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Abstract 16 

The formation of enduring relationships dramatically influences future behavior, promoting 17 

affiliation between familiar individuals. How such attachments are encoded to elicit and reinforce 18 

specific social behaviors in distinct ethological contexts remains unknown. Signaling via the 19 

oxytocin receptor (Oxtr) in the nucleus accumbens (NAc) facilitates social reward as well as pair 20 

bond formation between mates in socially monogamous prairie voles1–9. How Oxtr function 21 

influences activity in the NAc during pair bonding to promote affiliative behavior with partners and 22 

rejection of other potential mates has not been determined. Using longitudinal in vivo fiber 23 

photometry in wild-type prairie voles and those lacking Oxtr, we demonstrate that Oxtr function 24 

sex-specifically regulates pair bonding behaviors and associated activity in the NAc. Oxtr function 25 

influences prosocial behavior in females in a state-dependent manner. Females lacking Oxtr 26 

demonstrate reduced prosocial behaviors and lower activity in the NAc during initial 27 

chemosensory investigation of novel males. Upon pair bonding, affiliative behavior with partners 28 

and neural activity in the NAc during these interactions increase, but these changes do not require 29 

Oxtr function. Conversely, males lacking Oxtr display increased prosocial investigation of novel 30 

females. Using the altered patterns of behavior and activity in the NAc of males lacking Oxtr during 31 

their first interactions with a female, we can predict their future preference for a partner or stranger 32 

days later. These results demonstrate that Oxtr function sex-specifically influences the early 33 

development of pair bonds by modulating prosociality and the neural processing of sensory cues 34 

and social interactions with novel individuals, unmasking underlying sex differences in the neural 35 

pathways regulating the formation of long-term relationships.  36 
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Introduction 37 

Long-term attachments between individuals are one of the most intriguing forms of social 38 

behavior and are central to human interactions, from parent-child bonds to enduring relationships 39 

between mates10–12. Despite the importance of attachment for the organization of complex social 40 

structures across species13,14, little is known about the neural mechanisms mediating these 41 

behaviors. Seminal work in socially monogamous prairie voles revealed that oxytocin and the 42 

oxytocin receptor (Oxtr) are key modulators of pair bonding, i.e., the formation of selective and 43 

enduring attachments between mates. Pair bonded animals demonstrate both a preference for a 44 

bonded partner (partner preference) and active rejection of novel potential mates (strangers)15. 45 

Exogenous oxytocin in the brain facilitates the formation of partner preference in both male and 46 

female prairie voles16,17, while pharmacological inhibition of Oxtr disrupts the display of partner 47 

preference after mating18. Defining the neural circuits that govern pair bonding and determining 48 

how they are regulated by Oxtr are key to understanding social attachment behaviors. We recently 49 

demonstrated that, strikingly, prairie voles lacking Oxtr display partner preference19. However, 50 

Oxtr mutants display delayed development of partner preference and increased prosocial 51 

behavior towards strangers, suggesting that Oxtr influences the patterns of social interactions that 52 

facilitate pair bonding and controls the rejection of strangers20. 53 

A key site of oxytocin action in the brain is the nucleus accumbens (NAc). The NAc has 54 

long been implicated in the reinforcement of behaviors ranging from addiction to innate displays 55 

associated with social interactions, including mating, aggression, and reciprocal interactions that 56 

mediate enduring attachments between mates1,2,21–25. The NAc integrates input from regions 57 

including the prefrontal cortex, thalamus, and amygdala as well as dopaminergic input from the 58 

ventral tegmental area to regulate diverse functions associated with reward- and survival-related 59 

behaviors21,26–29. Neuromodulatory signals -- including oxytocin from the paraventricular nucleus 60 

of the hypothalamus and serotonin from the dorsal raphe -- are also integrated within the NAc to 61 

influence prosocial behaviors and social reward3,4,30–33. In parallel to the reinforcement of 62 
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rewarding stimuli, subregions of the NAc also appear to mediate responses to aversive stimuli, 63 

suggesting that components of the mesocorticolimbic system may control prosocial as well as 64 

agonistic interactions between individuals34,35. Compared to closely related but promiscuous vole 65 

species, prairie voles exhibit dramatically enriched oxytocin binding in the NAc5,36,37, and 66 

knockdown of Oxtr expression specifically within the NAc disrupts pair bonding6. Neuronal activity 67 

in the NAc in prairie voles evolves as a pair bond develops, such that ensembles responding to 68 

partner approach expand in size over time38. However, it remains unclear how the NAc responds 69 

to complex social interactions in the context of attachment and how such activity is modulated by 70 

Oxtr signaling.  71 

Here, we utilize in vivo, longitudinal fiber photometry to examine NAc calcium activity 72 

across pair bond development in male and female, wild-type (WT) and Oxtr null (Oxtr1-/-) prairie 73 

voles. We demonstrate that the NAc responds to various types of social interaction and that Oxtr 74 

signaling regulates both pair bonding behaviors and behavior-related NAc activity in a sex-specific 75 

manner. Together, these results demonstrate that Oxtr regulates the development of pair bonds 76 

by modulating prosociality and neural processing of sensory and social interactions with novel 77 

individuals.  78 
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Results 79 

Oxtr regulates NAc neural responses of naïve females to novel males. 80 

Our recent findings open questions about the precise role of Oxtr function for the formation 81 

of a pair bond19. To test the effects of Oxtr function on neural activity in the NAc during pair 82 

bonding and attachment behaviors, we implemented fiber photometry in WT and Oxtr1-/- voles of 83 

both sexes. We examined NAc activity associated with social interactions during and after the 84 

course of pair bond formation (Fig. 1a). Specifically, these assays included introduction to a WT, 85 

opposite sex mate (partner); a partner preference assay; mating following estrus induction; acute 86 

separation from and reunification with the partner; and exposure to a novel, WT, sexually naïve, 87 

opposite sex animal (stranger). Importantly, this sequence allows us to compare dyadic social 88 

interactions with novel and familiar animals before and after bond formation20. 89 

We virally expressed the fluorescent calcium indicator GCaMP6m under the synapsin 90 

promoter in the medial NAc core and shell and implanted an optic fiber over the site of injection 91 

(Fig. 1b, Extended Data Fig. 1). We examined calcium activity within the NAc as WT or Oxtr1-/- 92 

voles of either sex freely interacted with a stimulus animal and engaged in specific social 93 

interactions, such as chemosensory investigation, affiliation, mating, aggression, and defensive 94 

behaviors (Fig. 1c; Table 1). We then extracted z-scored GCaMP6m fluorescence traces 95 

surrounding individual social bouts (social touch preceded by at least 2 seconds of no interaction, 96 

Fig. 1d) and generated peri-event time histograms. 97 

In mice and other rodents, including prairie voles, Oxtr signaling modulates prosocial 98 

behavior4,7,17,32. To interrogate the role of Oxtr during female prairie voles’ initial interactions with 99 

a mate, we examined patterns of behavior and activity in the NAc during the introduction of a 100 

naïve female to a naïve WT male partner (introduction, Fig. 1e). Compared to WT females, Oxtr1-101 

/- females exhibited less investigative and affiliative social interaction with males, reflected in both 102 

the total amount of time spent in social interactions and the number of social bouts initiated (Fig. 103 

1f, Extended Data Fig. 2a). Chemosensory investigation (i.e., sniffing), including anogenital sniffs 104 
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and sniffs directed to other parts of the body, comprised a large proportion of these social 105 

interactions and frequently preceded other behaviors (Fig. 1g,h). Markov chain modeling of 106 

female behavior revealed that Oxtr1-/- females were also less likely than WT females to transition 107 

from anogenital investigation to side-by-side contact, a highly prosocial and affiliative behavior 108 

that increases with pair bonding (Fig. 1i, Extended Data Fig. 2b-d). Thus, loss of Oxtr decreases 109 

social and affiliative displays by females to a novel partner. 110 

We next tested whether these changes in behavior in Oxtr1-/- females were accompanied 111 

by changes in neural activity within the NAc. Activity during initial social interactions with males 112 

was decreased in Oxtr1-/- females compared to WT females in a behavior-specific pattern. Oxtr1-/- 113 

females exhibited decreased peak fluorescence and area under the curve (AUC) at the onset of 114 

anogenital investigations of males (Fig. 1j-o). In contrast, activity associated with non-anogenital 115 

sniffs or bouts initiated by side-by-side contact did not differ between WT and Oxtr1-/- females (Fig 116 

1j-l, Extended Data Fig. 2e-l). The specificity of this difference to chemosensory investigation 117 

suggests that Oxtr regulates neural processing of male chemosensory cues in naïve female 118 

prairie voles39–42 and that disruptions of these responses may contribute to changes in prosocial 119 

behavior towards novel males. 120 

 121 

Oxtr modulates neural and behavioral responses to novel males in a state-dependent 122 

manner in female prairie voles. 123 

After establishing a role for Oxtr in regulating naïve female responses to novel males, we 124 

examined the effects of Oxtr on the response of bonded females to familiar (partner) and novel 125 

(stranger) males. Pair bonding results in increased prosocial and affiliative (huddling) behavior 126 

with partners and a dramatic switch to agonistic (rejection) behavior directed towards 127 

strangers14,20. We tested how changes in bonding state affect behavioral and neural responses 128 

to a male partner by comparing female responses at an early stage of bonding to responses to 129 

the same male after pair bond formation (Extended Data Fig. 3a, Day 0: Introduction vs. Day 4: 130 
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Reunion). Consistent with previous studies, WT females exhibited reduced anogenital 131 

investigation of a partner during reunion compared to their first encounter (Extended Data Fig. 132 

3b,c). Oxtr1-/- females showed low levels of anogenital investigation regardless of bonding status, 133 

and WT and Oxtr1-/- females did not differ in levels of investigation of a partner following bonding. 134 

Similarly, both WT and Oxtr1-/- females spent more time in affiliative side-by-side contact with their 135 

familiar partner during reunion compared to the same male during the introduction (Extended 136 

Data Fig. 3d). Broadly, WT and Oxtr1-/- females exhibited similar patterns of behavior and activity 137 

in the NAc after bonding. Activity in the NAc of both WT and Oxtr1-/- females was higher during 138 

non-anogenital investigations of familiar partners at the time of reunion than of novel partners 139 

during introduction (Extended Data Fig. 3e-g), suggesting that interactions with familiar partners 140 

elicit greater activity in the NAc after bonding. Furthermore, WT and Oxtr1-/- females did not differ 141 

in levels of activity in the NAc during anogenital investigations of partners following bonding 142 

(Extended Data 3h-q). This indicates that Oxtr is not required for the changes in activity in the 143 

NAc during the investigation of partners that result from pair bond formation. 144 

We next examined the responses of females to a novel male before and after bonding 145 

(Extended Data Fig 3a, Day 0: Introduction vs. Day 6: Stranger rejection). WT females exhibited 146 

reduced anogenital investigation of a novel male following bonding (stranger), compared to when 147 

they were first paired with a novel male (partner). In contrast, Oxtr1-/- females showed consistently 148 

low levels of chemosensory investigation over the course of pair bonding. Furthermore, WT and 149 

Oxtr1-/- females did not differ in their neural responses to stranger males after bonding. Thus, loss 150 

of Oxtr specifically affects activity in the NAc during females’ interactions with novel males early 151 

in bonding and is not required for bonding-associated changes in NAc activity during anogenital 152 

investigation of a partner or a novel stranger. 153 

Mating accelerates pair bond formation in prairie voles43,44. To understand the effects of 154 

Oxtr on behavior and activity in the NAc during the early stages of bonding, we examined activity 155 

in females during mating. Loss of Oxtr did not affect females’ mating or social behaviors with the 156 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 24, 2024. ; https://doi.org/10.1101/2024.06.23.599940doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?EniptJ
https://doi.org/10.1101/2024.06.23.599940


 8 

partner 48 hours after animals were first introduced to each other and after estrus was induced 157 

and synchronized across pairs (Extended Data Fig. 4a-e). During mounting attempts, activity 158 

within the NAc gradually decreased below baseline, and this decrease was greater during 159 

successful mounting attempts in which the male was able to proceed to intromission compared 160 

to attempts after which intromission did not occur (Extended Data Fig. 4f-k). Furthermore, activity 161 

within the NAc during most interactions did not differ between WT and Oxtr1-/- females, except for 162 

side-by-side contacts, during which Oxtr1-/- females showed higher levels of activity (Extended 163 

Data Fig. 4l-w). These results suggest that Oxtr exerts more significant effects on activity in the 164 

NAc of female voles at the earliest stages of bonding and that its effects are highly dependent on 165 

the bonding state. 166 

The selective preference for a partner over a stranger is a hallmark of pair bonding43,45. A 167 

few hours of cohabitation with a novel male are sufficient for female prairie voles to form a pair 168 

bond, reflected in the display of partner preference, i.e. a preference to engage in social 169 

interaction and side-by-side contact with their partner rather than a novel, potential mate20,45. We 170 

therefore tested whether the loss of Oxtr impacts partner preference at the earliest point at which 171 

WT females display such behavior. We placed females in a 3-chamber arena six hours after initial 172 

introductions and allowed them to choose between interacting with their partner or a male stranger 173 

(Fig. 2a). We found that loss of Oxtr did not disrupt female displays of partner preference. All 174 

females, regardless of genotype, interacted significantly more with their partner than with the 175 

stranger (Fig. 2b; Extended Data Fig. 5a,b) and displayed a clear preference to engage in 176 

affiliative side-by-side contact with their partner (Fig. 2c). Neural responses during interactions 177 

with the partner were also similar between WT and Oxtr1-/- females (Fig. 2f-h). This contrasts with 178 

the differences observed during females’ first encounter with the same partner male, again 179 

suggesting that Oxtr function is not required for bonding-associated changes in neural responses 180 

to partners. 181 
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While we did not observe a difference in females’ interactions with their partner between 182 

WT and Oxtr1-/- animals during tests of partner preference, we observed differences in both 183 

behavioral and neural responses to stranger males in Oxtr1-/- females. In contrast to WT females, 184 

which all showed at least two bouts of side-by-side contact with strangers, Oxtr1-/- females avoided 185 

stranger males (Extended Data Fig. 5c). Furthermore, Oxtr1-/- females were less likely to enter the 186 

stranger male’s chamber (Fig. 2d-e). Neural responses to stranger males reflected these different 187 

behavioral response patterns in Oxtr1-/- females. Both peak and AUC of calcium activity in the NAc 188 

during interactions with the stranger male were significantly decreased in Oxtr1-/- females when 189 

compared to both their own interactions with partners as well as WT females’ interactions with 190 

strangers (Fig. 2f-h, Extended Data Fig. 5d-l). Entry into the partner chamber elicited greater total 191 

activity (AUC) than entry into the stranger chamber, regardless of genotype (Fig. 2i); however, 192 

Oxtr1-/- females exhibited greater NAc activity upon leaving the stranger chamber than WT females 193 

(Fig. 2j). Our findings suggest that Oxtr controls prosocial behavior and associated neural activity 194 

in the NAc in a state-dependent manner in females. In naïve females, Oxtr function promotes 195 

prosocial behavior towards novel males and associated increases in neural activity in the NAc. 196 

Strikingly, however, increases in prosocial behavior, huddling behavior, and activity in the NAc 197 

following pair bonding occur independent of Oxtr function. 198 

 199 

Oxtr regulates NAc neural signatures of partner preference in male prairie voles. 200 

Previous studies, including our own recent findings, suggest that Oxtr function differs 201 

between the sexes and that loss of Oxtr impacts females and males in different ways20,46. We 202 

therefore examined NAc neural signatures of pair bonding in male prairie voles to determine if the 203 

influence of Oxtr function on pair bonding behavior and associated neural activity in the NAc also 204 

differs between sexes. We first tested the effects of Oxtr on NAc activity prior to bond formation 205 

during naïve males’ first encounter with a WT female. We found that, while Oxtr1-/- males show 206 

increased prosocial behavior during early interactions with a female partner, they show no 207 
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differences in activity in the NAc associated with these behaviors. During the first introduction to 208 

a naïve female partner, Oxtr1-/- males displayed increased social investigation of females when 209 

compared to WT males, contrary to patterns we observed in Oxtr1-/- females (Fig. 3a,b, Extended 210 

Data Fig. 6a-d). Moreover, Oxtr1-/- males engaged in significantly less agonistic behavior (strikes) 211 

towards females than WT males, with no mutant males displaying strikes towards females 212 

(Extended Data Fig. 6e-h). In contrast to females, we found no differences in activity in the NAc 213 

between WT and Oxtr1-/- males during social bouts or specific social interactions, including both 214 

anogenital and non-anogenital investigation (Fig. 3c-e, Extended Data Fig. 6i-q). Similarly, we 215 

found no differences between WT and Oxtr1-/- males in behavior or NAc activity during mating 216 

(Extended Data Fig. 6r-dd). In naïve male prairie voles, Oxtr function thus appears to reduce 217 

prosocial investigation of novel females and facilitates agonistic displays but does not appear to 218 

modulate NAc activity under these conditions. 219 

We next examined the effects of Oxtr loss on neural activity in the NAc associated with 220 

pair bond formation in males. Compared to females, male prairie voles require longer periods of 221 

cohabitation and mating before they display robust preference for partners20,45. We therefore 222 

examined partner preference in males five days after introduction to WT females, a period of 223 

cohabitation that is sufficient for partner preference formation in WT males20 (Fig. 3f). In contrast 224 

to our observations in females, loss of Oxtr disrupted the display of partner preference in males 225 

even after 5 days of cohabitation (Fig. 3g,h). The difference in preference between populations of 226 

WT versus Oxtr1-/- males was due to a subgroup of mutant males that strongly preferred interacting 227 

with a stranger female over their partner (Fig. 3h-j, Extended Data Fig. 7a,b). Approximately one 228 

half (5 out of 9) of Oxtr1-/- males preferred to engage in side-by-side contact with the partner (index 229 

score >0.5, “partner-preferring”), while 3 out of 9 spent little time with the partner in favor of the 230 

stranger (index score <-0.5, “stranger-preferring,” Fig. 3h). We then analyzed activity in the NAc 231 

to determine whether these behaviorally defined subpopulations of Oxtr1-/- males also differed in 232 

their neural responses in the NAc during social interactions. All males showed increased activity 233 
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in the NAc upon entering the partner’s chamber versus that of the stranger and, inversely, 234 

increased activity when exiting strangers’ versus partners’ chambers (Extended Data Fig. 7c-f). 235 

Thus, approach towards partners (or departure from strangers) increases NAc activity in male 236 

prairie voles independent of Oxtr function, consistent with prior work38. However, activity differed 237 

between subgroups during direct social interactions. Both WT and partner-preferring Oxtr1-/- males 238 

showed significantly higher levels of activity during social interactions with partners when 239 

compared to interactions with strangers (Fig. 3k-m, Extended Data Fig. 7g-p). Moreover, partner-240 

preferring Oxtr1-/- males showed higher levels of activity in the NAc during social interactions with 241 

partners compared to WT males (Fig. 3m). In contrast, stranger-preferring Oxtr1-/- males showed 242 

lower levels of activity during interactions with partners when compared to partner-preferring 243 

Oxtr1-/- males, and no differences in activity in the NAc when comparing interactions with partners 244 

or strangers. Thus, with the formation of partner preference in males, increased activity in the NAc 245 

during interactions with partners versus strangers occurs independent of Oxtr function but is 246 

further increased in the absence of Oxtr. In contrast, loss of Oxtr unmasks a population of males 247 

that fail to display partner preference and show no difference in NAc activity during interactions 248 

with partners versus strangers. 249 

Given the intriguing difference in partner preference and activity in the NAc between 250 

subpopulations of Oxtr1-/- males, we next tested whether this relationship is evident in WT males. 251 

Despite robust preference for partners over strangers and higher levels of activity associated with 252 

partner versus stranger interactions as a population, individual WT males showed large variation 253 

in the difference between partner- and stranger-associated activity in the NAc, which did not 254 

correlate with the amount of social interaction displayed with either female (Fig. 3n-p). 255 

In contrast, Oxtr1-/- males that displayed a preference for their partner tended to have a 256 

larger difference in partner- versus stranger-associated activity in the NAc when compared to 257 

mutant males that displayed a preference for strangers (p=0.064 for peak and p=0.077 for AUC, 258 

Fig. 3n). The difference between levels of activity in the NAc of Oxtr1-/- males in response to 259 
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partners or strangers strongly predicted the amount of social interaction displayed towards either 260 

female. Oxtr1-/- males with less neural difference between partner and stranger interactions 261 

displayed a stronger preference for stranger females (Fig. 4o-p). These observations suggest that 262 

Oxtr function increases pair bonding-related behaviors in some males, including display of a 263 

partner preference as well as associated neural activity in the NAc, but is not necessary for the 264 

demonstration of partner preference or associated activity in others. Oxtr may therefore function 265 

during pair bond formation in males to reinforce both prosocial behaviors and increases in activity 266 

in the NAc with partners or, alternatively, to suppress prosocial behavior during interactions with 267 

strangers.  268 

 269 

Oxtr regulates behavioral and neural trajectories of pair bonding in male prairie voles. 270 

Loss of Oxtr reveals distinct populations of males that strongly prefer either a partner or 271 

stranger. We therefore analyzed the behavior of these populations at different stages of pair 272 

bonding to determine if the trajectories of social behaviors or patterns of activity in the NAc differed 273 

between these groups or between WT and Oxtr1-/- males. We found that changes in behavior and 274 

NAc activity during pair bond formation in males can occur independent of Oxtr function. We 275 

compared chemosensory investigation (anogenital and non-anogenital) between the first 276 

encounter with female partners (introduction) and either reunion with these partners or encounters 277 

with novel strangers during stranger rejection and found no differences between WT and Oxtr1-/- 278 

males (Extended Data Fig. 8a-d). All males displayed increased side-by-side contact with the 279 

familiar partner upon reunion compared to the naïve partner during the introduction. Notably, 280 

stranger-preferring Oxtr1-/- males did not display higher levels of agonistic behavior towards their 281 

partners (Extended Data Fig. 8e-h). Regardless of Oxtr function, activity in the NAc was greater 282 

during non-anogenital sniffs of female partners upon reunion compared to the introduction 283 

(Extended Data Fig. 8i-n). This suggests that, as with females, cohabitation enhances specific 284 

partner-associated activity in the NAc in males independent of Oxtr function. 285 
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Given the emergence of distinct populations of Oxtr1-/- males that strongly prefer partners 286 

or strangers, we tested whether these populations might be distinguishable at the initial stages of 287 

pair bonding. We examined male behavior and neural activity during the first interactions with a 288 

partner to determine if patterns of behavior or activity in the NAc could predict the future 289 

preference for partners or strangers (Fig. 4a). Naïve Oxtr1-/- males engage in more prosocial 290 

interactions when first introduced to a female (Fig. 4b). We found no difference in the total amount 291 

of social behaviors when we compared partner- versus stranger-preferring Oxtr1-/- males (Fig. 4b, 292 

Extended Data Fig. 8o-q). However, examining the specific patterns of behavior during social 293 

interactions revealed significant differences between these populations. Stranger-preferring Oxtr1-294 

/- males tended to spend more of their interaction time engaged in highly affiliative side-by-side 295 

contact compared to partner-preferring Oxtr1-/- males, who spent more time engaged in anogenital 296 

investigation (Fig. 4c, Extended Data Fig. 8p). Moreover, the amount of time Oxtr1-/- males 297 

engaged in anogenital investigation and side-by-side contact during initial interactions with a 298 

partner significantly correlated, in opposing directions, with levels of partner- and stranger-299 

directed side-by-side contact when given a choice between either female (Fig. 4d, Extended Data 300 

Fig. 8r,s). Thus, behavior exhibited by Oxtr1-/- males during the first 30 minutes of interaction with 301 

a female can predict patterns of partner preference 5 days later (Fig. 4e, Extended Data Fig. 8t-302 

x), indicating that the two subpopulations are immediately identifiable based on their behavior. 303 

Stranger-preferring Oxtr1-/- males differ from partner-preferring Oxtr1-/- and WT males in 304 

both their amount of anogenital investigation and side-by-side contact (Fig. 4c). We examined 305 

whether these behavioral differences were associated with differences in activity in the NAc during 306 

social interactions. During the earliest interactions with a partner, activity in the NAc associated 307 

with anogenital investigation was greater in Oxtr1-/- males that went on to prefer strangers 308 

compared to those that went on to prefer partners (Fig. 4i-k). In contrast, activity in the NAc 309 

associated with non-anogenital investigation was similar across all males. Consistent with our 310 

behavioral observations, the mean neural activity following an anogenital sniff during initial 311 
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interactions with a female strongly correlated with affiliative behavior displayed towards partners 312 

and strangers five days later in individual Oxtr1-/-, but not WT, males. (Fig. 4l-m). Neural activity in 313 

the NAc of Oxtr1-/- males was strongly inversely correlated between early and late interactions 314 

with the same female. Specifically, partner-preferring Oxtr1-/- males showed lower levels of activity 315 

following anogenital investigations during the introduction and higher levels of activity during 316 

social interactions with partners 5 days later. In contrast, stranger-preferring Oxtr1-/- males 317 

displayed the opposite pattern of activity (Fig. 4n). We observed no correlation between early and 318 

future partner-related activity in WT males (Fig. 4n,o). Thus, in the absence of Oxtr function, early 319 

anogenital investigation of novel females and associated neural activity in the NAc may rapidly 320 

influence how males bond during cohabitation and even predict future preference. 321 

We observed that stranger-preferring Oxtr1-/- males spent significantly more time in side-322 

by-side contact and longer bouts of this contact with partner females during initial interactions 323 

than both WT males and partner-preferring Oxtr1-/- males (Fig. 4p,q). We analyzed the dynamics 324 

of and relationship between prosocial side-by-side contact, activity within the NAc, and future 325 

preference for partners or strangers. In rodents, social interactions are typically initiated by 326 

chemosensory investigations that inform animals of each other’s identity (e.g., species, sex, 327 

health, reproductive status, etc.)47,48. Consistent with this observation, the majority (73.8%) of 328 

side-by-side events during introductions occurred following sniff investigations. Therefore, we 329 

examined NAc calcium activity at the transition from sniffs to bouts of side-by-side contact. As 330 

with anogenital investigations alone, the transition from such sniffs to side-by-side contact during 331 

initial interactions was associated with higher peak activity in the NAc in future stranger-preferring 332 

Oxtr1-/- males (Fig. 4r-t). Similarly, mean NAc neural responses at the onset of such transitions 333 

were strongly correlated with patterns of preference for partners or strangers 5 days later in Oxtr1-334 

/-, but not WT, males (Extended Data Fig. 8y-bb). The dynamics of chemoinvestigation and 335 

prosocial behaviors and the associated neural activity in the NAc during the first interactions of 336 

Oxtr1-/- males with a novel female can therefore predict future preference for and neural responses 337 
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to partners and strangers. In the absence of Oxtr, higher levels of activity in the NAc following 338 

anogenital investigations correlate with increased prosocial behavior during males’ initial 339 

interactions with a partner female, but a preference for a stranger female in the future. In contrast, 340 

lower levels of NAc activity upon introduction correlate with increased chemoinvestigation and 341 

fewer initial prosocial behaviors, but a robust later preference for these females. Thus, from the 342 

first interaction between a male vole and his female partner, Oxtr function modulates neural 343 

responses to chemosensory information towards a common pair bonded outcome. Loss of Oxtr 344 

unmasks a population of males that show a robust stranger preference, even after prolonged 345 

cohabitation with a partner. These findings suggest that Oxtr function works to stabilize a range 346 

of sensory responses and social behaviors towards common and less-varied patterns of 347 

interactions to promote social monogamy in male prairie voles.  348 
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Discussion 349 

Adult attachments are comprised of nuanced and finely tuned behaviors under complex 350 

neural and hormonal control. To examine neural activity associated with the formation of long-351 

term social attachments, we implemented fiber photometry in the NAc, a key node in the circuitry 352 

that mediates pair bonding in socially monogamous prairie voles, and examined activity in this 353 

region across pair bond formation and related attachment behaviors. We compared activity 354 

between wild-type animals and those lacking Oxtr in both males and females. We found that 355 

activity in the NAc during interactions with partners diverges from that with strangers over the 356 

course of pair bonding. Loss of Oxtr has opposing effects on specific pair bond-related social 357 

behaviors and associated NAc activity between males and females. Strikingly, in Oxtr1-/- males, 358 

behavior and activity in the NAc during the first interactions with potential mates strongly predicts 359 

future preference for partners or strangers 5 days later. Critically, these interrogations would not 360 

have been possible without the integration of in vivo calcium recordings, molecular genetics, and 361 

ethological approaches49,50.  362 

Sex differences within the NAc may arise from intrinsic properties of neurons within this 363 

region to influence activity within the NAc in sex-specific ways51–66. We recently demonstrated 364 

that loss of Oxtr unmasks sex differences in gene expression in the NAc that are not found in 365 

wild-type animals20. Thus, the absence of Oxtr signaling during development may also contribute 366 

to the differences we observed in patterns of activity in the NAc between male and female Oxtr1-367 

/- voles51–57. Alternatively, or in combination, such sex differences in the NAc may arise from Oxtr-368 

regulated inputs to this region that differ between males and females3,4,58–61,67–69. Consistent with 369 

this model, circuits that differ between the sexes influence the function of less dimorphic brain 370 

regions to generate sex-typical neural activity and behavior across species70–72. Our observations 371 

that loss of Oxtr has different, and even opposing, effects on prosocial behaviors and activity in 372 
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the NAc between males and females may reflect that Oxtr signaling and other neuromodulatory 373 

pathways facilitating pair bonding evolved in prairie voles to act on ancestral, sexually dimorphic 374 

neural circuits13,73,74. Such neuromodulation may thus influence these pathways in prairie voles 375 

and other monogamous species to generate more monomorphic and synchronized reciprocal 376 

patterns of behavior to promote long-term attachment between mates20,75–83. 377 

In the absence of Oxtr function, we find that a population of naïve males already contains 378 

two distinct classes. These populations are distinguished by whether a male shows a robust 379 

preference for his “partner” or a novel “stranger” following days of cohabitation with the partner. 380 

Notably, whether an Oxtr1-/- male will ultimately prefer the partner female can be predicted by 381 

social behavior and neural activity during his first interactions with that female “partner.” The 382 

underlying biology of these two populations remains unknown; however, stranger-preferring 383 

males may constitute a genetically distinct population that is less responsive to Oxtr-independent 384 

pathways that influence males’ propensity for pair bond formation84–86. Alternatively, the distinct 385 

prosocial behavior displayed by stranger-preferring males may impact females’ reciprocal social 386 

behavior in such a way that males prefer not to continue interacting when given a choice20. The 387 

predictive relationship between initial social interactions and the fidelity of future bonds in the 388 

absence of Oxtr suggests that Oxtr signaling functions to reinforce attachment between mates or 389 

even to override other pathways controlling social behaviors in animals with a lower propensity 390 

for pair bond formation81–83. By decorrelating variation in behavior and neural activity during initial 391 

social interactions between partners from the social and neural mechanisms that mediate pair 392 

bonding between them, Oxtr may have evolved to reduce promiscuity amongst male prairie voles, 393 

decrease sexual dimorphism in behavior, and reinforce behaviors that facilitate enduring 394 

attachments between mates. 395 
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By observing a wide range of social interactions across pair bonding, we investigated how 396 

modulatory mechanisms that have evolved to facilitate pair bonding influence both the behavior 397 

and neural activity that underlie long-term social attachments19,20,72. The effects of Oxtr signaling 398 

vary across time and sex, supporting a model in which other neuromodulatory pathways intersect 399 

with Oxtr function during bonding and attachment to influence prosocial and agonistic behaviors 400 

in a state-dependent manner. Extending these circuit and behavioral investigations to other brain 401 

regions will enable us to determine how Oxtr and other signaling systems influence the activity of 402 

specific neural populations to control distinct modules of attachment, shedding light on the 403 

evolutionary processes driving social monogamy and the complex patterns of reciprocal 404 

interactions that constitute enduring relationships.  405 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 24, 2024. ; https://doi.org/10.1101/2024.06.23.599940doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?BtP62S
https://doi.org/10.1101/2024.06.23.599940


 19 

Figure and Table Legends 406 

Figure 1: Loss of Oxtr in naive females disrupts NAc neural responses to novel males. 407 

a, Timeline of assays. b, Injection and fiber targeting in the medial NAc (scale bar, 50um). c, 408 

Photometry setup to image GCaMP6m during dyadic interactions in freely-moving prairie voles. 409 

d, Example GCaMP6m trace at the start of the introduction, with behavior events overlaid 410 

(anogenital [AG] sniff, orange; non-AG sniff, yellow). Behavior events separated by less than 2 411 

seconds were considered part of a single social bout. e, Introduction procedure. A wild-type (WT) 412 

or Oxtr1-/- female was placed into a clean cage, and a WT male was then introduced. f, Total 413 

percent of assay time engaged in (left), number of (middle), and median duration of (right) social 414 

bouts exhibited by females (for all plots, WT n=8, Oxtr1-/- n=9 voles). g, Mean breakdown of social 415 

contact by the percentage of contact time engaged in AG sniffing, non-AG sniffing, and side-by-416 

side contact. h, Percentages of social bouts initiated with non-AG sniff, AG sniff, or side-by-side 417 

contact. i, Left, schematic of Markov modeling of behavior, focusing on transitions from one social 418 

behavior to another. Right, heat maps of transition probabilities. j, Mean peri-event time histogram 419 

(PETH) of z-scored GCaMP6m ∆F/F by genotype aligned to the onset of non-AG sniffs (WT 420 

n=391 traces; Oxtr1-/- n=272 traces). At the base of the plot is an adjusted boxplot of the durations 421 

of the initiating non-AG sniff. k, Swarm plot of peak z-scored ∆F/F values following non-AG sniffs. 422 

l, Area under the curve (AUC) values from z-scored ∆F/F traces following non-AG sniffs. m, Mean 423 

PETH by genotype aligned to AG sniffs. The red line indicates time points at which mean z-scored 424 

∆F/F differ between WT and Oxtr1-/- females (WT n=268 traces; Oxtr1-/- n=161 traces). n, Peak z-425 

scored ∆F/F values. o, AUC values from z-scored ∆F/F traces. Detailed statistics are presented 426 

in Extended Data File 1. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. ac, anterior commissure; 427 

AG, anogenital; WT, wild-type; AUC, area under the curve. 428 

 429 

Figure 2: Loss of Oxtr disrupts female neural and behavioral responses to stranger 430 

males. 431 
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a, Timeline and schematic of the introduction and partner preference test (PPT) for females. b, 432 

Percent of assay time spent engaged in social bouts with either the partner (purple) or the stranger 433 

(gray) (for all plots, WT n=8, Oxtr1-/- n=10 voles). c, Side-by-side contact preference index scores. 434 

Preference index scores of 1 indicate exclusive side-by-side contact with the partner, and -1 with 435 

the stranger. d, Number of entries to the partner or stranger chambers. e, Chamber entry 436 

preference index scores. f, Mean PETH of z-scored GCaMP6m ∆F/F by stimulus animal aligned 437 

to the onset of social bouts (WTPartner n=539 traces; WTStranger n=444 traces; Oxtr1-/-Partner n=732 438 

traces; Oxtr1-/-Stranger n=304 traces). At the base of the plot is an adjusted boxplot of the durations 439 

of the initiating behavior. The red line indicates time points at which mean z-scored ∆F/F differs 440 

between partner and stranger-related activity in Oxtr1-/- females. g, Swarm plot of peak z-scored 441 

∆F/F values. h, AUC values from z-scored ∆F/F traces. i, Left, mean ∆F/F PETH aligned to entries 442 

to either the partner chamber or stranger chamber (WTPartner n=184 traces; WTStranger n=182 traces; 443 

Oxtr1-/-Partner n=160 traces; Oxtr1-/-Stranger n=115 traces). j, Peak z-scored ∆F/F values. k, AUC 444 

values from z-scored ∆F/F traces. l, Left, mean ∆F/F PETH aligned to exits from either the partner 445 

chamber or stranger chamber (WTPartner n=187 traces; WTStranger n=195 traces; Oxtr1-/-Partner n=150 446 

traces; Oxtr1-/-Stranger n=121 traces). m, Peak z-scored ∆F/F values. n, AUC values from z-scored 447 

∆F/F traces. Detailed statistics are presented in Extended Data File 1. *p<0.05, **p<0.01, 448 

***p<0.001, ****p<0.0001. WT, wild-type; PETH, peri-event time histogram; AUC, area under the 449 

curve.  450 

 451 

Figure 3: Oxtr regulates NAc neural signatures of partner preference in male prairie 452 

voles. 453 

a, Introduction of a WT or Oxtr1-/- male to a WT female partner. b, Total percent of assay time 454 

engaged in (left), number of (middle), and median duration of (right) social bouts exhibited by 455 

males (WT n=11, Oxtr1-/- n=9). c, Mean ∆F/F PETH by genotype aligned to the onset of social 456 

bouts (WT n=750 traces from 11 animals; Oxtr1-/- n=865 traces from 9 animals). At the base of 457 
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the plot is an adjusted boxplot of the durations of the initiating behavior. d, Peak z-scored ∆F/F 458 

values. e, AUC values from z-scored ∆F/F traces. f, Schematic of the PPT, conducted on day 5 459 

in males. g, Percent of assay time spent engaged in social bouts with either the partner (purple) 460 

or stranger (gray) (WT n=10, Oxtr1-/- n=9). h, Left, social interaction preference index scores. 461 

Right, side-by-side contact preference index scores. Preference for partner or stranger was 462 

determined by whether side-by-side preference index scores were greater than 0.5 (partner-463 

preferring, PPref) or less than -0.5 (stranger-preferring, SPref). For all following plots, WT n=10, 464 

Oxtr1-/- PPref n=5, Oxtr1-/- SPref n=3 voles. i, Example behavior rasters from a WT, Oxtr1-/- PPref, 465 

and Oxtr1-/- SPref male. j, Mean (+/- s.e.m.) cumulative duration plots of social interaction with 466 

either the partner or stranger across the 3-hour assay. k, Mean ∆F/F PETH aligned to social bouts 467 

with either the partner or stranger. The red line indicates time points at which mean z-scored ∆F/F 468 

differ between partner- and stranger-related activity (WTPartner n=932 traces and WTStranger n=1193 469 

traces; Oxtr1-/- PPrefPartner n=296 traces and PPrefStranger n=500 traces; Oxtr1-/- SPrefPartner n=111 470 

traces and SPrefStranger n=821 traces). l, Peak ∆F/F values. m, AUC values. n, Per animal 471 

difference (partner - stranger) between partner-elicited and stranger-elicited peak ∆F/F (left) and 472 

AUC (right). o, Correlations of partner-stranger AUC difference and percent of time spent in social 473 

interactions with the partner. p, Correlations of partner-stranger AUC difference and percent of 474 

time spent in social interactions with the stranger. Detailed statistics are present in Extended Data 475 

File 1. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. PPT, partner preference test; WT, wild-type; 476 

PPref, partner-preferring; SPref, stranger-preferring; AUC, area under the curve; norm., Box Cox 477 

normalized.  478 

 479 

Figure 4: Oxtr regulates behavioral and neural trajectories of pair bonding in male prairie 480 

voles. 481 

a, Examination of behavior and neural activity from Day 0 (introduction) in relation to metrics from 482 

Day 5 (PPT). b, Percent of time engaged in social interaction with a newly partnered female during 483 
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the introduction, plotting only animals from which data were successfully collected during both 484 

introduction and PPT. Individual animals are colored according to PPT behavior profile (for all 485 

plots, WT n=10, Oxtr1-/- PPref n=3, Oxtr1-/- SPref n=3). c, Mean breakdown of social interaction 486 

during the introduction by type of social touch. d, Heat maps of Pearson correlations between 487 

introduction behavior (% of contact time) and PPT partner or stranger side-by-side contact (% of 488 

assay time). e, Linear regression of introduction behavior to PPT behavior. X-axis: Percent of 489 

social touch during the introduction spent AG sniffing (left) or in side-by-side contact (right). Y-490 

axis: Percent of PPT time spent in side-by-side contact with the partner. f, Mean NAc ∆F/F PETH 491 

aligned to non-AG sniffs during the introduction (WT n=338 traces; Oxtr1-/- PPref n=138 traces; 492 

Oxtr1-/- SPref n=123 traces). At the base of the plot is an adjusted boxplot of the durations of the 493 

initiating behavior. g, Peak z-scored ∆F/F values. h, AUC values from z-scored ∆F/F traces. i, 494 

Mean ∆F/F PETH aligned to AG sniffs during the introduction (WT n=187 traces; Oxtr1-/- PPref 495 

n=129 traces; Oxtr1-/- SPref n=42 traces). j, Peak z-scored ∆F/F values. k, AUC values from z-496 

scored ∆F/F traces. l-o, Linear regressions comparing AG sniff-related NAc activity and PPT 497 

behavior or neural data. X-axis: normalized (norm.) AUC at the onset of AG sniff bouts during the 498 

introduction, averaged by animal. Y-axis: PPT side-by-side contact (l-m) or PPT normalized AUC 499 

surrounding social bouts, averaged by animal (n-o). p, Left, percent of introduction time spent in 500 

side-by-side contact. Right, number of side-by-side contact events during the introduction. q, 501 

Cumulative distribution functions (CDF) for side-by-side contact bout durations per animal. Dotted 502 

lines show the mean (+/- s.e.m.) of the 95th percentile values from each group. r, Mean PETH 503 

aligned to transitions from sniffing to side-by-side contact, centered at the onset of the sniff (no 504 

filtering for behavior in the 2 seconds prior to sniff onset; WT n=97 traces; Oxtr1-/- PPref n=98 505 

traces, Oxtr1-/- SPref n=82 traces). s, Peak z-scored ∆F/F values. t, AUC values from z-scored 506 

∆F/F traces. Detailed statistics are presented in Extended Data File 1. *p<0.05, **p<0.01, 507 

***p<0.001, ****p<0.0001. WT, wild-type; PPref, Oxtr1-/- partner-preferring; SPref, Oxtr1-/- stranger-508 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 24, 2024. ; https://doi.org/10.1101/2024.06.23.599940doi: bioRxiv preprint 

https://doi.org/10.1101/2024.06.23.599940


 23 

preferring; AG, anogenital; PPT, partner preference test; AUC, area under the curve; norm., Box 509 

Cox normalized; CDF, cumulative distribution function.  510 

 511 

Table 1: All behaviors scored during dyadic interactions and their definitions.  512 
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Methods 513 

Animals 514 

All animal care and procedures were approved by the University of California, San 515 

Francisco, Institutional Animal Care and Use Committee. A total of 76 adult (55-78 days at the 516 

start of behavior assays), sexually naive prairie voles (Microtus ochrogaster) were used in this 517 

study. Of these, 31 animals were rejected for experiments or analyses due to death, poor signal 518 

quality, head cap loss, ataxia, excessive aggression towards the partner, mistargeting of the fiber, 519 

or incorrect genotyping. We used both male and female voles, with sex determined by the 520 

presence or absence of testes at weaning. Voles were bred in our laboratory from a population 521 

that originated from systematic outbreeding of a wild-caught stock captured near Champagne, IL, 522 

and housed at our facilities at the University of California, San Francisco. Oxtr1-/- voles were 523 

derived from a line that we previously generated19, and wild-type (WT) voles were obtained from 524 

the same outcrossing background line. Breeding voles were maintained in large, plastic cages 525 

(10½” W x 19” L x 8” H, Ancare, R20 Rat/Guinea Pig caging) on Paperchip bedding (Shepherd 526 

Specialty Papers). Weaned voles were maintained at our breeding facility in clear plastic cages 527 

(45 × 25 × 15 cm, Innovive, Innocage IVC Rat Caging) on Paperchip bedding until they were 528 

transferred to our lab housing facility, at which point they were transferred to Sani-Chips woodchip 529 

bedding (P.J. Murphy - Forest Products Corp.). Voles were weaned at 21-25 days into group-530 

housed cages, with 2-6 total same-sex siblings or similarly aged weanlings in a cage. Group-531 

housed cages were given 2 cotton nestlets and a large PVC elbow tube. Voles had ad libitum 532 

access to food and water. When animals were paired, voles were housed in 30.80 x 30.80 x 18.72 533 

cm cages (Thoren, Maxi-Miser Model #4) on Sani-Chips bedding and provided with 2 cotton 534 

nestlets and 2 small plastic tubes. All animals were kept on a 14:10 light-dark cycle. 535 

 536 

Genotyping 537 
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 At the time of weaning, we collected a small tail sample from each animal and digested 538 

the tissue in lysis buffer with proteinase K (Sigma-Aldrich, St. Louis, MO). We conducted a 539 

polymerase chain reaction for the Oxtr gene using the following primers: Forward 540 

ACTGGAGCTTCGAGTTGGAC; Reverse ATGCCCACCACTTGCAAGTA. The resulting product 541 

was digested using XcmI enzyme (New England Biolabs, Ipswich, MA) and run on a 2% agarose 542 

gel. A second tail sample was collected after an animal concluded all assays, and genotyping was 543 

repeated for confirmation. Animals whose post-experiment samples did not match the original 544 

genotyping were excluded from all analyses. 545 

 546 

Surgery 547 

Voles aged P29-55 were anesthetized with isoflurane and administered bupivicaine 548 

subcutaneously at the incision site. Using a stereotaxic frame (Kopf Instruments, Tujunga, CA), a 549 

craniotomy was made +1.7 mm anterior and +1.2 mm lateral relative to bregma, and a 33-gauge 550 

cannula was lowered to -5.1 mm relative to bregma. We injected a 5:1 mixture of AAV8-Syn-551 

GCaMP6m-WPRE (1x1013 GC/mL, Vigene Biosciences, Inc., Rockville, MD) and AAV8-CAG-552 

tdTomato (5x1012 GC/mL, Dr. Ed Boyden Lab, UNC Vector Core). We infused 0.7-1 µL of virus 553 

at a rate of 0.1 µL/min via an automated injection system (Genie Touch, Kent Scientific 554 

Corporation, Torrington, CT). The cannula was left in place for ten minutes to allow for viral 555 

diffusion, then was slowly removed to minimize viral infection along the needle tract. Following 556 

viral injection, 2 microscrews were implanted into the skull to provide additional stability for the 557 

dental cement. A fiber optic cannula (400 μm-diameter silica core, 0.48 NA, 6.5 mm length with 558 

flat tip) with metal ferrule (1.25 mm base dimension, Doric Lenses, Inc., Québec, Canada) was 559 

implanted 0.05 mm above the injection site and secured to the skull with Metabond acrylic cement. 560 

Additionally, we created a well with which to hold a silicone elastomer that would provide extra 561 

stability for the fiber optic patch cable: A small hole was drilled into the cap of a microcentrifuge 562 

tube. The cap was placed upside down over the implant with the fiber ferrule protruding through 563 
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the hole. The cap was secured to the Metabond with Ortho-Jet acrylic resin. Animals received 564 

postoperative buprenorphine and recovered for two to three weeks prior to testing. After three 565 

weeks, we checked each animal’s signal quality; animals with fluctuations in the 488 nm channel 566 

<5% of baseline (i.e., the signal output while the animals were still) and/or insufficient signal output 567 

in the 581 nm channel (<10% of background fluorescence) were excluded from further study.  568 

 569 

Fiber Photometry 570 

Photometry experiments were conducted with an RZ5P Base Processor and Synapse 571 

software (Tucker-Davis Technologies, Alachua, FL). The RZ5P modulated a two-channel LED 572 

driver (Doric Lenses) controlling two connectorized LEDs (465 nm and 560 nm, Doric Lenses). 573 

The LEDs were coupled to a two-color filter cube system (5 port Fluorescence Mini Cube, Doric 574 

Lenses) allowing transmission of 465-480 nm light and 555-570 nm light for excitation of GCaMP 575 

and tdTomato, respectively, and capture of 500-540 nm and 580-680 nm light for monitoring brain 576 

fluorescence. Light was transmitted to a 1x1 fiber-optic rotary joint (Doric Lenses), which coupled 577 

to a patch cable (400 μm-diameter silica core, 0.48 NA, with 1.1 mm hytrel protective jacket, Doric 578 

Lenses) connected to the animal’s fiber optic cannula with a bronze or zirconia mating sleeve. 579 

Emission was filtered by the mini cube and captured by two 2151 Femtowatt Photoreceivers 580 

(Newport Corporation, Irvine, CA). The RZ5P recorded raw broadband photoreceiver traces. A 581 

USB camera was mounted above the cage and recorded behavior at 20 frames per second. Both 582 

photometry and camera recordings were controlled by the Tucker-Davis Technologies Synapse 583 

software, with camera frames and photometry samplings time stamped for later synchronization. 584 

 585 

Behavior 586 

 Photometry procedures and habituation: All procedures were carried out during the light 587 

cycle. Introductions occurred between 08H00 and 12H00, and all other assays occurred between 588 

12H00 and 20H00. To habituate animals to fiber tethering prior to testing, implanted voles were 589 
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connected to a patch cable, placed in a clean cage, and given 30 minutes to habituate to fiber 590 

tethering at least 24 hours before social behavior tests began. On the day of an assay, voles were 591 

transferred from the housing room to the procedure room at least half an hour prior to testing. 592 

Voles were briefly restrained by the experimenter, and a patch cable was connected to the fiber 593 

optic implant. The cable was additionally secured to the cannula via a silicone elastomer (Ecoflex, 594 

Smooth-On, Macungie, PA). During all assays, all tubes, food hoppers, and water bottles were 595 

removed from the cage. An experimenter remained in the room away from the cage to monitor 596 

signal quality, fiber tangling or damage, and aggression. If tangling of the fiber occurred, or if voles 597 

chewed the fiber, the experimenter intervened to untangle the fiber or discourage the mischievous 598 

vole with a loud snap of the fingers. We terminated an assay a) if excessive chewing continued, 599 

b) if the fiber was irreparably damaged, or c) if 3 bouts of highly aggressive tussling occurred.  600 

Introductions: After attaching the patch cable, the vole was placed in a clean cage and 601 

given at least 5 minutes to habituate to fiber placement. An age-matched, opposite-sex prairie 602 

vole was then introduced to the cage, and behavior was recorded for 30 minutes.  603 

Mating: 24 hours after the introduction, a clear, plastic barrier with 1 cm-diameter holes 604 

was placed into the cage to separate the male and female. Each side was given one plastic tube 605 

and half of the nest. The following day, the implanted animal was connected to a patch cable and 606 

given at least 5 minutes to habituate to fiber placement. The barrier was then removed, and 607 

behavior was recorded for 30 minutes. 608 

Partner preference test (PPT): A PPT was conducted 6 hours after pairing for females, or 609 

3 days after mating for males. For females, animals were disconnected from the photometry 610 

system after the conclusion of the 30-minute introduction, and the cage was assembled and 611 

placed in the housing room until the 6 hours had elapsed. The PPT consists of a 3 chamber arena 612 

with an open top and 10 x 32in walls. Dividers extended 2in into the arena on either side to 613 

separate the apparatus into 3 equal-sized chambers. The partner and an age-matched, opposite-614 

sex stranger are tethered on either end of the arena, and the subject is given free access to all 615 
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chambers for 3 hours. To begin the assay, the implanted animal was connected to a patch cable, 616 

placed in the blocked-off center of the apparatus, and given at least 5 minutes to habituate to fiber 617 

tethering. The central barriers were then removed, and recordings lasted 3 hours. The placement 618 

of the partner and stranger relative to the orientation of the room were varied randomly by vole.  619 

Separation and reunification: The implanted vole was connected to the patch cable and 620 

given at least 5 minutes to habituate to fiber placement. The partner vole was then removed from 621 

the home cage and placed in a separate, clean cage out of sight of the experimental vole. After 622 

one hour of separation, the partner was returned to the home cage, and behavior was recorded 623 

for 30 minutes. 624 

Stranger rejection: The implanted vole was connected to a patch cable and given at least 625 

5 minutes to habituate to fiber placement. The partner vole was then removed from the home 626 

cage and placed in a separate, clean cage out of sight of the experimental vole. After one hour of 627 

separation, a novel, age-matched, opposite-sex vole was placed in the home cage, and behavior 628 

was recorded for 20 minutes. 629 

 630 

Behavioral data analysis 631 

Behavior scoring: Behavior was hand-scored frame by frame with the open-source 632 

software Boris87. Behaviors scored and their criteria are detailed in Table 1. The TDT photometry 633 

software recorded time stamps of each acquired behavior video frame as well as time stamps of 634 

neural data, allowing for synchronization of the two data streams. Scoring was conducted by 635 

independent observers blind to genotype and partner location. 636 

For each animal, we quantified the number, total duration as percentage of the assay 637 

duration, and mean or median bout duration in seconds of each behavior and of social bouts. As 638 

described in Table 1, a social bout was defined as a sequence of behaviors initiated by non-AG 639 

sniffing, AG sniffing, or side-by-side contact, in which each behavior within the sequence was 640 

separated by less than 2 seconds of no interaction. For the PPT, chamber entries and exits were 641 
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scored when the animal placed more than half of its body into an adjacent chamber. The start of 642 

an assay was defined as the moment when the stimulus animal was placed in the cage (having 643 

all 4 paws on the floor of the cage) or when the barriers dividing animals were fully removed from 644 

the cage (reaching the top edge of the cage or arena). 645 

 646 

Behavior Description/Criteria 

Non-anogenital 

(non-AG) sniff 

Social touch in which the snout of the implanted animal makes contact 

with face or flank, but not the anogenital zone (see below) of the 

stimulus animal. 

Anogenital (AG) 

sniff 

Social touch in which the snout of the implanted animal makes contact 

with the anogenital region (closest to the tail and the surrounding 

hindquarters, excluding the spine and back). 

Side-by-side 

contact 

Social touch in which more than 50% of the implanted animal’s flank is 

in contact with the stimulus animal. 

Social bout A sequence of non-AG sniffing, AG sniffing, and/or side-by-side contact 

separated by less than 2 seconds of no interaction. 

Mounting A male vole approaches from behind and places its forequarters on the 

hindquarters of a female vole. The start of a mount was defined as the 

moment the male grasps the female’s flank with its forepaws. A mount 

was scored for a female vole when she received mounting from a male. 

(Female mounting was extremely rare; we observed one instance out of 

all females in this study.) 
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Intromission Pelvic thrusting of a male while in the mounting position. Intromission 

was scored for a female when a female received intromission. 

Strike A lunge, bite, or kick by the experimental vole directed towards the 

stimulus animal. 

Defensive strike A lunge or strike by the experimental vole following the receipt of 

aggression or social touch from a stimulus animal. 

Tussle A highly aggressive rolling fight in which both voles are biting and/or 

wrestling. 

Aggression receipt The receipt of a strike or defensive strike by the experimental vole from 

a stimulus vole. 

Defensive rear A defensive posture in which both forepaws are raised off the ground 

while oriented towards the stimulus vole. 

Table 1: All behaviors scored during dyadic interactions and their definitions. 647 

 648 

Photometry Analysis 649 

 We illuminated each channel at sinusoidally-varying intensity using different modulation 650 

frequencies to improve signal to noise ratio with a lock-in amplifier system offline1. This system, 651 

coded in custom MATLAB software (version R2022b), involved performing a fast Fourier 652 

transform on the data from each channel to analyze the frequency domain between 100 and 500 653 

Hz. The magnitudes (complex modulus) of the frequency-domain data streams were averaged 654 

across a band around the modulation frequency corresponding to each channel. We performed 655 

this calculation at each time point; this method identified deviations from the modulation frequency 656 
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that reflect biological signal. We then low-pass IIR filtered this transformed data at 100 Hz to 657 

eliminate fluctuations due to technical noise.  658 

  The fluorescence data from both streams were trimmed to eliminate technical noise at the 659 

beginning of the recording. To estimate fluctuations in the GCaMP channel that are also present 660 

in the control channel and therefore due to noise across the system, we estimated a robust linear 661 

regression fitting the data from our control channel (tdTomato) to the GCaMP channel and found 662 

the value at each time point. We then calculated the difference between the GCaMP data and the 663 

fitted control fluorescence at each time point and normalized this difference by the fitted control 664 

fluorescence to result in our final ∆F/F value at each time point. 665 

We extracted a photometry ∆F/F trace surrounding each behavioral timestamp of interest. 666 

For social bouts or individual behavior timestamps, we extracted photometry data from -2 to 5 667 

seconds relative to each timestamp. Timestamps of behaviors occurring during periods of 668 

experimenter intervention were excluded from analyses. For each ∆F/F trace, we Z scored the 669 

trace to the mean and standard deviation of the ∆F/F values immediately prior to the timestamp 670 

(-2 to 0 seconds for social bouts). This method was chosen, in part, because we observed that 671 

NAc activity decreased below baseline during prolonged periods of quiet restfulness (Extended 672 

Data Fig. 9a-e). In addition, across all assays, we observed a notable increase in calcium signal 673 

that often preceded the introduction of the stimulus animal or removal of barriers, which may 674 

reflect a novelty, arousal, or fear response88,89 (Extended Data Fig. 9f-m). This signal decayed to 675 

pre-assay levels within roughly 100 seconds (Extended Data Fig. 9g). As a result, Z scores could 676 

potentially be biased depending on the behavior of the animal across the long recording period 677 

(e.g., if the animal huddled with the stimulus animal for long periods of time) or during the pre-678 

assay period (e.g. if the animal sat quietly vs. exploring the arena). For social touch behaviors, 679 

we excluded bouts in which social behavior (such as a strike) occurred within the 2s prior to the 680 

timestamp of interest. For strikes and chamber transitions, we excluded timestamps in which a 681 

strike or chamber transition occurred within the 2s baseline period. 682 
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To quantify calcium activity traces, we calculated peak ∆F/F and area under the curve 683 

(AUC) of each trace from 0 to 2 seconds after each timestamp. AUC was calculated using 684 

Matlab’s “trapz” function. To confirm that fluctuations and differences we observed in our ∆F/F 685 

traces were not due to motion artifacts, we used the same trace extraction and z scoring method 686 

on the tdTomato control fluorescence. This demonstrated there was little effect of motion at the 687 

onset of behaviors such as sniffs or even behaviors that entail a great deal of movement, such as 688 

attacks (Extended Data Fig. 9n-q). 689 

 690 

Perfusions, Histology, and Verification of Fiber Placement 691 

Animals were deeply anesthetized with ketamine/xylazine and transcardially perfused with 692 

1X phosphate-buffered saline (PBS) followed by cold 4% paraformaldehyde (PFA) in PBS. Brains 693 

were extracted, post-fixed in PFA overnight at 4°C, and incubated in 30% sucrose solution at 4°C 694 

until sucrose diffused completely through the brain. Brains were then embedded in Tissue-Tek 695 

Optimal Cutting Temperature Compound (Sakura Finetek USA, Torrance, CA), frozen solid at -696 

80°C, cryosectioned at 50 uM coronally, and treated with 300 nM DAPI solution (Life 697 

Technologies, Carlsbad, CA) in PBS for 10 minutes to visualize nuclei. Sections were mounted 698 

on glass slides and coverslipped with Aqua-Mount Mounting Medium (Thermo Scientific). 699 

Brain sections were imaged with a 4X objective on a Nikon Eclipse 90i motorized upright 700 

epifluorescent microscope and digital camera (Nikon, Minato City, Tokyo, Japan) as well as a 10X 701 

objective on a Zeiss LSM 700 confocal microscope with Zen 2010 software (Zeiss Microscopy). 702 

Fiber tip locations were assessed by comparing anatomical location of the fiber tract to the 703 

Paxinos and Franklin mouse brain atlas (4th edition)90. Animals were excluded from behavioral 704 

and photometry analyses if the fiber tip was outside of the nucleus accumbens or outside the 705 

range of 1.10 - 1.78 mm relative to Bregma (of the mouse atlas). 706 

 707 

Statistics 708 
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 Details of all statistical tests used and their results are reported in Extended Data File 1. 709 

Sample sizes were determined by our previous work investigating pair-bonding behaviors in Oxtr1-710 

/- prairie voles20 and increased by ~20% to account for animals lost to surgery failure or photometry 711 

exclusion. Alpha was set to 0.05 for all comparisons. Trends were considered when p<0.07. 712 

Behavior data: Statistics and plotting of behavioral data were performed in Prism (version 713 

9.4 for MacOS). In each assay, the metric used to determine outlier status was total social 714 

interaction. Animals that were 3 scaled median absolute deviations (MAD) away from the median 715 

were deemed outliers and were removed before proceeding. Details on outliers are provided in 716 

Extended Data File 1. We assessed normality of residuals by the D’Agostino-Pearson omnibus 717 

(K2) test. For continuous and normally distributed measures, we conducted a Student’s t-test, 718 

ANOVA, two-way ANOVA, or two-way repeated measures ANOVA with Sidak-corrected post hoc 719 

comparisons. A Welch’s corrected t test was used when distributions failed an F test for equality 720 

of variances. For distributions that were not normally distributed, we first applied a log transform 721 

and retested for normality. Parametric tests were then run on the normalized data. For 722 

distributions that could not be log transformed, we used the non-parametric Mann Whitney test. 723 

We plotted the data in raw form when feasible. For count data, we used a generalized linear model 724 

with a generalized Poisson distribution and a Sidak correction for multiple comparisons to 725 

compare between groups. Transformations conducted on each data set prior to statistical testing 726 

can be found in Extended Data File 1. For proportion data, we used a binomial test to compare 727 

genotypes or groups. To characterize the relationship between behavior at 2 time points (e.g., the 728 

introduction and the PPT), we used Pearson correlation or linear regression. To compare behavior 729 

across male preference categories (i.e., wild-type, partner preferring Oxtr1-/-, and stranger-730 

preferring Oxtr1-/-), we used a permutation test on the F statistic. For the permutation test, group 731 

labels were randomly shuffled, and the statistic was calculated. This was repeated 10,000 times 732 

to construct a null distribution, and the p value was calculated as the percentage of the null 733 

distribution that was equal to or more extreme than the observed statistic. Post hoc pairwise 734 
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comparisons were conducted with additional permutation tests with a Sidak correction for multiple 735 

comparisons. 736 

For the PPT, preference indices were calculated for total percent of PPT time spent in 737 

either social interaction (“Social preference index”) or in side-by-side contact (“Side-by-side 738 

preference index”). Preference indices were calculated by taking the percent time spent with the 739 

partner, subtracting the time spent with the stranger, and normalizing by total time spent with 740 

either partner or stranger. Preference index values were compared across genotypes by 741 

performing a permutation test, as described above, on the Earth Mover’s Distance between the 742 

two distributions.  743 

Markov chains: We performed discrete-time Markov chain analyses on behavioral 744 

sequences from the introduction assay. We included only “no interaction,” “non-AG sniff,” “AG 745 

sniff,” and “side-by-side contact” due to the fact that all other behavioral events were rare 746 

(transition probabilities less than 0.005). Markov chain transition probability matrices were 747 

calculated for each animal in Matlab, and probabilities for each transition were averaged across 748 

sex and genotype. For each transition, we compared transition probabilities across genotypes or 749 

groups by conducting permutation tests, as described above, on the Student’s t statistic or F 750 

statistic and applying a Sidak correction for multiple comparisons.  751 

Adjusted boxplots: When plotting neural data surrounding behavioral events with duration 752 

(e.g., AG sniff events), we included boxplots of those initiating behavior durations. Because 753 

duration distributions were heavily right skewed, we used an adjusted boxplot for skewed 754 

distributions91. Briefly, the medcouple (MC, a measure of skewness) is calculated for each 755 

distribution of duration values. The MC is then incorporated in the determination of the whisker 756 

boundaries, such that when MC >= 0, whisker boundaries are defined as [Q1 - 1.5e-4 MC IQR; Q3 757 

+ 1.5e3 MC IQR] and when MC < 0, boundaries are [Q1 - 1.5e-3 MC IQR; Q3 + 1.5e4 MC IQR], where 758 

Q1 is the first quartile, Q3 is the third quartile, and IQR is the interquartile range (Q3 - Q1). Outlier 759 

values are marked with a plus symbol. The adjusted boxplot was implemented with an adapted 760 
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version of the function “adjusted_boxplot” written by Brian C. Coe (2024, MATLAB Central File 761 

Exchange, https://www.mathworks.com/matlabcentral/fileexchange/72110 762 

-adjusted_boxplot). 763 

 Probability PETHs: To examine the probability of the occurrence of different behaviors 764 

surrounding timestamps of interest, we constructed peri-event time histograms (PETHs) of 765 

probability (e.g., Extended Data Figure 3c,d). For each timestamp and each time point along the 766 

PETH, a given behavior was marked as occurring (1) or not occurring (0). We then averaged by 767 

group across each time point. 768 

Photometry data: All calculations and statistics for photometry data were performed in 769 

Matlab. For z-scored ∆F/F trace statistics (peak and AUC), we first removed outlier values. The 770 

criterion for removal was when both peak and AUC values for a given trace were 3 scaled MAD 771 

away from the median of the pooled data from all comparison groups. The majority of peak ∆F/F 772 

and AUC distributions were non-normally distributed as determined by the Jarque-Bera test; thus, 773 

for all comparisons, we pooled data from all groups and applied a Box-Cox transformation prior 774 

to testing. We then tested for main effects and interactions between independent variables (e.g., 775 

genotype, stimulus animal, etc.) via a linear mixed effects (LME) model in which vole ID was 776 

included as a random effect to account for clustering within animals. The resulting model was run 777 

through an ANOVA, and we report the F statistics and p values. Multiple comparisons were 778 

conducted by pairwise LME models with a Sidak correction applied to the resulting p values. In 779 

addition, we compared z-scored ∆F/F values at each time point along the PETH. At each point, 780 

we Box-Cox transformed the pooled z-scored ∆F/F values. We then conducted an LME with vole 781 

ID included as a random effect, as described above. This was repeated for every time point and 782 

every pairwise comparison of, for example, genotype by stimulus animal. We then applied a 783 

Benjamini-Yekutieli correction on the resulting p values for all pairwise comparisons between 784 

groups. 785 
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To obtain mean neural responses by individual animal, we calculated the mean of the Box-786 

Cox transformed values of the neural data. We used the transformed values to relate neural data 787 

to behavior or other neural metrics by individual animal via Pearson correlation or linear 788 

regression.  789 

To test whether NAc calcium activity changed as an animal engaged in prolonged rest 790 

(Extended Data Figure 1a-e), we calculated median raw ∆F/F and AUC for each trace from -30s 791 

to 0s (pre) and 0s to 30s (post). We Box-Cox transformed all values and conducted an LME with 792 

time (pre vs. post) as the independent variable and both vole ID and trace number as random 793 

effects. We next calculated the change in ∆F/F (post – pre) for each trace and averaged by 794 

individual animal. We then used a two-tailed, one sample t test to determine whether the change 795 

in ∆F/F was significantly different from 0 ∆F/F. To test how activity changed at the start of an 796 

assay, we constructed PETHs for every animal and every assay from -10s to 180s surrounding 797 

assay start (Extended Data Figure 1f,g). We calculated the mean raw ∆F/F value from -10s to 0s 798 

to be 0.0237. At each time point along the PETH, we Box-Cox transformed all values including 799 

the constant of 0.0237 and conducted an LME with vole ID as a random effect to compare whether 800 

∆F/F was significantly different from the transformed constant. We applied a Benjamini-Yekutieili 801 

correction to the resulting set of p values. 802 

Plotting: Bar plots show mean +/- s.e.m. with individual animals overlaid. Neural data is 803 

plotted as mean +/- s.e.m. Swarm plots of behavior data show individual animals with median 804 

overlaid. Swarm plots of neural data show individual PETH values (peak or AUC) with median 805 

overlaid. Dotted lines on plots of linear regressions show the 95% confidence interval.  806 
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Extended Data Fig. 1: Fiber locations in the prairie vole nucleus accumbens. 822 

Extended Data Fig. 2: Additional data from female introductions. 823 

Extended Data Fig. 3: Cross-assay analyses in females. 824 

Extended Data Fig. 4: Additional data from female timed mating assays. 825 

Extended Data Fig. 5: Additional data from female partner preference tests. 826 

Extended Data Fig. 6: Additional data from male introduction and timed mating assays. 827 

Extended Data Fig. 7: Additional data from male PPT. 828 

Extended Data Fig. 8: Additional data related to Figure 4. 829 

Extended Data Fig. 9: Dynamics of NAc calcium activity during periods of rest and at assay start. 830 
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Figures 833 

 834 

Figure 1: Loss of Oxtr in naive females disrupts NAc neural responses to novel males. 835 

a, Timeline of assays. b, Injection and fiber targeting in the medial NAc (scale bar, 50um). c, 836 

Photometry setup to image GCaMP6m during dyadic interactions in freely-moving prairie voles. 837 

d, Example GCaMP6m trace at the start of the introduction, with behavior events overlaid 838 

(anogenital [AG] sniff, orange; non-AG sniff, yellow). Behavior events separated by less than 2 839 

seconds were considered part of a single social bout. e, Introduction procedure. A wild-type (WT) 840 

or Oxtr1-/- female was placed into a clean cage, and a WT male was then introduced. f, Total 841 

percent of assay time engaged in (left), number of (middle), and median duration of (right) social 842 

bouts exhibited by females (for all plots, WT n=8, Oxtr1-/- n=9 voles). g, Mean breakdown of social 843 
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contact by the percentage of contact time engaged in AG sniffing, non-AG sniffing, and side-by-844 

side contact. h, Percentages of social bouts initiated with non-AG sniff, AG sniff, or side-by-side 845 

contact. i, Left, schematic of Markov modeling of behavior, focusing on transitions from one social 846 

behavior to another. Right, heat maps of transition probabilities. j, Mean peri-event time histogram 847 

(PETH) of z-scored GCaMP6m ∆F/F by genotype aligned to the onset of non-AG sniffs (WT 848 

n=391 traces; Oxtr1-/- n=272 traces). At the base of the plot is an adjusted boxplot of the durations 849 

of the initiating non-AG sniff. k, Swarm plot of peak z-scored ∆F/F values following non-AG sniffs. 850 

l, Area under the curve (AUC) values from z-scored ∆F/F traces following non-AG sniffs. m, Mean 851 

PETH by genotype aligned to AG sniffs. The red line indicates time points at which mean z-scored 852 

∆F/F differ between WT and Oxtr1-/- females (WT n=268 traces; Oxtr1-/- n=161 traces). n, Peak z-853 

scored ∆F/F values. o, AUC values from z-scored ∆F/F traces. Detailed statistics are presented 854 

in Extended Data File 1. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. ac, anterior commissure; 855 

AG, anogenital; WT, wild-type; AUC, area under the curve. 856 
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 857 

Figure 2: Loss of Oxtr disrupts female neural and behavioral responses to stranger 858 

males. 859 

a, Timeline and schematic of the introduction and partner preference test (PPT) for females. b, 860 

Percent of assay time spent engaged in social bouts with either the partner (purple) or the stranger 861 

(gray) (for all plots, WT n=8, Oxtr1-/- n=10 voles). c, Side-by-side contact preference index scores. 862 

Preference index scores of 1 indicate exclusive side-by-side contact with the partner, and -1 with 863 

the stranger. d, Number of entries to the partner or stranger chambers. e, Chamber entry 864 

preference index scores. f, Mean PETH of z-scored GCaMP6m ∆F/F by stimulus animal aligned 865 

to the onset of social bouts (WTPartner n=539 traces; WTStranger n=444 traces; Oxtr1-/-Partner n=732 866 

traces; Oxtr1-/-Stranger n=304 traces). At the base of the plot is an adjusted boxplot of the durations 867 
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of the initiating behavior. The red line indicates time points at which mean z-scored ∆F/F differs 868 

between partner and stranger-related activity in Oxtr1-/- females. g, Swarm plot of peak z-scored 869 

∆F/F values. h, AUC values from z-scored ∆F/F traces. i, Left, mean ∆F/F PETH aligned to entries 870 

to either the partner chamber or stranger chamber (WTPartner n=184 traces; WTStranger n=182 traces; 871 

Oxtr1-/-Partner n=160 traces; Oxtr1-/-Stranger n=115 traces). j, Peak z-scored ∆F/F values. k, AUC 872 

values from z-scored ∆F/F traces. l, Left, mean ∆F/F PETH aligned to exits from either the partner 873 

chamber or stranger chamber (WTPartner n=187 traces; WTStranger n=195 traces; Oxtr1-/-Partner n=150 874 

traces; Oxtr1-/-Stranger n=121 traces). m, Peak z-scored ∆F/F values. n, AUC values from z-scored 875 

∆F/F traces. Detailed statistics are presented in Extended Data File 1. *p<0.05, **p<0.01, 876 

***p<0.001, ****p<0.0001. WT, wild-type; PETH, peri-event time histogram; AUC, area under the 877 

curve.  878 
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 879 

Figure 3: Oxtr regulates NAc neural signatures of partner preference in male prairie 880 

voles. 881 

a, Introduction of a WT or Oxtr1-/- male to a WT female partner. b, Total percent of assay time 882 

engaged in (left), number of (middle), and median duration of (right) social bouts exhibited by 883 

males (WT n=11, Oxtr1-/- n=9). c, Mean ∆F/F PETH by genotype aligned to the onset of social 884 

bouts (WT n=750 traces from 11 animals; Oxtr1-/- n=865 traces from 9 animals). At the base of 885 

the plot is an adjusted boxplot of the durations of the initiating behavior. d, Peak z-scored ∆F/F 886 
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values. e, AUC values from z-scored ∆F/F traces. f, Schematic of the PPT, conducted on day 5 887 

in males. g, Percent of assay time spent engaged in social bouts with either the partner (purple) 888 

or stranger (gray) (WT n=10, Oxtr1-/- n=9). h, Left, social interaction preference index scores. 889 

Right, side-by-side contact preference index scores. Preference for partner or stranger was 890 

determined by whether side-by-side preference index scores were greater than 0.5 (partner-891 

preferring, PPref) or less than -0.5 (stranger-preferring, SPref). For all following plots, WT n=10, 892 

Oxtr1-/- PPref n=5, Oxtr1-/- SPref n=3 voles. i, Example behavior rasters from a WT, Oxtr1-/- PPref, 893 

and Oxtr1-/- SPref male. j, Mean (+/- s.e.m.) cumulative duration plots of social interaction with 894 

either the partner or stranger across the 3-hour assay. k, Mean ∆F/F PETH aligned to social bouts 895 

with either the partner or stranger. The red line indicates time points at which mean z-scored ∆F/F 896 

differ between partner- and stranger-related activity (WTPartner n=932 traces and WTStranger n=1193 897 

traces; Oxtr1-/- PPrefPartner n=296 traces and PPrefStranger n=500 traces; Oxtr1-/- SPrefPartner n=111 898 

traces and SPrefStranger n=821 traces). l, Peak ∆F/F values. m, AUC values. n, Per animal 899 

difference (partner - stranger) between partner-elicited and stranger-elicited peak ∆F/F (left) and 900 

AUC (right). o, Correlations of partner-stranger AUC difference and percent of time spent in social 901 

interactions with the partner. p, Correlations of partner-stranger AUC difference and percent of 902 

time spent in social interactions with the stranger. Detailed statistics are present in Extended Data 903 

File 1. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. PPT, partner preference test; WT, wild-type; 904 

PPref, partner-preferring; SPref, stranger-preferring; AUC, area under the curve; norm., Box Cox 905 

normalized. 906 
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 907 

Figure 4: Oxtr regulates behavioral and neural trajectories of pair bonding in male prairie 908 

voles. 909 

a, Examination of behavior and neural activity from Day 0 (introduction) in relation to metrics from 910 

Day 5 (PPT). b, Percent of time engaged in social interaction with a newly partnered female during 911 

the introduction, plotting only animals from which data were successfully collected during both 912 

introduction and PPT. Individual animals are colored according to PPT behavior profile (for all 913 

plots, WT n=10, Oxtr1-/- PPref n=3, Oxtr1-/- SPref n=3). c, Mean breakdown of social interaction 914 

during the introduction by type of social touch. d, Heat maps of Pearson correlations between 915 

introduction behavior (% of contact time) and PPT partner or stranger side-by-side contact (% of 916 

assay time). e, Linear regression of introduction behavior to PPT behavior. X-axis: Percent of 917 
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social touch during the introduction spent AG sniffing (left) or in side-by-side contact (right). Y-918 

axis: Percent of PPT time spent in side-by-side contact with the partner. f, Mean NAc ∆F/F PETH 919 

aligned to non-AG sniffs during the introduction (WT n=338 traces; Oxtr1-/- PPref n=138 traces; 920 

Oxtr1-/- SPref n=123 traces). At the base of the plot is an adjusted boxplot of the durations of the 921 

initiating behavior. g, Peak z-scored ∆F/F values. h, AUC values from z-scored ∆F/F traces. i, 922 

Mean ∆F/F PETH aligned to AG sniffs during the introduction (WT n=187 traces; Oxtr1-/- PPref 923 

n=129 traces; Oxtr1-/- SPref n=42 traces). j, Peak z-scored ∆F/F values. k, AUC values from z-924 

scored ∆F/F traces. l-o, Linear regressions comparing AG sniff-related NAc activity and PPT 925 

behavior or neural data. X-axis: normalized (norm.) AUC at the onset of AG sniff bouts during the 926 

introduction, averaged by animal. Y-axis: PPT side-by-side contact (l-m) or PPT normalized AUC 927 

surrounding social bouts, averaged by animal (n-o). p, Left, percent of introduction time spent in 928 

side-by-side contact. Right, number of side-by-side contact events during the introduction. q, 929 

Cumulative distribution functions (CDF) for side-by-side contact bout durations per animal. Dotted 930 

lines show the mean (+/- s.e.m.) of the 95th percentile values from each group. r, Mean PETH 931 

aligned to transitions from sniffing to side-by-side contact, centered at the onset of the sniff (no 932 

filtering for behavior in the 2 seconds prior to sniff onset; WT n=97 traces; Oxtr1-/- PPref n=98 933 

traces, Oxtr1-/- SPref n=82 traces). s, Peak z-scored ∆F/F values. t, AUC values from z-scored 934 

∆F/F traces. Detailed statistics are presented in Extended Data File 1. *p<0.05, **p<0.01, 935 

***p<0.001, ****p<0.0001. WT, wild-type; PPref, Oxtr1-/- partner-preferring; SPref, Oxtr1-/- stranger-936 

preferring; AG, anogenital; PPT, partner preference test; AUC, area under the curve; norm., Box 937 

Cox normalized; CDF, cumulative distribution function.  938 
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