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 47 
 48 
Abstract  49 
  50 
 51 
Prairie vole breeder pairs form monogamous pair bonds, which are maintained 52 
through the expression of selective aggression toward novel conspecifics. Here, we 53 
utilize behavioral and anatomical techniques to extend the current understanding of 54 
neural mechanisms that mediate pair bond maintenance. For both sexes, we show that 55 
pair bonding up-regulates mRNA expression for genes encoding D1-like dopamine 56 
(DA) receptors and dynorphin as well as enhances stimulated DA release within the 57 
nucleus accumbens (NAc). We next show that D1-like receptor regulation of selective 58 
aggression is mediated through downstream activation of kappa-opioid receptors 59 
(KORs) and that activation of these receptors mediates social avoidance. Finally, we 60 
also identified sex-specific alterations in KOR binding density within the NAc shell of 61 
paired males and demonstrate that this alteration contributes to the neuroprotective 62 
effect of pair bonding against drug reward. Together, these findings suggest 63 
motivational and valence processing systems interact to mediate the maintenance of 64 
social bonds. 65 
 66 
 67 
 68 
 69 
 70 
 71 
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Introduction 72 
 73 

The ability to maintain meaningful social bonds is a critical component of human 74 
health and mental well being, yet the neural capacity to maintain such relationships is not 75 
well understood. The socially monogamous prairie vole (Michrotus ochrogaster) presents 76 
an ideal animal model to study the neural correlates of social bond maintenance because, 77 
unlike most mammals (Kleiman, 1977), prairie voles form selective and enduring 78 
attachments to their mating partner (Aragona & Wang, 2009). In both the field and 79 
laboratory, the maintenance of these bonds is associated with the expression of selective 80 
aggression towards novel conspecifics as well as selective affiliation with the mating 81 
partner (i.e., mate guarding) (Carter & Getz, 1993). Importantly, the expression of 82 
selective aggression provides a robust and reliable assay that can be utilized in a 83 
laboratory setting to deconstruct neural signaling pathways involved in the regulation of 84 
social bond maintenance. 85 

To date, laboratory studies have identified that the expression of selective 86 
aggression, and therefore pair bond maintenance, requires the activation of both D1-like 87 
dopamine (DA) and kappa-opioid receptors (KORs) within the nucleus (NAc) shell as 88 
blockade of either one of the receptors attenuates aggressive rejection of novel 89 
conspecifics (Aragona et al., 2006; Resendez et al., 2012). Thus, regulation of pair bond 90 
maintenance requires neural systems that code evaluation of salient environmental stimuli 91 
as well as those that are important for the generation of motivational states (Resendez & 92 
Aragona, 2013). Interestingly, in other animal models, these receptor systems have been 93 
shown to directly interact at the molecular level (Gerfen et al., 1990; Carlezon et al., 94 
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1998) as well as in the transition between motivational states (Chartoff et al., 2015). 95 
However, it is unknown if similar interactions occur in the regulation of pair bond 96 
maintenance. This study therefore endeavored to examine pair bond induced neural 97 
plasticity within the DA and dynorphin/KOR systems as well as how these systems 98 
interact to mediate the expression of selective aggression, a well established indicator of a 99 
fully established pair bond.  100 

Given that activation of KORs is associated with aversive states (Mucha & Herz, 101 
1985; Pfeiffer et al., 1986; Shippenberg & Herz, 1986; Bals-Kubik et al., 1989), we first 102 
determined if activation of NAc KORs prior to pairing with a novel social stimulus is 103 
sufficient to tag a recently encountered social stimulus as aversive. Next, to assess how 104 
the establishment of a pair bond alters both motivational (DA) and aversive 105 
(dynorphin/KOR) processing systems, we conducted extensive anatomical, 106 
neurochemical, and functional comparisons within the striatum of male and female 107 
prairie voles.  In total, we conducted mRNA expression analysis (RT-qPCR), protein 108 
binding measurements (receptor autoradiography), and measures of DA concentration 109 
(fast-scan cyclic-voltammetry) to identify sex-specific alterations within the DA and 110 
dynorphin/KOR systems of pair bonded voles. We next utilized site-specific behavioral 111 
pharmacology to examine interactions between NAc shell D1-like and KORs in the 112 
expression of selective aggression.  Finally, in male prairie voles, we show that pair 113 
bonding, but not other social manipulations, decreases the rewarding properties of the 114 
psychostimulant amphetamine and that this attenuation requires the activation of NAc 115 
shell KORs. In total, the present study demonstrates that the development of a pair bond 116 
is underpinned by sex-specific modifications in motivational (DA/D1) and valence 117 
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(dynorphin/KOR) processing systems, that these systems interact to mediate selective 118 
aggression in both sexes, and that male specific alterations in the dynorphin/KOR system 119 
buffers against the rewarding properties of amphetamine.     120 
 121 
Results 122 
 123 
KORs within the NAc shell encode social aversion 124 

Activation of NAc shell KORs is required for the expression of selective 125 
aggression by pair bonded voles (Resendez et al., 2012); however, the psychological 126 
processes that underlie the expression of this behavior are not well understood. In other 127 
rodent species, activation of these receptors has been shown to induce aversion as well as 128 
mediate avoidance behaviors (Land et al., 2008; Al-Hasani et al., 2015). For example, 129 
pairing of a previously neutral stimulus with either an aversive experience that results 130 
in KOR activation, such as stress, or with direct pharmacological activation of these 131 
receptors results in the avoidance of that stimulus during subsequent encounters (Land 132 
et al., 2008). Given the known relationship between aversive processing of environmental 133 
stimuli, avoidance behaviors (Boren et al., 1959; D'Amato & Fazzaro, 1967), and KOR 134 
activation, we hypothesized that one mechanism in which NAc shell KORs mediate 135 
social avoidance behaviors is through the encoding of novel social stimuli as aversive.   136 

To determine if activation of NAc shell KORs during a social encounter results in 137 
social avoidance behaviors, we utilized a modified version of the partner preference 138 
paradigm (Figure 1a).  Specifically, we employed a social pairing condition (1-hr 139 
cohabitation with an opposite sex conspecific) that is insufficient to produce a preference 140 
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for the familiar partner over an unfamiliar conspecific (the stranger). A lack of a 141 
preference for either social stimulus is indicated by equivalent amounts of time spent 142 
with the partner and stranger during the social choice test, suggesting that both social 143 
stimuli are of equal valences. As expected, a Wilcoxon signed rank sum test for non-144 
parametric data demonstrated that control males treated with aCSF did not show a 145 
preference for either individual (W(5) = 33, z = -0.97, p = 0.33)  (Figure 1b, c).  146 
Conversely, male subjects that were administered a KOR agonist (1 μg U50,488) into 147 
the NAc shell immediately prior to pairing with the female partner avoided the female 148 
that had been paired with KOR activation and therefore displayed a robust preference 149 
for contact with the novel female that had not been previously paired with NAc shell 150 
KOR (Wilcoxon signed rank sum test, W(6) = 32.5, z = -2.56, p = 0.01) (Figure 1b, c).  In 151 
addition to differences in direct contact time, activation of NAc shell KORs prior to 152 
pairing with a social stimulus also resulted in differences in the duration of time spent in 153 
each stimulus chamber (two-way ANOVA, (F(2,36) = 7.07, p = 0.003). Specifically, males 154 
that received administration of a KOR agonist avoided the chamber containing the 155 
partner (Bonferroni’s post hoc test, p = 0.02) and spent more time in the chamber 156 
occupied by the stranger (p = 0.0006) (Figure 1d).   Finally, control males and males 157 
receiving site-specific administration of the KOR agonist did not differ in total contact 158 
time (time spent with partner + time spent with stranger) (t-test, t(11) = 0.35, p = 0.73), 159 
indicating that reduced contact with the partner did not result from a general decrease in 160 
motivation for social contact (Figure 1e).  Both groups of male subjects also did not 161 
differ in affiliative social behavior or grooming behavior during the 1-hr cohabitation 162 
(Figure 1–figure supplement 1).   163 
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Together, these data suggest that activation of KORs within the NAc shell induces 164 
social avoidance behaviors, potentially through the assignment of negative valence onto a 165 
previously neutral social stimulus. Given that activation of NAc shell KORs is required 166 
for the expression of selective aggression in pair bonded voles, it is possible that KOR 167 
activation within the NAc shell mediates pair bond maintenance by assigning social 168 
stimuli other than the mating partner with a negative valence signal. We therefore 169 
conducted our next series of experiments to determine how pair bonding alters neural 170 
systems involved in the regulation of selective aggression to promote pair bond 171 
maintenance.   172 

 173 
Pair bond induced alteration in mRNA expression within the ventral striatum 174 

Sexually naïve prairie voles find social novelty rewarding and will readily 175 
approach and interact with novel conspecifics.  In stark contrast, a pair bonded vole will 176 
avoid and aggressively reject this same social stimulus, suggesting that they find social 177 
stimuli⎯other than their mating partner or offspring⎯to be aversive (Resendez & 178 
Aragona, 2013). We therefore hypothesized that this behavioral transformation is 179 
mediated by an up-regulation of neural systems that regulate the expression of selective 180 
aggression, such as both the D1-like receptor and dynorphin/KOR systems within the 181 
ventral region of the striatum. Thus, to determine if non-pair bonded (sibling housed) and 182 
pair bonded (2 weeks cohabitation with an opposite-sex conspecific) voles differ in the 183 
expression level of mRNA for genes that encode proteins involved in the regulation of 184 
selective aggression, we utilized RT-qPCR to compare the level of mRNAs related to the 185 
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DA and dynorphin/KOR systems. For all groups, comparisons were made within the 186 
dorsal and ventral striatum (i.e., NAc). 187 

Extensive cohabitation with a mating partner predominately altered the expression 188 
of mRNA for genes that code for proteins associated with pair bond maintenance. 189 
Specifically, within the ventral striatum, t-test results show that pair bonded males and 190 
females showed higher levels of mRNA for the gene encoding dynorphin (Pdyn) (Male: 191 
t(24) = 2.26, p = 0.03; t(26) = 3.05, p = 0.005), the endogenous ligand for KORs. They also 192 
showed elevated levels of mRNA expression for the gene encoding D1-like receptors 193 
(Drd1) (t-test; Male: t(24) = 2.86, p = 0.009; Female: t(28) = 3.42, p = 0.002) (Figure 2a and 194 
c). For paired males, similar elevations in mRNA for the gene that encodes KOR (Oprk1) 195 
also occurred; however, due to high levels of variability in the expression of this gene, 196 
elevations in Oprk1 mRNA did not significantly differ from non-paired males (Table 197 
1). Only moderate elevations in Oprk1 mRNA levels occurred in females and this 198 
elevation failed to reach significance (Table 1). Finally, differences in the expression of 199 
mRNA for Drd1 and Pdyn were not identified within the dorsal striatum indicating that 200 
these changes are specific to the ventral region of the striatum (Table 2). 201 

To next determine if differences in expression differences following 2 weeks of 202 
male-female cohabitation were specific to genes that encode proteins involved in the 203 
regulation of pair bond maintenance, we also examined the expression of genes that 204 
encode proteins that regulate social behaviors associated with pair bond formation.  205 
Within the NAc, these proteins include D2-like DA receptors, mu-opioid receptors 206 
(MORs), and the oxytocin receptor. Following 2 weeks of male-female cohabitation, 207 
differences in the expression of genes related to pair bond formation (Drd2, Penk/Oprm1, 208 
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Oxtr) were not found within the ventral striatum of pair bonded voles indicating that the 209 
differences identified above are specific to neural systems that regulate pair bond 210 
maintenance (Table 1). Also in contrast to the above findings, sex-specific alterations in 211 
the expression of genes related to pair bond formation were identified within the dorsal 212 
striatum. Specifically, compared to non-paired subjects, pair bonded males had higher 213 
levels of Drd3 mRNA (t-test; t(26) = 2.34, p = 0.03) while pair bonded females had higher 214 
levels of Drd2 mRNA (t-test; t(26) = 2.12, p = 0.04) (Figure 2b,d). No other differences 215 
were identified within the dorsal striatum. 216 

Overall, the above findings are consistent with the proposed mechanism that the 217 
establishment of a pair bond is associated with region specific alterations in neural 218 
systems that regulate selective aggression. However, an up-regulation in the expression 219 
of mRNA is not always indicative of an increase in protein levels. We therefore utilized 220 
receptor autoradiography to examine pair bond induced differences in KOR binding 221 
density within the striatum. We focused on KORs in the present study because it has 222 
previously been shown that pair bonding increases the expression of D1-like receptors 223 
specifically within the ventral striatum (Aragona et al., 2006). 224 
 225 
Sex specific alterations in KOR binding 226 

To determine whether pair bonding alters striatal KOR density, KOR binding 227 
densities were compared between non-paired (i.e., same-sex sibling housed) and pair 228 
bonded prairie voles (i.e., 2 weeks male-female cohabitation) of both sexes. Compared to 229 
non-paired (sibling housed) males, a two-way ANOVA indicated that pair bonded males 230 
had lower levels of striatal KOR binding density (F(1,120) = 17.51, p = 0.0001; Figure 231 
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3a,b). Further examination of pair bond induced alterations in KOR binding density 232 
within the striatum of males revealed that the decrease in KOR binding was specific to 233 
the ventral region of the NAc shell (Bonferroni’s post hoc test, p = 0.01; Figure 3b; 234 
Table 3), the region of the striatum where KORs act to regulate selective aggression 235 
(Resendez et al., 2012) and mediate aversion (Al-Hasani et al., 2015).   236 

In contrast to paired males, significant alterations in KOR binding density 237 
following the establishment of a pair bond were not identified in females (F(1,108) = 3.50, 238 
p > 0.06; Figure 3c,d) suggesting that pair bonding induces sex-specific alterations in 239 
KOR binding density. We therefore next compared KOR binding density between males 240 
and females before and after the establishment of a pair bond. Prior to the 241 
establishment of a pair bond, a two-way ANOVA indicated that non-paired (sibling 242 
housed) males have significantly higher levels of KOR binding density within the 243 
striatum compared to non-paired females (two-way ANOVA, F(1,114) = 38.14, p = 244 
0.0001). Specifically, non-paired males had significantly higher levels throughout the 245 
NAc, including the NAc core (Bonferroni’s post hoc test; p = 0.02), the dorso-medial 246 
region of the NAc shell (p = 0.0001), and the ventral region of the NAc shell (p = 247 
0.005. Interestingly, these sex differences in KOR binding density were not identified 248 
in pair bonded males and females as males no longer showed higher levels in KOR 249 
binding density (two-way ANOVA, F(1,114) = 0.36, p = 0.55) (Figure 3-figure 250 
supplement 1). Together, these data suggest that pair bonding results in a reduction in 251 
KOR binding density within the NAc of male, but not female prairie voles. 252 
 253 
Prairie vole DA release dynamics 254 



Resendez 11

Previous studies have established an essential role for the activation of NAc shell 255 
D1-like receptors in the expression of social behaviors important for pair bond 256 
maintenance (Aragona & Wang, 2009). These receptors are primarily of the low-affinity 257 
sub-type (Richfield et al., 1989) and their activation requires high concentrations of DA 258 
to be released, such as that which occurs during burst firing of DA neurons (Gonon, 259 
1997; Cheer et al., 2007).  Given that activation of D1-like receptors require high 260 
concentrations of DA release and that selective aggression is only expressed in the pair 261 
bonded state, we predicted that pair bonded voles would have greater concentrations in 262 
DA release specifically within the NAc shell. To compare DA release dynamics between 263 
non-bonded and pair bonded voles, we utilized fast-scan cyclic-voltammetry (FSCV) to 264 
measure real-time DA release across the striatum. However, given that striatal DA release 265 
properties are unknown in this species, we first conducted a detailed characterization of 266 
DA release dynamics within the prairie vole striatum (Figure 4a, b).   267 

Consistent with other mammals (Jones et al., 1995; Calipari et al., 2012), the 268 
concentration of striatal DA release evoked by a single pulse stimulation ([DA]1p) 269 
significantly decreased along a dorsal to ventral gradient (one-way ANOVA; Male: F(2,30) 270 
= 17.28, p < 0.000; Female: F(2,27) = 8,57, p = 0.001). Post hoc Tukey comparisons 271 
revealed that both the NAc core (Male: p = 0.009; Female: p = 0.04) and the NAc shell 272 
(Male: p = 0.000; Female: p = 0.001) had significantly lower levels of stimulated DA 273 
release compared to the dorsal striatum (Figure 4c, e). Also, consistent with other species 274 
(Zhang et al., 2009), the magnitude of DA release following stimulation parameters that 275 
evoke burst-like firing of DA neurons, such as an extra-physiological 20-pulse 276 
stimulation ([DA]20p), differed across striatal sub-regions, with the most robust impact 277 
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occurring within the NAc shell, a moderate impact within the NAc core, and a minimal 278 
effect within the dorsal striatum (one-way ANOVA, Male: F(2,28) = 11.22, p = 0.0003; 279 
Female: F(2,25) = 10.60, p < 0.000).  This effect is represented by the greatest ratio of 280 
evoked DA release ([DA]20p/[DA]1p) within the NAc shell (Tukey post hoc test; Male: p 281 
= 0.0002; Female: p = 0.0004), an intermediate ratio within the NAc core (Tukey post 282 
hoc test; Male: p = 0.02; Female: p = 0.03), and the lowest ratio within the dorsal 283 
striatum (Figure 4d, f). In addition, a two-way ANOVA followed by Bonferroni’s post 284 
hoc tests identified significant sex-differences in striatal DA release following a 20-pulse 285 
stimulation within the dorsal striatum (F(1,10) = 5.25, p = 0.002; p = 0.03, Figure 4g) as 286 
well as the NAc core (F(1,34) = 4.05, p = 0.05; p = 0.05, Figure 4h), but not the NAc shell 287 
(F(1,32) = 1.77, p = 0.1, Figure 4i). Similar sex differences have previously been reported 288 
in other species (Walker et al., 2000). Overall these results suggest that general striatal 289 
DA release patterns appear to be conserved among rodents. 290 

 291 
Pair bond induced enhancement of DA release  292 

Next, to test the hypothesis that pair bonded voles have elevated DA release 293 
specifically within the NAc shell of the striatum, electrically evoked DA release was 294 
compared across striatal sub-regions of pair bonded and non-pair bonded voles (Figure 295 
5a,b). As predicted, t-test comparisons indicated that pair bonding significantly increased 296 
peak DA release within the NAc shell of pair bonded voles (Male: t(17) = 2.44, p = 0.03; 297 
Female: t(13) = 2.48, p = 0.03), but not other regions of the striatum (Dorsal striatum male: 298 
t(21) = 0.09, p = 1.75; Dorsal striatum female: t(17) = 1.26, p = 0.22; NAc core male: t(18) = 299 
0.87, p = 0.40; NAc core female: t(15) = 0.73, p = 0.48) (Figure 5c-h). Additionally, 300 
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although pair bonding significantly elevated NAc shell DA release in both sexes, the 301 
average percent increase was lower in males (34%) compared to females (99%) (Figure 302 
5e,h). Direct comparisons of peak DA release between pair bonded males and females 303 
indicated that pair bonded females had significantly higher levels of DA release within 304 
the NAc shell compared to that of pair bonded males (Figure 5 – figure supplement 1). 305 
This sex difference in pair bond induced changes in DA transmission is unlikely due to 306 
initial sex differences in NAc shell DA release as differences in DA release within the 307 
NAc shell were not identified between non-paired male and females (Figure 4).  308 
Moreover, given that the release of DA is required for the activation of D1-like receptors 309 
that mediate selective aggression and that displays of selective aggression are 310 
qualitatively larger in pair bonded males than females (Figure 5-figure supplement 2), we 311 
initially expected increases in DA transmission to be greater in males. 312 

One possible explanation underlying sex differences in pair bond induced 313 
alterations in DA transmission is that the influence of fecundity on pair bond strength 314 
differs between males and females (Resendez et al., 2012; McCracken et al., 2015). 315 
More specifically, for pair bonded males, but not females, the strength of the pair bond, 316 
as indicated by the magnitude of selective aggression displayed toward intruders, is 317 
dependent on pair fecundity. We therefore tested the hypothesis that variations in pair 318 
bond induced increases in DA release between males and females were associated with 319 
reproductive success. 320 
 321 
Pair fecundity influences DA transmission dynamics in a sexually dimorphic manner 322 
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Prior to FSCV recordings of stimulated DA release in striatal slices, fecundity of 323 
the pair was assessed by determining the stage of pregnancy following 2 weeks of male-324 
female cohabitation. Briefly, the stage of pregnancy was determined as previously 325 
described by measuring the average neonatal weight of the offspring, with larger neonatal 326 
weights indicating shorter delays in the onset of pregnancy (Curtis, 2010; Resendez et al., 327 
2012). Measures of neonatal weight were then used to classify the pairs as either 328 
optimally (mating and fertilization occurring within 48-72 hours of pairing) or sub-329 
optimally (delay in establishment of pregnancy) pregnant (Resendez et al., 2012).  330 

Following 2 weeks of cohabitation with an opposite sex partner, males from 331 
optimally pregnant pairs showed significantly higher levels of aggression than males 332 
from sub-optimally pregnant pairs (t-test, t(9) = 2.54, p = 0.03) (Figure 6a). In contrast, 333 
reproductive status had no impact on pair bond strength in paired females as females 334 
from optimally and sub-optimally pregnant pairs did not differ in levels of selective 335 
aggression (t-test, t(9) = 0.24, p = 0.82) (Figure 6b). Moreover, direct comparisons of 336 
aggression levels among males and females from sub-optimally and optimally pregnant 337 
pairs indicates that sex differences in the magnitude of selective aggression that is 338 
displayed toward an intruder depends on pair fecundity (two way ANOVA, F(1,37) = 339 
8.32, p = 0.007). Specifically, although paired males are generally more aggressive 340 
than paired females, when aggression levels were further compared by fecundity 341 
classification, only males from optimally pregnant pairs showed significantly higher 342 
levels of selective aggression than females (Bonferroni’s post hoc test, optimally 343 
pregnant: p = 0.01, sub-optimally pregnant: p > 0.99) (Figure 6–figure supplement 1). 344 
Thus, pair fecundity strongly influences pair bond strength in male, but not female 345 
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prairie voles and only males from optimally pregnant pairs shower higher levels of 346 
aggression than paired females. We next determined if fecundity also resulted in sex 347 
specific alterations in DA transmission.  348 

Similar to measures of selective aggression, fecundity influenced DA 349 
transmission within the NAc shell in a sex-specific manner. Specifically, examination of 350 
DA release properties in relation to the pairs reproductive status revealed that only males 351 
from optimally pregnant pairs showed significantly greater elevations in NAc shell DA 352 
release compared to non-paired males (one-way ANOVA, F(3,39) = 0.29, p = 0.05; 353 
Dunnett’s post hoc test, p = 0.04) (Figure 6c). In contrast to paired males, reproductive 354 
status did not influence NAc shell DA transmission dynamics of paired females (one-way 355 
ANOVA, F(3,31) = 1.67, p = 0.20).  Rather, females of all reproductive categories (not 356 
pregnant, sub-optimally pregnant, or optimally pregnant) showed modest elevations in 357 
stimulated DA release compared to non-paired females (Figure 6d). Thus, it is possible 358 
that sex-differences in the magnitude of change in NAc shell DA transmission dynamics 359 
results from paired females showing elevations in stimulated DA release regardless of 360 
reproductive status, whereas only males from optimally pregnant pairs (7 out of 22 total 361 
pairs) had enhanced DA transmission within the NAc shell.  362 

To further explore the relationship between pair fecundity and NAc shell DA 363 
transmission dynamics, we next examined the relationship between neonatal weight and 364 
DA release. For paired males, the magnitude of stimulated DA release was positively 365 
correlated with neonatal weight, with fecundity accounting for nearly 30% of the 366 
variation (linear regression, R2 = 0.29, F(1,20) = 8.16, p = 0.01) (Figure 6e).  Conversely, 367 
there was no relationship between fecundity and the magnitude of stimulated DA release 368 
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within the NAc shell DA of paired females (linear regression, R2 = 0.32, F(1,8) = 3.77, p = 369 
0.09 (Figure 6f). Together, these data suggest that reproductive status alters DA 370 
transmission within the NAc shell of paired voles in a sex-specific manner. Moreover, 371 
these effects are primarily localized to the NAc shell as paired voles categorized by their 372 
reproductive status did not differ in DA transmission dynamics within the NAc core or 373 
dorsal striatum (Figure 6-figure supplement 2). However, it should be noted that despite a 374 
lack of overall differences in DA transmission within the dorsal striatum based on the 375 
categorization of pairs by pregnancy, a comparatively modest correlation between DA 376 
transmission and pregnancy was found within the dorsal striatum of males (Figure 6-377 
figure supplement 2). Nonetheless, these data suggest that fecundity exerts sex-specific 378 
effects on DA transmission dynamics in pair bonded prairie voles. Given the identified 379 
relationship between fecundity and selective aggression and fecundity and DA 380 
transmission, we next examined if variations in DA transmission within the NAc shell 381 
contribute to variable levels of selective aggression in paired males. 382 
 Prior to measures of stimulated DA release, resident intruder test were 383 
administered to male and female subjects by placing a same-sex intruder into the test 384 
subjects home cage. Following the completion of behavioral testing, stimulated DA 385 
release was measured within the striatum and the frequency of attack behavior was 386 
quantified by an experimentally blind observer. These measures were subsequently 387 
utilized to assess the relationship between the magnitude of stimulated DA release and 388 
the degree of selective aggression displayed toward a resident intruder. 389 
  For pair bonded males, the intensity of aggression directed toward a resident 390 
intruder was positively correlated with NAc shell DA release, accounting for over 40% of 391 
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the variation (linear regression, R2 = 0.41, F(1,9) = 6.32, p = 0.03) (Figure 6g). In contrast, 392 
no relationship between NAc shell DA release and selective aggression was identified in 393 
paired females (linear regression, R2 = 0.32, F(1,8) = 3.77, p = 0.09) (Figure 6h).  394 
Additionally, no relationship between stimulated DA release and attack frequency was 395 
found within other regions of the striatum for either sex (Figure 6-figure supplement 2). 396 
Thus, the relationship between stimulated DA release and attack behavior in pair bonded 397 
prairie behaviors occurs in a sex and region specific manner. When these data are 398 
considered in combination with site-specific pharmacology data demonstrating that 399 
activation of D1-like DA receptors specifically within the NAc shell is required for the 400 
expression of selective aggression (Aragona et al., 2006), they suggest that the degree to 401 
which DA transmission dynamics are altered within the NAc shell of paired males may 402 
underlie fecundity induced modulation of pair bond strength. In other words, 403 
enhancement of DA release would facilitate the activation of low-affinity D1-like 404 
receptors, possibly leading to the display of higher levels of aggression by males from 405 
optimally pregnant pairs. Moreover, stimulation of D1-like receptors results in the 406 
production of dynorphin (Engber et al., 1992), the endogenous ligand for KORs 407 
(Chavkin et al., 1982) and activation of these receptors is also required for the 408 
expression of selective aggression (Resendez et al., 2012). Therefore, we next examined 409 
the possibility of pair bond induced alterations in interactions between these systems. 410 
 411 
Pair bonding alters KOR regulation of DA transmission in a sex-specific manner 412 
 Activation of KORs within the NAc reduces DA release within this region (Britt 413 
& McGehee, 2008). Given that pair bonding altered NAc KOR expression pattern, we 414 
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next compared KOR modulation of DA transmission within the NAc shell of non-415 
paired and paired voles. Similar to other rodent species (Britt & McGehee, 2008), bath 416 
application of a KOR agonist (BRL 5237) onto striatal slices of non-pair bonded voles 417 
reduced stimulated DA release within the NAc shell (Figure 7a, b). Similar effects on DA 418 
transmission were observed in both non-paired males and females as the concentration 419 
response curves did not significantly differ between the sexes (two-way ANOVA, F(1, 5) 420 
= 1.59, p = 0.26). Moreover, a t-test did not identify significant sex differences in the 421 
dose required to achieve a 50% reduction in DA release (IC50: t(5) = 0.03, p = 0.98; 422 
Figure 7C) or in the slope of the concentration response curve (t(5) = 1.28, p = 0.26, 423 
Figure 7D). However, in contrast to other species, a much higher dose of the KOR 424 
agonist was needed to achieve a 50% decrease in DA release (IC50 ~ 10 fold greater 425 
compared to other rodent species; (Britt et al., 2012)).  426 

The necessity to use higher doses of a KOR agonist in the present study is 427 
consistent with our previous findings showing that, compared to other rodents, prairie 428 
voles also require about a 10X higher dose of a peripherally administered KOR agonist to 429 
achieve significant alterations in KOR-mediated analgesia as well as locomotor activity 430 
(Resendez et al., 2012).  The consistent requirement for higher doses of a KOR agonist to 431 
observe either a behavioral or physiological impact in prairie voles suggests potential 432 
value in comparing the genetic sequence of the prairie vole KOR to other species that 433 
have been used to study KOR pharmacology (e.g., rats, mice, guinea pigs, and humans). 434 
Indeed, the prairie vole KOR is distinct from the above-mentioned species as its genetic 435 
sequence diverges from that of rats and mice (whose KOR structure is quite homologous) 436 
as well as humans and guinea pigs (whose KORs also share substantial homologies) 437 
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(Figure 7-figure supplement 1). It is also notable to mention that the prairie vole KOR is 438 
more similar to that of humans and guinea pigs than that of rats and mice in which 439 
most pharmacological studies have been conducted. In total, there are four amino 440 
acids that are unique to prairie voles, humans, and guinea pigs (Alanine 28, Serine 441 
186, Aspartic acid 218, Aspartic acid 374), one amino acid that is unique to humans 442 
and prairie voles (Isoleucine 232), and fifteen amino acids that are unique to prairie 443 
voles, including one residue that is located in the dynorphin binding site (Supplemental 444 
table 1) (Rasakham & Liu-Chen, 2011; Wu et al., 2012). It is possible that these genetic 445 
differences may partially account for species differences in KOR pharmacology and 446 
determining how ligands interact with the prairie vole KOR will be an important future 447 
area of study. Nevertheless, the above data demonstrate that activation of KORs within 448 
the prairie vole striatum produces the expected decreases in DA transmission. 449 

We next compared KOR modulation of DA transmission within the NAc shell of 450 
non-bonded (sibling housed) and pair bonded (2 weeks cohabitation with a mating 451 
partner) prairie voles to determine if pair bond induced alterations in KOR protein 452 
binding within the NAc shell impact KOR modulation of DA transmission.  Similar to 453 
anatomical changes, pair bonding robustly altered KOR modulation of DA release within 454 
the NAc shell of pair bonded males, while only producing very modest alterations in 455 
females (Figure 7e). More specifically, in male prairie voles, pair bonding resulted in a 456 
leftward shift in the concentration response curve (two-way ANOVA, F(1, 6) = 15.67, p = 457 
0.008) and significantly larger reductions in stimulated DA release at multiple 458 
concentrations of the KOR agonist (Bonferroni’s post hoc test; 0.1 μM, p = 0.03; .3 459 
μM, p = 0.0007; 1 μM, p = 0.0004; 3 μM, p = 0.0003; 10 μM, p = 0.002; 20 μM, p = 460 
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0.02) (Figure 7f). In contrast, the concentration response curve only slightly differed 461 
between paired and non-paired females (two-way ANOVA, F(1, 6) = 9.21, p = 0.03) with 462 
only one resulting in greater reduction in stimulated DA release (Bonferroni’s post hoc 463 
test; 0.3 μM, p = 0.02) (Figure 7g, Table 4). Overall, these data suggest that alterations 464 
in paired males were more dramatic than those that occurred in paired females. 465 

Comparison of the IC50 between paired and non-paired voles revealed that a 466 
lower dose of the KOR agonist was needed to achieve a 50% decrease in stimulated DA 467 
release within the NAc shell of pair bonded males (t-test; IC50; t(6) = 4.92, p = 0.002, 468 
Figure 7h). The slope of the concentration response curve also significantly differed 469 
between paired and non-paired males (t-test; t(6) = 3.74, p = 0.009, Figure 7i). Given that 470 
the density of KOR binding is reduced in pair bonded males, these data suggest that 471 
pair bonding may result in mechanistic changes in the function of the KOR in males, 472 
but not females, as similar measures did not significantly differ between paired and non-473 
paired females (IC50: t-test; t(6) = 1.36, p = 0.22; Figure 7J and slope: t-test; t(6) = 0.55, p 474 
= 0.60; Figure 7k). Moreover, direct comparisons of the concentration response curves 475 
for paired males and females identified a leftward shift in the concentration curve of 476 
paired males (two-way ANOVA, F(1, 7) = 9.60, p = 0.02) and multiple doses that 477 
produced significantly greater inhibition of DA release in paired males compared to 478 
females (Bonferroni’s post hoc test; 0.1 μM, p = 0.02; .3 μM, p = 0.004; 1 μM, p = 479 
0.001; 3 μM, p = 0.009) (Figure 7- figure supplement 2). However, it should be noted 480 
that paired males and females did not significantly differ in IC50 or slope of the 481 
concentration response curve (Figure 7- figure supplement 2). Nonetheless, the present 482 
data suggest that although KOR binding is reduced within the NAc shell of pair bonded 483 
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males, the function of these receptors may be enhanced as greater reductions in KOR 484 
induced decreases in stimulated DA release occurred within the NAc shell of pair bonded 485 
males. 486 

In summary, data from the present study reveal that both the DA and 487 
dynorphin/KOR systems within the NAc shell undergo sex-specific alterations following 488 
the establishment of a pair bond (Figure 8a, b). Specifically, both sexes show increases in 489 
D1 receptor and dynorphin mRNA within the ventral striatum as well as enhanced DA 490 
transmission within the NAc shell. However, in relation to the dynorphin/KOR system, 491 
only males showed an overall reduction in membrane expression of KORs as well as 492 
dramatic reductions in DA transmission in response to a KOR agonist. Given that these 493 
systems are known to directly interact with each other (Engber et al., 1992; Carlezon et 494 
al., 1998; Ebner et al., 2010; Chartoff et al., 2015) and that activation of both D1-like 495 
receptors (Aragona et al., 2006) and KORs are required for the expression of selective 496 
aggression (Resendez et al., 2012), we next determined if these systems interact in vivo 497 
to regulate pair bond maintenance.  498 
 499 
D1-like and KORs interact to mediate selective aggression 500 

Previous studies have shown that the DA and the dynorphin/KOR systems 501 
function in sequence of each other, with stimulation of D1-like receptor promoting 502 
downstream activation of the dynorphin/KOR system (Gerfen et al., 1990; Carlezon et 503 
al., 1998). We therefore tested the hypothesis that D1-like receptor regulation of selection 504 
aggression is upstream of its regulation by KORs. Similar to the anatomical 505 
characterization studies described above, prairie voles were paired with an opposite sex 506 
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conspecific for 2 weeks to allow sufficient time for a pair bond to be established. At the 507 
end of the cohabitation period, site-specific behavioral pharmacology was utilized in 508 
combination with resident intruder testing to examine the sequential nature of 509 
interactions between activation of D1-like receptors and KORs on the expression of 510 
selective aggression (Figure 9a). More specifically, if KOR activation is indeed 511 
downstream of D1-like receptor activation than activation of KORs despite 512 
pharmacological blockade of D1-like receptors should still result in the expression of 513 
selective aggression. Conversely, pharmacological manipulations that would result in a 514 
reduction in KOR activation, such as administration of a D1-like antagonist in the 515 
absence of a KOR agonist or administration of a KOR antagonist in the presence of a 516 
D1-like receptor agonist, should attenuate the expression of selective aggression. 517 

Compared to control subjects receiving site specific administration of aCSF, 518 
pharmacological manipulation of NAc shell D1-like and KORs (Figure 9b,c) 519 
significantly altered the expression of selective aggression in both pair bonded males 520 
(Attack frequency: one-way ANOVA, F(3,25) = 5.55,  p = 0.005, Figure 9d; Attack 521 
latency: one-way ANOVA, F(3,25) = 5.54, p = 0.005, Figure 9e) and females (Attack 522 
frequency: one-way ANOVA, F(3,23) = 4.59, p = 0.01, Figure 9f). However, attenuation 523 
of selective was dependent on the combination of agonists and antagonists 524 
administered. As expected, pharmacological blockade of NAc shell D1-like receptors 525 
significantly attenuated measures of selective aggression in both pair bonded males 526 
(Attack frequency: planned contrast, post hoc: p = 0.03, Attack latency: planned contrast, 527 
post hoc: p = 0.04,) and females (Attack frequency: planned contrast, post hoc: p = 0.01).  528 
However, blockade of NAc D1-like receptors did not significantly attenuate attack 529 
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latency in females (one-way ANOVA, F(3,23) = 4.77, p = 0.01, p = 0.47).  Thus, activation 530 
of NAc shell D1-like receptors is required for the expression of selective aggression in 531 
both sexes, possibly due to D1-like receptor mediated activation of the dynorphin/KOR 532 
system. 533 

To determine if KOR regulation of selective aggression is indeed downstream of 534 
the DA system, we co-administered a KOR agonist along with a D1-like receptor 535 
antagonist, resulting in KORs to be activated despite the inhibition of D1-like receptors. 536 
Activation of KORs in the presence of the D1-antagonist restored selective aggression as 537 
mean attack frequency (Male: planned contrast, post hoc: p = 0.92; Female: planned 538 
contrast, post hoc: p = 0.62) and attack latency  (Male: planned contrast, post hoc: p= 539 
0.54; Female: planned contrast, post hoc: p = 1.00) did not differ from paired controls in 540 
either sex, suggesting that D1-like receptors mediate selective aggression through 541 
downstream activation of the dynorphin/KOR system.  In contrast, D1-like receptor 542 
activation in the presence of KOR inactivation was insufficient to restore measures of 543 
selective aggression to levels of paired controls (Male attack frequency: planned contrast, 544 
post hoc: p = 0.006; Female attack frequency: planned contrast, post hoc: p = 0.008; Male 545 
attack latency: planned contrast, post hoc: p = 0.001; Female attack latency; planned 546 
contrast, post hoc: p = 0.005; Figure 9d-g), further suggesting that KOR mediation of 547 
selective aggression is downstream of D1-like receptors.  Finally, these manipulations 548 
specifically altered aversively motivated behaviors as there were no differences in 549 
affiliative (Male: one-way ANOVA, F(3,25) = 1.95, p = 0.15; Female: one-way ANOVA, 550 
F(3,23) = 1.58, p = 0.23) or locomotor behavior (Male: one-way ANOVA, F(3,23) = 0.75, p 551 
= 0.54; Female: one-way ANOVA, F(3,23) = 0.69, p = 0.57) (data not shown).  Together, 552 
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these data support the hypothesized mechanism that DA activation of D1-like receptors 553 
promotes downstream release of dynorphin to subsequently activate KORs within the 554 
NAc shell and generate selective aggression.  555 

In addition to regulation of selective aggression, D1-like receptors within the 556 
NAc shell have also been shown to mediate the protective effects of pair bonding 557 
against drug reward (Liu et al., 2011). Given the identification that D1-like receptor 558 
regulation over pair bonding occurs through downstream activation of the 559 
dynorphin/KOR system, it is also possible that the protective effects of pair bonding are 560 
mediated though activation of this aversive processing system. We therefore next 561 
determined if activation of the dynorphin/KOR system is required for pair bonding to 562 
exert protective effects against the rewarding properties of amphetamine (AMPH). 563 
 564 
Amphetamine-induced neuroplasticity mimics that of pair bonding  565 
 Positive social relationships, such as the formation of strong social ties, modify 566 
the brain in such a manner that results in an attenuation of the rewarding properties of 567 
drugs of abuse (Kreswell et al., 2015). Thus, identifying overlapping neural systems that 568 
mediate both social bonding and drug reward processing may have positive therapeutic 569 
value in the treatment of addiction. We therefore first examined the impact of a 570 
rewarding regimen of AMPH (3 AMPH injections at 1-mg/kg across 3 days) on KOR 571 
binding in non-pair bonded prairie voles.  This dose of AMPH was chosen because it is 572 
well established to elicit a preference for AMPH in the conditioned place preference task 573 
in both male and female prairie voles (Aragona et al., 2007b; Liu et al., 2010; Liu et al., 574 
2011).  575 
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Compared to control males (3 injections of saline across 3 days), male subjects 576 
exposed to a rewarding regimen of AMPH showed significantly altered patterns of 577 
striatal KOR expression (two-way ANOVA, F(1,78) = 15.97, p = 0.0001, Figure 10a,b). 578 
Moreover, the pattern of AMPH induced alterations in KOR expression within the 579 
striatum of males was similar to the pattern induced by pair bonding, with AMPH 580 
exposure significantly reducing KOR expression within the dorso-medial (Bonferroni’s 581 
post hoc test, p = 0.02) and ventral NAc shell (Bonferroni’s post hoc test, p = 0.01) 582 
(Figure 10b, Table 5). In contrast, AMPH exposure had no significant impact on striatal 583 
KOR expression in females (two-way ANOVA, F(1,108) = 0.44, p = 0.51, Figure 10c,d). 584 
Moreover, when the pattern of KOR expression binding was directly compared between 585 
males and females (two-way ANOVA, F(1,96) = 39.80, p = 0.0001), control subjects 586 
significantly differed in KOR binding density with control males having significantly 587 
higher levels in the dorso-medial (Bonferroni’s post hoc test, p = 0.03) and ventral NAc 588 
shell (p = 0.0002) (Figure 10-figure supplement 1).  However, as with the experience of 589 
pair bonding, AMPH exposure also eliminated these sex differences (two-way ANOVA, 590 
F(1,90) = 1.89, p = 0.17) (Figure 10-figure supplement 1). Given that AMPH altered 591 
male, but not female, striatal KOR binding density, we focused next set of experiments 592 
on male subjects.   593 
 594 
Social reward impairs AMPH-induced place conditioning 595 

Pair bonding exerts protective effects against AMPH reward (Liu et al., 2011); 596 
however, the establishment of a pair bond is associated with a complex suite of socially 597 
related experiences, such as exposure to a novel social stimulus, extended periods of 598 
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cohabitation, the development of social familiarity, copulation, and impregnation and it is 599 
not well understood how these individual components contribute to the neural protective 600 
effects that pair bonding exerts against drug reward (Resendez & Aragona, 2013). To this 601 
end, we conducted a detailed analysis of pair bond associated social experiences that may 602 
contribute to the social buffering of drug reward. Specifically, male subjects were 603 
randomly assigned to one of the following treatment groups: social familiarity (i.e., same-604 
sex sibling housed), extended cohabitation with a novel social stimulus without mating 605 
(i.e., 2 weeks cohabitation with a novel male or ovariectomized female), or extended 606 
cohabitation with a reproductive partner (2 weeks cohabitation with an intact female). 607 
Given that not all gonadally intact male-female pairs achieved pregnancy, males 608 
housed with an intact female were further categorized by the reproductive status of the 609 
female partner at the completion of testing (i.e., no indication of pregnancy, sub-610 
optimally pregnant, or optimally pregnant). Exposing males to these different social 611 
experiences as well as categorizing mating pairs by their reproductive status allowed us 612 
to determine the influence of each social condition on the protective effects of pair 613 
bonding (Figure 11a).  614 

Following exposure to one of the above described social conditions, males 615 
underwent conditioned place preference procedures to identify the specific aspects of 616 
male pair bonding that contribute to the attenuation of AMPH reward. A separate group 617 
of same-sex sibling housed males was conditioned with saline only and the duration of 618 
time spent in the AMPH paired chamber during the post-test session was compared to 619 
this treatment group. Social experiences that do not result in the establishment of a 620 
pair bond failed to protect against AMPH reward (one-way ANOVA, F(4,69) = 0.67, p = 621 
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0.0001) as male subjects paired with a same-sex sibling (Tukey’s post hoc test, p < 622 
0.0001), novel male (p = 0.004), or OVX female (p = 0.008) formed significant 623 
preferences for the AMPH paired chamber (Figure 11a).  In contrast, males housed 624 
under conditions that promote pair bonding did not form a preference for the AMPH 625 
paired chamber (p = 0.14). Moreover, when these males were further classified by the 626 
pair’s pregnancy status, only males from pregnant pairs exhibited protection against 627 
AMPH reward as males from both optimally (p > 0.99) and sub-optimally pregnant 628 
pairs (p = 0.94) did not form a preference for the AMPH paired chamber, while males 629 
from non-pregnant pairs formed significant preferences (p = 0.006) (Figure 11a inset). 630 
Together, these data indicate that the establishment of a fully developed pair bond, and 631 
not the other associated social experiences, mediates social buffering of drug reward.  632 

To further explore the influence of pair bonding on drug reward, we examined the 633 
relationship between pair fecundity and preference for the drug-paired chamber. While 634 
males from both sub-optimally and optimally pregnant pairs showed some degree of 635 
protection against AMPH reward, males from optimally pregnant pairs showed the 636 
strongest relationship between fecundity and the attenuation of AMPH reward.  637 
Specifically, in males from optimally pregnant pairs, the rewarding properties of AMPH 638 
were negatively correlated with the pregnancy status of the female (linear regression, R2 639 
= 0.403, F(1,9) = 6.079, p = 0.036, Figure 11b). However, a similar relationship was not 640 
found in males from sub-optimally pregnant pairs (linear regression, R2 = 0.025, F(1,6) = 641 
0.155, p = 0.708, Figure 11c). Thus, the reproductive status of the pair influences pair 642 
bond induced protection against AMPH reward.  643 
 644 
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NAc shell KORs attenuate the rewarding properties of amphetamine in pair bonded 645 
males 646 

We next determined if pair bond induced alterations in the male prairie vole KOR 647 
system contribute to neural protective effects against AMPH reward.  Similar to above, 648 
males were paired with either a male partner (non-paired) or an intact female  (paired) for 649 
2 weeks prior to AMPH conditioning. On day one of conditioning, males in both groups 650 
received either peripheral administration of saline or a KOR antagonist. AMPH 651 
preference varied by housing conditioning as well as treatment (two-way ANOVA, F(1, 28) 652 
= 8.13, p = 0.008). Specifically, compared to non-paired males that received saline 653 
injections prior to AMPH conditioning, paired males treated with saline spent 654 
significantly less time in the AMPH paired chamber (Bonferroni’s post hoc test, p = 655 
0.004, Figure 12a).  In contrast, global blockade of KORs in pair bonded males restored 656 
the rewarding properties of AMPH as paired males that received peripheral injections of 657 
nor-BNI prior to AMPH conditioning did not differ from non-paired males in the 658 
duration of time spent in the AMPH paired chamber (p > 0.99, Figure 12a). Together, 659 
these data indicate that the protective effects of pair bonding are in part mediated by 660 
KORs. 661 

To determine if KOR buffering of AMPH reward is mediated within the NAc 662 
shell, we next examined if blockade of KORs specifically within this region was 663 
sufficient to restore AMPH preference in pair bonded males (Figure 12b).  A two-way 664 
ANOVA indicated that AMPH preference varied by housing condition and treatment 665 
(F1, 29) = 8.33, p = 0.007, Figure 12c).  Compared to non-paired males, paired males 666 
that received site-specific injections of aCSF into the NAc prior to AMPH conditioning 667 
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spent significantly less time in the AMPH paired chamber (Bonferroni’s post hoc test, 668 
p = 0.003, Figure 12c). However, pair bonded males that were administered nor-BNI 669 
prior to AMPH conditioning did not differ from non-paired males that also received 670 
site-specific administration of nor-BNI in the duration of time spent in the AMPH 671 
paired chamber (p > 0.99, Figure 12c).   Together, these data demonstrate that KORs in 672 
the NAc shell are indeed involved in pair bond induced neuroprotection against drug 673 
reward as activation of these receptors is required for pair bond induced attenuation of 674 
drug reward.   675 

 676 
Discussion 677 
 678 

Prior to forming a pair bond, sexually naïve prairie voles perceive novel social 679 
stimuli as rewarding.  However, following extended cohabitation with a breeding partner 680 
and the full development of a pair bond, prairie voles aggressively reject novel 681 
conspecifics.  In the present study, we critically extend current understanding of the 682 
neural mechanisms that mediate the transition to the pair bonded state by identifying 683 
neuroplasticity within the NAc shell that regulates the maintenance of monogamous 684 
bonds.  Specifically, compared to non-paired subjects, pair bonded males and females 685 
have enhanced DA release potential within the NAc as well as an up-regulation of D1 686 
receptor and dynorphin mRNA within this region. The functional significance of this pair 687 
bond induced plasticity was demonstrated with site-specific pharmacology as blockade of 688 
either one of these receptor systems attenuates the expression of pair bond maintenance. 689 
Moreover, while both sexes show some degree of mate guarding behavior, paired males 690 
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are generally more aggressive than paired females and in the present study we provide the 691 
first mechanistic data to explain sex differences in the expression of selective aggression. 692 
Compared to females, pair bonded males exhibited additional neuroplasticity within the 693 
NAc as well as fecundity dependent alterations in DA transmission including: a positive 694 
correlation between DA release and pair fecundity, decreased binding of KORs, and 695 
enhanced KOR regulation over DA transmission. These more robust alterations within 696 
the NAc of males may partially explain why males show more intense mate guarding 697 
than females as well as the dependence of male mate guarding on fecundity.  Finally, we 698 
also show that AMPH exposure alters KOR binding density within a sex-specific manner 699 
and that neuroplasticity within the dynorphin/KOR system of pair bonded males is 700 
critical for pair bond induced attenuation of drug reward.  Together, the data presented in 701 
the present study reveal novel mechanisms underlying the maintenance of monogamous 702 
pair bonds as well as the neural protective effects of social bonding against drug reward.    703 

 704 
Neural and behavioral plasticity associated with pair bonding  705 A combination of comparative anatomical approaches and behavioral 706 pharmacological studies has been utilized to identify neural mechanisms that 707 underlie pair bond formation and maintenance in the socially monogamous prairie 708 vole (Carter et al., 1997; Bales et al., 2007; Young & Carter, 2008; Aragona & Wang, 709 2009). In regards to pair bond formation, the initial stages of bond development are 710 mediated in part by D2-like, oxytocin, vassporessin, and mu-opioid receptors 711 systems located within reward processing regions of the brain such as the striatum 712 and the ventral pallidum (Insel et al., 1998; Young et al., 2008; Resendez & Aragona, 713 
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2013). Interesting, following social conditioning procedures that promote the 714 establishment of a pair bond, we did not identify alterations in the expression of 715 mRNA for genes encoding D2-like, oxytocin, vasopressin, or mu-opioid receptors 716 (Carter et al., 1997; Johnson & Young, 2015). One possible explanation of why a lack 717 of an alteration in receptor systems associated with partner preference behavior 718 was not observed in the present study is that a preference for social proximity is 719 required in both the bonded and non-bonded state, while the emergence of an 720 aversion towards social novelty is specific to the establishment of a pair bond and 721 requires alterations in both social and motivational circuitry (Resendez & Aragona, 722 2013). 723 
In contrast to neural systems that regulate pair bond formation, motivational and 724 

valence processing systems associated with pair bond maintenance undergo a dramatic 725 
overhaul during the transition from the naive to the pair bonded state.  An important 726 
function of this alteration is to render pair bonded voles hyper aggressive toward novel 727 
conspecifics in order to achieve robust mate guarding (Resendez & Aragona, 2013).  As 728 
such, it is not surprising that neuroplasticity associated with pair bond development 729 
occurs within systems that mediate the expression of social behaviors associated with pair 730 
bond maintenance, DA/D1 and dynorphin/KOR systems and that these alterations occur 731 
specifically within the NAc shell, the striatal sub-region where these receptor systems act 732 
to mediate pair bond maintenance. Moreover, behavioral pharmacological data make 733 
evident the functional significance of these alterations by demonstrating that activation of 734 
KORs within the NAc shell of prairie voles mediates the assignment of negative social 735 
valence onto novel conspecifics, while blockade of either D1-like or KORs abolishes 736 
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selective aggression. Together, these data support the working hypothesis that 737 
neuroplasticity within the NAc shell stabilizes established pair bonds by enhancing the 738 
perceived negative valence of novel social stimuli and the promotion of robust mate 739 
guarding.     740 
 741 
Sex-specific alterations in motivational systems and behavior 742 

In species where monogamous breeding systems have evolved, males will often 743 
engage in mate guarding behavior to prevent access of competitor males to the female 744 
partner, increasing the males opportunity for selective breeding as well as reducing the 745 
likelihood of uncertain paternity (Trivers, 1972; Kleiman, 1977).  While this breeding 746 
strategy is adaptive for some species, mate guarding behavior is intensely energetically 747 
costly given that a great deal of time must be spent maintaining proximity to the female 748 
and a high level of energy expended engaging in risky agonistic social encounters with 749 
competitor males (Parker, 1974; Grafen & Ridley, 1983; Getz et al., 1990; Crews & 750 
Moore, 2015). As a result, males can usually only successfully guard one female at a time 751 
(Brotherton & Komers, 2003) and, to maximize reproductive fitness, it is adaptive for 752 
mate guarding behavior to emerge only after the establishment of a reproductively 753 
successful pair bond (Resendez et al., 2012). For the socially monogamous prairie vole, 754 
an indication of pair fecundity is indeed required for males to transition to the pair 755 
bonded state (Curtis, 2010; Resendez et al., 2012); yet the neural mechanisms that 756 
underlie this sex difference have remained elusive. In the present study, we provided the 757 
first proximal mechanistic data to explain how fecundity induced sex differences in 758 
selective aggression might arise. 759 
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Consistent with the theory that mate guarding in monogamous males serves to 760 
maximize reproductive fitness (Trivers, 1972), the present study demonstrates that the 761 
extent to which DA transmission was enhanced within the NAc shell of paired males was 762 
positively correlated with both pair fecundity as well as measures of selective aggression. 763 
Moreover, significant enhancements in NAc shell DA transmission only occurred in 764 
males from optimally pregnant pairs and males from these pairs also showed significantly 765 
higher levels of selective aggression. Thus, neuroplastic changes that are associated with 766 
the expression of selective aggression only occur in paired males when an adaptive 767 
benefit in defending the female partner has been established (i.e., when the benefit of 768 
defending the female outweighs the risk associated with aggressive conflict as well as 769 
predation risks that may occur when searching for a new mate).  770 

In contrast to paired males, a relationship between alterations in DA transmission 771 
and pair fecundity were not identified in paired females, which is consistent with both 772 
field (Rose & Gaines, 1976) and laboratory (Resendez et al., 2012) studies that have yet 773 
to identify a relationship between fecundity and mate guarding behavior in female prairie 774 
voles. One possible explanation for a lack of influence for fecundity on both neural and 775 
behavioral changes associated with pair bonding in females is a difference between males 776 
and females in the ultimate mechanisms that underlie the decision to bond with a partner. 777 
For instance, given that the reproductive status of the male is constant, whereas females 778 
require extended periods of contact with a male for sexual receptivity to be induced 779 
(Carter et al., 1987), it may be more beneficial for a female to increase the likelihood of 780 
reproductive success by remaining in contact with a male partner than to risk predation 781 
by searching for a new mate. Moreover, unlike males, female mammals do not risk 782 
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exerting unnecessary energy raising offspring that are not their own if their male partner 783 
engages in extra-pair copulations (Trivers, 1972). Thus, the risk to reward ratio for 784 
engaging in agonistic social encounters may not be as great for females and may also 785 
partially explain why females tend to be less aggressive overall than males. Together, sex 786 
differences in the adaptive value of mate guarding as well as sex differences in temporal 787 
and environmental factors that regulate reproductive activation between males and 788 
females may partially underlie known sex differences in the intensity of selective 789 
aggression as well as behavioral and neural neuroplasticity associated with the transition 790 
to the bonded state. 791 
 792 
Sub-region specific alterations in male NAc shell KOR binding 793 

Increasing evidence suggests that anatomical and functional heterogeneity occurs 794 
within the shell region of the NAc (Pecina & Berridge, 2005; Resendez et al., 2013; 795 
Richard et al., 2013). More recently, it has been demonstrated that heterogeneity in the 796 
valence coding properties of the dynorphin/KOR system is anatomically segregated 797 
within the NAc shell (Castro & Berridge, 2014; Al-Hasani et al., 2015). Specifically, the 798 
release of dynorphin into the dorso-medial region of NAc shell and the subsequent 799 
activation of KOR induces positive hedonics (Castro & Berridge, 2014; Al-Hasani et al., 800 
2015), while the release of dynorphin into the ventral NAc shell induces aversion (Al-801 
Hasani et al., 2015). Interestingly, pair bonding altered the binding density of male NAc 802 
shell KORs in a sub-region specific manner that maps onto the topographical 803 
organizational of the aversive coding properties of the dynorphin/KOR system. Pair 804 
bonding down-regulated KOR binding within the ventral region of the NAc shell, while 805 
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leaving KOR binding within the dorso-medial and lateral regions of the NAc shell 806 
unaltered. Thus, pair bonding altered KOR binding only in the sub-region of the NAc 807 
shell where activation of these receptors acts to encode aversion.  808 

One possible mechanism underlying the sub-region specific influence of the 809 
dynorphin/KOR system on valence coding may be due to anatomical heterogeneity in the 810 
downstream projection targets of the dorso-medial and ventral regions of the NAc shell. 811 
In general, downstream projection targets from the afferents of cell bodies originating in 812 
the dorsomedial region of the NAc shell are more widespread than those originating from 813 
cell bodies located in the ventral region of the NAc shell. For cell bodies located in the 814 
dorso-medial NAc shell, the highest density of afferents are located in the medial region 815 
of the ventral pallidum (VP), the lateral preoptic area, and the lateral hypothalamus with 816 
sparser fiber labeling occurring within the lateral septum, the bed nucleus of the stria 817 
terminalis, the anterior hypothalamus, the medial preoptic area, and rostral portion of the 818 
ventral tegmental area (Thompson & Swanson, 2010; Zahm et al., 2012). In contrast, the 819 
ventral region of the NAc shell varies from the dorso-medial region of the NAc shell in 820 
both the number and specific brain regions it projects to. While the dorso-medial NAc 821 
shell sends dense projections to the medial region of the VP (Thompson & Swanson, 822 
2010), the ventral region of the NAc shell projects specifically to the lateral region of the 823 
VP and also sends sparser projections to the lateral preoptic area and rostral-caudal extent 824 
of the ventral tegmental area (Zahm et al., 2012). It is therefore possible that although the 825 
release of dynorphin and the subsequent activation of NAc shell KORs has the potential 826 
to reduce dopaminergic and glutamatergic transmission throughout the entire dorsal-827 
ventral axis of the NAc shell (Hjelmstad & Fields, 2001; Britt & McGehee, 2008), the 828 
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sum of the influence on downstream neuronal networks has the potential to vary greatly 829 
between the two sub-regions.  830 

One notable downstream projection target that is unique to the ventral NAc shell 831 
is the lateral region of the VP. The lateral VP is an important brain region for reward 832 
processing (Cromwell & Berridge, 1993) and is innervated by NAc shell medium spiny 833 
neurons that primarily express Gi-coupled D2-like DA receptors (Gerfen & Young, 834 
1988). Thus, KOR-mediated reductions in DA within the ventral NAc shell would 835 
increase the activity of GABAeregic medium spiny neurons that project to the lateral VP, 836 
resulting in the inhibition of this region (Bonci & Carlezon, 2005). Interestingly, reduced 837 
activity has been observed directly within the VP following exposure to aversive stimuli 838 
(Itoga et al., 2016) as well as an increase in activity within brain nuclei that receive input 839 
specifically from GABAergic neurons located within the lateral region of VP. Of specific 840 
interest is the relief of inhibition of the periventricular nucleus of the thalamus (PVT), a 841 
brain nucleus that is downstream of the VP and has been indicated in aversive processing 842 
(Yashoshima et al., 2007). In contrast to the ventral NAc shell, reductions in DA 843 
specifically within the dorso-medial region of the NAc shell would cause a decrease in 844 
the activity of the PVT through inhibition of glutamatergic afferents from the LH that 845 
project to the PVT (Thompson & Swanson, 2010; Zahm et al., 2012). Thus, the ventral 846 
NAc shell → lateral VP → PVT circuit may be one mechanism in which site-specific 847 
modulation of NAc shell KORs contributes to aversive coding, while the dorso-medial 848 
NAc shell → LH → PVT circuit may contribute to positive valence coding by NAc 849 
KORs. However, more work is necessary to determine how topographical organization of 850 
NAc shell contributes to opposing modulation of valence coding and the subsequent 851 
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divergent responses on motivated behavioral states, such as approach versus avoidance 852 
behaviors. 853 
 854 

 855 
Interactions between D1-like and KORs mediate pair bond maintenance 856 

Complex behaviors often require interactions between multiple neural systems.  857 
Indeed, studies of pair bond formation show that partner preferences require concurrent 858 
activation of D2-like and OT receptors within the NAc shell (Liu & Wang, 2003) as well 859 
as V1a receptor activation within the VP (Lim et al., 2004).  These previous studies 860 
argued that peptide systems are necessary for social recognition, while DA transmission 861 
is important for reward processing (Young & Wang, 2004; Johnson & Young, 2015).  In 862 
the present study, we expand our current understanding of neural mechanisms involved in 863 
the regulation of pair bond behavior by demonstrating that interactions between opioid 864 
peptides, such as the dynorphin/KOR system, and DA transmission within the NAc may 865 
act to couple valence processing systems within motivational circuitry. Consistent with 866 
the theory that interactions between these systems mediate pair bond induced transitions 867 
in the valence encoding of novel social stimuli, previous studies of drug reward have 868 
demonstrated that interactions between DA/D1 and dynorphin/KOR systems mediate the 869 
propensity for previously rewarding stimuli to be processed as aversive.  Specifically, 870 
stimulation of D1-like receptors phosphorylates cAMP response element binding protein 871 
(CREB) to induce the expression and release of dynorphin (Carlezon et al., 1998), 872 
resulting in the valence encoding of a psychostimulant to be reversed from rewarding to 873 
aversive (Pliakas et al., 2001).  Together, these data suggest that alterations in the activity 874 
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and, subsequently, interactions between DA and dynorphin/KOR systems play a critical 875 
role in experience mediated plasticity in reward processing. 876 

While it is known that activity within the dynorphin/KOR system plays a critical 877 
role in reward processing, the mechanism in which this system modulates the encoding of 878 
reward is not well understood. One hypothesized mechanism in which the 879 
dynorphin/KOR is thought to negatively impact motivation and reward processing is 880 
through its ability to robustly decrease dopaminergic transmission within the NAc 881 
(Shippenberg et al., 1996; Carlezon & Thomas, 2009). Interestingly, interactions between 882 
these systems were augmented following the establishment of a pair bond in male, but 883 
not female, prairie voles. Given that paired bonded males are the more aggressive sex and 884 
that paired males also incur greater reproductive costs if their mate engages in extra-pair 885 
copulations (Resendez et al., 2012), it is possible that paired males show a greater 886 
aversion to social novelty and this enhanced aversion may be mediated by augmented 887 
coupling between DA and dynorphin/KORs within the NAc. While more work is 888 
necessary to determine the exact mechanism in which NAc KORs mediate the expression 889 
of sex differences in selective aggression, the present study nonetheless provides an 890 
interesting example of how the dynorphin/KOR system modulates reward and motivation 891 
to promote ethologically relevant behavioral adaptation. 892 
 893 
Neuroprotective effects of pair bonding on drug reward 894 

Addiction is a debilitating disorder that is characterized in part by chronic relapse, 895 
and, while pharmacological treatments continue to be sought for the treatment of this 896 
disorder, many have been ineffective in sustaining drug abstinence (Fattore & Diana, 897 
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2016). Interestingly, there is compelling evidence that a preventative approach, focused 898 
on neural adaptations resulting from the formation and maintenance of positive social 899 
relationships, may offer positive benefits to psychological well being (Feldman, 2015). 900 
For example, in drug-addicted humans, the presence of positive social support reduces 901 
the propensity for relapse (Kreswell et al., 2015), suggesting that positive social 902 
experience, such as bonding, may wire the brain in a manner that reduces future drug 903 
seeking behavior (Young et al., 2011). Yet, despite the demonstrated positive benefit for 904 
social bonding on mental health, the neural mechanisms underlying the relationship 905 
between social bonding and drug taking have not been extensively studied. The scarcity 906 
of studies examining this relationship is likely related to a lack of animal models that 907 
exhibit both the propensity for social bonding and drug taking behavior.  908 

The socially monogamous prairie vole offers an excellent animal model in 909 
which to study the relationship between drug and social reward because, unlike most 910 
mammals, they form selective social attachments to their mating partner. Importantly, 911 
as demonstrated in the present study, the establishment of a pair bond, but not mere 912 
social exposure or mating, is required for social bonding to exert protective effects 913 
against AMPH reward. The specificity of the establishment of a social bond to the 914 
neural protection against drug reward is likely related to the fact that the establishment 915 
of a pair bond alters the brain in a manner in which other social experiences do not 916 
(Liu et al., 2011; Smith & Wang, 2014). Indeed, it has previously been demonstrated 917 
that activation of neural systems that mediate pair bond maintenance (NAc D1-like 918 
receptors), but not those that mediate pair bond formation (NAc D2-like receptors), are 919 
required for pair bond induced protection against drug reward (Liu et al., 2011). Here, 920 
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we extended these previous findings by demonstrating that, for male prairie voles, 921 
activation of NAc shell KORs is required for pair bond induced attenuation of AMPH 922 
reward. Given that drugs that act at the dynorphin/KOR system are currently under 923 
intense investigation as potential therapeutics for the treatment of addiction (Carlezon 924 
& Miczek, 2010) and that pair bonding induces neural plasticity within this system to 925 
result in an attenuation in drug reward, there may be considerable therapeutic value in 926 
understanding the neural mechanisms in which social experiences alter reward 927 
circuitry to buffer against drug reward. Finally, data presented in the present study 928 
also provide support for the consideration of socially related cognitive therapies when 929 
developing future treatment regimens for the treatment of addiction. 930 
 931 
Future considerations for how interactions between the D1-like dopamine receptor 932 
system and the dynorphin/KOR system mediate pair bond maintenance 933 

Following the establishment of a pair bond, male prairie voles show an 934 
enhancement in KOR-agonist induced decreases in stimulated DA within the NAc 935 
shell, despite having an overall reduction in KOR binding density within this region. 936 
Given the presumption that a reduction in receptor number would also reduce the 937 
efficacy of an agonist to produce the measured physiological response, these findings 938 
appear to contradict one another. However, G protein-coupled receptors (GPCRS), 939 
including KORs, are dynamic proteins that can adopt multiple conformational states, 940 
resulting in variability in ligand binding affinity as well as efficacy of the receptor to 941 
activate distinct downstream signaling cascades (Bruchas & Chavkin, 2010). For 942 
example, G proteins have been shown to pre-couple with receptors (Nobles et al., 2005) 943 
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and this coupling can lead to conformational changes in the extracellular portion of 944 
the receptor that enhance affinity of the ligand for the receptor (Yan et al., 2008). 945 
Moreover, the percent of G protein receptor coupling can vary as a function of receptor 946 
density (Yan et al., 2008). Thus, under certain physiological conditions, it is possible 947 
for receptor coupling efficiencies to be enhanced, resulting in a fewer number of 948 
receptors to be required for an agonist to produce the maximal biological response 949 
(Kenakin, 2002).  950 

With binding of the agonist, changes in conformational state of the receptor 951 
can also be induced, to increase affinity of the G protein to the receptor. In addition, 952 
GPCRS can engage a diverse array of signaling pathways in a manner that is 953 
dependent on the ligand (White et al., 2013), cellular milieu (Yan et al., 2008), as well 954 
as lipid membrane properties (Nygard et al., 2013). Thus, there are wide variety of 955 
dynamic receptor states that can influence functional interactions between the ligand 956 
and the receptor as well as the receptor and its G protein. Future research is therefore 957 
necessary to determine if, in addition to pair bond induced changes in striatal KOR 958 
expression patterns, if KOR mediated signaling properties also vary as a function of 959 
social state as well as the potential for such alterations to influence DA transmission 960 
dynamics. Finally, given that KORs are found on the terminal regions of multiple 961 
inputs to the NAc (glutamatergic, GABAergic, and dopaminergic) (Meshul & McGinty, 962 
2000; Svingos et al., 2001; Hjelmstad & Fields, 2003) more work will also be necessary 963 
to determine if KOR binding is globally decreased within the NAc of pair bonded males 964 
or if this decrease is restricted to a specific sub-population of inputs. 965 
 966 
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 967 
Conclusion 968 

In the present study, we provide extensive detail of the neural mechanism 969 
involved in the maintenance of enduring social bonds. Specifically, we show that neural 970 
systems involved in aversive valence processing, such as the dynoprhin/KOR system 971 
(Bals-Kubik et al., 1989; Land et al., 2008; Chartoff et al., 2009; Koob & Volkow, 2010; 972 
Schindler et al., 2012; Al-Hasani et al., 2015), as well as those involved in the 973 
orchestration of socially motivated behavioral states, such as the D1-like receptor system, 974 
(Balfour et al., 2004; Champagne et al., 2004; Aragona & Wang, 2009; Hull, 2011; 975 
Chevallier et al., 2012; Gunaydin et al., 2014) interact within the NAc shell to mediate 976 
selective aggression and the maintenance of monogamous bonds. Importantly, 977 
understanding the neurobiology of social bonding has important translational 978 
implications for psychiatric disorders of a social nature as well as motivational/affective 979 
disorders (Feldman, 2015). Thus, further investigation of social reward processing in the 980 
prairie vole model has the potential to reveal how social bonding alters motivational 981 
circuitry in a manner that buffers against psychopathology.   982 
 983 
Materials and Methods 984 
 985 
Subjects:  Subjects were adult prairie voles bred in a laboratory colony at the University 986 
of Michigan. Subjects were weaned at 21 days of age and initially housed in same-sex 987 
sibling pairs. Animals were housed in a 14 hour light/10 hour dark cycle (lights on at 6 988 
AM and off at 8 PM) and all experiments occurred during the light phase of the animals 989 
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cycle. Food and water was available ad libitum (Resendez et al., 2012; Resendez et al., 990 
2013).   991 
 992 
Housing Conditions:  For experiments that required pair bonded prairie voles, adult 993 
subjects were paired with an opposite sex partner for 14 days in a large cage that 994 
subsequently became the pair’s ‘home cage’ cage. This cohabitation time allows for nest 995 
sharing, mating, and impregnation (Aragona et al., 2006).  Pregnancy was confirmed by 996 
extracting embryos from pregnant females and subsequently categorizing pregnancy 997 
status by average neonatal weight of the embryos (Curtis, 2010; Resendez et al., 2012) 998 
 999 
Stereotactic surgery: Subjects were anesthetized with a mixture of ketamine (90 mg/kg) 1000 
and xylazine (10 mg/kg) administered at 0.1% of total body weight. Stereotactic surgery 1001 
was subsequently performed to implant a 26-gauge bilateral guide cannula (Plastics One, 1002 
Roanoke, VA) into the NAc shell (+1.7 mm A/P; ±1mm M/L; -4.5 mm D/V) (Resendez 1003 
et al., 2012).  Cannulas were secured to the skull with stainless steel screws and dental 1004 
cement.  Following surgery, males were given 0.1 mL ketoprofen and returned to their 1005 
home cage to recover with either their cage mate or mating partner (3 days) (partner 1006 
preference, selective aggression, or conditioned place preference). 1007 
 1008 
Partner Preference: Three days prior to behavioral testing, a guide cannula was 1009 
implanted above the NAc shell (Resendez et al., 2013). Immediately prior to pairing with 1010 
an opposite-sex conspecific, male subjects received site-specific injections of either aCSF 1011 
or 1 μg U50,488 (KOR agonist) (Muschamp et al., 2011).  Following injections, subjects 1012 
cohabitated with a female partner for 1-hr and were next placed in a 3-chambered partner 1013 
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preference apparatus with their partner restricted to one chamber and a novel opposite-1014 
sex individual (stranger) restricted to the opposite chamber. Test subjects were free to 1015 
move throughout the apparatus. The 3-hr test was recorded and later scored by an 1016 
experimentally blind observer for the duration of time spent in side-by-side contact with 1017 
either the partner or stranger.  1018 
 1019 
Resident-intruder tests: 1-hr prior to resident-intruder testing, subjects received site-1020 
specific infusions of one of the following treatment groups: aCSF, 10 ng SCH 23390 (D1 1021 
receptor antagonist), 10 ng SCH 23390 and 1 μg U50,488, or 0.4 ng SKF 38393 (D1 1022 
receptor agonist) and 500 μg norBNI (KOR antagonist) (Aragona et al., 2006; Resendez 1023 
et al., 2012).  1-hr after drug infusion, the subject was placed in its home cage (in 1024 
isolation) and its behavior was recorded for 10-min, allowing time for acclimation to the 1025 
testing environment and the assessment of locomotor activity.  Locomotor activity was 1026 
assessed by counting the number of cage crosses made during the 10-min habituation 1027 
period. Next, a same-sex stimulus animal was introduced to the subject’s home cage and 1028 
behavioral interactions were recorded for 10-min.  Resident-intruder tests were scored for 1029 
the frequency of aggressive behaviors (offensive rears, lunges, bites, and chase 1030 
frequency). The latency to engage in agonistic behavior was determined by the first time 1031 
point in which an aggressive encounter occurred. If an aggressive encounter was not 1032 
observed during the testing period, an attack latency of 10-min was applied. Affiliative 1033 
behavior was assessed by quantifying the sum of the duration of time that the test 1034 
subject spent investigating and in side-by-side contact with the intruder.  1035 
 1036 
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Conditioned Place Preference:  A non-biased conditioned place preference assay was 1037 
used to assess the rewarding properties of 1 mg/kg of amphetamine, a dose that has been 1038 
shown to reliably elicit a preference for the drug paired compartment in this species 1039 
(Aragona et al., 2007a; Liu et al., 2010).  A pre-test was conducted on day 1 of 1040 
conditioning to determine if the test subject had a bias for either side of the chamber.  1041 
Test subjects that showed a robust preference for either chamber (greater than 67% of the 1042 
pre-test) were excluded from the study.  On the following 3 days, subjects were 1043 
administered saline in the preferred chamber and 1 mg/kg AMPH the non-preferred 1044 
chamber and placed in the chamber for 40-mins. The order of injections was 1045 
counterbalanced between subjects and treatments were administered 6 hours apart. On 1046 
day five of testing, a preference for the amphetamine paired chamber was determined by 1047 
placing the subject in the apparatus and allowing it to freely roam either compartment for 1048 
30-mins.  1049 

To determine how social conditioning impacts AMPH reward, male subjects were 1050 
placed in one of several housing conditions: sibling housed, housed with a novel male, 1051 
house with an OVX female, or housed with an intact female. To determine if alterations 1052 
in KOR binding contribute to the protective effects of pair bonding against drug reward, 1053 
non-paired or paired subjects received either peripheral administration of saline or 50 1054 
mg/kg nor-BNI dissolved in sterile saline on day 1 of conditioning. To determine if the 1055 
impact of KORs on drug reward processing was specific to the NAc shell, test subjects 1056 
received site-specific microinfusions of either aCSF or 500 μg nor-BNI into the NAc 1057 
shell on day 1 of conditioning. These doses were chosen because they have previously 1058 
been shown to reduce selective aggression in male prairie voles without altering 1059 



Resendez 46

locomotor activity (Resendez et al., 2012). For males paired with intact females, female 1060 
partners were checked for successful pregnancy after male subjects completed the post-1061 
test on day 5 of testing (Curtis, 2010; Resendez et al., 2012). 1062 
 1063 
Measuring mRNA by reverse transcriptase PCR:  Tissue punches from the dorsal and 1064 
ventral striatum were processed for mRNA quantification as previously described (Day et 1065 
al., 2013). Total RNA was extracted using the RNeasy Mini kit (Qiagen) following the 1066 
manufacturer’s instructions. mRNA was reverse transcribed using the iScript RT-PCR kit 1067 
(Bio-Rad). Specific intron-spanning primers were used to amplify cDNA regions for 1068 
transcripts of interest (Drd1, Drd2, Drd3, Pdyn, Penk, Oprk1, Oprm1, Oxtr, and Avpr1a). 1069 
Nadh was used as an internal control for normalization using the ΔΔCt method within the 1070 
VS.  Oprm1 was used as the control within the DS because mRNA for this gene did not 1071 
differ between groups and Nadh mRNA levels were found to be affected by pregnancy in 1072 
females. 1073 
 1074 
Receptor autoradiography:  KOR autoradiography was used to quantify changes in 1075 
receptor density across the striatum as a function of pair bonding and AMPH 1076 
administration. To examine the effect of pair bonding on KOR binding density, subjects 1077 
were either paired with a novel female for two weeks or remained housed with a same-1078 
sex sibling. To determine the effects of AMPH exposure on KOR binding density, striatal 1079 
slices from male prairie voles receiving either control injections of saline or injections of 1080 
1 mg/kg AMPH for three days were also processed for KOR autoradiography. Follow the 1081 
completion of either social or drug exposure, subjects were sacrificed via rapid 1082 
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decapitation 24-hrs following the last day of pairing (for the pair bonding manipulation) 1083 
or the final injection (for the AMPH manipulation). Brains were removed, immediately 1084 
frozen on powdered dry ice, and stored at -80ºC until sectioning. A cryostat was used to 1085 
section the brain into a 1:4 series at 20 μM. Sections were directly mounted onto glass 1086 
slides and stored at −80 °C until time of assay.  1087 

Autoradiography for KORs was conducted with 3H U-69,593 radioligands (Perkin 1088 
Elmer, USA) (Resendez et al., 2012). On the day of the assay, slides were thawed at 1089 
room temperature (RT) until dry and fixed in 0.1% paraformaldehyde (pH 7.4; 2 min). 1090 
Slides were then washed in 50 mM Tris buffer (pH 7.4; 10 min; 2 washes) and incubated 1091 
for 1-hr in tracer buffer containing 50 mM Tris buffer, 10 mM MgCl2, 0.1% bovine 1092 
serum albumin, and 1nM 3H U-69,593 for visualization of KOR binding. Next, slides 1093 
were washed in 50 mM Tris containing 0.2% MgCl2 for 5 min at 4 °C (4 washes) then for 1094 
30 min at RT (1 wash). Slides were briefly dipped in nanopure H2O, allowed to dry at RT 1095 
and then exposed to BAS Imaging Plates (GE Life Sciences, Piscataway, NJ) for 2 1096 
weeks.  All plates were scanned on the BAS-5000 plate reader using BAS-5000 Image 1097 
Reader software (Version 1.8). Binding densities were determined with region of interest 1098 
analysis using ImageJ software.   1099 
 1100 
FSCV:  Following rapid, live decapitation, brains were quickly extracted, immediately 1101 
submerged in cold, pre-oxygenated high sucrose aCSF consisting of 180 mM sucrose, 30 1102 
mM NaCl, 4.5 mM KCl, 1mM MgCl2, 26 mM NaHCO3, 1.2 NaH2PO4, and 10 mM D-1103 
Glucose in deionized H2O (pH 7.4), and sectioned into coronal slices (400 μm) 1104 
containing the DS, the NAc core, and the NAc shell. Following sectioning, slices were 1105 
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transferred to RT aCSF buffer solution consisting of 176.13 mM ascorbate, 180.16 mM 1106 
glucose, 84.01 mM sodium bicarbonate, 58.44 mM NaCl, 156 mM NaH2PO4, 74.56 mM 1107 
KCl, 147.01 mM CaCl2, and 203.30 mM MgCl2 in deionized H2O (pH 7.4) and incubated 1108 
for 1-hr. A buffer solution of this same composition (minus ascorbate) was used to 1109 
perfuse the slices during recordings (1 ml/min).  Both buffer solutions were continuously 1110 
bubbled with 5% CO2 and 95% (Maina & Mathews, 2010). 1111 

FSCV was conducted with recording electrodes fabricated from 1.2 mm pulled 1112 
glass capillary tubes, with the carbon fiber cut to approximately 150 μm from the 1113 
capillary glass seal. Using Tarheel CV (University of North Carolina, Chapel Hill) 1114 
software written in LABVIEW (National Instruments, Austin, TX), a triangular ramp 1115 
sweeping from -0.4 V to +1.2 V versus a Ag/AgCl reference was applied to the carbon-1116 
fiber electrode at a rate of 10 Hz (Robinson et al., 2002). The characteristic oxidation 1117 
current, seen at +0.6 V during the upward ramp, and reduction current, at -0.2 V during 1118 
the downward ramp, of DA was identified using a background-subtracted cyclic 1119 
voltammogram (Aragona et al., 2009). The peak currents for DA were converted to 1120 
concentration by calibrating each electrode to a known concentration of DA (3 μM) 1121 
(Sinkala et al., 2012; Vander Weele et al., 2014). 1122 

To compare differences in striatal DA release properties between non-paired and 1123 
pair bonded voles, FSCV was conducted in striatal slice preparations (Singer et al., 1124 
2015).  DA release was evoked by a 1 or 20-pulse stimulation (350 μA) delivered in 5-1125 
min increments at 20 Hz with a bipolar stimulating electrode placed on the surface of the 1126 
striatal slice approximately 150 μm from the recording electrode (Zhang et al., 2009).  1127 
Each recording was 15 seconds in duration and DA release was evoked at 5 seconds.  A 1128 
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total of 3 recordings at each pulse were made within each region and peak DA release 1129 
was averaged for each subject.  Slice stimulations occurred at regular 5-min intervals and 1130 
readings were only recorded for experimental purposes once DA release was stabilized 1131 
(Calipari et al., 2012). 1132 

 1133 
KOR Dose response in the NAc shell:  FSCV was used to assess changes in DA/KOR 1134 
interactions following the establishment of a pair bond. The KOR agonist BRL 5237 1135 
hydrochloride was bath applied to striatal slice preparations and DA release was 1136 
measured (Britt & McGehee, 2008).  Increasing doses (.001, .01, .03, .1, .3, 1, 3, 10, 20 1137 
30 μM) of BRL 52537 hydrochloride were added every 30-min to the slice’s aCSF 1138 
reservoir, perfused at 1 mL/min.  Dose response curves were generated using non-linear 1139 
regression with the bottom set equal to 0 (Maina & Mathews, 2010). 1140 
 1141 
Statistics: Based upon our previous behavioral pharmacology experiments in voles, 5-8 1142 
subjects are needed per group to achieve a p-value of < 0.05 with 80% power. Therefore, 1143 
each group contains at least 6-8 subjects. Consistent with established standards in the 1144 
literature, we used at least 6 subjects for mRNA and receptor autoradiography 1145 
experiments and at least 3 subjects for slice FSCV experiments, with multiple samples 1146 
taken per slice. For most experiments, comparisons were made between biological 1147 
replicates, i.e., comparisons between treatment groups receiving a pharmacological 1148 
manipulation or between different social conditions.  For FSCV experiments, both 1149 
biological and technical replicates, i.e., repeated measurements from the same coronal 1150 
slice under identical preparations were also made. To determine whether the data were 1151 
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normally distributed and equivalent in variance, we examined boxplots for each group. In 1152 
cases where boxplots revealed that the data were not normally distributed or there was a 1153 
lack of equal variance among groups, nonparametric tests were used. Statistical 1154 
significance was assessed with either a t-test, one-way ANOVA, or two-way ANOVA.  1155 
An alpha level was set at p ≤ 0.05 for all statistical analysis. All analysis were performed 1156 
in SPSS version 21 for Windows. 1157 
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 1559 

Figure Legends 1560 
Figure 1:  NAc shell KORs encode social aversion. (a) Experimental design. (b) 1561 
Histological verification of injection sites. (c) Control males (aCSF) paired with a female 1562 
partner for 1-hr showed no social preference or aversion (n = 6). In contrast, activation of 1563 
NAc shell KORs via site-specific administration of a KOR agonist induced a partner 1564 
aversion  (n = 7). (d) Males that received site-specific injections of the KOR agonist also 1565 
spent significantly less time in the partner’s cage as well as more time in the chamber 1566 
containing the stranger. (e) There was no difference in total contact time between the two 1567 
groups. Summary data are presented as mean ± SEM.   *P < 0.05, **P < 0.005 1568 
 1569 
Figure 1–figure supplement 1: Social and grooming behavior during 1-hour cohabitation. 1570 
Prior to partner preference testing, subjects were administered either aCSF (control) or a 1571 
KOR agonist (1 μg U50,488)  into the NAc shell and paired with a female partner for 1-1572 
hr. (a, b) Control males (aCSF) and males who were administered a KOR agonist into the 1573 
NAc shell prior to pairing with the female partner did not differ in the duration of time 1574 
spent engaging in affiliative behavior at (a) any 10-min time bin (two-way ANOVA, 1575 



Resendez 60

F(1,12) = 0.55, p = 0.47)  or (b) over the entire duration of the 60-min pairing (t-test, t(12) =  1576 
0.74, p = 0.47). (c, d) Similarly, there was no difference in the duration of time spent 1577 
autogrooming at (c) any 10-min time bin (two-way ANOVA, F(1,12) = 0.11, p = 0.74)  or 1578 
(d) over the entire duration of the 60-min pairing (t-test, t(12) =  0.34, p = 0.74) (n = 6 - 1579 
8/group). 1580 
 1581 
Figure 2:  Pair bonding alters mRNA expression within the NAc. (a) Pair bonding 1582 
increased the expression of Drd1 and Pdyn mRNA within the VS of males (n = 1583 
15/group). (b) Pair bonding decreased Drd3 mRNA expression within the DS of males (n 1584 
= 15-16/group). (c) Similar to males, pair bonding increased the expression of Drd1 and 1585 
Pdyn within the VS of females (n = 6-23/group). (d) Pair bonding significantly decreased 1586 
Drd2 mRNA within the DS of paired females (n = 16/group). *P < 0.05, **P < 0.005 1587 
 1588 
Figure 3:  Pair bonding alters KOR binding within the striatum of males. (a,b) Pair 1589 
bonding decreased KOR binding in the dorso-medial and ventral NAc shell of males (n = 1590 
11/group). (c,d) There was no significant effect on KOR binding density in females (n = 1591 
10/group).  Summary data are presented as mean ± SEM.   *P < 0.05 1592 
 1593 
Figure 3-figure supplement 1: Sex differences in KOR binding density before and after 1594 
pair bonding. (a) Representative autoradiographs from sibling (top) and pair housed 1595 
(bottom) male (left) and female (right) prairie voles. (b) Prior to pair bonding, sibling 1596 
housed male and female prairie voles show a sex difference in KOR binding density 1597 
within the striatum (two-way ANOVA, F(1,114) = 38.14, p = 0.0001). Specifically, 1598 



Resendez 61

compared to sibling housed females (i.e., non-paired), sibling housed males have higher 1599 
levels of KOR binding density within ventral regions of the striatum. Bonferroni’s post 1600 
hoc test revealed that within the striatum, sibling housed males had significantly higher 1601 
levels of KOR binding density within the NAc core (p = 0.02), the dorso-medial region of 1602 
the NAc shell (p = 0.0001), and the ventral NAc shell (p = 0.005). (c) Interestingly, 1603 
following the establishment of a pair bond, these sex differences no longer exist (two-1604 
way ANOVA, F(1,114) = 0.36, p = 0.55). These results are consistent with findings 1605 
presented in Figure 3A, which demonstrate that pair bonding decreases KOR binding 1606 
density within the ventral striatum of males while leaving the KOR binding density in 1607 
females unaltered. Together, these data suggest that pair bonding in males lowers KOR 1608 
binding density to the levels of females regardless of the female’s social housing 1609 
condition. Summary data are presented as mean ± SEM.   *P < 0.05, **P < 0.005, ***P 1610 
< 0.0005 1611 
 1612 
Figure 4:  Striatal DA transmission in non-pair bonded prairie voles. (a,b) Representative 1613 
color plots of DA transmission throughout the striatum of (a) male and (b) female prairie 1614 
voles. (c,e) A 1-pulse depolarizing stimulation evokes the greatest magnitude of DA 1615 
release within the dorsal striatum and the magnitude of this release decreases along a 1616 
dorsal to ventral gradient within the striatum of (c) males and (e) females. (d,f) An 1617 
inverse relationship is seen with burst facilitation as the greatest ratio of DA release 1618 
occurs within the NAc shell, an intermediate ratio occurs within the NAc core, and the 1619 
lowest ratio occurs within the dorsal striatum of (d) males and (f) females. (g-i) 1620 
Compared to male prairie voles, a 20-pulse stimulation evokes a greater magnitude of DA 1621 
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release within the (g) dorsal striatum and the (h) NAc core of females. (i) No sex 1622 
difference in DA transmission occurred within the NAc shell.  Summary data are 1623 
presented as mean ± SEM. *P < 0.05, **P < 0.005, ***P < 0.0005 1624 
 1625 
Figure 5:  Pair bonding enhances NAc shell DA release. (a,b) Representative color plots 1626 
of stimulated DA release following a 1-pulse depolarizing stimulation in (a) male and (b) 1627 
female subjects. For both sexes, top row shows representative color plots for non-paired 1628 
subjects and bottom row shows representative color plots for pair bonded subjects. (c,d) 1629 
Pair bonding had no effect on DA transmission within the (c) dorsal striatum (n = 11-1630 
12/group) or (d) the NAc core of males (n = 10/group). (e) Within the NAc shell, a 1-1631 
pulse stimulation resulted in significantly greater DA release within the NAc shell of 1632 
paired males compared to non-paired male controls (n = 9-10/group).  (f,g) There was no 1633 
difference in peak DA release between non-paired and pair bonded females following a 1634 
1-pulse stimulation within the (f) dorsal striatum (n = 8-11/group) or (g) the NAc core (n 1635 
= 8-9/group). (h) Similar to males, a 1-pulse depolarizing stimulation resulted in a greater 1636 
level of DA release within of the NAc shell of paired females compared to non-paired 1637 
females (n = 7-8/group). Summary data are presented as mean ± SEM.  *P < 0.05 1638 
 1639 
Figure 5–figure supplement 1: Sex differences in striatal dopamine release following the 1640 
establishment of a pair bond. (a-c) Representative traces showing changes in DA release 1641 
following a 1-pulse depolarizing stimulation applied to either the (a) dorsal striatum, (b) 1642 
the NAc core, or (c) the NAc shell. (d,e) Within both the (d) dorsal striatum (t-test, t(18) =  1643 
0.06, p = 0.95; n = 12-8) and the (e) NAc core (t-test, t(16) =  1.16, p = 0.26; n = 10-8), 1644 
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pair bonding did not result in significant differences in peak DA release between paired 1645 
males and females. (f) However, following the establishment of a pair bond, a 1-pulse 1646 
depolarizing stimulation resulted in significantly greater levels of peak DA release within 1647 
the NAc shell of paired females compared to paired males (t-test, t(14) =  2.60, p = 0.02; n 1648 
= 9-7). Summary data are presented as mean ± SEM.   *P < 0.05 1649 
 1650 
Figure 5–figure supplement 2: Pair bonding increases selective aggression in both male 1651 
and female prairie voles. (a, b) Prior to pair bonding, both males and females show low 1652 
levels of aggression. However, following the establishment of a pair bond, both (a) males 1653 
(Mann-Whitney test, U(1,22) = 33, z = -2.26, p = 0.03) (n = 11-13/group) and (b) females 1654 
increased levels of selective aggression toward novel conspecifics (Mann-Whitney test, 1655 
U(1, 15) = 11, z = -2.34, p = 0.03) (n = 6-11/group) with males showing qualitatively 1656 
higher levels of aggression. Summary data are presented as mean ± SEM.   *P < 0.05 1657 
 1658 
Figure 6:  Relationship between striatal DA release and characteristics of pair bonding. 1659 
(a) Pair bond induced increases in selective aggression was dependent on fecundity in 1660 
males as males from optimally pregnant pairs were more aggressive than males from sub-1661 
optimally pregnant pairs  (n = 5-6/group). (b) Conversely, pregnancy optimality had no 1662 
effect on attack frequency in females (n = 4-7/group). (c) Within the NAc shell, males 1663 
whose females were optimally pregnant showed significantly greater levels of DA release 1664 
(n = 4-18/group).  (d) In contrast, for females, there was no difference in peak DA release 1665 
within the NAc shell between non-paired females and paired females categorized by their 1666 
reproductive status (n = 5-13/group). (e) Among pair bonded males, neonatal weight (an 1667 
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established indicator of gestational stage) was positively correlated with peak DA release 1668 
within the NAc shell (n = 23). (f) However, there was no relationship between peak DA 1669 
release and reproductive status in paired females. (g,h) Finally, in relation to attack 1670 
frequency, there was a positive correlation between peak DA release and attack 1671 
frequency within the within the NAc shell of (g) paired males (n = 8), but no such 1672 
relationship was identified among paired females (n = 10). Summary data are presented 1673 
as mean ± SEM.  *P < 0.05 1674 
 1675 
Figure 6–figure supplement 1: Sex differences in selective aggression by fecundity. (a) 1676 
When selective aggression levels were compared between paired males and females 1677 
based on fecundity (suboptimal versus optimal) sex differences in selective aggression 1678 
emerged as a function of pregnancy status (two-way ANOVA, F(1,18) = 6.01, p = 0.02) (n 1679 
= 6-13/group). Specifically, paired males and females categorized as sub-optimally 1680 
pregnant did not significantly differ in levels of selective aggression (Bonferroni’s post 1681 
hoc tes, p > 0.99). In contrast, males from pairs with optimally pregnant females showed 1682 
robustly higher levels of selective aggression than paired females categorized as 1683 
optimally pregnant (p = 0.01) (n = 4-7/group). Summary data are presented as mean ± 1684 
SEM.   *P < 0.05 1685 
 1686 
Figure 6–figure supplement 2: Impact of fecundity on dopamine transmission within the 1687 
dorsal striatum and NAc core of paired male and female prairie voles. (a,b) Within the 1688 
striatum of paired males, males categorized by their partner’s stage of pregnancy did not 1689 
differ in peak DA release within the (a) dorsal striatum (n = 4-22/group) or (b) the NAc 1690 
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core (n = 3-19/group). (c,d) Similarly, no differences were found within the (c) dorsal 1691 
striatum (n = 22) or (d) NAc core (n = 19) of paired females. (e) Although categorization 1692 
of males by their pregnancy status did not result in any significant differences in DA 1693 
transmission within the dorsal striatum, there was a positive correlation between peak DA 1694 
transmission and neonatal weight within this region (n = 26). (f) In contrast, there was no 1695 
relationship between peak DA release and neonatal weight within the NAc core of paired 1696 
males (n = 24). (g,h) There was no relationship between peak DA release and neonatal 1697 
weight within the (g) dorsal striatum (n = 22) or (h) NAc core (n = 19) of paired females. 1698 
(i,j) For paired males, there was no relationship between attack frequency and peak DA 1699 
release within the (i) dorsal striatum (n = 14) or (j) NAc core (n = 14). (k,l) Similarly, 1700 
there was no relationship between attack frequency and stimulated DA release within the 1701 
(k) dorsal striatum (n = 13) or the (l) Nac core (n = 12) of paired females. Summary data 1702 
are presented as mean ± SEM. 1703 
 1704 
Figure 7:  Pair bonding increases KOR modulation of NAc shell DA release in male 1705 
prairie voles. (a,b) Similar to other species, bath application of a KOR agonist decreases 1706 
DA release in the NAc shell of male and female prairie voles.  (c,d)  Non-paired males 1707 
and females did not differ in (c) the IC50 of BRL 5237 (a KOR agonist) or (d) in the 1708 
slope of the dose response curve. (e) Pair bonding induced sex-specific alterations in 1709 
KOR modulation of DA transmission within the NAc shell (f,g) Following the 1710 
establishment of a pair bond, KOR mediated decrease of stimulated DA release was 1711 
enhanced within the NAc shell of (f) males (n = 3-5/group), but not (g) females. (h,i) 1712 
Compared to non-paired males, pair bonding significantly decreased (h) the IC50 of BRL 1713 
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5237 as well as (i) the slope of the dose response curve in paired males. (j,k)  Pair 1714 
bonding did not alter KOR mediated DA transmission in females (n = 3-4/group). 1715 
Summary data are presented as mean ± SEM. **P < 0.005  1716 
 1717 
Figure 7–figure supplement 1: Comparison of the prairie vole KOR protein sequence to 1718 
other rodent species and humans. (a) Cladogram showing that the prairie vole (Michrotus 1719 
ochrogaster) KOR is distinct from that of guinea pigs (Cavia porcellus), humans (Homo 1720 
sapiens), rats (Rattus Norvegicus), and mice (Mus musculus). (b) Protein sequence 1721 
comparison of the prairie vole KOR to the above listed species.  * indicates completely 1722 
conserved regions of the gene between all species shown here, + indicates regions of the 1723 
gene that are similar between prairie voles, humans, and guinea pigs, but not rats or mice, 1724 
and the # indicates portions of the KOR sequence that are unique to prairie voles.  1725 
Consistent with other opioid receptors, the transmembrane regions of the gene (black 1726 
lines) are highly conserved between species.  In contrast, the N-terminus region of the 1727 
KOR gene contains the most protein sequence differences between prairie voles and the 1728 
other species shown.  Notably, there is one portion of the dynorphin binding site, located 1729 
in extracellular loop 2, where a threonine has been substituted for a valine, which is 1730 
unique to the prairie vole KOR.   1731 
 1732 
Figure 7–figure supplement 2: Sex differences KOR modulation of NAc shell DA release 1733 
following the establishment of a pair bond. (a) Comparison of dose response curves 1734 
between pair bonded males and females (n = 4-5/group). (b-c) Although pair bonding 1735 
significantly altered KOR modulation over DA release in paired males, but not paired 1736 



Resendez 67

females, these groups did not significantly differ in the IC50 of BRL5237 (a KOR 1737 
agonist) (t(7) = 1.72, p = 0.13) or in the slope of the dose response curve (t(7) = 2.14, p = 1738 
0.07). 1739 
 1740 
Figure 8: Pair bonding alters DA and dynorphin/KOR systems within the ventral 1741 
striatum. (a) Non-pair bonded prairie voles readily approach novel conspecifics and have 1742 
lower levels of stimulated DA release as well as Drd1 and Pdyn mRNA expression 1743 
within the ventral striatum. (b) Following the establishment of a pair bond, male and 1744 
female prairie voles aggressively reject novel conspecifics and the ventral striatum 1745 
undergoes a dramatic reorganization. Specifically, pair bonding enhances DA release 1746 
within the NAc shell as well as up-regulates Drd1 as well as Pdyn within the ventral 1747 
striatum of both males and females. Pair bonded males also show an additional decrease 1748 
in KOR binding within the NAc shell.   1749 
 1750 
Figure 9: Interactions between D1-like and KORs mediate pair bond maintenance.  (a) 1751 
Experimental Design. (b,c) Histological location of injection sites in (b) males and (c) 1752 
females. (d) Compared to control pair-bonded males that received site-specific infusions 1753 
of aCSF prior to resident-intruder testing (n = 6), males that received site-specific 1754 
infusions of a D1-like receptor antagonist into the NAc shell showed attenuated levels of 1755 
selective aggression as well as (e) increased attack latency toward intruders (n = 6). 1756 
However, aggression levels and attack latencies were returned to normal when the 1757 
antagonist for the D1-like receptor was administered in combination with a KOR agonist 1758 
(n = 7) suggesting that D1-mediated aggression occurs through downstream activation of 1759 
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KORs. This interaction was confirmed by the ability of the KOR antagonist to attenuate 1760 
selective aggression even when it was administered in combination with the D1-like 1761 
receptor agonist (n = 7). (f,g) Similar to males, blockade of D1-like receptors within the 1762 
NAc shell of paired females (n = 6) attenuated selective aggression compared to aCSF 1763 
controls  (n = 6). Aggression frequency was returned to the level of paired female 1764 
controls when the D1-like receptor antagonist was administered in combination with a 1765 
KOR agonist (n = 7). Finally, the attenuation of attack frequency and the increase in 1766 
attack latency mediated by a KOR antagonist was maintained even in the presence a D1-1767 
like receptor agonist (n = 6).  Summary data are presented as mean ± SEM.  *P < 0.05, 1768 
**P < 0.005 1769 
 1770 
Figure 10:  Amphetamine decreases KOR binding within the striatum of males.  (a,b) 1771 
AMPH decreased KOR binding within the dorso-medial and ventral NAc shell of non-1772 
pair bonded males (n = 7-8/group). (c,d) Similar to pair bonding, AMPH did not impact 1773 
striatal KOR binding in females (n = 7-8/group). Summary data are presented as mean ± 1774 
SEM.  *P < 0.05 1775 
 1776 
Figure 10–figure supplement 1: Sex differences in prairie vole KOR binding density 1777 
following amphetamine exposure. (a) Representative autoradiographs from saline (top) 1778 
and amphetamine (1 mg/kg) (bottom) conditioned male (left) and female (right) prairie 1779 
voles. For all subjects, saline (control) or amphetamine was administered once per day 1780 
for 3 consecutive days. (b) KOR binding density varied as a function of sex and treatment 1781 
(two-way ANOVA, F(1,96) = 39.80, p = 0.0001). Specifically, control males had 1782 
significantly higher levels of KOR binding within the dorso-medial NAc shell (p = 0.03) 1783 
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as well as the ventral region of the NAc shell (p = 0.0002). (c) Interestingly, similar to 1784 
pair bonding, repeated amphetamine exposure eliminated these sex differences in KOR 1785 
binding density between sibling housed males and females (two-way ANOVA, F(1,90) = 1786 
1.86, p = 0.17) (n = 7-10/group). *P < 0.05, 4***P < 0.0005 1787 
 1788 
Figure 11:  Neural protection against drug reward is specific to pair bonding in males. (a) 1789 
Male prairie voles were housed with a familiar cage mate, a novel male, an 1790 
ovariectomized (OVX) female, or an intact female for two weeks prior to AMPH 1791 
conditioning. Compared to saline treated males, all groups except males housed with an 1792 
intact female formed a preference for the AMPH paired chamber (n = 6-33/group). To 1793 
determine if pregnancy status influenced the rewarding properties of AMPH, males 1794 
housed with an intact female were further classified by the pairs pregnancy status (inset). 1795 
Only males paired with a female that became pregnant (suboptimally (SP) or optimally 1796 
(OP)) during the 2-week pairing period were protected against the rewarding properties 1797 
of amphetamine as males paired with females that were not pregnant (NP) formed a 1798 
preference for the AMPH paired chamber. (b) The establishment of an optimal pregnancy 1799 
strongly influenced the rewarding properties of AMPH as there was a negative 1800 
correlation between the duration of time spent in the AMPH paired chamber and the 1801 
gestational stage of the female for optimally pregnant pairs (n = 11). (c) In contrast, there 1802 
was no relationship between pregnancy stage and AMPH preference for sub-optimally 1803 
pregnant pairs (n = 8).  Summary data are presented as mean ± SEM.  *P < 0.05, **P < 1804 
0.005, *** P < 0.0005 1805 
 1806 
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Figure 12: NAc shell KORs mediate the protective effects of pair bonding. (a) Peripheral 1807 
administration of nor-BNI restored the rewarding properties of AMPH for paired males 1808 
(n = 6-14/group). (b) Histological location of injection sites. (c) Site-specific blockade of 1809 
NAc shell KORs was sufficient to alleviate pair bond induced attenuation of AMPH 1810 
reward (n = 4-7/group). Summary data are presented as mean ± SEM. **P < 0.005 1811 
 1812 
Tables and table Legends 1813 
 1814 
Table 1:  Non-significant statistics for mRNA comparisons in the ventral striatum. 1815  1816 

 Sex 
Gene Male Female 
Pdyn NA NA
Penk t(24) = 1.80, p = 0.09 t(26) = 1.92, p = 0.07
Oprk1 t(24) = 1.99, p = 0.06 t(11) = 0.36, p = 0.72
Oprm1 t(24) = 0.13, p = 0.90 t(26) = 0.70, p = 0.49 
Drd1 NA NA
Drd2 t(24) = 0.10, p = 0.33 t(37) = 1.57, p = 0.13
Drd3 t(24) = 1.58, p = 0.13 t(26) = 0.75, p = 0.46 
Oxtr t(24) = 1.72, p = 0.10 t(37) = 1.12, p = 0.27 
Avpr1a t(24) = 0.82, p = 0.43 t(37) = 0.25, p = 0.81 
Nadh t(23) = 1.23, p = 0.23 t(28) = 0.79, p = 0.44 1817  1818  1819 
Table 2:  Non-significant statistics for mRNA comparisons in the dorsal striatum. 1820  1821 

 Sex 
Gene Male Female 
Pdyn t(26) = 0.80, p = 0.43 t(26) = 0.21, p = 0.83
Penk t(26) = 0.56, p = 0.58 t(26) = 0.13, p = 0.90
Oprk1 t(26) = 0.17, p = 0.86 t(26) = 1.19, p = 0.24
Oprm1 t(26) = 0.63, p = 0.53 t(26) = 0.05, p = 0.96
Drd1 t(26) = 1.15, p = 0.26 t(26) = 0.88, p = 0.39
Drd2 t(26) = 0.18, p = 0.86 NA 
Drd3 NA t(26) = 1.69, p = 0.10
Oxtr t(26) = 0.20, p = 0.84 t(26) = 1.50, p = 0.15
Avpr1a t(26) = 0.56, p = 0.58 t(26) = 0.85, p = 0.40
Nadh t(26) = 0.97, p = 0.34 t(26) = 0.005, p = 0.10
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Table 3:  Non-significant statistics for comparisons of KOR binding density in paired 1822 versus unpaired males 1823  1824 
Striatal sub-region Bonferonni's post hoc test 
Dorso-medial striatum p > 0.99 
Dorso-lateral striatum p > 0.99 
NAc core p = 0.41 
Nac dorso-medial shell p = 0.07 
NAc lateral shell p = 0.99  1825 

 1826 
Table 4: Confidence intervals for IC50’s in KOR agonist dose response study 1827 
 1828 
Group 95% Confidence interval 
Male non-pair bonded 4.761818 to 13.906848 
Male pair bonded -1.2093417 to 4.4570177 
Female non-pair bonded 0.73751 to 18.11349 
Female pair bonded -0.73394 to 10.70294 

 1829 
 1830 
Table 5: Non-significant statistics for comparisons of KOR binding density in saline 1831 versus amphetamine treated males 1832  1833 
Striatal sub-region Bonferonni's post hoc test 
Dorso-medial striatum p > 0.99 
Dorso-lateral striatum p > 0.99 
NAc core p > 0.99 
Dorso-lateral striatum p > 0.99 

 1834 
 1835 
 1836 
 1837 

 1838 



a

b
aCSF
aCSF + KOR agonist 

c d

e

150

100

50

0

Co
nt

ac
t t

im
e 

(m
in

)
Partner
Stranger

*

*
***150

100

50

0 Partner StrangerCenterCa
ge

 ti
m

e 
(m

in
)

100
80
60
40
20

0To
ta

l c
on

ta
ct

tim
e 

(m
in

)
aCSF KOR 

agonist 

aCSF
KOR agonist

Partner

aCSF KOR 
agonist 

Stranger

1-hour pairing Partner preference test (3-hours)Microinjection into NAc shell
immediately prior to pairing



Ventral striatum male Dorsal striatum male 
a b

Dynorp
hin 

mRNA (P
dyn)

Enkephalin

mRNA (P
enk)

KOR m
RNA 

(O
prk1)

MOR m
RNA 

(O
prm

1)

D3 re
ce

pto
r 

mRNA (D
rd

3)

D1 re
ce

pto
r

mRNA (D
rd

1)

D2 re
ce

pto
r 

mRNA (D
rd

2)

Oxyto
cin

 re
ce

pto
r

mRNA (O
xtr)

AVP V1A re
ce

ptor 

mRNA (A
vpr1a)

Contro
l 

mRNA (N
adh)

Dynorp
hin 

mRNA (P
dyn)

Enkephalin

mRNA (P
enk)

KOR m
RNA 

(O
prk1)

MOR m
RNA 

(O
prm

1)

D3 re
ce

pto
r 

mRNA (D
rd

3)

D1 re
ce

pto
r

mRNA (D
rd

1)

D2 re
ce

pto
r 

mRNA (D
rd

2)

Oxyto
cin

 re
ce

pto
r

mRNA (O
xtr)

AVP V1A re
ce

ptor 

mRNA (A
vpr1a)

Contro
l 

mRNA (N
adh)

Dorsal striatum female

2.5

2.5

2.0

2.0

1.5

1.5

1.0

1.0

0.5

0.5

0.0

0.0

d

*

*

 m
RN

A
 (f

ol
d 

ch
an

ge
 v

s 
si

bl
in

g 
ho

us
ed

)
 m

RN
A

 (f
ol

d 
ch

an
ge

 v
s 

si
bl

in
g 

ho
us

ed
)

Dynorp
hin 

mRNA (P
dyn)

Enkephalin

mRNA (P
enk)

KOR m
RNA 

(O
prk1)

MOR m
RNA 

(O
prm

1)

D3 re
ce

pto
r 

mRNA (D
rd

3)

D1 re
ce

pto
r

mRNA (D
rd

1)

D2 re
ce

pto
r 

mRNA (D
rd

2)

Oxyto
cin

 re
ce

pto
r

mRNA (O
xtr)

AVP V1A re
ce

ptor 

mRNA (A
vpr1a)

Contro
l 

mRNA (N
adh)

Dynorp
hin 

mRNA (P
dyn)

Enkephalin

mRNA (P
enk)

KOR m
RNA 

(O
prk1)

MOR m
RNA 

D3 re
ce

pto
r 

mRNA (D
rd

3)

D1 re
ce

pto
r

mRNA (D
rd

1)

D2 re
ce

pto
r 

mRNA (D
rd

2)

Oxyto
cin

 re
ce

pto
r

mRNA (O
xtr)

AVP V1A re
ce

ptor 

mRNA (A
vpr1a)

Contro
l 

mRNA (N
adh)

 Opioid systems Dopamine systems OT and AVP sytems

Ventral striatum female

 m
RN

A
 (f

ol
d 

ch
an

ge
 v

s 
si

bl
in

g 
ho

us
ed

)

0.0

0.5

1.0

1.5

2.0

2.5

2.5

2.0

1.5

1.0

0.5

0.0

c

* **

**

*

Sibling housed male Pair housed male

Sibling housed female Pair housed female

 m
RN

A
 (f

ol
d 

ch
an

ge
 v

s 
si

bl
in

g 
ho

us
ed

)

Sibling housed male Pair housed male

 Opioid systems Dopamine systems OT and AVP sytems

 Opioid systems Dopamine systems OT and AVP sytems  Opioid systems Dopamine systems OT and AVP sytems

Sibling housed female Pair housed female

(O
prm

1)



80

60

40

20

0

M
ea

n 
de

ns
it

y 
of

 K
O

R 
bi

nd
in

g

b

d

Sibling housed Pair housed
a

NAc c
ore

NAc s
hell

NAc s
hell

NAc s
hell

DMS
DLS

Dorso
-m

edial 

Ventra
l 

Lateral 

*
Male

Sibling housed Pair housed

Female
c

Sibling housed Pair housed

NAc c
ore

NAc s
hell

NAc s
hell

NAc s
hell

DMS
DLS

Dorso
-m

edial 

Ventra
l 

Lateral 

80

60

40

20

M
ea

n 
de

ns
it

y 
of

 K
O

R 
bi

nd
in

g

0

Sibling housed Pair housed



Stimulation

20 pulse
@ 20 Hz

1 pulse

20 pulse
@ 20 Hz

1 pulse

20 pulse
@ 20 Hz

1 pulse

[D
A

]  (
uM

)

Non-paired female
Non-paired male

Non-paired female
Non-paired male

Stimulation

Stimulation

Stimulation

Stimulation

0s 15s
Stimulation

0s 15s
Stimulation

0s 15s
Stimulation

0s 15s
Stimulation

0s 15s
Stimulation

0s 15s
Stimulation

1 pulse 20 pulse

8

6

4

2

0

[D
A

]  (
uM

)

[D
A

]  (
µM

)

g h i

***

NAc core NAc shell 

[D
A

] 2
0p

/[
D

A
] 1

p 8

4

6

2

0

17.0

-11.3

-0.4

-0.4

A
pp

lie
d 

po
te

nt
ia

l (
V

)

1.3

a

1 pulse

20 pulse

1 pulse

20 pulse

1 pulse

20 pulse

1.5

1.0

0.5

0

[D
A

] 1
p(

µM
)

Dorsal striatum

Dorsal 
striatum

NAc
core

NAc
shell

NAc core NAc shell

c d

10
8

6

4
2
0

*

b

[D
A]

1p
(µ

M
)

0

3

2

1

[D
A

] 2
0p

/[
D

A
] 1

p

e f

-0.4

-0.4

A
pp

lie
d 

po
te

nt
ia

l (
V

)

1.3

Dorsal striatum 

***** *** * **

*
***

Non-paired male Non-paired female

0s 15s
Stimulation

0s 15s
Stimulation

0s 15s
Stimulation

17.0

-11.3

NAc core NAc shell 
1 pulse 1 pulse 1 pulse

Dorsal striatum 

17.0

-11.3

17.0

-11.3

20 pulse 20 pulse 20 pulse

-0.4

-0.4

A
pp

lie
d 

po
te

nt
ia

l (
V

)

1.3

-0.4

-0.4

A
pp

lie
d 

po
te

nt
ia

l (
V

)

1.3

0s 15s
Stimulation

0s 15s
Stimulation

0s 15s
Stimulation

Dorsal 
striatum

NAc
core

NAc
shell

Dorsal 
striatum

NAc
core

NAc
shell

Dorsal 
striatum

NAc
core

NAc
shell

8

6

4

2

0

[D
A

]  (
µM

)

1 pulse 20 pulse

Non-paired female
Non-paired male 8

6

4

2

0

[D
A

]  (
µM

)

Stimulation 1 pulse 20 pulse



Dorsal striatum NAc core 

8.0
-5.3

Dorsal striatum NAc core NAc shell 

12.0
-8.0

-0.4

-0.4

1.2

12.0
-8.0

NAc shell 

8.0
-5.3

-0.4

-0.4

1.2

-0.4

-0.4

1.2

-0.4

-0.4

1.2

ap
pl

ie
d 

po
te

nt
ia

l (
V

)
ap

pl
ie

d 
po

te
nt

ia
l (

V
)

0

2.0 *

0

0.5

1.0

1.5

0.1

0.3

0.5 *

0

1.0

2.0

3.0

0

1.5
2.0
2.5

1.0
0.5

0
0.2
0.4
0.6
0.8
1.0

1.5

0.5

0.4

0.2

0

a b

c d e f g h

Stimulation 
0 s 15 s

0.
5 

μM

Non- 

Paire
d Pair 

Bonded

Δ
 [D

A
]

Non-paired male Pair bonded male Non-paired female Pair-bonded female

[D
A

] 1
p 

(µ
M

)

[D
A

] 1
p 

(µ
M

)

[D
A

] 1
p 

(µ
M

)

1.0

[D
A

] 1
p 

(µ
M

)

[D
A

] 1
p 

(µ
M

)

[D
A

] 1
p 

(µ
M

)

0.
5 

μM
Δ

 [D
A

]

N
on

-P
ai

re
d

Pa
ir 

Bo
nd

ed

Stimulation 
0 s 15 s

Stimulation 
0 s 15 s

Stimulation 
0 s 15 s

Stimulation 
0 s 15 s

Stimulation 
0 s 15 s

Non- 

Paire
d Pair 

Bonded
Non- 

Paire
d Pair 

Bonded
Non- 

Paire
d Pair 

Bonded
Non- 

Paire
d Pair 

Bonded
Non- 

Paire
d Pair 

Bonded

ap
pl

ie
d 

po
te

nt
ia

l (
V

)
ap

pl
ie

d 
po

te
nt

ia
l (

V
)

N
on

-P
ai

re
d

Pa
ir 

Bo
nd

ed

Dorsal striatum NAc core NAc shell Dorsal striatum NAc core NAc shell 



80
60

40
20

 = 0.29

R2  = 0.41

NAc shell male 

0

50

100

150
200

0
0.2

0.4
0.6
0.8

0
0.2
0.4
0.6
0.8
1.0

[DA] 1 pulse ( μM)

0.2 0.4 0.6 0.8

0.2 0.6 0.8

0
0.2
0.4
0.6
0.8
1.0

Sub-
optimal

Sub-
optimal

Optimal Optimal

150

100

50

0A
tt

ac
k 

fr
eq

ue
nc

y 40

30

20

10

0A
tt

ac
k 

fr
eq

ue
nc

y

b
A

tt
ac

ks

g

0

*

[DA] 1 pulse ( M)μ

R2 

Av
er

ag
e 

ne
on

ta
l 

w
ei

gh
t (

g)

A
tt

ac
ks

0 0 0.5 1.0 1.5
[DA] 1 pulse ( μM)

[DA] 1 pulse ( μM)

[D
A

] 1
 p

ul
se

 (
μM

)

d

Av
er

ag
e 

ne
on

ta
l 

w
ei

gh
t (

g)

NAc shell female

h

c

e

a

*

No
t p

re
gn

an
t

Su
b-

op
tim

al
O

pt
im

al

No
t p

re
gn

an
t

Su
b-

op
tim

al
O

pt
im

al

0 0

0.8
0.6
0.4
0.2
0

0.5 1.0 1.5

No
n-

pa
ire

d

No
n-

pa
ire

d

Male Female
[D

A
] 1

 p
ul

se
 (
μM

)

f



f g

e
Pair bonded male Pair bonded female

54% decrease

74% decrease ~100% decrease

0.
2 

μ
M

 

20

-4

15
10

5
0

Male

Female

-3
-2
-1
0

IC
50

 B
RL

 5
23

7 

Sl
op

e

b

Male

Female

c d

Non-paired male Non-paired female

aCSF 10 μM BRL 5237 

55% decrease ~96% decrease

**

i
0

-1

-2

-3

-4

Sl
op

e

Pair

bonded
 N

on-

Paire
d

**
20

15

10

5

0

IC
50

 B
RL

 5
23

7 

h

Pair

bonded
 N

on-

Paire
d

20

15

10

5

0

IC
50

 B
RL

 5
23

7 

j

Pair

bonded
 N

on-

Paire
d

k
0

-1

-2

-3

-4

Sl
op

e

Pair

bonded
 N

on-

Paire
d

a

10 μM BRL 5237 

aCSF 10 μM BRL 5237 10 μM BRL 5237 

Non-paired male 
Non-paired female

M
ax

im
al

 s
tim

ul
at

ed
 

D
A

 R
el

ea
se

(%
 b

as
el

in
e)

150

100

50

-50

0 -6 -4 -2 20

Log of [BRL 5237 

150

M
ax

im
al

 s
tim

ul
at

ed
 D

A
 R

el
ea

se
(%

 b
as

el
in

e) 100

50

-50

0

Non-paired (IC50 = 9.33)
Pair bonded (IC50 = 1.62)

Male

-6 -4 -2 0 2

150

M
ax

im
al

 s
tim

ul
at

ed
 D

A
 R

el
ea

se
(%

 b
as

el
in

e) 100

50

-50

0
-6 -4 -2 0 2

Non-paired (IC50 = 9.43)
Pair bonded (IC50 = 4.98)

Female

* ***
***

***
**

*

(μM )(KOR agonist)]

Log of [BRL 5237 
(μM )(KOR agonist)]

Log of [BRL 5237 
(μM )(KOR agonist)]

*



b  

a  
Non-pair bonded

Pair bonded

cAMP

CREB

D1-like dopamine receptor

Dopamine

Dopamine containing neuron
from the VTA

Medium-spiny
neruron

Dynorphin mRNA

Dynorphin

KOR receptor

Medium-spiny
neruron

Dopamine containing neuron
from the VTA

cAMP

CREB

D1-like dopamine receptor

KOR receptor
Dopamine
Dynorphin mRNA 

Non-pair bonded 
(i.e., same-sex, sibling housed)

 

Dynorphin

*(Speci�c a�erent population unknown)



a
Pair housed (two weeks) Resident-intruder test (10-mins)Microinjection into NAc shell 

1 hour before aggression test

aCSF
D1R antagonist 

D1R antagonist + KOR agonist 
D1R agonist + KOR antagonist 

c

f g

aCSF
D1R antagonist 

D1R antagonist + KOR agonist 
D1R agonist + KOR antagonist 

60

40

20

0

aCSF

D1R antagonist

10

5

0

D1R antagonist
 + 

KOR agonist

KOR antagonist
 +

D1R agonist

b

d e

15

A
tt

ac
k 

fr
eq

ue
nc

y

A
tt

ac
k 

la
te

nc
y

**
*

**
* ** **

*

Partner

Pair bonded subject Pair bonded subject

Novel social stimulus

Male Female

aCSF

D1R antagonist

D1R antagonist
 + 

KOR agonist

KOR antagonist
 +

D1R agonist aCSF

D1R antagonist

D1R antagonist
 + 

KOR agonist

KOR antagonist
 +

D1R agonist aCSF

D1R antagonist

D1R antagonist
 + 

KOR agonist

KOR antagonist
 +

D1R agonist

10

5

0

15

A
tt

ac
k 

la
te

nc
y

60

40

20

0

A
tt

ac
k 

fr
eq

ue
nc

y



c

ba

d

Saline Amphetamine

M
ea

n 
D

en
si

ty

0

20

40

60

80
Non-pair bonded male

Non-pair bonded female

Saline Amphetamine

Saline Amphetamine

M
ea

n 
D

en
si

ty

0

20

40

60

80

NAc c
ore

NAc s
hell

NAc s
hell

NAc s
hell

DMS
DLS

Dorso
-m

edial 

Ventra
l 

Lateral 

Saline Amphetamine

* *

NAc c
ore

NAc s
hell

NAc s
hell

NAc s
hell

DMS
DLS

Dorso
-m

edial 

Ventra
l 

Lateral 



Amphetamine conditioned (1 mg/kg)

15

10

  5

  0

  -5

  -10

  -15Po
st

 Te
st

 - 
Pr

e 
Te

st
 (m

in
)

15

10

  5

  0

  -5

  -10

  -15

0.1 0.3

1.00

0.2

0.25 0.50 0.75 1.25

p = 0.71 R 2 = 0.25

p = 0. 04 R 2 = 0.40

Average Neonatal 
Weight (g)

Po
st

 Te
st

 - 
Pr

e 
Te

st
 (m

in
)

Average Neonatal 
Weight (g)

Sub-optimally pregnant pair

Optimally pregnant pair

Same-se
x sib

lin
g (S

S)

(sa
lin

e co
nditio

ned) 

sib
lin

g

Novel m
ale

OVX fe
male

Intact 
female

**

**

***
****

NP OP SPSS

(Pair b
onded)

Same-se
x

800

600

400

200

0

-200

-400

Po
st

 Te
st

 - 
Pr

e 
Te

st
 (s

)

400

200

-200

-400

0

Paired

Po
st

 Te
st

 - 
Pr

e 
Te

st
 (s

)

a b

c

Male paired with
Male paired withmale cage mate

female cage mate



aCSF non-pair bonded
nor-BNI non-pair bonded

aCSF pair bonded
nor-BNI pair bonded

b

a

Saline nor-BNI 

Po
st

-t
es

t -
 P

re
-t

es
t (

s)
Non-pair bonded
Pair bonded

c

Po
st

-t
es

t -
 P

re
-t

es
t (

s)

800

600

400

200

-200

0

aCSF nor-BNI 

800

600

400

200

0

Non-pair bonded
Pair bonded

**

**


