powerful framework, originally developed for androgen 

responses in birds (Wingfield et al., 1990), has been expanded to other hormones 

(glucocorticoids, progesterone, juvenile hormone, etc.) and other animal taxa including 

mammals (Oyegbile and Marler, 2005; Davis and Marler, 2003), reptiles (Klukowski and 

Nelson, 1998; Jessop et al., 1999), amphibians (Burmeister and Wilczynski, 2001), 

teleost fish (Huffman et al., 2011; Oliverira et al., 2001; Hirschenhauser et al., 2004; 

Desjardins et al., 2005), and more recently to invertebrates (Tibbetts and Huang, 2010; 

Kou et al., 2008; Scott et al., 2006). However, some species appear to lack androgen 

responses to social challenges (Wacker et al., 2010; Scriba and Goymann, 2010; Moore, 

1987), possibly due to differences in ecology or mating system (see also the meta-

analysis by Hirschenhauser and Oliveira, 2006). Although endocrine responses to 

challenges, such as male-male interactions, have been studied in detail, hormonal changes 
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in response to social opportunities have received less attention. A small number of studies 

in a range of taxa have clearly established that similar processes can occur in opportunity 

contexts when males are exposed to females (birds: Moore et al., 1983; Moore et al., 

1983; O’Connell et al., 1981; mammals: Amstislavskaya and Popova, 2004; fish: 

Sorensen et al., 2005). More comparative investigations into the challenge hypothesis in 

species with diverse life histories and mating systems will yield a better understanding of 

the evolution of hormonal responses to social challenges and opportunities. 

Both sex steroids and neuropeptide hormones have been implicated in modulating 

all facets of social behavior including aggression (Ferris, 2005; Trainor et al., 2006; 

Gleason et al., 2009; Soma, 2006), sexual behavior (Auger, 2004; Hull and Dominguez, 

2007), parental care (Dey et al., 2010; Neff and Knapp, 2009; Leng et al., 2008), and 

sociality (Goodson, 2008; Carter et al., 2008; Donaldson and Young, 2008).  Sex steroid 

hormones can affect neural circuits and behavior via long-lasting genomic mechanisms 

that involve changes in gene expression (O’Malley and Tsai, 1992; Vasudevan and Pfaff, 

2008) as well as through rapid effects mediated by signal transduction cascades 

(McEwen, 1991; Mani, 2001; Remage-Healey and Bass, 2006). Neuropeptides, in 

contrast, exert their actions exclusively through signal transduction cascades (Peter et al., 

1995; Hilbert et al., 1999). Herbert (1993) proposed the notion of a neurochemical code 

to describe the spatial and temporal dynamics of neuropeptide regulation in the brain. In 

this framework, one or more neuropeptides or steroid hormones act both independently 

and in concert to regulate complex behavioral outputs. These actions may be directed at a 

single target or involve multiple regions within a circuit, creating a “chemical coding 
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system” that organizes adaptive behavioral responses to environmental (including social) 

challenges and opportunities. Herbert (1993) already suggested that other 

neurochemicals, such as biogenic amines and steroid hormones, should be included in 

this model, as all these compounds can act on approach and avoidance behaviors 

(McCarthy and Pfaus, 1996; Rubinow et al., 1998; Moore et al., 1994; Ferris and 

Delville, 1994; Ball and Balthazart, 2010; Mani et al., 2009; Hull and Dominguez, 2006). 

In vertebrates, the decision to approach or avoid a stimulus can be modulated by 

neuropeptides, and these experiments are usually in the context of social stimuli rather 

than foraging (reviewed in Goodson and Thompson, 2010). For example, in male 

goldfish (Carassius auratus), social approach is modulated by arginine vasotocin (AVT), 

the non-mammalian homolog of arginine vasopressin (AVP), in that this nonapeptide 

inhibits social approach to another male, whereas an AVT receptor antagonist increases 

social approach in low-responding social fish (Thompson and Walton, 2004). 

Furthermore, injections of another nonapeptide, isotocin (the teleost homolog of 

mammalian oxytocin), also increases social approach in low-responding fish, showing 

that AVT and isotocin have opposite effects on male-male sociality in goldfish. 

Interestingly, a number of studies in other teleosts demonstrated that AVT treatment can 

stimulate courtship displays towards females (Semsar et al., 2001; Salek et al., 2002; 

Bastian et al., 2001), possibly suggesting opposing effects of this neuropeptide depending 

on the sex of the stimulus animal. These findings underscore the importance of studying 

neuropeptide modulation of approach/avoidance behavior in both challenge and 

opportunity contexts for a given species. 
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Although the modulation of neuropeptide regulation of approach avoidance may 

vary with social context, there is also variation in neuropeptide response between species 

(reviewed in Goodson and Thompson, 2010). Detailed insights into the molecular and 

genetic mechanisms of neuropeptide regulation of social approach and avoidance have 

mostly come from comparative studies of Microtus voles, the monogamous prairie vole, 

M. ochrogaster, and the polygamous montane vole, M. montanus (reviewed in Young, 

2002). Infusions of an oxytocin receptor antagonist into a female prairie vole before 

mating will block pair bond formation (Insel and Hulihan, 1995) while oxytocin infusions 

will enhance bond formation even in the absence of mating (Williams et al., 1994). In 

males, injection of an AVP receptor antagonist decreased partner preference and AVP 

infusions facilitate partner preference, even in the absence of mating (Winslow et al., 

1993). It is the genetically regulated spatial variation in AVP receptor and oxytocin 

receptor expression throughout the brain that facilitates the formation of pair bonds in 

prairie but not montane voles. This literature has been extensively reviewed elsewhere 

(Young et al., 2002; Phelps et al., 2010; Lim and Young, 2006; Bielsky and Young, 

2004; Insel et al., 1998), although it should be noted that genome-scale studies are 

lacking thus far. 

Lipid hormones can also influence approach behavior, although this relationship 

has been studied much less compared with the role of nonapeptides. One of the better 

known players is prostaglandin F2α (PGF2α), which in teleost fishes acts as an 

endogenous releaser of reproductive behavior in females and as an exogenous releaser in 

males. Specifically, PGF2α, which is released from ovarian tissues during final egg 
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maturation, elicits the full repertoire of female reproductive behaviors even in non-gravid 

females treated with this hormone (Villars et al., 1985; Sorensen et al., 1988; Cole and 

Stacey, 1984; Shoji et al., 1994). Additionally, gravid females release PGF into the 

surrounding water, where it acts as a pheromone to elicit courtship behavior in males 

(Sorensen et al., 1988). Because most teleost fishes are broadcast spawners that require 

close coordination between males and females during spawning to ensure fertilization of 

the eggs, these actions of PGF2α are important for the synchronization of required 

approach behaviors of males and females during reproduction. 

Regulation of approach and avoidance behavior by monoamines  

The mechanistic analysis of approach and avoidance behaviors across a diverse set of 

species has clearly shown that, in addition to neuroendocrine modulators, the biogenic 

monoamines dopamine (DA) and serotonin (5-hydroxytryptamine, 5-HT) play a 

fundamental role. Specifically, 5-HT modulates escape (avoidance) behavior in many 

animals (mammals: Tops et al., 2009; teleosts: Gotow et al., 1991; Whitaker et al., 2010; 

crayfish: Yeh et al., 1996; Edwards and Spitzer, 2006; Glanzman and Krasne, 1983; sea 

slug: Jing and Gillette, 2003). In vertebrates, 5HT is better known for its role in 

impulsivity and aggression (Popova, 2008; Hollander and Rosen, 2000; Edwards and 

Kravitz, 1997; Craig and Halton, 2009). 

Ever increasing evidence from diverse organisms ranging from worms to insects 

to vertebrates suggests that the evaluation of stimulus salience is regulated by 

catecholamines, particularly DA (Niv et al., 2006; Spanagel and Weiss, 1999; Aragona 
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and Wang, 2009; Kubikova and Kostal, 2010; Berridge and Robinson, 1998). DA is an 

evolutionarily ancient biogenic amine that is found in most eukaryotes, where it is 

synthesized (along with norepinephrine and epinephrine, or octopamine in invertebrates) 

from tyrosine (Kulma and Szopa et al., 2007; Wintle and Van Tol, 2001; Callier et al., 

2003). In many animals, DA plays an essential role as a neuromodulator in many 

behavioral processes, such as selection of motor programs, pair bonding, aggression, 

sexual behavior, and learning and memory (Mesce and Pierce-Shimomura, 2010; Young 

and Wang, 2004; Ryding et al., 2008; Hull and Dominguez, 2007; Dalleu and Everitt, 

2009; Krashes et al., 2009; Kindt et al., 2007). 

Evidence for the role of monoamines in decision-making comes from extensive 

work on locomotion in the leech Hirudo medicinalis and the nematode Caenorhabditis 

elegans. Behavioral switching between two different locomotor patterns constitutes an 

important behavioral approach/avoidance choice that is critical for survival of these 

animals, and monoamines play an important role in this locomotor choice (Pierce-

Shimomura et al., 2008; reviewed in Mesce and Pierce-Shimomura, 2010; Stent et al., 

1978; Kristan et al., 2005). DA not only activates crawling behavior in leeches, but also 

inhibits swimming behavior (Crisp and Mesce, 2004), which may be important for 

switching from searching to feeding behavior after finding a food source, whereas 

serotonin facilitates swimming behavior (Friesen and Kristan, 2007). Similarly, DA also 

plays a role in nematode locomotion, as dopamine facilitates a behavioral switch from 

crawling to swimming (Mesce and Pierce-Shimomura, 2010).  5-HT has also been 

implicated in promoting mate-searching behavior in male C. elegans (Lipton et al., 2004), 
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supporting a conserved role for monoamines in approach and avoidance behavior across 

large evolutionary distances. 

It is becoming increasingly clear from work in insects that the role of DA in 

motivation is conserved beyond vertebrates. In Drosophila, for instance, DA action in the 

mushroom bodies (an association center of the insect brain) influences the decision to fly 

based on how the salience of visual cues is evaluated (Zhang et al., 2007). 

Pharmacological manipulation of DA receptors in both crickets and Drosophila also 

supports a role for this amine in encoding positive or negative valence when exposed to 

particular stimuli (Unoki et al., 2006; Krashes et al., 2009; Waddell, 2010). 

The complex social organization of honeybees has fascinated naturalists for 

centuries, and it is thus exciting that the molecular regulation of colony behavior is now 

becoming unraveled, as I already discussed the insights obtained from genomic analyses 

of honeybee behavior. In addition, several recent studies have provided evidence that 

catecholamines regulate behavioral motivation in this species as well. Beggs and co-

workers have shown that pheromones released by the queen bee modulate behavioral 

circuits in workers by lowering DA levels, which in turn may serve to facilitate colony 

chores (Beggs et al., 2006; Beggs and Mercer, 2009). 

In vertebrates, DA plays a fundamental role in encoding the rewarding properties 

of a stimulus, or its valence (Schultz, 1993, 1998, 2002; Berridge and Robinson, 1998). 

In rodents, two model systems have jumpstarted our understanding of dopaminergic 

regulation of social behavior. First, work by Hull and colleagues in male rats, Rattus 

norvegicus, has elucidated the reinforcing properties of sexual experience, as DA is 
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released into the preoptic area after sex (reviewed in Hull and Dominguez, 2006; 

Dominguez and Hull, 2005). Second, DA also reinforces pair bond formation in the 

monogamous prairie vole (reviewed in Curtis et al., 2006). Given these important 

insights, it is thus not surprising that research into the role of DA in natural behaviors is 

now expanding to other vertebrates. In male songbirds, for example, DA plays an 

important role not only in song learning, but also in regulating context-appropriate song 

production in both challenge and opportunity contexts (reviewed in Kubikova and Kostal, 

2010). In reptiles, a few studies have implicated DA in reinforcing social behaviors: In 

male whiptail lizards, Cnemidophorus inorantus, sexual vigor is associated with the 

expression of tyrosine hydroxylase (TH; the enzyme that catalyzes the rate limiting step 

in catecholamine synthesis; often used as a marker of DA neurons) in the preoptic area 

(Woolley et al., 2004). In male leopard geckos, Eublepharis macularius, an opportunity 

to approach a female elicits a DA surge in the nucleus accumbens (Dias et al., 2007), 

suggesting that dopamine also plays a role in motivation or anticipation in reptiles. 

Unfortunately, at this point there is little evidence from amphibians or teleosts regarding 

the role of dopaminergic modulation of social behavior, but I predict that this will quickly 

become an avenue of interesting research that will lead to greater insights into the 

evolution of dopaminergic regulation of behavior in early vertebrates. 

Importance of resolved molecular homologies  

The study of the neurochemical and hormonal influences on behavior warrants a 

discussion of variation in the processing of neurochemical and molecular signals across 
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vertebrates. Due to gene (or genome) duplication or gene loss and genetic divergence, a 

comparison of the gene products involved in these cascades of signal processing should 

be based on four criteria: (i) binding affinity of the receptor for the ligand; (ii) sequence 

similarity of the gene product; (iii) its tissue-specific expression patterns in the brain; and 

(iv) the nature of the signaling pathway. Not surprisingly, variation is found in all these 

variables, between vertebrates and invertebrates and, to a lesser extent, across vertebrate 

lineages as well, which offers an exciting opportunity to examine how this variation is 

related to life history, social system, and ecology of diverse species and their evolution. 

Although comparative studies looking specifically at the molecular evolution of 

neuroendocrine mechanisms regulating social behavior are lacking, a stimulating 

genome-scale study by McGary et al. (2010) identified numerous protein-interaction 

networks that are highly conserved (orthologous) across eukaryotes (humans, mice, 

plants, worms, and yeast), even though the phenotypes they help generate may be 

diverged. The authors conclude that functional analyses of these orthologous protein 

networks (which they termed “phenologs”) in one model system can thus provide 

important insights into the molecular underpinnings of seemingly unrelated phenotypic 

traits in other species (McGary et al., 2010). I suggest that similar analyses should be 

conducted in the context of the neurochemical and molecular processes regulating social 

behavior. This would not only increase our understanding of the underlying neural and 

gene networks, but also allow us to determine whether for a given behavioral response 

these processes might indeed be conserved across organisms. For example ancient gene 



 83 

(or protein) networks may operate in diverse species in a multitude of behavioral 

contexts. 

The neurochemical code, as proposed by Herbert (1993), can only be understood 

within the context of complex spatial and temporal activation patterns in networks of 

dedicated brain nuclei. I therefore need to discuss the neural circuits that govern, for 

instance, reward processing and social behavior (Deco & Rolls 2007; Newman, 1999) 

within the integrative framework I am proposing in this review. 

NEURAL CIRCUITS GOVERNING REWARD PROCESSING AND SOCIAL BEHAVIOR 

In most animals, coordinated neural circuits facilitate information processing into 

adaptive behavioral decisions. By studying behavior patterns within the context of neural 

circuits (rather than a single neuron or brain region), we can begin to understand the 

neural processing and integration of external environmental cues and internal 

physiological cues to produce the appropriate behavioral output. The study of relatively 

simple motor patterns and their underlying neural circuitry, like the Mauthner-cell 

mediated escape response in teleost fishes (Faber and Korn, 1978) or central pattern 

generators (Marder and Goaillard, 2006; Katz and Harris-Warrick, 1999), provides an 

opportunity to understand how neural circuits act in concert to generate simple behaviors, 

and how much the circuit can vary from animal to animal while still maintaining function 

(Grashow et al., 2009). Similarly, orientating responses, such as phonotaxis in crickets 

and anurans (Gerhardt and Huber, 2004; Kime et al., 2010; Gordon and Gerhardt, 2009), 

chemosensing in bacteria (Pertseva and Shpakov, 2009), and active sensing in bats and 
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electric fish (Nelson and MacIver, 2006; Pusch, et al., 2008) have given us molecular or 

neural insights into how animals process information in the environment using highly 

specialized sensory mechanisms. 

As far as the regulation of social decision-making in vertebrates is concerned, two 

neural circuits seem to be fundamental (Figure 24): the mesolimbic reward system, with a 

central role for the connection between the dopaminergic ventral tegmental area (VTA) 

and the nucleus accumbens (Deco and Rolls, 2005; Wickens et al., 2007); and the Social 

Behavior Network (Newman, 1999), a collection of midbrain, hypothalamic and basal 

forebrain nuclei sensitive to sex steroid hormones and involved in sexual (Heimovics and 

Riters, 2006; Hoke et al., 2005; Balthazart and Ball, 2007), aggressive (Nelson and 

Trainor, 2007; Fuxjager et al., 2010; Delville et al., 2000), and parental behaviors 

(Francis et al., 2002; Ruscio and Adkins-Regan, 2004). Insights from birds and mammals 

have shown that regions involved in both the mesolimbic reward system and social 

behavior network are important in regulating naturally rewarding behaviors, such as sex 

(Frye, 2001; Hull and Dominguez, 2006; Paredes, 2009), winning a fight (Fuxjager et al., 

2010), parental care (Champagne et al., 2003), pair bonding in monogamous rodent 

species (Young and Wang, 2004) and bird song and sociality (Riters and Alger, 2004; 

Heimovics and Riters, 2007; Goodson and Kabelik, 2009; Goodson et al., 2005). Here I 

briefly discuss the progress made in understanding these circuits in vertebrates, although 

the studies published thus far typically focus on manipulating only one or two brain 

regions within a circuit.  As deep sequencing technologies become less costly, it is my 

expectation that it will become feasible to profile the transcriptomes of several brain 
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regions within a single individual to better understand how shifts in network gene 

expression influence behavior. 

The mesolimbic reward system 

Animals must assess the relative value and consequence of an external stimulus in 

order to generate an adaptive response. Many studies indicate that the mesolimbic reward 

system (including but not limited to the midbrain dopaminergic system) is the neural 

network where the salience of such stimuli is evaluated (Deco and Rolls, 2005; Wickens 

et al., 2007). This circuit is characterized by massive dopaminergic projections from the 

VTA to the nucleus accumbens. Most depictions of the reward system also include the 

lateral septum, ventral pallidum, striatum, basolateral amygdala, the bed nucleus of the 

stria terminalis, and the hippocampus. Due to its biomedical relevance in the context of 

addiction and depression, it is not surprising that the mesolimbic DA system is best 

studied in mammals (Koob and Nestler, 1997; Maldonado, 2003; Thomas et al., 2008). 

These well-studied addiction disorders are deleterious manipulations of a network that 

encodes the potential value and positive reinforcement effects of behavior (Northcutt, 

1981; Dackis and O’Brien, 2001; Di Chiara et al., 1993).  

As the functional contexts in which animals behave (i.e., male-male aggression, 

mate choice, foraging, etc.) are functionally equivalent across diverse species, it is 

reasonable to hypothesize that the reinforcing role of the mesolimbic dopamine system is 

conserved across vertebrates. Although no functional genomics studies have examined 

the reward system in non-traditional model systems with complex social behaviors, many 
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studies have implicated the VTA in evaluating the salience of a stimulus, as well as 

reinforcing the production of rewarding naturalistic behaviors. Perhaps the best known 

example for involvement of the mesolimbic reward system in reinforcing naturalistic 

behaviors comes from the Microtus voles and pair-bonding (reviewed in Young et al., 

2010; Young and Wang, 2004). The strength of this system lies in the comparative work 

between two mating systems, and should encourage comparative studies for other social 

systems in order to increase our understanding not only of the molecular mechanisms 

underlying complex behaviors but also how these complex behaviors have evolved. As 

more genomic resources become available, we will be able to better understand not only 

the transcriptome changes associated with pair-bonding, but also parental care and 

aggression (McGraw and Young, 2010). 

The role of the mesolimbic reward system is particularly apparent in song 

production in many species of songbirds (Dobson and Petrinovich, 1973; for a recent 

review see Kubikova and Kostál, 2010). VTA neurons are more active during courtship 

singing than during undirected (non-courtship) singing (Huang and Hessler, 2008; Hara 

et al., 2007). Immunoreactivity for TH in the VTA is also context-dependent, as higher 

immunoreactivity is associated with courtship calls and not with undirected calls 

(Heimovics and Riters, 2008). Further, ablation of dopaminergic neurons in the VTA 

results in a deficit in female-directed song, but not undirected song (Hara et al., 2007). 

Given the evidence that the reward system plays a role in male song production in 

specific social contexts, it is surprising that no work has been done thus far in female 
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birds exposed to attractive calls compared to undirected calls, but I predict that this will 

be a fruitful avenue of research. 

Insights into the contribution of the VTA to reproductive decision-making in 

females has come from studies on anuran mate choice, in which females display 

phonotaxis (approach) behavior to attractive calls (Ryan, 1990). Lesions of dopaminergic 

neurons in the putative VTA homolog of the anuran brain disrupt female phonotaxis 

behavior such that its expression is correlated with the number of TH-neurons remaining 

in this region (Endepols et al. 2004). Studies that quantified induction of the immediate 

early gene egr-1 as a marker for neuronal activation have also strengthened our 

knowledge of VTA-like neurons mediating mate choice in anurans. Specifically, female 

túngara frogs exposed to male conspecific calls exhibited strong induction of egr-1 in the 

VTA (Hoke et al., 2005), suggesting that a cellular response in this region contributes to 

female decision-making in anurans. 

Research in female rodents has further expanded our understanding of the cellular 

and genomic processes involved in mediating the rewarding neural response to sexual 

behavior in multiple forebrain regions. Female sexual experience produces changes in 

neuronal activity within the nucleus accumbens and dorsal striatum (Bradley and Meisel, 

2001; Becker et al., 2001; Jenkins and Becker, 2001), similar to drug use (Cadoni et al., 

2000; Pierce and Kalivas, 1995). Using transcriptome analysis, Bradley and colleagues 

(2005) found that prior sexual experience in female hamsters altered distinct gene sets 

within the nucleus accumbens and dorsal striatum including ion channels, transcription 

factors, neurotransmitter receptors, and genes involved in signal transduction. Sexual 
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experience was administered by placing a male in the female’s home cage once a week 

for six weeks. Experienced females that had sex on the final test day had a dramatic 

genomic response, with increased expression of many genes in these basal ganglia 

regions compared to sexually naive animals that had sex on the final test day. In contrast, 

sexually experienced females that did not have sex on the final test day showed a 

dramatic decrease in gene expression compared to sexually naïve females that also did 

not have sex on the final test day. This study not only demonstrated that in the reward 

system certain gene sets are regulated by sexual experience, but that anticipation of a 

sexual encounter in sexually experienced females that were (against expectation) not 

exposed to a male on the final test day led to a depression of gene expression in the 

nucleus accumbens and dorsal striatum, similar to the anticipation of a food or drug 

reward in trained animals (Nestler, 2001).  These results underscore the notion that 

genomic responses underlying natural behaviors are inherently rewarding at the 

molecular level. 

An individual’s ability to adapt to chronic social stress is also mediated by the 

mesolimbic reward system (Feder et al., 2009). There is surprising individual variation in 

this response even within inbred c57bl/6 mice, as some individuals will be highly 

susceptible to social defeat by displaying long-lasting social avoidance behavior while 

others will be resilient (Berton et al., 2006). Transcriptional profiling revealed that key 

adaptive changes in the VTA underlie an individual’s propensity for resilience or 

susceptibility to social defeat.  Krishnan and colleagues (2007) showed that there is an 

adaptive transcriptional response in resilient mice that results in an up-regulation of 
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potassium channels in the VTA, thus altering the excitability of VTA neurons and an 

associated release of brain-derived neurotrophic factor (BDNF) into the nucleus 

accumbens. These groundbreaking studies have taught us that there can be dynamic 

changes in genome activity even in the absence of a behavioral response (e.g., resilience 

to social defeat). In fact, it is the mice that display social avoidance after social defeat that 

do not mount a genomic response to chronic stress. In a similar study, mice with chronic 

social stress (exposure to highly aggressive dominant male) down-regulated several genes 

in the hippocampus, including many transcription factors and ion channels as well as 

some gene products involved in metabolism and the cell cycle (Feldker et al., 2006). This 

body of work also highlights the importance of profiling the transcriptome in several 

brain regions in order to better understand how interconnected brain regions contribute to 

approach/avoidance behaviors. I predict that, as genomic technologies become more 

available, there will be more transcriptome studies looking at the contribution of the 

mesolimbic reward system to natural social behavior. 

The social behavior network 

Newman (1999) presented a useful framework encompassing six brain regions 

implicated in the regulation of social behavior in mammals. The nodes of this “Social 

Behavior Network” – lateral septum, extended medial amygdala (i.e., medial amygdala 

and bed nucleus of the stria terminalis), preoptic area, anterior hypothalamus, 

ventromedial hypothalamus, and periaqueductal grey/central grey – are all reciprocally 

connected (Coolen et al., 1998; Risold and Swanson, 1997) and express sex steroid 
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receptors (Simerly et al., 1990; Morrell and Pfaff, 1978).  Although originally proposed 

for mammals, Crews (2003) and Goodson (2005) soon applied this framework to other 

vertebrate lineages. In reptiles, data from leopard geckos suggest that behavioral variation 

due to egg temperature incubation is correlated with the functional connectivity within 

this network (Sakata and Crews, 2004; Sakata et al., 2000), whereas studies in the 

plainfin midshipman fish, Porichthys notatus, which displays characteristic acoustic 

patterns based on social context and phenotype, have shown that at least some of these 

nodes are present in fish and modulate the vocal-acoustic circuitry (Goodson and Bass, 

2002). Finally, this network has also been extended to birds where it plays a role in 

mediating sociality across species (reviewed by Goodson, 2005). Taken together, there 

are multiple lines of evidence that this network was already in place in early vertebrates. 

Surprisingly, there are no genomic studies within naturally (not hormonally 

manipulated) behaving animals investigating the genomic response of brain regions 

within the social behavior network to social behavior stimuli, although as sequencing 

technologies become cheaper and more readily available to non-traditional model 

systems, I predict that this will become an area of intense research. 

Already, researchers have begun to analyze the potentially important effects of 

epigenetic modifications on brain function and behavior (Keverne and Curley, 2008; 

Zhang and Meaney, 2010). For example, a recent study by Gregg et al. (2010) used next-

gen sequencing to examine the epigenome in one hypothalamic node of the social 

behavior network, the POA, as well as several brain regions regulating motivation, such 

as the VTA and the nucleus accumbens. The authors found that in the adult POA there 
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are significantly more genes expressed from the paternal, compared with the maternal, 

genome, although the behavioral consequences of this parent-of-origin bias in expression 

still needs to be examined in detail. However, we already know from studies by Meaney 

and colleagues (Weaver et al., 2004; Kappeler and Meaney, 2010) that experience-

dependent epigenetic reprogramming of single genes, such as the glucocorticoid receptor 

in the hippocampus, can result in significant differences in adult stress reactivity and 

maternal behavior of rodents. These studies highlight the growing appreciation of 

epigenetic effects that can lead to variation in social behavior (Dulac, 2010; Crews, 2008, 

2010). Given the advances in sequencing technology, this area of research will soon 

greatly benefit from comparative analyses. 

Importance of resolved brain homologies  

Understanding the evolution of the neural substrates that underlie social behaviors 

across vertebrates ultimately depends on establishing reliable homology relationships for 

the brain regions in question (Striedter and Northcutt, 1991; O’Connell and Hofmann, 

2011b). Determining homologies across all major vertebrate lineages has been especially 

challenging, as brain architecture is remarkably diverse (Striedter, 2005). However, 

comparative neuroanatomists have made great strides towards increasing our 

understanding of brain evolution, homology, and neurochemistry (Bruce and Braford, 

2009; Northcutt, 1981, 2008; Smeets et al., 2000; Forlano and Bass, 2010). Homologies 

have been inferred for many of the fore- and midbrain regions discussed in this review 

based on a number of criteria, including topography, hodology, development, 
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neurochemical profiles, and functional lesion and stimulation studies. A recent survey by 

the authors (O’Connell and Hofmann, 2011b) determined that most of the homologs to 

the mammalian brain regions that are part of the mesolimbic reward system and/or the 

social behavior network can be identified with some confidence across the major 

vertebrate classes, including mammals, birds, reptiles, amphibians, and teleosts. Yet 

despite this progress, the information available covers only a handful of species in each 

lineage and no systematic surveys have been conducted to include closely related species 

with diverse social systems. Many of the interesting questions addressing the neural 

evolution of social behavior are best addressed in clades that have diverged mating 

systems or sociality, such as Microtus voles, estrilid finches, and cichlid fishes (Phelps et 

al., 2010; Goodson and Wang, 2006; Pollen and Hofmann, 2008; Sylvester et al., 2010). 

These comparative systems have increased our understanding of how small changes in 

gene expression or brain development can lead to such striking variation in social 

behavior.  

THE EVOLUTION OF NEUROETHOLOGICAL SYSTEMS  

I have reviewed here four conceptual areas that form the foundation for an 

integrative analysis of the neural and developmental mechanisms and evolution of 

adaptive social behavior, as envisioned almost half a century ago by Tinbergen (1963). 

Due to the remarkable conceptual advances brought about by behavioral ecologists, 

neuroethologists, behavioral neuroendocrinologists, comparative neuroanatomists, and 

developmental biologists, and because of the astonishing technological progress in such 
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diverse areas as neurochemistry, molecular biology, and genomics, we are finally in a 

position where we can fulfill Tinbergen’s vision. 

I have presented here evidence that all animals have similar behavior responses to 

challenges and opportunities in their environment. There is a striking genomic response 

to these situations and similar molecules (monoamines and neuroendocrine chemicals) 

play a role in evaluating the environment and modulating the behavioral output. These 

observations raise some fundamental questions about the evolution of behavior: Were 

any conserved molecular processes underlying these behavioral responses assembled 

from a “genetic toolbox”, such that orthologous building blocks are repeatedly recruited 

independently in various lineages, as appears to have been the case with PAX6 in eye 

development? Or are these processes the product of an evolutionary ancient system to 

respond to challenges and opportunities an individual encounters by utilizing a conserved 

mechanism?  It may well be that the answer will depend on the phylogenetic level of 

analysis, such as whether one analyzes species within a specific monophyletic clade or 

across all vertebrates. Recent insights into the evolutionary origins and biochemical 

mechanisms of bioluminescence are illuminating in this context (Widder, 2010). 

Luminescent behavior appears to have evolved independently at least 40 times, yet the 

process often involves similar enzymes and substrates in light-producing reactions, 

possibly because, as species began to conquer deeper waters, a reduction in light-induced 

oxidative stress shifted the selection pressure from the antioxidative to the 

chemiluminescent properties of the substrate molecule (Widder, 2010). There might thus 

indeed be evolutionary mechanisms that result in the convergent recruitment of ancient 
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and conserved molecular pathways, which, for instance, underlie the approach of mates 

or avoidance of predators. 

Research in yeast suggests that responses to challenges and opportunities could 

indeed governed by ancient molecular mechanisms. Stern and colleagues (2007) 

presented yeast with a severe food resource challenge, which they had never encountered 

in their evolutionary history, to which they adapted over approximately ten generations.  

This exceptionally fast adaptation was accompanied by a global transcriptional 

reprogramming of over 1,000 genes. Further, only a few of the responding genes were 

similar when the experiment was reproduced, suggesting that this was largely a non-

specific genomic response to novel challenge, as the overlapping genes had no significant 

functional similarity (according to the gene ontology framework). The authors concluded 

that the transcriptional response to a novel challenge is largely plastic, which is crucial 

for responding to broad and unexpected environmental challenges for which the genome 

cannot possibly have been pre-adapted in the course of evolution. In the context of my 

discussion here, however, this study also suggests, since similar molecular cascades are 

utilized in the social behavior of many animals, that these responses were in fact 

“written” into our genomes early on in our evolutionary history. 

Systems biology has brought two hypotheses forward with which we can explain 

the evolution of social behavior: developmental system drift and phenologs (Figure 25). 

The notion of developmental systems drift, which emphasizes the plasticity of developing 

systems in response to selection, states that even when developmental pathways diverge 

through time, there may be no accompanying change in the resulting phenotype (True 
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and Haag, 2001). In the context of social behavior this can mean that behavioral 

responses or brain regions that regulate behavior can be homologous even though their 

morphological substrates or developmental origins are not homologous (Striedter and 

Northcutt, 1991). A well-understood example is that of sex determination, as sex can be 

determined by chromosome dosage, sex-determining genes, or environmental factors 

such as temperature (Godwin, 2010; Rhen and Schroeder, 2010; Shoemaker and Crews, 

2009; Saccone et al., 2002; Piprek, 2009). These very different underlying mechanisms 

give rise to males and females with sex-typical behaviors. In contrast, the phenolog 

hypothesis (discussed in Section 2) suggests that there can also be conserved gene 

networks associated with orthologous phenotypes (McGary et al., 2010).  A behavioral 

example for a phenolog is the gene network underlying abnormal parental care in mice, 

where an “orthologous” gene network leads to the multivulva phenotype in worms 

(phenologs.org). These two seemingly opposing ideas are not mutually exclusive, and can 

both be acting to shape different behavioral phenotypes across populations or species, 

where one functionally equivalent behavioral phenotype across vertebrates may have 

very different underlying mechanisms where as two different behavioral phenotypes in 

different vertebrates may indeed have the same underlying mechanism.  

CONCLUSION 

Genomics is inherently a comparative science, as any genome is impossible to 

interpret without comparisons to other genomes in an effort to find protein coding regions 

and genetic changes that may covary with life history strategies. In the same way, the 
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search for the molecular basis and evolution of social behavior is also a comparative task, 

and much work is needed to better understand putative molecular and genomic universals 

underlying social decisions in animals. This is particularly true for non-mammalian 

vertebrates as well as invertebrates, as information on how the brain regulates behavior in 

these groups is still relatively sparse.  As information on how the neural and genomic 

substrates of behavior across a diverse array of animals becomes available, we will be 

able to determine if there are indeed molecular universals underlying the diverse 

behaviors that we see on our planet. 
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Table 1. Genes regulated by ER in the POA of both DOMs and SUBs  

Array ID Genbank Accession Number 
hh_Ab_Pinky2003_000010941 Not in genbank 
hh_Ab_Pinky2003_000011443 DY632120 
hh_Ab_Pinky2003_000011449 DY632131 
hh_Ab_Pinky2003_000014803 DY626358 
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Table 2. Spearman Correlation Coefficients are shown for Dominant Males between brain gene expression, hormones, and 
behavior.  Numbers in bold are significant (p<0.05). Abbreviations: T, testosterone; E, estradiol; P, progesterone; GSI, gonadal 
somatic index; BD, border dispute. 

 
E P GSI Chase Threat BD Court Feed ARa ARb ERa ERba ERbb PR AVT IST  

-.053 .014 -.009 .475 .080 .084 .522 .241 .165 -.055 .091 -.379 .123 -.184 -.020 .063 T 
 .704 .593 .254 .142 -.037 .373 -.424 -.272 .118 -.149 .157 -.295 -.284 -.071 -.082 E 
  .508 .267 .188 -.173 .339 -.196 .021 .090 .033 .375 -.247 -.273 -.142 -.044 P 
   -.030 -.137 -.275 .156 -.367 -.247 .033 -.146 .214 -.025 -.149 -.188 -.201 GSI 
    .382 .212 .553 .037 -.089 -.097 -.432 -.291 -.214 -.093 -.004 .096 Chase 
     .571 .243 .143 .090 -.194 -.257 -.037 -.541 -.077 .094 .044 Threat 
      .063 .170 .011 -.141 -.171 -.466 -.459 -.006 -.098 -.065 BD 
       -.077 -.177 -.180 -.098 -.116 -.028 .019 .154 .088 Court 
        .045 -.109 .112 -.129 -.305 -.192 .036 .311 Feed 
         .361 .396 .320 .020 -.004 -.220 -.226 ARa 
          .333 .313 -.084 -.189 -.254 -.196 ARb 
           .412 .161 .018 -.038 .121 ERa 
            -.052 -.119 -.023 .006 ERba 
             .276 .237 .024 ERbb 
              .222 .040 PR 
               .606 AVT 
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Table 3. Spearman Correlation Coefficients in Subordinate Males are shown between brain gene expression, hormones, and 
behavior.  Numbers in bold are significant (p<0.05). Abbreviations: T, testosterone; E, estradiol; P, progesterone; GSI, gonadal 
somatic index; Agg, aggression. 

 
E P GSI Flee Agg Feed ARα  ARβ  ERα  ERβa ERβb PR AVT IST  

.838 .603 .513 .175 -.224 -.058 .105 .314 .158 .241 -.034 -.116 -.143 .063 T 
 .609 .648 .159 -.204 -.058 .322 .544 .025 -.036 .024 -.211 -.153 .071 E 
  .263 .087 -.061 .032 -.110 .243 .279 .265 -.008 .059 .291 .363 P 
   .188 .078 .113 .463 .434 -.053 -.149 -.057 -.186 -.290 -.056 GSI 
    -.503 .513 .076 .280 .120 -.015 .085 .012 -.061 .144 Flee 
     -.026 .035 -.208 -.047 -.079 -.193 .041 -.055 .016 Agg 
      -.093 .102 .030 .064 -.349 .406 -.164 -.072 Feed 
       .619 .296 -.013 -.084 -.493 -.189 .049 ARα  
        .319 .102 -.108 -.356 -.161 .027 ARβ  
         .458 -.188 -.109 .402 .336 ERα  
          .051 .301 .335 .142 ERβa 
           .009 .368 .462 ERβb 
            .271 .136 PR 
             .799 AVT 
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Table 4. Primers used during reverse transcription and qPCR 

Primer name Primer sequence 
ARα reverse transcription 5’- AACTGCGATCTGTGCAATTCAT 
ARα forward primer 5’- CAGGAATGCCGCTGTATCTG 
ARα reverse primer 5’- TGAGGAATCGCACTTGGGTA 
ARβ reverse transcription 5’- GTAAGTGACATCCAGCCATTCG 
ARβ forward primer 5’- AGCTTCGGCGACAAGTACAACT 
ARβ reverse primer 5’- GGTCCCGTCATATGGATTGC 
ERα reverse transcription 5’- ACCACTTGTACTGCTGCTGCTC 
ERα forward primer 5’- CTACGAAGTGGGCATGATGAAA 
ERα reverse primer 5’- GGTCTTTGGCTGGTTTGTCTCT 
ERβa reverse transcription 5’- TCCTCACACTCTTGCTGGTTGT 
ERβa forward primer 5’- ATGACTTCGCCACCATACCTTT 
ERβa reverse primer 5’- GAGACTGATGGACAGAGGAGCA 
ERβb reverse transcription 5’- TGTCCTTGGATGCTTCTCTTGA 
ERβb forward primer 5’- GGATCCCAAAGTTCACGGTATC 
ERβb reverse primer 5’- TGAGCACGATGAGGATTTCACT 
PR reverse transcription 5’- AGTTTCCTCCCTCCAAGCATC 
PR forward primer 5’- TGGCTGCCACTATGGAGTCTT 
PR reverse primer 5’- TGTCCACAATGCAGTCATTCC 
AVT reverse transcription 5’- TCCAGGTCTTGAGCAGCAGA 
AVT forward primer 5’- AGGCAGGAGGGAGATCCTGT 
AVT reverse primer 5’- CAGGCAGTCAGAGTCCACCAT 
IST reverse transcription 5’- ATGCAGGAGCCTGAGGATGA 
IST forward primer 5’- GGAAACAGCTCACTGTGTGGA 
IST reverse primer 5’- AGCACAGCGTCCTCCTTCAG 
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Table 5. Phenotypic difference in behavior and physiology 

Behavior DOM 
mean 

SUB mean 95% CI 
lower 

95% CI 
upper 

t df p-value 

Chase/Bite 40.72 0.72 34.02 45.98 13.64 31 1.200x10-14 
Threat Display 1.78 0 1.062 2.501 5.049 31 1.867x10-5 
Border Dispute 2.75 0 1.896 3.604 6.566 31 2.477x10-7 
Court 4.35 0.09 2.898 5.602 6.411 31 3.835x10-7 
Feed 2.75 1.22 0.296 2.767 2.528 31 0.017 
Flee 0.03 15.41 -18.18 -12.57 -11.19 31 2.029x10-12 
Carousel 0.22 0 0.042 0.396 2.521 31 0.017 
GSI 0.7999 0.5149 0.038 0.206 7.442 23 1.448x10-7 
Testosterone 55.203 12.198 32.44 51.57 9.088 23 4.496x10-9 
Estradiol 136.29 34.973 73.59 129.0 7.677 23 4.382x10-7 
Progesterone 2.4545 1.6358 0.180 1.458 2.676 23 0.015 
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Table 6. Pearson correlation matrix for behavior and hormones. Abbreviations: DomAgg, Territorial aggression between 
DOM males; E, estradiol; P,  progesterone; T, testosterone. *p<0.05; **p<0.01. 

  Chase/Bite-
DOM 

Feed-DOM GSI-DOM T-DOM E-DOM P-DOM DomAgg_
DOM 

Courtship_
DOM 

Pearson Correlation .259 .534** -.144 -.122 .089 -.252 .101 -.116 
Sig. (2-tailed) .152 .002 .502 .570 .702 .258 .580 .528 

Feed-SUB 

N 32 32 24 24 21 22 32 32 
Pearson Correlation .101 .219 .033 -.263 -.197 .182 .233 -.352* 
Sig. (2-tailed) .582 .228 .880 .214 .393 .419 .198 .048 

Flee-SUB 

N 32 32 24 24 21 22 32 32 
Pearson Correlation .234 -.036 .444* .015 .318 -.049 -.117 -.126 
Sig. (2-tailed) .272 .867 .030 .944 .160 .828 .587 .557 

GSI-SUB 

N 24 24 24 24 21 22 24 24 
Pearson Correlation .341 -.218 .047 -.217 .157 -.186 -.425* -.001 
Sig. (2-tailed) .103 .307 .826 .309 .497 .407 .038 .998 

T-SUB 

N 24 24 24 24 21 22 24 24 
Pearson Correlation .506* -.114 .097 -.085 .062 -.488* -.535* .098 
Sig. (2-tailed) .023 .631 .684 .720 .801 .034 .015 .680 

E-SUB 

N 20 20 20 20 19 19 20 20 
Pearson Correlation .341 -.371 .193 -.456* .157 -.272 -.398 .030 
Sig. (2-tailed) .121 .090 .390 .033 .496 .233 .067 .894 

P-SUB 

N 22 22 22 22 21 21 22 22 
Pearson Correlation -.015 -.020 .069 -.150 -.048 -.029 .156 .403* 
Sig. (2-tailed) .934 .915 .749 .485 .837 .897 .393 .022 

Aggression
_SUB 

N 32 32 24 24 21 22 32 32 
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Table 7. Steroid Hormone Receptors in the Social Decision-Making Network. 
Abbreviations: aTn, anterior tuberal nucleus; gPOA, gigantocellular part of the POA; 
mPOA, magnocellular part of the POA; POA, preoptic area; pPOA, parvocellular part of 
the POA; TPp, periventricular nucleus of the posterior tuberculum; Vd, dorsal part of the 
ventral telencephalon; Vv, ventral part of the ventral telencephalon. 

Gene Brain 
Region 

DOM 
mean 

SUB 
mean 

95% CI 
lower 

95% CI 
upper 

t df p-value 

Immunohistochemistry 
gPOA 0.271 0.300 -0.340 0.282 -0.255 4 0.811 
mPOA 0.333 0.244 -0.073 0.252 1.300 7 0.235 
pPOA 0.770 0.653 -0.110 0.345 1.220 7 0.262 

Vv 7.758 7.791 -1.579 1.513 -0.051 7 0.961 
Vd 8.651 9.133 -1.954 0.990 -0.774 7 0.464 

TPp 5.137 4.709 -1.977 3.195 0.576 6 0.586 A
nd

ro
ge

n 
R

ec
ep

to
r 

aTn 1.795 2.768 -2.394 0.438 -1.686 6 0.143 
gPOA 0.104 0.094 -0.156 0.177 0.172 4 0.872 
mPOA 0.198 0.177 -0.099 0.140 0.414 7 0.691 
pPOA 1.208 0.704 -0.052 1.521 1.174 7 0.279 

Vv 10.31 7.399 -0.433 6.261 2.058 7 0.079 
Vd 9.719 10.34 -3.514 2.270 -0.508 7 0.627 

TPp 6.968 7.599 -3.750 2.487 -0.479 7 0.647 P
ro

ge
st

er
on

e 
R

ec
ep

to
r 

aTn 2.285 2.446 -0.826 0.507 -0.586 6 0.579 
gPOA 0.097 0.108 -0.306 0.282 -0.157 2 0.890 
mPOA 0.380 0.177 -0.696 0.474 1.821 6 0.119 
pPOA 0.926 0.664 0.070 0.454 3.227 7 0.015 

Vv 10.45 8.702 0.250 3.250 2.854 6 0.029 
Vd 11.17 11.54 -3.277 2.532 -0.314 6 0.765 

TPp 7.434 7.191 -1.662 2.147 0.312 6 0.766 

E
st

ro
ge

n 
R

ec
ep

to
r a

lp
ha

 

aTn 1.881 2.606 -2.870 1.420 -0.827 6 0.440 
gPOA 0.023 0 -0.004 0.015 1.991 7 0.087 
mPOA 0.005 0.007 -0.027 0.225 -0.210 6 0.841 
pPOA 0.124 0.129 -0.152 0.144 -0.069 7 0.947 

Vv 1.275 1.052 -1.512 1.957 0.303 7 0.770 
Vd 8.377 8.222 -1.651 1.961 0.203 7 0.845 

TPp 1.375 0.934 -0.993 1.874 0.727 7 0.491 

E
st

ro
ge

n 
R

ec
ep

to
r b

et
a 

aTn 0.945 0.798 -0.908 0.346 -1.098 6 0.314 
gPOA 0.094 0.236 -0.007 0.148 2.148 7 0.069 
mPOA 0.172 0.181 -0.925 -.0762 -0.237 6 0.821 
pPOA 9.069 11.11 -3.364 -0.723 -3.660 7 0.008 

Vv 12.44 12.16 -2.340 2.921 0.261 7 0.802 
Vd 9.473 9.788 -1.089 0.458 -0.966 7 0.366 

TPp 7.086 7.717 -2.478 1.216 -0.836 6 0.435 

To
ta

l c
el

l 
nu

m
be

r 

aTn 2.338 2.431 -1.174 0.988 -0.203 7 0.845 
in situ hybridization for ARα, ARβ, and PR 

gPOA 0.125 0.141 -0.144 0.114 -0.290 6 0.781 
mPOA 0.119 0.104 -0.092 0.123 0.340 7 0.744 
pPOA 0.157 0.175 -0.123 0.086 -1.418 7 0.688 

Vv 0.087 0.081 -0.051 0.061 0.233 7 0.823 
Vd 0.098 0.126 -0.137 0.083 -0.588 7 0.575 

TPp 0.092 0.105 -0.093 0.067 -0.382 7 0.714 A
nd

ro
ge

n 
R

ec
ep

to
r a

lp
ha

 

aTn 0.089 0.199 -0.375 0.155 -0.978 7 0.360 
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Table 7, cont. 
gPOA 1.308 0.714 -2.362 3.550 0.865 2 0.478 
mPOA 0.069 0.071 -0.076 0.074 -0.089 5 0.320 
pPOA 0.121 0.094 -0.312 0.085 1.091 7 0.311 

Vv 0.149 0.085 -0.061 0.188 1.213 7 0.265 
Vd 0.076 0.079 -0.046 0.040 -0.160 6 0.878 

TPp 0.080 0.091 -0.058 0.036 -0.565 6 0.593 A
nd

ro
ge

n 
R

ec
ep

to
r b

et
a 

aTn 0.521 0.242 -0.226 0.784 1.352 6 0.255 
gPOA 0.117 0.111 -0.054 0.065 0.259 4 0.809 
mPOA 0.061 0.077 -0.060 0.028 -0.878 6 0.414 
pPOA 0.070 0.082 -0.052 0.027 -0.753 6 0.048 

Vv 0.082 0.063 -0.002 0.041 2.247 6 0.066 
Vd 0.097 0.075 -0.017 0.062 1.454 5 0.206 

TPp 0.073 0.072 -0.040 0.042 0.068 7 0.938 P
ro

ge
st

er
on

e 
R

ec
ep

to
r 

aTn 0.076 0.097 -0.072 0.029 -1.008 7 0.347 
in situ hybridization for ERα and ARO 

gPOA 0.066 0.055 -0.032 0.053 0.062 6 0.556 
mPOA 0.051 0.095 -0.093 0.018 -1.646 6 0.151 
pPOA 0.059 0.056 -0.029 0.035 0.232 6 0.824 

Vv 0.052 0.041 -0.033 0.055 0.620 6 0.558 
Vd 0.042 0.046 -0.028 0.022 -0.311 6 0.767 

TPp 0.039 0.057 -0.039 0.003 -2.116 6 0.079 

E
st

ro
ge

n 
R

ec
ep

to
r a

lp
ha

 

aTn 0.065 0.086 -0.073 0.030 -1.005 6 0.354 
gPOA 0.311 0.442 -0.251 -0.013 -2.860 5 0.035 
mPOA 0.0358 0.484 -0.593 0.342 -0.658 6 0.535 
pPOA 0.329 0.207 -0.052 0.297 1.713 6 0.137 

Vv 0.208 0.221 -0.176 0.149 -0.201 6 0.847 
Vd 0.259 0.189 -0.107 0.248 0.971 6 0.369 

TPp 0.139 0.245 -0.224 0.011 -2.143 7 0.067 A
ro

m
at

as
e 

aTn 0.179 0.231 -0.151 0.046 -1.301 6 0.241 
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Table 8. Technique differences in estrogen receptor distribution in the male brain. “+” 
indicates presence, “—” indicates absence; References: 1. Stumpf and Sar, 1976; 2. 
Simerly et al., 1990; 3. Clancy et al., 1992; Greco et al., 1996; Kritzer, 1997; Fernandez-
Guasti et al., 2003; 4. Morrell et al., 1979; 5. Rosen et al., 2002. 

 Rattus norvegicus Anolis carolinensis 
brain 
regions Radioligand1 mRNA2 Protein3 Radioligand4 mRNA5 Protein5 

blAMY  + + + — — 
HIP + + + + — + 
NAcc +  + + + + 
VP —   — + + 
STR — — — — + + 
VTA  + +    
BNST/ 
meAMY + + + + + + 
LS + + + + + + 
POA + + + + + + 
AH + + + + + + 
VMH + + + + + + 
PAG/CG + + + + + + 
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Figure 1.  Behavioral testing timeline. Timeline indicated order of control and drug 
injections for each individual as well as observation periods. 
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Figure 2.  Effects of sex steroid receptor manipulation vary by social status. The 
mean behavioral observations of animals given ER (top row), AR (middle row), or PR 
(bottom row) manipulations are shown with agonist (black lines) and antagonist (grey 
lines) treatments for DOM and SUB males (n=8 per status per treatment).  Behavior per 5 
min is represented on the vertical axis, and day of treatment is on the horizontal axis. 
Grey background shading indicates days of drug administration. Data are represented as 
the mean with ± SEM; GEE: **p<0.0001, *p<0.05. 
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Figure 3.  Physiology and circulating hormone levels change in SUB but not DOM 
males after steroid receptor manipulation. Free 17β-estradiol, testosterone, and 
progesterone levels, as well as GSI, are depicted by box and whisker plots for DOM (left 
column) and SUB (right column) males (n=8 per status per treatment). Each box 
represents groups receiving a sex steroid receptor antagonist (x-axis), and the grey 
background bar depicts the first and third quartiles for control animals. Letters indicate 
significance between groups, and * indicates significant difference from control with 
Bonferroni post hoc test. 
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Figure 4.  Expression of candidate genes in the POA. A. Expression levels of steroid 
hormone receptors and neuropeptides in control treated dominant and subordinate males 
are shown as box and whisker plots. B. Changes in gene expression after treatment of an 
estrogen receptor (first panel), androgen receptor (middle panel) or progesterone receptor 
(last panel) antagonist in dominant (top row) and subordinate (bottom row) males is 
shown with colored box and whisker plots.  Grey background bars depict the first and 
third quartiles for control animals. Mann Whitney U: *p<0.05. Abbreviations: AVT, 
arginine vasotocin; IST, isotocin. 
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Figure 5.  Microarray measure distribution across all features. A. Distribution of 
intensity values across all features for dominant (black) and subordinate (grey) males. B. 
Distribution of p-values from comparisons between the ER antagonist treated group and 
the control group are shown for dominant (black) and subordinate (grey) males.  Note the 
selection of low p-values in dominant males and a suppression of significant p-values in 
subordinate males. Vertical grey bar indicates significance value cut-off for LIMMA 
analysis (p<0.05). 
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Figure 6.  Integrating across levels of biological organization: behavior, physiology, 
hormones, and gene expression. A covariance network is represented in DOM (top) and 
SUB (bottom) males.  Edges represent significant positive (red) or negative (blue) 
correlations between behavior (yellow), POA gene expression (green), and physiology 
(purple).  Edges highlighted in grey are common across social states, and dashed lines did 
not survive FDR correction. Functional modules are highlighted in orange. 
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Figure 7.  Changing responses to perturbation across multiple levels of biological 
organization contribute to social phenotypes. Arrows indicate the magnitude of 
significant changes compared to controls across behavior, hormones, physiology, 
candidate gene expression, and genomic response with sex steroid receptor manipulation 
in DOM and SUB males. 
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Figure 8.  Micrographs of laser microdissected preoptic area. A section of the 
preoptic area is shown before (A) and after capture (B). 
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Figure 9.  Hybridization design for microarray analysis. RNA from the POA of 
dominant (left) or subordinate (right) males receiving either an ER antagonist or control 
were compared within each social state. Each individual was hybridized twice and dye-
swapped to control for dye bias. 
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Figure 10.  Behavior, steroid hormones, and GSI covary between dominant and 
subordinate male community members. Colors indicate positive (orange) and negative 
(purple) correlations. Stars denote a significant correlation.  
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Figure 11.  Coregulation of behavior, physiology and brain gene expression of sex 
steroid receptors between community members. Red boxes highlight clusters that are 
synergistically (orange) or antagonistically (purple) coregulated between male dyads. 
Clusters are numerically labeled and the contents of the cluster are detailed in the legend 
in the bottom panel. 
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Figure 12.  Coregulation of behavior, physiology and brain immunohistochemistry 
cell counts of sex steroid receptors between community members. Red boxes highlight 
clusters that are synergistically (orange) or antagonistically (purple) coregulated between 
male dyads. Clusters are numerically labeled and the contents of the cluster are detailed 
in the legend in the bottom panel. 
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Figure 13.  Model of how behavior, physiology, and brain gene expression mediate 
phenotypic transmission through communities. Within an individual, brain gene 
expression and physiology are coregulated and mediate behavior.  Within a community, 
the behavior and physiology of one individual can affect the behavior, physiology, and 
downstream gene expression of community members. Arrows indicate significant 
associations between individuals and coregulated clusters within individuals. 
Abbreviations: aTn, anterior tuberal nucleus; GSI, gonadosamatic index; LS, lateral 
septum; NAcc, nucleus accumbens; POA, preoptic area; SHR, steroid hormone receptors; 
TPp, periventricular nucleus of the posterior tuberculum; Vd, dorsal part of the ventral 
telencephalon; VMH, ventromedial hypothalamus; VTA, ventral tegmental area; Vv, 
ventral part of the ventral telencephalon. 



 119 

 

Figure 14.  Control and Experimental slides for in situ hybridization detection of 
radiolabeled probes.  Sense shows no signal above background.  Scale bar is at 20 
microns.  Abbreviations: AR; androgen receptor; ARO, aromatase; ER, estrogen 
receptor; PR, progesterone receptor. 
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Figure 15.  Putative homologies of the social decision-making circuit across 
vertebrates. Brain regions in the coronal plane within the social behavior network are 
colored yellow, brain regions in the mesolimbic reward system are colored blue, and 
brain regions shared by both networks are colored green. Left to right represents rostral to 
caudal sections. Abbreviations: AH, anterior hypothalamus; blAMY, basolateral 
amygdala; BNST/meAMY, bed nucleus of the stria terminalis/ medial amygdala; HIP, 
hippocampus; LS, lateral septum; NAcc, nucleus accumbens; PAG, periaqueductal 
grey/central grey; POA, preoptic area; Str, striatum; VMH, ventromedial hypothalamus; 
VP, ventral pallidum; VTA, ventral tegmental area. 
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Figure 16.  Analysis of vertebrate patterns in brain neurochemistry. Overall patterns in 
neurochemistry in the social decision-making network are shown across vertebrates. Data 
for each vertebrate lineage is represented in the columns and each row represents one 
gene in one brain region that is either present (orange) or absent (purple). White indicates 
that data is not available. Number of species in each vertebrate lineage represented in the 
analysis is shown at the bottom of each column. 
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Figure 17.  Conservation of neural systems regulating behavior. A. Divergence scores 
for each neurochemical (rows) in each brain region (columns) were calculated according 
to a parsimonious model on the vertebrate phylogeny. Red indicates a score of zero (most 
conserved), yellow indicates a score of one, and purple indicates a score of two (less 
conserved). Divergence scores were compared between gene class (B1) or brain region 
network (C2) and are shown as box and whisker plots. *p<0.04. Divergence score at each 
node was plotted across evolutionary time for each brain network (B2-3) and for each 
gene class (C2-3). See Figure 14 for abbreviations. 
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Figure 18.  The extent of conservation varies across brain regions. Patterns in 
neurochemistry are shown for the preoptic area (left) and striatum (right) where genes 
(rows) are either present (orange), absent (purple) or unknown (white) within each 
vertebrate lineage (columns). All other brain regions are shown in Figure 19. See Figure 
14 for abbreviations. 
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Figure 19.  The extent of conservation varies across brain regions. Patterns in 
neurochemistry are shown each brain region of the social decision-making network 
where genes (rows) are either present (orange), absent (purple) or unknown (white) 
within each vertebrate lineage (columns). See Figure 14 for abbreviations. 
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Figure 20.  Species variation in neurochemistry. Neurochemical gene expression 
patterns are shown on a species level analysis for dopamine-producing cells in different 
brain regions (rows) that are present (orange), absent (purple) or unknown (white) across 
different species (columns).  Abbreviations: M=mammal, B=bird, R=reptile, 
A=amphibian, T=teleost fish. 
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Figure 21.  An Integrative Framework for the Analysis of Social Behavior and its 
Evolution. Themes for studying both the proximate and ultimate mechanisms of social 
decision-making are presented on the level of the individual (left panel) and the 
population (right panel). 
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Figure 22.  Challenge and Opportunity: a Functional Framework. Behavioral 
responses to challenge and opportunities in the social environment are equivalent across 
animals, although the specific behavioral response may be divergent across lineages due 
to life history, ecology, and/or evolutionary history.  
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Figure 23.  Approach and Avoidance: a Mechanistic Framework. Quantitative measures of behavioral responses to 
challenges and opportunities that are tractable in all species provide an important foundation for analyzing the molecular and 
neural basis of social behavior and its evolution. Brains are shaded differently by forebrain and midbrain. 
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Figure 24. A Neural Circuit Framework. Schematic representations of a mammalian 
brain are shown with brain regions of the mesolimbic reward system (blue; top panel) and 
social behavior network (yellow; bottom panel). Regions shared by both circuits are 
labeled in green. Adapted from O’Connell and Hofmann, submitted. Arrows indicated 
directionality of functional connections between brain regions. Abbreviations: AH: 
anterior hypothalamus; blAMY: basolateral amygdala; BNST: bed nucleus of the stria 
terminalis; HIP: hippocampus; LS: lateral septum; meAMY: medial amygdala; NAcc: 
nucleus accumbens; PAG/CG: periaquaductal grey/central grey; POA: preoptic area; 
STR: Striatum; VMH: ventromedial hypothalamus; VP: ventral pallidum; VTA: ventral 
tegmental area. 
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Figure 25.  Alternative Hypotheses for the Evolution of Neuroethological 
Mechanisms. The phenolog hypothesis predicts that some gene/protein interaction 
networks underlying social behavior and other complex phenotypes can be conserved 
across animals, even if the phenotypes are completely different. The developmental 
system drift hypothesis states that the molecular mechanisms underlying homologous 
phenotypes can diverge substantially during the course of evolution. Nodes and edges 
represent gene networks involved in a phenotype. 
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Glossary 

AH   Anterior hypothalamus 
aTn   Anterior tuberal nucleus 
AR    Androgen receptor 
AVT    Arginine vasopressin 
blAMY  Basolateral amygdala 
BNST   Bed nucleus of the stria terminalis 
CG   central grey 
DOM    Dominant 
D1aR   Dopamine D1A Receptor 
ER    Estrogen receptor 
GSI    Gonadosomatic index 
HIP   Hippocampus 
IST    Isotocin 
LS   Lateral septum 
meAMY  Medial amygdala 
NAcc   Nucleus accumbens 
STR   Striatum 
OTR   Oxytocin receptor 
OXY   oxytocin 
PAG   Periaquaductal grey 
POA    Preoptic area 
PR    Progesterone receptor 
SDM   Social Decision-Making 
SUB    Subordinate 
TH   tyrosine hydroxylase 
TPp   periventricular part of the posterior tuburculum 
V1aR   Vasopressin 1a receptor 
Vdc   Central region of the dorsal part of the ventral telencephalon 
VMH   Ventromedial hypothalamus 
VP   Ventral Pallidum 
VTA   Ventral tegmental area 
Vv   Ventral part of the ventral telencephalon 
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