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Introduction 

Over the years, drug addiction has continued to have a profound effect on our society and the people 

surrounded by it.  Drugs of abuse, especially cocaine and amphetamines, have been publicized time and 

time again to have a major effect on a wide variety of social behaviors displayed by the mammalian 

species (25).  Subsequently, social experiences have been well demonstrated to have an immense 

ｷﾏヮ;Iデ ﾗﾐ ;ﾐ ｷﾐSｷ┗ｷS┌;ﾉげゲ ゲ┌ゲIWヮデｷHｷﾉｷデ┞ デﾗ Sヴ┌ｪ ;SSｷIデｷﾗﾐ.  For example, maternal nurturing, positive 

peer groups, and healthy family environments have all been associated with a decrease in substance 

abuse (25, 34, 35).  Through research, it has been firmly established that these drug rewards and natural 

rewards share a very similar pathway in the brain (18, 17).  In fact, drugs of abuse can lead to long-

lasting neuroplasticity in the natural reward pathway, especially the nucleus accumbens (NAcc) (18).  

Furthermore, the natural reward pathway and the drug reward pathway are mediated by the same 

neural substrates, dopamine (DA), oxytocin (OT), and vasopressin (AVP) (13, 9).  Because of this 

commonality, DA, OT, AVP and their related brain regions have been the center of focus for a large 

amount of studies done involving drug and social rewards.  Through this relationship, there have been 

many experiments trying to use these neurochemicals as a source of treatment for drug addiction (11, 

26).  In one such study done on an animal model, direct injections of OT into the medial prefrontal 

cortex (mPFC) restored amphetamine-inhibited partner preference, which is used as a strong indicator 

of pair bonding (26). 

Surmounting amounts of research has shown not only are social relationships necessary for a healthy 

mental state, but that many psychiatric disorders such as depression, autism, schizophrenia, borderline 

personality disorder, and even anxiety are all associated with deficits in social motivation and behavior 

(6, 12, 36).  Traditional animal models, mainly rats and mice, have given us a good insight into the 

neurobiology of these social behaviors and drug addiction; however, these traditional animal models 

lack a significant factor that is essential in social behaviors in humans: social bonding.  In addition to 

these traditional rodent models, an alternative animal model has been utilized to research these social 

bonds, the monogamous prairie vole.  As with a multiple of other social behaviors, DA, OT, and AVP have 

been strongly established as key regulators of forming these social bonds in the prairie vole (24, 16).  For 

example, research has shown that site-specific administration of vasopressin receptor 1a (V1aR) 

antagonist into the ventral pallidum inhibits partner preference formation in male prairie voles (32, 33).  

Similarly, injections of an oxytocin receptor (OTR) antagonist into the NAcc blocks partner preference 

formation in female prairie voles (33). 

This rodent species, Microtus ochrogaster, makes such a suitable model not only because they are 

monogamous, but because forming of these social bonds can be consistently duplicated under research 

conditions (3).  The two core behaviors of focus for pair bonding in a monogamous species are partner 

preferences and selective aggression, both of which are regularly expressed by pair bonded prairie voles 

(3).  Furthermore, it has been tested to show that administration of amphetamines and cocaine to these 

monogamous prairie voles not only prompted the activation of reward circuitry in their brain, but also 

led to conditioned place preference, a sign of addiction (5, 1).    Supplementary investigations into social 

bonding have discovered that comparable social bonds are formed in humans as they are in the prairie 

vole, another basis as to why they make such appropriate models for testing of social behaviors (27).   

Oxytocin and vasopressin are two of the major regulators of this social and drug reward.  Since the 

discovery of these two neuropeptides, there has been an ever-growing amount of research into their 

numerous and diverse effects, from learning and memory to complex social mannerisms involving 

behaviors such as territorial aggression, maternal nurturing and pair bonding (28).  They are decidedly 



similar molecules, often times with interestingly opposite effects.  One such example of this is in their 

regulation of the emotion fear.  Due to the complex nature of the amygdala, OT binding in this region 

decreases the expression of fear while AVP binding increases the expression of fear (21).  Additionally, 

one of the key features of OTげゲ ﾏWSｷ;デｷﾗﾐ of social behaviors is in its ability to regulate DA expression in 

the NAcc (4).  In fact, it was discovered that OTR blocking led to the inhibition of D2 receptor induced 

partner preferences, while the blocking of D2 receptors inhibited OTR induced partner preferences (16).  

As for vasopressin, the main receptor of focus for its regulation of social behaviors has been on the 

arginine vasopressin receptor 1A, or V1aR.  In a study conducted through multiple species, the V1aR was 

confirmed to play a major role in the regulation of anxiety, affiliative behaviors, and social attachments 

(33). 

Moreover, changes in the content of OT, AVP, and their receptors in numerous different brain regions 

have been very extensively linked to drugs of abuse. Previous studies on rats and mice have shown that 

treatment with these drugs of abuse lead to multiple physical changes in the different critical brain 

regions associated with social rewards.  These studies have shown that chronic treatment of cocaine in 

mice led to a decrease in OT expression in several brain regions including the hypothalamus, 

hippocampus, NAcc, and mPFC (13, 19, 26).  Along with the lower OT concentrations, AVP levels in all 

brain regions examined likewise showed a decrease, except for in the plasma (19, 26).  In addition to 

that, studies have shown that pair bonding prior to amphetamine injection actually inhibits drug 

addiction (15), highlighting the fact that social reward and drug reward share a very similar pathway. 

Through all of the studies done on reward pathways, a few, significant brain regions have consistently 

been the focal points of interest.  One of the biggest areas of focus has been the dopamine 

mesocorticolimbic system, which encompasses the ventral tegmental area (VTA) and its projections to 

the NAcc, mPFC, Amygdala, and several other forebrain areas (10).  Although it has been demonstrated 

through a multitude of studies that DA, OT and AVP all play a vital role in the development of social 

bonds and drug addiction in prairie voles (8, 24, 27), what is not so clearly understood is the neuro-

circuitry behind all of the affected brain regions.  This is a novel study done on prairie voles and the 

ｷﾏヮﾗヴデ;ﾐIW ﾗa ┌ﾐSWヴゲデ;ﾐSｷﾐｪ IﾗI;ｷﾐWげゲ WaaWIデ ﾗﾐ ﾐW┌ヴﾗデヴ;ﾐゲﾏｷデデWヴ W┝ヮヴWゲゲｷﾗﾐ ｷﾐ デｴW Hヴ;ｷﾐく  The gap in 

this information is the basis of my project, to utilize a systematic approach to the circuitry connecting 

and regulating the different expanses of the brain associated with social and drug reward.  For the first 

part of this study, autoradiography was used to measure OTR binding density in the following brain 

regions: the NAcc core, NAcc shell, mPFC, VTA, lateral septum (LS), ventral medial hypothalamus (VMH), 

cortical amygdala (CoA), medial amygdala (MeA), central amygdala (CeA), and the basal lateral amygdala 

(BLA).  In the second experiment, autoradiography was used again, this time to measure V1aR binding 

density in these following brain regions: the dorsal bed nucleus of the Stria Terminalis (BNST), ventral 

BNST, PFC, VMH, anterior VTA, posterior VTA, LS, MeA, CoA, and CeA.  Although the results are hard to 

predict with very specific species and area differences, this research will provide a more comprehensive 

understanding of their neural regulation, which will hopefully lead to an improved remedy for social 

impairment and drug addiction in humans. 

 

Methods 

Subject: The subjects for this study were kept consistent with those from one of the related experiments 

mentioned previously (14).  These prairie voles were sexually naïve males and females, weaned at 21 

days of age, from a laboratory breeding colony and were approximately 90 days of age when tested.  



The subjects were contained in same-sex sibling pairs in plastic cages (12 x 28 x 16) with water and food 

provided ad libitum.  The cages were kept under a 14:10 light-dark cycle with the temperature roughly 

consistent at 20 °C.  Both male and female subjects were randomly assigned to two groups, either saline 

(male: 7, female: 8) or cocaine (male: 8, female: 8) ip injections at the threshold dose that induced 

conditioned place preference (CPP) (male: 10mg/kg, female: 40mg/kg).  Subjects were administered 

injections once every morning for three consecutive days.  24 hours after the last injection, all subjects 

were decapitated, brains were extracted and immediately frozen on dry-ice.  The brains were cut into 20 

µm sections and thaw-mounted on slides in a cryostat.  Slides were stored at -80° C. 

OT and AVP receptor autoradiography: Coronal brain sections (20 ´ﾏ) at 120 ´m intervals were 

processed for OT and AVP receptor autoradiographic binding using an established method (2).  Briefly, 

sections were rinsed in 50mM Tris-HCL, pH 7.4, and incubated in 50mM Tris-HCL ion buffer containing 

120 mM NaCl, 5 mM KCL, 2 mM CaCl2, and 1 mM MgCl2 with either an OTR ligand or V1aR ligand.  

Afterwards, sections were fixed in a 0.1% paraformaldehyde solution and rinsed thoroughly in Tris-HCL 

ion buffer.  Slides were dipped in distilled water, blown dry, and exposed to BioMax MR Film (Kodak) to 

generate autoradiograms. 

Quantification analysis: The optical densities of OTR and V1aR binding were quantified in the mPFC, 

NAcc core and shell (OTR only), LS, VMH, CoA, MeA, CeA, BLA, VTA (anterior and posterior for V1aR), 

and ventral and dorsal BNST (V1aR only).  Using a computerized image program, NIH Image 1.64, three 

consecutive sections were quantified in each brain region in each subject and matched sections over 

individuals.  Data was analyzed using the IBM SPSS Statistics Data Editor by a two-way ANOVA, followed 

by a Student-Neuman-Keuls post hoc test to test for sex and treatment interactions.  These areas were 

chosen based on their expression of receptors and their role in mediating drug abuse and social 

behaviors. 

 

Results 

Cocaine exposure had effects on OTR expression in the VMH, MeA, and BLA:  

After analyzing the results of this study, we were able to establish significant differences in OTR binding 

density in three of the mapped brain regions.  In the VMH of the test subjects, there was a significant 

difference due to treatment alone (F = 12.1, p < 0.001), increasing OTR binding density in both males 

and females with no interaction between sex and treatment.  In the MeA of the test subjects, there was 

a significant difference between sex and drug treatment interactions (F = 6.59, p < 0.02).  In the male 

subjects, the MeA showed no difference in OTR binding density after drug treatment while female 

subjects showed an increase in binding density after treatment.  Likewise, in the BLA there was also 

significant difference between sex and drug treatment interaction (F = 4.27, p < 0.05), again with no 

difference shown in males and a substantial increase in OTR binding shown in females.  In both the VMH 

and the MeA, there was a significant difference between the sexes (F= 4.64, p < 0.04; F = 4.67, p < 0.04 

respectively) with males having the higher binding density.  In all the other brain regions examined 

(NAcc core, NAcc shell, mPFC, LS, CoA, MeA, CoA, and VTA), there were no significant differences in OTR 

binding densities. (Figure 1)   

Cocaine exposure had effects on V1aR expression in the dorsal and ventral BNST, MeA, CoA, and CeA:  

Analysis of the data obtained from this study show significant differences in V1aR binding density in 



several of the brain regions examined. In all three sub-regions of the amygdala that were examined, 

(MeA, CoA, and CeA) there was a significant difference in both treatment and sexes (F = 8.10, p < 0.01 

and F = 5.62, p < 0.03; F = 7.27, p < 0.01 and F = 7.01, p < 0.01; F = 7.91, p < 0.01 and F = 8.11, p < 0.01; 

respectively) with no interaction between the two.  Cocaine treatment increased V1aR binding density 

in all three of those regions with females having higher concentrations than males both before and after 

treatment.  In both the ventral BNST and dorsal BNST, there was a significant difference (F = 12.81, p < 

0.001; F = 13.20, p < 0.001; respectively) in treatment effect, with cocaine use increasing V1aR binding 

density in those regions with no significant difference between sexes.  In all other brain regions 

examined (mPFC, LS, VMH, anterior VTA, and posterior VTA), there were no significant difference 

between treatment, sex, and treatment/sex interactions. Figure (2)  

 

Discussion 

Through a multitude of studies on both animals and humans, it has been shown that there is a negative 

correlation between drug abuse and social behaviors, meaning as drug use increases, social behaviors 

decrease and vice versa.  For this study, we focused on the neurobiological changes that underline the 

behavioral changes associated with cocaine use in the monogamous rodent species, Microtus 

ochrogaster.  As the results of this study display, there are several different brains regions associated 

with social behaviors that have undergone physical changes.  Interestingly, we demonstrate that cocaine 

exposure increases OTR binding density in the MeA and BLA in females but have no effect on OTR 

binding in males.  Wｴ;デげゲ ﾏﾗヴW, this treatment with cocaine exhibited an increase of OTR binding in the 

VMH of both sexes.  When looking at V1aR, we demonstrated that cocaine treatments increased the 

binding density in the MeA, CoA, CeA, dorsal BNST and ventral BNST.  

CﾗI;ｷﾐWげゲ EaaWIデ ﾗﾐ OTR: Oxytocin expressed receptor binding differences in the VMH, MeA, and the 

BLA. 

Sex differences: In both the VMH and the MeA, sex differences showed male prairie voles had a higher 

basal OTR binding density than females.  This is in agreement with former studies on multiple other 

animal models, echoing the fact that males have a higher basal OTR binding density than females in the 

examined forebrain areas (29, 30). 

Treatment effect: Cocaine treatment increased OTR binding density in the VMH of both sexes, 

contradicting prior studies done on rats and mice (19).  This result however, does correlates with a 

previous study where the monogamous prairie vole was shown to have a lower basal OTR binding 

density in the VMH than a promiscuous species of voles (31).  This data suggests that the increase of 

OTR binding density in the VMH seen in this experiment could be associated with the decrease of 

monogamy related to drug abuse. 

Sex and treatment interaction: Interestingly, in the MeA and BLA, treatment with cocaine displayed a 

differing interaction between the sexes, with OTR binding density displaying no significant difference in 

males but increasing in density in females.  This finding parallels with previous research on rats and 

mice, correlating the opposite effects between the sexes of OTR binding density in the amygdala and 

social behaviors.  In males, social behaviors have a positive correlation with OTR binding density while 

females show a negative correlation amongst the two (29).  As such, the increase in OTR binding density 

in females shown in this study as a result of cocaine treatment, could play a major part in the decrease 

seen in social behaviors from drug use.   



CﾗI;ｷﾐWげゲ EaaWIデ ﾗﾐ V1aR: Vasopressin expressed receptor binding density differences in the dorsal 

BNST, ventral BNST, MeA, CoA, and CeA. 

Sex differences: Consistent with previously established research on prairie voles, this study shows no 

sexual differences in V1aR density in either dorsal or ventral BNST (32, 41).  In all three sub-regions of 

the amygdala however, this experiment showed a significant difference in the sexes, with females 

having a higher V1aR binding density than males.  This contradicts aforementioned study, which 

demonstrated no differences in V1aR expression between male and female prairie voles (32, 41). 

Treatment effect: After cocaine treatment, the dorsal BNST, ventral BNST, MeA, CoA, and the CeA all 

displayed an increase in V1aR binding density.  This finding opposes several studies done on rats and 

mice, which have demonstrated a general decrease in V1aR binding density after cocaine treatment (13, 

19, 26).  The inconsistency in results between our experiment and previous studies may be due to 

species differences.  However, this differing data could be correlated with the changes in social 

behaviors due to drug abuse.  In a study done on the female California mouse, V1aR binding in the BNST 

showed a negative correlation with social interaction behaviors (37).  In a separate study, injections of a 

selective V1aR antagonist into the BNST of rats showed to lower anxiety-related behaviors (38).  The 

increase seen in V1aR binding in the BNST after cocaine treatments in this experiment, could possibly be 

associated to both the decrease in social behaviors and to the increase in anxiety-related behaviors from 

drugs of abuse. 

The increase in V1aR binding density in the three sub-regions of the amygdala in this study could be 

associated to several drug-related behaviors.  Similar to the BNST, high expression of V1aR in the 

amygdala has been linked to anxiety-like behaviors (39).  This suggests that the increase in V1aR binding 

density from cocaine treatments could correlate with the increase in anxiety due to drugs of abuse.  In 

addition, increased release of vasopressin in the amygdala, which is dependent on V1aRs, is associated 

with increased aggression in rats (39).  Again, the increase in V1aR binding due to cocaine treatments 

seen in this experiment could be linked to the increased aggression induced by repeated drug abuse.  In 

a related study done on humans, it was shown that European mothers with increased V1aR gene 

expression demonstrated lower maternal sensitivity, which is indicative of drug addiction (40, 25). 

Sex and treatment interaction: There were no significant differences expressed between sex and 

treatment interactions for V1aR in any of the brain regions examined. 

Over the years, it has been well established that the use of drugs of abuse have a strong adverse effect 

on social behaviors (25)く  Iﾐ デ┌ヴﾐが ヮﾗゲｷデｷ┗W ゲﾗIｷ;ﾉ ｷﾐデWヴ;Iデｷﾗﾐゲ ｴ;┗W ゲｴﾗ┘ﾐ デﾗ SWIヴW;ゲW ;ﾐ ｷﾐSｷ┗ｷS┌;ﾉげゲ 
predisposition to drug addiction (25, 34, 35).  This negative correlation between the two is largely due to 

the similarity in their neuronal circuitry, both of which utilize the mesocorticolimbic system as a key 

focal point (17, 18).  Psychostimulants have been thoroughly demonstrated to induce long-lasting plastic 

changes in this system, which is the underlining to their harmful effects on social behaviors (18).  In the 

present study on prairie voles, we demonstrate that repeated cocaine exposure increases OTR binding 

density in the MeA and BLA of females while having no significant effect in males.  The differing effect of 

cocaine on OTR binding density between the sexes is consistent with the difference seen between the 

sexes in the amygdala ﾗa OTR HｷﾐSｷﾐｪ SWﾐゲｷデ┞げゲ WaaWIデ ﾗﾐ social behaviors.  OTR binding density and 

social behaviors have been shown to have a negative correlation in females, but a positive correlation in 

males (29).  Together with our findings, this data indicates that the decrease in social behaviors from 

cocaine use in this study could be linked with the increase in OTR binding density in the amygdala of 

females.  Additionally, we demonstrated that treatment with cocaine increases OTR binding in the VMH 

in both sexes, which could be related to the decrease in monogamy due to drug abuse (31).  Moreover, 



this treatment with cocaine led to an increase in V1aR binding density in the dorsal and ventral BNST, 

the MeA, the CoA, and the CeA in both sexes.  The higher levels of V1aR binding in these regions have all 

been associated with a multitude of social behaviors, ranging from increased anxiety to increased 

aggression (38, 39).  This present study, combined with other related studies, will hopefully help pave 

the way to the treatment and prevention of drug addiction. 

Figure 1:  OTR binding densities in affected brain regions. (A) OTR binding density in both male and female VMH before 

and after cocaine treatment showed significant differences in both treatment and sex (* P < 0.05, ** P < 0.01). (B) OTR binding 

density in both male and female MeA before and after cocaine treatment showed significant differences in both sex and 

sex/treatment interaction (* P < 0.05). (C) OTR binding density in both male and female BLA before and after cocaine treatment 

showed a significant difference in sex/treatment interaction (* P < 0.05). 
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Figure 2: V1aR binding densities in affected brain regions. (A) V1aR binding density in both male and female ventral 

BNST showed significant differences in treatment effect (** P < 0.001). (B) V1aR binding density in both male and female dorsal 

BNST showed significant differences in treatment effect (** P < 0.001). 
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Figure 2 continued: (C) V1aR binding density in both male and female MeA before and after cocaine treatment showed 

significant differences in both treatment and sex (* P < 0.05, ** P < 0.01). (D) V1aR binding density in both male and female CoA 

before and after cocaine treatment showed significant differences in both treatment and sex (* P < 0.05, ** P < 0.01). (E) V1aR 

binding density in both male and female CeA before and after cocaine treatment showed significant differences in both 

treatment and sex (* P < 0.05, ** P < 0.01). 

(C) 
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