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Choosing with whom to mate is one of the most important decisions a female 

makes in her lifetime and inter-individual variation of these preferences can have 

important evolutionary consequences. In order to get a complete understanding of why 

and how females choose a mate, we must identify factors that can contribute to variation 

of female mate choice. Many decades of research sought to understand ultimate 

mechanisms of female mate choice with proximate mechanisms receiving a lot more 

attention in recent years. For my thesis, I identify intrinsic and extrinsic factors that 

correlate with individual variation of female Xiphophorus nigrensis mate preference. I 

provide evidence that a female’s size (e.g. age and sexual experience) as well as male 

behavioral displays can predict female mate preference. Using genes associated with 

female mate preference (neuroserpin, neurologin-3), I identify four brain regions (Dl, 

Dm, HV, POA) that show significant differences in gene expression between females 
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exhibiting high preference for males relative to females displaying little mate preference. 

Neuroserpin and neuroligin-3 gene expression within these brain regions are also 

positively correlated with female mate preference behavior. Two of these brain regions 

(Dm and Dl) integrate multisensory information and are found in the putative teleost 

mesolimbic reward circuitry; the other two regions (HV and POA) are involved in sexual 

behaviors. With the implication of the reward circuitry, I assess whether there are 

changes in dopamine synthesis (via tyrosine hydroxylase, TH) in dopaminergic brain 

regions associated with the degree of mate preference. I do not find evidence of rapid 

changes (within 30 minutes) of TH expression (i.e. dopamine synthesis) in dopaminergic 

brain regions related to variation in female mate preference. Collectively my results 

suggest that mate preference behavior in the brain may be coordinated not just through 

regions associated with sexual response but also through forebrain areas that may 

integrate primary sensory information, with no associated changes of a proxy for 

dopamine synthesis in dopaminergic brain regions.  
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Introduction 

 Animal behavioral displays are a product of the integration of both intrinsic and 

extrinsic mechanisms. To help answer the question of “Why (and how) do animals 

behave the way they do?”, Nikolaas Tinbergen proposed a framework [Tinbergen 1963] 

that consisted of four non-mutually exclusive levels of analyses to study animal behavior: 

causation, ontogeny, survival value, and evolution. A typical animal can encounter a 

diverse array of challenges and opportunities during its life [O'Connell and Hofmann 

2010]. From birth, the ecological and social environment it was raised in may influence 

how the animal behaves as it ages (ontogeny). In order to survive and pass along its genes 

(survival value), the animal must obtain and defend resources and mates. Appropriate 

behavioral responses for reproduction may have been selected over time and may have 

diverged in form or function in closely related species (evolution). All behavioral 

displays can be influenced by a number of different physiological mechanisms such as 

gene expression (see [Wong and Hofmann 2010] for review of genomic responses in 

natural behaviors), neural activity, and hormones (causation). Only by understanding the 

contributions of both proximate (causation, ontogeny) and ultimate (survival value, 

evolution) mechanisms to an animal’s behavior, can we begin to get a complete 

understanding of why and how an animal behaves the way it does. 

One critical behavior for an animal is the process of finding and evaluating 

prospective mates. Why and how a female chooses to mate with one male over another 

has been a central question in sexual selection research [Andersson 1994; Darwin 1871]. 
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In species with mating rituals, females must both perceive and evaluate male cues prior to 

reaching a mating decision. The process and the outcome of mate choice can be 

influenced by factors within an individual’s lifetime as well as the species’ evolutionary 

history. Furthermore the perception, evaluation and mate choice decision rules can differ 

between females of the same species. Variation in female preference functions and/or 

choosiness can facilitate our understanding of (i) rate and direction of evolution by sexual 

selection, (ii) evolutionary history of female choice and its benefits, (iii) the origin or 

maintenance of secondary sexual characteristics, and (iv) environmental, social, and 

proximate mechanisms underlie female mate choice [Jennions and Petrie 1997]. Many 

studies have documented the adaptive value of female preferences and others have 

proposed hypotheses for the evolution of female mate choice in multiple taxa [Andersson 

1994; Jones and Ratterman 2009]. Studies have also documented how ecological and 

social environment prior to sexual maturation can also influence mate choice [Westneat 

et al. 2000]. The role of causal mechanisms of female mate preference, however, has 

historically not been as well studied. Of the major causal mechanisms (genes, hormones, 

and brain), studies have shown organizational and activational effects of hormones on 

female preference functions and choosiness [Adkins-Regan 2011; Wilczynski and Lynch 

2010]. The neural mechanisms of female mate preference in vertebrates have identified 

auditory processing and hypothalamic nuclei as areas showing increased neural activity 

(via expression of an immediate early gene) in sexual contexts [Gentner et al. 2001; Hoke 

et al. 2004; Hoke et al. 2005; Maney et al. 2003; Sockman et al. 2002; Woolley and 

Doupe 2008]. Only recently has a study expanded the search for brain regions underlying 
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female mate assessment to areas outside of primary sensory processing such as those 

found in the Social Behavior Network [Hoke et al. 2005; Desjardins et al. 2010]. 

The molecular mechanisms of female mate preference in vertebrates are not well 

understood. To date, only one study has explored the genomic response to sexual and 

social environments in the brains of females [Cummings et al. 2008]. Using a 

combination of microarray and quantitative real time PCR analyses, we have identified 

genes (neuroserpin, neuroligin-3, and others) that show context specific differential 

whole brain expression patterns and whose expressions are significantly correlated with 

individual variation of female Xiphophorus nigrensis preference. These candidate genes 

associated with mate preference present an opportunity to identify neural and molecular 

mechanisms potentially underlying female mate preference in a more specific manner. 

Given the general lack of knowledge of the neural and molecular mechanisms underlying 

female mate preference, the central theme of my thesis is to identify intrinsic as well as 

extrinsic mechanisms underlying variation in female mate preference in the northern 

swordtail, Xiphophorus nigrensis. 

Some species are better suited to study the proximate mechanisms of female mate 

preferences than others. Characteristics of a good system include indicators of receptivity 

and preference in the lab that reflect natural behaviors in the wild, as well as the ability to 

evaluate female preferences without the confounding physical interactions with males. 

One such system is the Poecillid fishes (guppies, swordtails, mollies, and platyfish). 

Poecillid fishes are a useful system for exploring sexual selection by female choice 
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[Basolo 1990, 1995; Houde 1997; Houde and Endler 1990; Ryan and Rosenthal 2001]. In 

my focal swordtail species, Xiphophorus nigrensis, the males mature into genetically 

determined sizes related to the copy number of melanocortin receptor 4 B alleles whereas 

females have indeterminate growth and lack melanocortin receptor 4 B alleles [Kallman 

1984, 1989; Lampert et al. 2010]. The two larger size classes of males court females 

while the smallest size class exhibits force copulation [Ryan and Causey 1989]. Most 

large and intermediate sized males possess sexually dimorphic traits such as large body 

size, courting behavior, and ultraviolet ornamentation that females prefer to varying 

degrees [Cummings et al. 2003; Ryan et al. 1990; Ryan and Rosenthal 2001]. Females 

also exhibit a putative receptive display (glide displays), which are generally exhibited 

prior to copulation events in free-ranging experiments [Cummings and Mollaghan 2006]. 

These displays are not unique to my focal species, but similar receptive behaviors have 

been described across poeciliids [Liley 1965]. It has been found that visual stimuli are 

sufficient to elicit female preferences in this system [Crapon de Caprona and Ryan 1990; 

Ryan et al. 1990; Ryan and Wagner 1987]. Specifically, the preference for large body 

size seen under laboratory settings is consistent with greater reproductive success of 

larger males in the wild as assessed by paternity analysis of young from wild caught 

females [Ryan et al. 1990; Ryan et al. 1992]. Of particular importance is the apparent 

decoupling of reproductive state from preferences because it allows us to investigate the 

neural and molecular mechanisms without influences of reproductive state. We have 

recently documented that a female’s preference is not predicted by her reproductive cycle 

status [Ramsey et al. 2011]. Furthermore, we identified significant patterns between 
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female preference behavior and gene expression in the brain [Cummings et al. 2008]. In 

sum, swordtails are a powerful system to isolate the neural and molecular mechanisms of 

preference behavior because they (1) do not require physical contact to elicit preference, 

(2) their lab behaviors mirror those observed in the field, (3) preference behavior appears 

decoupled from reproductive state, and (4) our initial research has identified candidate 

genes at the whole brain level that underlie individual variation in behavior. 

My thesis characterizes additional extrinsic and intrinsic factors that underlie 

variation in female mate preference in X. nigrensis. In Chapter 1, I look at some external 

mechanisms and demonstrate that a female’s standard length and male behavioral 

displays can predict female preference. Sexual experience may also influence variation in 

female preference. In Chapters 2 and 3, I focus on identifying neural mechanisms that 

may underlie female mate preference behavior. Using a context-specific marker 

associated with mate assessment, neuroserpin, in addition to an immediate early gene 

(egr-1), I quantify and localize the expression of these genes for Chapter 2 to describe a 

putative female mate preference network. I test the hypothesis that the neural circuitry 

associated with female mate preference behavior is constrained to brain regions 

governing sexual response (nodes of the Social Behavior Network, SBN [Goodson 2005; 

Newman 1999]) as well as an alternative hypothesis that female mate preference behavior 

is associated with brain regions distinct from those associated with sex. Using 

neuroserpin I show that some brain regions (Dm, Dl) associated with mate preference are 

also involved in multisensory processing and possibly the homologous mesolimbic 

reward pathway. Others (HV, POA) are associated with sexual behaviors (SBN or 
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hypothalamic brain region). In Chapter 3, I assess if changes in dopamine production (via 

tyrosine hydroxylase expression) is related to female mate preference behavior in 

addition to characterizing the expression of a different gene associated with mate 

preference, neuroligin-3. I do not have evidence showing rapid changes in dopamine 

synthesis related to female mate preference, but I do have evidence that the brain exhibits 

molecular “signatures” of mate preference looking at neuroligin-3 expression. Results of 

the neuroligin-3 expression patterns were consistent with neuroserpin expression patterns 

shown in Chapter 2. I show that neuroligin-3 expression is differentially expressed by 

context and related to individual variation in female mate preference in the same brain 

regions (Dm, Dl, POA, HV) identified in Chapter 2. In addition to supporting a putative 

network of brain regions associated with mate preference, I show that the density of the 

neuroligin-3 expression network varies with the presumed complexity of the mate 

preference environment, which I also observed with the neuroserpin expression network 

in Chapter 2. 

Evolutionary consequences of sexual selection can be driven in part by variation 

in female mate preferences [Jennions and Petrie 1997]. This thesis and other studies 

where I have contributed, which are not presented here [Cummings et al. 2008; Ramsey 

et al. 2011], represent the very first steps in identifying molecular, neural, and hormonal 

mechanisms underlying variation in female mate preference. This foundational work will 

hopefully guide other studies to an insightful understanding of what is going on in the 

brains of female X. nigrensis as they choose a mate. 
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Chapter 1: How female size and male displays influence female mate 
preference behavior in the northern swordtail, Xiphophorus nigrensis 

  

ABSTRACT 

Building a complete model of animal behavior requires knowing both the internal 

and external factors that influence behavior. As recent genomic and neural studies begin 

to establish the northern swordtail, Xiphophorus nigrensis, as a model for proximate 

explorations of female mate preference, it is important to recognize the complexity of 

other factors that can drive variation in female preference behavior. In this study we 

determine how different experiential and social factors correlate with inter-individual 

variation in female mate preference: female body size, sexual experience, and male 

behavioral displays. We show that variation in female mate preferences is influenced by 

her size (a proxy for age) and specific male behavioral displays. We also demonstrate that 

copulating at least once may be sufficient to increase preference for large males. Our 

identification of these relationships emphasizes the multiple and diverse types of 

mechanisms that can influence female mate preference variation and encourage their 

consideration in future studies when trying to assess why and how females choose males. 

INTRODUCTION 

In order to respond appropriately to a variety of social and environmental 

contexts, an animal must amalgamate intrinsic and extrinsic information. How this 

information is processed can be influenced by the animal’s developmental conditions and 

evolutionary history of the species. Such mechanisms of behavior (e.g. causation, 
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ontogeny, adaptive value, and evolution) all integrate to explain how and why an animal 

behaves in specific contexts [Tinbergen 1963]. Thus, to completely understand an 

animal’s behavioral display, we must consider both ultimate (e.g. adaptive value and 

evolution) and proximate mechanisms (e.g. causation and ontogeny). Female mate 

choice, one of the key behaviors in sexual selection studies, has been studied at each of 

the four levels of analyses across a number of different taxa [Andersson 1994], however, 

integrating across proximate and ultimate mechanisms has proven challenging. 

The northern swordtail, Xiphophorus nigrensis, represents one species where 

studies can tractably examine both the proximate and ultimate mechanisms of female 

mate choice. Studies from our lab have identified molecular, neural, and hormonal 

mechanisms correlated with individual variation of female mate preference [Cummings et 

al. 2008; Ramsey et al. 2011]. Furthermore, a rich history of experimental work has 

dissected how specific male attributes such as size [Cummings and Mollaghan 2006; 

Ryan et al. 1990; Ryan and Rosenthal 2001; Ryan and Wagner 1987], sword [Rosenthal 

et al. 2002], and UV ornamentation [Cummings et al. 2003; Cummings et al. 2006] 

influence female preference response. In order to get a complete understanding of the 

processes driving female mate choice within this species, however, we must extend our 

explorations into how the experiential state of the female as well as how the more 

dynamic traits (e.g. behavior) of the male influence a female’s response. In this study we 

explore if an X. nigrensis female’s body size (a proxy for age), sexual experience (virgins 
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versus non-virgins), and male behavioral displays influence variation in her mate 

preference for large males. 

The role of experience and social influences on female mate choice is common 

across taxa [Westneat et al. 2000]. As a female sexually matures, her rearing environment 

can alter her preference function and choosiness of future mates [Adkins-Regan 2011; 

Holveck and Riebel 2010; Rutledge et al. 2010; Walling et al. 2008; Woodgate et al. 

2010]. After reaching sexual maturity, however, female mate preferences may continue to 

be plastic as they gain sexual experience [Coleman et al. 2004; Kodric-Brown and 

Nicoletto 2001b; Morris et al. 2006; Rebar et al. 2011; Tudor and Morris 2009]. Some 

females make mate choice decisions by utilizing social information from other females 

by mate-choice copying [Dugatkin 1996; Godin et al. 2005; Schlupp et al. 1994; Servedio 

et al. 2009; Westneat et al. 2000] or by observing sexual displays [Andersson 1994; Elias 

et al. 2006; Kodric-Brown and Nicoletto 2001a; Patricelli et al. 2002]. As such, sexual 

and social experiences represent potentially important sources of variation of female mate 

preference and knowing their contribution (if any) will give us a more comprehensive 

view of mate choice mechanisms and their evolutionary consequences for a particular 

species.  

In this study we determine whether female X. nigrensis preference response is 

predictable based on her size, sexual experience and/or specific male behavioral displays. 

Poeciliid fishes (guppies, mollies, platyfish and swordtails) are a popular taxon to 

examine the evolution of female mate choice (reviewed in [Houde 1997; Ryan and 
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Rosenthal 2001]. Although poeciliid (e.g. X. nigrensis) females will show, on average, a 

preference towards particular male phenotypes under certain contexts, there is ample 

individual variation amongst females, which facilitates identifying underlying 

mechanisms [Brooks 2002; Brooks and Endler 2001; Cummings and Mollaghan 2006; 

Morris et al. 2010; Morris et al. 2006]. While female X. nigrensis have indeterminate 

growth [Kallman 1989; Morris and Ryan 1990],  males in this species mature into 

genetically influenced size classes where the copy number of the melanocortin receptor 4 

(mc4r) B alleles positively correlates with the terminal size of males [Kallman 1989; 

Lampert et al. 2010]. The larger classes of males typically court females while the 

smallest size class exhibits force copulation [Ryan and Causey 1989].  X. nigrensis 

females generally prefer an assortment of secondary sexual characteristics [Cummings et 

al. 2003; Ryan et al. 1990; Ryan and Rosenthal 2001; Ryan and Wagner 1987] and a 

female’s preference for larger males does not significantly vary across her reproductive 

cycle [Ramsey et al. 2011]. Variation in gene expression in the whole brain, specific 

brain regions, and circulating estradiol levels are significantly correlated with female 

mate preference [Cummings et al. 2008; Ramsey et al. 2011; Wong et al. in review]. 

Understanding how experiential (i.e. female size and sexual experience) and social 

factors (e.g. male behaviors) contribute to variation in female mate preferences will allow 

us to build a more complete model for female mate choice behavior.  
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METHODS  

Female mate choice trials 

In total, we observed preference behavior from 176 sexually mature X. nigrensis 

females. Some females were lab reared in sexual isolation (n = 13) and others were either 

wild caught from Nacimento de Rio Choy in the state of San Luis Potosi, Mexico or 

progeny of wild caught females (n = 163). We followed established methodology for 

measuring female preference in a dichotomous choice paradigm [Cummings et al. 2008]. 

From September 2005 – 2010, we subjected females to 30 minutes in an experimental 

tank with a large vs. small size class male stimuli behind UV transparent barriers. The 

center portion of the tank was subdivided into three 24 cm regions: a middle ‘neutral’ 

zone with an “association” zone adjacent to each stimulus. Under lighting conditions 

found in the wild [Cummings et al. 2003], females were initially placed into the central 

region of the tank and allowed 5 minutes for acclimation within an opaque cylinder 

before starting the trial . We switched the sides of the stimuli halfway through each trial 

to avoid side bias. We measured the amount of time in the association zones for all 

females, along with glide displays (a proxy for receptivity, n = 172, [Cummings and 

Mollaghan 2006; Liley 1965]) and the number of transits into the neutral zone (a proxy 

for general locomotor activity, n = 132) for a subset of these females. We measured 

preference for the large or the small male by three measures (i) association bias, (ii) the 

strength of preference [Morris et al. 2010], and (iii) a preference score [Cummings et al. 

2008]. Association bias is defined as the time spent with each (large or small) divided by 

the total association time (sum of time spent in both association zones). Strength of 
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preference is calculated as the absolute difference in association time between males (e.g. 

Strength of preferencelarge male = Timelarge – Timesmall). And preference score is calculated 

as in Cummings et al. 2008, but now calculated according to each male stimulus (e.g. 

preference scorelarge male = association biaslarge male + log((1 + glides displayed toward large 

male)/ total number of transits ). Prior to behavior trials, we measured the standard length 

(the length between the tip of the snout to the end of caudal peduncle) of the majority of 

females (n = 166). 

Male behavior  

For a subset of sexually experienced females (n = 75), a single observer (P.S.) 

identified and quantified stereotyped male behavior patterns from video (see Table 1.1 

for definitions). For previously described male behaviors, we followed original 

definitions for quantification [Cummings and Gelineau-Kattner 2009; Ryan and Causey 

1989]. To optimize video resolution, we only video-taped and quantified male stimuli 

behaviors when the female was in association zone adjacent to that male. Due to a limited 

number of males, some large (n = 14) and small (n = 13) males were reused for multiple 

trials.    

Statistical Analysis  

All statistics were calculated using SPSS (ver. 18). We used a t-test to assess 

differences in time spent in the association zones between the male stimuli. We used a 

Shapiro-Wilk to test for normality. The female standard length, association biaslarge male, 

glides and transits were not normally distributed even after a log transformation or a 

arcsine(square root of association bias). Hence, we used Spearman’s rank correlations to 
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assess relationships between female standard length and preference score, strength of 

preference, association bias, glides, and transits. To assess the effect of sexual experience 

on the strength of preference we used a general linear model (GLM) with female standard 

length as a covariate. To account for multiple hypotheses testing, we only report 

significant values after a Benjamini-Hochberg correction [Benjamini et al. 2001].  

To analyze the effect of male behaviors on female preference, we used a 

generalized estimating equation (GEE) and controlled for male size-class and female 

standard length.  We used a GEE for repeated measures of the female’s preference (a 

measure of preference was calculated for both large and small male, see description 

above). Although all behavioral displays with the exception of foraging were exhibited 

by at least two different males in each size class, any behavioral displays exhibited by 

less than four males in each size class were considered rare across males and were not 

statistically analyzed (parallel swimming, sigmoid display, sporadic movement, foraging, 

inactivity pause). Due to low power, we were not able to reliably account for effects of 

individual males in our models. For our two main measures of preference (strength of 

preference and preference score), we ran two GEE models with male size-class as a 

cofactor and female standard length as a covariate that consisted of (a) the measure of 

preference and individual male behaviors or (b) the measure of preference and total 

activity of the male (sum of all behavioral displays). Significant interaction effects are 

relative to the small male class.  To compare number of individual behavioral displays 

between large and small males we averaged the number of behavioral displays for each 

male and then assessed the difference in number of display using a Mann-Whitney U test. 
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RESULTS:  

Female mate preference and female size: There were highly significant positive 

relationships between female size (standard length) and the three measures of preference 

towards the large male class stimulus: the strength of preferencelarge male (n = 168, ρ = 

0.44, p = 2.3 * 10-9, Figure 1.1A), preference scorelarge male (n = 123, ρ = 0.364, p = 3.5 * 

10-5, Figure 1.1B), and association biaslarge male (n = 168, ρ = 0.454, p = 1.4 * 10-10). There 

were no significant correlations between female size and total glides (n = 164, ρ = -0.027, 

p = 0.728, Figure 1.2C) or transits (n = 123, ρ = -0.128, p = 0.157, Figure 1.2D). There 

was also no significant correlation between female size and total association time (n = 

168, ρ = -0.105, p = 0.177). Strength of preferencelarge male and preference scorelarge male 

were significantly and positively correlated with each other (n = 122, r = 0.68, p = 7.77 * 

10-18, Figure 1.3). Preference scorelarge male was also significantly and positively correlated 

with the total number of glides (n = 131, ρ = 0.45, p = 6.8 * 10-8) and negatively 

correlated with the number of transits (n = 131, ρ = -0.233, p = 0.007) whereas strength 

of preferencelarge male was only positively correlated with total glides (n = 172, ρ = 0.19, p 

= 0.01). 

Female mate preference and sexual experience: As expected, sexually experienced 

females spent significantly more time next to the large male relative to the small male (n 

= 163, t = 14.34, p = 1.79 * 10-36, Figure 1.4A). Virgins, however, showed no significant 

difference in time spent between the males (n = 13, t = 1.06, p = 0.29, Figure 1.4B). 

Virgins had a significantly lower strength of preference than non-virgins (mean strength 

of preference ± SE: virgins, 170.6 ± 168.8, non-virgins, 518 ± 44.9; t = -2.08, p = 0.038). 
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Virgins were significantly smaller than sexually experienced females (t = 1.99 p = 0.047). 

After controlling for female size, the strength of preference for the large male between 

sexually experienced and virgins was not significant (GLM, F = 1.606, p = 0.2).   

Female mate preference and male behavior: Of all the behaviors, large males performed 

lateral displays (Z = -3.328, p = 0.0004) and circles swims (Z = -2.132, p = 0.33) 

significantly more than small males but circle swims do not pass a multiple hypothesis 

correction (Figure 1.5). As expected, there was a significant main effect on female’s 

strength of preference and preference score between large and small males (strength of 

preference, χ2 = 96.426, p < 10-19; preference score, χ2 = 49.072, p = 2.4 *10-12). Female 

size, however showed no significant main effect on her strength of preference (χ2 = 

0.568, p = 0.451) or preference score (χ2 = 3.293, p = 0.07). One male behavior with a 

significant main effect that occurs with both measures of preference was up and downs 

(Table 1.2). There was also a significant interaction effect between male size class and up 

and downs for strength of preference (Table 1.2, Figure 1.6C). Circle swims and solo 

swims had significant main effects with the female strength of preference (Table 1.2, 

Figure 1.6A, B). There were significant interaction effects of male size class between 

elongated male swimming with preference score and circle swim, bobbing, and solo 

swims with strength of preference (Table 1.2). There was no significant main (χ2 = 0.475, 

p = 0.491) or interaction effects (χ2 = 0.035, p = 0.851) between male activity and 

preference score; or sexual displays and preference score (main effect: χ2 = 0.245, p = 

0.621; interaction effect: χ2 = 0.783, p = 0.376). There were, however, significant main 

(χ2 = 9.942, p = 0.001) and interaction (χ2 = 4.801, p = 0.028) effects between male 
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activity with strength of preference (Figure 1.6d) but not between sexual displays and 

strength of preference (main effect: χ2 = 1.117, p = 0.291; interaction effect: χ2 = 0.592, p 

= 0.442).  

DISCUSSION 

Female experience and male behavioral displays influence female response 

towards males in X. nigrensis. In this species, females of larger size (and presumably 

greater age and experience) show stronger preference for larger males (Figure 1.1). Male 

behaviors, some of which may indicate a male’s motivation or vigor in these 

experimental conditions (e.g. up-down movements and total activity), can also strongly 

predict female response. These results suggest that preference behavior is not hard-wired 

in this species but rather is molded over a female’s lifetime and can be modulated by 

specific male behaviors.   

 A female swordtail’s size can be taken as a proxy of her age [Morris et al. 2006; 

Morris and Ryan 1990] and may represent the amount of social and sexual experience. In 

this study, the size of a female X. nigrensis significantly predicted both her strength of 

preference and preference score for large males. This is consistent with a sister species, 

X. multilineatus [Morris et al. 2010; Rios-Cardenas et al. 2007]. Although many 

interpretations of the observation are possible, we will focus on two with support from 

data in this study: size-assortative preferences and age/sexual experience. Assortative 

mating preferences are widely documented across taxa where females can prefer to mate 

with males of similar size/body shape or coloration [Elmer et al. 2009; McKinnon et al. 

2004; Nagel and Schluter 1998; Salzburger et al. 2006; Schluter 2009]. In our study there 
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is a significant positive relationship between female size and the proportion of time she 

spends with a large male (association biaslarge male) while no significant correlation 

between female size and total association time (Figure 1.2A & B). This suggests that 

motivation does not vary with age, but discrimination between male size classes does. 

Specifically, larger females tend to spend more time associating with large males while 

smaller females exhibit little discrimination. While small males gain some reproductive 

advantage by sexually maturing earlier than large males [Morris and Ryan 1992], if 

smaller females do not actively discriminate against them this may suggest that small 

males may gain much of their mating success with smaller females. The possibility that 

female size-based variation in tolerance of the force-copulating morphotype may 

contribute to the maintenance of alternative mating strategies in this system, and may also 

play a similar role in its sister taxa, X. multilineatus [Morris et al. 2010].  

The role of age and sexual and social experience on female preference functions 

or choosiness is documented across a wide range of taxa from crickets [Rebar et al. 

2011], to guppies [Kodric-Brown and Nicoletto 2001b], to birds [Coleman et al. 2004]. 

Some mechanisms that allow females to modify or refine preferences through time are 

physiological changes associated with copulation, learning and remembering which 

males are best (e.g. male-male competition), or copying choices of other females [Bailey 

and Zuk 2008; Bailey and Zuk 2009; Kodric-Brown and Nicoletto 2001b; Rosenqvist and 

Houde 1997; Schlupp et al. 1994; Servedio et al. 2009; Tudor and Morris 2009; Westneat 

et al. 2000; Wong and Candolin 2005]. In this study, smaller (i.e. presumably younger 

and less experienced) females do not display a strong preference towards large males, 
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whereas larger (i.e. presumably older and more experienced) do (Figure 1.1). In X. 

nigrensis, females may refine their preference for larger male with age through learning 

and memory of male quality or copulation. Whether this learning is based on aspects of 

reward via mating events with large class males, or whether it is driven by aversive 

learning from negative interactions with small, harassing males is not known. 

Sexual and social experience in shaping female preferences is common across 

poeciliids [Breden et al. 1995; Kodric-Brown and Nicoletto 2001b; Marler et al. 1997; 

Tudor and Morris 2009; Walling et al. 2008; Walling et al. 2007]. In the congener, X. 

malinche, copulating at least once appears to be sufficient to alter female preference for 

vertical bar symmetry [Morris et al. 2006; Tudor and Morris 2009]. In X. nigrensis a 

similar scenario may occur as there were no significant differences in time spent with a 

large or small male for virgin females but there is a clear preference for large males in 

sexually experienced females (Figure 1.4A & B). Although this difference may be due to 

virgins being smaller in size, with a small number of virgins tested in this study we had 

low power to detect a difference. It is interesting to consider whether male behavior, and 

perhaps male preference for larger females, influenced the apparent low preference for 

large males in smaller females. The body size of a poecillid female is highly correlated 

with her fecundity [Herdman et al. 2004; Ojanguren and Magurran 2004] and in many 

species, including other poecillids, males prefer to mate with larger and more fecund 

females [Andersson 1994; Herdman et al. 2004; Liao and Lu 2009; Plath et al. 2006]. It is 

conceivable that large males displayed differentially to larger females more so than 

smaller females in this study. Our statistical analysis do not allow us to evaluate this 
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question, however, a more direct examination of how male behavior differs by female 

size in this species would be enlightening.   

 Behavioral displays by the male (e.g. courtship) influencing female preferences 

are widely documented [Andersson 1994; Elias et al. 2006; Kodric-Brown and Nicoletto 

2001a; Patricelli et al. 2002]. The interaction between behavioral displays and physical 

attributes (e.g. size of ornamentation or coloration) can lead to different levels of 

choosiness depending on the combination of traits [Cummings et al. 2006; Kodric-Brown 

and Nicoletto 2001a; Patricelli et al. 2002]. For example, in guppies there appears to be a 

synergistic effect of male courtship display rates and coloration on female preference  

[Kodric-Brown and Nicoletto 2001a]. Similarly there is an interaction effect between 

swordtail male UV ornamentation and male behavioral activity on female preference 

where females prefer large, UV ornamented males with lower total behavioral activity 

levels relative to non-UV ornamented males with higher total activity levels [Cummings 

et al. 2006]. In the current study, we also find a significant effect of total male activity 

(sum of all behavioral displays in Figure 1.6d) and strength of preference. Females tend 

to spend more time associating with males (e.g. higher strength of preference) that are 

more active overall (Figure 1.6D). It is interesting to note that small males benefit more 

from increased activity than large males who garner much higher female preference 

responses than small males even in the absence of activity (Figure 1.6D).  

While a male’s total activity is positively related to the strength of preference, 

only one behavior displayed by the males, up and downs, significantly explained 

variation in female strength of preference and preference score (Table 1.2, Figure 1.6C). 
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Up and downs could be interpreted as motivation for the male to gain access to the 

female by swimming vigorously against the barrier causing an up and down motion. The 

attractiveness of this behavior to females could stem from it being a direct indicator of a 

male’s vigor and/or indicate a male’s level of interest in the female.  It is interesting to 

note that the most frequently displayed male behavior (lateral display, Figure 1.5) had no 

significant effect on female preference.  This suggests that females are more responsive 

to male displays that are more vigorous (e.g. up and down; circle swim, total activity, 

Figure 1.6) than passive displays that allow for viewing of ornamentation with little 

physical activity. It was surprising that there was not a significant main effect of sexual 

displays on female preference. However, given that full expression of a male swordtail 

sexual display requires close contact with females, we cannot rule out that some of our 

results are artifacts of a lab testing environment. Studying free-ranging behavioral 

interactions between the sexes and resulting chances of copulation either in the lab (e.g. 

[Cummings and Mollaghan 2006; Ryan and Causey 1989] or in the wild will help 

elucidate biological relevance.  

When trying to understand proximate mechanisms (e.g. sensory, neural, 

molecular, hormonal) of female mate preference, it is important to consider that variation 

of these internal mechanisms can be due to a variety of extrinsic influences. For example, 

while studies in female birds have identified brain regions showing differential neural 

activity in response to attractive versus less attractive songs [Gentner et al. 2001], her 

recent acoustic experiences to particular male songs can also influence neural activity 

patterns [Sockman et al. 2002, 2005]. Other studies in songbirds have also shown that 
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neural activity and genomic responses can habituate to repeated songs [Dong et al. 2009; 

Mello et al. 1995] and constant changes in song features may serve to keep females 

engaged [Searcy 1992].  An X. nigrensis female’s size, sexual and social (e.g. male 

behavioral displays) experiences are constantly changing throughout her life. As these 

factors have an effect on female mate preference behavior, it is likely they influence 

underlying proximate mechanisms. Future studies investigating intrinsic mechanisms of 

female mate preference should consider female ages, sexual, and social experience as 

sources of variation and factors that should be controlled. 

There can be many factors that contribute to individual variation in female mate 

choice. In poeciliids, ecological and social environments, female condition, age, 

experience, male physical and behavioral phenotypes, gene expression and hormones are 

just some of the factors that may affect female mate choice. In this study we provided 

evidence that female size and some male behaviors correlate with female preference. 

These factors can allow us to build a more complete model of female mate choice and its 

effects on male behavioral or phenotypic trait evolution in X. nigrensis. In this species, 

females may vary their preferences in response to extrinsic factors such as male 

secondary sexual characteristics (e.g. body size, UV ornamentation), male behavioral 

displays, and intrinsic factors like size (e.g. age/experience), and physiological cues (e.g. 

regulation of gene expression and hormones). It is likely that combinations of these 

mechanisms help to shape differences in choosiness across females and even within 

females across time both in this species and others. 
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Figure 1.1: Relationship between female size and (a) strength of preference or (b) 
preference score toward large males.  
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Figure 1.2: Correlations between female standard length and female behavioral 
displays.   

There is a significant correlation between female size and proportion of time spent with 
large male (A). No significant correlations with female size and (B) total association 
time, (C) total number of glides or (D) total number of transits. 
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Figure 1.3: Significant correlation (n = 122, r = 0.68, p = 7.77 * 10-18) between 
preference measures toward large males (strength of preference and 
preference score). 
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Figure 1.4: Time spent with large and small size class males for (A) sexually 
experienced and (B) virgin females.  

***, p < 0.001 
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Figure 1.5: Box and whisker plots of the frequency of male behaviors.  

Blue and red boxes represent large and small males, respectively. Line represents the 
median and whiskers represent maximum and minimum values. ***, p < 0.001; *, p < 
0.05 

 

 

 

 

 

 

 

 

 



 27

Figure 1.6: Significant main and interaction effects between female strength of 
preference and male behaviors.  

Male behavioral display are A) Circle Swim, B) Solo Swim, C) Up and Down, and D) 
Total Activity. Diamonds represent displays by large males and X represents displays by 
small males. 
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Table 1.1: Definitions of stereotyped male behaviors 

Male Behavior Description 
Backward 

Float 
The male swims backward without changing orientation for a half a 
body length. 

Bobbing 

The male moves his head quickly in a side to side fashion with his snout 
against/near glass. The male head movement is slight, but in rapid 
succession.    One bobbing event is a continuous event. Bobbing events 
can be as short as 1-2 seconds, but can range as long as 5-10 seconds. 

Circle Swim 
The male swims away from the female for about 2 body lengths.  The 
return path is towards the female. Description follows that of glides in 
females (Cummings & Mollaghan 2006). 

Elongated 
Male Wave 

The male swims towards the glass moving his head from left to right at 
distances of about a quarter of its standard length.  The whole length of 
the male undulates with the initial head movement.  Two full cycles of 
the left and right motion usually constitutes the shortest elongated male 
wave. 

Inactivity 
Pause 

A time period of at least 5 seconds where the male does not have any 
propulsive movement. 

Lateral 
Display 

The male turns sideways towards the female for a time of at least one 
second and turns back to face the female.  During this time, male can be 
stationary or slowly drifting forward.  This display can be in a series 
that show off the same side repeatedly or in an alternating fashion.  The 
distance of this display also can vary by occurring at close distances 
(within body length) or at a moderate distance (2-3 body lengths). 
Description follows that in [Cummings and Gelineau-Kattner 2009]. 

Male Foraging A sequence of 3 or more feeding attempts at rocks or other objects. 
Parallel 

Swimming 
Male is swimming in parallel with the female within one body length as 
previously described [Cummings and Gelineau-Kattner 2009] 

Sexual Display 
Displays by males such as quivers and “C” shape body bends as 
previously described [Ryan and Causey 1989] 

Sigmoid 
Display 

The male quickly twists his body into “S” shape and brings his 
gonopodium towards his head as previously described [Ryan and 
Causey 1989] 
 

Solo 
Swimming 

A movement by the male that is not orientated towards the female and 
does not correlate with any female movement (Cummings and 
Gelineau-Kattner 2009). 

Sporadic 
Movement 

Male movement is characterized by burst of fast swimming in a random 
direction with multiple bouts possible. 

Up and Down 
The male swims up and down towards the female for at least two full 
cycles, modified from Cummings and Gelineau-Kattner (2009). 
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Table 1.2: Significant effects of male behaviors and preference measures. 

Strength of preference values are not in parentheses and preference Score values are in 
parentheses. 
 
 B (mean ± SE) χ2 p-value 
Circle Swim -234.968 ± 61.49 14.601 1.0 * 10-4 
Up and Down 56.062 ± 14.113 

(0.037 ± 0.0157) 
15.78 
(5.71) 

7.1 * 10-5 

(0.016) 
Solo Swim 259.096 ± 55.342 21.918 2.8 * 10-6 
Large Male * Circle 
Swim 

250.119 ± 62.144 16.199 5.7 *10-5 

Large Male * 
Bobbing 

-32.884 ± 16.219 4.111 0.042 

Large Male * Solo 
Swimming 

-199.57 ± 72.806 7.514 0.006 

(Large Male * 
Elongated Male 
Wave) 

(0.121 ± 0.0552) (4.83) (0.028) 
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Chapter 2: Neural correlates of female mate preference behavior: a 
candidate gene approach 

  

ABSTRACT 

Female mate choice behavior is a critical component of sexual selection in many taxa. 

Previous research has identified brain regions involved in female mate recognition and 

assessment by measuring immediate early gene expression as a proxy for cellular 

activity. In this study we use a more context specific marker, a candidate gene associated 

with female mate preference (neuroserpin) in addition to an immediate early gene (egr-1) 

to identify brain regions associated with female preference in Xiphophorus nigrensis. Our 

study demonstrates context specific differences and significant correlations between gene 

expression and mate preference behavior within two telencephalic areas (Dm and Dl) not 

previously linked to sexual response or mate assessment, as well as a region traditionally 

associated with sexual behavior (POA). Network analysis of neuroserpin expression 

patterns show that these candidate preference-associated regions are more connected than 

other regions and that connectivity varies with the male social environment. Our results 

suggest that mate preference behavior may be coordinated not just through brain regions 

associated with sexual response but also through forebrain areas that may integrate 

primary sensory processing and reward.  

INTRODUCTION 

Broadly defined categories of social behavior such as aggression and reproduction 

are common across many taxa. The ability to identify potential unifying proximate 
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mechanisms in the brain, however, has been relatively limited until recently. Behavioral 

genomics has provided tremendous insights over the past decade into how behaviors 

across taxa share conserved genetic mechanisms [Fitzpatrick et al., 2005; Robinson et al., 

2008; Robinson et al., 2005; Wong and Hofmann, 2010].  Recent advances have allowed 

researchers to use high throughput molecular techniques to identify candidate genes 

(genes associated with a particular behavior) in behaviors ranging from foraging 

[Whitfield et al., 2003], aggression [Mukai et al., 2009; Renn et al., 2008] to mating 

[Lawniczak and Begun, 2004].  However, using the candidate gene approach [Fitzpatrick 

et al., 2005] to identify candidate brain regions associated with behaviors is relatively 

rare [Stockinger et al., 2005].  Here we employ this approach to determine whether the 

brain regions associated with female mate preference behavior are confined to a 

conserved circuitry regulating sexual behavior, or if additional brain regions are included 

in a preference-associated neural network.  

In the absence of candidate genes, researchers have used general cellular activity 

markers such as immediate early genes (IEGs) as a proxy for neural activity [Clayton, 

2000] to identify important brain regions associated with specific behaviors.  

Examinations of candidate gene expression patterns in the brain, however, provide the 

opportunity to identify underlying regions with greater specificity. In prairie voles, for 

example, peptides known to regulate social behavior (arginine vasopressin, oxytocin and 

their respective receptors) have identified a greater set of critical brain regions involved 

with pair bond formation than IEG investigations [Curtis and Wang, 2003; Young et al., 

2011].  Furthermore, in fruit flies the localization and subsequent manipulation of fru, a 
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gene associated with male courtship behavior, led to the identification of a neural circuit 

for male courtship behavior [Demir and Dickson, 2005; Stockinger et al., 2005].   

While previous research on female mate assessment in vertebrates have utilized 

IEGs [Desjardins et al., 2010; Gentner et al., 2001; Hoke et al., 2004; Hoke et al., 2005; 

Maney et al., 2003; Sockman et al., 2002; 2005; Woolley and Doupe, 2008], here we use 

a recently identified gene (neuroserpin) associated with female mate preference behavior 

in a northern swordtail, Xiphophorus nigrensis [Cummings et al., 2008]. Female 

swordtails exhibit a range of preference behavior strongly correlated with whole brain 

expression levels of neuroserpin in a context- and behavior- specific manner [Cummings 

et al., 2008].    Here we use in situ hybridization of this candidate gene (a context specific 

marker), neuroserpin, along with an IEG (cellular activity marker), egr-1, to more 

precisely identify brain regions associated with mate preference in X. nigrensis females. 

Neuroserpin is an extracellular serine protease inhibitor that has been characterized for its 

role in modulating synaptic plasticity and remodeling, neuroprotection and exploratory 

behavior in rodents [Madani et al., 2003; Miranda and Lomas, 2006]. Neuroserpin 

expression in the context of mate choice may facilitate exploratory behavior in females, 

leading to a higher sampling of males. 

From mammals to teleosts, there is a conserved network of brain regions 

implicated in social behavior (e.g. sexual behavior, territoriality, maternal care) known as 

the social behavior network (SBN, [Goodson, 2005; Newman, 1999]). Specific nodes of 

the SBN have been implicated in female mate assessment and sexual behavior [Blaustein 

and Erskine, 2002; Desjardins et al., 2010; Goodson, 2005; Kendrick et al., 1995; 



 33

Newman, 1999]. We quantify neuroserpin and egr-1 expression in 10 brain regions 

including five linked to sexual behavior (e.g. SBN nodes) and five linked to other social 

processes (e.g. reward, memory, learning, and multisensory processing). By exploring 

expression patterns both within as well as outside the SBN we can begin to characterize 

whether female mate preference is regulated by the same circuitry as female 

receptivity/copulation or whether preference invokes a unique network. To this end, we 

work with a study taxon that allows us to evaluate the neural processes involved in mate 

choice prior to sexual contact, X. nigrensis (Poecillidae). 

 Poeciliid fishes are a useful taxa to study female mate choice due in part to the 

variety of sexually dimorphic traits, wide range of individual variation, and the relative 

ease of studying female behavior in the lab and field (reviewed in [Houde, 1997; Ryan 

and Rosenthal, 2001]). The ability to measure behavioral proxies for female preference 

(e.g. association time bias [Basolo, 1990; Cummings and Mollaghan, 2006; Ryan and 

Causey, 1989; Ryan and Wagner, 1987], preference score [Cummings et al., 2008], and 

receptivity (glide displays [Cummings and Mollaghan, 2006]) in the laboratory without 

the confounds of physical contact between the sexes is advantageous when exploring the 

neural and molecular mechanisms of mate preference. In our focal poeciliid, X. nigrensis, 

males mature into genetically influenced size classes with larger size classes that court 

females and the smallest class exhibiting force copulations [Ryan and Causey, 1989]. 

Females prefer the larger sized males in the laboratory [Cummings and Mollaghan, 2006; 

Ryan and Causey, 1989], which is consistent with the observed mating advantage of 

larger males in the wild [Ryan et al., 1990; Ryan et al., 1992], and female preference 
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behaviors are not dependent on reproductive cycle status [Ramsey et al., 2011]. This 

makes them an excellent taxon to work with for studying preference independent of 

reproductive state.  

In this study we use a candidate gene approach in an established system for 

studying female mate choice to identify specific brain regions associated with female 

mate preference. We quantified the expression of a gene associated with mate preference 

(neuroserpin, Experiment 1) and an immediate early gene (egr-1, Experiment 2) in 

females exposed to mate preference or non-mate preference social contexts. With this 

approach, we test the hypothesis that the neural circuitry associated with female mate 

preference behavior is constrained to brain regions governing sexual response (nodes of 

the SBN) as well as an alternative hypothesis that female mate preference behavior is 

associated with brain regions distinct from those associated with sex.  

 

MATERIAL AND METHODS 

Behavioral Paradigm 

All experiments were conducted with sexually mature wild caught or progeny of wild 

caught female X. nigrensis maintained at UT’s Brackenridge Field Laboratories in 

Austin, TX. We followed established behavioral measurements, dichotomous choice 

paradigm, and natural lighting conditions to assess preference in this species [Cummings 

et al., 2008]. Immediately prior to the behavior trials, we measured the estradiol levels of 

each female through a non-invasive waterborne assay (see below). Females were 

acclimated for 5 min. in the center (neutral region) of the experimental tank and allowed 
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to interact with either end stimuli (behind plexiglass partitions) for 30 min., with stimuli 

switched after 15 minutes to avoid side bias. Females in Experiment 1 (neuroserpin 

quantification) were subjected to one of five conditions: two size-matched large males 

(LL, n = 10) with one male behind a UV pass barrier and the other behind a UV blocking 

filter, one large and small male (LS, n = 13), two size-matched small males (SS, n = 7), 

two size-matched females (FF, n = 12), or collected from their home tank (HT, n = 6), a 

treatment serving as an asocial control group (females are housed in isolation).  Home 

tank females underwent estradiol measurements as the other groups but were then 

returned to their home tanks for 30 min. prior to sacrifice. We selected our three male-

exposure groups to represent a gradient in mate choice complexity with the LL treatment 

group representing a relatively complex mate preference environment (two preferred 

phenotypes varying in UV ornamentation), and the LS and SS treatment groups 

representing a simple and minimum mate preference environment, respectively. Females 

in Experiment 2 (egr-1 quantification) were subjected to either LS (n = 10), FF (n = 10) 

social exposure conditions, or an asocial control (AA, n = 10) wherein the focal female 

was placed in the experimental tank without any stimuli at either end.  All size-matched 

stimuli differed by no more than 1 mm standard length.   

We recorded the number of female glides (a proxy for receptivity that can precede 

copulatory events [Cummings and Mollaghan, 2006; Liley, 1965]), transits to the center 

(proxy for general locomotor activity), and association bias. Association bias is defined 

as proportion of time spent with stimulus a where time spent with stimulus a > stimulus 

b. We then used these measures to calculate a composite preference score that 
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encompasses both time and behavior (preference score  (PS) = association bias + log[(1 + 

receptivity displays towards the biased stimulus)/total transits]) as in [Cummings et al., 

2008]. As the PS involves a log transformation of our behavioral measures, more positive 

PS indicates the female showed both a relatively higher bias in association time and 

glides toward one stimulus (normalized by general locomotor activity); whereas more 

negative PS indicates the female generally showed relatively little bias in association time 

and/or behavior.  

Females were isolated at least two weeks before behavioral testing to ensure 

sexual motivation. Each female was pre-tested twice with LS stimuli prior to group 

assignment to ensure similar baseline preference responses across experimental groups.  

Females assigned to five experimental groups in experiment 1 (LL, LS, SS, FF, HT) or to 

three experimental groups in experiment 2 (LS, FF, and AA) showed no significant 

differences in pre-test preference trials (neuroserpin, ANOVA, PS: p = 0.992; egr-1 

ANOVA, PS: p = 0.122).  We identified “high” performing females for each behavior of 

interest (preference score, transits, glides, or association bias) as those exhibiting greater 

than the median value and compared their gene expression in each brain region with 

females identified as “low” performing (exhibiting less than the median value).  For 

context specific comparisons, we examined the relationship between gene expression and 

behavior in each region for females exposed to males (LL, LS, and SS) relative to 

female-exposed females (FF).  We subsequently examined the unique covariation 

patterns between brain regions for each male-exposed environment (LL, LS or SS). 
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Estradiol Measurements  

We quantified a proxy for circulating estradiol levels for all females through a non-

invasive waterborne assay following an established protocol for teleosts [Earley et al., 

2006; Kidd et al., 2010; Scott et al., 2008] and validated in our focal species [Ramsey et 

al., 2011]. Briefly, females were placed in a 250 mL glass beaker containing 150 mL of 

reservoir water (treated tap water used for home and experimental tank) for one hour 

prior to behavior trials. Estradiol was extracted from the water using C18 Solid Phase 

Extraction columns (Sep-Pak Plus C18 cartridge 55–105 lm; Waters Corporation, 

Milford, MA) and measured on a Correlate-EIA 17β-estradiol Enzyme Immunoassay Kit 

(Assay Designs) according to manufacturer’s protocol. Hormone samples were run on 

three 96-well EIA assay plates: inter-assay CV was 6.5% and intra-assay CV was 1.9%.  

 

Tissue Processing 

Female brains were cryosectioned at 16 µm thickness onto four serial series. For each 

experiment, all series were simultaneously post-fixed in cold 4% paraformaldahyde/PBS 

solution, washed in PBS and acetylated in 0.25% acetic anhydride/triethanolamine. 

Subsequently, slides were washed in 2X standard saline citrate, dehydrated in increasing 

ethanol series and stored at -80 C. In Experiment 1, one series was used to localize and 

quantify neuroserpin expression using a digoxigenin (DIG) labeled probe (see below) , 

and an adjacent series was used to validate the use of DIG as a semi-quantitative method 

by using S35 labeled neuroserpin probe (see below). 
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Probe Synthesis 

Digoxigenin (DIG) labeled neuroserpin and egr-1 riboprobes were generated using a 1:3 

ratio of UTP and DIG-UTP (Roche) following a modified manufacturer’s protocol 

(Megascript T7/T3, Ambion). A 379 base pair neuroserpin DIG probe template was 

subcloned (Gene Accession #DQ839542.1) by using primer pair 5’- 

TTATCGCTCTCTGTGGTCTGTGCT -3’and 5’-

TGGGCAAATCGGATCACATAGTGG -3’. The 337 base pair egr-1 probe template 

was subcloned by using primer pair 5’-CATCCTCCTCATCAACCATCTCG-3’and 5’-

TGACTCTGGAAGGGCTTTTGG-3’on the X. nigrensis egr-1 transcript (Gene 

Accession # DQ835282). After probe synthesis, we removed unincorporated nucleotides 

via column filtration according to manufacturer’s protocol (Megaclear, Ambion) and 

checked probe quality through gel electrophoresis. 

Radioactive (S35-UTP, 800 Ci/mmol, Perkin Elmer) labeled neuroserpin 

riboprobes were generated following manufacturer’s protocol (Maxiscript T7/T3, 

Ambion). A 563 base pair probe was subcloned by using primer pair 5’- 

CAGGCTGAAGTGGAAACTGTGG -3’and 5’- GCATCATCGGTGAAGATTTTGG -

3’on the X. nigrensis neuroserpin transcript (Gene Accession # HM107107). A pilot 

study showed that this probe template generated a higher signal to noise ratio with S35 

UTP than probe template used for the DIG in situ hybridization. We used Nucaway spin 

columns (Ambion) to purify the probe according to manufacturer’s protocol. We verified 

probe integrity by gel electrophoresis and quantified using a scintillation counter.  
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in situ hybridization 

We used a modified digoxigenin in situ hybridization protocol [Shoemaker et al., 2007]. 

Briefly, slides were prehybridized with solution containing 50% formamide, 5X SSC, 5X 

Denhardt’s solution, 250 ug/ml yeast tRNA, and 500 ug/ml herring sperm DNA for 6 

hours at 60°C in a hybridization chamber containing chamber buffer solution (50% 

formamide, 2X SSC). We then hybridized the slides overnight at 65°C with fresh 

prehybridization solution containing 0.25 ng of antisense riboprobe per slide in 

hybridization chambers containing buffer. Following hybridization we conducted washes 

at low stringency (two washes in 2X SSC at room temperature), then RNase A treated the 

slides (0.5M NaCl, 10 mM Tris pH 8.0, 2.25 mM EDTA, 0.2 µg/ml RNase A), followed 

by increasingly stringent washes (2X, 1X, 0.5X, 0.25X SSC) and then a final wash in 

Buffer B1 (100 mM Tris pH 7.5, 150 mM NaCl). Sections were then incubated overnight 

at 4°C with Anti-Digoxigenin AP antibody (Roche). After antibody incubation we 

washed sections twice in Buffer B1 and then blocked endogenous alkaline phosphatase 

activity with a 30 min wash in the dark in Buffer B3 (100mM Tris pH 9.5, 100 mM 

NaCl, 50 mM MgCl2, 5 mM levamisole). We carried out colorimetric detection using 

NBT/BCIP stock solution (Roche). We stopped the colorimetric reaction (75 min) by 

rinsing sections three times in ultrapure type 1 water, then progressively dehydrated 

sections in ethanol washes (25%, 50%, 70%, 95%), and finally coverslipped the slides 

with Permount adhesive (Fisher). Within each experiment all individuals were processed 

simultaneously to avoid any potential colorimetric development differences across 

individuals due to batch effects. We conducted the following in situ hybridization 
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controls to test for binding specificity for egr-1: DIG egr-1 sense riboprobe, ½ 

concentration of antisense DIG riboprobe, unlabeled antisense riboprobe, 1:25 cold 

competitor antisense riboprobe, no probe added and a RNase treated series prior to 

hybridization with experimental concentrations of DIG antisense. All controls showed 

very little or reduced expression of egr-1 (data not shown). For neuroserpin, DIG labeled 

neuroserpin sense riboprobes showed no expression (data not shown). 

 To validate our use of DIG-labeled probes as a semi-quantitative method, we also  

conducted an in situ hybridization using S35 neuroserpin riboprobes on an adjacent series 

to the DIG-labeled series of Experiment 1, by modifying a previous protocol [Hoke et al., 

2004]. Briefly, for all slides we applied 250 ul of hybridization solution (50% formamide, 

10% Dextran sulfate, 300 mM sodium chloride, 8 mM Tris pH 8.0, 0.8 mM EDTA pH 

8.0, 1X Denhardt’s solution, 8 mM dithiothreitol (DTT), 250 ug/mL yeast tRNA, and 50 

ug/mL Herring Sperm DNA) to each slide with 4500 CPM of probe/µl of solution, 

coverslipped and hybridized 16 hrs at 65°C in hybridization chambers with buffer (50% 

formamide, 2X SSC). After hybridization, we washed slides to remove nonspecific probe 

binding as follows: 1 hr in 4X SSC at 65 C, 1 hr in 50% formamide and 2X SSC, 15 min 

in RNAse buffer (0.5M NaCl, 10mM Tris pH 8.0, 0.1125 µm EDTA) 30 min RNAse 

treatment (20 µg/ml) at 37 C, 15 min in RNAse buffer, 15 min in 2X SSC and finally 15 

min in 0.1X SSC. All washes unless otherwise stated occurred at room temperature and 

contained 1 mM DTT except for the RNAse treatment. After washes, slides were 

dehydrated in increasing ethanol series (25%, 50%, 70%, 95%, 100%) containing 300 

mM ammonium acetate and cleared in xylenes. To visualize the probes, all slides were 
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dipped in 37ºC Kodak NTB2 emulsion (Kodak) and dried at 60ºC for 2 hours. Slides 

were then stored in light proof boxes at 4ºC for 7 days. We developed slides using D19 

developer (Kodak) and Kodak Fixer (Kodak). Afterwards, we stained the tissue in cresyl 

violet and coverslipped with Permount (Fisher).Sense S35-labeled probes showed nearly 

no signal above background (data not shown). 

 

Gene expression quantification 

Using a X. helleri brain atlas for reference and terminology [Anken and Rahmann, 1994], 

we identified and quantified digoxigenin-labeled riboprobe expression in 10 brain 

regions. These brain regions include putative tetrapod homologs [Bruce and Bradford, 

2009; Goodson, 2005; Goodson and Kabelik, 2009], for nodes in the social behavior 

network (SBN[Goodson, 2005; Newman, 1999]), reward system (the mesolimbic 

dopaminergic reward pathway [Wise, 2002], for teleost homologs, see [O’Connell and 

Hofmann accepted]), and other regions. The 10 regions are (abbreviation, putative 

tetrapod homolog, pathway classification): cerebellum (Cb, cerebellum, neither SBN nor 

reward system), area dorsolateralis telencephali (Dl, pallial hippocampus, reward 

system), area dorsomedialis telencephali (Dm, basolateral amygdala, reward system), 

central gray (GC, periaqueductal gray, SBN), hypothalamus ventralis (HV, ventral 

hypothalamus, neither SBN nor reward system), pituitary (Pit, pituitary, neither SBN nor 

reward system), nucleus preopticus (POA, preoptic nucleus, SBN), nucleus tuberis 

anterioris (TA, ventromedial hypothalamus, SBN), ventralis supracommissuralis 

telencephali (Vs,medial amygdala, SBN), and area ventroventralis telencephali (Vv, 
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lateral septum, SBN and reward system). After tissue processing final sample sizes for 

quantifying neuroserpin were: LL, n = 10; LS, n = 10; SS, n = 5; FF, n = 9; HT, n = 5. 

For quantifying egr-1 (experiment 2) final sample sizes were: LS, n = 6; FF, n = 7; AA, n 

= 10.   

 

Digoxigenin quantification 

We quantified gene expression by measuring the optical density (OD) of the digoxigenin 

labeled probes, which has been established as a semi-quantitative measure of gene 

expression in other systems [Guiot and Rahier, 1997; Harvey-Girard et al., 2010; Larsson 

et al., 1991; Machaalani and Waters, 2002; O’Connell et al., 2011; Robbins et al., 1991; 

Vecchiola et al., 1999; Zhang et al., 1995; Zhao et al., 2008]. For each slide, we 

normalized the mean intensity of all measures to the background (mean intensity of slide 

not containing tissue), which produced a value for the fractional transmittance of the 

brain region in each section. Fractional transmittance was mathematically converted to 

optical density by the equation OD = 2-log(Fractional Transmittance), which was derived 

specifically for the imaging setup (Nikon Eclipse 80i) in our laboratory using neutral 

density filters 0, 8 and 32.  Using NIS Elements image analysis software (Nikon), we 

measured the OD of neuroserpin and egr-1 expression across individuals from a 

standardized portion of each brain region (ranging from 1737 - 29152 μm2 depending on 

size of the brain region of interest). 

 Brain section images were captured at 4X using a Nikon 12-bit 2-megapixel 

monochrome camera (DS-2MBWc). For each brain region, we used Nikon NIS Elements 
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2.3 to measure a standardized rectangular box (area of box given after each brain region, 

see below) within the borders of each brain region and measured the mean intensity of 

neuroserpin and egr-1 expression within the box. Unless otherwise stated, the measuring 

box was always placed in the middle of the brain region on the dorsal-ventral plane. We 

measured the mean intensity in both hemispheres if available and then averaged the 

values for the section. For all brain regions we then proceeded to measure the mean 

intensity for all sections of the individual in which we could identify the desired brain 

region and then averaged for that individual. Depending on the size of the brain region, 

the number of sections averaged per individual ranged from two to eight consecutive 

sections. Consecutive sections spanned 48 μm apart. Specifically, we measured Dl 

(19906 μm2) & Dm (19906 μm2) for sections from the rostral most section until the 

disappearance of the anterior commissure; Vv (5877 μm2) & Vs (5877 μm2) for sections 

only containing the telencephalic ventricle; POA (2843 μm2) for sections with anterior 

commissure present until the appearance of the optic tectum; Pit (12832 μm2) for all 

sections observed;  HV (1737 μm2) from the pituitary until the lateral extension of the 

lateral hypothalamus; TA (5339 μm2) for 3 sections preceding the lateral extension of the 

dorsal hypothalamus; Cb (29152 μm2) and CG (7298 μm2) for all sections observed (see 

main text for brain region abbreviations). All image capture and data collection was done 

by a single person blind to the treatments. 
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DIG validation with S-35 riboprobe 

For one brain region, Dm, we manually counted the number of S35-labeled cells 

expressing neuroserpin (containing at least one silver grain) to compare with the optical 

density measures of DIG-labeled neuroserpin expression. To quantify the number of 

neuroserpin positive cells for each individual, we averaged the number of cells counted 

from three consecutive sections (each section spans 48 μm apart). For each section we 

collected images of two non-overlapping fields of Dm at 100X (each field measured 

12124 µm2) modifying a previously established protocol [Burmeister et al., 2005]. For 

each unique field, two images were taken: one under brightfield where we focused on cell 

resolution and the second image taken under darkfield where we focused on silver grain 

resolution. The counting image was created by superimposing the two original images 

using Photoshop CS4. Dm images for all individuals were counted by three observers 

blind to the treatment using Photoshop CS4. Total number of cells did not differ by 

treatment group (F=0.678, p = 0.572).  

Statistics 

All statistics were performed in SPSS (ver. 18) and the network statistics were conducted 

using Ucinet [Borgatti et al., 2002]. We used a t-test to examine group-wide behavioral 

and gene expression differences between individuals expressing high versus low 

behaviors in each treatment group and a Benjamini-Hochberg correction [Benjamini et 

al., 2001] for multiple hypothesis testing. To assess relationships between individual 

variation of preference behavior, gene expression, or estradiol levels we used Pearson’s 
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correlation when the data was normal and Spearman correlation when data was non-

normal (glides and transits). 

 We characterize neuroserpin network expression patterns by examining pairwise 

correlations of neuroserpin expression between regions in specific social contexts. To 

analyze network patterns, we converted all Benjamini-Hochberg corrected significant 

correlations of neuroserpin expression between regions into binary values in an 

association matrix (1 = significant correlation, 0 = non-significant).  Degree centralities 

for each node in each network were calculated in Ucinet and then compared to other 

nodes in the same network using a Wilcoxon Rank Sum test in SPSS. For each mate 

preference group (LL, LS, SS), we define unique correlations as those that are not also 

significant in the FF or HT groups. Due to small sample size, we did not analyze egr-1 

network expression patterns. 

 

RESULTS 

As expected when looking at association time (LS, tn=10 = 2.1, p = 1.1 * 10-7 for 

neuroserpin experiment and tn=6 = 2.17, p = 0.009 for egr-1 experiment, Figure 2.1A & 

B), or preference score calculated for each stimulus type (LS, mean ± SE, PSlarge male = -

0.05 ± 0.2, mean PSsmall male = -0.79 ± 0.14, tn=10  = 2.91,  p = 0.009 for neuroserpin 

experiment; mean PSlarge male =  0.19 ± 0.23, mean PSsmall male = -0.48 ± 0.21 and tn=6 = 

2.12, p = 0.05 for egr-1 experiment), females in our study displayed a clear preference 

towards the large male over the small male in both experiments. There was no significant 

difference in time spent with a particular stimulus phenotype in the other test groups: two 
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females, (FF, tn=9 = 0.84, p = 0.41 for neuroserpin and tn=8 = -1.28, p = 0.22 for egr-1); 

two small males, (SS, tn=5 = 0.12, p = 0.9 for neuroserpin), two large males (LL, tn=10 = 

0.75, p = 0.45 for neuroserpin, Figure 2.1A & B). In experiment 2, females exposed to an 

empty stimulus environment (AA) exhibited a side bias (tn=10 = -2.03, p = 0.05 for egr-1, 

Figure 2.1B).  

The S35-labeled riboprobes provided validation of the DIG-labeled approach as 

evidenced by (i) a significant positive correlation between the two quantification methods 

(r = 0.351, p = 0.008, Figure 2.2), (ii) significant results with both approaches for group 

level comparisons in preference score (both methods showed higher expression of 

neuroserpin in Dm of male-exposed females exhibiting high preference over low 

preference females), (iii) consistent non-significant results with both approaches for other 

behavior comparisons (glides, transits) and for females exposed to other females, and (iv) 

significant correlations between neuroserpin expression in Dm and preference score for 

male-exposed females in both approaches (see below for ii – iv results). 

Using S35-labeled neuroserpin riboprobes, we found that in Dm, females exposed 

to males and expressing a high preference (> median) had a significantly greater number 

of neuroserpin positive cells over females displaying low preference (< median) (mean ± 

SE: high preference score = 309.56 ± 22.85, low preference score = 213.89 ± 18.04, t-

Stat = 2.079, p = 0.003, Table 2.1). DIG-labeled neuroserpin riboprobe OD values 

provided consistent results as the S35 riboprobes in Dm (t-Stat = 3.284, p = 0.003, 

corrected for multiple hypothesis testing, Figure 2.3). Two other brain regions also 

showed significantly higher neuroserpin OD in females showing high preference over 
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females exhibiting low preference in the male-exposed groups (Dl, t-Stat = 2.91, p = 

0.008 ; POA, t-Stat = 3.292, p = 0.003, both corrected for multiple hypothesis testing, 

Figure 2.3). We also observed a significant difference in neuroserpin OD in HV (t-Stat = 

2.489, p = 0.021, Figure 2.3) for male-exposed females but this was not significant after a 

multiple hypothesis correction. There were no significant differences in neuroserpin 

expression in male-exposed females for other behaviors (glides or transits) nor significant 

difference in female-exposed females (FF) exhibiting high relative to low preference 

behavior (Table 2.2 & 2.3). Consistent with OD measures, within Dm we also did not see 

any significant differences in the number of neuroserpin positive cells using S35 labeled 

neuroserpin probes in any other context or behavior (Table 2.1).   

Of the four brain regions showing within-group differences in neuroserpin OD, 

three of these exhibited significant positive correlations between female preference score 

and neuroserpin expression in male-exposed females only: Dm (r n=25 = 0.522, p = 

0.007), Dl (r n=25 = 0.501, p = 0.011), and POA (r n=25 = 0.479, p = 0.015) but not HV (r 

n=25 = 0.368, p = 0.07) (Figure 2.4). We also observed a consistent correlation with 

preference score when quantifying S35 neuroserpin expression in Dm (r n=25 = 0.405, p = 

0.049, Figure 2.5). Similar to the neuroserpin results, egr-1 expression correlated with 

preference score in male-exposed females in Dm (rn=6 = 0.829, p = 0.041) and Dl (r n=6 = 

0.781, p = 0.067) while showing no patterns of correlation in FF or AA (Table 2.4), and 

showed no significant correlations with transits or glides in Dm, Dl, or POA in mate 

preference contexts (Table 2.5). Furthermore there were no significant correlations 

between circulating estradiol levels and preference score, glides, transits, or gene 
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expression in any brain region for the male exposed group in experiment 1 (Table 2.6). In 

experiment 2, a correlation between circulating estradiol levels and egr-1 expression was 

found in the TA for LS (r = 0.805, p = 0.028), however, this was not significant after a 

multiple hypothesis correction (Table 2.6). 

To explore neuroserpin expression network patterns across the brain regions 

measured in each context, we only consider significant correlations after correcting for 

multiple hypothesis testing. Within each of the male preference groups (SS, LS, or LL) 

the candidate regions associated with mate preference (Dm, Dl, and POA) have a 

significantly higher degree centrality than other regions (Table 2.7). Focusing on the 

unique neuroserpin correlations within each male preference group (LL, LS, SS) we find 

that some connections are constant across all three groups (e.g. Dm and POA) while 

others appear only in specific male environments (e.g. Dm and Vv in the presence of 

large males (LL, LS) but not in small male only conditions (SS), Figure 2.6). 

Furthermore, there is a significant higher density (i.e. total number of significant 

correlations between regions) for females exposed to LL relative to LS (t = 3.23, p = 

0.0026) and SS (t = 3.52, p = 0.0028) male groups. 

 

DISCUSSION 

Female swordtails showed brain region-specific patterns of neuroserpin 

expression that were both context and preference specific. Females with high preference 

scores had significantly higher neuroserpin expression relative to low preference score 

females in Dm, Dl, POA and a trend in HV. We identified Dm, Dl, and POA as important 
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areas in processing female mate assessment information as there are also significant 

positive correlations between individual variation in preference behavior and 

neuroserpin. We obtained complementary results with egr-1 for Dm and Dl. Our results 

suggest that female mate preference behavior is modulated by brain regions associated 

with the Social Behavior Network (e.g. POA) as well as brain regions outside the SBN 

that are distinct from those governing the sexual response.  The preoptic area (POA), 

hypothalamic region, and uni-modal sensory processing centers (e.g. acoustic centers in 

the avian and amphibian brain) have been previously linked to female mate assessment 

[Desjardins et al., 2010; Gentner et al., 2001; Hoke et al., 2004; Hoke et al., 2005; Maney 

et al., 2003; Sockman et al., 2002; 2005; Woolley and Doupe, 2008]. However, this is the 

first study to show a link between female mate preference behavior and non-SBN regions 

of Dm and Dl. 

The association between the telencephalic brain regions of Dm and Dl with 

female preference behavior implies a possible link between sensory processing centers 

and other regions mediating sexual response (e.g. SBN nodes). Given that in teleosts Dm 

and Dl receive multimodal input relayed from the preglomerular complex and project to a 

variety of other fore- and mid-brain regions including the POA [Northcutt, 2006; 2008], 

these telencephalic brain regions may be prime candidates in mediating sensory 

integration and discrimination processes that are then directly relayed to the POA or 

indirectly to the HV to mediate receptivity/copulation behavior. The specific functions of 

the teleost Dm and Dl are still largely unknown, however, lesion studies outside of mate 
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choice contexts have shown that Dm and Dl are involved in analogous measures of 

emotional and spatial learning in fish, respectively [Broglio et al., 2005].  

Learning and memory may play a role in mate choice in poeciliids, as evidenced 

in studies showing mate choice copying [Schlupp et al., 1994] and age-dependent female 

preference functions [Morris et al., 2006], however this hypothesis has not yet been tested 

in X. nigrensis. Long-term preference data collected in our lab with X. nigrensis suggests 

that females do change preference behavior as a function of size, a proxy for age [Wong 

et al., in review], thereby lending some support for the role of learning in preference 

response.  Future experiments that compare the response of these candidate brain regions 

between naïve and experienced females in mate choice contexts should be informative. 

The possibility that our results stemmed from circuitry regulating a general social 

preference response rather than a mate choice specific response is unlikely given that we 

did not find any significant relationships between preference behavior and either 

neuroserpin or egr-1 expression in other treatment groups (FF or AA, Table 2.4). 

Furthermore, specific behavioral components (glides or transits) of the preference score 

cannot explain our observations, as there are no significant correlations between these 

behaviors and gene expression in Dm, Dl or the POA (Table 2.5). Rather, the significant 

correlations between gene expression (neuroserpin and egr-1) and preference behavior 

observed only within male-exposed groups suggest that Dm, Dl and the POA are 

candidate regions associated with processing female mate preference information.  

Interestingly, both neuroserpin and egr-1 expression patterns in this study are 

independent of circulating estradiol in our candidate preference-associated brain regions 
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in any of the tested contexts (Table 2.6). However, the role of localized estradiol 

production in female preference behavior and candidate preference-associated genes 

cannot be excluded. 

Evidence suggests that Dm and Dl are homologs of the tetrapod pallial 

(basolateral) amygdala and hippocampus, respectively [Bruce and Bradford, 2009; 

Northcutt, 2008]. As these tetrapod homologs are part of the mesolimbic reward pathway 

in mammals [Wise, 2002], female mate preference behavior may also influence or be 

influenced by this pathway. The amygdala and hippocampus in rodents have been 

implicated in modulating motivation and reward in addition to their established roles in 

spatial and emotional memory [Ambroggi et al., 2008; Tracy et al., 2001; Tye and Janak, 

2007]. The reward circuitry in teleosts has recently been described and includes Dm and 

Dl [O’Connell and Hofmann accepted]. There are neuroanatomical connections between 

Dm and the posterior tuberculum (putative ventral tegmental area homolog [O’Connell 

and Hofmann accepted]), which is a major source of dopaminergic neurons projecting to 

the telencephalon [Northcutt, 2006; Rink and Wullimann, 2001] and between Dl and the 

putative nucleus accumbens homolog [O’Connell and Hofmann accepted]. Furthermore, 

in another teleost (Astatotilapia burtoni), Dm, Dl, POA, and HV all express mRNA for 

dopamine receptors [O'Connell et al., 2011]. While copulation and post-copulatory pair-

bond formations involve the activation of the reward circuitry in mammals [Young et al., 

2011], it should be emphasized that copulation was not allowed in our design. This 

suggests an intriguing possibility that reward centers may be primed prior to sexual 

reward in a mate choice context. Given the putative homology and functional 
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conservation in Dm, Dl, POA, and HV between teleost and rodents, we hypothesize that 

these brain regions could be modulating or facilitating motivation in female mate 

preference or arousal behavior, possibly via a homologous mesolimbic reward circuitry in 

teleosts.  

Variation in behavior can also stem from unique changes in gene expression 

patterns across multiple regions [Goodson and Kabelik, 2009]. We characterized 

neuroserpin network expression patterns by looking at pair-wise correlations of 

neuroserpin expression between regions in specific social contexts. Candidate regions 

associated with mate preference (Dm, Dl, and POA) had a significantly higher degree 

centrality than other regions (Table 2.7) in each of the male exposed groups (SS, LS, or 

LL). Although at different levels of biological organization, studies examining protein 

interaction networks have found that proteins with a high degree centrality are more 

essential to the network [Hahn and Kern, 2005]. This suggests that these regions are 

important in the neuroserpin brain expression network under mate preference conditions.  

The three male stimuli environments (LL, LS, and SS) elicited different patterns 

of neuroserpin expression across regions. Specifically, the density of the network (i.e. 

total number of significant correlations between regions) changed according to the social 

context with increasing number of connections with increasing complexity of the mate 

choice conditions (Figure 2.6).  For example, in the minimal choice environment (lacking 

a large male phenotype, SS), we observed only a single significant correlation (Dm and 

POA, significant across all male-exposed conditions).  In the simple mate choice 

condition (a single large male phenotype, LS), the number of significant correlations 
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doubled.  Finally, in the most complex condition (two large males, LL), we observed 8 

significant correlations between regions including all three of the preference-specific 

brain regions.   Hence, variation in neuroserpin expression networks across male stimuli 

groups reflects a neural response that appears to scale with the complexity of the social 

environment. 

In this study, we begin to identify the circuitry of mate choice by using both a 

context specific marker (a candidate preference gene) as well as a traditional approach 

(IEG). This is the first study to identify multisensory processing, spatial learning, and 

putative reward regions (Dm, Dl) in conjunction with reproductive regions (POA, HV) as 

putative nodes in a female mate preference circuit. As our study evaluates females in the 

act of choosing (e.g. presented with two stimuli simultaneously), Dm and Dl may 

facilitate discernment of stimuli by integrating multi-sensory processing prior to enacting 

a sexual response. Network analysis show that Dm, Dl, POA may be “hubs” in the mate 

preference neuroserpin expression network and that correlated patterns of neuroserpin 

expression between regions increase with increasing complexity of the mate choice 

environment. Building on these putative preference-associated brain regions, future 

studies should examine how perturbations (e.g. lesion studies or pharmacological 

manipulations) directly affect female preference behavior. 
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Figure 2.1: Preference measures by stimuli and social group.  

Association time with each stimulus is plotted for (A) experiment 1 (neuroserpin) and 
(B) experiment 2 (egr-1). Circles show female response toward each stimulus with gray 
circles representing responses towards larger (LS, FF) or UV+ (LL) phenotype, or right 
side of experimental tank (AA).  Female Preference Scores for (C) experiment 1 
(neuroserpin) and (D) experiment 2 (egr-1) are shown in black circles. Red horizontal 
line is the mean with whiskers representing the standard error. ***, p < 0.001; **, p < 
0.01; *, p = 0.05 
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Figure 2.2: Correlation between neuroserpin expression in situ hybridization (ISH) 
quantification methods on adjacent series.  

There is a significant positive correlation (r = 0.351, p = 0.008) between optical density 
measured from digoxigenin ISH and number of neuroserpin positive cells measured from 
S35 ISH. 
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Figure 2.3: Neuroserpin expression in females exposed to a mate preference context 
(LL, LS, and SS).  

Differences in neuroserpin expression between groups of high preference score (> 
median) females (n=12, blue) and low preference score (< median) females (n=12, red) 
for male-exposed females. **, p < 0.01; *, p < 0.05 
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Figure 2.4: Individual variation of preference score and neuroserpin expression.  

Significant correlations between individual variation in preference score and neuroserpin 
expression in A) Dm, B) Dl and C) POA. Triangles, diamonds, and squares represent LL, 
LS, and SS exposed females, respectively. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 58

Figure 2.5: Correlation between neuroserpin expression in Dm and preference score 
using S35 labeled riboprobes.  

Number of neuroserpin positive cells from S35 labeled riboprobes also show a significant 
correlation with preference score (r = 0.405, p = 0.049). Triangles, diamonds, and squares 
represent LL, LS, and SS exposed females, respectively. 
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Figure 2.6: Neuroserpin expression network by context.  

Unique significant positive pair-wise correlations relative to FF and HT females in 
neuroserpin expression between brain regions (lines) in A) LL, B) LS, and C) SS 
exposed females. Brain regions in bold are those associated with mate preference 
identified in this study. 
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Table 2.1: Comparisons between in situ hybridization (ISH) quantification methods. 

Neuroserpin quantification (mean ± SE)  as related to “high” (> median) and “low” (< 
median) behavior in Dm. n.s., not significant 
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Table 2.2: Neuroserpin optical density (mean ± SE) comparisons between “high” (> 
median) and “low” (< median) preference score.  

 
** indicates significance after correcting for multiple hypotheses; * indicates significance 
that does not survive multiple hypothesis testing; n.s., not significant 
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Table 2.3: Neuroserpin optical density (mean ± SE) comparisons between “high” (> 
median) and “low” (< median) behaviors.  

 
n.s., not significant 
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Table 2.4: Correlations between preference score and gene expression in Dm, Dl, POA 
in non-sexual contexts. 

 
 

 

Experiment 1 
(neuroserpin) 

Experiment 2  
(egr-1) 

FF FF AA 
Correlation 
coefficient 

p-value 
Correlation 
coefficient 

p-value 
Correlation 
coefficient 

p-value 

Preference Score 
Dm 0.239 0.536 0.301 0.511 -0.239 0.505 
Dl 0.183 0.636 0.329 0.471 -0.265 0.458 

POA -0.308 0.418 -0.191 0.711 -0.43 0.247 
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Table 2.5: Correlations between glides, transits and gene expression in Dm, Dl, POA in 
male exposed environments. 

 
 
 Experiment 1 

LL, LS and SS 
(neuroserpin) 

Experiment 2  
LS 

(egr-1) 
Correlation 
coefficient 

p-value 
Correlation 
coefficient 

p-value 

Glides 
Dm 0.204 0.327 0.714 0.11 
Dl 0.244 0.239 0.771 0.072 

POA 0.164 0.432 -0.257 0.622 
Transits 

Dm -0.306 0.136 0.257 0.622 
Dl -0.258 0.213 0.314 0.544 

POA -0.324 0.113 -0.257 0.622 
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Table 2.6: Correlation between a proxy for circulating estradiol levels and preference 
score, glides, transits, and gene expression in different brain regions in male 
exposed environments. 

 
 

 

Experiment 1 
LL, LS and SS 
 (neuroserpin) 

Experiment 2  
LS  

(egr-1) 
Correlation 
coefficient 

p-value 
Correlation 
coefficient 

p-value 

Preference Score -0.296 0.149 -0.024 0.957 
Glides 0.401 0.047 -0.071 0.879 
Transits 0.37 0.06 -0.07 0.879 
Dm -0.106 0.611 -0.709 0.114 
Dl -0.133 0.525 -0.649 0.162 
Cb -0.139 0.505 0.543 0.207 
GC -0.166 0.427 0.02 0.971 
Pit -0.327 0.117 0.646 0.116 
POA -0.077 0.712 0.184 0.725 
TA -0.129 0.545 0.805 0.028 
HV -0.057 0.785 0.714 0.071 
Vs -0.173 0.406 0.329 0.523 
Vv -0.109 0.611 -0.391 0.443 
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Table 2.7: Comparison of degree centrality between candidate nuclei (Dm, Dl, POA) 
and other nuclei in each treatment group for females used to localize 
neuroserpin. 

 

 

Average degree 
centrality of 

candidate nuclei  
± standard error 

Average degree 
centrality of 

other nuclei ± 
standard error 

Wilcoxon rank 
sum Z-score 

p-value 

LL 0.444 ± 0.064 0.158 ± 0.033 2.44 0.0147 
LS 0.259 ± 0.037 0.111 ± 0.024 2.342 0.0192 
SS 0.222  0.031 ± 0.02 2.598 0.0094 
FF 0.185 ± 0.037 0.142 ± 0.046 0.598 0.5501 
HT 0.444 ± 0.064 0.254 ± 0.961 0.932 0.3515 
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Chapter 3: Characterizing the roles of tyrosine hydroxylase and 
neuroligin-3 in female mate preference behavior in a teleost 

 

  

ABSTRACT 

Choosing whom to mate with is one of the most important processes in a female’s 

life. Studies are just beginning to identify the neural and molecular mechanisms 

underlying variation in female mate preference. These initial studies have begun to 

identify putative brain regions involved in mate preference, yet how dopamine pathways 

influences this critical behavior is still largely unknown. In this study, we explore the 

hypothesis that female mate preference in Xiphophorus nigrensis is modulated by natural 

changes in rapid (within 30 minutes) dopamine production (via tyrosine hydroxylase, TH) 

that occur in anticipation of copulation. We also characterize the role of neuroligin-3 (a 

gene associated with female mate preference) in the brain, which supports a hypothesized 

network of brain regions associated with female mate preference determined using a 

different gene, neuroserpin. Neuroligin-3 expression in a mate preference context show 

significant correlations with female preference in two telencephalic areas (Dm, Dl), a 

hypothalamic nucleus (HV), and two regions associated with sexual and social behavior 

(POA, Vv). We do not observe any context or behavioral specific changes in dopamine 

production concomitant with female preference in any of the brain regions examined. 

Analyzing TH and neuroligin-3 expression patterns across different brain regions show 

that connectivity varies with male social environment only for neuroligin-3: density of 
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the neuroligin-3 network was positively associated with mate choice contexts that require 

more evaluation by the females. This study provides additional support for a set of brain 

regions associated with female mate preference using neuroligin-3 but we did not detect 

any relationship between dopamine production and mate preference with 30 minutes of 

stimulus presentation in X. nigrensis. 

INTRODUCTION 

The role of dopamine in reward-seeking and sexual behavioral displays is widely 

documented across species [Barron et al. 2010; Hull et al. 1999; Melis and Argiolas 

1995; Paredes 2009; Paredes and Agmo 2004; Schultz 2007a].  Decades of research have 

uncovered the activation of dopamine pathways as critically important in male sexual 

arousal ([Ball and Balthazart 2010; Everitt 1990; Melis and Argiolas 1995]), male 

courtship behavior [Goodson et al. 2009; Heimovics et al. 2009; Heimovics and Riters 

2008], female receptivity [Hull et al. 1999; Melis and Argiolas 1995], as well as male and 

female copulation [Everitt 1990; Hull et al. 1999; Melis and Argiolas 1995].  The 

dopaminergic reward circuitry is also important to post-copulatory behavioral patterns 

such as pair bonding, and variation in peptide receptors in this circuitry appears to be a 

causative agent regulating differences between monogamous and promiscuous mammals 

[Curtis et al. 2006; Young et al. 2011].  While the neurochemical mechanisms of 

copulatory behavior and post-copulation partner preference behavior are well understood 

in the brains of both sexes [Blaustein and Erskine 2002; Hull et al. 2002; Melis and 

Argiolas 1995; Paredes and Agmo 2004; Pfaff et al. 1994; Young et al. 2011], what is far 
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less studied is how dopamine pathways (e.g. reward circuitry) is involved in female pre-

copulatory behavioral patterns such as mate choice.  

Sexual behavior can be classically and operationally categorized into appetitive 

(preceding copulation) and consummatory (copulation) behavioral patterns (reviewed in 

[Pfaus 1996]). Appetitive behavior in the context of reproduction can be thought of as 

those behavioral patterns that often initiate encounters with the opposite sex and 

subsequent evaluation of the quality of mates (e.g. mate preference). Since dopaminergic 

neurons show electrophysiological changes in neural activity when an organism is 

anticipating a reward [Schultz 1998; Schultz et al. 1997], appetitive sexual behavioral 

patterns might be predicted to invoke dopamine pathways (e.g. dopaminergic reward 

system). Studies investigating the role of dopamine in female sexual behavioral patterns, 

however, have primarily focused on brain regions involved in consummatory and 

copulatory-related behavioral patterns such as receptivity and self-pacing in rodents 

[Ellingsen and Agmo 2004; Graham and Pfaus 2010; Martinez and Paredes 2001; Melis 

and Argiolas 1995].   

Studies that have examined the role of dopamine pathways in female appetitive 

behavioral patterns (e.g. mate preference) have received far less attention. Dopamine 

manipulation experiments have shown that dopamine can play a modulatory role in 

female preference response in European Starlings [Pawlisch and Riters 2010; Riters et al. 

2007] (Riters et al 2007; Sockman & Salvante 2007; Pawlisch & Riters 2010). The bulk 

of the studies have identified expression patterns of enzymatic precursors (e.g. tyrosine 

hydroxylase, a rate limiting step in catecholamine synthesis [Levitt et al. 1965]) or 
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metabolites of dopamine and focused their analysis to brain regions involved in acoustic 

perception (e.g. NCM) or known nodes involved in female receptivity (e.g. VMH) 

[Pawlisch and Riters 2010; Riters et al. 2007; Sockman and Salvante 2008; Svec et al. 

2009].  Here we explore the hypothesis that female mate preference (a proxy for female 

sexual motivation, see below) is modulated by dopamine producing areas in the brain in 

anticipation of copulation.  To this end, we will compare dopamine production (via 

tyrosine hydroxylase mRNA) across brain regions containing dopaminergic neurons 

[Filippi et al. 2010] across social contexts. In addition we examine the expression of a 

gene associated with mate preference (neuroligin-3) across the putative mate preference 

network in the teleost brain during mate choice events.  

Female mate preference is a type of social behavior that involves interacting with 

at least one male. During mate preference interactions, many different genes (e.g. 

neuroserpin, neuroligin-3) are differentially expressed in a female’s brain [Cummings et 

al. 2008]. As females approach and evaluate males, there can be changes in neural 

plasticity through a variety of cellular mechanisms. One example involve regulation of 

neuroligins (cell adhesion proteins), which are critical in synaptogensis and reinforcing 

synaptic connections [Chih et al. 2005; Dean and Dresbach 2006; Levinson et al. 2010; 

Lise and El-Husseini 2006; Tabuchi et al. 2007; Varoqueaux et al. 2006]. Altering the 

role of neuroligins in forming synapses produces notable changes in social behavior in 

rodents and humans [Jamain et al. 2003; Laumonnier et al. 2004; Radyushkin et al. 2009; 

Sudhof 2008; Tabuchi et al. 2007]. For example mutations in neuroligin-3 result in mice 

showing decreased social behavior that is likely associated with an increase in the 
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number of inhibitory synapse formation [Tabuchi et al. 2007]. Similarly, for some cases 

of autism in humans, studies have discovered that the subjects had mutations in 

neuroligin genes (including neuroligin-3) [Dean and Dresbach 2006; Garber 2007; 

Jamain et al. 2003; Laumonnier et al. 2004].  Neuroligins’ precise role and localization in 

female mate preference is not currently known. 

Recent research has begun to identify the genomic responses [Cummings et al. 

2008] and brain regions associated [Desjardins et al. 2010; Gentner et al. 2001; Hoke et 

al. 2004; Hoke et al. 2005; Sockman et al. 2002, 2005; Woolley and Doupe 2008] with 

female mate preference behavior—where females discriminate between stimuli prior to 

sex. These studies have observed correlated patterns between preference behavior and 

immediate early gene or genes associated with mate preference in primary sensory 

processing brain regions [Gentner et al. 2001; Hoke et al. 2004; Sockman et al. 2002; 

Woolley and Doupe 2008] as well as multisensory processing areas associated with 

reward [Wong et al. in review] and social behavior [Desjardins et al. 2010].  Here we 

plan to extend the investigation of brain regions involved in mate choice events to regions 

expressing tyrosine hydroxylase to determine if mate preference behavior increases 

dopamine synthesis related to the strength of preference. In addition, we also examine 

whether neuroligin-3, a gene causally linked to social behavior, shows expression 

patterns related to mate preference behavior within brain regions previously implicated in 

mate preference or social behavior. We conduct this investigation with the northern 

swordtail, Xiphophorus nigrensis, as it is ideal for exploring appetitive sexual behavioral 

patterns independent of consummatory sexual behavioral patterns (preference can be 
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measured in the lab in a non-contact environment [Ryan and Wagner 1987]). 

Furthermore, we can use this species to explore dopamine pathways (e.g. mesolimbic 

dopaminergic reward circuit) in a system where preference and reproductive status can be 

decoupled (females store sperm in this species and female preference is not predicted by 

her reproductive cycle [Ramsey et al. 2011]).  

Swordtail fish belong to a larger family of internal fertilizing and live-bearing 

fishes, Poecillidae, which are a useful system for studying the evolution of female mate 

choice [Houde 1997; Ryan and Rosenthal 2001]. In X. nigrensis, females prefer the 

genetically influenced large males over the small size males that use forced copulation 

tactics [Ryan et al. 1990]. We have identified candidate genes associated with female 

mate preference (e.g. neuroserpin, neuroligin-3) in the whole brain through microarray 

and quantitative real time PCR analyses that show predictive patterns of expression with 

variation in female preference behavior across 30 minute behavioral trials [Cummings et 

al. 2008]. Subsequent experiments localizing the expression of neuroserpin have 

identified possible brain regions involved in processing mate assessment information 

[Wong et al. in review]. Given these characteristics, X. nigrensis may represent a 

promising system to evaluate mechanisms underlying female mate assessment, including 

the role of dopamine in parts of the mesolimbic reward system of teleosts. 

In the present study we use quantitative in situ hybridization to examine tyrosine 

hydroxylase (TH) and neuroligin-3 expression in adjacent series throughout the brains of 

female X. nigrensis. Since no study has examined the role of TH expression in relation to 

female mate preference contexts in teleosts, we first describe the distribution of TH in the 
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swordtail brain. We then relate differences in TH expression to mate preference behavior 

in regions producing dopamine (and not other catecholamines) that are associated with 

sexual behavior, (e.g. some putative homologs to the mesolimbic reward system 

[O'Connell and Hofmann accepted]). As neuroligin-3 expression has been previously 

linked to mate preference behavior in X. nigrensis [Cummings et al. 2008], we use this 

context specific marker to assess its distribution in the putative mate choice circuitry 

[Wong et al. in review] in addition to providing an independent and complementary 

validation of the mate choice network. We predict that neuroligin-3 expression will be 

context-dependent and significantly correlated with female preference behavior in 

putative mate choice network in male exposure environments. Similarly, if a dopamine 

pathway is associated with female mate preference behavior, we predict changes in TH 

expression concomitant with mate preference behavior in dopamine producing regions. 

MATERIAL AND METHODS 

Behavioral Paradigm 

Our study subjects consisted of 48 sexually mature female X. nigrensis that were 

either wild caught or progeny of wild caught individuals maintained in semi-natural 

conditions at UT’s Brackenridge Field Laboratories in Austin, TX. We measured each 

female’s mating preference in a two-way choice experimental design using established 

behavioral measures and natural lighting conditions for this species [Cummings et al. 

2003; Cummings et al. 2008]. The experimental tank was subdivided into three sections. 

Stimuli fish were placed behind UV transparent barriers on each end of the experimental 

tank unless otherwise noted. The center section of the experimental tank was further 
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subdivided into three 24 cm regions comprised of two association zones adjacent to the 

barriers and the centermost region termed the neutral zone. The neutral zone contained a 

plastic aquarium plant for refuge. Immediately prior to the behavior trials, we measured a 

proxy for circulating estradiol levels for each female through a non-invasive waterborne 

assay to assess estradiol influences on gene expression (see below).  Females were placed 

into the neutral zone and allowed to acclimate for five minutes behind an opaque barrier. 

Afterwards, the opaque barrier was removed and another one minute passed for further 

acclimatization before we recorded behavioral activity for 30 minutes. During this time 

females were allowed to interact with either stimulus by swimming into the adjacent 

association zones or remain in the neutral zone. Halfway through the trial we switched 

the sides of the stimuli in order to avoid confounding side bias with preference. Females 

were exposed to one of five conditions: two size-matched large males (LL, n = 10) with 

one male behind a UV pass barrier and the other behind a UV blocking filter (UV filters 

were switched half-way between the trial and not the males), one large and small male 

(LS, n = 13), two size-matched small males (SS, n = 7), two size-matched females (FF, n 

= 12), or collected from their home tank (HT, n = 6), a treatment serving as an asocial 

control group (females are housed in isolation).  Home tank females underwent estradiol 

measurements as the other groups but were then returned to their home tanks for 30 

minutes prior to sacrifice. We selected our three male-exposure groups to represent a 

presumed gradient in mate choice complexity with the LL treatment group representing a 

relatively complex mate preference environment (two preferred phenotypes varying in 

presence or absence of UV ornamentation and presumably having the highest incentive 
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value). The LS treatment group represented a simple mate preference environment with a 

presumably intermediate level of incentive value whereas the SS treatment group 

presumably representing a minimum mate preference environment and lowest incentive 

value (two males that employ forced copulation strategies only). All size-matched stimuli 

differed by no more than 1 mm standard length (length between tip of snout to caudal 

most part of the caudal peduncle).  For each female we measured the number of glides (a 

proxy for receptivity, which can precede copulatory events [Cummings and Mollaghan 

2006; Liley 1965]), transits to the center (a proxy for general locomotor activity), and 

association bias (measure of preference). Association bias is defined as the amount of 

time spent with stimulus a (where time spent with stimulus a > stimulus b) divided by the 

total amount of time spent in the association zones of both stimuli (this behavioral 

measure can be interpreted as proxy for sexual motivation [Blaustein and Erskine 2002]).   

Estradiol Measurements  

To assess the relationship between estradiol levels and tyrosine hydroxylase and 

neuroligin-3 expression, we quantified a proxy for circulating estradiol levels. We 

measured estradiol levels for all females through a non-invasive waterborne assay 

following an established protocol for teleosts [Earley et al. 2006; Kidd et al. 2010; Scott 

et al. 2008] and validated in our focal species [Ramsey et al. 2011]. Briefly, females were 

placed in 150 mL of reservoir water (treated tap water used for home and experimental 

tank) for one hour prior to behavior trials. Estradiol was extracted from the water using 

C18 Solid Phase Extraction columns (Sep-Pak Plus C18 cartridge 55–105 lm; Waters 

Corporation, Milford, MA) and measured on a Correlate-EIA 17β-estradiol Enzyme 
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Immunoassay Kit (Assay Designs) according to manufacturer’s protocol. Hormone 

samples were run on three 96-well EIA assay plates: inter-assay CV was 6.5% and intra-

assay CV was 1.9%.  

Cloning tyrosine hydroxylase 

While there are two tyrosine hydroxylase genes in teleosts (TH1, TH2 

[Yamamoto et al. 2010]), we cloned TH1 (now referred to here as TH) because it is more 

widely expressed across the brain [Filippi et al. 2010; Yamamoto et al. 2010]. To create a 

tyrosine hydroxylase (TH) probe for in situ hybridization (see below), we first cloned a 

fragment of the gene in X. nigrensis using methodology described elsewhere [Cummings 

et al. 2008]. Briefly, after isolating total RNA from whole brain homogenates we 

synthesized cDNA according to manufacturer’s protocol (SuperScript First-Strand 

Synthesis, Invitrogen). Using Codehop (http://blocks.fhcrc.org/codehop.html), we 

generated the degenerate primers 5’-TGGATCTTCAGGGGGTTGTCNARNACYTC-3’ 

and 5’-GGCAGTCCCTGATCGAGGAYGCNMGNAA-3’ to amplify a 1268 base-pair 

TH fragment. Reaction conditions were one denaturing cycle (94C for two minutes) 

followed by 30 amplification cycles (94C denaturing for 30 seconds, 61C annealing for 

90 seconds, and 72C elongation for one minute) and a final 10 minute elongation cycle 

(72C). After amplification, we ligated the fragment into pCR4-TOPO vector and 

transformed into One Shot chemically competent cells according to manufacturer’s 

protocol (TOPO TA Cloning kit for Sequencing with One Shot TOP10 Chemically 
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Competent E. Coli, Invitrogen). We subsequently verified sequence identity (University 

of Texas ICMB Core Facilities, Gene Accession #: HM107109.1).  

Tissue Processing 

We cryosectioned female brains at 16 µm thickness onto four serial series. All 

series were post-fixed in cold 4% paraformaldahyde/PBS solution, washed in PBS and 

acetylated in 0.25% acetic anhydride/triethanolamine. Subsequently, slides were washed 

in 2X standard saline citrate, dehydrated in increasing ethanol series and stored at -80 C. 

All slides in a series were processed simultaneously. Using a digoxigenin (DIG) labeled 

riboprobe (see below), one series was used to localize and quantify neuroligin-3 

expression and an adjacent series was used to localize and quantify tyrosine hydroxylase 

expression. The remaining series were used to quantify neuroserpin (with one series used 

for DIG labeled neuroserpin and the other for S35 labeled neuroserpin for validation 

[Wong et al. in review]). 

Probe Synthesis 

DIG labeled neuroligin-3 and TH riboprobes were generated using a 1:3 ratio of 

UTP and DIG-UTP (Roche) following a modified manufacturer’s protocol (Megascript 

T7/T3, Ambion). A 393 base-pair TH DIG probe template was subcloned (Gene 

Accession # HM107109.1) by using primer pair 5’-

TTTGAGGAGGAGGACGGAAAAG-3’and 5’-TCTTCTCTGTCTGTAGGCAGGGTC-

3’. The 345 base pair neuroligin-3 probe template was subcloned by using primer pair 5’-

CCAGATGACATCCCTCTGATGACC-3’and 5’-

GTGCTGTATGGACTCATGTTGGAG-3’on the X. nigrensis neuroligin-3 transcript 
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(Gene Accession # DQ835282). After probe synthesis, we removed unincorporated 

nucleotides via column filtration according to manufacturer’s protocol (Megaclear, 

Ambion) and checked probe quality through gel electrophoresis. 

in situ hybridization 

We used an established digoxigenin in situ hybridization protocol [Wong et al. in 

review]. Briefly, we first prehybridized the slides for 6 hours at 60°C in a hybridization 

chamber. Slides were then hybridized overnight (16 hours) at 65°C with fresh 

prehybridization solution containing 0.25 ng of antisense riboprobe per slide in 

hybridization chambers. Following hybridization slides were washed to remove 

nonspecific probe binding and then incubated overnight at 4°C with Anti-Digoxigenin 

AP antibody (Roche). After antibody incubation we blocked endogenous alkaline 

phosphatase activity and used NBT/BCIP stock solution (Roche) for colorimetric 

detection. After stopping colorimetric reactions (two hours for neuroligin-3 and 20 hours 

for TH), we progressively dehydrated sections in ethanol washes and finally coverslipped 

the slides with Permount adhesive (Fisher). Within each series all individuals were 

processed simultaneously to avoid any potential colorimetric development differences 

across individuals due to batch effects.  Please see [Wong et al. in review] for technical 

details. DIG-labeled neuroligin-3 and tyrosine hydroxylase sense riboprobes showed no 

expression. 

Gene expression quantification 

Using a X. helleri brain atlas for reference and terminology [Anken and Rahmann 

1994], we identified and quantified digoxigenin-labeled neuroligin-3 riboprobe 
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expression in nine brain regions. The nine nuclei are (teleost nuclei: abbreviation, 

putative tetrapod homolog [Bruce and Bradford 2009; Goodson 2005; Northcutt 2008; 

O'Connell and Hofmann accepted; Rink and Wullimann 2001]): cerebellum (Cb, 

cerebellum), area dorsolateralis telencephali (Dl, pallial hippocampus), area 

dorsomedialis telencephali (Dm, basolateral amygdala), central gray (GC, periaqueductal 

gray), hypothalamus ventralis (HV, ventral hypothalamus), nucleus preopticus (POA, 

preoptic nucleus), nucleus tuberis anterioris (TA, ventromedial hypothalamus), ventralis 

supracommissuralis telencephali (Vs, medial amygdala), and area ventroventralis 

telencephali (Vv, lateral septum). For tyrosine hydroxylase, we identified the expression 

in eight brain regions previously demonstrated to contain TH in other teleosts [Filippi et 

al. 2010; O'Connell et al. 2011a; Parafati et al. 2009; Rink and Wullimann 2001, 2002; 

Yamamoto et al. 2010, 2011]: olfactory bulb (OB, olfactory bulb), area ventroventralis 

telencephalic (Vv, partial homologue nucleus accumbens), area centroventralis 

telencephalic (Vc, striatum), nucleus preopticus (POA, preoptic nucleus), nucleus 

pretectalis periventricularis pars ventralis (PPv, pretectal nucleus), nucleus 

periventricularis tuberculum posterioris (TPp, partial homologue to ventral tegmental 

area), nucleus tuberis posterioris (PTN), and isthmus nucleus (is, locus coeruleus). The 

isthmus nucleus contains a dense population of noradrenergic neurons and is only 

included for completeness [Filippi et al. 2010; Kaslin and Panula 2001; Yamamoto et al. 

1977]. Since we were interested in assessing the role of dopamine and mate assessment, 

we only analyzed TH expression in dopaminergic brain regions previously implicated in 

sexual behavior or are part of the putative teleost mesolimbic reward system (OB, Vv, 
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Vc, POA, TPp) [Dufour et al. 2010; O'Connell et al. 2011a; O'Connell and Hofmann 

accepted; Rink and Wullimann 2001; Yamamoto et al. 2011]. While TH is the rate 

limiting step of catecholamine synthesis [Levitt et al. 1965], all brain regions examined 

do not express a marker for noradrenaline (except the isthmus nucleus) but do contain 

dopamine immunoreactive cell bodies in another teleost [Filippi et al. 2010; Yamamoto 

et al. 2011]. Hence it is likely TH expression in all areas measured leads to dopamine 

synthesis and not noradrenaline. After tissue processing final sample sizes for were: LL, 

n = 10; LS, n = 10; SS, n = 5; FF, n = 9; HT, n = 5. 

Digoxigenin quantification 

For both experiments we quantified gene expression by measuring the optical 

density (OD) of the digoxigenin labeled probes, which has been established as a semi-

quantitative measure of gene expression in other systems [Guiot and Rahier 1997; 

Harvey-Girard et al. 2010; Larsson et al. 1991; O'Connell et al. 2011b; Zhang et al. 1995] 

and validated in the focal species [Wong et al. in review]. For each slide, we normalized 

the mean intensity of all measures to the background (mean intensity of slide not 

containing tissue), producing a value for the fractional transmittance of the brain region 

in each section. Fractional transmittance was mathematically converted to optical density 

by the equation OD = 2-log(Fractional Transmittance), which was derived specifically for 

the imaging setup (Nikon Eclipse 80i) in our laboratory using neutral density filters 0, 8 

and 32.  Using NIS Elements image analysis software (Nikon), we measured the OD of 

neuroligin-3 and tyrosine hydroxylase expression across individuals from a standardized 
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portion of each brain region (ranging from 1737 - 29152 μm2 depending on size of the 

brain region of interest). 

 Brain section images were captured at 4X with a Nikon 12-bit 2-megapixel 

monochrome camera (DS-2MBWc). For each brain region, we used Nikon NIS Elements 

2.3 to measure a standardized rectangular box (area of box given after each brain region, 

see below) within the borders of each brain region and measured the mean intensity of 

neuroligin-3 or TH expression within the box. Unless otherwise stated, the measuring 

box was always placed in the middle of the brain region on the dorsal-ventral plane. We 

measured the mean intensity in both hemispheres if available and then averaged the 

values for the section. For all brain regions we then proceeded to measure the mean 

intensity for all sections of the individual in which we could identify the desired brain 

region and then averaged for that individual. Depending on the size of the brain region, 

the number of sections averaged per individual ranged from two to eight consecutive 

sections. Consecutive sections spanned 48 μm apart. For neuroligin-3, specifically, we 

measured Dl (19906 μm2) & Dm (19906 μm2) for sections from the rostral most section 

until the disappearance of the anterior commissure; Vv (5877 μm2) & Vs (5877 μm2) for 

sections only containing the telencephalic ventricle; POA (2843 μm2) for sections with 

anterior commissure present until the appearance of the optic tectum; HV (1737 μm2) 

from the pituitary until the lateral extension of the lateral hypothalamus; TA (5339 μm2) 

for 3 sections preceding the lateral extension of the dorsal hypothalamus; Cb (29152 μm2) 

and CG (7298 μm2) for all sections observed (see main text for brain region 

abbreviations). For tyrosine hydroxylase, we measured OB (17983 μm2) for all sections 
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observed; Vv (4599 μm2) for all sections only containing the telencephalic ventricle and 

one section preceding the appearance of the ventricle; Vc (4599 μm2) from the 

appearance of the telencephalic ventricle until the disappearance of the anterior 

commissure; POA (4134 μm2, box placed in most medial and ventral part of the region) 

for sections with anterior commissure present until the appearance of the optic tectum; 

PPv (2716 μm2) and TPp (2716 μm2) for all sections containing the posterior 

commissure, PTN (6564 μm2) for all sections observed until the disappearance of the 

torus longitudinalis; is (1486 μm2) for all sections observed. All image capture and data 

collection was performed by a single person (RYW) blind to the treatments. 

Statistics 

All statistics were performed in SPSS (ver. 18) and the network statistics were 

conducted using Ucinet [Borgatti et al. 2002]. To examine group-wide behavioral and 

gene expression differences between individuals expressing high (> median) versus low 

(< median) behavioral patterns within each treatment group, we used a t-test. Due to a 

small sample size, we did not perform any statistical tests involving high and low 

behavioral patterns in the SS group. To account for multiple hypotheses testing, we used 

a Benjamini-Hochberg correction [Benjamini et al. 2001]. To assess relationships 

between individual variation of preference behavior, gene expression, or estradiol levels 

we used Pearson’s correlation when the data was normal and Spearman correlation when 

data was non-normal (glides and transits). 

 We characterize neuroligin-3 and TH network expression patterns by looking at 

pairwise correlations of gene expression between brain regions in specific social contexts. 
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To analyze network patterns, we converted all Benjamini-Hochberg corrected significant 

correlations of neuroligin-3 and TH expression between brain regions into binary values 

in an association matrix. Significant relationships had a value of 1 while non-significant 

values were designated 0. We compared densities of the networks across conditions using 

Ucinet. For each mate preference group (LL, LS, SS), we define unique correlations as 

those that are not also significant in the FF or HT groups.  

RESULTS 

Behavior: As reported elsewhere [Wong et al. in review], females exposed to the LS 

treatment condition showed a clear preference for the large male by spending a 

significantly greater amount of time in the association zone next to the large male relative 

to the small male (t = 2.1, p = 1.1 * 10-7). Females showed no preference for a stimulus in 

the other test groups: two females, (FF, t = 0.84, p = 0.4) two small males, (SS, t = 0.12, p 

= 0.9), two large males (LL, t = 0.75, p = 0.45). There were no significant differences in 

the number of glides or transits displayed across treatment groups (glides: χ2 = 1.36, p = 

0.71; transits: χ2 = 4.69, p = 0.19).  

Tyrosine Hydroxylase expression: Across all females, TH in the forebrain was expressed 

in the olfactory bulb, the ventral and caudal portion of the ventral telencephalon and the 

preoptic area (Figure 3.1). There were no significant differences in expression of TH OD 

amongst any forebrain regions examined (Figure 3.2).  Within the midbrain, we observed 

TH expression in the PPv, TPp, and PTN across all females (Figure 3.1). TH OD in the 

PTN was significantly lower than in the PPv and TPp (Figure 3.2). The brain regions 

within the midbrain had a significantly higher TH expression than those in the forebrain 



 84

(Figure 3.2). Within the hindbrain, we only observed TH expression in the isthmus 

nucleus, which had the highest TH OD for the brain regions measured (Figure 3.2).  

When examining the relationship between TH expression and social contexts 

there were no significant differences in TH optical density in the OB, Vv, Vc, POA or 

TPp across treatment groups (F > 0.1 and p > 0.1 for all brain regions, Figure 3.3, Table 

3.1). Looking within each treatment group, we also did not observe any differences in TH 

OD between high preference (> median) females and low preference females (< median) 

in any context (Figure 3.4, Table 3.1).  Within the female exposed females (FF), we 

found that females displaying lower than the median level of glides had a significantly 

higher TH OD in the Vc and POA than females expressing high glides (Table 3.1). The 

difference in Vc, however, is not significant after a multiple hypothesis correction test. 

We did not observe any significant differences in TH OD in any brain regions between 

high and low glides or transits for the other treatment groups (Table 3.1). Of the two 

brain regions showing within group level differences of TH OD for glides and transits in 

FF females, only the POA showed a significant correlation between glides and TH OD (r 

= - 0.80, p = 0.008). Furthermore there were no significant correlations between the 

proxy for circulating estradiol levels and association bias, glides, transits, or TH OD in 

any brain region and context (Table 3.2). 

Neuroligin-3 expression: Of all the treatment groups tested, only the females exposed to 

the LS environment showed differential expression in neuroligin-3 OD that was matched 

by differences in association bias (Table 3.3). Specifically, neuroligin-3 OD was 

significantly higher in Dl, Dm, POA, Vv, and HV for females showing a high preference 
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relative to low preference females after multiple hypothesis correction (Figure 3.5, Table 

3.3). When looking at transits, LS females had significantly higher neuroligin-3 OD in 

Cb and TA for high transit compared to low transit females but these were not significant 

after a multiple hypothesis correction (Table 3.4). We did not observe any significant 

differences in neuroligin-3 OD between high glides or transit and low glides or transit 

females in any other brain region or context after correcting for multiple hypothesis 

testing (Table 3.4 & 3.5). Of the five brain regions that showed within group differences 

in preference for LS females, all of them also showed a significant and positive 

correlation between neuroligin-3 OD and association bias (Dl, r = 0.65, p = 0.04; Dm, r = 

0.68, p = 0.02; HV, r = 0.82, p = 0.003; POA, r = 0.90, p = 0.0005; Vv, r = 0.8, p = 0.004; 

Figure 3.6). Interestingly, when looking at these specific brain regions in other social 

treatments, a significant positive correlation between neuroligin-3 OD and association 

bias was only observed in females exposed to two small males (SS) in Dl (r = 0.88, p = 

0.047), Hv (r = 0.96, p = 0.007) and Vv (r = 0.95, p = 0.01). Estradiol levels measured 

from the water did not correlate with neuroligin-3 expression in any brain region and 

context (Table 3.2). 

Tyrosine hydroxylase and neuroligin-3 expression networks: To examine the neuroligin-3 

and tyrosine hydroxylase network expression patterns across the brain regions in each 

social context, we used significant correlations that were corrected for multiple 

hypothesis testing. Focusing on the unique neuroligin-3 correlations within each male 

preference group (LL, LS, or SS) we did not find any connections that are consistent 

across all three groups. However, all of the significant correlations seen in the LS 
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treatment group are also seen in LL-exposed females (Figure 3.7). Furthermore, there is a 

significantly higher density (i.e. total number of significant correlations between brain 

regions) for females exposed to LL relative to LS (t = 2.27, p =0.013) and SS (t =5.65, p 

= 0.0002) groups. Neuroligin-3 network density for females exposed to LS is 

significantly higher than SS (t = 3.9, p = 0.0002). In contrast, TH expression showed very 

little unique coordinated expression pattern across the brain in any context (Figure 3.8). 

Of particular note, after correcting for multiple hypothesis testing, we did not observe any 

significant correlations of TH expression between brain regions in any context with the 

exception of a significant positive correlation of TH expression between Vv and OB in 

the LS environment. 

DISCUSSION 

Dopamine is widely known to influence decision making, incentive valuation, and 

reinforcement learning processes [Curtis et al. 2006; Hull et al. 1999; Melis and Argiolas 

1995; Schultz 1998, 2007a, b; Schultz et al. 1997; Wise 2002]. In this study we do not 

see any significant changes in dopamine production (via tyrosine hydroxylase) across 

dopamine-producing brain regions in mate preference contexts or across social and 

asocial contexts within 30 minute behavioral trials; yet we see significant changes in a 

gene associated with mate preference (neuroligin-3) within this same timeframe. 

Although females displayed a clear preference/sexual motivation for the large male in the 

LS treatment group, high preference and low preference females showed no significant 

difference in TH expression in any of the measured TH expressing brain regions (Figure 

3.4, Table 3.1). Furthermore, TH expression didn’t vary by social context despite 
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environments with presumably different incentive value (two large (LL), one large (LS), 

and no large male (SS) environments, Figure 3.3). TH level, as measured by quantitative 

real-time PCR under a similar behavioral paradigm, also does not significantly vary with 

behavior or context in the whole brain (Ramsey & Cummings, unpublished). Taken 

together, we did not find evidence for rapid changes (within 30 minutes) in dopamine 

production in anticipation of potential copulation or to variation in motivation/signal 

valuation of mate preference in this species.  

 Our results with TH expression are consistent with studies in female European 

starlings, which have also reported no changes in dopamine levels (as measured by 

immunocytochemistry or HPLC) in response to different quality male songs in the 

putative mammalian homologs of the striatum, nucleus accumbens, or ventral tegmental 

area [Riters et al. 2007; Svec et al. 2009]. Studies, however, have found significant 

changes as measured by HPLC in the lateral septum, ventromedial hypothalamus [Riters 

et al. 2007] as well as an acoustic processing center, caudomedial nidopallum [Sockman 

and Salvante 2008]. Pharmacological manipulations of dopamine in female European 

starlings also did not produce changes in behavioral proxies for motivation (time spent 

next to or looking at nest box) when hearing attractive calls and less attractive conspecific 

calls [Pawlisch and Riters 2010]. This suggests that the role of dopamine pathways (e.g. 

mesolimbic reward system) may not have a significant influence or be influenced by 

female mate assessment behavior in X. nigrensis and possibly other species. We cannot 

rule out the possibility that since X. nigrensis females have the ability to store enough 

sperm for multiple broods, catecholamine mechanisms underlying female sexual 
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motivation and/or incentive valuation may be different in these females. Furthermore, we 

measured mRNA expression level changes within 30 minutes of stimulus presentation 

and dopamine release may have occurred on a different time scale. Of note, we observed 

TH expression in most of the brain regions previously described to contain TH in several 

other teleosts [Filippi et al. 2010; O'Connell et al. 2011a; Parafati et al. 2009; Yamamoto 

et al. 2010, 2011]. Although other studies have observed cell bodies expressing TH in the 

teleost ventral thalamus, suprachiasmatic nucleus and various subregions of the 

hypothalamus [Filippi et al. 2010; O'Connell et al. 2011a; Yamamoto et al. 2010, 2011], 

in our study these regions may not synthesize TH mRNA with just a 30 minute exposure 

to behaviorally relevant stimuli. 

While we found no support for changes in dopamine synthesis co-occurring with 

preference behavior across female swordtails, we cannot rule out the possibility that 

preference was modulated by changes in dopamine release or receptor activity. Many 

studies have shown that specific dopamine receptor agonists and antagonists have 

important roles in sexual behavior for both sexes of rodents, male quails and lizards 

[Balthazart et al. 1997; Graham and Pfaus 2010; Kleitz-Nelson et al. 2010; Kleitz et al. 

2009; Melis and Argiolas 1995; Woolley et al. 2001]. In female rodents, D2 receptors in 

the medial POA appear to influence select appetitive sexual behavioral patterns and the 

ratio of D1/D2 receptor may underlie behavioral transitions to copulation [Graham and 

Pfaus 2010]. Long-term partner preference formation in monogamous voles is also 

mediated by dopamine binding to D2 receptors and maintained by D1 receptors [Curtis et 

al. 2006; Young et al. 2011]. Hence, differences in receptor subtype densities or binding 
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efficiency may allow for the dopamine pathways to influence mate preference. In birds, 

receptor densities in specific brain regions can explain individual differences in male 

motivation to sing courtship songs [Heimovics et al. 2009; Heimovics and Riters 2008; 

Riters 2010, 2011]. Within female swordtails it is therefore plausible that there may be 

differential expression of particular dopamine receptor subtypes in candidate brain 

regions where dopamine can bind and influence mate preference. All of the brain regions 

showing differential neurologin-3 expression (Dm, Dl, HV, POA, Vv) express dopamine 

receptors in another teleost [O'Connell et al. 2011a].  Changing the ratio or densities of 

dopamine receptor subtypes may allow for females to respond to varying quality of males 

in the mate preference context while showing no differences in dopamine production. 

Future studies should explore roles of receptor subtypes in mate assessment.  

 Within 30 minutes of stimulus presentation, we saw evidence that the brain 

exhibits context dependent differences in neuroligin-3 expression. In the LS treatment 

group, high preference females had a significantly higher neuroligin-3 expression in Dm, 

Dl, HV and POA relative to females expressing a low preference for a particular male. 

Furthermore, neuroligin-3 expression in all of these regions showed a significant positive 

correlation with preference (Figure 3.6). These results are consistent with previous 

analyses of another gene associated with mate preference, neuroserpin, which showed 

significant covariation with female preference behavior in the same four brain regions 

[Wong et al. in review]. Two of these brain regions (Dm and Dl) integrate multisensory 

information [Northcutt 2008], are part of the putative mesolimbic reward pathway in 

teleosts and may receive signals from dopaminergic neurons that project from TPp or Vc 
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[O'Connell and Hofmann accepted; Rink and Wullimann 2001]. Dm and Dl project to 

areas involved in receptivity and/or copulation (POA) or indirectly to HV in the 

hypothalamus. The POA is a node in the Social Behavior Network (SBN), which is a set 

of brain regions implicated in a variety of sexual and social behavior [Goodson 2005; 

Newman 1999]. Neuroligin-3 showed significant differences in expression between high 

and low preference LS-exposed females in another SBN node, Vv. This region, Vv, 

which has been previously linked to sexual behavior in rodents as well as female mate 

assessment in cichlids [Desjardins et al. 2010; Newman 1999], receives projections from 

Dm and Dl [Northcutt 2006]. Hence our current model of the female mate preference 

network suggests that mate assessment information is processed in multisensory 

integration areas (Dm, Dl) and then projected to areas more directly involved in 

receptivity and copulation (HV or nodes in the SBN such as POA and Vv). 

Comparisons of gene expression networks across the entire brain during mate 

preference contexts revealed that tyrosine hydroxylase (Figure 3.8) and neuroligin-3 

(Figure 3.7) have dramatically different responses. TH showed almost no coordinated 

response across brain regions, yet neuroligin-3 expression network complexity increases 

with presumably more complex mate preference environments; there are greater number 

of brain regions with correlated neuroligin-3 expression in the LL and LS environment 

compared to SS. This pattern of differential network complexity mirroring the presumed 

complexity of the mate choice environment is parallel to that observed with neuroserpin 

expression across these females [Wong et al. in review]. The overlapping expression 

patterns we observed from these two genes (neuroligin-3 and neuroserpin) suggest that 
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there may be different neural responses depending on mate preference contexts. That is, 

if two males are nearly equally attractive (LL), a female’s brain may require more cross-

talk across the brain than when given a simpler choice (LS) or non-attractive options 

(SS). Differences in connectivity among brain regions depending on mate choice contexts 

are also seen in female tungara frogs [Hoke et al. 2005]. We did not, however, observe 

any coordinated unique TH expression patterns across mate preference contexts. 

Although we did observe that midbrain dopaminergic centers had higher TH expression 

than forebrain areas across all females, this is not surprising as the major ascending 

dopaminergic sites are located in the midbrain [O'Connell et al. 2011a; O'Connell and 

Hofmann accepted; Rink and Wullimann 2001]. The lack of any coordinated patterns of 

TH expression across the brain could also indirectly support the interpretation that 

dopamine synthesis in the dopamine pathways does not play a major part in mate 

preference in this species. 

 Interestingly, there are some major differences between the neuroserpin [Wong et 

al. in review] and neuroligin-3 (Figure 3.7) unique expression networks. First there are 

many more unique connections in the LL and LS contexts in neuroligin-3 expression 

networks relative to neuroserpin. Secondly, neuroligin-3 network density in LS is 

significantly higher than SS, which was not the case for neuroserpin.  Differences in 

social behavior associated with neuroligin-3 and neuroserpin, which can be related to 

differences in cellular functions, may explain why we observed differences in 

coordinated expression patterns across the brain within the same females. Neuroserpin 

expression appears important for rodents to exhibit exploratory behavior and decreased 
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neophobia [Madani et al. 2003]. Neuroligin-3 expression does not seem to influence 

exploratory behavior but appears to regulate willingness to be social in rodents [Tabuchi 

et al. 2007] in addition to sensory perception [Biswas et al. 2010; Radyushkin et al. 

2009]. Sensory-deprived honeybees (held in constant darkness) show significant 

differences in whole-brain expression of neuroligins compared to bees held under natural 

conditions [Biswas et al. 2010]. Furthermore, neuroligin-3 knockout mice show 

abnormalities in social memory that may be linked to olfactory deficiency [Radyushkin et 

al. 2009].  As female mate preference requires social interaction and sensory perception, 

it may not be surprising that neuroligin-3 expression showed a much greater coordinated 

expression pattern across the brain relative to neuroserpin.  

The increasing density of the neuroligin-3 expression network concomitant with 

complexity of the mate preference environment may be related to perceptual differences 

in sensory information (e.g. size of male and ornamentation). In the two large male 

environment (LL), females assess both attractive males that phenotypically differed only 

in the presence or absence of UV ornamentation; in the LS environment, females are 

given a simple preference environment with just one attractive option and no attractive 

options in the SS environment. Having increasing sensory complexity (LL > LS > SS) 

may require more coordinated expression of neuroligin-3 across the brain to process this 

information. For neuroserpin, if given two large males, her willingness to explore both 

attractive large males may be one reason why we see the highest network density in the 

LL environment relative to LS and SS [Wong et al. in review]. It is an intriguing 

possibility that neuroserpin and neuroligin-3 are serving complementary roles in 
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facilitating females to encounter males and subsequently evaluate his attractiveness. 

Future studies should determine how the amount of co-localization of neuroserpin and 

neuroligin-3 relates to female mate preference behavior. 

SUMMARY 

There are a couple of proposed networks of brain regions (SBN, mesolimbic reward 

circuitry) that can contribute to natural behavioral displays across vertebrate taxa 

[Newman 1999; Wise 2002]. In another study using neuroserpin [Wong et al. in review] 

and confirmed in the current study (neuroligin-3) we identified a set of brain regions 

associated with female mate preference behavior that are part of either the SBN or 

mesolimbic reward circuitry. However, by examining tyrosine hydroxylase expression, 

we did not detect any differences in dopamine production with a 30 minute stimulus 

exposure period. Variation in female mate preference behavior (e.g. sexual motivation) 

does not seem to lead to correlated changes in dopamine synthesis in the dopaminergic 

regions in preparation of copulation. While there are no rapid changes in dopamine 

production across contexts, one potentially fruitful avenue of research would be to 

examine how differences in the densities of individual dopamine receptors or the ratio of 

receptors within Dm, Dl, HV, Vv and POA differ across females displaying different 

levels of mate preference. 

 

 

 

 



 94

Figure 3.1: Distribution of tyrosine hydroxylase across all female X. nigrensis tested. 

Top left panel represents a sagittal view of the brain with each line and letter representing 
sections in the remaining panels. Left hemisphere in each panel show additional select 
brain regions not measured but are there for illustrative and neuroanatomical orientation 
purposes. Black dots on the right hemisphere indicates location of TH expression. AC, 
anterior commissure; Dc, area centralis telencephalic; Hc, hypothalamus caudalis; HD, 
hypothalamus dorsalis; NDIL, nucleus diffuses lobi inferioris; NGp, nucleus 
glomerulosus posterioris; OT, optic tectum; PC, posterior commissure; PGm, nucleus 
preglomerulosus medialis; Tl, torus longitudinalis; VC, valvula cerebilli; Vd, area 
dorsoventralis telencephalic. 
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Figure 3.2: Distribution of tyrosine hydroxylase in brains of female X. nigrensis.  

Overall the TH expression in the brain regions in the mid- and hindbrain are significantly 
higher than the forebrain for all females (n=39). b, p < 0.0001; c, p < 0.0001; d, p < 
0.001. 
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Figure 3.3: Tyrosine hydroxylase expression in select brain regions across treatment 
groups.  

Blue, red, green, purple, and teal represents LL, LS, SS, FF and HT, respectively. 
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Figure 3.4: Tyrosine Hydroxylase expression in females exposed to a large vs. small 
male (LS) context. 

Differences in TH expression between groups of high association bias (> median) 
females (n=5, blue) and low association bias (< median) females (n=5, red) for LS 
females. 
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Figure 3.5: Neuroligin-3 expression in females exposed to a large vs. small male (LS) 
context.  

Differences in neuroligin-3 expression between groups of high association bias (> 
median) females (n=5, blue) and low association bias (< median) females (n=5, red) for 
LS females. *, p < 0.05, **, p < 0.01 
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Figure 3.6: Individual variation of association bias and neuroligin-3 expression in LS 
exposed females.  

Significant correlations between individual variation in association bias and neuroligin-3 
expression in A) Dl, B) Dm, C) HV, D) POA, and E) Vv. 
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Figure 3.7: Neuroligin-3 expression network by context. 

Unique significant positive pairwise correlations relative to FF and HT females in 
neuroligin-3 expression between brain regions (lines) in A) LL, B) LS, and C) SS 
exposed females. Brain regions in bold circles are those associated with mate preference 
identified in this study.  
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Figure 3.8: Tyrosine hydroxylase expression network by context. 

Unique significant positive pairwise correlations relative to FF and HT females in TH 
expression between brain regions (lines) in A) LL, B) LS, and C) SS exposed females.  
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Table 3.1: Tyrosine hydroxylase optical density (mean ± SE) comparisons between 
“high” (> median) and “low” (< median) behavioral patterns. 

** indicates significance after correcting for multiple hypotheses; * indicates significance 
that does not survive multiple hypothesis testing; n.s., not significant 
 
Brain 
Region 

LL LS FF 
High Low p-value High Low p-value High Low p-value 

Association Bias 

OB 0.02 ±  
0.003 

0.019 ±  
0.002 

n.s. 
(0.88) 

0.023 ± 
0.003 

0.018 ± 
0.0008 

n.s. 
(0.19) 

0.018 ±  
0.001 

0.022 ±  
0.004 

n.s. 
(0.45) 

Vv 0.01 ± 
0.004 

0.011 ± 
0.004 

n.s. 
(0.89) 

0.019 ± 
0.009 

0.006 ± 
0.004 

n.s. 
(0.27) 

0.004 ±  
0.004 

0.009 ±  
0.005 

n.s. 
(0.46) 

Vc 0.02 ± 
0.002 

0.019 ± 
0.001 

n.s. 
(0.76) 

0.02 ± 
0.003 

0.018 ± 
0.002 

n.s. 
(0.7) 

0.02 ±  
0.002 

0.017 ±  
0.002 

n.s. 
(0.41) 

POA 0.021 ± 
0.001 

0.021 ± 
0.001 

n.s. 
(0.94) 

0.02 ± 
0.002 

0.018 ± 
0.002 

n.s. 
(0.52) 

0.024 ±  
0.002 

0.019 ±  
0.002 

n.s. 
(0.29) 

TPp 0.048 ± 
0.006 

0.052 ± 
0.007 

n.s. 
(0.74) 

0.072 ± 
0.01 

0.054 ± 
0.005 

n.s. 
(0.18) 

0.08 ±  
0.019 

0.05 ±  
0.005 

n.s. 
(0.17) 

Glides 

OB 0.019 ± 
0.002 

0.019 ± 
0.003 

n.s. 
(0.98) 

0.017 ± 
0.001 

0.024 ± 
0.003 

n.s. 
(0.09) 

0.016 ± 
0.001 

0.019 ± 
0.001 

n.s. 
(0.18) 

Vv 0.01 ± 
0.004 

0.01 ± 
0.004 

n.s. 
(0.85) 

0.003 ± 
0.003 

0.023 ± 
0.008 

n.s. 
(0.05) 

0.01 ± 
0.004 

0.005 ± 
0.005 

n.s. 
(0.44) 

Vc 0.019 ± 
0.001 

0.02 ± 
0.002 

n.s. 
(0.68) 

0.185 ± 
0.002 

0.02 ± 
0.003 

n.s. 
(0.61) 

0.014 ± 
0.001 

0.021 ± 
0.002 

* 
(0.049) 

POA 0.019 ± 
0.001 

0.023 ± 
0.001 

n.s. 
(0.05) 

0.019 ± 
0.001 

0.019 ± 
0.002 

n.s. 
(0.85) 

0.015 ± 
0.001 

0.025 ± 
0.001 

** 
(0.007) 

TPp 0.045 ± 
0.005 

0.055 ± 
0.007 

n.s. 
(0.34) 

0.065 ± 
0.012 

0.061 ± 
0.004 

n.s. 
(0.75) 

0.058 ± 
0.01 

0.083 ± 
0.016 

n.s. 
(0.24) 

Transits 

OB 0.02 ± 
0.003 

0.019 ± 
0.0008 

n.s. 
(0.83) 

0.02 ± 
0.002 

0.021 ± 
0.002 

n.s. 
(0.92) 

0.01 ± 
0.001 

0.02 ± 
0.003 

n.s. 
(0.14) 

Vv 0.01 ± 
0.004 

0.01 ± 
0.004 

n.s. 
(0.92) 

0.006 ± 
0.006 

0.019 ± 
0.008 

n.s. 
(0.22) 

0.01 ± 
0.004 

0.005 ± 
0.005 

n.s. 
(0.44) 

Vc 0.02 ± 
0.002 

0.02 ± 
0.001 

n.s. 
(0.92) 

0.018 ± 
0.002 

0.02 ± 
0.003 

n.s. 
(0.76) 

0.014 ± 
0.001 

0.02 ± 
0.001 

n.s. 
(0.05) 

POA 0.021 ± 
0.001 

0.021 ± 
0.001 

n.s. 
(0.77) 

0.018 ± 
0.002 

0.02 ± 
0.002 

n.s. 
(0.59) 

0.015 ± 
0.001 

0.025 ± 
0.001 

n.s. 
(0.08) 

TPp 0.043 ± 
0.004 

0.057 ± 
0.007 

n.s. 
(0.14) 

0.071 ± 
0.01 

0.054 ± 
0.006 

n.s. 
(0.2) 

0.058 ± 
0.01 

0.06 ± 
0.01 

n.s. 
(0.86) 
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Table 3.2: Correlation between a proxy for circulating estradiol levels and association 
bias, glides, transits, and gene (neuroligin-3 and tyrosine hydroxylase) 
expression in different brain regions. 

 
 
 



 104

Table 3.3: Neuroligin-3 optical density (mean ± SE) comparisons between “high” (> 
median) and “low” (< median) association bias.  

** indicates significance after correcting for multiple hypotheses; * indicates significance 
that does not survive multiple hypothesis testing; n.s., not significant 
 
 
Brain 
Region 

LL LS FF 
High Low p-value High Low p-value High Low p-value 

Dm 0.028 ± 
0.009 

0.014 ± 
0.003 

n.s. 
(0.19) 

0.053 ± 
0.012 

0.011 ± 
0.001 

** 
(0.009) 

0.038 ± 
0.014 

0.027 ± 
0.013 

n.s. 
(0.58) 

Dl 0.026 ± 
0.01 

0.012 ± 
0.002 

n.s. 
(0.23) 

0.033 ± 
0.006 

0.012 ± 
0.002 

** 
(0.01) 

0.026 ± 
0.009 

0.024 ± 
0.011 

n.s. 
(0.87) 

Cb 0.081 ± 
0.025 

0.035 ± 
0.014 

n.s. 
(0.16) 

0.087 ± 
0.028 

0.043 ± 
0.014 

n.s. 
(0.21) 

0.06 ± 
0.024 

0.093 ± 
0.036 

n.s. 
(0.48) 

GC 0.008 ± 
0.001 

0.004 ± 
0.0004 

n.s. 
(0.11) 

0.007± 
0.001 

0.004 ± 
0.0008 

n.s. 
(0.19) 

0.005 ± 
0.0008 

0.01 ± 
0.003 

n.s. 
(0.19) 

POA 0.104 ± 
0.056 

0.03 ± 
0.004 

n.s. 
(0.22) 

0.165 ± 
0.036 

0.052 ± 
0.014 

** 
(0.023) 

0.142 ± 
0.065 

0.101 ± 
0.029 

n.s. 
(0.58) 

TA 0.078 ± 
0.036 

0.026 ± 
0.011 

n.s. 
(0.21) 

0.085 ± 
0.014 

0.047 ± 
0.009 

n.s. 
(0.05) 

0.09 ± 
0.038 

0.096 ± 
0.028 

n.s. 
(0.91) 

VH 0.127 ± 
0.06 

0.054 ± 
0.019 

n.s. 
(0.28) 

0.213 ± 
0.03 

0.069 ± 
0.015 

** 
(0.002) 

0.174 ± 
0.065 

0.222 ± 
0.084 

n.s. 
(0.66) 

Vs 0.106 ± 
0.042 

0.04 ± 
0.012 

n.s. 
(0.16) 

0.142 ± 
0.04 

0.055 ± 
0.011 

n.s. 
(0.07) 

0.093 ± 
0.046 

0.061 ± 
0.023 

n.s. 
(0.56) 

Vv 0.106 ± 
0.042 

0.034 ± 
0.014 

n.s. 
(0.14) 

0.114 ± 
0.016 

0.041 ± 
0.01 

** 
(0.005) 

0.1 ± 
0.049 

0.064 ± 
0.028 

n.s. 
(0.55) 
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Table 3.4: Neuroligin-3 optical density (mean ± SE) comparisons between “high” (> 
median) and “low” (< median) transits. 

** indicates significance after correcting for multiple hypotheses; * indicates significance 
that does not survive multiple hypothesis testing; n.s., not significant 
 
Brain 
Region 

LL LS FF 
High Low p-value High Low p-value High Low p-value 

Dm 0.022 ± 
0.01 

0.02 ± 
0.003 

n.s. 
(0.8) 

0.042 ± 
0.015 

0.022 ± 
0.008 

n.s. 
(0.31) 

0.024 ± 
0.014 

0.028 ± 
0.012 

n.s. 
(0.84) 

Dl 0.024 ± 
0.011 

0.014 ± 
0.002 

n.s. 
(0.45) 

0.03 ± 
0.007 

0.016 ± 
0.004 

n.s. 
(0.14) 

0.019 ± 
0.009 

0.024 ± 
0.011 

n.s. 
(0.74) 

Cb 0.083 ± 
0.027 

0.033 ± 
0.009 

n.s. 
(0.11) 

0.098 ± 
0.025  

0.033 ± 
0.01 

* 
 (0.04) 

0.082 ± 
0.035 

0.059 ± 
0.031 

n.s. 
(0.63) 

GC 0.006 ± 
0.001 

0.006 ± 
0.002 

n.s. 
(0.98) 

0.006 ± 
0.002 

0.004± 
0.0005 

n.s. 
(0.3) 

0.009 ± 
0.003 

0.006 ± 
0.001 

n.s. 
(0.48) 

POA 0.098 ± 
0.058 

0.037 ± 
0.005 

n.s. 
(0.32) 

0.13 ± 
0.039 

0.081 ± 
0.033 

n.s. 
(0.39) 

0.104 ± 
0.054 

0.089 ± 
0.034 

n.s. 
(0.82) 

TA 0.068 ± 
0.039 

0.036 ± 
0.011 

n.s. 
(0.46) 

0.09 ± 
0.01 

0.043 ± 
0.008 

* 
(0.009) 

0.1 ± 
0.034 

0.058 ± 
0.024 

n.s. 
(0.35) 

VH 0.114 ± 
0.064 

0.067 ± 
0.019 

n.s. 
(0.5) 

0.18 ± 
0.045  

0.102 ± 
0.028 

n.s. 
(0.18) 

0.197 ± 
0.08  

0.197 ± 
0.08 

n.s. 
(0.67) 

Vs 0.082 ± 
0.044 

0.063 ± 
0.02 

n.s. 
(0.71) 

0.0135 
± 0.042 

0.062 ± 
0.015 

n.s. 
(0.14) 

0.055 ± 
0.028 

0.058 ± 
0.024 

n.s. 
(0.94) 

Vv 0.079 ± 
0.045 

0.061 ± 
0.022 

n.s. 
(0.73) 

0.101 ± 
0.022 

0.055 ± 
0.016 

n.s. 
(0.13) 

0.06 ± 
0.041 

0.061 ± 
0.029 

n.s. 
(0.97) 
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Table 3.5: Neuroligin-3 optical density (mean ± SE) comparisons between “high” (> 
median) and “low” (< median) glides. 

** indicates significance after correcting for multiple hypotheses; * indicates significance 
that does not survive multiple hypothesis testing; n.s., not significant 
 
Brain 
Region 

LL LS FF 
High Low p-value High Low p-value High Low p-value 

Dm 0.012 ± 
0.001 

0.031 ± 
0.085 

n.s. 
(0.05) 

0.024 ± 
0.009 

0.041 ± 
0.015 

n.s. 
(0.37) 

0.024 ± 
0.014 

0.026 ± 
0.01 

n.s. 
(0.92) 

Dl 0.01 ± 
0.0003 

0.028 ± 
0.01 

n.s. 
(0.1) 

0.018 ± 
0.005 

0.027 ± 
0.008 

n.s. 
(0.38) 

0.019 ± 
0.009 

0.019 ± 
0.006 

n.s. 
(0.99) 

Cb 0.042 ± 
0.014 

0.074 ± 
0.028 

n.s. 
(0.33) 

0.081 ± 
0.03 

0.05 ± 
0.014 

n.s. 
(0.38) 

0.082 ± 
0.035  

0.038 ± 
0.011 

n.s. 
(0.28) 

GC 0.005 ± 
0.0008 

0.007 ± 
0.002 

n.s. 
(0.44) 

0.006 ± 
0.002 

0.005 ± 
0.0007 

n.s. 
(0.57) 

0.009 ± 
0.003 

0.004 ± 
0.0004 

n.s. 
(0.24) 

POA  0.028 ± 
0.004 

0.106 ± 
0.055 

n.s. 
(0.19) 

0.111 ± 
0.04 

0.092 ± 
0.034 

n.s. 
(0.75) 

0.104 ± 
0.054 

0.116 ± 
0.053 

n.s. 
(0.88) 

TA 0.026 ± 
0.011 

0.077 ± 
0.036 

n.s. 
(0.22) 

0.066 ± 
0.017 

0.066 ± 
0.012 

n.s. 
(0.98) 

0.1 ± 
0.034 

0.065 ± 
0.03 

n.s. 
(0.46) 

VH 0.054 ± 
0.019 

0.125 ± 
0.061 

n.s. 
(0.31) 

0.151 ± 
0.053 

0.131 ± 
0.028 

n.s. 
(0.75) 

0.197 ± 
0.08 

0.132 ± 
0.052 

n.s. 
(0.52) 

Vs 0.028 ± 
0.003 

0.117 ± 
0.038 

n.s. 
(0.05) 

0.073 ± 
0.022 

0.124 ± 
0.043 

n.s. 
(0.33) 

0.055 ± 
0.028 

0.082 ± 
0.043 

n.s. 
(0.63) 

Vv 0.022 ± 
0.003 

0.118 ± 
0.039 

* 
(0.04) 

0.072 ± 
0.028 

0.084 ± 
0.014 

n.s. 
(0.72) 

0.06 ± 
0.04 

0.086 ± 
0.043 

n.s. 
(0.68) 
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