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ABSTRACT 
 
 In this Dissertation, the effects of amphetamine (AMPH) exposure on pair bond 
formation in the socially monogamous prairie vole (Microtus ochrogaster) are characterized and 
the neural mechanisms that underlie these effects are investigated.  As reviewed in Chapter 1, 
drug use and abuse have profound consequences on social behaviors, including pair bonding, in 
humans.  Researchers have begun to use animal models to systematically examine the effects of 
drugs of abuse on a variety of social behaviors and have identified potential neural circuits that 
may be involved in these effects.  However, the effects of drugs of abuse on pair bonding 
behavior have remained unstudied—perhaps due to the lack of an appropriate animal model.  
Therefore, in this Chapter, we also introduce the prairie vole as a candidate animal model for use 
in such studies and review the growing literature that has begun to elucidate the neurobiology of 
pair bonding.  In Chapter 2, we establish the prairie vole as an animal model with which to study 
of the effects of drugs of abuse on pair bonding.  We first investigate amphetamine (AMPH) 
reward in this species and then demonstrate that repeated exposure to AMPH impairs pair bond 
formation.  In Chapter 3, we examine the neural mechanisms that underlie AMPH reward and 
the AMPH-induced impairment of pair bonding in male prairie voles.  We demonstrate that the 
neurotransmitter dopamine (DA) acts in a receptor-specific manner in a mesolimbic brain region 
called the nucleus accumbens (NAcc) to mediate these behaviors.  In Chapter 4, we examine the 
involvement of mesolimbic DA and the neuropeptide oxytocin (OT) in the effects of AMPH on 
pair bonding in the female prairie vole.  We demonstrate that AMPH exposure alters OT and DA 
neurotransmission in mesolimbic brain regions and that these effects likely underlie the AMPH-
induced impairment of pair bonding.  Additionally, we demonstrate that site-specific treatment 
with OT into the prelimbic cortex restores partner preferences in AMPH-treated voles, and that 
this effect may be mediated through an interaction with NAcc DA.  Finally, in Chapter 5, we 
discuss these findings and their implications in a general context and suggest future directions for 
related research.   
 
 



CHAPTER 1:  GENERAL INTRODUCTION 
 
 Drug use and abuse have a profound impact on prosocial behaviors in humans.  
As described below, this effect has been noted across drug classes (e.g., 
psychostimulants, opiates, etc.) and types of social behaviors (e.g., maternal, sexual, play, 
and pair bonding behaviors).  The effects of drugs of abuse on most of these behaviors 
have been successfully modeled in non-human mammals, and as such, researchers have 
begun to investigate the neurobiological mechanisms involved.  A variety of evidence 
now exists to suggest that a common neural substrate integrally involved in social 
behaviors—the mesolimbic dopamine (DA) system—is altered by drug exposure, and 
that these alterations may underlie drug-induced changes in maternal, sexual, and play 
behaviors.  However, with the exception of the work presented in this dissertation, the 
effects of drugs of abuse on pair bonding behavior have not been investigated in the 
laboratory—perhaps due to the lack of an appropriate animal model.  Consequently, the 
neural mechanisms underlying this behavioral phenomenon are virtually unknown.  In the 
studies presented in this dissertation, we establish the prairie vole (Microtus ochrogaster) 
as an animal model with which to examine the effects of drugs of abuse on pair bonding 
behavior.  As described below, prairie voles are socially monogamous rodents that form 
enduring pair bonds after mating in adulthood, making them an ideal species to use in 
such studies.  Over the past few decades, researchers have begun to investigate the 
neurobiological mechanisms underlying pair bond formation in the prairie vole and it has 
become clear that the mesolimbic DA system—as well as a variety of other neural 
systems—plays an important role.  Therefore, drug-induced alterations in one or more of 
these systems may underlie the effects of drugs of abuse on pair bonding behavior—a 
hypothesis that we test in the following chapters.  It is hoped that the studies presented in 
this dissertation form a foundation for the future investigation of the neurobiological 
mechanisms underlying the effects of drugs of abuse on social bonding. 
 
The effects of drugs of abuse on social behavior 
 
 The profound consequences of substance abuse on social behaviors are readily 
apparent when one considers the poor parenting (Hawley et al., 1995; Johnson et al., 
2002), sexual risk behaviors (Inciardi, 1994; Lejuez et al., 2005) and marital instability 
(Kaestner, 1995) of compulsive drug users.  Here, we will describe in detail, studies that 
have documented these effects in humans and those that have modeled them in non-
human mammals (Table 1).   Our discussion will include the effects of psychostimulants 
(e.g., cocaine, amphetamine (AMPH), and its derivatives methamphetamine and 
methlyenedioxy methamphetamine (MDMA)), opiates (e.g., heroin and morphine), and 
other commonly abused drugs, such as alcohol and nicotine on a variety of social 
behaviors, including maternal behavior, sexual behavior, social play, and pair bonding.   
 
Maternal Behavior 
 The display of maternal behavior after parturition is intrinsically motivated and 
exceptionally stable across mammalian species, yet a variety of studies have 
demonstrated that its integrity can be compromised by drugs of abuse.  In humans, for 
example, the deleterious effects of both psychostimulant and opiate addiction on maternal 
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behaviors have been thoroughly documented.  Women who abused either type of drug 
during pregnancy spent less time interacting with their newborns (Gottwald and 
Thurman, 1994), showed significantly less enthusiasm during mother-infant interactions 
(Burns et al., 1997), and displayed higher levels of negative parenting behaviors (Johnson 
et al., 2002) and less overall parental involvement (Suchman and Luthar, 2000) than non-
drug abusing women.  Additionally, mothers who continued drug use after parturition 
showed less maternal responsiveness than mothers who remained drug free (Johnson et 
al., 2002; Schuler et al., 2000), and demonstrated physical and emotional neglect toward 
their children and a loss of interest in care-giving when under the influence (Hawley et 
al., 1995).  These and other studies indicate the profound negative consequences of drug 
abuse on maternal behavior.  However, confounding factors within these studies—
including socioeconomic status, preexisting psychopathologies and participant polydrug 
use—make it difficult to interpret the contribution of a specific drug or temporal pattern 
of drug exposure to the observed behavioral outcomes.   
 Nonhuman primate (Schiorring and Hecht, 1979) and rodent models have been 
used to examine the effects of drug exposure on maternal behavior under more controlled 
conditions.  The vast majority of these studies have used laboratory rats to document the 
disruptive effects of opiate (Bridges and Grimm, 1982; Grimm and Bridges, 1983; Mayer 
et al., 1985; Slamberova et al., 2001), AMPH (Frankova, 1977; Piccirillo et al., 1980), 
methamphetamine (Slamberova et al., 2005b, 2005a), and cocaine (Febo and Ferris, 
2007; Johns et al., 1994; Kinsley et al., 1994; Vernotica et al., 1996; Vernotica et al., 
1999; Zimmerberg and Gray, 1992) exposure during gestation and/or after parturition on 
proactive, motivated maternal behaviors commonly displayed by this species, including 
pup retrieval, pup licking/grooming and nest building behavior (Numan and Stolzenberg, 
2009).  Here, we will discuss these studies, focusing first on the short-, and then on the 
long-term effects of drug exposure on these maternal behaviors in the postpartum rat 
(dam).   
 A variety of work has indicated that drugs of abuse alter maternal behaviors in 
rats shortly after administration.  Dams exposed to AMPH or cocaine during the 
postpartum period demonstrated reduced pup licking, increased latencies to contact and 
retrieve pups and/or reduced nest building behaviors when compared to saline-injected 
controls (Frankova, 1977; Piccirillo et al., 1980; Zimmerberg and Gray, 1992).  Similarly, 
cocaine exposure throughout gestation and during the postpartum period impaired nest 
building behavior and decreased the percentage of females that retrieved and grouped 
pups (Kinsley et al., 1994; Vernotica et al., 1996).  These effects may be brain region-
specific, as cocaine microinfusion directly into the medial preoptic area (MPOA) and 
nucleus accumbens (NAcc)—two regions intricately involved in maternal behavior 
(Numan and Stolzenberg, 2009)—but not into the caudate putamen (CP) or dorsal 
hippocampus, impaired pup retrieval (Vernotica et al., 1999).  It is important to note that 
in the studies described above, maternal behaviors were tested shortly after injection (i.e., 
while drugs were still present in the bloodstream/brain).  Therefore, it is possible that the 
drugs effects on maternal behavior were secondary to their effects on other behaviors, 
such as locomotor activity and stereotypy (Kunko et al., 1998).  Indeed, of the studies 
that tested these alternate measures, almost all noted differences in locomotor activity 
and/or stereotypy between drug- and saline-treated groups (Frankova, 1977; Piccirillo et 
al., 1980; Vernotica et al., 1996; Vernotica et al., 1999).  However, an argument for the 
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direct action of drugs of abuse on maternal behavior is supported by the temporal 
discordance between altered locomotor behavior and impaired maternal behavior (i.e., 
maternal behaviors remained disrupted after locomotor activity had returned to normal) 
(Vernotica et al., 1999).  
 Significant disruptions in maternal behavior persist beyond the acute phase of 
drug exposure.  For example, pregnant rats treated with cocaine or methamphetamine 
throughout gestation and then withdrawn from drug treatment during the peripartum 
period contacted and/or groomed pups less and displayed longer latencies to build nests 
and/or to retrieve all pups to the nest than saline-treated females when tested at various 
postpartum time points (Johns et al., 1994, , 1997b; Slamberova et al., 2005b).  
Additionally, repeated morphine administration during pregnancy increased the latency to 
retrieve pups and decreased licking and grooming behavior when tested on postnatal days 
12 or 23, respectively (Slamberova et al., 2001).  Collectively, these studies indicate that 
exposure to psychostimulant drugs of abuse results in both short term and enduring 
deficits in maternal behavior. 
     
Sexual Behavior 
 As evidenced by a variety of self-report studies, drug use and abuse profoundly 
impact the sexual behavior of men and women.  Prosexual effects, including increased 
sexual arousal and desire, enhanced performance and pleasure, and intensified orgasms 
have been reported by AMPH, MDMA, cocaine and heroin users alike (El-Bassel et al., 
2003; Kall, 1992; McElrath, 2005; Rawson et al., 2002).  Intriguingly, negative effects of 
these drugs are also commonly reported, including sexual dysfunction and a loss of 
sexuality during periods of addiction (De Leon and Wexler, 1973; El-Bassel et al., 2003; 
Mintz et al., 1974; Weatherby et al., 1992). The directionality of this impact seems to 
depend on many factors including drug type, dose, gender, and intake history, baseline 
levels of sexual activity and expectations of drug effects.   
 To systematically gain insight into the effects of specific drugs of abuse on sexual 
behaviors, laboratory studies have employed the rat as an animal model.  As noted above, 
drugs of abuse alter both appetitive (e.g., sexual arousal and desire), and consummatory 
(e.g., copulation proper), aspects of sexual behavior, and do so through combined actions 
on central and peripheral systems.  Here, we will focus on drug-induced alterations in the 
appetitive (i.e., motivated) aspects of sexual behavior (the reader is referred elsewhere for 
a discussion of drug effects on consummatory sexual behaviors (Pfaus et al., 2009)).  In 
the male rat, female-directed investigative behaviors (e.g., sniffing and grooming), 
latencies to mount and intromit, postejaculatory intervals, proportion of males to copulate 
and conditioned level changes made in search of a female in a bi-level apparatus are often 
used as indices of sexual motivation (Everitt, 1990; Mendelson and Pfaus, 1989).  In 
female rats instead, sexual motivation can be quantified by the occurrence of proceptive 
or soliciting behaviors, including hopping, darting, ear-wiggling and pacing of sexual 
stimulation (Erskine, 1989).   
 Studies in both male and female rats have indicated that sexual motivation may be 
altered by drugs of abuse when delivered immediately prior to behavioral testing.  
Psychostimulants, including AMPH, MDMA, and cocaine, produce dose-dependent 
decreases in sexual motivation in sexually-experienced males.  This decrease is 
evidenced by a reduction of anticipatory level changes and proportion of copulating 
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males, as well as by an increase in postejaculatory intervals following drug treatment 
(Bignami, 1966; Cagiano et al., 2008; Dornan et al., 1991; Pfaus et al., 2009).  However, 
as described in each study, these effects are largely due to competing locomotor 
activation and stereotypies induced by drug treatment.  In contrast, psychostimulant 
exposure enhances sexual motivation in sexually-naïve males.  Indeed, AMPH treatment 
reduced mount and intromission latencies in virgin males (Agmo and Picker, 1990).  In 
females, the effects of acute psychostimulant exposure are equally complicated, as both 
increases and decreases in proceptive and soliciting behaviors have been found 
depending on the drug used and hormonal status of the animals (Guarraci and Clark, 
2003; Guarraci et al., 2008; Holder et al., 2010; Pfaus et al., 2009).  Inconsistencies have 
been reported concerning the acute effects of depressants on sexual motivation in male 
rats.  For example, while increases in anticipatory level changes have been noted after 
acute administration of alcohol (Ferraro and Kiefer, 2004), suggesting a facilitation of 
sexual motivation, similar doses delayed operant responding to gain access to a sexually 
receptive female (Scott et al., 1994), indicating a decrease in sexual motivation.  Further, 
acute morphine injection significantly increased female-directed behaviors, including 
sniffing, grooming, pursuing and mounting in one study (Mitchell and Stewart, 1990), but 
had no effect on these or other appetitive behaviors in another (Pfaus et al., 2009). 
 Consistency has been achieved, however, in the examination of the effects of 
repeated psychostimulant exposure—particularly treatment paradigms that result in 
behavioral sensitization—on sexual motivation in both male and female rats (Afonso et 
al., 2009; Fiorino and Phillips, 1999a, 1999b; Guarraci and Clark, 2003; Nocjar and 
Panksepp, 2002).  Collectively, these studies have indicated an enduring enhancement of 
sexual motivation following the cessation of drug treatment.  For example, in one study, 
male rats were given a sensitizing regimen of AMPH injections and were tested for 
sexual behavior three weeks following the final AMPH administration (Fiorino and 
Phillips, 1999b).  On the first test day, AMPH-treated virgin males displayed 
significantly shorter latencies to mount and intromit, yet displayed no changes in 
locomotor activity, indicating that AMPH treatment enhanced sexual motivation per se . 
Accordingly, AMPH-treated rats also made significantly more level changes in 
anticipation of a sexually receptive female than saline-treated rats on the final test day 
(Fiorino and Phillips, 1999b).  Similar findings have been documented in females, as 
repeated intermittent AMPH exposure increased the number of solicitations, hops and 
darts displayed in the presence of a male (Afonso et al., 2009) and decreased the latency 
to return to a male during paced mating behaviors (Guarraci and Clark, 2003) for up to 
three weeks following the cessation of drug treatment.  Taken together, these studies 
indicate that a sensitizing regimen of AMPH exposure may result in an enduring “cross-
sensitization” to sexual incentives.   
 
Social Play 
 Social play (also called rough and tumble play) between juvenile mammals is 
thought to be fundamentally involved in the development, practice and refinement of 
skills necessary for the normal display of social behaviors in adulthood (Panksepp et al., 
1984).  Consequently, the deprivation of play during juvenile development results in 
salient behavioral consequences, including altered affiliative, aggressive and sexual 
behaviors later in life (for review, see (Vanderschuren et al., 1997)).  In the following 
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section, we will discuss how exposure to drugs of abuse, either acute exposure in 
juveniles or repeated exposure during prenatal development, can severely alter social play 
behaviors. 
 Social play in rats is characterized by a number of behavioral acts including 
pinning, pouncing, nape attacks, boxing, wrestling and social grooming (Panksepp et al., 
1984; Vanderschuren et al., 1997), all of which are severely disrupted following acute 
exposure to a wide variety of drugs of abuse (with the notable exceptions of morphine 
and ethanol).  For example, peripheral injection of methylphenidate (MP), a 
psychostimulant drug that, like cocaine, blocks DA reuptake and elevates extracellular 
DA levels (Ferris and Tang, 1979), virtually eliminated play behaviors in young rats 
(Beatty et al., 1984; Vanderschuren et al., 2008).  In experiments where MP was given to 
just one member of a play dyad, MP-treated animals did not pounce upon the saline-
treated partner although this partner attempted to solicit play, indicating that MP 
suppressed both the initiation of play and the responsiveness to play initiation 
(Vanderschuren et al., 2008).  Importantly, no alterations in locomotor activity were 
evident during this social encounter.  AMPH treatment significantly decreased the 
duration of social play and the number of pins displayed during play, yet increased social 
investigation in multiple studies (Beatty et al., 1984; Beatty et al., 1982; Sutton and 
Raskin, 1986).   Additionally, caffeine and nicotine also disrupted play behaviors 
(Holloway and Thor, 1985; Thiel et al., 2009).  However, the acute effects of nicotine 
may be temporally mediated as nicotine decreased social play when given 
subcutaneously within 5min of behavioral testing, and increased social interactions 10 
and 30min after injection (Irvine et al., 1999; Thiel et al., 2009; Trezza et al., 2009).  In 
addition to nicotine, exposure to morphine (Normansell and Panksepp, 1990; 
Vanderschuren et al., 1995a; Vanderschuren et al., 1995b) and ethanol (Trezza et al., 
2009) also enhanced play between partners without altering anxiety-related, social 
exploratory or locomotor behaviors.   
 Repeated exposure, particularly prenatal exposure, to drugs of abuse also results 
in alterations of juvenile social play behavior.  In humans, children who were prenatally 
exposed to either cocaine or heroin demonstrated fewer spontaneous play events than non 
drug-exposed controls and these play events were disorganized and non-thematic 
(Rodning et al., 1989).  In rats, cocaine-exposed offspring pinned play partners less 
(Wood et al., 1994) and elicited less play solicitation from conspecifics (Wood et al., 
1995).  Importantly, the effects of gestational cocaine exposure may persist into 
adulthood. Rats prenatally-exposed to cocaine exhibited less social interaction, including 
sniffing, following, grooming, boxing and wrestling with a partner, than saline-exposed 
rats when tested as adults at 120 days of age (Overstreet et al., 2000).  Opposite effects on 
social play have been noted after prenatal exposure to morphine.  Specifically, rats 
prenatally-exposed to morphine pinned play partners significantly more at 3 and 4 weeks 
of age and exhibited more social approach and less social avoidance in adulthood 
(Niesink et al., 1996). 
 
Pair bonding 
 Intense attraction between mates, often referred to as romantic or passionate love, 
is one of the most powerful forces driving human social behavior, and often precedes the 
formation of enduring, selective attachments between sexual partners (i.e., pair bonds).  
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Although such sociosexual attachments are most prevalent in industrialized cultures with 
a monogamous social organization, they occur in nearly all human societies, regardless of 
subsistence mode (e.g., pastoralist, agriculturalist, etc.) or mating strategy (e.g., 
polygamy and monogamy), and are therefore an intrinsic part of human social behavior.  
While the definition of a pair bond varies throughout the literature, it is typically 
described, across species, as an enduring preferential association formed between two 
sexually mature adults, and is characterized by selective contact, affiliation, and 
copulation with the partner over a stranger (partner preference) (Gubernick, 1994).  In 
addition to a preference for a partner, other behaviors are also intrinsically involved in 
this complex social bond.  For example, pair bonds in humans, as well as in other 
mammalian species, are regularly associated with mate-guarding (e.g., highly aggressive 
behavior towards sexual competitors) and the bi-parental care of young (Buss and 
Shackelford, 1997; Fraley et al., 2005; Kleiman, 1977).   
 The evidence to suggest that drug use affects pair bonding behavior stems from 
studies that have examined the relationship between drug use/abuse and marital 
status/quality1.  Interestingly, individuals who demonstrate problem-drinking behaviors 
(Moos et al., 1990) or have used illicit drugs of abuse, such as marijuana or cocaine 
(Kaestner, 1995), are less likely to be married than their non-problem drinking or non-
drug using counterparts, respectively.  This decrease in likelihood to be married is 
associated with both a postponement in the age of first marriage (Yamaguchi and Kandel, 
1987) and, among already married individuals, an accelerated rate of divorce (Kaestner, 
1995).  Similarly, longitudinal studies have found that illicit drug use during adolescence 
and young adulthood (Kandel et al., 1986) and frequency of alcohol intoxication during 
early years of marriage (Collins et al., 2007) are both strong predictors of divorce or 
separation later in life.  Drug use may also impact the quality of couples’ relationships.  
For example, illicit drug use during adolescence has been positively correlated with 
unhappiness in marriage (Newcomb and Bentler, 1988), and couples that drink heavily or 
use drugs of abuse rated the quality of their relationship lower than did non-drinking/drug 
abusing couples (Mudar et al., 2001).  Taken together, these studies document a strong 
association between the use of illicit drugs and marital status/quality, and suggest that 
drug use/abuse may have an inhibitory and/or disruptive effect on pair bonding behavior. 
 Despite the strong association between drug use/abuse and pair bonding behavior 
in humans, this behavioral phenomenon has received virtually no attention in laboratory 
studies—perhaps due to the lack of an appropriate animal model.  Indeed, traditional 
laboratory rodents used in the study of drug abuse do not form pair bonds in adulthood, 
and therefore cannot be used as model systems to study the effects of drugs of abuse on 
pair bonding behaviors.  We propose that the socially monogamous prairie vole 
(Microtus ochrogaster) is an ideal rodent species to be used in such studies, as described 
in more detail later in this Chapter (see “The prairie vole and pair bonding”).    
 

                                                 
1 Marriage is often used as an index for the presence of a pair bond in humans (Pinsof, 2002).  This is 
because marriage, particularly in westernized civilizations, involves a mutual life-long sociosexual 
commitment to ones partner.  However, it is important to point out that not all pair bonded individuals are 
married (some pairs choose to cohabitate) and not all married individuals are pair bonded. 
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 The evidence reviewed here suggests a significant interaction between drugs of 
abuse and social behavior.  Acute exposure to both psychostimulants and central nervous 
system depressants transiently alters social behaviors, and repeated use may lead to 
enduring deficits in behaviors such as maternal care and pair bonding, and the 
compulsive display of sexual behaviors.  Interestingly, while drug exposure reduces the 
display of some social behaviors, it facilitates the display of others.  The mechanisms 
underlying these differential effects on behavior are unclear.  However, social behaviors 
are complex and are regulated by multiple neural circuits.  While some circuits are likely 
involved in all social behaviors, others may be recruited during specific social 
interactions.  Differences in the neural circuitry that mediate each behavior may explain 
why drugs of abuse facilitate/increase the display of some behaviors, but inhibit/decrease 
the display of others.  Further, as described above, drug type may differentially mediate 
social behaviors (e.g., morphine and ethanol increase, while psychostimulants decrease, 
social play).  Drug-specific effects on multiple neurotransmitter (e.g., DA, serotonin, 
norepinephrine) and neuropeptide (e.g., oxytocin, arginine vasopressin, opioid, and 
dynorphin) systems may explain these drug-specific effects on social behaviors.  In the 
next section, we discuss evidence to suggest that the mesolimbic DA system may play an 
important role in mediating the effects of drugs of abuse on social behaviors.   
  
Involvement of the mesolimbic dopamine system 
 
 While multiple neural systems undoubtedly underlie both social and drug-related 
behaviors, the mesolimbic DA system is in a key position to mediate interactions between 
the two.  This system consists of DA producing cells that originate in the ventral 
tegmental area (VTA) of the midbrain and project to various forebrain regions including 
the nucleus accumbens (NAcc), medial prefrontal cortex (mPFC), and amygdala.  This 
highly conserved neural circuit is thought to play a critical role in the assignment of 
motivational value to biologically relevant stimuli, resulting in the production of adaptive 
behaviors (Kelley and Berridge, 2002; Nesse and Berridge, 1997; Panksepp et al., 2002), 
including species-specific social behaviors (e.g., pair bond formation in monogamous 
species and maternal motivation in mammals (Aragona et al., 2006; Curtis et al., 2006; 
Numan and Stolzenberg, 2009; Young et al., 2011a).  Increasing experimental evidence 
has led to the suggestion that drugs of abuse exert their powerful control over behavior by 
artificially activating and ultimately altering this circuitry (Kelley and Berridge, 2002; 
Nesse and Berridge, 1997; Panksepp et al., 2002).  Indeed, acute exposure to all known 
drugs of abuse directly or indirectly activates DA neurotransmission in the NAcc and 
repeated drug exposure results in enduring alterations in mesolimbic brain regions, 
particularly the VTA and NAcc (Figure 1) (Berke and Hyman, 2000; Henry et al., 1989; 
Henry and White, 1995; Hu et al., 2002; Nestler, 2004, , 2005; Pierce and Kalivas, 1997).  
These short- and long-term changes, in turn, modify animal behaviors (Robinson and 
Becker, 1986), including those of a social nature.   Below, we describe the role of 
mesolimbic DA in maternal, sexual, and play behaviors as well as evidence to suggest 
that drug-induced alterations in this system may underlie the effects of drugs of abuse on 
these behaviors.  We do not include pair bonding in this section, because—except for the 
work presented in later chapters of this dissertation—no studies have investigated the 
neural mechanisms underlying the effects of drugs of abuse on pair bonding.   
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Maternal behavior 
 The mesolimbic DA system is thought to be intricately involved in a neural circuit 
that regulates motivated maternal behaviors (for a detailed review see (Numan and 
Stolzenberg, 2009)). DA is released into the NAcc (Hansen et al., 1993) and mPFC (Febo 
and Ferris, 2007) when maternal rats interact with or lick/groom pups (Champagne et al., 
2004), and blockade of NAcc DA receptors (Keer and Stern, 1999) or lesion of the mPFC 
(Afonso et al., 2007) disrupts licking/grooming behavior. Nest building is likely mediated 
by VTA activation, as lesion of the VTA results in the construction of inferior nests by 
postpartum dams (Gaffori and Le Moal, 1979).  Further, a variety of studies have 
indicated that the VTA, NAcc and mPFC are all important for the expression of normal 
pup retrieval (Hernandez-Gonzalez et al., 2005).  Consequently, both VTA inactivation 
(Numan and Stolzenberg, 2009) and mPFC lesion (Afonso et al., 2007) disturb pup 
retrieval in postpartum rats.  This effect is likely mediated by DAergic activity in these 
regions, as similar disruptive effects on pup retrieval were noted after DA depletion in the 
VTA or NAcc (Hansen, 1994; Hansen et al., 1991).   Taken together, these studies 
indicate that the mesolimbic DA system plays an important role in the display of maternal 
behavior.   
 While it is well-accepted that DA receptor activation, particularly in the NAcc, is 
essential for the display of maternal behaviors (Keer and Stern, 1999), the contribution of 
specific receptor subtypes remains controversial.  There are two main families of DA 
receptors, D1-like (D1) receptors and D2-like (D2) receptors, which differ in their 
anatomical distribution within the NAcc and their effects on intracellular signaling 
pathways2 (Missale et al., 1998; Neve et al., 2004; Sibley and Monsma, 1992).  Recent 
investigation into the relative importance of these receptor subtypes for maternal 
behavior has yielded conflicting results.  In one study, NAcc injection of SCH23390, a 
D1 receptor antagonist, but not eticlopride, a D2 receptor antagonist, at various 
postpartum time points disrupted normal pup retrieval (Numan et al., 2005), suggesting a 
role for D1, but not D2, receptor activation in this behavior.  However, in another study, 

                                                 
2 Five main subtypes of DA receptors have been classified to date, D1-, D2-, D3-, D4- and D5-receptors, 
and these subtypes are often grouped into two main families, D1-like (D1) receptors, which include both 
the D1- and D5-receptor subtypes, and D2-like (D2) receptors, which include the D2-, D3-, and D4-
receptor subtypes (Missale et al., 1998).  While both D1 and D2 receptors are present in the NAcc (Cooper 
et al.,  2003) , they are often expressed on different subpopulations of NAcc neurons.  D1 receptors are 
primarily expressed on medium spiny neurons  that project to midbrain regions, such as the VTA, and 
produce the endogenous opioid dynorphin.  D2 receptors, instead, are primarily expressed on  medium 
spiny neurons that project to the ventral pallidum and subthalamic nucleus and produce the endogenous 
opioid enkephalin.  However, some MSNs co-express both receptor types (Lee et al., 2004) .  Further, D2 
receptors that function as autoreceptors are also present within the NAcc and are located on DAergic 
terminals themselves (Khan et al., 1998) .  Activation of D1 and D2 receptors lead to similar effects on 
some intracellular signaling pathways, but to differential regulation of the cyclic adenosine 3’, 5’-
monophosphate (cAMP) intracellular signaling pathway (Missale et al., 1998;  Neve et al., 2004) .  Further, 
although D1 and D2 receptors are traditionally thought to have independent effects on intracellular 
signaling pathways, as described above, new evidence suggests that these receptors may interact with one 
another to mediate intracellular signaling.  In cells in which both D1 and D2 receptors are expressed, these 
receptors can form heteromeric D1-D2 dopamine receptor signaling complexes that have unique effects on 
intracellular signaling  (Rashid et al.,  2007).  Taken together, the existence of multiple DA receptor 
subtypes, coupled with their differential neuroanatomical location within the NAcc, and their differential 
effects on intracellular signaling highlight the complexity of DA neurotransmission within the NAcc.  
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NAcc D2 receptor blockade disrupted pup retrieval, suggesting a role for D2 receptor 
activation in maternal behavior as well (Silva et al., 2003).  
 The significant involvement of mesolimbic DA in maternal behavior led 
researchers to hypothesize that the effects of drugs of abuse on maternal behavior may be 
a consequence of drug-induced alterations in mesolimbic DA neurotransmission 
(Vernotica et al., 1996; Vernotica et al., 1999). However, research directly investigating 
this possibility has only just begun has focused almost exclusively on cocaine.  In the 
most convincing study of its kind, the effect of previous cocaine experience on patterns 
of pup-induced activation within the mesolimbic DA system of lactating dams was 
examined.  Females sensitized to cocaine before pregnancy showed significantly less 
blood-oxygen-level-dependant (BOLD) activation in the mPFC during pup interaction 
than saline-treated dams (Febo and Ferris, 2007).  Further, baseline levels of DA in the 
mPFC—as measured by in vivo  brain microdialysis—were lower in cocaine-sensitized 
dams than saline-treated subjects, however pup-induced DA release in this region was 
similar between groups  (Febo and Ferris, 2007).  Importantly, these differences in pup-
induced neuronal activation and baseline DA levels were present nearly 30 days after the 
final cocaine injection, suggesting that repeated drug exposure can result in enduring 
changes within mesolimbic brain regions implicated in maternal behavior. While this 
evidence indicates that alterations in mesolimbic DA neurotransmission may indeed be 
involved, further investigation is needed to understand specific mechanisms by which 
drugs of abuse alter maternal behaviors. 
 
Sexual behavior 
 Recall that studies investigating the effects of drugs of abuse on sexual behavior 
noted a consistent and enduring “cross-sensitization” between psychostimulant drug 
exposure and sexual incentives (Afonso et al., 2009; Fiorino and Phillips, 1999a, 1999b; 
Guarraci and Clark, 2003; Nocjar and Panksepp, 2002).  This “cross-sensitization” may 
be the result of drug-induced neuroadaptations in the mesolimbic DA system that alter 
the incentive properties of natural stimuli, increasing the motivation for natural 
reinforcers, such as sucrose (Avena and Hoebel, 2003), food (Bakshi and Kelley, 1994), 
or in this case, a sexually receptive partner (Fiorino and Phillips, 1999b; Guarraci and 
Clark, 2003).   
 Studies on the neurobiology of sensitization have indicated that mesolimbic 
DAergic neurons undergo both pre- and post-synaptic alterations following chronic drug 
exposure, as reviewed in detail elsewhere (Pierce and Kalivas, 1997; White and Kalivas, 
1998). For example, while acute exposure to psychostimulant drugs of abuse increased 
extracellular DA levels in the NAcc (Di Chiara et al., 1993; Hurd and Ungerstedt, 1989), 
this DA increase was significantly enhanced after repeated treatment with 
psychostimulants, a result due to both increased activity of DA neurons and alterations in 
DA axon terminals (for review, see (Pierce and Kalivas, 1997)).  Additionally, changes in 
DA receptor activity have been noted following repeated psychostimulant administration, 
including a persistent enhancement of NAcc D1R sensitivity (Henry et al., 1989; Henry 
and White, 1991, 1995; Simpson et al., 1995).  Finally, enduring structural modifications 
in NAcc and mPFC neurons also occur, including increased dendritic length, branching 
and density of dendritic spines (Robinson et al., 2001; Robinson and Kolb, 1997). 
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 Such psychostimulant-induced changes are of interest to this discussion because 
the mesolimbic DA system plays an integral role in sexual motivation.  DA is released 
into the NAcc of male and female rats upon the presentation of a sexually receptive 
partner, prior to copulation (Becker et al., 2001; Pfaus et al., 1990; Pfaus et al., 1995).  
Furthermore, in females, DA release is enhanced during the pacing of sexual stimulation 
(Becker et al., 2001; Mermelstein and Becker, 1995).  In males, NAcc DA depletion 
increased, while the stimulation of NAcc DA release reduced, the latency to mount and 
intromit, yet had no effect on the number of mounts and intromissions (Everitt, 1990), 
indicating a direct action of NAcc DA neurotransmission on sexual motivation.  Multiple 
studies have indicated the importance of DA receptor activation for sexual motivation.  
The blockade of NAcc DA receptors via haloperidol reduced the number of anticipatory 
level changes before introduction of a female to a bi-level testing apparatus, indicating 
that activation of DA receptors in the NAcc is involved in sexual motivation (Pfaus and 
Phillips, 1991).  Activation of D2 receptors in the NAcc may be of particular importance, 
as D2 receptor blockade increased mount and intromission latencies (Everitt, 1990), 
however additional receptor-specific manipulations in the NAcc are needed to verify a 
role for a particular family of DA receptors in the appetitive aspects of sexual behavior.  
Mesolimbic DA has been further implicated in sexual motivation as electrical stimulation 
of the VTA decreased mount, intromission and ejaculation latencies in male rats 
(Eibergen and Caggiula, 1973; Markowski and Hull, 1995), while VTA lesions increased 
postejaculatory intervals (Brackett et al., 1986).   
 Given the critical role of mesolimbic DA in appetitive sexual responses (Everitt, 
1990; Melis and Argiolas, 1995), psychostimulant-induced changes associated with drug 
sensitization could underlie the enhancement of sexual motivation.  To our knowledge 
however, only one study has directly investigated this possibility (Fiorino and Phillips, 
1999a).  In this study, male rats were given a sensitizing regimen of AMPH and were 
tested three weeks later for sexual behavior.  During behavioral testing, microdialysis was 
performed in the NAcc to measure DA efflux.  No differences in basal extracellular 
levels of NAcc DA between AMPH- and saline-treated rats were found.  However, DA 
release was significantly higher in AMPH-sensitized rats when placed in proximity to a 
sexually receptive female.  Additionally, when allowed to interact with the female, 
AMPH-sensitized rats had a greater increase in DA efflux during the first 10 min 
copulatory sample than saline-treated rats, and displayed significantly shorter latencies to 
mount.  These results indicate that enhanced NAcc DA release in response to a sexual 
incentive may underlie increased sexual motivation in AMPH-sensitized rats (Fiorino and 
Phillips, 1999a).  Therefore, just as a priming drug injection elicits elevated DA efflux in 
psychostimulant-sensitized animals (Pierce and Kalivas, 1997), so does exposure to a 
sexually receptive female, supporting the notion that a sensitizing regimen of drug 
exposure may result in an enduring “cross-sensitization” to sexual incentives.  Future 
investigations of mechanisms that may underlie this phenomenon are needed and could 
provide useful insight into treatments for sexual desire disorders in humans (Fiorino and 
Phillips, 1999b). 
 
Social Play 
 Like other naturally motivated behaviors, social play is reinforcing (e.g., animals 
will negotiate complex mazes in order to engage in brief periods of social play with a 
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play partner) (Normansell and Panksepp, 1990), and is mediated, in part, by mesolimbic 
DA (Panksepp et al., 1984; Vanderschuren et al., 1997).  Social play increased DA levels 
and DA turnover in the forebrain of juvenile rats (Panksepp, 1993).  The frequency 
and/or duration of pinning behavior and/or social grooming was significantly decreased 
by haloperidol, a general DA receptor antagonist (Beatty et al., 1984; Holloway and 
Thor, 1985; Niesink and Van Ree, 1989).  Additionally, low doses of apomorphine, 
which are thought to preferentially activate presynaptic DA receptors (i.e., autoreceptors), 
and thereby inhibit DA release, decreased the frequency and duration of pinning and 
grooming behavior (Niesink and Van Ree, 1989).  In contrast, higher doses of 
apomorphine, which likely activate both pre- and postsynaptic DA receptors, stimulated 
pinning behavior (Beatty et al., 1984).  Taken together, these studies suggest the 
involvement of DA neurotransmission in social play.  Further, neonatal rats given 
intraventricular injections of 6-hydroxydopamine (6-OHDA), had significantly depleted 
DA levels in the dorsal striatum and NAcc and showed altered play behaviors as 
juveniles that led to the truncation of playful sequences and the transition to other, non-
play behaviors, such as allogrooming (Pellis et al., 1993).  While mesolimbic DA may 
therefore be important for social play, the involvement of specific brain regions and DA 
receptor families is still largely unknown. 
 The mechanisms by which acute drug exposure may alter play behavior are 
unclear.  As psychostimulants directly increase DA levels in the NAcc, the behavioral 
effects of these drugs are often attributed to their impact on DA neurotransmission.  
However, pretreatment with DA receptor antagonists did not influence the MP- or 
AMPH-induced disruption of play behaviors (Beatty et al., 1984; Vanderschuren et al., 
2008), indicating that altered DA neurotransmission may not be responsible for the 
effects of these drugs on social play.  As these pharmacological manipulations were 
systemic, further central manipulations may be required to more definitively evaluate the 
involvement of central DA in the effects of MP and AMPH on social play.  DA receptor 
activation, however, is clearly important for the positive acute effects of nicotine and 
ethanol on social play, as the behavioral effects of these drugs were blocked by 
pretreatment with the DA receptor antagonist a-flupenthixol (Trezza et al., 2009).   
 Although few studies have directly examined the neural mechanisms underlying 
the alteration of social play in subjects prenatally exposed to drugs of abuse, it has been 
suggested that prenatal exposure to drugs of abuse, particularly cocaine, results in lasting 
alterations in central DA systems, and that these alterations may underlie impaired 
behavior later in life (Spear et al., 1989a).  Given that monoamines play an important role 
in neural development (for review see (Levitt et al., 1997)) and DAergic afferents and 
receptors are notably present in limbic regions during brain development (Schambra et 
al., 1994; Tennyson et al., 1973), these regions are likely vulnerable to the effects of 
drugs of abuse during this time period.  Indeed, subjects prenatally exposed to cocaine 
have pronounced anatomical changes and altered D1 receptor-G protein coupling in DA-
rich areas of the cerebral cortex (Levitt et al., 1997).  Densities of DA receptors are also 
altered in both mesolimbic and nigrostriatal DAergic brain regions as a consequence of 
prenatal cocaine exposure, and these alterations seem to be moderated by both age and 
sex of offspring (Dow-Edwards et al., 1990; Ferris et al., 2007; Glatt et al., 2000; Leslie 
et al., 1994; Scalzo et al., 1990).  Further, many of these regions, including the NAcc, 
VTA, amygdala, MPOA, substantia nigra and CP exhibit significantly reduced metabolic 
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activity as a consequence of prenatal cocaine exposure (Dow-Edwards et al., 1990).  
Psychopharmacological experiments have also supported the suggestion that in utero  
cocaine exposure may result in lasting alterations in DA systems, as cocaine-exposed 
juveniles have altered sensitivities to DAergic manipulations (Spear et al., 1989b).  
Moreover, meta-analysis of the existing literature has indicated that age moderates the 
effects of prenatal cocaine on DA levels specifically within the striatum, such that DA 
levels tend to be decreased in adolescents prenatally exposed to cocaine and marginally 
increased in adults (Glatt et al., 2000).  While these studies provide important information 
about the effects of prenatal cocaine exposure on DAergic neural substrates, future 
studies will need to examine whether these or other alterations are responsible for the 
drug-induced impairment of social play. 
 
 The mesolimbic DA system is in a key position to mediate the interaction 
between drugs of abuse and social behavior.  This system is not only intrinsically 
involved in social behavior, but also undergoes well-characterized alterations following 
acute and repeated exposure to drugs of abuse (Nestler, 2005).  DA neurotransmission in 
the NAcc may play a particularly important role, as it has been implicated in all of the 
social behaviors discussed above.  However, as NAcc DA is involved in a variety of 
processes associated with social behaviors, including locomotion, reward, and 
motivation, its specific role—and whether it contributes in a similar way to all of these 
behaviors and their interactions with drugs of abuse—is unclear.  One possibility is that 
NAcc DA mediates the reinforcing aspects of social interactions, and disruption of this 
process underlies drug-induced alterations in social behavior.  For example, it has been 
suggested that reduced activation of NAcc neurons, a consequence of D2R activation, is 
critical for reward-related processes (Carlezon and Thomas, 2009).   In line with this 
hypothesis, NAcc D2R activation mediates many of the social behaviors discussed above, 
including maternal, sexual, and pair bonding behaviors (Aragona et al., 2003; Aragona et 
al., 2006; Everitt, 1990; Gingrich et al., 2000; Silva et al., 2003).  Drug-induced 
alterations that increase NAcc activity, such as the psychostimulant-induced enhancement 
of NAcc D1R sensitivity and expression (Henry et al., 1989; Henry and White, 1991, , 
1995; Simpson et al., 1995), may therefore alter the rewarding properties of social 
interactions, leading to the impairment of social behavior.  Such alterations in the balance 
of NAcc DA receptor activity may play a key role in the effects of drugs of abuse on 
social behaviors—through their effects on reinforcement as well as other processes 
related to social behavior—and may explain how drugs of abuse can affect such a diverse 
range of behaviors.    
 Although this section has focused almost exclusively on mesolimbic DA, many 
other neural systems are also likely involved in the interaction between drugs of abuse 
and social behavior.  For example, neuropeptide systems, such as arginine vasopressin 
and oxytocin, regulate a variety of social behaviors and are significantly altered by acute 
and chronic exposure to drugs of abuse (Butovsky et al., 2006; Johns et al., 1997a).  
Further, these systems interact with mesolimbic DA to mediate social (Liu and Wang, 
2003) and drug-related behaviors ((Sarnyai, 1998; Sarnyai and Kovacs, 1994).  
Therefore, although this idea has been relatively unexplored, these systems (McGregor et 
al., 2008), and their interactions with mesolimbic DA, may play an important role in the 
reciprocal relationship between substance abuse and social behaviors.  Future 
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investigation into the neural substrates and neurotransmitter systems that mediate 
interactions between drug use and social behavior could provide information essential for 
the prevention and treatment of drug addiction and social disorders in humans. 
 
The prairie vole and pair bonding  
 
 It is clear from the studies described above that drug use and abuse have a 
profound of effect on prosocial behaviors, including social bonding.  While animal 
models have been established to systematically study the effects of drug use/abuse on 
maternal, sexual, and play behaviors, the effects of drugs of abuse on pair bonding 
behavior have not been investigated in the laboratory.  One species that may make an 
excellent model to study of the effects of drugs of abuse on pair bonding behavior is the 
prairie vole (Microtus ochrogaster ), as this species forms long-term pair bonds in 
adulthood.  Below, we describe studies that have documented pair bonding behavior in 
the prairie vole.  We focus on three behaviors inherent to pair bonding: the formation of 
partner preferences, the subsequent development of selective aggression toward 
unfamiliar conspecifics, and the bi-parental care of young. 
 The prairie vole is a socially monogamous rodent species that lives primarily in 
the grasslands of the central United States (Hall, 1981).  Early field studies using 
multiple-capture traps offered evidence that prairie voles form long-term pair bonds and 
travel together in the wild (Getz et al., 1981).  Further, the use of radiotelemetry 
combined with repeat-trapping allowed for the observation that male and female pairs co-
occupy nests and share home ranges during both breeding and nonbreeding seasons 
(Dewsbury, 1987; Getz et al., 1981; Getz and Hofmann, 1986).  Such breeding pairs 
typically remain together until one member dies, and in many cases, the surviving partner 
does not pair with a new mate (Carter et al., 1995; Getz and Carter, 1996).  Further, male 
prairie voles contribute to nest guarding, by excluding unfamiliar males and females from 
the vicinity of the nest and home range, and also contribute to nest building (Getz and 
Carter, 1996; Thomas and Birney, 1979).  Although male parental behaviors were 
difficult to observe in natural conditions, due to the findings described above and the high 
degree of paternal investment found in other monogamous species, it was predicted that 
male prairie voles were highly paternal (Thomas and Birney, 1979; Wilson, 1982), and 
this prediction was confirmed in subsequent behavioral studies under laboratory 
conditions. 
 Prairie vole pair bonding behaviors have been extensively characterized in the 
laboratory.  Sexually naïve prairie voles are highly social and display nonselective 
affiliative behavior toward conspecifics (Shapiro and Dewsbury, 1990). Following 
extended cohabitation and/or mating, prairie voles develop social and sexual preferences 
for their familiar partner (Dewsbury, 1975, , 1987; Gray and Dewsbury, 1973; Williams 
et al., 1992b). This selective affiliation (Figure 2A) is accompanied by selective 
aggression toward unfamiliar conspecifics (Aragona et al., 2006; Gobrogge et al., 2007; 
Gobrogge et al., 2009; Insel et al., 1995; Wang et al., 1997; Winslow et al., 1993).   
Additionally, the mated pair shares a nest, remains together during gestation, and displays 
bi-parental care throughout lactation (McGuire and Novak, 1984; Oliveras and Novak, 
1986).  Below, we describe in detail these behaviors and the behavioral paradigms used 
to measure them. 
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 Partner preference formation is a reliable index of pair bonding, and is 
characterized by selective contact, affiliation, and copulation with the partner over a 
stranger (Gubernick, 1994).  In a controlled environment, this behavior is studied using a 
three-chamber partner preference test first developed in the laboratory of Dr. Sue Carter 
(Williams et al., 1992b) and subsequently adopted by many other laboratories.  The 
testing apparatus consists of a central cage that is connected by hollow tubes to two 
identical cages, one containing a familiar animal (partner) and the other an unfamiliar 
animal (stranger) (Figure 2B).  These two stimulus animals are loosely tethered into their 
respective cages and are not allowed to interact with one another.  During a 3-hr partner 
preference test, the subject is placed into the central chamber and allowed to move freely 
throughout the testing apparatus.  In some laboratories, a customized computer 
program—in conjunction with photobeam light sensors placed across the hollow tubes 
that connect the cages—is used to monitor the amount of time that the subject spends in 
each cage and the frequency of cage entries. Social behaviors, including mating and side-
by-side contact, are videotaped during this test and subsequently quantified.  Partner 
preference formation is inferred when the subject spends significantly more time in side-
by-side contact with the partner than with the stranger.  In both male and female prairie 
voles, 24 hours of cohabitation with mating reliably induces partner preference 
formation, whereas 6 hours of social cohabitation in the absence of mating does not 
induce this behavior (Insel et al., 1995; Insel and Young, 2001; Williams et al., 1992b) 
(Figure 2C).  This behavioral paradigm has been successfully used in neuroanatomical, 
neurochemical, and pharmacological studies to examine the neurobiology of partner 
preference formation (Wang et al., 1998; Young et al., 2011a; Young and Wang, 2004). 
 Another behavior that emerges after mating in prairie voles is aggression toward 
conspecific strangers.  This aggression is directed toward unfamiliar males and females, 
but not the familiar partner, and has therefore been termed ‘selective aggression’.  
Selective aggression in prairie voles is assessed in the laboratory using a resident-intruder 
paradigm similar to that used in mice (Winslow et al., 1993).  In this paradigm, an 
unfamiliar conspecific animal (intruder) is placed into the home cage of the subject 
(resident).  Behavioral interactions between the resident and intruder are videotaped 
during a 6-10 minute test, and the frequency and duration of a variety of aggressive 
behaviors are subsequently quantified.  Studies using this paradigm have demonstrated 
that sexually naïve male prairie voles display very low levels of aggression toward 
intruders (Insel et al., 1995; Wang et al., 1997; Winslow et al., 1993).  However, after 24 
hours of cohabitation with mating, aggressive behaviors toward intruders are dramatically 
increased (Insel et al., 1995; Wang et al., 1997; Winslow et al., 1993).  While this 
aggression is directed at both males and females, intense offensive attack behaviors are 
only noted toward stranger males at this time point (Wang et al., 1997).  Selective 
aggression is also enduring; it lasts for at least two weeks after partner preference 
formation (Aragona et al., 2006; Gobrogge et al., 2007; Gobrogge et al., 2009).  Further, 
males paired for this extended period of time (i.e. pair-bonded males), in contrast to those 
paired for only 24 hours, show intense attack behaviors toward stranger females, even 
those that are sexually receptive, thereby rejecting potential new mates (Figure 2D) 
(Aragona et al., 2006; Gobrogge et al., 2007; Gobrogge et al., 2009).  It has therefore 
been suggested that selective aggression not only plays an important role in mate and 
territory guarding (Carter et al., 1995; Carter and Getz, 1993), but may also function to 
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maintain the existing pair bond (Aragona et al., 2006; Aragona and Wang, 2009) and to 
limit extra-pair copulations.  Although selective aggression has only been systematically 
tested in male prairie voles, evidence exists to suggest that females may also display this 
behavioral pattern (Getz et al., 1981).   
 Prairie voles, similar to most species that form pair bonds between adult mates 
(Fraley et al., 2005), display bi-parental care of young (i.e., both the mother and father 
help to rear offspring) (Figure 2E).  As maternal care is ubiquitous across mammalian 
species, we will focus our discussion of bi-parental care on the role of the father (i.e., 
paternal care).  Paternal behavior in prairie voles has been observed in the laboratory 
using semi-naturalistic enclosures (Gruder-Adams and Getz, 1985; McGuire and Novak, 
1984; Oliveras and Novak, 1986).  After litter birth, fathers display all patterns of 
parental behaviors exhibited by females, except nursing (Oliveras and Novak, 1986; 
Thomas and Birney, 1979).  These include direct parental behaviors, such as huddling 
over (i.e., crouching), grooming, contacting, and retrieving pups as well as indirect 
behaviors, such as nest building and food hoarding (Gruder-Adams and Getz, 1985; 
Oliveras and Novak, 1986; Thomas and Birney, 1979; Wilson, 1982).  Fathers even 
continue to display paternal care toward their juvenile offspring after the birth of 
subsequent litters (Wang and Novak, 1992; Wang and Novak, 1994).  However, in the 
presence of juveniles, prairie vole fathers spend less time in the natal nest displaying 
paternal behavior and more time foraging (Getz and Carter, 1980; Wang and Novak, 
1992).  The presence of juveniles may reduce the need for direct paternal care by the 
father, as juveniles that remain in the natal nest beyond weaning often contribute to the 
care of subsequent litters—a behavior called ‘alloparenting’ (Gruder-Adams and Getz, 
1985; Wang and Insel, 1996; Wang and Novak, 1992; Wang and Novak, 1994).   
 The field and laboratory studies described above have characterized multiple 
behaviors related to pair bonding in the prairie vole, including partner preference 
formation, selective aggression and the bi-parental care of young.  Researchers have 
begun to investigate the neural mechanisms underlying all three of these behaviors.  
However, the neurobiology of pair bond formation (i.e., the formation of partner 
preferences) has received the most attention and is therefore the best understood.  Below, 
we review the numerous studies that have investigated this topic. 
 
Neurobiological mechanisms underlying pair bond formation  
 
 Using the partner preference test, researchers have identified various neural 
systems involved in the formation of pair bonds in prairie voles.  In this section, we 
review these studies, beginning with those that have examined the involvement of the 
mesolimbic DA system in this behavior.  Next, we discuss the role played by the 
neuropeptides oxytocin (OT) and arginine vasopressin (AVP) as well as other 
neuropeptides, neurotransmitters and hormones in partner preference formation.   Finally, 
we discuss interactions between these neurochemicals that may be involved in the 
formation of partner preferences. 
 
DA regulation of partner preference formation 
 The involvement of central DA, particularly the mesolimbic DA system, in 
partner preference formation has received a great deal of attention over the past decade.  
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The first experimental evidence suggesting the involvement of DA in partner preference 
formation came from peripheral pharmacological manipulations.  Recall that 24 hours of 
cohabitation with mating reliably induces partner preferences in male and female prairie 
voles.  While partner preference formation was not affected by saline injection prior to 
pairing, treatment with the nonselective DA receptor antagonist, haloperidol, blocked 
mating-induced partner preferences in both sexes (Aragona et al., 2003; Wang et al., 
1999).  Further, treatment with low doses of apomorphine, a nonselective DA receptor 
agonist, facilitated the formation of partner preferences after only 6 hours of cohabitation 
in the absence of mating (Aragona et al., 2003; Wang et al., 1999).  Taken together, these 
findings suggest that DA receptor activation is essential for partner preference formation 
in prairie voles.  
 The first functional evidence to implicate mesolimbic DA in partner preference 
formation was the finding that mating increases DA activity in the NAcc of both male 
and female prairie voles (Aragona et al., 2003; Gingrich et al., 2000).  In females, for 
example, extracellular DA levels increased nearly 51% above baseline during mating 
(Gingrich et al., 2000).  Similarly, mated males had 33% more DA turnover in this region 
compared to non-mated males (Aragona et al., 2003).  Direct evidence for the role of 
NAcc DA in partner preference formation came from site-specific pharmacological 
manipulations of DA neurotransmission.  Microinjection of haloperidol into the NAcc 
prevented the formation of mating-induced partner preferences, while microinjection of 
apomorphine into this region facilitated partner preference formation in the absence of 
mating (Aragona et al., 2003).  These effects were site-specific, as DA receptor 
manipulation in the CP, a region adjacent to the NAcc that also receives DAergic 
innervation from midbrain regions, did not alter partner preference formation (Aragona et 
al., 2003). 
 Additional experiments used receptor-specific agonists/antagonists to demonstrate 
that D1 and D2 receptors in the NAcc differentially regulate partner preference formation 
(Figure 3A&B).  Specifically, NAcc D2 receptor activation facilitated, and D2 receptor 
blockade prevented, partner preference formation in both male and female prairie voles, 
indicating that NAcc D2 receptor activation is both necessary and sufficient for partner 
preference formation (Aragona et al., 2006; Gingrich et al., 2000).  In contrast, NAcc D1 
receptor activation prevented mating- and D2 receptor agonist-induced partner preference 
formation in male prairie voles, indicating an inhibitory role of NAcc D1 receptors on 
this behavior (Aragona et al., 2006).  Importantly, these manipulations were only 
effective when delivered into the NAcc shell, but not the core, indicating a subregional 
regulation of partner preferences within the NAcc (Aragona et al., 2006). 
 The DA receptor-specific regulation of partner preference formation in the NAcc 
has recently been examined on an intracellular level.  D2 and D1 receptors are both 7-
transmembrane receptors whose intracellular effects are mediated by heterotrimeric GTP-
binding proteins (G-proteins) (for reviews, see (Missale et al., 1998; Neve et al., 2004)).  
While D2 and D1 receptors have similar effects on some signaling pathways, they 
differentially regulate the intracellular cyclic adenosine 3’, 5’-monophosphate (cAMP) 
signaling cascade through the alpha subunit of the G-proteins with which they interact 
(Missale et al., 1998; Neve et al., 2004) (Figure 3C).  D2 receptors bind to inhibitory G-
proteins (Gαi and Gαo).  When D2 receptors are activated, the alpha subunit of Gαi/o 
inhibits adenylate cyclase (AC) activity, leading to the inhibition of cAMP production 
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and a decrease in the activity of protein kinase A (PKA) (Missale et al., 1998; Neve et al., 
2004).  D1 receptors, instead, bind to stimulatory G-proteins (Gαs and Gαolf).  D1 
receptor activation leads to an increase in AC activity, cAMP production and PKA 
activation (Missale et al., 1998; Neve et al., 2004).  As D1 and D2 receptor activation 
differentially affect cAMP signaling, it has been suggested that this signaling pathway 
may underlie the DA receptor-specific regulation of partner preference formation 
(Aragona and Wang, 2007).  In support of this hypothesis, reduction of PKA activity 
within the NAcc shell, but not core, facilitated partner preference formation in male 
prairie voles, a result consistent with the effects of D2 receptor activation (Aragona et al., 
2006; Aragona and Wang, 2007) (Figure 3D).  Further, in two separate experiments, 
activation of stimulatory G-proteins and activation of PKA in the NAcc shell each 
prevented the formation of mating-induced partner preferences, consistent with the 
effects of D1 receptor activation (Aragona et al., 2006; Aragona and Wang, 2007) (Figure 
3D).  Importantly, these manipulations did not alter mating or the duration of contact 
during the 24 hours of pairing, suggesting that increased cAMP signaling directly 
interferes with partner preference formation.  Taken together, these experiments 
demonstrate that cAMP intracellular signaling in the NAcc shell regulates partner 
preference formation, and may underlie the DA receptor-specific effects on this behavior. 
 
Neuropeptide regulation of partner preference formation 
 The first evidence to indicate that AVP and OT may play an important role in 
partner preference formation came from studies investigating the effects of social and 
sexual experience—prerequisites for naturally induced partner preference formation—on 
these neuropeptide systems in the prairie vole brain.  In male prairie voles, cohabitation 
with mating increased the number of AVP mRNA-labeled cells in the bed nucleus of the 
stria terminalis (BNST) (Wang et al., 1994) and decreased the density of AVP-ir fibers in 
the lateral septum (LS) (Bamshad et al., 1994).  As BNST-AVP neurons project to the 
LS, these data suggest that mating facilitates AVP synthesis in the BNST and AVP 
release in the LS of male prairie voles (Wang et al., 1998).  Since mating is essential for 
partner preference formation in males (Insel et al., 1995), these data offer correlative 
evidence of the involvement of AVP in partner preference formation.  In females, instead, 
exposure to male chemosensory cues altered OT receptor density in the accessory 
olfactory bulb, indicating that OT may play a role in partner preference formation in 
female prairie voles (Witt et al., 1991).  
 Direct evidence of a role for AVP and OT in partner preference formation was 
provided by pharmacological manipulation of these systems.  Intracerebroventricular 
(icv) administration of an AVP V1a receptor (V1aR) antagonist blocked partner 
preference formation in male prairie voles, while central AVP administration induced 
partner preferences in the absence of mating (Cho et al., 1999; Winslow et al., 1993).  
Similarly, icv administration of AVP induced partner preferences in female prairie voles 
after just 1 hour of cohabitation with a male, and this effect was blocked by concurrent 
administration of a V1aR antagonist (Cho et al., 1999).  Taken together, these studies 
indicate that AVP regulates partner preference formation in both sexes.  OT treatment 
also influenced partner preference formation in both sexes. Specifically, icv OT 
administration induced partner preferences in both males and females and these effects 
were blocked by concurrent administration with an OT receptor antagonist (Cho et al., 
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1999).  While these data indicate that both AVP and OT regulate partner preference 
formation in both sexes, it is important to note that the effective doses of neuropeptides 
differ between males and females (Cho et al., 1999).     
 Site-specific manipulations have since demonstrated several brain regions 
important for the AVP and OT regulation of partner preference formation.  In males, 
administration of a V1aR antagonist directly into the LS or ventral pallidum (VP), but not 
several other brain regions, inhibited the formation of mating-induced partner 
preferences, whereas administration of AVP directly into the LS induced partner 
preferences in the absence of mating (Figure 4A) (Lim and Young, 2004; Liu et al., 
2001).  Further, administration of an OT receptor antagonist into the LS of male prairie 
voles also prevented mating-induced partner preference formation (Liu et al., 2001).  In 
females, instead, the prelimbic cortex (PLC; a part of the mPFC) and the NAcc have been 
implicated in the neuropeptidergic regulation of partner preference formation (Liu and 
Wang, 2003; Young et al., 2001).  OT levels increased in the NAcc during sociosexual 
experience with a male (Ross et al., 2009a).  Additionally, OT injection directly into the 
NAcc induced partner preferences in the absence of mating, while blockade of OT 
receptors in this region or the PLC prevented the formation of mating-induced partner 
preferences (Figure 4B) (Liu and Wang, 2003; Young et al., 2001).   
 Several studies utilizing viral vector-mediated gene transfer to deliver and 
regulate the expression of genes of interest to specific brain regions have supported the 
findings that AVP neurotransmission in the VP and OT neurotransmission in the NAcc 
regulate partner preferences in male and female prairie voles, respectively.  In males, for 
example, an adeno-associated viral vector was used to deliver the V1aR gene into the VP 
(Pitkow et al., 2001).  As expected, this manipulation resulted in an increased density of 
V1aRs in this region.  Interestingly, these males formed partner preferences in the 
absence of mating, supporting the findings that enhanced AVP neurotransmission in the 
VP can facilitate partner preference formation in male prairie voles (Pitkow et al., 2001) 
(Figure 4C).  Further, V1aR overexpression in the VP of male meadow voles, induced 
partner preference formation in this socially promiscuous species (Lim and Young, 
2004).    Similarly, OT receptor overexpression in the NAcc of sexually naïve female 
prairie voles accelerated partner preference formation as compared to controls (Figure 
4D), but this treatment did not alter partner preference formation in female meadow voles 
(Ross et al., 2009b).  Taken together, these studies highlight the importance and site-
specific effects of AVP and OT on partner preference formation in male and female 
prairie voles. 
 
Other neurochemicals/hormones implicated in pair bonding 
 In addition to AVP, OT and DA, several other neurotransmitters and hormones 
have been implicated in social behaviors associated with pair bonding in prairie voles.  
One interesting example involves neurochemicals associated with the hypothalamic-
pituitary-adrenal (HPA) axis, the system that mediates stress responses.  Briefly, during a 
stressor, corticotrophin-releasing factor (CRF) released from the hypothalamus binds to 
CRF receptors in the anterior pituitary leading to the synthesis of adrenocorticotrophic 
hormone (ACTH) (Lightman, 2008).  ACTH is then released into the bloodstream and 
acts on the adrenal cortex to produce glucocorticoids, such as corticosterone (CORT), 
which can then act on glucocorticoid receptors (GR) in the brain to mediate responses to 
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stress (Lightman, 2008).  Data from behavioral experiments indicate that the effect of 
CORT on pair bonding is sexually dimorphic.  In female prairie voles, cohabitation with 
a male, which led to partner preference formation, significantly decreased serum CORT 
levels (DeVries et al., 1995). Further, reduction in GR activity, either by decreasing 
circulating CORT through adrenalectomy (DeVries et al., 1995) or by treating animals 
with a GR antagonist (Curtis and Wang, 2005a), facilitated partner preference formation.  
In contrast, CORT injections or a stressful swim test, which increased circulating CORT 
(DeVries et al., 1997), prevented the development of partner preference formation 
(DeVries et al., 1995).  Together, these data suggest that a decrease in HPA axis activity 
facilitates partner preference formation in female prairie voles.  In males, on the other 
hand, adrenalectomy inhibited partner preference formation and this effect was reversed 
by CORT replacement (DeVries et al., 1996), indicating that CORT is necessary for 
partner preference formation in males.  CRF has also been implicated in pair bonding 
behaviors.  Male prairie voles that received CRF injections displayed partner preferences 
in the absence of mating, and this induced behavior was blocked by co-administration of 
a CRF receptor antagonist (DeVries et al., 2002).  Brain areas involved in the CRF 
mediation of partner preferences have also been identified.  Local CRF injections into the 
NAcc facilitated, whereas CRF receptor antagonists inhibited, partner preference 
formation in male prairie voles (Lim et al., 2007).  Further, pairing with a female elicited 
an increase in CRF mRNA in the BNST of male prairie voles (Bosch et al., 2009).    
 Several other neurochemicals are also involved in social bonding in prairie voles.  
For example, in male prairie voles, intra-VTA administration of NBQX, an AMPA 
receptor antagonist, or bicuculline, a GABA receptor antagonist, induced partner 
preference formation, implicating these amino acids in selective affiliation (Curtis and 
Wang, 2005b).  Gonadal steroids can also be added to this list.  Manipulation of 
testosterone or estrogen during the first or second week of life significantly altered 
subsequent affiliative behaviors in juvenile prairie voles (Roberts et al., 1996).  Estrogen 
receptor alpha (ERα) may mediate some of the effects of gonadal steroids on pair 
bonding behaviors in prairie voles.  Studies have demonstrated that females have more 
ERα-ir cells in several brain areas including the medial amygdala, BNST, MPOA, and 
ventral medial hypothalamus (VMH) than males, and a decrease in ERα-ir staining in the 
BNST, MPOA, and VMH of females was associated with induction of sexual receptivity 
(Hnatczuk et al., 1994).  In males, enhanced ERα expression in the MeA, by transfection 
of an adenoassociated viral vector, impaired partner preference formation (Cushing et al., 
2008).  Similarly, males with enhanced ERα expression in the BNST displayed decreased 
social affiliation (Lei et al., 2010).  These data indicate an inverse relationship between 
regional ERα expression and social behavior in prairie voles.  Taken together, the studies 
described above highlight the involvement of multiple neurochemicals and hormones in 
the regulation of pair bonding behaviors in both male and female prairie voles.   
 
Neurochemical/hormone interactions in partner preference formation 
 As reviewed above, a variety of neurochemical, neurotransmitter, and hormone 
systems have been implicated in pair bond formation.  However, it is unlikely that these 
systems act independently to regulate this complex social behavior.  In the following 
section, we will review studies documenting known interactions between some of these 
systems, including OT, AVP, and DA in the regulation of partner preference formation. 
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 OT and AVP have been shown to interact with one another in the regulation of 
partner preferences, a finding that is not surprising given that these two neuropeptides are 
closely related to one another and not only share similar chemical structures—differing 
by only two amino acids—but can also interact with each other’s receptors (Barberis and 
Tribollet, 1996).  As previously described, icv injection of AVP or OT can induce partner 
preferences in both male and female prairie voles after as little as 1 hour of cohabitation 
with an opposite sex conspecific animal.  Interestingly, the effects of AVP on partner 
preference formation are abolished in the presence of an OT receptor antagonist, and the 
effects of OT are abolished in the presence on an V1aR antagonist, indicating that AVP 
and OT can interact to mediate partner preferences (Cho et al., 1999).  Further, these 
results indicate that the facilitation of partner preference formation may require 
simultaneous activation of both V1aR and OT receptors (Cho et al., 1999).  Site-specific 
manipulation in the LS of male prairie voles has since supported this hypothesis.  Partner 
preference formation induced by AVP microinjection into the LS was blocked by 
simultaneous administration of an OT receptor antagonist (Liu et al., 2001).  Taken 
together, these studies suggest that central OT and AVP systems may work in concert 
with one another to mediate partner preference formation. 
 OT and AVP have also been shown to interact with other neurotransmitter 
systems, such as DA, to mediate partner preferences.  In female prairie voles, for 
example, partner preferences induced by NAcc D2 receptor activation were prevented by 
concurrent administration of an OT receptor antagonist (Liu and Wang, 2003).  
Conversely, partner preferences induced by central OT administration were blocked by 
concurrent administration of a D2 receptor antagonist in the NAcc (Liu and Wang, 2003).  
These results suggest that simultaneous activation of both D2 and OT receptors in the 
NAcc are required for the facilitation of partner preferences in female prairie voles.  
AVP-DA interactions have also been implicated in partner preference formation.  In a 
recent study, naturally promiscuous male meadow voles—that would not otherwise form 
partner preferences with a mate—received viral vector-mediated transfer of the prairie 
vole V1aR gene into the VP, resulting in upregulation of the V1aR in this region and the 
formation of partner preferences after 24 hours of mating (Lim et al., 2004).  In a second 
experiment, these viral vector-induced preferences were blocked by administration of a 
D2 receptor antagonist prior to mating, suggesting that AVP and DA may interact to 
mediate pair bond formation (Lim et al., 2004).  This hypothesis is supported by the well-
known neuroanatomical connection between these two regions, as D2 receptor expressing 
medium spiny neurons in the NAcc project directly to the VP (Gerfen et al., 1990). 
 Glutamate (GLU), GABA, and CRF have also been suggested to interact with DA 
in the regulation of partner preferences (Curtis and Wang, 2005a, 2005b).  Blockade of 
AMPA GLU or GABA receptors, via injection of NBQX or bicuculline, respectively, 
into the VTA induced partner preferences in the absence of mating.  As the VTA 
provides the major source of DAergic afferents to mesolimbic brain regions, including 
the NAcc, it has been suggested that the effects of these antagonists on partner preference 
formation may have been mediated by their effects on NAcc DAergic neurotransmission 
(Curtis and Wang, 2005b).  In a separate study, peripheral administration of a 
glucocorticoid receptor (GR) antagonist, induced partner preferences in female prairie 
voles in the absence of mating (Curtis and Wang, 2005a).  These effects were blocked by 
coadministration of either a D1 or D2 receptor antagonist into the lateral ventricle, 
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suggesting that the effects of GR antagonism on partner preference formation may be 
mediated through an interaction with central DA systems (Curtis and Wang, 2005a).  
Further experimentation is needed to detail the nature of interactions between GLU, 
GABA, CRF, and DA in partner preference formation. 
 Finally, gonadal steroids play an important role in pair bonding and are thought to 
interact with a variety of neuropeptide and neurochemical systems implicated in this 
behavior.  For example, extended exposure to a male (or male chemosensory signals) 
increases circulating estradiol levels and subsequently, behavioral estrus, or sexual 
receptivity in female prairie voles (Carter et al., 1987a; Carter et al., 1987b; Taylor et al., 
1992).  Sexual receptivity can also be induced in ovariectomized females through 
estrogen administration alone (Carter et al., 1987a).  Interestingly, increased serum 
estrogen levels, induced by exposure to male chemosensory signals or by exogenous 
estrogen administration, significantly increased OT receptor binding in the prairie vole 
brain (Witt et al., 1991), indicating that estrogen and OT may interact to regulate 
mating—which facilitates partner preference formation in females (Williams et al., 
1992a).  In males, testosterone has been found to influence the effects of AVP on partner 
preference formation.  Recall, that icv administration of AVP facilitates the formation of 
partner preferences in male prairie voles following only 1 hour of cohabitation (Cho et 
al., 1999).  Interestingly, AVP administration does not induce partner preferences in adult 
male prairie voles that were castrated on the day of their birth, suggesting that the 
organizational effects of testosterone are required for the effects of AVP on partner 
preference formation (Cushing et al., 2003).   
 
Summary 
 
 A great deal of research in humans and non-human mammals alike has indicated 
that drug use and abuse have the potential to severely alter social behaviors, and that 
alterations in the function of the mesolimbic DA system may underlie these effects.  
Although evidence suggests that substance use and abuse may have inhibitory and 
disruptive effects on pair bonding behavior in humans, this behavioral phenomenon has 
not previously been modeled in laboratory studies.  Therefore, little is known concerning 
the neurobiological mechanisms underlying the effects of drugs of abuse on pair bonding.  
The socially monogamous prairie vole offers a unique opportunity to model the 
behavioral effects of drug use/abuse on pair bonding behavior and to study the neural 
mechanisms involved in these effects.  As the mesolimbic DA system plays an essential 
role in pair bonding behavior, and is altered by drugs of abuse, this system may mediate 
the effects of drugs of abuse on pair bonding.  Further, a variety of other neural systems 
that mediate the formation of pair bonds (i.e. central OT systems) are becoming 
increasingly implicated in drug use and abuse and may therefore also be involved in the 
interaction between drugs of abuse and pair bonding.   
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CHAPTER 2:  REPEATED AMPHETAMINE EXPOSURE IMPAIRS PAIR 
BONDING BEHAVIOR IN THE PRAIRIE VOLE 

 
Introduction 
 
 The formation of enduring social attachments, or pair bonds, between sexual 
partners occurs in nearly all human societies, regardless of subsistence mode (e.g., 
pastoralist, agriculturalist, etc.) or mating strategy (e.g., polygamy and monogamy) and is 
therefore an intrinsic part of human social behavior.  Despite its highly reinforcing 
nature, evidence exists to suggest that pair bonding behavior can be compromised by 
drug use and abuse.   This evidence stems from studies that have examined the 
relationship between drug use/abuse and marital status.  Interestingly, individuals who 
have used illicit drugs of abuse are less likely to be married than their non-drug using 
counterparts (Kaestner, 1995).  This effect is due to both a postponement in the age of 
first marriage (Yamaguchi and Kandel, 1987) and, among already married individuals, an 
accelerated rate of divorce (Kaestner, 1995).  Taken together, these findings suggest that 
use of illicit drugs may have both an inhibitory and/or disruptive effect on pair bonding 
behavior in humans.   
 The effects of substance abuse on pair bonding are of great import when one 
considers the cross-cultural functional significance of pair bonding.  Paired individuals, 
particularly those in stable marital relationships, live longer than their unpaired 
counterparts, a finding noted across demographic groups (House et al., 1988; Lillard and 
Waite, 1995).  Additionally, high levels of intimacy between pairs has been inversely 
correlated with negative psychological states, such as depressed mood, and positively 
correlated with immune function and cardiovascular health (Kiecolt-Glaser and Newton, 
2001; Waltz et al., 1988).  Another widely acknowledged benefit of pair bonding in 
humans is the physical and psychological well-being of children, an effect likely due to 
the co-occurrence of pair bonding with the bi-parental care of young.  In preindustrial 
societies and developing countries, for example, where food and healthcare are not 
readily available, children of monogamously married women have lower mortality rates 
than children of women who are not married or who are in a polygynous union (United 
Nations, 1985). In industrialized societies, the presence of caring fathers improves the 
emotional and cognitive health and development of children, as indicated by higher levels 
of child success on various indices, including academic achievement (Cherlin et al., 
1991; Dubois et al., 1994; Florsheim et al., 1998; Furstenberg and Teitler, 1994; Phares 
and Compas, 1992; Sarkadi et al., 2008) and the prevention and treatment of anxiety 
problems (Bogels and Phares, 2008), attention-deficit/hyperactivity disorder (Fabiano, 
2007), substance use and criminal behavior (Stein et al., 2009). 
 As described above, through its effects on pair bonding, substance abuse may 
impact the physical and mental health of individuals and their children, and may also 
influence societal stability.  However, we know little about the neural mechanisms 
underlying the effects of substance abuse on pair bonding.  This is partly due to the fact 
that traditional laboratory rodents used in the study of drug abuse generally do not display 
behavioral characteristics of a pair bond, and thus cannot be used as model systems to 
investigate the neural mechanisms underlying the effects of substance abuse on pair 
bonding.  In this Chapter, we sought to establish the prairie vole (Microtus ochrogaster) 
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as an animal model for such studies.  Prairie voles are socially monogamous rodents that 
breed readily in captivity and form long term pair bonds after mating (Carter et al., 1995; 
Insel et al., 1995; Young et al., 2011a).  Previous research has demonstrated that prairie 
voles develop a preference for a familiar mate (partner preference) after 24 hours of 
mating, and that this behavior is a reliable predictor of pair bonding (Insel and Hulihan, 
1995; Williams et al., 1992b; Winslow et al., 1993).  It is the display of this characteristic 
partner preference formation, along with other social behaviors associated with a 
monogamous life strategy, such as the bi-parental care of young, that makes the prairie 
vole an ideal animal model with which to study the effects of drugs of abuse on pair 
bonding.   
 To establish this species as an animal model to study the effects of drugs of abuse 
on pair bonding behavior, we first used a conditioned place preference (CPP) paradigm to 
determine a dose-response curve for the behaviorally relevant doses of amphetamine 
(AMPH) in both sexes.  We chose to use both males and females as a great deal of 
evidence in other species has suggested that the behavioral and neurobiological response 
to AMPH is sexually dimorphic (Camp and Robinson, 1988; Cirulli and Laviola, 2000; 
Hu et al., 2004; Lynch, 2006; Lynch and Carroll, 1999; Roberts et al., 1989; Roth and 
Carroll, 2004; Roth et al., 2004; Russo et al., 2003).  We hypothesized that AMPH place 
conditioning would be dose-specific in both sexes and that females would be more 
sensitive to the rewarding effects of AMPH than males.  Next, we examined whether 
repeated exposure to AMPH impaired pair bonding behavior in this species, using a 
partner preference paradigm as an index of pair bond formation (Insel and Hulihan, 
1995).  As neural systems known to play an important role in partner preference 
formation (e.g., the mesolimbic dopamine (DA) system (Aragona et al., 2003; Aragona et 
al., 2006; Aragona and Wang, 2009; Curtis et al., 2003; Curtis and Wang, 2005b; 
Gingrich et al., 2000; Liu and Wang, 2003; Wang et al., 1999)) are significantly altered 
by repeated exposure to AMPH (Henry et al., 1989; Henry and White, 1995; Hu et al., 
2002; Nestler, 2005; Pierce and Kalivas, 1997; Robinson et al., 2001; Robinson et al., 
1988; Robinson and Kolb, 1997; White and Kalivas, 1998), we hypothesized that 
repeated exposure to AMPH would impair pair bonding behavior in both sexes. 
 
Methods 
 
Subjects 
 Captive-bred male and female prairie voles descended from populations in 
southern Illinois were weaned at 21 days of age and then housed in same-sex pairs in 
plastic cages (29 x 18 x 13 cm) containing cedar chip bedding.  They were maintained on 
a 14:10 light: dark cycle (lights on at 0700 hrs) with ad libitum access to food and water. 
Temperature was maintained at 21±1°C.  All animals used in this study were between 90 
and 140 days of age.  For manipulations that required mating, non-related opposite-sex 
conspecific animals were used as stimulus animals.  All female stimulus animals were 
given 3 priming injections (1 injection per day for 3 consecutive days) of estrogen 
benzoate (EB) to induce sexual receptivity (Gingrich et al., 2000). All experiments were 
conducted in accordance with the guidelines of the Institutional Care and Use Committee 
at Florida State University.   
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Drugs 
 d-AMPH sulfate (Sigma, St. Louis, MO, USA) was dissolved in saline vehicle 
(0.9%) and delivered via intraperitoneal injection (0.1mL/40g body weight).  Estrogen 
benzoate (EB) (20µg/mL) was dissolved in sesame oil and delivered via subcutaneous 
injection (0.1mL/40g body weight).   
 
CPP Paradigm 
 The CPP apparatus was identical to that previously described (Aragona et al., 
2007), and consisted of two plastic cages that were visually distinct (white vs. black) and 
connected to one another by a hollow tube.  We used a biased conditioning paradigm in 
which all subjects were given a 30 min pre-test on day 1 and the amount of time spent in 
each cage was quantified. The cage in which an individual spent less time during the pre-
test was designated as the drug-paired cage and the other was designated as the saline-
paired cage.  Conditioning occurred during two 40 minute sessions each day for the next 
three days (days 2-4).  During the morning sessions (0900 hrs) subjects received 
intraperitoneal (i.p.) injections of saline (control group) or d-AMPH immediately before 
being placed into the drug-paired cage.  During the afternoon sessions (1500 hrs), 
subjects received an i.p. injection of saline immediately before being placed into the 
saline-paired cage.  This two trial per day training schedule has been employed in rats 
(Campbell and Spear, 1999; Zhou et al., 2010) and was chosen because our pilot data 
indicated no differences in behavior between subjects treated with counterbalanced and 
fixed injection/conditioning paradigms (unpublished data).  Further, standardized 
injection and tissue collection schedules were important for the measurement of DA 
marker expression in subsequent experiments.  On day 5, all subjects were tested for the 
presence of a CPP in a 30 min post-test.  The number of times that animals crossed 
between cages was recorded during the pre- and post-test and used as an index of 
locomotor activity.   
 
24 hour cohabitation and mating period 
 At approximately 0900 hrs, subjects and a stimulus animal were placed into a 
clean cage with food and water.  They were allowed to freely interact for a 24 hr period.  
Behavioral interactions were videotaped during this time and later used for the 
verification of mating.  
 
Partner preference test 
 Preferences for a familiar partner versus an unfamiliar stranger were examined as 
previously described (Aragona et al., 2003; Liu and Wang, 2003).  The testing apparatus 
consisted of a central cage connected by hollow tubes to two identical cages, each 
containing a stimulus animal—either the familiar animal with which the subject had been 
previously housed (partner) or an unfamiliar conspecific animal (stranger).    Stimulus 
animals were loosely tethered into their respective cages and were unable to interact with 
one another.  At the start of the 3 hr test (approximately 0900 hrs), the subject was placed 
into the central cage and allowed to move freely throughout the testing apparatus.  
Photobeam light sensors placed over the hollow tubes—in conjunction with an automated 
computer program—recorded both the frequency of cage entries and the amount of time 
that the subject spent in each cage.  Behavioral interactions (e.g., side-by-side contact, 
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mating) during the test were videotaped and later quantified by an experimenter blind to 
treatment (see data collection and statistical analysis). 
 
Data collection and statistical analysis 
 For CPP experiments, a paired-samples t-test comparing the amount of time that 
subjects spent in the drug-paired cage during the pre and post-tests was used to asses the 
presence of a CPP within each treatment group.  Additionally, the number of times that 
animals crossed between cages during the pre- and post-test was used as an index of 
locomotor activity and analyzed using a two-way mixed ANOVA comparing pre- vs. 
post-test locomotion (within-subject variable) and locomotion by treatment (between-
subject variable).  During the 24 hour cohabitation period, all subjects were allowed to 
freely interact with the stimulus animal.  Behavioral interactions were video-taped and 
number of mating bouts was quantified by an experimenter blind to treatment and any 
subjects that failed to mate during this period were excluded from analysis.  Frequencies 
of mating bouts during the first 6 hours of pairing were compared across groups using a 
one-way ANOVA followed by a SNK test.  For the partner preference tests, duration of 
time spent by the subject in side-by-side contact with the partner and stranger was 
quantified by an experimenter blind to treatment, and compared using a t-test.  In 
addition, number of cage entries during the 3-hr partner preference test was used as an 
index of locomotor activity and compared across groups using a one-way ANOVA 
followed by a SNK test.    
 
Results 
 
Experiment 1:  AMPH-induced a CPP in male prairie voles 
 This experiment was designed to assess the rewarding effects of AMPH in male 
prairie voles using a CPP paradigm (see Methods for details).   Subjects were pre-tested 
in the CPP apparatus on day 1, randomly assigned into one of 6 experimental groups that 
received intraperitoneal (ip) injections of saline containing different concentrations of 
AMPH [0.0 (n=12), 0.1 (n=8), 0.5 (n=9), 1.0 (n=12), 3.0 (n=12), or 5.0mg/kg (n=13)] 
during 3 days (day 2-4) of conditioning, and were then tested for a CPP in a post-test on 
day 5. All subjects were tested for the presence of a CPP in a drug-free state on the day 
following the final conditioning session.  A CPP was defined by a significant increase in 
time spent in the drug-paired cage during the post-test as compared to the pre-test.   
 Males conditioned with saline (0.0mg/kg AMPH) or saline containing the two 
lowest doses of AMPH tested (0.1 and 0.5mg/kg AMPH) did not display conditioned 
place preferences, but instead spent an equal amount of time in the drug-paired cage 
during the pre- and post-tests (Figure 5).  However, males conditioned with higher doses 
of AMPH, including 1.0 (t = 2.87, p<0.01), 3.0 (t = 3.63, p<0.01), or 5.0 mg/kg (t = 3.03, 
p<0.01), displayed a CPP (Figure 5).  A significant difference in locomotion (F(1,54) = 
9.01; p<0.01) between the pre- and post-test was found, such that males crossed the cages 
more in the pre- (SEM 27.23 ± 1.29) than the post- (SEM 24.30 ± 1.28) test.   
 
Experiment 2:  AMPH-induced a CPP in female prairie voles 
 Experiment 2 was designed to assess the rewarding effects of AMPH in female 
prairie voles using a CPP paradigm.  The CPP apparatus and conditioning paradigm were 

 
 

25



identical to that used in experiment 1. Subjects were pre-tested in the CPP apparatus on 
day 1, randomly assigned into one of 5 experimental groups that received intraperitoneal 
(ip) injections of saline containing different concentrations of AMPH [0.0 (n=20), 0.1 
(n=8), 0.2 (n=12), 1.0 (n=13), or 5.0mg/kg (n=11)] during 3 days (day 2-4) of 
conditioning, and were then tested for a CPP in a post-test on day 5.   
 Females treated with saline alone or saline containing the lowest concentration of 
AMPH spent equal amounts of time in the drug-paired cage before and after 
conditioning, and therefore, did not display a CPP (Figure 6).  Instead, females treated 
with 0.2 ( t = 2.77; p<0.05), 1.0 (t = 2.53; p<0.05) or 5.0mg/kg AMPH  (t = 2.33; p<0.05) 
displayed a robust CPP, as they spent significantly more time in the drug-paired cage 
during the post-test than the pre-test (Figure 6).  No differences in locomotor activity 
were noted within or between groups either before or following drug treatment in 
females. 
 
Experiment 3:  Repeated AMPH exposure im paired mating-induced par tner preference 
formation in male prairie voles 
 Experiment 3 examined whether repeated AMPH exposure interfered with pair 
bonding in male prairie voles.  Subjects were randomly assigned into one of 3 
experimental groups that received ip injections of saline (n=8) or saline containing 1.0 
mg/kg (n=8) or 5.0 mg/kg (n=7) AMPH once per day for 3 consecutive days.  On the 
fourth day, subjects were paired with an EB-primed (i.e., sexually receptive) female for 
24 hours, and were then tested in a 3-hr partner preference test.  To control for the 
potential effects of injections on pair bonding, a 4th experimental group of intact males 
that did not receive any injections (n=6) was paired with EB-primed females for 24 hours 
and then tested for partner preferences.   
 Consistent with previous studies (Aragona et al., 2003; Aragona et al., 2006; 
Winslow et al., 1993), intact males (t=3.05, p<0.01) and males that received saline 
injections for 3 days prior to mating (t=3.21, p<0.01) showed mating-induced partner 
preferences, as they spent significantly more time in side-by-side contact with the partner 
than the stranger (Figure 7A).  However, males that were pretreated with either dose of 
AMPH for 3 days prior to mating displayed non-selective contact with both stimulus 
animals, indicating that AMPH treatment inhibited partner preference formation (Figure 
7A).  AMPH pretreatment did not affect mating frequency (Figure 7B) during the 
cohabitation period or locomotor activity (Figure 7C) during the partner preference test, 
indicating that the effects of AMPH on partner preference formation were not secondary 
to its effects on mating or locomotion.    
 
Experiment 4:  Repeated AMPH exposure im paired mating-induced par tner preference 
formation in female prairie voles 
 Experiment 4 was designed to determine the effects of repeated AMPH exposure 
on mating-induced partner preference formation in female prairie voles.  Subjects were 
randomly divided into three groups that received one injection of EB—to induce sexual 
receptivity (Gingrich et al., 2000)—and one injection of 0.9% saline (n=8), 0.2mg/kg 
AMPH (n=7) or 0.5mg/kg AMPH (n=8) each day for three consecutive days.  24 hrs after 
the final injections, subjects were paired with a male for a 24 hr period of cohabitation 
and mating, and were then tested for partner preferences.  
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 Saline-treated females displayed partner preferences, as they spent significantly 
more time in side-by-side contact with their familiar partner than the stranger animal 
(t=2.68, p<0.05; Figure 8A).  However, females treated with either dose of AMPH did 
not display partner preferences, but instead demonstrated nonselective side-by-side 
contact with the stimulus males during the partner preference test (Figure 8A).  No 
differences in the number of mating bouts (Figure 8B) during the cohabitation period or 
the number of cage crosses (Figure 8C) during the partner preference test were found.  
Together these data indicate that repeated AMPH exposure impairs partner preference 
formation in female prairie voles, and that this effect is not due to AMPH-induced 
alterations in mating behavior or locomotor activity. 
 
Discussion 
 
 The current study investigated the behavioral effects of AMPH exposure in male 
and female prairie voles.  Our data demonstrate that AMPH is rewarding for both sexes 
and that the rewarding properties of AMPH are dose-dependant.  Further, our data 
provide the first evidence that repeated AMPH exposure impairs pair bonding behavior in 
both males and females.  Together, these data firmly establish the prairie vole as an 
animal model with which to study the neurobiological mechanisms underlying both drug 
reward and the drug-induced impairment of social behaviors, particularly pair bonding. 
 Based upon classical (i.e. Pavlovian) conditioning, a CPP reflects a preference for 
an environmental context that has been paired with a primary reinforcer (Bardo and 
Bevins, 2000)—in this case, AMPH.  The assumption underlying such conditioning is 
that the environmental stimuli of the drug-paired context become predictive of the drugs 
effects, and thus come to have their own rewarding properties (Panlilio and Goldberg, 
2007). Therefore, the display of a CPP is often used as a behaviorally relevant, albeit 
indirect, measure of drug reward.  Using this paradigm, our results indicate that AMPH is 
rewarding for both male and female prairie voles and that the rewarding properties of 
AMPH are dose-dependant.  While similar findings have been previously described in 
this and other rodent species (Aragona et al., 2007; Bardo et al., 1995; Tzschentke, 1998), 
discrepancies in the dose-dependant effects of AMPH conditioning between this and a 
previous study in prairie voles are worth mentioning.  Specifically, Aragona and 
colleagues demonstrated that a 0.5mg/kg dose of AMPH or higher was sufficient to 
induce a CPP in males (Aragona et al., 2007).  However, in the current study, a dose of 
1.0mg/kg AMPH or higher was required.  Additionally, whereas females did not form a 
CPP to doses of AMPH higher than 0.5mg/kg in the previous study, conditioning with 
both a 1.0 and 5.0mg/kg dose of AMPH induced a CPP in females in the current study.   
While the reasons for these discrepancies are unclear, differences between the CPP 
paradigms employed in these studies may be involved.  For example, in the study by 
Aragona and colleagues, AMPH conditioning sessions were held in a chamber designated 
by the experimenter and lasted for 2 hours.  Instead, in the current study, subjects were 
conditioned to the cage in which they spent less time during the pre-test and the 
conditioning sessions lasted for only 40 minutes.   Importantly, a meta-analysis of the 
CPP literature has demonstrated that both of these factors (e.g., conditioning to the non-
preferred chamber or to an experimenter-designated chamber and length of conditioning 
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session) influence outcomes in AMPH-induced CPP experiments (Bardo et al., 1995) and 
therefore, may explain the behavioral differences noted between studies.  
 The CPP data from the current study indicate that females may be more sensitive 
to the rewarding properties of AMPH than males, as the dose response curve of females 
was shifted leftward with respect to that of males.  Specifically, conditioning with 
0.2mg/kg or higher doses of AMPH induced a CPP in females, whereas 1.0mg/kg or 
higher doses of AMPH were required for the induction of a CPP in males.  This leftward 
shift in the dose response curve of females is consistent with previous studies 
investigating AMPH-induced place conditioning in this (Aragona et al., 2007) and other 
(Laviola et al., 1994) rodent species and fits into the large collection of literature 
suggesting that females are more sensitive to the behavioral effects, and perhaps more 
vulnerable to the rewarding effects, of AMPH than males (Camp and Robinson, 1988; 
Cirulli and Laviola, 2000; Hu et al., 2004; Lynch, 2006; Lynch and Carroll, 1999; 
Roberts et al., 1989; Roth and Carroll, 2004; Roth et al., 2004; Russo et al., 2003).   
 It is unclear what mechanisms underlie these sex differences in the behavioral 
response to AMPH in prairie voles.  Gonadal hormone levels are known to influence 
subjective, behavioral, and neurobiological responses to psychostimulant drugs of abuse 
and are commonly thought to underlie sex differences in the sensitivity to AMPH and 
cocaine (Becker and Hu, 2008; Carroll et al., 2004; Fattore et al., 2008; Lynch, 2006; 
White et al., 2002).  However, female prairie voles are induced ovulators (Carter et al., 
1989).  Consequently, sexually-naïve females that have not been hormonally primed or 
exposed to male pheromones—such as the subjects used in our CPP experiments—have 
low basal levels of gonadal hormones (Carter et al., 1989).  Therefore, it is unlikely that 
circulating levels of gonadal hormones contribute to the behavioral differences noted in 
the current study. Instead, intrinsic sex differences in brain organization may play a role.  
Indeed, cocaine self-administration behavior is still enhanced in female over male rats 
following gonadectomy of both sexes (Hu et al., 2004), indicating that differences 
between sexes in the response to psychostimulants may also be the result of intrinsic sex 
differences in the organization of the brain.  Differences in the activity of other hormone 
systems, such as the hypothalamic-pituitary-adrenal axis, might also be involved.  Indeed, 
circulating corticosterone (CORT) levels are thought to influence the rewarding 
properties of AMPH (Piazza and Le Moal, 1998; Piazza et al., 1991), and female prairie 
voles have nearly 15-20% higher levels of circulating CORT than males (Pournajafi-
Nazarloo et al., 2007).  Therefore, it is possible that differences in circulating CORT 
levels between sexes may underlie the differential sensitivities of male and female prairie 
voles to AMPH reward.  However, these ideas have yet to be tested and systematic 
experimentation is required to determine the exact neural mechanisms involved.  
 Perhaps the most interesting and novel finding in the current study is that repeated 
exposure to AMPH impaired partner preference formation in both male and female 
prairie voles.  While these data provide the first empirical evidence that repeated drug 
exposure impairs pair bonding behavior, other studies have reported parallel findings 
concerning the effects of psychostimulant drugs on other prosocial behaviors.  For 
example, repeated methamphetamine or cocaine exposure has been shown to impair 
maternal behavior long after the cessation of treatment, as pregnant rats treated with 
either drug throughout gestation contacted and/or groomed pups less and displayed 
longer latencies to build nests and/or to retrieve all pups to the nest than saline-treated 
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females when tested at various postpartum time points (Johns et al., 1994, , 1997b; 
Slamberova et al., 2005b).  Additionally, rats prenatally-exposed to cocaine pinned play 
partners less (Wood et al., 1994) and elicited less play solicitation from conspecifics 
(Wood et al., 1995) as juveniles, and displayed less social interaction, including sniffing, 
following, grooming, boxing and wrestling with a partner, than saline-exposed rats when 
tested as adults (Overstreet et al., 2000).   Taken together, these studies suggest that 
repeated exposure to psychostimulant drugs of abuse can have a profound deleterious 
effect on prosocial behaviors.  Our findings extend this notion to include the effects of 
AMPH on pair bonding behavior.  
 The time point in which partner preference tests were conducted in the present 
study warrants consideration.  All partner preference tests were performed 48 hours after 
the last AMPH exposure (i.e. after the drug had been completely metabolized), indicating 
that the effects of AMPH on social bonding are not dependant upon the drug remaining 
active in the brain or body.  Accordingly, these results suggest a persistent deleterious 
effect of AMPH on social bonding.  However, this time point also corresponds with the 
transient state of withdrawal that can be induced by the absence of AMPH following 
repeated treatment (Kitanaka et al., 2008).  Therefore, it is possible that AMPH-treated 
prairie voles might have been in an aversive state of AMPH withdrawal following the 
cessation of drug treatment and that an association between this aversive state and the 
mate might play a role in the AMPH-induced impairment of pair bonding.  This 
possibility is supported by the findings that withdrawal from AMPH created aversive 
mood states—as measured by decreased motivation for naturally rewarding stimuli, such 
as sucrose and a sexually receptive mate—in other rodent species (Barr et al., 1999; Barr 
and Phillips, 1999).  However, these effects were only seen during withdrawal from 
escalating dose schedules of AMPH, in which the doses of AMPH and total number of 
injections were higher than those used in the current study.  Instead, withdrawal from 
schedules and doses of AMPH similar to those used in the current study have been found 
to have no effect on such behaviors (Russig et al., 2003).  Similarly, in the current study, 
no effects on mating behavior during the cohabitation period or locomotor activity during 
the partner preference test were noted, suggesting that our subjects were probably not in 
an aversive state of withdrawal from amphetamine.   
 The neural mechanisms underlying the AMPH-induced impairment of pair 
bonding in prairie voles are not yet known.  However, it is likely that the mesolimbic DA 
system is involved.  This highly conserved neural circuit plays an important role in the 
generation of adaptive goal-directed behaviors (Zahm, 2000), including those that are 
ubiquitous to all animals (e.g., feeding (Narayanan et al., 2010; Palmiter, 2007)) and 
those that are species-specific.  For example, studies in the prairie vole have 
demonstrated that mesolimbic DA plays an important role in pair bonding (Aragona et 
al., 2003; Aragona et al., 2006; Aragona and Wang, 2009; Curtis et al., 2006; Curtis et 
al., 2003; Curtis and Wang, 2005b; Gingrich et al., 2000; Liu and Wang, 2003; Wang et 
al., 1999; Young et al., 2011a)).  Mating, which is necessary for the natural formation of 
a partner preference, increases DA release and DA neurotransmission in the NAcc of 
prairie voles (Aragona et al., 2003; Gingrich et al., 2000).  The general blockade of DA 
receptors in the NAcc inhibits partner preference formation induced by mating while the 
stimulation of DA receptors in the NAcc induces partner preference formation in the 
absence of mating (Aragona et al., 2003).  Further, DA regulates partner preferences in a 
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receptor-specific manner.  In male prairie voles, for example, D2-like receptor activation 
induces whereas D1-like receptor activation prevents partner preference formation 
(Aragona et al., 2003; Aragona et al., 2006).   Importantly, the mesolimbic DA system is 
significantly altered by exposure to drugs of abuse. For example, acute and/or repeated 
exposure to psychostimulant drugs of abuse, such as cocaine or AMPH, results in altered 
DA release, DA receptor expression and sensitivity, and neuronal morphology within 
mesolimbic brain regions (Henry et al., 1989; Henry and White, 1995; Hu et al., 2002; 
Nestler, 2005; Pierce and Kalivas, 1997; Robinson et al., 2001; Robinson et al., 1988; 
Robinson and Kolb, 1997; White and Kalivas, 1998).  It is thought that neuroadaptations 
such as these may underlie drug-induced alterations in animal behavior (Robinson and 
Becker, 1986), including social behaviors (for review, see (Young et al., 2011b)).   
Therefore, it is possible that AMPH induced alterations in mesolimbic DA function 
underlie the impairment of partner preference formation—a hypothesis that will be tested 
in the following chapters.  Additionally, several other neurochemical systems may 
mediate the AMPH-induced impairment of partner preference formation.  The 
neuropeptide oxytocin, for example, plays an essential role in pair bonding (Liu and 
Wang, 2003; Ross et al., 2009a; Young et al., 2001) and studies in other rodent species 
have demonstrated that repeated drug exposure alters central oxytocin systems (Butovsky 
et al., 2006; McGregor et al., 2008).  Therefore, future studies investigating the 
mechanisms by which AMPH impairs pair bonding in male and female prairie voles will 
not only examine the involvement of mesolimbic DA, but also the role of neuropeptide 
systems essential for pair bonding behavior. 
 In conclusion, findings from studies in humans suggest that drug use and abuse 
may have a profound impact on social behaviors, including the formation and 
maintenance of enduring pair bonds between adults (Kaestner, 1995; Yamaguchi and 
Kandel, 1987).   However, the neural mechanisms underlying this behavioral 
phenomenon have received very little attention—perhaps due to the lack of an 
appropriate animal model.  In the present study, we established the socially monogamous 
prairie vole as an animal model to investigate the neural mechanisms underlying the 
deleterious effects of drugs of abuse on pair bonding behavior.  Our findings indicate that 
AMPH is rewarding for both males and females of this species and that repeated 
exposure to this drug inhibits the formation of pair bonds.  These findings establish a 
foundation for the future investigation of the neural mechanisms underlying the effects of 
drugs of abuse on social bonding, which may ultimately provide important insight into 
the prevention or treatment of drug abuse in our own species.  
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CHAPTER 3: NUCLEUS ACCUMBENS DOPAMINE MEDIATES THE 
AMPHETAMINE-INDUCED IMPAIRMENT OF PAIR BONDING IN 

THE SOCIALLY MONOGAMOUS MALE PRAIRIE VOLE 
 
Introduction  
 
 The mesolimbic dopamine (DA) system is thought to regulate motivated and 
emotional behaviors that promote fitness  (Kelley, 2004; Nestler, 2005).  While this 
system is therefore commonly implicated in behaviors such as food intake and 
reproduction (Becker et al., 2001; Narayanan et al., 2010; Palmiter, 2007), it has also 
been implicated in other naturally occurring motivated behaviors, such as social play 
between juveniles and maternal behavior in mammals (Champagne et al., 2004; Niesink 
and Van Ree, 1989; Numan et al., 2005; Panksepp et al., 2002; Vanderschuren et al., 
1997).  Often underrepresented in research are the social bonds formed between adult 
mates, i.e. pair bonds.  Recent investigation using the socially monogamous prairie vole 
(Microtus ochrogaster) (Carter et al., 1995; Young and Wang, 2004) indicate that a great 
deal of the neural regulation underlying pair bond formation and maintenance occurs 
through DA mediated mechanisms within a mesolimbic brain region critical for 
mediating motivated behaviors - the nucleus accumbens (NAcc) (Aragona et al., 2006; 
Gingrich et al., 2000; Kelley, 2004; Liu and Wang, 2003; Nestler, 2005). 
 Although the mesolimbic DA system most likely evolved to promote fitness 
enhancing behavior such as feeding, mating, and social bonding (Insel, 2003; Kelley, 
2004), it is vulnerable to artificial usurpation by drugs of abuse (Panksepp et al., 2002).  
For example, administration of psychostimulant drugs of abuse, such as cocaine and 
amphetamine (AMPH), artificially activates this system (Di Chiara and Imperato, 1988) 
and repeated drug use results in persistent alterations of mesolimbic DA activity 
(Aragona et al., 2008; Pierce and Kalivas, 1997).  The intense impact on this circuit by 
these and other addictive drugs has been suggested to decrease the perceived value of 
natural incentives (Grigson and Twining, 2002; Panksepp et al., 2002), and may underlie 
the effects of drugs of abuse on social behaviors.  Although drug use and abuse have been 
associated with the impairment of social bonding (Kaestner, 1995; Yamaguchi and 
Kandel, 1987), the neural regulation of interactions between drug experience and social 
bonding is poorly understood.  This is because, in part, such interactions are difficult to 
model in traditional laboratory rodents that do not exhibit social bonding between adult 
conspecifics.   
 In the previous Chapter, we established the socially monogamous prairie vole as a 
viable model in which to examine the neurobiological mechanisms underlying both drug 
reward and the drug-induced impairment of social behaviors, particularly pair bonding.  
Due to the well known role played by the mesolimbic DA system in both drug reward 
(Bergman et al., 1990; Hoffman and Beninger, 1989; Yokel and Wise, 1975) and pair 
bond formation (Aragona and Wang, 2009) and the great deal of evidence suggesting that 
drugs of abuse alter the function of this system, in the present study we investigated the 
involvement of the mesolimbic dopamine (DA) system in the behavioral effects of 
AMPH in male prairie voles.  We began by examining the involvement of DA 
neurotransmission, particularly NAcc DA neurotransmission, in AMPH-induced place 
conditioning (i.e., AMPH-induced conditioned place preference (CPP)).  We 
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hypothesized that NAcc DA neurotransmission would play a critical role in this behavior 
in prairie voles, as AMPH significantly increases DA release in the NAcc of prairie voles 
(Curtis and Wang, 2007), and previous studies in other rodent species have demonstrated 
that the rewarding properties of psychostimulant drugs of abuse, such as AMPH, are 
dependent upon drug-induced increases in DA release and the subsequent activation of 
DA receptors within the NAcc (Bergman et al., 1990; Di Chiara and Imperato, 1988; 
Hoffman and Beninger, 1989; Yokel and Wise, 1975).   Next, we examined the 
involvement of the mesolimbic DA system in the AMPH-induced impairment of pair 
bonding in male prairie voles.  A great deal of research has indicated that repeated 
exposure to AMPH alters DA neurotransmission within mesolimbic brain regions (Di 
Chiara, 1991, , 2002; Henry et al., 1989; Henry and White, 1995; Hu et al., 2002; Nestler, 
2005; Pierce and Kalivas, 1997).  In fact, one of the most documented effects of repeated 
drug exposure is an increase in D1-like (D1) receptor signaling and sensitivity in the 
NAcc (Berke and Hyman, 2000; Henry and White, 1991).   As previous studies in the 
prairie vole have determined that NAcc D1 receptor activation prevents partner 
preference formation (Aragona et al., 2003; Aragona et al., 2006), and since repeated 
AMPH exposure prevented mating-induced partner preference formation in male prairie 
voles (Chapter 2), we hypothesized that repeated exposure to AMPH would alter DA 
neurotransmission in mesolimbic brain regions and that these alterations may underlie the 
AMPH-induced impairment of partner preference formation.   
 
Methods 
  
Subjects  
 Subjects were sexually naive male prairie voles from a laboratory breeding 
colony.  Subjects were weaned at 21 days of age and housed in same-sex pairs in plastic 
cages (29 x 18 x 13 cm) where water and food were provided ad libitum.  All cages were 
maintained under a 14:10 light-dark cycle, and the temperature was approximately 20°C.  
All subjects were approximately 90 days of age when tested.  
 
Behavioral Testing 
 CPP testing was conducted as described in Chapter 2. Briefly, the initial cage 
preference for each subject was determined in a 30 minute pre-test on Day 1.  Subjects 
were then conditioned, during 40 minute sessions, with AMPH to the cage in which they 
spent less time during the pre-test, and with saline to the other cage (AMPH and saline 
injections were given on the same day, 6 hours apart) for 3 consecutive days.  Thereafter, 
subjects were tested (post-test) for the presence of a CPP on Day 5.  Partner preference 
testing was also conducted as described in Chapter 2.  Briefly, the testing apparatus 
consisted of a central cage (29 x 18 x 13 cm) joined by hollow tubes (7.5 x 16 cm) to two 
parallel identical cages each housing a stimulus animal.  The stimulus animals were the 
familiar ‘partner’ (female mate of the subject) and an unfamiliar ‘stranger’ (a female that 
had not previously encountered the subject) that were loosely tethered within their 
separate cages without access to each other. At the initiation of the 3 hour test, the 
subjects were placed into the central cage and allowed to move freely throughout the 
apparatus.  All behavioral interactions were video-taped.  Experimenters blind to 
treatment reviewed the tapes and recorded subject’s behavior.  
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Stereotaxic cannulation and NAcc microinjection  
 Subjects were anesthetized with general anesthesia [0.06mL/40g body weight of a 
solution consisting of 60% Ketamine (10mg/ml) and 40% Dormitor (10 mg/ml)] and 26-
gauge bilateral guide cannulae (Plastics One, Inc.) were stereotaxically implanted, aimed 
at the NAcc (coordinates from bregma: anterior 2.1mm, bilateral ±0.6mm, ventral 
4.3mm), as described previously (Aragona et al., 2003).  Subjects were allowed to 
recover for 3 days before further experimental manipulation.  Microinjections (200 nL 
per side) of artificial cerebrospinal fluid (CSF) or CSF containing the D1-like (D1) 
receptor antagonist, SCH23390, or the D2-like (D2) receptor antagonist, eticlopride 
(Sigma, St. Louis, OH) were made with a 33 gauge needle that extended 1mm below the 
guide cannulae and were delivered at a rate of 0.2uL/min, as previously described 
(Aragona et al., 2003).  After behavioral testing, all subjects were rapidly decapitated and 
their brains were extracted to verify injection sites histologically.  Subjects with 
misplaced cannulae were excluded from data analysis. 
 
In Situ Hybridization 

Antisense and sense riboprobes (Table 2) were used for D1 receptor, D2 receptor, 
tyrosine hydroxylase (TH) and DA transporter (DAT) mRNA labeling and were prepared 
as previously described (Dietz et al., 2005).  Probes were labeled individually at 37° C 
for 1 hour in a transcription-optimized buffer consisting of 0.5 μg/μl of the respective 
DNA template, [35S]-CTP, 4mM of ATP, UTP, and GTP, 0.2M dithiothreitol (DTT), 
RNasin (40U/μl), and RNA polymerase (20U/μl). The DNA template was then digested 
with 1U/μl DNaseI.  Probes were purified using Chromatography Columns (Bio-Rad, 
Hercules, CA) and then diluted in hybridization buffer comprised of 50% deionized 
formamide, 10% dextran sulfate, 3 x SSC, 10mM sodium phosphate buffer (PB, pH 7.4), 
1 x Denhardt’s solution, 0.2 mg/ml yeast tRNA, and 10mM DTT to yield 5 x 106 cpm/ml. 

 Brain sections were fixed in 4% paraformaldehyde in 0.1M phosphate buffered 
saline (PBS) at 4°C for 20 minutes, rinsed in PBS for 10 minutes, and treated with 0.25% 
acetic anhydride in triethanolamine (pH 8.0) for 15 minutes to reduce non-specific 
binding.  Slides were then washed in 2 x saline sodium citrate (SSC), dehydrated through 
increasing concentrations of ethanol (ETOH) (70, 95, and 100%), and air-dried.   
 Each slide received 100μl hybridization solution containing the appropriate 35S-
labeled probe, was cover-slipped and then incubated at 55°C in a humidified chamber 
overnight.  After incubation, cover-slips were removed in 2 x SSC, slides were washed 
twice in 2 x SSC for 5 minutes and then washed at 37°C for 1 hour in RNase buffer (8 
mM Tris-HCl, 0.8 mM EDTA, and 0.4 M NaCl, pH 8.0) containing 25 mg/ml RNaseA.  
Next, slides were washed in decreasing concentrations of SSC (2 x SSC, 1 x SSC, and 0.5 
x SSC) for 5 minutes each and were incubated in 0.1 x SSC at 65°C for 60 minutes.  
Finally, slides were brought to room temperature, dehydrated through increasing 
concentrations of ETOH, and air-dried.  Sections were apposed to BioMax MR film 
(Kodak, Rochester, NY) for different time periods, depending on the probe and region of 
interest, to generate optimal autoradiograms.  A sense RNA control was also tested for 
each probe and yielded no labeling, as expected. 
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Western Immunoblotting     
 Brains were sectioned at a width of approximately 300µm at -12 to -15ºC.  Tissue 
punches from the NAcc (each punch included both core and shell subregions) were 
sonicated and centrifuged in RIPA extraction buffer (pH 7.4) containing, 10mM Trizma 
base, 150mM NaCl, 1mM EDTA, 0.1% SDS, 1% Triton X-100, and 1% sodium 
deoxycholate.  Total protein in each sample was measured using a DC protein assay 
(BioRad 500-0112).  After adding loading buffer from a stock solution consisting of 1g 
SDS, 12 mL Glycerol, 8mL 1.0mM tris-HCl (pH 6.8), bromophenol blue and 2ML B-
mercapatoethanol, 20µg of protein was electrophoresed on precast 10% acrylamide gels, 
using 1x Tris glycine SDS (Bio-Rad 1610772) as a running buffer (BioRad 161-0772).  
Protein was transferred to a PVDF membrane at 4ºC using a buffer that consisted of 80% 
1x Tris glycine (Fisher Scientific BP13064) and 20% methanol.    Following transfer, 
PVDF membranes were blocked in Tris buffered saline with 0.1% Tween 20 (TBS-T) 
and 5% nonfat milk for 1 hr at 23ºC.  The membrane was then incubated overnight at 4ºC 
in TBS-T plus milk containing a 1:1000 concentration of D2 receptor primary antibody 
(Santa Cruz), or a 1:3000 concentration of D1 receptor primary antibody (Sigma).  
Membranes were then washed for 60 min at 23ºC in TBS-T, incubated for 1hr at a 
1:40,000 concentration of peroxidase labeled secondary antibody and then washed for 1 
hr in 0.1% TBS-T.  Bands were visualized by Super Signal West Dura enhanced 
chemiluminesence (Pierce 34706).   
 
Data Quantification and Analysis 
 CPP was determined by paired-samples t test comparing the time that subjects 
spent in the conditioned cage between pre- and post-tests.  Additionally, the number of 
times that animals crossed between cages during the pre- and post-test was used as an 
index of locomotor activity and analyzed using a two-way mixed ANOVA comparing 
pre- vs. post-test locomotion (within-subject variable) and locomotion by treatment 
(between-subject variable).  For the partner preference test, the duration of the subjects 
side-by-side contact with the partner and the stranger were quantified by an experimenter 
blind to treatment . A partner preference was defined as the subject spending significantly 
more time in side-by-side contact with the partner than the stranger, as indicated by a t 
test (27).  In addition, frequencies of mating bouts during the first 6 hours of pairing and 
locomotor activity (indicated by cage-crossing) during the 3-hr partner preference test 
were quantified and differences between groups were analyzed using a one-way analysis 
of variance (ANOVA).  The optical densities of D1 and D2 receptor mRNA labeling in 
the NAcc as well as TH, DAT and D2 receptor mRNA labeling in the ventral tegmental 
area (VTA) were quantified from autoradiograms using a computerized image program 
(NIH IMAGE 1.64).  Data were presented as percent change of the mean of the saline 
control group and group differences were analyzed by t tests. For Western blotting 
experiments, beta-actin was used to normalize for band intensities and group differences 
in normalized densities of D1 and D2 receptor labeling were analyzed by paired t tests. 
 
Results 
 
Experiment 1:  AMPH-induced CPP  is mediated by DA in a receptor-specific manner                               
 Experiment 1 tested the role of DA receptors in AMPH-induced CPP.  Subjects 
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were pre-tested in the CPP apparatus and randomly assigned into one of 8 experimental 
groups that received a subcutaneous (sc) injection of saline (n=10) or saline containing 
different concentrations of a non-selective DA receptor antagonist (haloperidol; 0.1 
(n=8), 1.0 (n=8), or 5.0mg/kg (n=8)), or a D1 receptor-specific (SCH23390; 0.5 (n=7) or 
5.0 mg/kg (n=7)) or D2 receptor-specific antagonist (eticlopride; 0.5 (n=8) or 5.0 mg/kg 
(n=8)), thirty minutes before AMPH conditioning sessions on days 2-4.  A threshold dose 
of AMPH (1.0mg/kg), which induced a CPP in Chapter 2, was used for AMPH 
conditioning in all groups. On day 5, all subjects received a CPP post-test.   
 Subjects treated with saline (t=2.69, p<0.01) or saline containing the two lowest 
doses of haloperidol (0.1 mg/kg; t=3.62, p<0.01; 1.0 mg/kg; t=3.89, p<0.01) prior to 
AMPH conditioning displayed AMPH-induced CPP, whereas haloperidol at 5.0 mg/kg 
blocked AMPH-induced CPP, demonstrating the involvement of DA receptors in the 
behavioral effects of AMPH (Figure 9A).  D2 receptor antagonism did not block AMPH-
induced CPP (t=3.15, p<0.01 for 0.5 mg/kg and t=2.60, p<0.05 for 5.0 mg/kg 
eticlopride).  However, blockade of D1 receptors eliminated AMPH-induced CPP, as 
subjects treated with a D1 receptor-specific antagonist spent similar amounts of time in 
the drug paired cage during the pre- and post-tests.(Figure 9A).  Although no differences 
in locomotion were noted between treatment groups, a significant difference in 
locomotion (F(1,55) = 22.95; p<0.01) between the pre- and post-test was found, such that 
males crossed the cages more during the pre- (SEM 26.81 ± 1.44) than the post- (SEM 
20.73 ± 1.85) test.  Taken together, these results demonstrate that AMPH-induced CPP is 
mediated by activation of D1, but not D2, receptors in male prairie voles. 
 
Experiment 2: NAcc DA mediates AMPH-induced CPP in a receptor-specific manner 
 Experiment 2 tested the role of NAcc DA receptors in AMPH-induced CPP.  
Given the established role of NAcc DA in AMPH reward in other rodent species 
(Hoffman and Beninger, 1989; Yokel and Wise, 1975), we hypothesized that access to 
D1 receptors in the NAcc during conditioning is essential for AMPH-induced place 
conditioning in male prairie voles.  Subjects were implanted with guide cannulae 
bilaterally aimed at the NAcc.  After a 3 day recovery, subjects received a CPP pre-test 
and then were randomly assigned into one of 5 experimental groups in which they 
received intra-NAcc injections of CSF (n=8) or CSF containing a low (4ng/side; n=8) or 
high (100ng/side; n=6) dose of SCH23390, or a low (4ng/side; n=8) or high (100ng/side; 
n=7) dose of eticlopride, thirty minutes before receiving an ip injection of 1.0mg/kg 
AMPH during AMPH conditioning sessions on days 2-4.  On day 5, all subjects received 
a CPP post-test.   
 Males that received CSF injections into the NAcc displayed AMPH-induced CPP 
(t = 2.90, p < 0.01) (Figure 9B).  However, intra-NAcc administration of SCH 23390, at 
either a low (4 ng/side) or high (100 ng/side) dose prior to conditioning sessions, 
eliminated AMPH-induced CPP (Figure 9B).  In contrast, intra-NAcc administration of  
eticlopride, at either a low (4 ng/side; t = 3.25, p < 0.01) or high (100 ng/side; t = 2.30, p 
< 0.05) dose, did not block AMPH-induced CPP (Figure 9B).  No differences in 
locomotor activity were noted within or between groups either before or following 
manipulation of NAcc DA receptors.  Taken together, these results indicate that 
activation of NAcc D1, but not D2, receptors during AMPH conditioning is essential for 
AMPH-induced CPP.   
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Experiment 3:  AMPH experience increases D1 receptor  expression in the NAcc 
 Experiment 3 examined whether AMPH-impaired pair bonding was associated 
with changes in DA receptor expression in mesolimbic brain regions.  Brains from the 
subjects in our previous study (Chapter 2, Experiment 3) were used.  These subjects had 
received an injection of saline (n=8) or 1.0 mg/kg AMPH (n=8) once per day for three 
consecutive days, were then paired with a female for 24 hours of mating, were tested in a 
partner preference test, and then rapidly decapitated.  Brains were immediately harvested, 
frozen on dry ice, and stored at -80°C.  In the present experiment, these brains were cut 
on a cryostat into coronal sections (14 µm thickness) and then thaw mounted onto 
Superfrost/plus slides (Fisher Scientific, Pittsburgh, PA).  Brain sections at 98 μm 
intervals were processed for in situ hybridization labeling of D1 receptor, D2 receptor, 
TH, and DAT mRNAs. Since voles experienced with 1.0mg/kg AMPH showed an 
increase in D1, but not D2, receptor mRNA labeling in the NAcc, as compared to saline-
injected controls, two additional groups of subjects were generated that received 
injections of saline (n=6) or 1.0 mg/kg AMPH (n=6), 24 hours of mating and then partner 
preference testing, as described above.  Subjects were decapitated and brains were sliced 
on a cryostat at 300 μm thickness.  Bilateral tissue punches from the NAcc were then 
processed using Western blotting to measure D1 and D2 receptor levels.    
 Males treated with AMPH (1.0 mg/kg) had significantly higher levels of D1 
receptor (t=3.06, p<0.01), but not D2 receptor mRNA labeling within the NAcc than 
males receiving saline pretreatment (Figure 10A-C).  However, no group differences 
were found in the density of mRNA labeling for TH, DAT, or D2 receptors within the 
VTA—the brain region that provides the primary dopaminergic input to the NAcc 
(Figure 10D-G).  Increased expression of D1 receptors in the NAcc was further 
confirmed by Western blotting (t=1.90, p<0.05; Figure 10H & I).  Together, these data 
indicate that AMPH exposure has receptor- and site-specific effects on the mesolimbic 
DA system of male prairie voles - increasing the level of D1 receptors in the NAcc.   
 
Experiment 4: NAcc D1 receptor blockade r estores par tner preferen ce formatio n in 
AMPH-treated males 
 Experiment 4 examined whether D1 receptor activity in the NAcc mediates the 
AMPH-induced impairment of partner preference formation.  Subjects were implanted 
with guide cannulae bilaterally aimed at the NAcc shell (Figure 11A).  After 3 days of 
recovery, they were randomly assigned into one of 3 experimental groups that received 
intra-NAcc injections of CSF (200nl/side, n=11), or CSF containing 0.4 (n=6) or 100 
ng/side (n=7) SCH23390,  for three consecutive days.  Each intra-accumbal injection was 
paired with an i.p. injection of AMPH (1.0mg/kg).  Twenty four hours following the final 
injection, all subjects were given a final injection of CSF or SCH23390, paired with an 
EB-primed, sexually receptive female prairie vole and were allowed to mate and 
cohabitate for 24 hours before being tested for partner preferences.   
 Males that received intra-NAcc injections of CSF did not display mating-induced 
partner preferences (Figure 11B), verifying our previous finding that AMPH exposure 
(1.0 mg/kg) inhibits partner preference formation (Chapter 2).  Additionally, males 
treated with a low dose of SCH23390 did not form partner preferences (Figure 11B).  
However, males that were injected with a high dose of SCH23390 (100 ng/kg) displayed 
partner preferences (t=2.55, p<0.05), indicating that D1 receptor blockade in the NAcc 
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eliminated the AMPH-induced impairment of partner preference formation (Figure 11B).  
No group differences were found in mating frequency during the cohabitation period or 
locomotor activity during the partner preference test. 
 
Discussion 
  
 In the present study we investigated the involvement of the mesolimbic DA 
system in the behavioral effects of AMPH in male prairie voles.  We demonstrate that 
AMPH-induced CPP is mediated by D1 receptor activation within the NAcc.  
Additionally, we demonstrate that the AMPH-induced impairment of partner preference 
formation is associated with an upregulation of NAcc D1, but not D2, receptor gene and 
protein expression in the NAcc, but does not alter DA receptor, TH, or DAT expression 
in the VTA.  These results, together with our data from Chapter 2, indicate that the 
AMPH-induced impairment of partner preference formation in male prairie voles is 
mediated by a NAcc D1 receptor-specific mechanism.  This hypothesis is supported by 
our finding that NAcc D1 receptor blockade during AMPH treatment restored partner 
preferences in AMPH–treated males.  Taken together, these findings indicate that AMPH 
reward and the AMPH-induced impairment of partner preference formation are mediated 
in a receptor-specific manner by NAcc DA.     
 Our finding that AMPH conditioning induced a CPP in male prairie voles 
replicates our previously reported findings (Chapter 2, (Aragona et al., 2007)).  
Additionally, that  D1 receptor activation in the NAcc was necessary for this behavior is 
consistent with studies in other species (Baker et al., 1996, 1998; Liao, 2008; Tan, 2008).  
This latter finding, together with earlier studies demonstrating the involvement of NAcc 
DA in partner preference formation (Aragona et al., 2003, 2006), suggests that distinct 
DAergic mechanisms in the NAcc regulate AMPH- and partner-motivated behaviors:  
AMPH-motivated behavior (CPP) requires D1 receptor activation, while partner-
motivated behavior (partner preference) requires D2 receptor activation and is inhibited 
by D1 receptor activation within the NAcc (Aragona et al., 2006; Gingrich et al., 2000; 
Liu and Wang, 2003).  However, it is important to note that, in the NAcc, D2 receptor 
activation mediates drug-induced CPP under certain conditions (Fenu et al., 2006; Liao, 
2008) and D1 receptor activation is involved in other socially-motivated behaviors, such 
as those directed toward offspring (Numan et al., 2005; Stolzenberg et al., 2007).   
 Differential DAergic regulation of CPP and partner preference formation is most 
likely achieved by differences in the degree of stimulus-evoked DA concentration 
activating different DA receptor sub-types.  Due to differences in binding affinities, 
robust elevations in DA concentration are required to activate low affinity D1 receptors, 
whereas modest increases in DA concentrations preferentially activate high affinity D2 
receptors (Richfield et al., 1989).  In prairie voles, AMPH evokes much greater increases 
in DA concentration (Curtis and Wang, 2007) compared to that evoked by mating 
(Aragona et al., 2003; Gingrich et al., 2000).  These data suggest that relatively modest 
increases in DA concentration during social interactions allow specific activation of high 
affinity D2 receptors and thus facilitate pair bond formation.  Conversely, robust 
increases in DA concentration following AMPH administration is likely sufficient to 
activate low affinity D1 receptors, thereby facilitating AMPH-induced CPP. 
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 Receptor-specific behavioral regulation by DA is consistent with extracellular 
electrophysiological studies in freely moving rats showing that drug and natural stimuli 
are processed by distinct neuronal populations within the NAcc (Carelli, 2002). While 
such electrophysiological studies are unable to identify the sub-type of DA receptors 
expressed on individual neurons, anatomical studies demonstrate that the NAcc is 
comprised of projection neurons that express either D1 or D2 receptors with very little 
co-expression (Lu et al., 1998).  Psychostimulants preferentially activate intracellular 
signaling pathways downstream from D1 receptors (as determined by increased 
phosphorylation of signaling molecules) (Bateup et al., 2008) and studies have previously 
shown that increased activation of these signaling pathways prevents partner preference 
formation (Aragona and Wang, 2007).  Thus, while DA transmission within the NAcc 
plays an important role in the response to AMPH and the formation of partner 
preferences, these behaviors are likely mediated through distinct microcircuitries that 
comprise striatal projection systems (Gerfen et al., 1990; Lu et al., 1998).   
 In the current study, we also investigated the dopaminergic mechanisms that may 
underlie the AMPH-induced impairment of partner preference formation in male prairie 
voles noted in Chapter 2.  One potential mechanism by which AMPH may impair pair 
bonding is through the increase of D1 receptor expression within the NAcc.  This notion 
is supported by the antagonistic role of NAcc D1 receptors in partner preference 
formation (Aragona et al., 2006; Curtis and Wang, 2007) and by the current data 
demonstrating the restoration of mating-induced partner preferences by intra-NAcc D1 
receptor blockade in AMPH-treated animals (Figure 11).  Interestingly, we have 
previously shown that, in male prairie voles, up-regulation of NAcc D1 receptors after 
two weeks of pair bonding facilitates selective aggression towards conspecific strangers, 
including sexually receptive females, suggesting that this neural plasticity is an evolved 
mechanism by which male voles maintain already established pair bonds (Aragona et al., 
2006).  The current study suggests that AMPH artificially triggers this neuroplasticity, 
leading to the AMPH-induced impairment of pair bonding.   
 It is well established that drug-induced neural plasticity is fundamental to drug 
addiction (Hyman et al., 2006).  Psychostimulants dramatically alter structural plasticity 
in the mesolimbic DA system (Robinson and Kolb, 1997) and there is evidence to 
suggest that such changes are more enduring in D1 receptor expressing neurons (Lee et 
al., 2006). Moreover, electrophysiological studies have shown that cocaine experience 
can reduce subsequent neuroplasticity within the NAcc (Martin et al., 2006).  Indeed, 
drug-induced neural reorganization of the NAcc attenuates the naturally occurring neural 
reorganization following novel exposure to complex environments (Kolb et al., 2003).   
Therefore, while drug addiction is widely recognized as a disorder of learning and 
memory (Berke and Hyman, 2000; Hyman et al., 2006; Kelley, 2004), it is often 
underappreciated that a drug-induced loss of the potential for additional alteration in 
mesolimbic circuits may also be essential for addiction.  Such a reduction in plasticity 
may limit a behavioral repertoire to drug seeking.  It is therefore not surprising that, in 
Chapter 2, AMPH-treated voles demonstrated reduced pair bonding behavior.  It is hoped 
that together, behavioral and neurobiological studies examining how drug and social 
stimuli interact in the brain may significantly extend our understanding of the strong 
interactions between social behavior and drug use in humans (Kaestner, 1995; Knight and 
Simpson, 1996).  
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CHAPTER 4: ALTERATIONS IN CORTICAL OXYTOCIN AND NUCLEUS 
ACCUMBENS DOPAMINE UNDERLIE THE AMPHETAMINE-INDUCED 

IMPAIRMENT OF PAIR BONDING IN THE FEMALE PRAIRIE VOLE 
 
Introduction 
  
 Pair bonding is a complex behavior that is mediated by multiple neurotransmitter, 
neuropeptide and hormone systems (for review, see (Young et al., 2011a)).  In females, 
two of the neurochemical systems that have received the most attention for their role in 
pair bonding are the neuropeptide oxytocin (OT) and the neurotransmitter dopamine 
(DA).  For example, OT, which is classically known for its peripheral effects (for review, 
see (Gimpl and Fahrenholz, 2001)), is now recognized to play a critical role in the central 
regulation of a variety of behaviors associated with pair bonding, including sexual 
(Argiolas et al., 1989; Ivell et al., 1997; Melis et al., 2007) and maternal behaviors (Da 
Costa et al., 1996; Fahrbach et al., 1984, , 1985; Kendrick, 2000; Kendrick et al., 1997; 
Kendrick et al., 1987) social recognition (Choleris et al., 2007; Ferguson et al., 2001; 
Popik and van Ree, 1991), social support (Heinrichs et al., 2003), affiliation (Bartz and 
Hollander, 2006; Cho et al., 1999) and trust (Kosfeld et al., 2005), and is also known to 
mediate the formation of pair bonds themselves (Cho et al., 1999; Williams et al., 1992a; 
Williams et al., 1994).  Central DA is also known to mediate many of the behaviors 
described above (Agmo and Fernandez, 1989; Gammie et al., 2008; Hansen, 1994; 
Hansen et al., 1991; Hull and Dominguez, 2006; Numan and Stolzenberg, 2009), and to 
play a critical role in both the formation as well as the maintenance of pair bonds in 
females (Curtis et al., 2003; Gingrich et al., 2000; Liu and Wang, 2003; Wang et al., 
1999).   
 Neuroanatomical and neuropharmacological studies in the prairie vole (Microtus 
ochrogaster) suggest that OT and DA neurotransmission within mesolimbic brain 
regions, such as the medial prefrontal cortex (mPFC), nucleus accumbens (NAcc) and 
ventral tegmental area (VTA), plays an important role in female pair bonding.  OT 
receptors, which are located throughout the female prairie vole brain, are present in 
particularly high densities in the NAcc and mPFC (Insel and Shapiro, 1992), while 
moderate densities exist in the VTA (K.A. Young, Y. Liu and Z.X. Wang, unpublished 
data).  Further, OT neurotransmission in these brain regions, particularly in the NAcc and 
prelimbic cortex (PLC; a subregion of the mPFC) plays an essential role in the formation 
of mating-induced partner preferences.  For example, sociosexual experience with a male 
—a prerequisite for partner preference formation—significantly increased OT levels in 
the NAcc (Ross et al., 2009a) and OT injection directly into the NAcc induced partner 
preference formation in the absence of mating (Liu and Wang, 2003).  Additionally, 
blockade of OT receptors in the NAcc or the PLC prevented the formation of mating-
induced partner preferences (Liu and Wang, 2003; Young et al., 2001).  Pair bond 
formation in females is also mediated by DA neurotransmission within mesolimbic brain 
regions.  High densities of DA receptors, both D1-like (D1) and  D2-like (D2) receptors, 
are found in the NAcc and mPFC, and D2 receptors can also be found in the VTA 
(Aragona et al., 2006; Smeltzer et al., 2006) (B.J. Aragona, Y. Liu, and Z.X. Wang, 
unpublished data).  The first functional evidence to suggest that DA neurotransmission 
within these regions was important for pair bonding behavior in females was that mating 
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induced DA release in the NAcc of female prairie voles (Gingrich et al., 2000).  
Additionally, in the same study it was found that NAcc D2 receptor activation induced 
partner preferences in the absence of mating and that NAcc D2 receptor blockade 
impaired the formation of mating-induced partner preferences.   Taken together, these 
studies indicate that OT and DA neurotransmission within mesolimbic brain regions is 
critical for pair bonding behavior in female prairie voles.     
 Given the distinct neuroanatomical overlap between OT and DA systems in 
mesolimbic brain regions and the anatomical connectivity between these regions (Balfour 
et al., 2006; Carr and Sesack, 1999, , 2000; Sesack and Carr, 2002; Tzschentke, 2001), it 
is not surprising that OT may influence DA neurotransmission in these regions (and vice 
versa) and that these interactions play an important role in animal behavior.  For example, 
OT administration into the VTA increased extracellular levels of DA in the NAcc and 
sexual motivation in male rats and these effects were blocked by concurrent 
administration of an OT receptor antagonist (Melis et al., 2007).   Further, these two 
neurochemicals may also interact to mediate other behaviors, such as those involving the 
response to drugs of abuse.  For example, central OT administration attenuated the 
hyperactivity induced by psychostimulant drugs of abuse (e.g., cocaine, amphetamine 
(AMPH), methamphetamine) and this behavioral effect was thought to be the result of 
OT-induced alterations in NAcc DA activity (Kovacs et al., 1990; Qi et al., 2008; Sarnyai 
et al., 1990).  Additionally, peripheral OT administration was found to decrease the 
cocaine-induced utilization of DA in the NAcc (Kovacs et al., 1990; Sarnyai et al., 1990).  
Therefore, OT may play an important modulatory role in mesolimbic DA 
neurotransmission and through this role may impact a variety of animal behaviors. 
 Importantly, both OT and DA neurotransmission within mesolimbic brain regions 
can be altered by exposure to drugs of abuse.  For example, acute and/or chronic 
treatment with behaviorally relevant doses of cocaine (Johns et al., 1993; Johns et al., 
2010; Sarnyai et al., 1992),   Δ9-tetrahydrocannabinol (THC) (Butovsky et al., 2006) and 
morphine (You et al., 2000) altered OT content, synthesis, and/or immunoreactive fiber 
density in a variety of mesolimbic brain regions, including the NAcc and VTA, and 
regions that are anatomically and functionally connected to mesolimbic areas, including 
the medial preoptic area,  hippocampus, and hypothalamus.  Similarly, acute and/or 
repeated exposure to psychostimulant drugs of abuse, including AMPH, resulted in 
altered DA release, DA receptor expression and sensitivity, and neuronal morphology 
within mesolimbic brain regions (Henry et al., 1989; Henry and White, 1995; Hu et al., 
2002; Nestler, 2005; Pierce and Kalivas, 1997; Robinson et al., 2001; Robinson and 
Kolb, 1997; White and Kalivas, 1998).  While the effects described above varied by drug 
type, dose used, and treatment schedule, they collectively demonstrate the profound 
effects that drugs of abuse may have on OT and DA neurotransmission within 
mesolimbic brain regions.   
 In Chapter 2, we demonstrated that repeated exposure to AMPH inhibited pair 
bond formation in female prairie voles.  In the current study, we sought to examine the 
neurochemical mechanisms that may underlie the effects of AMPH on pair bonding.  
Given the critical role of OT and DA neurotransmission in mesolimbic brain regions for 
pair bond formation (Gingrich et al., 2000; Liu and Wang, 2003; Ross et al., 2009a; 
Young et al., 2001), and the evidence to suggest that these systems are altered by 
exposure to drugs of abuse (Johns et al., 1993; Johns et al., 2010; Nestler, 2005; Sarnyai 
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et al., 1992), we hypothesized that repeated AMPH treatment alters mesolimbic OT 
and/or DA neurotransmission in female prairie voles and that these alterations underlie 
the AMPH-induced impairment of partner preference formation.  Additionally we 
investigated the interaction of these two neurochemical systems, as OT and mesolimbic 
DA are well known to interact with one another in the regulation of social behaviors (Liu 
and Wang, 2003; Melis et al., 2007) and the response to drugs of abuse (Kovacs et al., 
1990; Kovacs et al., 1998; Sarnyai and Kovacs, 1994).    
  
Methods 
 
Subjects 
 All subjects were sexually naïve female prairie voles from a laboratory breeding 
colony descended from populations in southern Illinois.  Subjects were weaned at 
approximately 21 days of age and then housed in same-sex pairs in plastic cages 
(29x18x13cm) that contained cedar chip bedding.  Food and water were available ad 
libitum.  A 14/10hr light/dark cycle and temperature of approximately 20ºC were 
maintained in the animal housing rooms.  All subjects were between 90 and 140 days of 
age when tested.  For manipulations that required mating, non-related sexually–
experienced conspecific males were used as stimulus animals.  All experiments were 
conducted in accordance with the guidelines of the Institutional Care and Use Committee 
at Florida State University. 
 
Drugs 
 d-AMPH sulfate (Sigma), was dissolved in saline and delivered via 
intraperitoneal injection (0.1mL/40g body weight) at the lowest dose required to impair 
partner preference formation in Chapter 2 (0.2mg/kg).  Estrogen benzoate (20µg/mL) was 
dissolved in sesame oil and delivered via subcutaneous injection (0.1mL/40g body 
weight).  OT (1ng; Penninsula Laboratory, Inc.) and OTA (10ng or 200ng; [d(CH2)5, 
Tyr(Me)2, Thr4, Tyr-NH29]-OVT; Penninsula Laboratory, Inc.), were dissolved in 
cerebrospinal fluid (CSF) and delivered site-specifically into the PLC via microinjection.  
OTA has been demonstrated to be a high affinity selective OT receptor antagonist in a 
number of rodent species, including prairie voles (Witt et al., 1991). 
 
Western immunoblotingt 
 Brains were sectioned at a width of approximately 300µm at -12 to -15ºC.  The 
Paxinos and Watson rat brain atlas (Paxinos and Watson, 1998) was used to identify 
various brain regions, including the mPFC (Plates 8-10), NAcc (Plates 9-11), and VTA 
(Plates 40-43), from which bilateral tissue punches were taken (Figure 12A) and stored at 
-80°C until processed.  Tissue punches from the NAcc (each punch included both core 
and shell subregions), mPFC  (each punch included the PLC and infralimbic cortex) and 
VTA were sonicated and centrifuged in RIPA extraction buffer (pH 7.4) containing, 
10mM Trizma base, 150mM NaCl, 1mM EDTA, 0.1% SDS, 1% Triton X-100, and 1% 
sodium deoxycholate.  Total protein in each sample was measured using a DC protein 
assay (BioRad 500-0112).  Electrophoresis was performed as previously described 
(Chapter 3).  Following transfer, labeling for D1 and D2 receptors was also performed as 
described in Chapter 3.  For OTR labeling, instead, PVDF membranes were blocked in 
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Superblock T20 Tris buffered saline (TBS) (Thermo Scientific 37536) for 1 hr at 23ºC.  
The membrane was then incubated overnight at 4ºC in Superblock containing a 1:200 
concentration of OT receptor primary antibody (Santa Cruz  sc-8102), washed for 60 min 
at 23ºC in 1x TBS with 0.1% Tween-20 (TBS-T), incubated for 1hr at a 1:40,000 
concentration of donkey anti-goat peroxidase labeled secondary antibody (Santa Cruz sc-
2033), and then washed for 1 hr in 0.1% TBS-T.  Bands were visualized by Super Signal 
West Dura enhanced chemiluminesence (Pierce 34706).   
 
24 hour cohabitation/mating and partner preference test 
 The 24 hour cohabitation and mating was performed as described in Chapter 2.  
All behavioral interactions were videotaped during this time and later scored for the 
verification and quantification of mating behavior.   The partner preference test was also 
conducted as described in Chapter 2.  Behavioral interactions (i.e., side-by-side contact 
and mating) during the test were videotaped and later quantified (see data collection and 
statistical analysis). 
 
Stereotaxic cannulation and microinjection 
 Subjects were anesthetized with general anesthesia [0.06mL/40g body weight of a 
solution consisting of 60% Ketamine (10mg/ml) and 40% Dormitor (10 mg/ml)] and 26-
gauge bilateral guide cannulae (Plastics One, Inc.) were stereotaxically implanted, aimed 
at the PLC (coordinates from bregma: anterior 2.2mm, bilateral ±0.5mm, and ventral 
2.5mm).  Subjects were allowed to recover for 3 days before further experimental 
manipulation.  Microinjections (200 nL per side) of CSF, CSF containing OT, or CSF 
containing OT plus OTA were made with a 33 gauge needle that extended 1mm below 
the guide cannulae and were delivered at a rate of 0.2uL/min, as previously described 
(Aragona et al., 2003).         
 
Microdialysis probe implantation and dialysate sampling 
 Concentric style microdialysis probes were constructed as described previously 
(Curtis et al., 2003), except the active area was 1.0mm and the molecular weight cutoff of 
the membrane was 18kDa.  Subjects were anesthetized with a Ketamine/Dormitor 
solution as described above.  Probes were stereotaxically implanted into the right NAcc 
(coordinates from bregma: anterior 2.1mm, lateral -0.6mm, ventral 6.3mm) and perfused 
continuously at a rate of 1.5uL/min with a solution isotonic for potassium, sodium, 
magnesium and calcium (2.8 mM KCl, 144 mM NaCl, 0.9 mM MgCl2, and 1.2mM CaCl2 

(Sved and Curtis, 1993)).  The next morning at 0900 hr, four 20-minute baseline samples 
were collected.  A male prairie vole was then introduced into the cage and allowed to 
freely interact with the female subject while dialysate samples were collected in 20 min 
intervals for 6 hours.  Males were then removed from the cage and four additional 20-
minute samples were collected.  All dialysate samples were collected into vials 
containing 5uL of 0.1N perchloric acid.  At the end of the sampling period, dye (1% 
methyl green) was infused through the probe, subjects were rapidly decapitated, their 
brains collected, immediately frozen on dry ice, and stored at -80º C for histological 
verification of the sampling site.  Behavioral interactions between subjects and stimulus 
males were videotaped and the sampling periods during which mating occurred were 
identified.   
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High performance liquid chromatography with electrochemical detection (HPLC-ECD)  
 For dialysate samples, DA levels were measured with an ESA CoulArray Model 
4600 HPLC system with ECD equipped with a C18 column (ESA; 150 mM, 120Å), a 20-
µl loop (Rheodyne), and a column heater (Eppendorf) held at 29°C. The flow rate was set 
at 500 µl/min. The mobile phase was composed of 15% acetonitrile (Fisher, HPLC 
grade), 15% methanol (Fisher, HPLC grade), 75 mM NaH2PO4, and 1.5 mM SDS, pH 
5.14 (Schulz and Robinson, 1999). The electrodes were set at 100, 425, 530, and 650 mV. 
DA was detected in the 100-mV channel. Extracellular DA concentration was determined 
by comparison to a linear curve generated using 1nM, 5nM, 10nM, and 50 nM DA 
standards in 0.1 M perchloric acid. 
 For tissue samples, DA and DOPAC were extracted as previously described 
(Aragona et al., 2002), except that tissue samples were sonicated in 30 µL of 0.1M 
perchloric acid with 0.02% EDTA.  DA and DOPAC concentration was assessed using 
(HPLC-ECD) as described previously (Curtis et al., 2003) with the following exceptions.  
The mobile phase consisted of 75 mM sodium dihydrogen phosphate monohydrate, 1.7 
mM 1-octanesulfonic acid sodium salt, 0.01% triethylamine, 25 um EDTA, and 7% 
acetonitrile and the pH was adjusted to 3.0 with 85% phosphoric acid.  The flow rate was 
0.5 ml/min.  The standard curve and peak area were calculated as described previously 
(Aragona et al., 2003). The detection limit was ~10 pg per sample.   
 
Data collection and statistical analysis 
 For Experiment 1, optical densities of protein labeling on x-ray film were 
quantified using a computerized image program (Image J, NIH).  Beta-actin was used to 
normalize for band intensities and group differences in normalized OT, D1, and D2 
receptor densities were analyzed for each brain region using paired t-tests.  D1 receptor 
levels were not examined in the VTA, as they are not extant in this brain region (Cooper 
et al., 2003).  For Experiment 2, DA concentrations in baseline samples from each subject 
were averaged to yield one baseline value of DA concentration per subject.  A two-way 
ANOVA was then used to determine the effects of treatment (AMPH or saline) and 
sample type (baseline or mating) on DA concentration.  For Experiment 3, duration of 
time spent by the subject in side-by-side contact with the partner and stranger was 
quantified by an experimenter blind to treatment, and compared using a t-test.  Total 
numbers of mating bouts during the first 6 hrs of cohabitation were also quantified by an 
experimenter blind to treatment and group differences were assessed using a one-way 
analysis of variance (ANOVA).  Additionally, group differences in total numbers of cage 
crosses during the 3 hr partner preference test were assessed using a one-way ANOVA.  
Subjects that failed to mate during the 24 hour cohabitation and mating period or had 
misplaced cannulae were excluded from the study.  For Experiment 4, DA and DOPAC 
concentrations in each sample were normalized using the total protein concentration of 
that sample to control for the amount of tissue collected.  A two-way ANOVA was used 
to determine the effects of treatment (CSF or OT) and sample type (baseline or mated) on 
group means for DA content, DOPAC content, and the DOPAC to DA ratio in the NAcc.  
For mated groups, total number of mating bouts was quantified by an experimenter blind 
to treatment and group differences were compared using a t-test. 
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Results 
Experiment 1:  Repeated AMPH ex posure decreases mPFC OT and NAcc D2 re ceptor 
densities 
 Experiment 1 examined the effects of repeated AMPH exposure on OT, D1, and 
D2 receptor densities in mesolimbic brain regions (Figure 12A) in female prairie voles.  
Subjects were randomly divided into two groups that received either an injection of EB 
alone (n=8) or EB plus 0.2mg/kg AMPH (n=8) once per day for three consecutive days.  
24 hrs after the final injections, subjects were rapidly decapitated.  All brains were 
harvested, frozen on dry ice, and stored at -80 ºC until processed for Western blotting.       
 Females treated with EB and 0.2mg/kg AMPH for 3 consecutive days (a dose and 
injection paradigm that inhibited partner preference formation in Chapter 2) had 
significantly lower OT receptor levels in the mPFC than EB treated controls (t=4.82, 
p<0.01) (Figure 12B).  Additionally, AMPH-treated females had significantly lower D2 
receptor levels in the NAcc than EB treated controls (t=3.68, p<0.05) (Figure 12C).  No 
differences between treatment groups were noted in OT receptor density in the NAcc or 
VTA (Figure 12B) or in D2 receptor density in the mPFC or VTA (Figure 12C).  No 
differences were noted between groups in D1 receptor density in any region tested (data 
not shown).  As AMPH treatment decreased OT and D2 receptor densities in the mPFC 
and NAcc, respectively, but not in other mesolimbic brain regions, and had no effects on 
D1 receptor density, these results indicate that the effects of AMPH on OT and DA 
receptor expression are site- and receptor-specific.    
 
Experiment 2: Repeated AMPH treatment increases extracellular levels of NAcc DA 

Experiment 2 was designed to determine whether repeated AMPH exposure 
altered levels of extracellular DA in the NAcc.  All subjects were given one injection of 
EB and one injection of either saline or 0.2mg/kg AMPH each day for three consecutive 
days.  5 hours following the final set of injections, microdialysis probes were implanted 
into the NAcc and subjects were allowed to recover overnight while an isotonic salt 
solution was perfused continuously through the probe.  The next morning, four 20 min 
baseline dialysate samples were collected.  Thereafter, a male was placed into the cage 
with the subject and the animals were allowed to freely interact while dialysate samples 
were collected every 20 mins.  Baseline samples and those collected during each subjects 
1st mating bout were subsequently analyzed for DA content using HPLC-ECD analysis. 

A main effect of treatment was found (F(1,22) = 7.85; p<0.01), such that AMPH-
treated subjects had a significantly higher concentration of extracellular DA in the NAcc 
than saline treated subjects (Figure 13).   Additionally, a main effect of sample type was 
found (F(1,22) = 8.19, p<0.01), such that samples collected during mating had a 
significantly higher concentration of DA than baseline samples.  Collectively, these data 
demonstrate that both AMPH treatment and mating increase extracellular NAcc DA.    
 
Experiment 3:  PLC OT infu sion restores mating-induced pa rtner preference formation 
in AMPH-treated females 
 Experiment 3 examined whether PLC OT receptor activation could restore 
mating-induced partner preference formation in AMPH-treated females.  Subjects were 
implanted with guide cannulae bilaterally aimed at the PLC.  After a 3 d recovery, all 
subjects received one injection of EB and one injection of 0.2mg/kg AMPH each day for 
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three consecutive days.  24 hrs after the final injections, subjects were randomly divided 
into 4 groups that received an intra-PLC injection (Figure 14A) of cerebrospinal fluid 
(CSF) (n=8), 1ng OT (n=8), or 1 ng OT plus 10ng (n=11) or 200ng OTA (n=5), were 
then immediately paired with a male for a 24 hr period of free interaction and were then 
tested for partner preferences.  Immediately after the partner preference test, subjects 
were sacrificed and cannulae placement was verified histologically.  
 Consistent with our finding that repeated AMPH exposure impairs partner 
preference formation (Chapter 2), AMPH (0.2mg/kg) treated females that received an 
intra–PLC injection of CSF failed to form mating-induced partner preferences (i.e. spent 
similar amounts of time in side-by-side contact with both stimulus animals) (Figure 14B).  
Females given an intra-PLC injection of 1ng OT, instead, formed robust partner 
preferences (t=6.75, p<0.001; Figure 14B).  However, females that received 
coadministration of OT plus 10ng or 200ng OTA did not form partner preferences 
(Figure 14B).  No differences between treatment groups in the number of mating bouts 
during the cohabitation period (Figure 14C) or cage crosses during the partner preference 
test (Figure 14D) were found.  Taken together, these results indicate that PLC OT 
receptor activation restores mating-induced partner preference formation in AMPH-
treated females.   
  
Experiment 4: PLC OT infusion alters DA activity in the NAcc 
 Experiment 4 was designed to determine the effects of OT infusion into the PLC 
on baseline and mating-induced DA activity in the NAcc.  All subjects were implanted 
with guide cannulae bilaterally aimed at the PLC and were allowed to recover over a 3 d 
period.  Subjects then received one injection of EB and 0.2mg/kg AMPH each day for 3 
consecutive days.  24 hrs following the final injections, subjects were randomly divided 
into one of 2 groups that received an intra-PLC injection of either CSF or CSF containing 
1ng OT.  Each group was further divided into two subgroups that were either left 
undisturbed for 40 minutes and then sacrificed (baseline group) or were paired with a 
male, allowed to mate, and then sacrificed 40 minutes after the completion of their first 
mating bout (mated group).  Tissue punches from the NAcc were then used to determine 
DA and DOPAC concentration and the ratio of DOPAC to DA (index of DA turnover 
(Blackburn et al., 1989)) using HPLC-ECD analysis (Aragona et al., 2003).   
 A main effect of treatment was found (F(1,25) = 4.37; p<0.05) on NAcc DA 
concentration, such that subjects treated with OT had a significantly higher concentration 
of DA in the NAcc than those treated with CSF.  There was also a main effect of mating 
(F(1,25) = 14.27; p<0.01) on DA concentration.  Specifically, mated subjects had a 
significantly lower concentration of DA in the NAcc than those that had not mated 
(baseline group).  No effects of treatment or mating were found on NAcc DOPAC 
concentration.  Although not significant (F(1,25) = 2.45; p<0.13), the DOPAC to DA 
ratio was lower in the NAcc of subjects treated with OT as compared to those treated 
with CSF.  There was also a main effect of mating (F(1,25) = 15.16; p<0.01) on the 
DOPAC to DA ratio in the NAcc, such that mating significantly increased this ratio.  For 
subjects exposed to a male and allowed to mate, no group differences were found in total 
number of mating bouts.  Collectively, these data demonstrate that both PLC OT 
treatment and mating alter DA activity in the NAcc.  
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Discussion 
 
 We have previously demonstrated that repeated AMPH exposure impairs mating-
induced partner preference formation in female prairie voles (Chapter 2).  In the current 
study, we investigated the neural mechanisms that underlie this behavioral phenomenon.  
We focused on the involvement of mesolimbic OT and DA neurotransmission because 
both play an essential role in pair bond formation in female prairie voles and are altered 
by exposure to drugs of abuse.  Collectively, our results indicate that AMPH alters OT 
and DA neurotransmission in a receptor- and site-specific manner within mesolimbic 
brain regions and that these changes may underlie the AMPH-induced impairment of 
partner preference formation.  Additionally, our results demonstrate that PLC OT 
treatment restores partner preference formation in AMPH-treated females and that this 
effect may be mediated by an interaction with NAcc DA.  
 Repeated AMPH exposure, when given at a dose and treatment schedule 
sufficient to impair partner preference formation in female prairie voles (Chapter 2), 
decreased OT receptor levels in the mPFC, but did not alter OT receptor levels in the 
NAcc or VTA (Figure 12B).  These results indicate that AMPH treatment alters OT 
neurotransmission in the mPFC and are consistent with previous studies that have 
documented region-specific effects of psychostimulants on mesolimbic OT 
neurotransmission (Johns et al., 1993; Johns et al., 2010; Sarnyai et al., 1992).  
Interestingly, the changes in OT receptor density noted in the current study were present 
24 hours following the final AMPH injection—the same time point at which AMPH-
treated female subjects in Chapter 2 were paired with a male and allowed to mate for 24 
hours before being tested for partner preferences.  Therefore, these data indicate that 
access to OT receptors in the mPFC was likely limited during the 24 hour mating period 
in our previous experiment.  Importantly, OT receptor activation in the mPFC, 
specifically the PLC, during mating is essential for partner preference formation in 
female prairie voles (Young et al., 2001).  Therefore, these results indicate a potential 
neural mechanism by which AMPH may impair mating-induced partner preference 
formation—through decreased OT neurotransmission in the PLC.   This hypothesis is 
supported by our finding that OT injection directly into the PLC, immediately prior to the 
24 hour mating period, restored mating-induced partner preferences in AMPH-treated 
voles (Figure 14B) and is further strengthened by the finding that these effects were 
mediated by PLC OT receptor activation.  Therefore, taken together, our data indicate 
that an AMPH-induced decrease in PLC OT neurotransmission may, in part, underlie the 
AMPH-induced impairment of partner preference formation.    
 Our current data also indicate that alterations in NAcc DA neurotransmission may 
contribute to the AMPH-induced impairment of partner preference formation noted in 
Chapter 2.  For example, repeated AMPH exposure decreased D2 receptor density in the 
NAcc (Figure 12C) 24 hours following the cessation of drug treatment (i.e., the same 
critical time point discussed above) and studies in female prairie voles have demonstrated 
that NAcc D2 receptor activation during mating is essential for the formation of partner 
preferences (Gingrich et al., 2000).  Further, although AMPH treatment decreased D2 
receptor density, it did not affect D1 receptor density, indicating a potential increase in 
the ratio of D1 to D2 receptors in this brain region.  Therefore, AMPH treatment may not 
only decrease the likelihood of D2 receptor activation, but may also increase the 
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likelihood of D1 receptor activation.  The presence of significantly higher extracellular 
DA levels in AMPH-treated than saline-treated subjects (Figure 13) further increases the 
likelihood of D1 receptor activation in AMPH-treated subjects.  DA receptor subtypes 
have differential binding affinities for DA.  Low levels of extracellular DA are sufficient 
to activate higher affinity D2 receptors whereas high levels of extracellular DA are 
required to activate lower affinity D1 receptors (Richfield et al., 1989).  Increased levels 
of extracellular DA in AMPH-treated subjects increase the probability for activation of 
low-affinity D1 receptors.  Given the well characterized inhibitory effect of D1 receptor 
activation on partner preference formation (Aragona et al., 2003; Aragona et al., 2006), 
these data suggest that the current changes in NAcc DA receptor density and/or increases 
in extracellular levels of DA likely play a role in the AMPH-induced impairment of 
partner preferences in female prairie voles.  
 The effects of AMPH treatment and mating on DA neurotransmission in prairie 
voles show both similarities and inconsistencies with previous studies in other rodent 
species.  For example, consistent with the current study, it has previously been reported 
in rats that extracellular NAcc DA levels are significantly altered within 24 hours 
following the cessation of repeated AMPH treatment (Rossetti et al., 1992; Weiss et al., 
1997).   However, our results demonstrate a robust increase in NAcc DA levels whereas 
previous studies demonstrate a profound decrease in DA at this time point (Rossetti et al., 
1992; Weiss et al., 1997).  Differences in AMPH treatment paradigms used between the 
current and previous studies may offer an explanation for this discrepancy.  Indeed, a 
much more rigorous treatment paradigm was used in the previous studies (i.e., AMPH 
treatment was delivered twice, instead of once, per day at higher doses than those used in 
the current study and lasted for 14 to 16 days rather than just 3).  In addition, the current 
study was the only one to use females and a variety of studies have demonstrated sex 
differences in DA neurotransmission following AMPH treatment (Becker, 1990; Becker 
and Hu, 2008).  On the other hand, the mating-induced increase in extracellular NAcc 
DA levels found in the current study is consistent with previous reports in this (Gingrich 
et al., 2000) and other rodent species (Becker et al., 2001).  
 A major finding in the current study, as discussed previously, is that OT injection 
directly into the PLC restored mating-induced partner preferences in AMPH-treated 
voles.  Our data from Experiment 4 suggest that OT may cause these effects through an 
interaction with NAcc DA.  Indeed, PLC OT treatment significantly increased DA 
concentration in the NAcc of AMPH-treated females (Figure 15).  While the significance 
of this increase is difficult to interpret because the absolute measurement of DA 
concentration in tissue does not allow for the distinction between intracellular and 
extracellular DA content, the DOPAC to DA ratio provides clear information regarding 
DA activity (i.e., turnover) (Blackburn et al., 1989).  Higher ratios are thought to reflect 
higher turnover and vice versa. Importantly, OT treated females had a lower (although 
not significantly) DOPAC to DA ratio in the NAcc, and thus less regional DA activity 
than CSF treated controls.  Taken together, these data suggest that the overall increase in 
NAcc DA tissue concentration may be the result of increased intracellular content due to 
decreased DA release.  This interpretation is supported by the finding that OT treatment 
resulted in a decrease, although not significant, in DA turnover and thus, activity in the 
NAcc.  Given that AMPH-treatment increased extracellular DA activity in the NAcc 
(Experiment 2) and prevented mating-induced partner preference formation (Chapter 2), 
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it is not surprising that OT treatment, which restored partner preference formation in 
AMPH-treated females (Experiment 3), decreased DA activity in the NAcc of AMPH-
treated voles. Collectively, these data suggest that OT infusion into the PLC may restore 
partner preferences in AMPH-treated voles by counteracting the AMPH-induced increase 
in extracellular DA levels in the NAcc – a possibility that warrants future investigation.   
 Our finding that PLC OT injection alters DA activity in the NAcc is consistent 
with neuroanatomical and neuropharmacological studies demonstrating the physical and 
functional connectivity of these regions within the mesolimbic circuit.  For example, the 
PLC contains a high density of glutamatergic pyramidal cells that project to the VTA 
(Balfour et al., 2006; Carr and Sesack, 1999, , 2000; Sesack and Carr, 2002; Tzschentke, 
2001) and through this anatomical connection is thought to influence NAcc DA 
neurotransmission.  Indeed, chemical or electrical stimulation of the mPFC increases, 
while temporary inactivation of this brain region decreases, the firing rate and burst 
events of DA neurons in the VTA, and these events are thought to directly account for the 
related increases or decreases, respectively, seen in extracellular NAcc DA levels (for 
review, see (Tzschentke, 2001)).  Therefore, pharmacological manipulations within the 
PLC have the potential to alter DA activity in the NAcc.  Further, a variety of studies 
have indicated that OT can modulate NAcc DA neurotransmission.  For example, 
peripheral OT administration decreased the cocaine-induced utilization of DA in the 
NAcc (Kovacs et al., 1990; Sarnyai et al., 1990), and central OT administration altered 
the changes induced by methamphetamine in NAcc DA activity (Kovacs et al., 1990; Qi 
et al., 2008; Sarnyai et al., 1990). Additionally, although no other studies have 
investigated the effects of PLC OT administration on NAcc DA neurotransmission, site-
specific administration of OT into other mesolimbic regions has been shown to have an 
effect.  For example, microinjection of OT directly into the VTA increased extracellular 
levels of DA in the NAcc and these effects were blocked by concurrent administration of 
an OT receptor antagonist (Melis et al., 2007).  Taken together, these studies indicate that 
OT may indeed play an important role in modulating mesolimbic DA neurotransmission.  
Our current results extend these findings and suggest that OT-induced alterations in 
NAcc DA activity may underlie the restoration of pair bonding in AMPH-treated voles. 
 In summary, our current results indicate that two neural systems, OT and DA, 
critical for pair bonding in females, are significantly altered by repeated exposure to 
AMPH.  Additionally, we demonstrate that these alterations may underlie the AMPH-
induced impairment of partner preference formation.  Most interestingly perhaps, is our 
finding that OT treatment restored social bonding in AMPH-treated females, because it 
suggests that pharmacotherapies targeting central OT systems may be effective to restore 
prosocial behaviors in addicted individuals.  This is of great interest because although 
effective treatments for psychostimulant addiction in humans remain elusive (Nestler, 
2005; Shearer, 2008), the greatest success has been achieved by programs emphasizing 
psychosocial support and prosocial activities (Higgins et al., 1993).  Therefore, 
treatments that restore prosocial behaviors in addicted individuals may further increase 
the efficacy of such promising programs.  It is hoped that the current study provides a 
foundation for the future investigation of this and other such possibilities that may 
ultimately provide insight into the effective treatment of psychostimulant addiction. 
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CHAPTER 5:  GENERAL DISCUSSION, IMPLICATIONS AND  
FUTURE DIRECTIONS 

 
 According to the 2009 National Survey on Drug Use and Health, the use of illicit 
substances in the United States is presently occurring at its highest rate in nearly a 
decade.  The implications of this statistic are reflected in the growing number of studies 
documenting the profound impact of drug addiction on the physical and psychological 
health of addicted individuals and their families.  One area of concern that has gained 
increasing attention over the past several decades is the deleterious effects of drug abuse 
on prosocial behaviors (Hawley et al., 1995; Johnson et al., 2002; Kaestner, 1995; 
Rodning et al., 1989).  As such, animal models have been developed to examine the 
neural mechanisms underlying the effects of drugs of abuse on parental behavior (Bridges 
and Grimm, 1982; Febo and Ferris, 2007; Frankova, 1977; Grimm and Bridges, 1983; 
Johns et al., 1994; Kinsley et al., 1994; Mayer et al., 1985; Piccirillo et al., 1980; 
Slamberova et al., 2005b, 2005a; Slamberova et al., 2001; Vernotica et al., 1996; 
Vernotica et al., 1999; Zimmerberg and Gray, 1992), sexual behavior (Afonso et al., 
2009; Fiorino and Phillips, 1999a, 1999b; Guarraci and Clark, 2003; Nocjar and 
Panksepp, 2002) and social play (Niesink et al., 1996; Overstreet et al., 2000; Wood et 
al., 1994; Wood et al., 1995).  However, with the exception of the studies presented here, 
the effects of drugs of abuse on pair bonding have not been modeled.  As pair bonding is 
an intrinsic part of human social behavior and plays a cross-cultural role in the physical 
and mental health of individuals and their children (House et al., 1988; Kiecolt-Glaser 
and Newton, 2001; Lillard and Waite, 1995; United Nations, 1985; Waltz et al., 1988), 
we have established an animal model for the systematic examination of the behavioral 
effects of drugs of abuse on pair bonding and the neural mechanisms that underlie these 
effects.   
 In our first experiment to this end, we used a conditioned place preference (CPP) 
paradigm to determine the doses of amphetamine (AMPH) that are rewarding in the 
socially monogamous male and female prairie vole (Microtus ochrogaster ).  We found 
that AMPH is rewarding for both sexes and that females may be more sensitive to the 
behavioral effects of AMPH than males, a finding that is consistent with the previous 
literature in this and other species (Camp and Robinson, 1988; Cirulli and Laviola, 2000; 
Hu et al., 2004; Lynch, 2006; Lynch and Carroll, 1999; Roberts et al., 1989; Roth and 
Carroll, 2004; Roth et al., 2004; Russo et al., 2003).  Next, we characterized the effects of 
AMPH exposure on pair bonding behavior in the prairie vole, using the well established 
partner preference paradigm as an index of pair bond formation (Insel and Hulihan, 1995; 
Williams et al., 1992b).  We found that repeated exposure to AMPH impaired partner 
preference formation in both males and females.  These effects were not due to 
alterations in mating or locomotor behaviors.  By characterizing the AMPH-induced 
impairment of pair bonding in prairie voles in Chapter 2, we established this species as an 
animal model with which to examine the neural mechanisms underlying the effects of 
drugs of abuse, specifically AMPH, on pair bonding behavior. 
 In Chapter 3, we examined the neural mechanisms that underlie AMPH reward 
and the AMPH-induced impairment of partner preference formation in males.  We 
concentrated on the involvement of the mesolimbic dopamine (DA) system, as this 
system plays a critical role in both drug reward (Bergman et al., 1990; Hoffman and 
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Beninger, 1989; Yokel and Wise, 1975) and pair bond formation (Aragona et al., 2003; 
Aragona et al., 2006; Aragona and Wang, 2009) and is significantly altered by exposure 
to drugs of abuse (Nestler, 2005; Pierce and Kalivas, 1997).  Our data indicated that 
AMPH reward is mediated by D1 receptor activation in the nucleus accumbens (NAcc), a 
result consistent with those in other species (Baker et al., 1998; Baker et al., 1996; Liao, 
2008; Tan, 2008).  Additionally, we demonstrated that an AMPH-induced upregulation of 
D1 receptor gene and protein expression in the NAcc may underlie the AMPH-induced 
impairment of partner preference formation in male prairie voles.  Indeed, NAcc D1 
receptor activation is well-known to prevent partner preference formation (Aragona et al., 
2003; Aragona et al., 2006).  This hypothesis was further supported by the finding that 
D1 receptor blockade during AMPH treatment restored partner preference formation.  
Taken together, these data suggest that AMPH reward as well as the AMPH-induced 
impairment of partner preference formation is mediated by a DA receptor-specific 
mechanism within the NAcc in male prairie voles. 
 In our final set of experiments, we examined the involvement of mesolimbic 
oxytocin (OT) and DA in the AMPH-induced impairment of pair bonding in female 
prairie voles.  We chose to incorporate OT into these studies as this neuropeptide, like 
DA, plays an essential role in partner preference formation in females (Gingrich et al., 
2000; Liu and Wang, 2003; Wang et al., 1999; Williams et al., 1992a; Williams et al., 
1994; Young et al., 2001).  We found that repeated AMPH exposure decreased OT 
receptor expression in the medial prefrontal cortex (mPFC) and D2 receptor expression in 
the NAcc, and increased extracellular levels of NAcc DA.  These results are consistent 
with the literature documenting psychostimulant-induced alterations in OT and DA 
neurotransmission in mesolimbic regions (Henry et al., 1989; Henry and White, 1995; 
Johns et al., 1993; Johns et al., 2010; Nestler, 2005; Pierce and Kalivas, 1997; Robinson 
and Kolb, 1997; Sarnyai et al., 1992). Given the critical role of OT (Young et al., 2001) 
and D2 (Gingrich et al., 2000) receptor activation in the mPFC and NAcc, respectively, in 
partner preference formation in females, these results indicate that altered OT and/or DA 
neurotransmission in these brain regions may underlie the AMPH-induced impairment of 
partner preference formation in females.  This hypothesis was supported by the finding 
that OT infusion and receptor activation in the prelimbic cortex (PLC; a subregion of the 
mPFC) restored partner preferences in AMPH-treated females.  Our final set of data in 
Chapter 4 indicated that the OT-induced restoration of partner preferences in AMPH-
treated females may be mediated by an interaction with NAcc DA.   
 With the work presented here, we have established the prairie vole as the premier 
animal model for use in the systematic examination of the effects of drugs of abuse on 
pair bonding.  Additionally, we have identified two interrelated neural systems, the 
mesolimbic DA system and central OT system, that likely underlie drug effects on this 
complex social behavior.  Finally, we have highlighted the possibility that 
neuropharmacological interventions targeted to restore these drug-induced neural deficits 
have the potential to restore normal behavioral function in drug-treated subjects.    
 Future studies can build upon this work in a variety of directions.  For example, 
studies detailing the neurobiology of pair bonding have implicated a variety of other 
neurochemical, neuropeptide, and hormone systems in this complex social behavior (for 
review, see (Young et al., 2011a)).  Some of these neurochemicals, such as corticosterone 
(Piazza and Le Moal, 1998) and glutamate (Kalivas, 2009; Kalivas et al., 2009), undergo 
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significant alterations following drug exposure and may also play a role in the drug-
induced impairment of pair bonding.  Additionally, although we have effectively 
demonstrated that AMPH impairs pair bonding behaviors, we have not yet investigated 
how long these effects last and the long-term alterations in neural circuitry that may 
underlie enduring deficits in pair bonding behavior.  Additionally, as discussed in 
Chapter 1, the behavioral effects of drug use and abuse vary depending upon a variety of 
factors, such as the drug type, dose, and treatment paradigm used.  While it is clear from 
the current studies that AMPH exposure impairs partner preference formation, AMPH 
was delivered to subjects by the experimenter – a paradigm with little face validity to 
human drug taking.  Therefore, it would be interesting to examine this relationship using 
a more applicable model, such as the self-administration paradigm, which would allow 
experimenters to gain a better understanding of the effects of drug use on social 
motivation.  Ultimately, such a paradigm could be used to probe the parameters involved 
in the choice between drug and partner.  Additionally, pair bonding is closely associated 
with other behaviors, such as paternal behavior, that are also affected by drug use and 
abuse (Das Eiden and Leonard, 2000; Eiden et al., 1999).  As the prairie vole has been 
well established as an animal model of paternal behavior (Gruder-Adams and Getz, 1985; 
McGuire and Novak, 1984; Oliveras and Novak, 1986; Thomas and Birney, 1979; Wang 
and Novak, 1992; Wilson, 1982), this species also offers an excellent opportunity to 
systematically explore the effects of drugs of abuse on this behavior and the neural 
mechanisms involved.    
 Finally, there is a growing amount of evidence documenting that the effects of 
drug use and abuse on social bonding are not unidirectional.  Instead, social factors, such 
as the presence or absence of strong social attachments during development or throughout 
adulthood, may impact drug use and the vulnerability to drug abuse.  For example, strong 
adolescent-parent attachments are associated with decreased odds of substance use 
problems (Bell et al., 2000), and having an intact nuclear family is associated with a 
decreased likelihood to use psychostimulant drugs of abuse, such as AMPH and cocaine 
(Ellickson et al., 1999).  Further, stable, intimate relationships between adult pairs have 
been associated with decreased rates of relapse to drug use (Kosten et al., 1987).  The 
prairie vole model offers an excellent opportunity to explore this reciprocal relationship.  
Accordingly, we have already initiated such studies and have recently demonstrated that 
pair bonding experience decreases the reinforcing properties of AMPH in prairie voles 
and that the mesolimbic DA system—particularly DA neurotransmission in the NAcc—
mediates this effect.  Collectively, these studies form a foundation for the future 
investigation of the reciprocal interaction between drug use and abuse and social bonding 
and hold the promise of a better understanding of the neural mechanisms underlying 
these interactions.  Such an understanding has the potential to provide insight into the 
generation of novel and effective therapeutics for the treatment of both social disorders 
and drug addiction in humans. 
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APPENDIX 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  Common effects of drugs of abuse on the mesolimbic dopamine system.  A) 
The mesolimbic dopamine (DA) system consists of DAergic cells in the ventral 
tegmental area (VTA) that project to various forebrain regions including the nucleus 
accumbens (NAcc).  In the basal state, a baseline level of DA (black circles) is present in 
the synapse.  B) Though achieved through diverse mechanisms, acute exposure to all 
known drugs of abuse increases DAergic transmission in the NAcc.  Psychostimulants do 
so directly by acting on DAergic terminals located in the NAcc.  Opiates do so indirectly 
by inhibiting GABAergic interneurons in the VTA, resulting in the disinhibition of VTA 
DA neurons.  Many mechanisms have been proposed for alcohol, including the 
disinhibition of VTA DA neurons.  Nicotine is thought to increase NAcc DA both 
directly and indirectly, through stimulation of nicotinic cholinergic receptors on 
mesolimbic DA neurons or glutamatergic terminals that innervate mesolimbic DA 
neurons, respectively.  Direct/indirect effects are symbolized by solid/dotted lines.  C)  
After repeated exposure to most drugs of abuse, VTA neurons decrease in size.  Repeated 
psychostimulant or nicotine exposure induces dendritic outgrowth in NAcc neurons, as 
pictured. However, repeated opiate exposure has the opposite effect.  Several other 
effects have been noted after repeated psychostimulant exposure, including decreased 
basal DA levels in the NAcc and enhanced DA release induced by a stimulus (e.g., drug 
exposure or stressor) (for review, see (Nestler, 2005)).   
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Figure 2: Laboratory characterization of behaviors associated with pair bonding.  A) 
Photo illustrates a male and female prairie vole displaying side-by-side contact.  B) 
Three-chamber apparatus used to test for partner preferences.  Three identical cages are 
connected by hollow tubes with light sensors allowing for automated analysis of the 
subject’s movements throughout the apparatus.  Social behaviors between the subject 
(white) and the partner (rose) and stranger (black) during the three hour test are recorded 
and subsequently scored.  Duration of side-by-side contact is the primary behavior of 
interest.  C) In both male and female prairie voles, 6 hours of cohabitation without mating 
does not result in partner preference formation, as the subject spends equal amounts of 
time in contact with the partner as with the stranger.  In contrast, 24 hours of cohabitation 
with mating leads to the formation of partner preferences, as indicated by the subject 
spending significantly more time in side-by-side contact with the partner than the stranger 
during the 3 hour partner preference test.  D) Photo depicts a pair-bonded male prairie 
vole (left) displaying attack behavior toward an unfamiliar female. Sexually naïve 
(Naïve) males do not exhibit aggressive behavior toward a stranger, however males 
paired with a female for two weeks (Paired) demonstrate robust aggression toward 
stranger male and female conspecifics but not toward familiar female partners.  E) Photo 
shows a male and female prairie vole sharing a natal nest and contacting offspring.  Male 
and female prairie vole parents spend equal amounts of time in the natal nest.  Bars 
indicate means ± standard error of the mean. Bars with different Greek letters differ 
significantly from each other. *: p < 0.05. Adapted from (Aragona and Wang, 2009; 
Gobrogge et al., 2007; Wang and Insel, 1996; Winslow et al., 1993). 
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Figure 3: Regulation of partner preference formation by dopamine  (A)  Cartoon 
illustrates the mesolimbic dopamine (DA) circuit. DAergic cells in the ventral tegmental 
area (VTA) project to the nucleus accumbens (NAcc) and prefrontal cortex (PFC), as 
well as other forebrain regions.  Released DA binds to one of two DA receptor subtypes, 
D1-like receptors (D1R) and D2-like receptors (D2R), which are both present in the 
NAcc of prairie voles, as shown in the photoimage.  (B) Activation of D2Rs via injection 
of a D2R agonist (D2 Ago) into the NAcc of males induces partner preferences after 6 
hours of non-sexual cohabitation (Cohab).   Twenty-four hours of mating (Mated) 
induces partner preferences in control males that receive intra-NAcc injection of 
cerebrospinal fluid (CSF).  However, mating-induced partner preference formation was 
inhibited by intra-NAcc blockade of D2Rs (via injection of a D2R antagonist (D2 Ant)) 
or activation of NAcc D1Rs (via injection of a D1R agonist (D1 Ago).  (C)  Cartoon 
illustrating the effects of D1R and D2R activation on cAMP intracellular signaling.  
D1Rs are coupled to stimulatory G-proteins (Gαs/olf) and D2Rs are coupled to inhibitory 
G-proteins (Gαi/o).  D1R activation increases adenylate cyclase (AC) activity, leading to 
an increase in the production of cAMP and the activation of PKA.  D2R activation leads 
to the inhibition of AC, through the effects of the alpha subunit of Gαi/o, decreasing 
cAMP production and PKA activity.   (D)  Pharmacologically decreasing PKA activity (↓ 
PKA) in the NAcc induces partner preference formation in male prairie voles after 6 
hours of non-sexual cohabitation (Cohab).  Pharmacologically increasing NAcc PKA 
activity (↑ PKA) during 24 hours of mating (Mated) blocks mating-induced partner 
preferences.  Bars indicate means ± standard error of the mean. *: p < 0.05. Adapted from 
(Aragona et al., 2003; Aragona et al., 2006; Aragona and Wang, 2007; Young et al., 
2011b). 
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Figure 4: Regulation of partner preference formation by vasopressin and oxytocin.  A)  
Site-specific manipulation of vasopressin (AVP) neurotransmission in the lateral septum 
(LS) of male prairie voles.  Data demonstrate that after 6 hours of non-sexual 
cohabitation with a female (Cohab), control males given LS injections of cerebrospinal 
fluid (CSF) do not display partner preferences.  However, AVP infusion into the LS 
induces partner preferences. Following 24 hours of cohabitation with mating (Mated), 
CSF treated control males display partner preferences. However, blockade of V1aRs, via 
infusion of a V1aR antagonist (V1aR Ant) into the LS inhibits the formation of mating-
induced partner preferences. B) Site-specific manipulation of oxytocin (OT) 
neurotransmission in the NAcc of female prairie voles.  After 6 hours of non-sexual 
cohabitation with a male (Cohab), female prairie voles infused with OT in the NAcc 
display partner preferences, whereas control females infused with CSF do not.  After 24 
hours of cohabitation with mating (Mated), control females infused with CSF form 
partner preferences, but those given and OT receptor antagonist do not.  (C) Male prairie 
voles overexpressing the V1aR gene (AAV-V1aR) in the ventral pallidum display partner 
preferences after 17 hours of non-sexual cohabitation with females, whereas control 
males do not.  D) Female prairie voles overexpressing the OTR (AAV-OTR) in the NAcc 
form partner preferences after less than 24 hours of mating and cohabitation with a male 
whereas control females do not. Bars indicate means ± standard error of the mean. *: p < 
0.05. Adapted from (Liu et al., 2001; Liu and Wang, 2003; Pitkow et al., 2001; Ross et 
al., 2009b). 
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Figure 5:  Amphetamine conditioning induces a conditioned place preference in male 
prairie voles. Sexually naive male prairie voles received a 30-min pre-test in a black-
white cage apparatus to determine initial cage preferences.  They were then conditioned 
to the less preferred cage by being placed therein after receiving injections (i.p.) of saline 
containing different doses of amphetamine (AMPH) during a 3-day conditioning period.  
Then, subjects were tested for cage preferences during a 30 min post-test.  Subjects that 
received injections of saline or saline containing the lowest doses of AMPH (0.1 or 0.5 
mg/kg) did not show conditioned place preference (CPP).  However, subjects that 
received injections of AMPH at high doses (1.0, 3.0, and 5.0 mg/kg) formed a CPP, as 
indicated by their spending significantly more time in the conditioned cage during the 
post-test than the pre-test.  Error bars indicate standard error of the mean. **: p<0.01. 
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Figure 6:  Amphetamine conditioning induces a conditioned place preference in female 
prairie voles.  Females that received 0.0 (saline only) or 0.1mg/kg amphetamine (AMPH) 
during 3 days of conditioning did not form a conditioned place preference (CPP), as they 
spent equal amounts of time in the drug-paired cage during the 30 minute pre- and post-
tests.  However, females conditioned with 0.2, 1.0, or 5.0 mg/kg AMPH formed a robust 
CPP, and spent significantly more time in the drug-paired cage during the post-test than 
the pre-test.   Bars indicate standard error of the mean.   *: p<0.05. 
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Figure 7:  Repeated amphetamine treatment impairs mating-induced partner preferences 
in male prairie voles.  A) Following 24 hrs of mating, intact male prairie voles displayed 
partner preferences by spending significantly more time in side-by-side contact with the 
familiar mate versus a strange female.  This mating-induced partner preference was still 
displayed by males that received 3 days of pretreatment with saline.  However, 3 days 
pretreatment with amphetamine (AMPH) at 1.0 or 5.0 mg/kg dose blocked mating-
induced partner preferences.  No group differences were found in B) the frequency of 
mating bouts during the first 6 hrs of mating or C) the number of cage crossings during 
the partner preference test.  Error bars indicate standard error of the mean. **: p<0.01. 
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Figure 8:  Repeated amphetamine treatment impairs mating-induced partner preferences 
in female prairie voles.  All females were treated with estrogen benzoate to induce sexual 
receptivity.  A) Following 24 hrs of mating, saline treated female prairie voles displayed 
partner preferences (i.e., spent significantly more time in side-by-side contact with the 
familiar mate versus a strange male).  However, females that had received repeated 
treatment with either dose of amphetamine (AMPH) tested (0.2 or 0.5 mg/kg) did not 
form partner preferences.  No group differences were found in B) the frequency of 
mating bouts during the first 6 hrs of mating or C) the number of cage crossings during 
the partner preference test.  Error bars indicate standard error of the mean. *: p<0.05. 
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Figure 9:  Amphetamine-induced conditioned place preference is dopamine receptor-
specific.  A) Subjects were pretreated with saline or saline containing different doses of a 
non-selective dopamine (DA) receptor antagonist (haloperidol), D1 receptor antagonist 
(SCH23390) or D2 receptor antagonist (eticlopride) prior to amphetamine (AMPH) 
injections.  Injections of saline and low doses of haloperidol did not alter AMPH-induced 
conditioned place preference (CPP).  However, haloperidol injections at 5.0 mg/kg 
blocked AMPH-induced CPP, demonstrating an involvement of DA receptors in AMPH-
induced CPP.  Further, injections of SCH23390 at both the low and high doses, but not 
eticlopride, blocked AMPH-induced CPP.  B) All subjects received AMPH during 
conditioning sessions.  On each of the 3 days of conditioning, 30 min prior to AMPH 
injections, subjects received bilateral intra-NAcc microinjections of either artificial 
cerebrospinal fluid (CSF) or CSF containing a low or high dose of SCH23390 or 
eticlopride.  Subjects treated with CSF and either dose of eticlopride formed an AMPH-
induced CPP.  However, treatment with either dose of SCH23390 eliminated AMPH-
induced CPP, indicating that NAcc D1R, but not D2R, activation is essential for AMPH 
reward in male prairie voles. Error bars indicate standard error of the mean.  * p < 0.05, 
** p < 0.01.   
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Figure 10:  Amphetamine treatment increases D1 receptor density in the nucleus 
accumbens of male prairie voles.  Photo images show in situ labeling of A) D1 and B) D2 
receptor mRNA in the nucleus accumbens (NAcc) of male prairie voles that were 
injected with saline or saline containing 1.0 mg/kg amphetamine (AMPH) once per day 
for three days.  C)  AMPH treatment significantly increased the density of D1, but not 
D2, receptor mRNA in the NAcc of male prairie voles.  Photo images illustrate mRNA 
labeling of D) tyrosine hydroxylase (TH), E) DA transporter (DAT), and F) D2 receptors 
in the ventral tegmental area (VTA) of the prairie vole brains.  G)  AMPH treatment did 
not affect the density of those DA marker mRNAs in the VTA.  H) and I) In the NAcc, 
AMPH treatment significantly increased the protein density of D1-like, but not D2-like, 
receptors measured by Western blotting.  Error bars indicate standard error of the mean. 
*: p<0.05, scale bar = 1 mm.   
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Figure 11:  Activation of D1-like receptors in the nucleus accumbens restores partner 
preference formation in amphetamine -treated male prairie voles.  A) A photo image and 
schematic drawing illustrating the injection site in the nucleus accumbens (NAcc) of the 
male prairie vole brain.  We focused on the NAcc shell because this specific sub-region 
mediates mating-induced partner preferences.   B) Male prairie voles received intra-NAcc 
injections of cerebrospinal fluid (CSF) containing different doses of a D1 receptor 
antagonist (SCH23390) prior to amphetamine (AMPH) injections (1.0 mg/kg, i.p.) during 
3 days of AMPH exposure.  These males were then paired with a sexually receptive 
female for 24 hrs of mating, followed by a partner preference test.  AMPH exposure 
prevented mating-induced partner preferences in males that received intra-NAcc 
infusions of CSF or 0.4ng/kg SCH23390.  However, intra-NAcc infusions of 100ng/kg 
SCH23390 eliminated the AMPH-induced impairment of partner preferences.  Error bars 
indicate standard error of the mean. *: p<0.05. 
 
 
 
 
 
 
 
 
 
 
 

 
 

62



 
 
 

 
Figure 12:  Repeated amphetamine treatment alters oxytocin and D2 receptor expression 
in mesolimbic brain regions in female prairie voles.  A)  Schematic drawing illustrating 
tissue punch locations in the medial prefrontal cortex (mPFC), nucleus accumbens 
(NAcc) and ventral tegmental area (VTA).  B)  Females treated with 0.2mg/kg 
amphetamine (AMPH) + estrogen benzoate (EB) had a significantly lower density of 
oxytocin receptors (OTR) in the mPFC than females treated with EB alone.  No group 
differences were noted in OTR density in the NAcc or VTA.  C)  AMPH-treated females 
had a significantly lower density of D2 receptors (D2R) in the NAcc, but not in the 
mPFC or VTA, than non-AMPH-treated females.  Error bars indicate standard error of 
the mean. *: p<0.05, **:p<0.01. 
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Figure 13:  Repeated amphetamine treatment increases extracellular dopamine in the 
NAcc.  Subjects received one injection of estrogen benzoate (EB) and one injection of 
saline or amphetamine (AMPH) (0.2mg/kg) each day for 3 consecutive days.  24 hours 
following the final sets of injections, dialysate samples were collected from the nucleus 
accumbens (NAcc) during baseline and mating conditions.  Regardless of sample type 
(baseline or 1st mating), AMPH-treated subjects had significantly higher levels of 
extracellular dopamine (DA) in the NAcc than saline treated subjects.  Additionally, 
samples collected during the time period in which subjects mated for the first time (1st 
Mating) contained significantly more DA than baseline samples.   Error bars indicate 
standard error of the mean. ##:  main effect of treatment p<0.01; **:main effect of 
sample type p<0.01. 
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Figure 14:  Oxytocin infusion into the prelimbic cortex restores mating-induced partner 
preference formation in amphetamine-treated females.  A) All subjects received bilateral 
implantation of guide cannulae into the prelimbic cortex (PLC).  After recovery, all 
subjects were treated with 0.2mg/kg amphetamine (AMPH) and estrogen benzoate for 3 
days.  B)  Subjects that received cerebrospinal fluid (CSF) into the PLC prior to mating 
did not form partner preferences (i.e., spent equal amounts of time in side-by-side contact 
with their familiar partner as a conspecific stranger).  However, subjects treated with 
oxytocin (OT) formed robust partner preferences.  The effects of OT on partner 
preference formation were blocked by simultaneous administration of OT with an OT 
receptor antagonist (OTA).   No group differences were found in C) the frequency of 
mating bouts during the first 6 hrs of mating or D) the number of cage crossings during 
the partner preference test.  Error bars indicate standard error of the mean. **: p<0.01. 
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Figure 15:  Oxytocin infusion into the prelimbic cortex and mating alter dopamine 
activity in the nucleus accumbens.  A)  Subjects that received prelimbic cortex (PLC) 
oxytocin (OT) infusions had a significantly higher concentration of dopamine (DA) in the 
nucleus accumbens (NAcc) than subjects treated with vehicle (cerebrospinal fluid; CSF).  
Additionally, subjects paired with a male and allowed to mate (Mated) had a significantly 
lower concentration of DA in the NAcc than subjects not paired with a male (Baseline). 
B)  No effects of OT treatment or mating were noted on NAcc DOPAC (i.e., a DA 
metabolite) concentration.  C)  Mated subjects had a significantly higher DOPAC to DA 
ratio in the NAcc than baseline subjects. #: main effect of OT treatment, p<0.05.  **: 
main effect of mating, p<0.01. 
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Table 2: cDNA probes for DA marker mRNA labeling in the prairie vole brain 
 
  Antisense Sense 
 
cDNA 

 
Designer 

Linearization 
enzyme 

Transcription 
enzyme 

Linearization 
enzyme 

Transcription 
enzyme 

Rat D1R  
(480 bp) 

Dr. O. Civelli 
Univ. California 

Hind III T7 EcoR I SP6 

Rat D2R  
(495 bp) 

Dr. O. Civelli 
Univ. California 

EcoR I T7 Xba SP6 

Rat DAT 
(532 bp) 

Dr. H. Akil 
Univ. Michigan 

EcoR I T7 BamH I SP6 

Vole TH 
(247 bp) 

Dr. M. Kabbaj 
Florida State Univ 

BamH I T7 Xho I SP6 
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