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Abstract

Numerous animal species display behavioral changes in response to changes in social status or 

territory possession. For example, in male European starlings only males that acquire nesting sites 

display high rates of sexual and agonistic behavior. Past studies show that mu and delta opioid 

receptors regulate behaviors associated with social ascension or defeat. Opioids also act at kappa 

receptors, with dynorphin binding with the highest affinity; however, the role of these opioids in 

social behavior has not been well studied. We observed flocks of male starlings during the 

breeding season and ran quantitative real-time polymerase chain reaction (qPCR) to measure 

expression of kappa opioid receptors (OPRK1) and prodynorphin (PDYN) in brain regions 

involved in social behavior and motivation (ventral tegmental area [VTA], medial preoptic nucleus 

[mPOA]) and vocal behavior (Area X). Males with nesting territories displayed more sexual/

agonistic behavior than males without nesting territories. They also had lower OPRK1 expression 

in VTA and mPOA. OPRK1 expression in VTA correlated negatively with sexual/agonistic 

behaviors, consistent with past studies showing kappa receptors in VTA to inhibit sociosexual 

behaviors. PDYN in mPOA correlated negatively with a measure of nesting behavior that may also 

reflect sexual motivation. PDYN in Area X related positively to song. Distinct patterns of OPRK1 

and PDYN expression in VTA, mPOA, and Area X related to gonad volume, suggesting that 

breeding condition may modify (or be modified by) OPRK1 and PDYN expression. Studies are 

now needed to further characterize the role of OPRK1 and PDYN in status-appropriate social 

behaviors.
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1. Introduction

Many species dramatically alter vocal, sexual, and agonistic behaviors in response to 

changes in social status or territory acquisition (e.g., [1–6]); however, the neural mechanisms 

underlying these status-appropriate changes are not well characterized. Opioid 

neuropeptides and receptors are distributed widely in the brain and are well-studied for roles 

in addiction, learning and memory, feeding, analgesia, and reward (e.g., [7]). Endogenous 

opioid systems also regulate social behaviors, including behaviors that change in association 

with social ascension or defeat (e.g., sexual and agonistic behaviors), suggesting opioids as 

candidate modulators of status-appropriate behavior.

Most research on the role of opioids in social and sexual behavior is on mu and delta opioid 

receptors and their high-affinity ligands, which include beta-endorphin and enkephalin 

opioids. Multiple studies indicate that these receptors and ligands act region-specifically to 

reward and reinforce sociosexual behaviors (e.g., [8–12]). Although less studied, opioids 

also act at kappa receptors, with the opioid dynorphin binding with the highest affinity to 

these receptors [13, 14]. In contrast to mu and delta receptors and their ligands, dynorphin 

and the stimulation of kappa receptors induces dysphoria and place aversion (e.g., [15–18]). 

The kappa/dynorphin system generally inhibits sexual [19, 20], prosocial [18, 21], and 

agonistic behaviors [22], including vocal behaviors associated with positive social contact in 

rats [23]. This system intensifies submissive behavior and stress after social defeat in mice 

[22, 24] and is less sensitive in mice that repeatedly win social interactions [25, 26]. This 

suggests that the kappa/dynorphin system may be important for adjusting behavior to match 

changes in social status.

Male European starlings, Sturnus vulgaris, are seasonally breeding songbirds that provide an 

excellent study species in which to examine the neural bases of status-appropriate behavior. 

At the onset of the breeding season in spring, testosterone concentrations rise and males 

compete for nesting territories. Males that fail to acquire a nesting territory tend to avoid 

other males and appear to ignore females. In contrast, males that win a territory sing high 

rates of courtship song to females, gather green nesting material, and more often displace 

other males [4, 6, 27–30]. Because males are competing over a limited resource that only 

some are able to successfully defend, we consider males that successfully acquire and 

defend nest boxes to socially dominate males that fail to do so, as in prior studies of starlings 

(e.g., [29]).

Multiple studies implicate brain regions that are centrally involved in motivation in the 

regulation of status-appropriate behaviors. These areas include the ventral tegmental area 

(VTA) and the medial preoptic nucleus (mPOA) [31–37]. The mPOA is larger, and both the 

mPOA and VTA express more cFOS in male starlings with nesting territories compared to 

those without nesting territories [6, 38]. Mu opioid receptors and enkephalin measures are 

also higher in males without compared to those with nest sites [28, 39]; however the kappa/

dynorphin system has not been examined previously.

In male songbirds, including starlings, dopamine, dopamine metabolites and activity in 

dopaminergic neurons in VTA (that project to the striatum) relate positively to production of 
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sexually-motivated song [40–45]). In rats, kappa receptors on dopamine neurons in VTA 

inhibit neuronal firing [46], induce aversion [17, 47–49], and block female-directed sexual 

behaviors [20]. Kappa receptor mRNA levels in VTA are also reduced in male mice that 

repeatedly win agonistic interactions [26]. These studies lead to the prediction that the 

kappa/dynorphin system will be downregulated in the VTA in male starlings that win nesting 

sites and display high rates of sexually-motivated behavior to females. We made a similar 

prediction for mPOA based on past work that shows a central role for the mPOA in female-

directed song in songbirds [50–52] and that kappa receptor stimulation in the mPOA inhibits 

male sexual behavior in rats [20]. Finally, in songbirds Area X is a striatal brain region that 

receives dense projections from VTA as well as the substantia nigra [53–57]. Area X 

regulates vocal learning and the adjustment of song structure to match specific social 

contexts [58–62]. Given the function of this region and the fact that it is rich in kappa opioid 

receptors [63], it is possible that the kappa/dynorphin system in Area X may play a role in 

adjusting song attributes to match social status.

If the kappa/dynorphin opioid system modifies behavior to match social status, this may be 

reflected in mRNA expression levels. To test this prediction, we observed flocks of male 

starlings in outdoor aviaries during the breeding season, collected brains and ran quantitative 

real-time polymerase chain reaction (qPCR) to measure expression of kappa opioid 

receptors (OPRK1) and prodynorphin (PDYN) in VTA, mPOA and Area X in males with 

and without nesting sites.

2. Material and methods

2.1 Animals and housing

Twenty male starlings were used in this study. All birds were trapped in winter 2009–2010 

on a local farm in Madison, WI using baited fly-in traps. Each male was banded with 

stainless steel identification bands and a unique combination of plastic color bands for 

individual identification. Birds were housed indoors in single sex cages (91 cm x 47cm x 47 

cm; 5 birds/cage) in the University of Wisconsin Department of Zoology animal facility. 

Birds were exposed to artificial photoperiods of 18h light (L):6h dark (D) for 6 weeks, 

followed by 6 weeks of 8L:16D to induce photosensitivity, a condition in which exposure to 

a long spring photoperiod will stimulate testosterone production and male sexual behaviors 

[64]. All procedures and protocols followed the guidelines of the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals and a protocol approved by the 

University of Wisconsin Institutional Animal Care and Use Committee.

2.2 Behavioral observations

Photosensitive males were placed into outdoor aviaries (2.13 m x 2.4 m x 1.98 m) and 

exposed to a natural spring photoperiod (approximately 13L:11D). Aviaries contained 4 nest 

boxes, perches, nesting material, baths, food and water. Initially twenty-five male starlings 

were randomly placed into the aviaries (5 birds / aviary) and allowed to habituate for 7-days; 

however, over the course of the study 5 birds were removed for various reasons (e.g., 

concerns about injury from agonistic interactions) leaving 20 birds. After the habituation 

period, male behaviors were observed in response to a female stimulus bird for 20 min on 4 
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consecutive days. Prior to each observation period a single observer placed a handful of 

green nesting material and a stimulus female into the aviary. Stimulus females consisted of 4 

photosensitive females that were housed in standard cages indoors on a photoperiod 

mimicking the natural outdoor photoperiod. A different stimulus female was used on each 

test day. During each 20 min observation period, the observer noted the number of times a 

male 1) approached another male [landed within approx. 4cm] followed by that male’s 

departure (displacements), 2) waved his wings (courtship behavior), 3) gathered nest 

material, 4) looked into a nest box, and 5) produced a full song (song rate). The observer 

also used a stop watch to record the time each male spent singing in secs. Finally, the 

observer recorded bouts of eating and drinking, with bouts of behavior separated by at least 

2 seconds. Each male was categorized as a nest box owner or non-owner, with owners 

identified as males that spent a majority time near a nest box opening or were observed 

entering and exiting the box. Males that acquired nest boxes displaced other males 

significantly more often than males without nest boxes (comparison of median displacement 

behavior in males with and without nest boxes; t1,16 = 9.83, p = 0.0064), confirming that 

these males were socially dominant. After each observation period, the stimulus female was 

returned to her home cage. The median behavior for each male across the 4 test days was 

used for analyses.

2.3 Quantitative real-time polymerase chain reaction preparation and analyses

After the last behavioral observation (on day 4), males were rapidly decapitated, trunk blood 

was collected, and brains were removed and flash frozen in isopentane (C5H12) in a 

container surrounded by dry ice. Brains were stored at −80°C and then sectioned coronally 

using a cryostat −15°C. 200μm sections were collected and placed onto microscope slides. 

Using a Stoelting brain punch set (#57401), 2 punches were collected from Area X and VTA 

(one from each hemisphere), and a single central punch was taken from mPOA (punch sizes 

and locations are shown in Figure 1).

Tissue punches were stored in 0.5 ml microcentrifuge tubes at −80°C until RNA extraction. 

Punches were homogenized with an electric Dremel tool and RNA was extracted with a Bio-

Rad Aurum Total RNA Fatty and Fibrous Tissue Kit (Catalog No. 732-6830; Bio-Rad, 

Hercules, CA). The concentration of RNA was measured with a Nanodrop system (Thermo 

Scientific, Wilmington, DE). RNA integrity was verified with Agilent 2100 BioAnalyzer and 

Agilent RNA 6000 Pico Kit (Agilent Technologies, Santa Clara, CA) on a subset of samples. 

The RNA (100ng) was converted into single stranded cDNA using Invitrogen SuperScript III 

First-Strand Synthesis System (Catalog No. 18080-051; Life Technologies, Carlsbad, CA). 

Following cDNA conversion, relative gene expression for kappa opioid receptor (OPRK1) 

and prodynorphin (PDYN) was determined for each brain region as a normalized ratio to 

reference genes as described below. (As part of separate studies, tissue from this set of males 

was also used to examine androgen receptor, endocannabinoid CB1 receptor, opioid-related, 

dopamine-related and neurotensin-related mRNA [65–68]).

Primers for OPRK1 and PDYN were designed (NCBI Gene Database, Primer-Blast) using 

the chicken (Gallus gallus) genome for qPCR analysis (Table 1). The qPCR reaction product 

was sequenced using Sanger sequencing with both forward and reverse primers at the 
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University of Wisconsin Biotechnology Center (Table 1). Using NCBI BLAST this sequence 

matches the intended targets. Two reference genes (glyceraldehyde-3-phosphate 

dehydrogenase [GAPDH]; hypoxanthine-guanine phosophoribosyltransferase [HPRT]) were 

also analyzed to normalize mRNA levels across samples. These reference genes were 

selected because expression has been found to be similar in starlings tested in different 

seasons and associated hormone conditions [69, 70]. The primers used for reference genes 

were previously shown to match the intended targets (using Sanger sequencing) in starlings 

[71].

Samples were prepared in qPCR reaction tubes containing sample cDNA, nuclease free 

water, forward and reverse primers (5μM; University of Wisconsin), and SsoFast EvaGreen 

Supermix (Catalog No. 172-5201; Bio-Rad, Hercules, CA). Five standards were run with 

each plate of samples (1:10 serial dilution, starting concentration at 500ng/μl), along with a 

negative control (nuclease free water substituted for cDNA). Standards and samples were 

run in triplicate on each plate and all plates were read with the BioRad CFX96 Touch Real-

Time PCR Detection System (Catalog No. 185-5195; Bio-Rad, Hercules, CA). Each qPCR 

run consisted of the following: an initiation step at 95°C for 30s, followed by 40 cycles of 

95°C for 5s, a 30s annealing phase, a 20s elongation phase at 72°C, and a melt curve from 

60°C to 88°C, 0.5 degrees for each 5s step. Plates were read following each elongation and 

melt curve step. Criteria for inclusion in the dataset were: run efficiencies between 90–

110%, an R2 of at least 0.990, and a melt curve displaying a single peak indicative of primer 

specificity.

Testosterone and Gonad Volume—Measures of plasma testosterone for these males 

were reported previously as part of another study, and testosterone concentrations were all in 

the range typical of male starlings in the breeding season [66]. We previously reported [27] 

that although testosterone tended to be higher in the males used in this study with nest boxes 

compared to those without nest boxes, this was not significant (p = 0.22 in the subset of 

birds from [27] reported here). We also found no relationships between testosterone and 

PCA factors or OPRK/PDYN expression. This is likely because in this study birds were 

captured and handled for varying amounts of time when blood samples were collected for 

the testosterone assay, and the acute stress of handling and restraint rapidly alters circulating 

testosterone concentrations in starlings [72]. Therefore, to gain some insight into breeding 

physiology, we estimated gonad volume which increases in spring and peaks when 

testosterone is highest at the time of breeding (e.g., [73, 74]. We used calipers to measure the 

length and width of the gonads for each male and calculated an estimate of gonad volume 

using an elliptical volume equation (Volume= 4/3π (0.5 width2 * 0.5 length)). The average 

of both testes for each bird was then calculated [75, 76].

2.4 Statistical analyses

The Pfaffl Method [77] was used to calculate relative levels of gene expression. This method 

is similar to the commonly used 2 delta-delta Ct method [78] but rather than assuming a run 

efficiency of 100%, it allows input of efficiencies for each individual run [77]. The mean 

cycle threshold (Ct; amplification threshold = 200 RFU) values of all samples were 

transformed using this method, and the geometric mean of the Ct values for the two 

Riters et al. Page 5

Behav Brain Res. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reference genes for each region was used to transform the Ct values for each gene analyzed 

to a normalized ratio.

All data were analyzed with Statistica software (StatSoft, Tulsa, OK). For each analysis 

residuals were examined and outliers identified using standard residual > 2 standard 

deviations. We did not remove any outliers from analyses because inclusion or removal did 

not dramatically alter results.

Here we measured multiple variables that may be assessing similar, correlated aspects of 

behavior. With such data sets, principal component analysis can be used to reduce multiple 

variables to a smaller set of factors that explains most of the variance in the full data set. We 

entered the median value across the four test days for song rate, time singing, displacements, 

wing waving, gathering of nest material, looking in a nest box, feeding, and drinking as well 

as mean gonad volume into our analysis. Two of the 20 birds were dropped from analysis 

due to extreme behavior. One did not display any of the measured behaviors across the 4 

observation days, indicating possible illness; and one became extremely aggressive on the 

last test day (e.g., this bird displaced others 27 times on the last day of observation compared 

to a mean of 2.4 times for all other birds). Inclusion of either of these birds dramatically 

altered patterns of behavioral and gene expression results. A MANOVA was used to 

compare the factors identified using principal component analysis in males with and without 

nesting sites.

High quality tissue punches were collected for 17 individuals for mPOA (9 without nest 

boxes and 8 with nest boxes), for 15 individuals from Area X (7 without nest boxes and 8 

with nest boxes), and for 16 individuals from VTA (8 without nest boxes and 8 with nest 

boxes). Three MANOVAs (one for each brain region) were run to test for differences in 

OPRK1 and PDYN expression in males with and without nesting sites. We did not include 

all brain regions in a single MANOVA because each region was missing punches from 

different individuals, resulting in a drop in sample size. Sequential Bonferroni procedures 

were run to adjust p values to correct for multiple comparisons and this is reported in the 

results section. Post hoc Fisher’s LSD tests were run when ANOVA results were significant, 

which resulted in 4 post hoc comparisons. To assist in interpretation of results, as 

recommended by the American Statistical Association [79], we also report confidence 

intervals and effect sizes using Cohen’s d values to provide insight into the strength of 

differences between categorical variables with 0.20, 0.50, and 0.80 considered loose 

benchmarks for small, medium, and large effect sizes [80].

Standard multiple regression analyses were used to determine the statistical contributions of 

each factor identified using principal component analysis to mRNA expression in mPOA 

and VTA. Area X is a song control nucleus, and there are no data to implicate this region in 

any of the non-song behaviors included in the factors created using principal component 

analysis. Therefore, we ran a separate set of multiple regression analyses with only time 

spent singing and gonad volume entered as independent variables and OPRK1 and KAPPA 

mRNA expression in Area X entered as the outcome variables. Time singing and song rate 

were correlated so both could not be entered into a single multiple regression. Results were 

nearly identical using either song measure, and we report here only results of analysis of 
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time singing to avoid redundancy. Finally, for this analysis we removed birds that did not 

sing more than once across test days. Because there are many reasons for a bird not to sing 

(e.g., a bird is startled by an unexpected sound, a bird is asleep or a bird simply doesn’t sing 

etc…) it is not possible to know in non-singers if the values are being matched to a bird’s 

propensity to sing. Consistent with this idea, unlike singers (results reported below), the non-

singers displayed a wide range of OPRK1/PDYN values (OPRK1 mean =0.78, median = 

0.91, min = 0.16, max = 1.11; PDYN mean =0.84, median = 0.88, min = 0.24, max = 1.41) 

that did not relate uniformly to a lack of singing behavior. Standardized Betas are reported 

for multiple regression analyses as indices of effect sizes (with 0.20, 0.50, and 0.80 

considered loose benchmarks for small, medium, and large effect sizes) [80].

3. Results

3.1 Principal component analysis

Eigenvalues for the first 4 factors were well above 1.00 (which indicates that principal 

components account for more variance than that explained by one of the original variables in 

the original data set [81]). These 4 factors explained 83.99% of the variance in the full data 

set (Table 2). Eigenvector coefficients (i.e., loadings) of 0.60 or higher (which is considered 

an appropriate cutoff when samples sizes are <100; e.g., [82]) were found for factors 1, 3 

and 4 (Table 3).The first factor had high loadings for behaviors involved in attracting 

females and defending nesting territories and we refer to it as Factor 1: sexual/agonistic 

behavior. The second factor had no loadings >0.60; however gathering nest material, looking 

in the nest box, song rate, and time singing had loadings >0.50, which is slightly less 

conservative cutoff used in similar papers [83]. For the song measures the loadings were 

negative and for the nesting-related behaviors the loadings were positive, meaning 

individuals that had high nesting scores tended to sing less. We refer to this as Factor 2: 

nesting behavior. The third factor had high loadings for feeding and drinking and we refer to 

it as Factor 3: feeding and drinking. The fourth factor had a high loading for gonad volume 

and we refer to it as Factor 4: gonad volume.

Nest site possession and principal components—A MANOVA in which Factor 1 

(sexual/agonistic behaviors), Factor 2 (nesting), Factor 3 (feeding and drinking), and Factor 

4 (gonad volume) were entered as repeated measures variables and whether or not a male 

owned a nesting site (nest box owner versus nonowner) was entered as a between subjects 

variable revealed a significant main effect for nest site ownership: F1,16 = 25.62, p = 0.0001 

but no significant factor effect (F3,48 = 0.00, p = 1.00) or factor x nest site ownership 

interaction (F3,48= 0.88, p = 0.456); Figure 2). Fisher’s LSD post hoc tests revealed that 

Factors 1 and 2 were significantly higher in owners compared to nonowners (Factor 1: p = 

0.0003; Factor 2: p = 0.031). No differences were detected between owners and nonowners 

for Factor 3 (p = 0.064) or Factor 4 (p = 0.264).

3.2 Nest site possession and mRNA expression

Results of an ANOVA in which measures of OPRK1 and PDYN for VTA were entered as 

repeated measures variables and whether or not a male owned a nesting site (nest box owner 

versus nonowner) was entered as a between subjects variable revealed a significant main 
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effect for nest box ownership (F1,14= 11.09, p = 0.005; p value correction procedures for 

multiple comparisons are detailed below) with higher gene expression observed in males 

without nest boxes than males with nest boxes (Figure 3). Fisher post hoc comparison 

revealed that this was significant for OPRK1 (p = 0.011) but not PDYN (p = 0.096). Large 

effect sizes (i.e., Cohen’s d values > 0.80) were found for both OPRK1 and PDYN 

expression in VTA (Table 4). No significant differences were found between OPRK1 and 

PDYN expression (F1,14= 2.22, p = 0.159) and there was no significant expression x nest 

box owner interaction (F1,14= 0.70, p = 0.416; Figure 3).

Results of the ANOVA for mPOA revealed a significant main effect for nest box ownership 

(F1,15= 5.45, p = 0.034) with higher gene expression observed in males without nest boxes 

than males with nest boxes (Figure 3, Table 4). Fisher post hoc comparisons revealed that 

this was significant for OPRK1 (p = 0.021) but not PDYN (p = 0.474). No significant 

differences were found between markers (F1,15= 0.34, p = 0.571) and there was no 

significant marker x nest box owner interaction (F1,15= 3.23, p = 0.092). A large effect size 

was found for OPRK1 and an effect size close to medium was found for PDYN expression 

in mPOA (Table 4).

Results of the ANOVA for Area X revealed no significant main effects (nest box ownership: 

F1,13= 0.23, p = 0.643; marker: F1,13= 1.92, p = 0.189) or interactions (F1,13= 4.43, p = 

0.055) (Figure 3, Table 4).

Main effects for nest box ownership remained significant for VTA when a sequential 

Bonferroni correction was used to adjust the p value for running 3 separate ANOVAs for 

each brain region (p for nest box main effects shifted to 0.017 for lowest p value [which was 

0.005 for VTA]); however for mPOA the p value (0.034) was not under the adjusted p value 

of 0.025. The post hoc result for VTA OPRK1 also remained significant when a sequential 

Bonferroni correction was used to adjust the p value for the 4 post hoc comparisons run for 

the 2 significant overall ANOVAs (the VTA and mPOA ANOVAs). This shifted p to 0.0125 

for the lowest p value [which was 0.011 for VTA] and to 0.017 for the second lowest value 

[which was 0.021 for mPOA]). Significance was thus lost for the second highest p value for 

mPOA OPRK1; however the effect size in this case was large (Table 4).

3.3 Nest site possession, principal components, and mRNA expression

A standard multiple regression analysis in which OPRK1 expression in VTA was entered as 

the outcome variable and Factor 1, Factor 2, Factor 3, and Factor 4 were entered as 

independent variables was significant (Table 5) with Factor 1 (sexual/agonistic behaviors) 

and Factor 4 (gonad volume) relating negatively to OPRK1 expression in VTA (Figure 4). 

The same analysis run with PDYN in VTA as the outcome variable was not significant 

(Table 5).

For the same analyses run with OPRK1 in mPOA as the outcome variable the overall 

multiple regression was not significant (Table 5); however, one variable (Factor 3: feeding 

and drinking) related negatively to mPOA OPRK1 expression. With PDYN in mPOA as the 

outcome variable, the same analysis was significant (Table 5) with both Factor 2 (nesting) 
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relating negatively and Factor 4 (gonad volume) relating positively to mPOA PDYN 

expression.

A standard multiple regression analysis in which OPRK1 expression in Area X was entered 

as the outcome variable and median time spent singing and mean gonad volume entered as 

independent variables was significant (Table 6) with gonad volume contributing positively 

(Figure 4). Results of the same analysis with PDYN in Area X entered as the outcome 

variable were also significant (Table 6) with median time singing contributing positively 

(Figure 4).

4. Discussion

The results presented here show strong associations between status-appropriate behaviors 

and kappa/dynorphin-related gene expression in brain regions involved in social motivation 

(VTA and mPOA) and vocal behavior (Area X). Based on past studies demonstrating a 

causal role for the kappa/dynorphin system in sociosexual behaviors [18–23], we interpret 

our results to support a causal role for this system in the behaviors examined here. However, 

these findings are correlational and may reflect the non-mutually exclusive possibility that 

agonistic and sexual behaviors modify kappa/dynorphin-related gene expression (or that an 

unidentified third variable is involved).

4.1 Nest site possession, OPRK1/PDYN expression, and behavior

Principal component analysis revealed four robust factors that we describe as Factor 1: 

sexual/agonistic behavior, Factor 2: nesting behavior, Factor 3: feeding and drinking, and 

Factor 4: gonad volume based on the primary variables loading onto each factor. As 

expected based on multiple past studies [4, 6, 27–30], sexual/agonistic and nesting behaviors 

were significantly higher in males that acquired nest boxes than males without nest boxes. 

Males with nest boxes had lower relative expression of OPRK1 in both VTA and mPOA 

than males without nest boxes (with a similar trend observed for VTA PDYN). No 

differences were found for PDYN in mPOA or either measure in Area X. (Note, although the 

p value for the mPOA analysis was not significant after sequential Bonferroni correction, the 

effect size was large, which when paired with a borderline p value suggests a biologically 

relevant effect [84].) These findings suggest that acquisition of a nest box may reduce kappa/

dynorphin activity to promote sexual/agonistic and nesting behaviors. However, it is also 

possible that individuals that already had low kappa/dynorphin activity were more likely to 

obtain nesting sites.

Although, the causal relationships between mRNA expression and behavior remain to be 

determined, prior studies in male mice demonstrate that winning agonistic interactions 

causes a reduction in kappa mRNA expression in VTA [26]. Furthermore, kappa receptors 

on dopaminergic neurons in VTA inhibit neuronal firing and sexually-motivated behaviors in 

rats [20, 46]. If in male starlings the acquisition of a nesting site (which involves winning 

agonistic interactions against male rivals) reduces kappa expression in VTA, this may lead to 

a reduction of kappa-inhibition of dopamine release, which would lead to increased 

production of sexually-motivated behavior. This prediction is supported in our study by the 

strong negative correlation that we found between the sexual/agonistic behavior factor and 
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OPRK1 expression in VTA. Studies are now needed to test the prediction that blocking 

kappa receptor inhibition of dopaminergic neurons in VTA will facilitate dopamine release 

and female-directed song.

The finding that OPRK1 mRNA was also lower in mPOA in males with nest sites (i.e., 

males that show sexually-motivated behavior) compared to those without nest sites, is also 

consistent with prior studies showing that injection of a kappa receptor-selective agonist into 

mPOA suppresses sexually-motivated behavior in male rats [20]. We also found a negative 

correlation between the factor that we refer to as “nesting” and PDYN expression in mPOA. 

If nesting is considered a reflection of sexual motivation, then this is consistent with an 

inhibitory role for dynorphin in mPOA in male sexually-motivated behavior [20]. However, 

for this factor loadings for singing behavior (another reflection of sexual motivation) 

contrasted with nesting behaviors. This means that although PDYN expression in mPOA 

was lower in birds that showed high rates of nesting behavior, it was higher in birds singing 

at high rates. This may reflect a trade-off as a bird cannot sing and carry nesting material at 

the same time; however, interpretation is not straightforward. Furthermore, past studies show 

that in contrast to OPRK1 receptor specific manipulation, dynorphin in the mPOA [85] (as 

well as VTA [86]) stimulates sexual behavior in male rats. This may be because dynorphin 

(as opposed to kappa-specific agonists) also binds to delta and mu receptors [20]. Given that 

male starlings with nest sites demonstrate high levels of sexually-motivated behavior, it may 

be that acquiring a nesting site reduces kappa expression as well as PYDN in mPOA to 

reduce kappa-mediated inhibition of sexual behavior; however, this must be tested using 

experimental manipulations in future studies.

In Area X there were no significant differences in OPRK1 or PDYN expression in males 

with or without nest sites; however we did see a positive correlation between PDYN 

expression in the striatal region, Area X, and the amount of time spent singing (in singing 

males). In mammals, dynorphin-containing neurons in the striatum that project directly to 

the substantia nigra are thought to act as part of a negative feedback system to inhibit 

excessive activation of substantia nigra neurons by dopamine [87]. In songbirds Area X does 

not appear to project directly to substantia nigra (or to VTA). Instead, it projects to each of 

these regions indirectly via the ventral pallidum, which sends projections that terminate in 

the substantia nigra and VTA that then carry information back to Area X [88]. This suggests 

that, similar to what is observed in rats, dynorphin is positioned to influence activity in an 

anatomical loop in which the striatum (Area X) can control its own dopaminergic input, 

which may then modulate context-dependent song variability [62, 89]. In addition to VTA 

(reviewed above), catecholamine systems in substantia nigra relate to female-directed 

singing behavior in songbirds [43, 90]. It is thus possible that the positive relationship that 

we observe between PDYN in Area X and singing behavior relates to indirect PDYN 

projections from Area X to substantia nigra and VTA acting to fine tune dopamine release to 

optimize singing behavior to match social status.

4.2 OPRK1 expression and gonad volume

Our results revealed positive correlations between measures of gonad volume and OPRK1 

expression in both mPOA and Area X. We additionally report a negative relationship 
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between gonad volume and OPRK1 expression in VTA. These findings are similar to those 

of a study in dark-eyed juncos (seasonally breeding songbirds) in which densities of kappa 

receptors measured using autoradiography tended to be higher in mPOA and lower in VTA 

in summer when gonads were large compared to fall when they were fully regressed [91]; 

however, in Area X they did not change in another junco study [63]. These findings may 

relate to testosterone influencing OPRK1 expression, given past studies in rodents and rams 

that show that testosterone and its metabolite estradiol can region-specifically alter mRNA 

expression for kappa opioid receptors or prodynorphin [92, 93]. However, given that 

testosterone and corresponding large gonads generally relate positively to sexually-

motivated behavior, it is difficult to understand why gonad volume would relate positively to 

kappa receptors in mPOA (given that they act in this region to inhibit sexual behavior [20]). 

It is also possible that singing behavior contributed to differences in OPRK1 and PDYN 

expression. Future studies are now needed to understand these results.

4.3 Interpretational Considerations

We interpret our data to suggest that high OPRK1 and PDYN mRNA expression reflects 

high kappa receptor and dynorphin synthesis and subsequent translation into protein; 

however, there are several important caveats. First, qPCR alone does not provide information 

about translational and post-translational regulation of kappa receptors or dynorphin, 

including availability of mRNA for translation or post-translational receptor migration and 

turnover. Second, with the existing study design, we do not know whether preexisting 

OPRK1 and PDYN differences in the brain drive behavioral differences or whether behavior 

or other variables influence OPRK1 and PDYN expression. Future studies using measures 

and targeted manipulations of kappa receptors and dynorphin in VTA, mPOA, and Area X 

are now needed.

4.4 Conclusions

Past data already strongly demonstrate a causal role for mu opioid receptor stimulation in 

the male starling mPOA in singing behavior and differences have been found in mu and 

enkephalin protein measures in mPOA and VTA in males with and without nesting sites [28, 

39]. The present results for the first time also suggest potential causal relationships between 

the kappa/dynorphin system in mPOA, VTA, and Area X and these behaviors. Mu and 

kappa receptors can have opposing actions [21, 94] and bind different opioids with different 

affinities. Distinct opioid receptor subtypes can also heterodimerize [95]. This suggests that 

a complex interplay among the specific opioids released (e.g., dynorphin, enkephalin, beta-

endorphin), the levels of opioid release (e.g., at low levels dynorphin primarily binds to 

kappa receptors, at higher levels it binds to other receptors), and the concentrations of 

different opioid receptors may function to fine tune status-appropriate behavior.
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Abbreviations

mPOA medial preoptic nucleus

OPRK1 kappa opioid receptor

PDYN prodynorphin

qPCR quantitative real-time polymerase chain reaction

VTA ventral tegmental area
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Highlights

• Dominant male starlings had lower OPRK1 mRNA in 

VTA and mPOA than subordinates

• OPRK1 in VTA related negatively to sexual/agonistic 

behaviors and gonad volume

• PDYN in mPOA related negatively to nesting behaviors 

and positively to gonad volume

• Area X PDYN related positively to singing; OPRK1 

related positively to gonad volume

• Kappa receptors/dynorphin relate to individual 

differences in sociosexual behaviors
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Figure 1. 
Location of tissue punches illustrated in one, coronal hemisphere of a starling brain. Punches 

were taken bilaterally from Area X and VTA. For mPOA a single central punch was 

collected. Sections progress rostrally to caudally from A–C. Approximate punch sizes and 

locations are represented by circles centered in Area X and mPOA (1.25 mm diameter) and 

VTA (0.75 mm diameter). Abbreviations listed alphabetically: A = arcopallium; Cb = 

cerebellum; CO = optic chiasm; CoA = anterior commissure; GP = globus pallidus; HP = 

hippocampus; HVC = used as a proper name; ICo = nucleus intercollicularis; LS = lateral 

septum; LSt = lateral striatum; MMAN = medial magnocellular nucleus of anterior 

nidopallium; MSt = medial striatum N = nidopallium; NIII = 3rd cranial nerve; PAG = 

periaqueductal gray; PVN = periventricular nucleus; Rt = nucleus rotundus; v = ventricle; 

VMN = ventromedial nucleus of the hypothalamus.
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Figure 2. 
Territory ownership and principal components. Differences in means for the four main 

factors identified using principal component analysis for males with (filled bars) and those 

without (open bars) nest boxes. * indicates p<0.05 in posthoc comparisons. Confidence 

intervals and effect sizes are reported in Table 4.
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Figure 3. 
Mean OPRK1 and PDYN expression levels in VTA, mPOA, and Area X for males with 

(filled bars) or without (open bars) nest sites. * indicates p<0.05 in posthoc comparisons.
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Figure 4. 
Scatterplots showing relationships between OPRK1 and PDYN expression in VTA and 

mPOA and principal components; and between expression in Area X and median time 

singing and gonad volume. Each point represents data for an individual male. Filled points 

indicate males with nest sites; open points indicate males without nest sites. Regression line 

indicates p < 0.05.
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Table 2

Eigenvalues and % variance explained by each factor

Factor Eigenvalue % Total variance Cumulative Eigenvalue Cumulative %

1 3.17 35.26 3.17 35.26

2 1.78 19.75 4.95 55.02

3 1.45 16.07 6.40 71.09

4 1.16 12.90 7.56 83.99

5 0.75 8.38 8.31 92.37

6 0.46 5.12 8.77 97.49

7 0.19 2.16 8.97 99.65

8 0.03 0.30 9.00 99.96

9 0.00 0.04 9.00 100.00
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Table 4

OPRK1 and PDYN mRNA: Confidence intervals and effect sizes for males with and without nest boxes

VTA OPRK1 expression CI -95 CI +95 Effect size (Cohen's d)

no box (n = 8) 1.27 1.60 1.38

box (n = 8) 0.58 1.33

VTA PDYN expression

no box (n = 8) 0.93 1.43 1.02

box (n = 8) 0.64 1.12

mPOA OPRK1 expression

no box (n = 9) 0.90 1.18 1.27

box (n = 8) 0.64 0.94

mPOA PDYN expression

no box (n = 9) 0.87 1.09 0.46

box (n = 8) 0.79 1.03

Area X OPRK1 expression

no box (n = 7) 0.30 0.95 0.69

box (n = 8) 0.61 1.09

Area X PDYN expression

no box (n = 7) 0.34 1.02 0.30

box (n = 8) 0.41 0.77
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