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ABSTRACT 

 In this Dissertation, I detail how dopamine within the nucleus accumbens regulates social 
attachment.  I first describe our animal model for social attachment, the monogamous prairie 
vole, and our experimental methods.  I then present two studies assessing the manner in which 
extracellular dopamine regulates pair bond formation and maintenance in the prairie vole.   Next, 
I describe the intracellular regulation of this behavior.  These studies are followed by a detailed 
comparison of dopamine neuroanatomy between the monogamous prairie vole and a closely 
related but non-monogamous species of vole.   Finally, I provide a general discussion of these 
findings and related them to dopamine regulation of other behaviors.   
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CHAPTER 1: GENERAL INTRODUCTION 

 
Adapted from: 
 
Aragona B.J. and Z.X. Wang (2004) The prairie vole: an animal model for behavioral 
neuroendocrine research on pair bonding.  Institute for Laboratory Animal Research, 45: 
35-45. 
 
and  
 
Aragona B.J., J.T. Curtis, Y. Liu, and Z.X. Wang (2004) Neural regulation of pair bond 
formation in a monogamous rodent species. Acta Theriologica Sinica,24: 160-172. 
 

Overview: 
This chapter serves as a general introduction to the studies performed for this 

dissertation and therefore begins with a broad description of the model system used in 
this line of research, the prairie vole (Microtus ochrogaster).  Here, I provide a brief 
overview of prairie vole natural history with emphasis on their highly monogamous 
social behaviors observed in field that led investigators to bring these animals into the 
laboratory in order to investigate the neurobiology of their social behavior and 
organization.  I then explain how the reliable expression of behaviors associated with 
monogamous bonding in the laboratory make the prairie vole model well suited to study 
the neural regulation of social behavior.  I also discuss how voles are ideal subjects for an 
additional method used to study neural regulation of social organization, comparative 
neurobiology.  Finally, I identify my specific research interest and justify this focus and 
briefly outline the specific topics of the chapters to follow. 
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CHAPTER 1: GENERAL INTRODUCTION 

 
Prairie Vole Model 

 
Behavioral neuroscience research has been conducted primarily on common 

laboratory rodents, including mice and rats, which display stereotypic social behaviors 
associated with reproduction, maternal care, and aggression.  The reliable expression of 
such behaviors has made it possible to examine their underlying neural mechanisms (for 
reviews see (Rissman et al., 1999; Nelson and Chiavegatto, 2001; Pfaus et al., 2001; 
Stern and Lonstein, 2001)).  However, these traditional laboratory animals do not display 
certain social behaviors of interest, such as pair bond formation.  A pair bond is defined 
as a stable relationship between members of a breeding pair that share common territory 
and parental duties.  Importantly, analogous social bonds are formed by humans, and the 
inability to form such bonds is a key diagnostic component in certain psychological 
disorders (Volkmar, 2001).  Therefore, the neurobiology of pair bonding should be 
carefully studied.  Given that traditional laboratory rodents do not form pair bonds, an 
alternative animal model is needed to study its neural regulation.  Recently, utilization of 
a nontraditional laboratory rodent, the monogamous prairie vole (Microtus ochrogaster), 
has generated valuable data regarding the neurobiology of pair bonding.   

Prairie voles are small brown rodents (about 40 g) distributed primarily in the 
grasslands of the central United States (Birney et al., 1976; Getz, 1978; Hall, 1981; 
Tamarin, 1985).  In these environments, prairie voles have adapted to scarce water 
supplies and food sources of minimal caloric value (Birney et al., 1976; Getz, 1978; Hall, 
1981; Tamarin, 1985).  It has been suggested that monogamy is selected for under 
conditions of limited resources because two parents may be necessary to care for and 
protect dependent young (Emlen and Oring, 1977), and it has been speculated that this 
applies to prairie voles (Wang and Novak, 1992; Carter et al., 1995).  In their natural 
habitat, prairie voles display a range of behaviors characteristic of monogamy.  While 
males of most mammalian species provide little to no parental care, field studies have 
shown that male prairie voles are highly paternal, contributing significantly to nest 
building, nest guarding, huddling over pups, and pup retrieval (Thomas and Birney, 1979; 
Getz and Carter, 1996).  Field studies also provided evidence suggesting that prairie voles 
form pair bonds.  Studies of territory usage by prairie voles employing repeated trapping 
methods, found that male-female pairs were often trapped together, indicating that these 
animals traveled together and were likely pair bonded (Getz et al., 1981; Getz and 
Hofmann, 1986).  Additional evidence for pair bonding came from field studies showing 
that prairie vole nests were often occupied by a breeding pair and one or more litters of 
pups (Getz and Hofmann, 1986).  Such family units display high levels of social contact 
with minimal aggression toward one another, while unrelated intruders are aggressively 
repelled (Getz, 1978). Perhaps the most compelling evidence for pair bonding is that the 
breeding pair often remains together until one dies, and in many cases, the surviving 
member never takes a new mate (Getz and Carter, 1996). 
 
Laboratory Tests of Pair Bonding 
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Interest in the monogamous behaviors observed in the field has prompted 
investigators to bring prairie voles into the laboratory. Voles breed easily in captivity, and 
laboratory maintenance is comparable with that of other rodents (Ranson, 2003).  
Monogamous behaviors, similar to those observed in nature, are also reliably expressed 
under laboratory conditions.  For instance, prairie voles mate preferentially with one 
partner, remain together during gestation, and display biparental care throughout lactation 
(Thomas and Birney, 1979; McGuire and Novak, 1984; Oliveras and Novak, 1986; 
Dewsbury, 1987; Carter and Getz, 1993; Getz and Carter, 1996).  Pair bonding is studied 
in the laboratory by examining stereotypic behaviors that are necessary for the formation 
of the bond.  Specifically, pair bonded animals must recognize and choose their mate 
over unfamiliar conspecifics, and they must even aggressively reject unfamiliar 
conspecifics from their territory.  Indeed, prairie voles prefer to be with their mate, 
indicated by spending significantly more time with their mate (partner) versus a 
conspecific stranger in a subsequent choice test after mating or extensive cohabitation 
(Williams et al., 1992).  This behavior is referred to as a partner preference.  Pairings that 
induce partner preference formation also induce an increase in aggressive behavior 
toward unfamiliar conspecifics (selective aggression) (Winslow et al., 1993; Wang et al., 
1997b), and this behavior serves to guard mate and territory (Carter and Getz, 1993).  
While selective aggression is a valuable index of pair bonding, the partner preference test 
is the most commonly used laboratory index of pair bond formation.   

The partner preference apparatus consists of a central chamber with tubes 
connecting it with two identical chambers, one containing the partner and the other a 
conspecific stranger.  These two stimulus animals are tethered in their own chambers and 
thus do not interact with each other, whereas the subject is free to move throughout the 
testing apparatus during the 3-hr partner preference test. A customized computer program 
using a series of light beams across the connecting tubes monitors subject movement 
between the cages and time spent in each cage (Figure 1).  Pair bonding is inferred when 
subjects spend significantly more time in contact with their partners than with strangers.   

It has been demonstrated that in prairie voles, 24 hrs of ad libitum mating reliably 
induces partner preference formation ((Winslow et al., 1993; Insel and Hulihan, 1995); 
see Figure 1), and this paradigm is used to investigate the neurochemical mechanisms 
underlying pair bonding.  For instance, if pharmacological blockade of particular 
receptors prior to mating, prevents partner preference formation, then these receptors are 
implicated in pair bonding.  Additionally, a shorter cohabitation during which the pair 
does not mate, results in the subject being equally likely to spend time in contact with 
either the partner or a stranger (i.e., fail to show a partner preference;(Williams et al., 
1992)).  Because this manipulation reliably fails to produce partner preferences, it is used 
to assess whether drug manipulations can induce partner preferences in the absence of 
mating.   

In addition to experimental manipulation of prairie vole behavior, a very useful 
tool for examination of social behavior is comparative neurobiology.  For comparative 
studies, the monogamous prairie voles are compared to promiscuous vole species such as 
montane (Microtus  montanus) and meadow voles (Microtus  pennslyvanicus).  It has 
been demonstrated that compared with prairie voles, promiscuous voles show low levels 
of social affiliation, do not mate preferentially with one partner, exhibit no partner 
preferences after mating, and females alone provide parental care after parturition 
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(Jannett, 1982; McGuire and Novak, 1984; Dewsbury, 1987; Insel and Hulihan, 1995).  
Importantly, promiscuous and monogamous voles show similar patterns in nonsocial 
behaviors (Tamarin, 1985), therefore it is more likely that differences in their 
neurobiology are associated with social behaviors.  
 
Mesolimbic Dopamine Regulation of Pair Bonding 

 
Once the methods used to examine the neurochemical regulation of pair bonding 

are understood, the next step is to decide which neural system to study.  This choice is 
most often guided by the hypothesis that since mating facilitates pair bonding, neural 
processing associated with mating may be important for pair bond formation.  Indeed 
many studies have supported this hypothesis (Williams et al., 1992; Winslow et al., 1993; 
Carter et al., 1995; Wang et al., 1999; Gingrich et al., 2000; Insel and Young, 2001; 
Aragona et al., 2003; Curtis and Wang, 2003; Aragona and Wang, 2004; Lim et al., 
2004).  It is particularly well understood that dopamine (DA) is released during mating 
(Pfaus et al., 1990; Mas et al., 1995; Gingrich et al., 2000; Robinson et al., 2001; Curtis et 
al., 2003), thus implicating DA in pair bond formation.  Additionally, the formation and 
maintenance of a pair bond also involves, at a minimum, reward processing, learning and 
memory, changes in motivation and attention, and the expression of appropriate behavior 
toward a particular social stimulus and DA is involved in all of these processes (Robbins 
and Everitt, 1996; Wise, 1996; Berridge and Robinson, 1998; Di Chiara, 1999; Ikemoto 
and Panksepp, 1999), further implicating the possible importance of DA in social 
bonding.  These implications have recently been supported by studies using female 
prairie voles showing that DA is indeed involved in pair bonding (Wang et al., 1999; 
Gingrich et al., 2000); however, we lack a detailed understanding of the nature of 
DAergic regulation of this behavior.  Therefore, my dissertation focused on 
understanding the site specific and receptor specific DAergic mediation of both the 
formation and maintenance of pair bonds.   

In the first study, I showed, for the first time, that DA transmission in the nucleus 
accumbens (NAcc) is critical for pair bonding in male prairie voles and provided the first 
description of DA neuroanatomy, content and turnover in vole brain.  This work is 
described in detail in Chapter 2.  Chapter 3 details my systematic examination of the 
nature of DA regulation of pair bond formation and maintenance.   In this study I 
addressed the site specificity of DA transmission within NAcc important for partner 
preference formation and I also showed that activation of different families of DA 
receptors produce opposite effects on pair bond formation.  I then demonstrate that DA 
receptor number is altered within the NAcc of pair bonded voles and show that this 
neural reorganization underlies pair bond maintenance.  In Chapter 4, I show that the 
opposite modulation of pair bond formation by DA is mediated by the cAMP system 
within the NAcc shell.  In Chapter 5, I utilized the comparative model to examine the 
potential involvement of DA systems in sex and species specific differences in social 
organization.  Specifically, I compared DA cells, fibers, and receptors between males and 
females of meadow and prairie voles under different social situations.  Finally, in Chapter 
6, I discuss the major findings of this dissertation with an emphasis on the involvement of 
reward processing in social bonding.   
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CHAPTER 2: NUCLEUS ACCUMBENS DOPAMINE INVOLVEMENT IN PAIR 

BONDING 

 
Adapted from: 

 
Aragona B.J., Y. Liu, J.T. Curtis, F.K. Stephan, and Z.X. Wang (2003) A critical role for 
nucleus accumbens dopamine in partner preference formation in male prairie voles. 
Journal of Neuroscience, 23: 3483-3490. 
 
 
Overview: 
 While the role of nucleus accumbens (NAcc) dopamine (DA) in reward learning 
has been extensively studied, few investigations have addressed its involvement in 
learning socially relevant information.   Here we have examined the involvement of 
NAcc DA in social attachment of the ‘monogamous’ prairie vole (Microtus 

orchrogaster).   We first demonstrated that DA is necessary for the formation of social 
attachment in male prairie voles as administration of a non-selective DA antagonist, 
haloperidol, blocked whereas a non-selective DA agonist, apomorphine, induced partner 
preference formation. We then provided the first descriptions of DA neuroanatomy and 
tissue content in vole NAcc, and mating appeared to induce a 33% increase in DA 
turnover.  Further, we showed that administration of haloperidol directly into NAcc 
blocked partner preferences induced by mating or by apomorphine.  In addition, 
administration of apomorphine into NAcc, but not into caudate-putamen, induced partner 
preferences in the absence of mating.  Together, our data support the hypothesis that 
NAcc DA is critical for pair bond formation in male prairie voles.  
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CHAPTER 2: NUCLEUS ACCUMBENS DOPAMINE 

INVOLVEMENT IN PAIR BONDING 

 

 
Perhaps the most important form of associative learning to humans is the 

formation of social attachments.  While considerable work has been done on dopamine 
(DA) involvement in associative learning, few studies have examined the formation of 
socially relevant associations.  This is a concern because DA systems have been 
implicated in disorders associated with the inability to form social attachments 
(Mikkelsen et al., 1981; Schneier et al., 2000; Volkmar, 2001). Further, previous work on 
associative learning has primarily used traditional laboratory rats, which do not form 
strong social bonds, making it difficult to establish an animal model for disorders 
associated with social behavior.  Recently, however, significant progress toward 
understanding the neurobiology of social attachment has been made using the 
‘monogamous’ prairie vole (Microtus ochrogaster) (Young et al., 1998; Insel and Young, 
2001).  

Prairie voles display a suite of behaviors characteristic of monogamy: preferential 
mating with one partner, remaining together during gestation, and biparental care 
throughout lactation (McGuire and Novak, 1984; Oliveras and Novak, 1986; Dewsbury, 
1987; Carter and Getz, 1993; Getz and Carter, 1996).  Most importantly, prairie voles 
form long-term pair bonds (Getz and Hofmann, 1986) which can be studied in the 
laboratory using a partner preference test (Williams et al., 1992; Winslow et al., 1993; 
Insel et al., 1995).  Prairie voles that mate repeatedly over 24 h exhibit a strong 
preference for their partner versus a conspecific stranger, while those paired for 6 h 
without mating do not. This behavioral paradigm has been used to examine neuronal and 
hormonal mechanisms underlying social attachment.  Vasopressin (Winslow et al., 1993; 
Cho et al., 1999; Liu et al., 2001), oxytocin (Williams et al., 1994; Insel and Hulihan, 
1995) and glucocorticoids (DeVries et al., 1995; DeVries et al., 1996) have been 
implicated in the regulation of partner preferences.  Importantly, these studies have 
demonstrated that sex-specific mechanisms may underlie social attachment in voles.  

Mating-induced partner preferences likely involve reinforcing properties 
associated with mating along with approach behavior oriented toward the partner. 
Therefore, partner preference formation can be viewed as a natural example of reward 
learning, a process which has significant DA involvement (Robbins and Everitt, 1996; 
Wise, 1996; Berridge and Robinson, 1998; Di Chiara, 1999; Ikemoto and Panksepp, 
1999).  Recently, DA has been shown to be involved in partner preference formation in 
female prairie voles (Wang et al., 1999; Gingrich et al., 2000), however, nothing is 
known about the role of DA in males, which also display mating-induced partner 
preferences.  Given the tendency for prairie voles to show sexual dimorphism, it is of 
interest to examine the role of DA in pair bonding in males.   We therefore conducted a 
series of experiments to assess the relationship between DA and partner preference 
formation in male prairie voles.  We also provide the first description of DA 
neuroanatomy and content in prairie vole nucleus accumbens (NAcc) and assessed how 
mating may alter DA turnover.  Finally, we examined the role of NAcc DA in partner 
preferences by testing the effects of site-specific administration of DA drugs in NAcc on 
partner preference formation.   
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Materials and Methods 

Subjects 

 Subjects were sexually naive male prairie voles from a laboratory breeding 
colony.  At approximately 21days of age, subjects were weaned and housed in same-sex 
sibling pairs in plastic cages (25x12x10 cm).  Water and food were provided ad libitum, a 

14:10 light-dark cycle was maintained, and the temperature was approximately 20°C.  All 
subjects were between 80-120 days of age when tested and weighed between 40-50g.  
Ovariectomized (OVX) females served as stimulus animals.  For manipulations that 
required mating (24 h pairings), females were estrogen primed with subcutaneous 
estrodial benzoate (EB) pellets implanted four days prior to pairing (Smith et al., 2001).  
Partner and stranger females received EB pellets on the same day.  All behavioral 
interactions during 24 h of pairing were videotaped for detailed behavioral analysis. 
Partner Preference Test 

The testing apparatus consisted of a central cage (25x12x10 cm) joined by hollow 
tubes (7.5 x 16 cm) with two parallel identical cages each housing a stimulus animal 
(Curtis et al., 2001; Liu et al., 2001).  The subjects were free to move throughout the 
apparatus while stimulus animals were loosely tethered within their separate cages and 
had no direct contact with each other.  The familiar ‘partner’ (housed with the subject 
prior to the partner preference test), and an unfamiliar conspecific ‘stranger’ (a female 
that had not previously encountered the subject) were used as stimulus animals.  Behavior 
was recorded during the 3 h test using a time lapse video recording system (12:1 
compression, Panasonic recorder).  Motion sensors automatically recorded time subjects 
spent in each cage as well as the number of cage entries, and these data were immediately 
transferred to a computer for statistical analysis.  Experimenters blind to the manipulation 
reviewed videotaped behaviors and recorded side-by-side contact within each treatment. 
Differences were analyzed with a paired samples t-test.  A partner preference was defined 
as significantly greater mean contact time with the partner compared to the stranger.  
Because the effect of DAergic drugs on partner preference formation could be secondary 
to their effects on locomotor activity, we also examined the frequency of total cage 
entries during the partner preference test using a one-way analysis of variance (ANOVA).  
For subjects that had received cannulation surgery, the number of cage crossings during 
the cohabitation period was recorded and compared between treatment groups with a one-
way ANOVA.  Since partner preferences are induced by mating during the initial 24 h 
cohabitation, the number of mating bouts that occurred during the first six hours were 
recorded, and were compared between treatment groups with a one-way ANOVA to 
assess if DAergic drugs effected mating behavior.   
Perfusion and Immunocytochemistry 

Animals were anesthetized with sodium pentobarbital (1mg/10g body weight) and 
perfused trans-cardially with 0.9% saline followed by 4% paraformaldehyde in 0.1M 

phosphate buffer (PBS, pH 7.6, 4°C).  Brains were post-fixed for 30 min in the same 
fixative and then immersed in 30% sucrose in PBS.  For immunocytochemistry, a set of 

30µm coronal sections that spanned NAcc at 90µm intervals were rinsed in 0.1M sodium 
phosphate buffer (PBS, pH 7.4), treated with 0.3% hydrogen peroxide in PBS, incubated 
in a blocking solution (PBS with 0.3% Triton X-100 (PBT), 10% normal goat serum 
(NGS), and 2% bovine albumin (BSA)) for 1 hr; and then incubated in 1:30,000 rabbit 
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anti-dopamine transporter (DAT) polyclonal antibody (a gift from Dr. Michael Kuhar) in 

PBT with 2% NGS and 2% BSA at 4°C for 48 h.  After incubation with 1:300 
biotinilated goat anti-rabbit antibody (Vector) in PBT with 2% NGS and 2% BSA at 
room temperature for 2 h, sections were rinsed, incubated with ABC complex (Vector) 
for 1.5 h, and then stained using 3-3'-diamino-benzidine (DAB kit, Vector).  A similar 
staining method was used on an alternate set of brain sections for tyrosine hydroxylase 
immunocytochemistry with rabbit anti-tyrosine hydroxylase polyclonal antibody as a 
primary antibody (1:8,000; Chemicon).  
Tissue Micro-dissection  

Subjects were sacrificed via rapid decapitation and brains were immediately 

extracted and frozen.  Coronal sections (300µm) were cut on a cryostat, and frost 
mounted onto microscope slides.  Bilateral tissue punches with a 1mm diameter were 
taken from NAcc, caudate-putamen (CP), and paraventricular nucleus of the 

hypothalamus (PVN), (areas which showed high density TH staining) and stored at -80°C 
until analyzed.  Neurochemical extraction was done as previously described (Aragona et 

al., 2002), except tissue samples were sonicated (Model 60, Fisher Scientific) in 75µl of 
0.1M perchloric acid (PCA; Fisher) with 0.02% ethylenediaminetetraacetic acid (EDTA, 
Fisher).  Samples were assayed for DA, the DA metabolites, dihydroxyphenylacetic acid 
(DOPAC) and homovanillic acid (HVA), norepinephrine (NE), serotonin (5-HT), and the 
5-HT metabolite 5-hydroxyindoleacetic acid (5-HIAA).  Means for each neurochemical 
as well as the DOPAC to DA ratio (index of DA turnover) between treatment groups 
were compared using a one-way ANOVA. 
High-Performance Liquid Chromatography with Electrochemical Detection (HPLC-

ECD) 

Peak separation was achieved using a microdialysis MD-150 analytical column 
(ESA Inc.).  The mobile phase consisted of 75mM sodium dihydrogen phosphate 
monohydrate (EM science), 1.7mM 1-octanesulfonic acid sodium salt (Acros), 0.01% 

triethylamine (Aldrich), 25µM EDTA (Fisher), 10% acetonitrile (EM Science), and the 
pH was adjusted to 3.85 with 85% phosphoric acid (Fisher).  Samples were first oxidized 
at 250mV then reduced at –250mV.  The flow rate was 0.7ml/min.  Standards were 
diluted in 0.1M PCA (0.02% EDTA) and used to construct a standard curve.  Peak area 
was calculated using Millenium software (Waters) and standard curves were then used to 
convert peak area units into total amount. The limit of detection was approximately 5pg 
per sample. 
Stereotaxic Cannulation and Injection 

Subjects were anesthetized with sodium pentobarbital (2.5mg per 40g body 
weight), and 26-gauge bilateral guide cannulae (Plastics One Inc.) aimed at NAcc were 
implanted stereotaxically (nose bar at –2.5mm; 1.7mm rostral, + 1mm bilateral, and 
4.5mm ventral to bregma).  Control injections were aimed at CP (nose bar at –2.5mm; 
1.7mm rostral, + 1mm bilateral, and 2.5mm ventral to bregma).  After 3-5 days recovery, 
subjects received microinjections (200nl/side) of either CSF or CSF containing 
haloperidol or apomorphine (RBI, MA).  The procedure for dissolving halperidol and 
apomorphine was performed in the same manner as in a previous study (Wang et al., 
1999).  Drugs were always mixed fresh prior to administration.  Since neither compound 
is easily dissolved in physiological saline (or CSF) and may have been suspended in the 
vehicle, the drug vial was shaken well prior to administration.   Injections were made 
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with a 33-gauge needle that extended 1mm below the guide cannula into the target area. 
The needle was connected to a Hamilton syringe through PE-20 tubing. Plunger 
depression was done slowly, requiring 10-15 seconds per injection. After behavioral 
testing, subjects were sacrificed and injection sites were verified histologically by an 
observer blind to experimental conditions.  Subjects with misplaced cannulae were 
excluded from data analysis. 

 
Experiment 1a: Does peripheral administration of the dopamine receptor 

antagonist, haloperidol, block mating-induced partner preferences? 
Experimental Procedure 

 Sexually naive males were randomly assigned into one of three groups that 

received intraperitoneal (i.p.) injections of either 200µl saline (n=8), or saline containing 

0.4µg (n=10), or 4.0µg (n=8) of the non-selective DA antagonist haloperidol.  Subjects 
were then immediately paired with EB-primed OVX females and allowed to mate ad 

libitum for 24 h.  Behavior was videotaped and the effect of haloperidol on mating was 
assessed.  Males that did not mate within the first six hours were excluded from the 
experiment.  After 24 h of mating, subjects were tested for partner preferences.   
Results 

As expected, saline injected control subjects formed partner preferences with their 
respective mates following 24 h of mating (p=0.05, Figure 2A).  However, both doses of 

haloperidol blocked mating induced partner preferences (0.4µg, p=0.33; 4.0µg p=0.78, 
Figure 2A).  While haloperidol blocked partner preferences, it did not affect the number 

of mating bouts during the initial cohabitation period (control 6.9 + 1.5; 0.4µg halo 7.2 + 

3.0; and 4.0µg halo 6.4+ 2.7) or locomotor activity measured by cage entries during the 

partner preference test (Control 105.7 + 17.5; 0.4µg Halo 67.5 + 14.1; and 4.0µg Halo 
97.64+ 10.4).  Therefore, haloperidol blockade of DA receptors prevented the formation 
of a partner preference without disruption of mating.  

 
Experiment 1b: Does peripheral administration of the dopamine receptor agonist, 

apomorphine, induce partner preferences in the absence of mating? 

Experimental Procedure 

Sexually naive males were divided into four groups that received i.p. injections of 

either 200µl saline (n=8), or saline containing 0.5µg (n=9), 5.0µg (n=10), or 50.0µg 
(n=8) of apomorphine.  Immediately after injection, subjects were paired with OVX 
females, which were not treated with estradiol, for 6 h of cohabitation in the absence of 
mating.  Thereafter, subjects were tested for partner preferences. All behavior was 
videotaped, reviewed, and the absence of mating was confirmed. 
Results      

Subjects that received saline injections prior to 6 h of cohabitation showed non-
selective side-by-side contact during the partner preference test (p=0.96, Figure 2B).  

However, those that received low dose i.p. administration of apomorphine (0.5µg) 
showed partner preferences (p<0.05, Figure 2B).  Subjects given higher doses of 

apomorphine (5µg and 50µg) did not show partner preference formation (p=0.35 and 
0.39 respectively).  Locomotor activity during the partner preference test was not 

different between the four groups (Control 82.1 + 11.5; 0.5µg Apo 101.8 + 39.4; 5.0µg 

Apo 118.2 + 20.6; and 50µg Apo 117.8 + 31.5.) 
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Experiment 2: What is the dopamine innervation in nucleus accumbens of male 

prairie voles? 

Experimental Procedure 

Experiment 1 showed that DA is involved in partner preference formation in male 
prairie voles.  Previous experiments with females have also shown that DA, and 
specifically NAcc DA is important for partner preference formation (Gingrich et al., 
2000).  However, DA neuroanatomy of prairie vole NAcc has never been described.  In 
the present experiment, sexually naive adult male prairie voles were prepared for 
immunocytochemistry. DA innervation of NAcc was observed by 
immunocytochemically labeling for tyrosine hydroxylase (TH; the rate limiting enzyme 
for the production of DA) and for the DA transporter (DAT).  
Results 

Figure 3 shows matched sections of TH and DAT labeling in NAcc and several 
other brain areas of male prairie voles. Light microscopic analysis revealed similar 
patterns of staining for both TH and DAT in NAcc, CP, and olfactory tubercle (OT).  The 
massive TH and DAT staining in these areas indicates dense DA terminal innervation.  
For TH, staining appears extremely dense in NAcc, CP, and OT. DAT is most densely 
stained in CP and OT with lighter staining in the medial portion of NAcc, especially in 
the more caudal sections.  Inspection of subcommissural regions of the ventral forebrain 
reveals that ventral pallidum (VP) has only moderate labeling (Figure 3C and D); 
however, at higher magnification fibers are clearly visible.  

 
Experiment 3: Does mating increase dopamine turnover in nucleus accumbens of 

male prairie voles? 

Experimental Procedure 

Sexually naive males were paired either with a male sibling (Control, n=8), with 
an EB-primed OVX female with which the subject failed to mate (Non-Mated, n=8), or 
with an EB-primed OVX female with which the subject mated (Mated, n=12).  Subjects 
in the Mated group were sacrificed 30min after mating onset and averaged 40min total 
time together.  Therefore, Control and Non-Mated groups were paired for 40min and then 
sacrificed. Bilateral tissue punches were taken from NAcc, CP, and PVN (Figure 4A) and 
tissue samples were assayed using HPLC-ECD for several neurochemicals. 
Results 

 In NAcc, Mated males had 33% higher mean values of DA turnover compared to 
Control and Non-Mated subjects, but this increase was not statistically significant 
(p=0.17, Figure 4B).  A similar trend was also found in CP, but not in PVN (Figure 4B).  
Figure 4C shows that under baseline conditions, DA turnover in NAcc was 
approximately two times greater than in CP, while CP had approximately three times the 
amount of DA compared to NAcc.  PVN contained much less DA compared to NAcc and 
CP.  PVN was primarily noradrenergic and also had approximately two times the 5-HT 
compared to NAcc and CP.  Mating and social experience had no significant effects on 
any of the other neurochemicals measured.   
 
Experiment 4a: Does site-specific administration of the dopamine antagonist, 

haloperidol, into nucleus accumbens block mating induced partner preferences? 
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Experimental Procedure 

 Sexually naive males were implanted with guide cannulae bilaterally aimed at the 
NAcc. After 3-5 days of recovery, subjects were divided into one of two groups that 
received microinjections of 200nl CSF alone per side (n=5) or CSF with 4.0ng 
haloperidol (n=7).  Subjects were then paired with an EB-primed OVX female for 24 hrs 
of mating, and then tested for partner preferences.  All behavior was videotaped and 
analyzed as in Experiment 1a.  
Results 

 As expected, the control group displayed significant partner preference formation 
(p<0.05) and haloperidol treatment completely blocked mating induced partner 
preferences (p=1.0, Figure 5A).  This effect was not due to disruption of mating during 
the first six hours of the cohabitation period.  Rather, haloperidol treated subjects showed 
a trend for more mating bouts compared to control animals (Control 5.4 + 1.0; 4ng Halo 
8.1 + 1.4; p=0.1).   Haloperidol treated animals did not differ from controls in locomotor 
activity during the first six hours of the cohabitation period (as measured by the number 
of times the subject crossed the center of the cage) or during the partner preference test. 
 
Experiment 4b: Does site-specific administration of the dopamine agonist, 

apomorphine, into nucleus accumbens induce partner preferences in the absence of 

mating? 

Experimental Procedure 

 Sexually naive males were cannulated as described in Experiment 4a and were 
then divided into one of four groups that received microinjections of either CSF alone 
(200nl per side; n=7), CSF containing 0.04ng (n=8) or 4.0ng (n=7) apomorphine, or CSF 
containing 0.04ng apomorphine with 0.4ng of haloperidol (n=8).  To assess site 
specificity, a final group of subjects (n=6) were implanted with guide cannulae aimed at 
the CP (2mm dorsal to NAcc) and received injections of CSF containing 0.04ng 
apomorphine.  All subjects were paired with OVX females, which were not treated with 
estradiol, for 6-hrs of cohabitation in the absence of mating and then immediately tested 
for partner preferences.  Behavior was videotaped and analyzed as in Experiment 1b.     
Results 

 Control subjects that received CSF injections into NAcc prior to 6-hrs of 
cohabitation showed non-selective side-by-side contact during the partner preference test 
(p=0.7) (Figure 5B).  However, similar to i.p. administration, subjects that received 
administration of apomorphine at a low dose (0.04ng), but not a high dose (4ng), showed 
partner preferences (p<0.01; Figure 5B). This apomorphine-induced partner preference 
was blocked by co-administration of 0.4ng haloperidol (p=0.74).  Furthermore, 
apomorphine failed to induce partner preferences when injected into CP (p=0.93), 
suggesting that DA acts in a site-specific manner to influence partner preferences (Figure 
4B).  Drug treatment did not affect locomotor activity during partner preference test, 
however, subjects receiving NAcc apomorphine showed decreased locomotor activity 
during the 6-hrs of cohabitation (as measured by the number of times the subject crossed 
the center of the cage, Control 297.8 + 79.5, Apo 0.04ng 135.1 + 14.7, Apo 4.0ng 151.7 + 
24.2; p=0.04).  Importantly, there were no differences in locomotor activity between the 
two apomorphine groups.  Injection sites for apomorphine in NAcc and CP are illustrated 
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in Figure 6.  All NAcc injections were located in the more rostral portions of NAcc, 
where TH/DAT is most abundant. 
 
Discussion 

 This study shows, for the first time, that DA is critically involved in social 
attachment in male prairie voles. Administration of a DA antagonist, haloperidol, blocked 
mating induced partner preferences, whereas a DA agonist, apomorphine, induced this 
behavior in the absence of mating. This is also the first study to describe DA 
neuroanatomy, tissue content, and turnover in vole NAcc.  Although not statistically 
significant, mating appears to increase DA turnover in NAcc by 33%, suggesting that DA 
may be released upon mating.  The involvement of NAcc in pair bonding was 
demonstrated by site-specific administration of haloperidol or apomorphine into NAcc.  
Haloperidol blocked partner preferences induced either by mating or apomorphine.  
Similar to i.p. administration, apomorphine in NAcc induced partner preference 
formation in the absence of mating at  low, but not high, doses.  Together these data 
suggest that mating induces DA release in NAcc and released DA is necessary for pair 
bond formation of male prairie voles.   
 
DA is involved in partner preference formation 

DA receptor antagonism by peripheral haloperidol administration blocked mating 
induced partner preferences.  Importantly, haloperidol did not disrupt mating or 
locomotor activity, and therefore, its effect on partner preference formation was not 
secondary to effects on mating or locomotion. These data suggest that haloperidol 
affected a social consequence of mating and demonstrate that access to DA receptors is 
necessary for partner preference formation in male prairie voles. 

Peripheral administration of apomorphine at a low dose induced partner 
preference formation in the absence of mating, providing further evidence that DA is 
involved in pair bond formation in male prairie voles.  However, in a previous study, 

administration of apomorphine at a high dose (e.g., 50µg) induced partner preferences in 
females (Wang et al., 1999).  Interestingly, males given the same dose of apomorphine, in 
the present study, appeared to spend more time with the stranger.  This avoidance of the 
partner is comparable to male rats that show conditioned taste aversion when given a 
similar dose of apomorphine (Wang et al., 1997a).  While there appear to be differences 
in sensitivity to DA between males and females, more dramatic sex differences have been 
reported for vasopressin, oxytocin, and corticosterone.  It has been reported that 
vasopressin and increases in corticosterone are more important for male pair bonding 
(Winslow et al., 1993; DeVries et al., 1996), whereas oxytocin and decreases in 
corticosterone are more important for female pair bonding (DeVries et al., 1995; Insel 
and Hulihan, 1995).  Although a recent study indicated that sex differences in the effects 
of vasopressin and oxytocin on pair bonding are less dramatic, male voles showed a 
greater sensitivity to neuropeptide manipulation (Cho et al., 1999).  
 
Neuroanatomical and neurochemical description of vole NAcc 

NAcc and VP have been implicated in social attachment (Gingrich et al., 2000; 
Pitkow et al., 2001; Young et al., 2001; Lim and Young, 2002; Liu and Wang, 2002).  In 
the present study, we performed TH and DAT immunocytochemistry to examine DA 
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innervation in these and associated brain areas. Despite differences in social organization 
and behavior, prairie voles showed similar patterns of DA innervation compared to 
traditional lab rodents (Hokfelt et al., 1984; Voorn et al., 1986; Ciliax et al., 1995; Freed 
et al., 1995; Nirenberg et al., 1997; Jansson et al., 1999; Nobrega et al., 1999).  These 
data suggest that the pattern of DA innervation in NAcc does not correlate with social 
behavior.  However, it is possible that monogamous and non-monogamous voles have 
post-synaptic differences in DA neuroanatomy.  This is certainly the case for oxytocin 
and vasopressin receptors (Insel and Shapiro, 1992; Insel et al., 1994).  Therefore, further 
experiments examining the distribution pattern of D1- and D2-type receptors in voles will 
be needed.  It is also possible, however, that prairie voles have similar DA systems 
compared to non-monogamous rodents, but differ in other neurotransmitter systems that 
interact with DA in the regulation of pair bonding.  For example, access to both oxytocin 
and DA receptors in NAcc is required for partner preference formation in female prairie 
voles (Liu and Wang, 2002), and NAcc of prairie, but not non-monogamous voles, 
contains oxytocin receptors (Insel and Shapiro, 1992).  Therefore, species differences in 
oxytocin or other neurotransmitter systems (i.e. vasopressin; see (Lim and Young, 2002)) 
that may interact with DA could play a critical role for NAcc DA effects on pair bonding.  

The DOPAC/DA ratio is commonly used as an index of DA turnover (Blackburn 
et al., 1989).  Mated male voles showed greater mean levels of DA turnover primarily in 
NAcc and to a lesser extent in CP.  While neither difference reached statistical 
significance, these patterns of increase are consistent with data suggesting that mating 
induces DA release in NAcc and CP in rats (Pfaus et al., 1990; Mas et al., 1995) and in 
female prairie voles (Gingrich et al., 2000; Curtis et al., 2002).  Failure to detect 
significant group differences may have been because the tissue extraction assay was not 
sensitive enough to detect more subtle changes, such as extracellular release.  In addition, 
the optimal sacrifice time after mating onset may not have been chosen. 

 
NAcc is important for DA regulation of partner preference formation 

As with peripheral administration, haloperidol administered into NAcc blocked 
mating induced partner preferences without disrupting mating.  In fact, subjects that 
received haloperidol directly into NAcc showed a trend for increased mating behavior.  
This increase in mating is analogous to increases in free food consumption after 
haloperidol injection into NAcc of rats (Salamone et al., 1991). This suggests that 
haloperidol may have altered the hedonic value of mating (but see (Berridge and 
Robinson, 1998).   Haloperidol in NAcc also blocked agonist induced partner 
preferences, and since adverse effects on mating or locomotor activity were not observed, 
this suggests that DA receptor blockade within NAcc directly prevented partner 
preference formation.  

Similar to peripheral administration, apomorphine injected directly into NAcc 
induced partner preferences in the absence of mating at a low, but not a high, dose. A 
possible explanation for the apomorphine dose response follows from the fact that 
apomorphine is a general DA agonist, and has approximately three orders of magnitude 
greater binding affinity for D2-type compared to D1-type receptors (Missale et al., 1998).  
Therefore, apomorphine at low doses may primarily act on D2-type receptors to induce 
partner preference formation.  This is consistent with data from female prairie voles that 
utilize a D2-type receptor mediated mechanism for partner preference formation (Wang 
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et al., 1999; Gingrich et al., 2000).  Conversely, apomorphine at high doses may activate 
both D1- and D2-type receptors, and activation of D1-type receptors may prevent partner 
preference formation.  If true, D1-type receptors are not simply uninvolved, but when 
activated, antagonize the effects of D2-type receptors.  This notion is supported by the 
fact that D1 and D2-type receptors have opposite intracellular signaling effects (Missale 
et al., 1998), opposing control of cocaine seeking behavior (Self et al., 1996), differential 
regulation over opioid-induced place conditioning (Shippenberg et al., 1993), and 
opposite influence over certain aspects of copulation (Hull et al., 1992).  

Administration of low dose apomorphine has also been reported to reduce 
locomotor activity (Van Ree and Wolterink, 1981) and this hypomotility is mediated in 
NAcc (Radhakishun and Van Ree, 1987).  This is supported by our data that show 
decreased locomotor activity induced by apomorphine injections into NAcc.  However, 
locomotor activity between the two apomorphine groups was nearly identical, suggesting 
that their differences in partner preferences cannot be attributed to locomotor activity. 
Therefore, apomorphine in NAcc had similar behavioral consequences compared to rats 
with respect to locomotor activity, but also had important social consequences for prairie 
voles.  

Finally, these behavioral effects of apomorphine appear to be site-specific, as 
partner preference formation occurred after injections into NAcc but not CP.  These data, 
together with the data from female prairie voles (Gingrich et al., 2000) suggest that NAcc 
DA regulates partner preference formation in prairie voles.  The site specificity within 
NAcc with respect to partner preferences is worth further attention. There is a tremendous 
amount of literature showing significant differences between the two main components of 
NAcc, the core and shell (Zahm, 2000).  In the present study, all apomorphine injections 
were administered into the NAcc shell.  A potential core/shell distinction in the regulation 
of social attachment is currently being investigated in on-going experiments.   

 
Conclusion 

This study provides ample evidence that NAcc DA is involved in social 
attachment.  NAcc DA has been implicated in many, although perhaps not all, aspects of 
reward learning (Berridge and Robinson, 1998), and is believed to be a major component 
involved in drug addiction (Self et al., 1998).  It has been suggested that the neural 
pathways implicated in drug addiction evolved to mediate reinforcement produced by 
natural rewards and are involved in adaptive behavior (Di Chiara, 1995; Wise, 1996; 
Nesse and Berridge, 1997; Zahm, 2000; Kelley and Berridge, 2002).  The current study 
provides support for such hypotheses in that NAcc DA is necessary for the social 
behavior of the monogamous prairie vole. Prairie voles provide a model to examine the 
neural mechanisms of pair bonding, a social reward relevant to the strong social bonds 
formed by humans. DA systems are involved in human social behavior and DAergic 
drugs are often used to treat disorders associated with social attachment such as autism 
and social phobia (Mikkelsen et al., 1981; Schneier et al., 2000; Volkmar, 2001).  Further 
examination of the neurobiology of social attachment may not only lead to a better 
understanding of these disorders, but also addictive disorders that likely involve similar 
neural pathways. 
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CHAPTER 3: THE NATURE OF DOPAMINE REGULATION OF THE 

FORMATION AND MAINTENANCE OF PAIR BONDS 

 

 
Overview: 
 

Progress toward understanding the neural basis of monogamy has been made by 
neurochemical examination of pair bond formation in a monogamous rodent, the prairie 
vole (Microtus ochrogaster) (Insel and Young, 2001; Aragona and Wang, 2004).  Recent 
studies have revealed important regulation of pair bonding by neural circuitry associated 
with reward processing (Wang et al., 1999; Gingrich et al., 2000; Aragona et al., 2003; 
Insel, 2003; Liu and Wang, 2003; Lim et al., 2004; Lim and Young, 2004).  Here, we 
assessed the nature of nucleus accumbens dopamine regulation of pair bond formation 
and maintenance.  We first showed that activation of D2-like dopamine receptors 
specifically within the rostral shell subregion of the nucleus accumbens facilitated pair 
bond formation, whereas activation of D1-like receptors prevented pair bonding.  Having 
defined the function of these receptors in pair bond formation, we next demonstrated that 
pair bonded voles have significantly more D1-like receptors within the nucleus 
accumbens.  Moreover, blockade of these receptors abolished the typical monogamous 
rejection of novel females exhibited by pair bonded males, indicating that up-regulation 
of D1-like receptors within the NAcc underlies pair bond maintenance.  Together, these 
experiments detail neural processing and restructuring responsible for the formation and 
enduring nature of monogamous bonding (Pizzuto and Getz, 1998). 
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CHAPTER 3: THE NATURE OF DOPAMINE REGULATION OF 

THE FORMATION AND MAINTENANCE OF PAIR BONDS 
 

Field studies initially revealed that prairie voles are monogamous (Getz et al., 
1981; Carter et al., 1995), and this species reliably shows behavior indicative of 
monogamy in the laboratory (Insel and Young, 2001).  For example, prairie voles 
routinely prefer to be with their familiar mate (partner) over an unfamiliar conspecific 
(stranger) (Williams et al., 1992; Winslow et al., 1993). This behavior is referred to as the 
‘partner preference’ and is a valuable laboratory index of monogamous pair bonding 
(Insel and Young, 2001; Aragona and Wang, 2004).  As mating facilitates partner 
preferences, it has been suggested that neural processing associated with mating is 
important for pair bonding (Williams et al., 1992; Winslow et al., 1993; Carter et al., 
1995; Wang et al., 1999; Gingrich et al., 2000; Insel and Young, 2001; Aragona et al., 
2003; Aragona and Wang, 2004).  In many species, including prairie voles, one 
neurochemical consequence of mating is the release of dopamine (DA) within the nucleus 
accumbens (NAcc) (Fiorino et al., 1997; Gingrich et al., 2000; Robinson et al., 2002).  
DA in the NAcc is important for associative learning (Everitt, 1990; Di Chiara, 2002; 
Kelley and Berridge, 2002; Salamone and Correa, 2002) and is critically involved in 
partner preference formation (Wang et al., 1999; Gingrich et al., 2000; Aragona et al., 
2003).  However, detailed understanding of DAergic regulation of pair bonding is lacking 
with respect to site specificity of its action within NAcc and the interaction of DA with its 
different receptors.  Furthermore, even though pair bonding is associated with stable 
alterations of behavior, neural plasticity underlying behavioral changes are completely 
unknown.  These topics are therefore systematically addressed in this study.   
 
METHODS 

 
Animals 

Subjects were adult male prairie voles (90 to 120 days of age) from a breeding 
colony that were weaned at 21 days of age and then housed in single-sex sibling pairs in 
plastic cages (25x12x10 cm) with corncob bedding and cotton as nesting material. Food 
and water were provided ad libitum. Animals were maintained under a 14L:10D 

photoperiod and the room temperature was 21°C.  Stimulus females were 
ovariectomized, and partners and strangers used for 24 hr manipulations were estrogen 
primed by subcutaneous implantation of estradial benzoate pellets four days prior the 
experiment (Aragona et al., 2003). 
Partner preference test 

The testing apparatus was a central cage (25x12x10 cm) joined by hollow tubes 
(7.5x16 cm) with two parallel identical cages each housing a stimulus animal.  The 
subjects were free to move throughout the apparatus while stimulus animals were loosely 
tethered within their separate cages and had no direct contact with each other.  The 
familiar ‘partner’ (housed with the subject prior to the partner preference test), and an 
unfamiliar conspecific ‘stranger’ (one that had not previously encountered the subject) 
were used as stimulus animals. The partner preference test lasted for 3 hrs and behavior 
was recorded using a time-lapse video recording system (Panasonic recorder). For the 
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partner preference test, duration of subject’s side-by-side contact with the partner or the 
stranger within each treatment group was analyzed by t-test. 
Administration of dopaminergic compounds 

Subjects were anesthetized with sodium pentobarbital (2.5 mg per 40g body 
weight), and bilateral 26-gauge guide cannulae (Plastics One Roanoke, VA.) were 
stereotaxically implanted, aimed at the NAcc (nose bar –2.5mm; 1.6mm rostral, + 1mm 
bilateral, 4.5mm ventral (for shell), 3.5mm ventral (for core) to bregma). After 3-5 days 
recovery, subjects received microinjections (200 nl/side) of either artificial cerebrospinal 
fluid (CSF) or CSF containing various doses of a DA agonists or antagonists.  Drugs 
include quinpirole, eticlopride, SKF 38393, and SCH 23390 (Research Biochemicals, 
Nantick, MA).  Injections were made with a 33-gauge needle that extended 1 mm below 
the guide cannula into the target area. The needle was connected to a Hamilton syringe 
(Hamilton, Reno, NV) through PE-20 tubing. Plunger depression was done slowly, 
requiring about 10-15 seconds per injection. After behavioral testing, subjects were 
sacrificed to verify injection sites histologically in 40 µm Cresyl Violet stained sections.  
Subjects with misplaced cannulae were excluded from data analysis.   
Locomotor activity 

Males received either vehicle or drug injection and were immediately placed in a 
cage (20x25x45 cm) with their partner. As manipulation of DA receptors in the NAcc has 
been shown to influence locomotor activity (Ikemoto, 2002), behavior was video taped 
and an experimenter blind to treatment recorded mid-line cage crossings during the first 
two hours of the cohabitation.   Drug manipulations did not significantly alter locomotor 
activity during the cohabitation period.  Further, since the effect of DAergic drugs on 
partner preference formation could be secondary to their effects on locomotor activity, 
we also examined the frequency of total cage entries during the partner preference test 
using a one-way ANOVA and confirmed that drug treatment did not alter locomotor 
activity during this test. Prior to selective aggression tests, subjects did not differ in the 
number of grid crosses during the 10-min open field test.   
DA receptor autoradiography 

Sections (15µm) were rinsed in 50 mM Tris-HCl (pH 7.4) 2x10 min and then 
incubated in buffer containing 50 mM Tris-HCl (pH 7.4), 120 mM NaCl, 5 mM KCl, 2 
mM CaCl2, 1 mM MgCl2 and [125I]-SCH23982 (a ligand for D1-like receptors) or 
[125I]2’-iodospiperone (a ligand for D2-like receptors) (NEN, MA). In addition, 50 nM 
ketanserin (RBI, MA) was added to preclude possible binding to 5-HT2 receptors as DA 
receptors ligands show some affinity for serotonin receptors. Following a 90-min (D2) or 
45-min (D1) incubation at room temperature, sections were rinsed once in fresh ice cold 
buffer containing 0.1% paraformaldyhyde, and then rinsed in ice cold buffer 2X5min, 
followed by immersion in ice cold buffer for 60 min while gently stirring.  Finally, 
sections were dipped in ice cold ddH2O; and dried under a stream of cool air. Nonspecific 
binding was defined by incubating adjacent sections in both eticlopride and SCH23390, 
which displaced specific binding. Slides were exposed to BioMax MR film (Kodak) 

along with 125I plastic standards (Amersham) for approximately 4 hrs. The resulting 
images were analyzed with the IMAGE program (IMAGE, NIH).  Group differences in 
the density of regional D1- or D2-like receptor binding were analyzed by a t-test for data 
represented in Figure 9 and a one way ANOVA for data shown in Figure 10. 
Resident-intruder test   
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On day 14 of cohabitation with a female, pair bonded subjects were fitted with 
bilateral guide cannula aimed at NAcc shell.  Subjects then recovered for 3 days, with 
their mate present, in the chamber that served as the home cage during the resident-
intruder test (45x22x20cm).  On the day of the test, subjects first received micro-injection 
and were then returned to their home cage for ten minutes. Because D1-like receptors 
were increased equally in the core and shell in pair bonded animals, micro-injection 
volume was increased to 500nl/side in order to allow sufficient upward diffusion into 
NAcc core, resulting in blockade of D1-like receptors in both subregions of NAcc.  
Subjects were then placed in an open field apparatus for ten minutes to assess locomotor 
activity.    Thereafter, subjects were returned to their home cage, in isolation for ten 
minutes, and then the intruder was placed into the cage.  Non-estrogen primed, sexually 
naive, females served as intruders (except in the case of the CSF + Partner group) in 
order to most closely approximate what a male would encounter in nature.  The 6-min 
resident-intruder test was video taped and the following behaviors were scored: attacks 
(lunges, bites, chases); aggressive postures (offensive and defensive rears); affiliative 
approaches (non-aggressive attempts at anogenital investigation); the duration of 
affiliative behaviors (affiliative olfactory investigation or side-by-side contact); the 
number of attacks made by the female intruder were also recorded as well as retaliatory 
attacks by the male subject.  Group differences were assessed by a one-way ANOVA 
followed by orthogonality of comparisons (contrasts) as post hoc analysis.   
 
RESULTS 

D2-like activation specifically within rostral NAcc shell is critical for partner 

preference formation 

The NAcc is a heterogeneous structure consisting of functionally distinct sub-
regions, most notably the core and shell (Zahm, 2000; Di Chiara, 2002).  Both sub-
regions are implicated in processing salient stimuli, associative learning, and expression 
of motivated behavior (Kalivas et al., 1999; Zahm, 2000; Everitt et al., 2001; Di Chiara, 
2002; Kelley and Berridge, 2002; Salamone and Correa, 2002); functions that are 
important for the formation and/or expression of partner preferences.  Given that previous 
studies demonstrated that partner preference formation can be induced by D2-like 
receptor activation (Wang et al., 1999; Gingrich et al., 2000; Aragona et al., 2003), we 
used the D2-like specific agonist, quinpirole, to assess which specific sub-region of NAcc 
is involved in partner preference formation.   

As demonstrated in previous studies (Williams et al., 1992; Gingrich et al., 2000; 
Aragona et al., 2003; Liu and Wang, 2003; Aragona and Wang, 2004), males injected 
with vehicle alone and paired with a female for 6 hrs in the absence of mating failed to 
show partner preferences; i.e. they displayed non-selective side-by-side contact time 
during the partner preference test (Fig. 7a and b).  However, administration of quinpirole 
into NAcc shell induced partner preferences in the absence of mating (Fig. 7a).  
Quinpirole administration into NAcc core was ineffective at all doses tested (Fig. 7b).  
Histological verification showed that these injections were in rostral portions of NAcc 
(Fig. 7) (Reynolds and Berridge, 2002).  We therefore injected the most effective dose of 

quinpirole (0.04ng) 500µm further caudal within the shell (n=9). Unlike rostral 
injections, caudal injections of quinpirole did not induce partner preferences (contact time 

min/3hr: partner = 36.5 + 16.5; stranger = 38.9 + 17.2; mean±SEM).  Together, these data 
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demonstrate that activation of D2-like receptors in the rostral shell is important for 
partner preference formation.    
 
D1- and D2-like receptors within rostral NAcc shell have opposing effects on 

partner preference formation 

 In contrast to the facilitating effects of D2-like receptor activation on pair 
bonding, recent data indicate that D1-like receptor activation may have negative 
consequences for pair bonding.  Specifically, administration of low, but not high, doses 
of the non-selective DA agonist, apomorphine, induced partner preference formation 
(Aragona et al., 2003).  Since apomorphine has a greater affinity for D2-like receptors, 
low dose administration was likely effective because of preferential activation of D2-like 
receptors.  At higher doses, apomorphine may have failed to induce partner preferences 
because of activation of D1-like receptors. We therefore tested whether D1-like 
activation within the rostral NAcc shell would prevent partner preference formation.  
A replication of the most effective dose of quinpirole from the first experiment served as 
the control group.  As expected, quinpirole alone induced partner preferences in subjects 
paired with a female for 6 hrs without mating.  However, concurrent activation of D1-like 
receptors, by co-administration of SKF 38393, blocked quinpirole-induced partner 
preferences (Fig. 8a).  Co-administration of the D2-like antagonist, eticlopride, also 
prevented quinpirole-induced partner preferences (Fig. 8a); however, subjects receiving 
co-administration of quinpirole and the D1-like antagonist, SCH 23390, showed a robust 
partner preference (Fig. 8a).  These data demonstrate that activation of D1-like receptors 
prevents pharmacologically induced partner preference formation.   

In the next experiment we tested whether D1-like activation also blocks partner 
preferences induced by mating.  Similar to previous studies (Williams et al., 1992; 
Winslow et al., 1993; Insel and Young, 2001; Aragona et al., 2003; Aragona and Wang, 
2004), vehicle injected males that mated ad libitum for 24 hrs showed partner preferences 
(Fig 8b).  However, administration of the D1-like agonist blocked mating-induced partner 
preference formation (Fig 8b). Importantly, the number of mating bouts during the initial 
cohabitation did not differ between the two groups (Control = 6.2 + 1.0; D1 agonist= 5.4 
+ 0.9), suggesting that D1-like receptor activation directly interfered with partner 
preference formation.  Since D1-like receptor activation prevents both quinpirole-induced 
and mating-induced partner preferences, it is clearly antagonistic to pair bond formation.  
These findings demonstrate that social choice is regulated by differential activation of 
D1- and D2-like receptors in the rostral NAcc shell.   
 
Pair bonded animals have a substantial increase in D1-like receptors in the NAcc 

In the first two experiments, we determined the role of D1- and D2-like receptors 
in the regulation of pair bond formation.  In the next experiment, we examined the 
densities of these receptors in prairie voles that were pair bonded.  Since pair bonding is 
an enduring behavioral change (Pizzuto and Getz, 1998), we hypothesized that this 
behavior is maintained by underlying changes in the numbers of one or both of the DA 
receptor subtypes.  To test this, we used receptor autoradiography to compare D1- and 
D2-like receptor densities within the NAcc and a control area, the caudate-putamen (CP), 
between sexually naive controls and pair bonded males.  Males paired with a female for 
two weeks were defined as pair bonded and since the females were at similar stages of 
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pregnancy at the end of the two-week cohabitation, it is likely that males within this 
group had similar social interactions compared to one another. 

Pair bonded males had significantly more D1-like receptors in NAcc than non-
pair bonded males (Fig. 9a and b).  NAcc core and shell were analyzed separately and 
D1-like receptor number was increased equally within both sub-regions.  Importantly, 
there was no change in D1-like receptor density in the CP, suggesting that up regulation 
of D1-like receptors in the NAcc does not generalize to all DAergic areas (Fig. 9a and b).  
There were no differences in the number of D2-like receptors between pair bonded and 
control males for either brain area (Fig. 9a and c).  Given that D1-like receptor activation 
within NAcc prevents pair bonding, up regulation of D1-like receptors in the NAcc likely 
prevents the formation of new pair bonds and thus promotes pair bond maintenance. 

Since increased D1-like receptors in pair bonded males may have simply been due 
to social or sexual experience with a female, an additional experiment was performed to 
address this possibility.  D1- and D2-like receptors were labeled in males that either 
remained with their male sibling (Control), were paired with a female for 24 hrs but did 
not mate (Cohab), or that mated ad libitum with a female for 24 hrs (Mated).  Unlike 
males that were paired with a female for two weeks, there were no significant changes in 
the number of either DA receptor subtype in males receiving 24 hrs exposure to a female 
(Fig. 10).  These data demonstrate that significant changes in DA receptor number do not 
occur during initial social and sexual experience.  Importantly, 24-hrs mating reliably 
leads to partner preference formation (Williams et al., 1992; Winslow et al., 1993; Insel 
and Young, 2001; Aragona et al., 2003; Aragona and Wang, 2004), suggesting that 
changes in the number of D1-like receptors in NAcc are not essential for an initial partner 
preference but underlie the stability of fully established pair bonds.  We therefore tested 
if reorganization of the NAcc mediates pair bond maintenance.   
 
Increased D1-like receptors in the NAcc promote pair bond maintenance 

Prairie voles maintain pair bonds by aggressively expelling novel conspecifics 
from their territory (selective aggression) (Getz et al., 1981; Winslow et al., 1993; Carter 
et al., 1995; Wang et al., 1997b; Aragona and Wang, 2004).  We therefore examined if 
D1-like receptors within the NAcc of pair bonded males mediate selective aggression, 
using the resident-intruder paradigm (Winslow et al., 1993; Wang et al., 1997b).  As 
expected, sexually naive control males that received intra-NAcc vehicle administration 
did not display aggression toward a female intruder (Fig 11a), instead, they approached 
the female and typically engaged in anogenital olfactory investigation (Fig 11b).  Vehicle 
treated males that were pair bonded showed no aggression toward their familiar mates 
(partners) (Fig 11a).  They approached and huddled with their mates, resulting in 
significantly greater duration of affiliative behavior (Fig 11b).  In contrast, when novel 
females (strangers) served as intruders, pair bonded males showed significantly more 
attacks and defensive postures (Fig 11a) and very low levels of affiliative behavior (Fig 
11b). Remarkably, intra-NAcc blockade of D1-like receptors in pair bonded males 
abolished selective aggression and induced high levels of affiliative behavior.  In fact, the 
duration of affiliative behavior toward novel females was similar to that displayed by 
sexually naive males (Fig 11b). Given that preventing the activation of the up-regulated 
NAcc D1-like receptors prevented selective aggression and reestablished affiliative 
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behavior, these data suggest that this restructuring of the NAcc is responsible for the 
enduring nature of a monogamous bond.   
 
DISCUSSION 

 This study provides a detailed assessment of DA regulation of pair bond 
formation and maintenance in the monogamous prairie vole.  We show that DA induction 
of partner preference formation occurs specifically within rostral portion of the shell 
subregion of NAcc.  Further, within the rostral shell, activation of D2-like receptors 
promotes partner preference formation, whereas activation of D1-like receptors prevents 
this behavior.  Finally, we demonstrate that pair bonded animals show a significant 
increase in D1-like receptors within the NAcc and we show that this neural modification 
is responsible for the stable maintenance of a pair bond.   
 
NAcc shell is important for the formation of social bonds 

Pair bond formation is critically regulated by DAergic processing within the 
NAcc shell, a brain area believed to be a critical part of brain reward circuitry (Wise, 
1996; Self and Nestler, 1998; Kalivas et al., 1999; McBride et al., 1999; Zahm, 2000; 
Everitt et al., 2001; Nestler, 2001; Di Chiara, 2002; Kelley and Berridge, 2002; Salamone 
and Correa, 2002; Schultz, 2002).  For instance, food reward as well as psychostimulant 
drugs (cocaine and amphetamine) induce DA release preferentially in the shell (Pontieri 
et al., 1995; Bassareo et al., 2002; Di Chiara, 2002).  In addition, these drugs are 
preferentially self administered into the shell, and shell administration of amphetamine 
supports conditioned associations (McBride et al., 1999).  Based on these findings, NAcc 
shell is believed to be critical for DAergic regulation of positive associations (Di Chiara, 
2002), and given that this area appears to regulate pair bond formation as well, this 
finding may in fact demonstrate that reward may influence pair bonding.  In further 
support of reward involvement in pair bonding, DA regulation of partner preferences was 
specific to the rostral shell.  This is consistent with other neurochemical studies showing 
that the rostral, but not the caudal, shell is involved in positive association formation 
(Reynolds and Berridge, 2001, 2002).  While D2-like receptors within the core may not 
be involved in partner preference formation, it is still possible that the core is important 
for the expression of the behavior, as the core is involved in behavioral outputs associated 
with learning and motivated behavior (Kalivas et al., 1999; Kelley, 1999; Everitt et al., 
2001; McFarland et al., 2003).  However, if this is the case, the mechanism likely does 
not involve D2-like receptors, as blockade of these receptors does not prevent expression 
of partner preferences (Wang et al., 1999).  
 
Activation of D1-and D2-like receptors has opposing effects on partner preference 

formation 

The study also demonstrates that pair bond formation is regulated by differential 
activation of D1- and D2-like DA receptors.  The current data demonstrate that while D2-
like activation facilitates partner preference formation, D1-like activation prevents this 
behavior.  Therefore, D1- and D2-like DA receptor activation within NAcc shell produce 
opposing effects in complex social choice situations.  Interestingly, a very similar 
mechanism appears to mediate reinstatement of cocaine self administration; D2-like 
activation reinstates cocaine seeking, whereas D1-like activation prevents reinstatement 
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of drug seeking induced by cocaine (Self et al., 1996).  Importantly, these opposite effects 
also occur within NAcc (Self and Nestler, 1998).  While D2-like activation promotes pair 
bonding and drug seeking, this does not appear to be the case for all learned associations 
related to rewarding stimuli.  For example, blockade of D1-like receptors prevented 
responding for a food reward, whereas blockade of D2-like receptors actually enhanced 
this behavior (Eyny and Horvitz, 2003). Therefore, D1-like receptor activation appears to 
promote learning related to food stimuli, but to disrupt behavior associated with social 
and drug reward.  Further, the expression of other behaviors requires activation of both 
D1- and D2-like receptors (Ikemoto et al., 1997; Missale et al., 1998; McBride et al., 
1999).  Therefore, DA appears to regulate a wide range of behaviors through differential 
activation of D1- and D2-like receptors, and NAcc DA mediation of pair bonding appears 
to be very similar to that of drug seeking.  
 
Up regulation of NAcc D1-like receptors underlies pair bond maintenance 

Finally, this study demonstrates that reorganization of the NAcc is responsible for 
the stable maintenance of pair bonding.  Pair bonded voles have more D1-like DA 
receptors in the NAcc compared to sexually naive voles and this neural adaptation 
underlies the enduring nature of pair bonding.  While our data do not speak to the 
potential mechanism as to how these receptors are up regulated, it appears that during the 
formation of a pair bond, DA receptor activation within NAcc is altered such that, within 
two weeks, an up regulation of D1-like receptors is reached that is sufficient to maintain 
the bond.  This type of modification prevents the formation of new bonds, because when 
pair boned voles interact with novel conspecifics, DA is released within a NAcc 
(Robinson et al., 2002) that now has substantially more D1-like receptors.  Data from this 
study show that activation of D1-like receptors both prevents pair bonding and promotes 
selective aggression.  Therefore, the presence of novel conspecifics induces D1-like 
activation within the NAcc that results in the selective aggression and thus pair bond 
maintenance.  This theory of pair bond stability assumes that continued exposure to the 
partner does not similarly activate these receptors, and this is likely because extracellular 
DA in NAcc returns to baseline levels during continued social interaction (Fiorino et al., 
1997), as well as after the acquisition of tasks in which initial DA release is critical 
(Garris et al., 1999; Schultz, 2002).   
 
Conclusion 

The current study details the regulation of monogamous bonding by DA 
transmission within the NAcc.  While precise site and receptor specificity mediates pair 
bond formation, a profound reorganization of the DAergic system within NAcc underlies 
pair bond stability.  Therefore, NAcc DA serves at least two distinct roles that are critical 
in the regulation of monogamous bonding, depending on the stage of pair bond 
development.             
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CHAPTER 4: DOWN REGULATION OF THE CAMP SYSTEM IN THE NACC 

SHELL IS IMPORTANT FOR PAIR BOND FORMATION 

 
Overview: 
 
In Chapter 3, I showed that DA exerts opposite modulation of pair bond formation 
depending on the type of DA receptor that is activated. Activation of D2-like receptors 
promotes partner preference formation, whereas activation of D1-like receptors prevents 
this behavior.  The goal of Chapter 4 was to test if the cAMP second messenger pathway 
is an intracellular mechanism that mediates these opposing behavioral effects.  The 
cAMP system was chosen because D1- and D2-like activation exert opposite regulation 
over this system.  Specifically, D1-like activation results in increased cAMP whereas D2-
like activation leads to decreased cAMP.  Since D2-like activation facilitates partner 
preferences, we hypothesized that manipulations that inhibit the cAMP system within the 
NAcc shell would promote pair bonding and that activation of this system would inhibit 
pair bonding.  We first showed that increased activity of the cAMP system prevents 
mating-induced partner preferences, whereas inhibition of this system did not interfere 
with partner preference formation.  We next demonstrated that decreased activation of the 
cAMP system is sufficient to produce partner preference in the absence of mating.   
Further, this manipulation was effective only if performed in the NAcc shell.  Finally, we 
provided the first measurements of cAMP within the NAcc over the course of pair bond 
development. 
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CHAPTER 4: DOWN REGULATION OF THE CAMP SYSTEM IN 

THE NACC SHELL IS IMPORTANT FOR PAIR BOND 

FORMATION 
 

Recent findings clearly demonstrate that dopamine (DA) transmission within the 
nucleus accumbens (NAcc) is important for pair bond formation and maintenance 
(Chapters 2 and 3) (Gingrich et al., 2000; Liu and Wang, 2003).  DA appears to exert a 
rather complex regulation over these behaviors as it has the potential to either facilitate or 
prevent pair bonding depending on the type of receptor that it activates.  Pair bond 
formation is facilitated by activation of D2-like receptors within the NAcc shell, whereas 
activation of D1-like receptors prevents pair bonding (Chapter 3).  While these findings 
provide detail regarding the neural regulation of pair bonding by extracellular DA within 
NAcc shell, we currently have no knowledge concerning the regulation of this behavior 
once DA receptors are activated.  Therefore, the goal of this study is to examine the the 
role of an intracellular signaling system down stream from DA receptor activation, the 
cAMP second messenger cascade.   

DA receptors are seven-transmembrane domain G-protein coupled receptors.  G-
proteins regulate a variety of effector enzymes, which in turn regulate the production of 
intracellular signaling molecules.  These so-called second messengers include cAMP, 
inositol 1,4,5-trisphosphate (IP3), and arachidonic acid.  While DA receptor activation 
influences these and other intracellular signaling molecules (Missale et al., 1998), this 
study focuses exclusively on the cAMP system.  The choice to focus on cAMP was based 
our recent finding showing that D1- and D2-like receptors exert opposite regulation over 
partner preference formation and the well established literature that activation of these 
receptors also results in opposite regulation over the cAMP system.    Specifically, D1-
like receptors are coupled with stimulatory G proteins (Gs) that activate adenyly cyclase 
(AC) production of cAMP.  cAMP then binds and activates protein kinase A (PKA) 
which functions to phosphorylate target proteins.  Just the opposite of D1-like receptors, 
D2-like receptors are coupled with inhibitory G proteins (Gi) which inhibit AC 
production of cAMP and its subsequent binding to PKA.   

Given that pair bonds are formed by activation of D2-like receptors, within the 
NAcc shell, and that D1-like activation in this brain area antagonizes pair bonding, we 
hypothesize that decreased activation of the cAMP system within the NAcc shell will 
enhance partner preference formation whereas activation of this system will prevent pair 
bond formation.  Here, we tested these predictions by examining the effects of 
pharmacological manipulations of G-proteins and PKA within the NAcc shell on partner 
preference formation.  Additionally, we have measured changes in cAMP concentration 
within the NAcc (and a control area; the caudate-putamen (CP)) across the course of pair 
bond development.   
 
Materials and Methods 

Subjects  (same as Chapter 2) 

 Subjects were sexually naive male prairie voles from a laboratory breeding 
colony.  At approximately 21days of age, subjects were weaned and housed in same-sex 
sibling pairs in plastic cages (12cm high X 28cm long X 16cm wide).  Water and food 
were provided ad libitum, a 14:10 light-dark cycle was maintained, and the temperature 
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was approximately 20°C.  All subjects were between 80-120 days of age when tested and 
weighed between 40-50g.  Ovariectomized (OVX) females served as stimulus animals.  
For manipulations that required mating (24 h pairings), females were estrogen primed 
with subcutaneous estrodial benzoate (EB) pellets implanted four days prior to pairing 
(Smith et al., 2001).  Partner and stranger females received EB pellets on the same day.  
All behavioral interactions during 24 h of pairing were videotaped for detailed behavioral 
analysis. 
Stereotaxic Cannulation and Micro-infusion 

Subjects were anesthetized with sodium pentobarbital (2.5mg per 40g body 
weight), and 26-gauge bilateral guide cannulae (Plastics One Inc.) aimed at NAcc were 
implanted stereotaxically (nose bar –2.5mm; 1.6mm rostral, + 1mm bilateral, 4.5mm 
ventral (for shell), 3.5mm ventral (for core) to bregma).  After 3-5 days recovery, subjects 
received microinfusions (200nl/side) of either CSF or CSF containing pertussis toxin 
(PTX), cholera toxin (CTX), Rp-cAMPS (Rp), or Sp-cAMPS (Sp) (RBI, MA).  Drugs 
were always mixed fresh prior to administration.     Injections were made with a 33-gauge 
needle that extended 1mm below the guide cannula into the target area. The needle was 
connected to a Hamilton syringe through PE-20 tubing. Micro-infusions were made with 
a syringe pump (KD Scientific; model 210) at a rate of 200nl/min for 1min.  After 
behavioral testing, subjects were sacrificed and injection sites were verified histologically 
and subjects with misplaced cannulae were excluded from data analysis. 
Partner Preference Test (Same as Chapters 2 and 3) 

The testing apparatus consisted of a central cage (12 x 28 x 16 cm) joined by 
hollow tubes (7.5 x 16 cm) with two parallel identical cages each housing a stimulus 
animal (Curtis et al., 2001; Liu et al., 2001).  The subjects were free to move throughout 
the apparatus while stimulus animals were loosely tethered within their separate cages 
and had no direct contact with each other.  The familiar ‘partner’ (housed with the subject 
prior to the partner preference test), and an unfamiliar conspecific ‘stranger’ (a female 
that had not previously encountered the subject) were used as stimulus animals.  Behavior 
was recorded during the 3 h test using a time-lapse video recording system (12:1 
compression, Panasonic recorder).  Motion sensors automatically recorded time subjects 
spent in each cage as well as the number of cage entries, and these data were immediately 
transferred to a computer for statistical analysis.  Experimenters blind to the manipulation 
reviewed videotaped behaviors and recorded side-by-side contact within each treatment. 
Differences were analyzed with a paired samples t-test.  A partner preference was defined 
as significantly greater mean contact time with the partner compared to the stranger.  
Because the effect of DAergic drugs on partner preference formation could be secondary 
to their effects on locomotor activity, we also examined the frequency of total cage 
entries during the partner preference test using a one-way analysis of variance (ANOVA).  
For subjects that had received cannulation surgery, the number of cage crossings during 
the first two hours of the cohabitation period was recorded and compared between 
treatment groups with a one-way ANOVA.  Since partner preferences are induced by 
mating, the number of mating bouts that occurred during the first six hours of the 
cohabitation were recorded, and were compared between treatment groups with a one-
way ANOVA to assess if drug treatment effected mating behavior.   
Tissue Micro-dissection, cAMP extraction and cAMP Radioimmunoassay (RIA) 
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Subjects were sacrificed via rapid decapitation and brains were immediately 

extracted and frozen.  Coronal sections (240µm) were cut on a cryostat, and frost 
mounted onto microscope slides.  Bilateral tissue punches with a 1mm diameter were 
taken from NAcc beginning at approximately 1.6mm rostral to bregma (Paxinos and 
Watson, 1986).  The punch was taken just medial to the anterior commisure, and 
encompassed portions of the core and shell of NAcc.  Caudate-putamen (CP) punches 

began at approximately 1.8mm rostral to bregma.  Punches were stored at -80°C until 
analyzed.  cAMP extraction from tissue was performed as follows: Punches were 

sonicated in 100µl 6.25% trichloroacetic acid (TCA).  Samples were then centrifuged at 

approximately 16,000g for 2min and the 70µl of the supernatant was transferred to a 

1.5ml centrifuge tube.  To remove TCA, 900µl of water-saturated diethyl ether was 
added and the mixture was vortexed for 1min.  Samples were then centrifuged for 1min, 

750µl of the top part of the sample (ether layer) was carefully pipeted off, the sample was 

centrifuged once more, and 50µl of the sample was then taken directly from the bottom 
(water layer; containing cAMP) and transferred to a new tube (our pilot tested revealed 

that one ether extraction, with 70µl  sample and 900µl ether, is sufficient for complete 

TCA removal) .  200µl of sodium acetate buffer (0.05M sodium acetate, pH 6.2, 0.01% 
sodium azide) was added to each sample followed by 1min vortex.  cAMP RIA was then 
performed according to the kit instructions (BT-300 from Biomedical Technologies, Inc).  

Briefly, 100 µl of [I125] succinyl cAMP-tyrosine methyl ester tracer (1.5µCi) and then 

100 µl of cAMP anti-serum are added to duplicate standards and samples followed by an 
18-20hr incubation in 4  C.  1 ml of sodium acetate buffer was added to standards and 
samples and than vortexed.  These are then centrifuged at 2,000g for 20min at 4  C and 
then the supernatant is decanted.  Tubes are then counted in a gamma spectometer for 1 
min. The resulting amount of cAMP was then normalized to total protein to control for 

amounts of tissue collected.  Mean cAMP (pmol/µg protein) between the different stages 
of pair bond development were compared using a one-way ANOVA. 
 
Experiment 1: Increased activation of the cAMP system blocks mating-induced 

partner preference formation. 

Experimental Procedure 

 Since previous studies showed that activation of D2-like receptors promotes pair 
bonding whereas D1-like receptor activation inhibits pair bonding, we used the 24 hrs 
mating paradigm to test if increasing the activity of the cAMP would prevent pair 
bonding while decreasing the activity of this system would not.  Sexually naive males 
were implanted with guide cannulae bilaterally aimed at the NAcc shell. After 3-5 days 
of recovery, subjects were divided into one of five groups that received microinjections 
of CSF alone (n=4), or CSF containing 20ng cholera toxin (CTX; n=5), 20ng pertussis 
toxin (PTX; n=8), 8ng Sp-cAMPS (SP; n=4), or 8ng Rp-cAMPS (RP; n=3).  Subjects 
were then immediately paired with EB-primed OVX females and allowed to mate ad 

libitum for 24 h.  Behavior was videotaped and pharmacological effects on mating were 
assessed.  Males that did not mate within the first six hours were excluded from the 
experiment.  After 24 h of mating, subjects were tested for partner preferences.   
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Results 

 As expected, control subject displayed significant partner preferences following 
24hrs ad libitum mating (p<0.05; Fig12).  However, stimulation of the cAMP system at 
the G-protein level blocked mating induced partner preferences.  This was first achieved 
by PTX induced inactivation of inhibitory G-proteins and next by CTX induced 
activation of stimulatory G-proteins (Fig 12).  In fact, CTX treatment not only blocked 
partner preferences, but induced a significant preference for the stranger (p<0.05).   

We next increased activity of the cAMP system at the level of PKA.  Activation 
of PKA with the PKA activator, Sp-cAMPS, blocked mating induced partner preference 
formation (Fig12).  Conversely, decreasing the activity of the cAMP system by 
preventing cAMP from binding PKA with the PKA antagonist, Rp-cAMPS, resulted in a 
robust partner preference (Fig 12).  Together these findings suggest that partner 
preference formation is mediated by decreased activity of the cAMP second messenger 
pathway within the NAcc shell.   

Importantly, partner preference manipulations were not a secondary effect of 
drug-induced disruption of mating.  Across treatment groups, subjects showed no 
difference in the number of mating bouts during the first six hours of the cohabitation 
with the partner (CSF= 7.6 + 1.4; PTX= 8.4 + 1.3; CTX= 5.8 + 2.2; SP= 7.5 + 1.5; RP= 
8.0 + 0.7).  Further, drug treated animals did not differ from controls in the number of 
cage entries during the partner preference test (CSF= 125.6 + 26.5; PTX= 144.8 + 19.5; 
CTX= 103.6 + 16.6; SP= 106.3 + 18.9; RP= 144.7 + 50.9), demonstrating that behavioral 
alterations were not due to changes in locomotor activity. 
 
Experiment 2: Decreased activation of the cAMP system in the NAcc shell induces 

partner preference formation in the absence of mating. 

Experimental Procedure 

In experiment 1, we showed that activation of the cAMP system inhibits pair bond 
formation.  In experiment 2, we tested if decreasing the activity of the cAMP system is 
sufficient to produce a partner preference.  Sexually naive males were implanted with 
guide cannulae bilaterally aimed at the NAcc shell or NAcc core. After 3-5 days of 
recovery, subjects were divided into one of three groups for each subregion.  Subjects 
either received CSF alone (n= 8 shell and core), or CSF containing 8ng Rp-cAMPS (n= 8 
shell; n= 8 core), or 8ng Sp-cAMPS (n= 8 shell; n= 7 core).  Immediately after injection, 
subjects were paired with OVX females (which were not treated with estradial benzoate) 
for 6 h of cohabitation in the absence of mating.  Thereafter, subjects were tested for 
partner preferences. All behavior was videotaped, reviewed, and the absence of mating 
was confirmed. 
 
Results   

As expected, control subjects that received CSF infusions in NAcc (core or shell) 
prior to 6-hrs of cohabitation failed to show a partner preference; i.e. they displayed non-
selective side-by-side contact during the partner preference test (Fig 13).  However, 
decreasing activity of the cAMP system by prior administration of Rp-cAMPS into the 
NAcc shell resulted in a robust partner preference (p<0.01; Figure 13).  Rp-cAMPS failed 
to induce partner preferences when injected into NAcc core.  As expected, increased 
activation of the cAMP system by infusion of the PKA agonist, Sp-cAMPS did not 
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produce partner preference if injected into the core or shell (Fig 13).  Importantly, drug 
treatment did not affect the number of center cage crosses during the first two hours of 
the cohabitation (CSF= 159.0 + 31.3; RP shell= 112.1 + 21.9; RP core= 130.3 + 28.2; SP 
shell= 145.5 + 25.8; SP core= 150.6 + 69.5) or the number of cage entries during the 
partner preference test (CSF= 99.1 + 23.2; RP shell= 82.1 + 14.0; RP core= 94.5 + 25.9; 
SP shell= 113.9 + 15.9; SP core= 124.2 + 30.0) suggesting that drug manipulations of 
social behavior were not secondary to changes in locomotor activity.  Together, these 
data suggest that decreased cAMP signaling within the NAcc shell is critical for pair 
bond formation.   
 
Experiment 3: Measurements of NAcc cAMP, DA, and DA turnover during pair 

bonding 

Experimental Procedure 

 While the first two experiments establish that the cAMP system within the NAcc 
is involved in pair bond formation, the final experiment of this study examined changes 
in cAMP concentration over the course of pair bond development.  Sexually naive adult 
male and female prairie voles were paired together for 1, 3, 7, and 14 days.  These groups 
were also compared with an additional control group that consisted of subjects that were 
never paired with a female and this group is referred to as ‘0 days’.  The first portion of 
the cohabitation (3 days) occurred in a behavioral room were behavior was video taped 
and mating behavior was scored.  The remainder of the cohabitation (for groups paired 7 
and 14 days) took place in a breeder colony room and following the cohabitation subjects 
were sacrificed and tissue was prepared for cAMP analysis from the NAcc and the CP.       
Mating behavior 

 Male subjects were paired with intact females that did not receive prior estrogen 
priming.  Consistent with previous studies showing that female prairie voles are induced 
into estrous by the continued presence of a novel male (Carter et al., 1989), we found that 
the first mating bout occurred, on average, at approximately 43.7 + 3.0 hrs (mean + 
standard error) after cohabitation onset and this was consistent across groups.  Therefore, 
subjects receiving female exposure for only 1D did not mate.  The number of mating 
bouts during the first 3 days of cohabitation did not differ between the remaining groups.  
Subjects receiving 3 days of cohabitation were sacrificed at a wide range of time points 
relative to their last mating bout (range 0-22hrs); however, this did not correlate with 
cAMP levels in either brain region assayed.   Females that received cohabitations lasting 
7 or 14 days resulted in similar stages of pregnancy compared to other females within 
each respective group.   
cAMP 
 Consistent with previous studies (Lenox et al., 1984), we found that cAMP levels 
were higher in the NAcc compared to the CP (NAcc = 10.5 + 0.6 pmol/mg protein; CP = 
6.5 + 0.5 pmol/mg protein; p<0.001) and these concentrations from vole are consistent 
with those found in other rodent species (Snyder et al., 1994; Sheu et al., 1995; de 
Barioglio and Brito, 1996).  Pair bonded and sexually naïve males showed similar cAMP 
concentrations within the NAcc following cohabitation with a female (Fig 14).    In the 
CP, cAMP levels were elevated after the third day of cohabitation; the day in which the 
majority of mating bouts occurred (Fig 14; p=0.05).   
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Discussion 

 This study provides the first description of intracellular regulation of social 
attachment.  We show that decreased activity of the cAMP system, within the NAcc 
shell, promotes pair bond formation whereas increased activity of this system prevents 
pair bonding.  This is also the first study to examine changes in cAMP concentration 
during the development of a pair bond.  We found that pair bonded voles have similar 
cAMP concentration in the NAcc compared to sexually naive voles.  Together these 
studies suggest that reduced activation of the cAMP system within the NAcc is important 
for pair bond formation and that a significant alteration of basal cAMP concentration 
does not appear to be a neural reorganization associated with the stable maintenance of 
pair bonding.   
 
Opposite regulation of pair bonding by the cAMP system 

In this study, we showed that increased activity of the cAMP system within the 
NAcc shell prevents pair bonding by several different manipulations of this intracellular 
signaling cascade.  First, we blocked partner preference formation by preventing the 
activation of inhibitory G protein with PTX.  Next, we showed that increasing the activity 
of stimulatory G-proteins, with CTX, not only blocked partner preferences but actually 
induced a stranger preference.  Finally, we also blocked partner preferences by activation 
of PKA with Sp-cAMPS.  These results strongly suggest that increased activation of the 
cAMP system within the NAcc shell antagonizes pair bond formation.   
 In direct contrast to increased activity of the cAMP system, decreased activation 
of this system enhanced pair bonding.  Infusion of a competitive inhibitor of PKA, Rp-
cAMPS, did not interfere with mating induced partner preferences.  Further, infusions of 
this drug into the NAcc shell, but not core, induced partner preferences in the absence of 
mating.  These data suggest that decreased activity of the cAMP system is an important 
component of the neural regulation of pair bond formation.  

Similar to our previous studies that manipulated DA receptors (Aragona et al., 
2003), these findings implicate the involvement of reward processing in pair bond 
formation.  It is often argued that reward is involved in pair bonding because mating, a 
potent natural reward (Everitt, 1990), facilitates this behavior (Wang and Aragona, 2004).  
Mating stimulates DA release in prairie voles (Gingrich et al., 2000; Aragona et al., 2003; 
Curtis et al., 2003) and DA acts on D2-like receptors within the NAcc shell to promote 
pair bonding (Chapter 3).  Since D2-like activation results in decreased cAMP activity 
(Missale et al., 1998) it is possible that deceased cAMP activity is an important 
component of the neural processing of reward.  Indeed, this notion is supported by studies 
of drug reward.   

Increasing activity of the cAMP system within the NAcc either by infusion of 
PTX or CTX decreased the reward value of cocaine (Self et al., 1994; Self and Nestler, 
1995).  Both drugs induced a long lasting increase in cocaine self-administration that was 
similar to lowering the unit dose of cocaine per injection (Self et al., 1994; Self and 
Nestler, 1995).  The same effect was observed by Sp-cAMPS activation of PKA (Self and 
Nestler, 1995).  Conversely, inhibition of the cAMP system with Rp-cAMPS reduced 
cocaine self administration in a manner similar to increasing the unit dose per injection of 
cocaine, suggesting that blocking cAMP activity facilitates the reinforcing effects of 
cocaine (Self and Nestler, 1995).  These manipulations of self-administration suggest that 
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decreases in cAMP system appear to mediate reward.  In addition to reduced self-
administration, intra-NAcc injections of Rp-cAMPS promotes reinstatement of cocaine 
seeking behavior (Self and Nestler, 1998), whereas Sp-cAMPS prevents cocaine induced 
drug reinstatement (Self and Nestler, 1998).  The tremendous overlap between these 
finding and our current data regarding the neural regulation of pair bonding, strongly 
suggest not only that reward processing is important for social bonding, but also that the 
mechanism by which this occurs is similar to the neural regulation of drug reward.   
 
cAMP levels during pair bond development 

Despite the reliable effects of pharmacological manipulations of the cAMP 
system on partner preferences, we did not find robust changes in cAMP concentration in 
the NAcc during pair bonding.  This finding suggests that while cAMP signaling is 
important for pair bond formation, significant alteration of this system is not a neural 
mechanism promoting the stable maintenance of pair bonding.  However, these finding 
do not permit us to conclude that alterations in the cAMP system are not otherwise 
critical to pair bond maintenance.  For instance, we have recently shown that pair bonded 
voles have significantly more D1-like receptors in the NAcc compared to sexually naive 
voles and that activation of these receptors regulates pair bond maintenance (Chapter 3).  
It is therefore reasonable to suspect that introducing a novel conspecific to a pair bonded 
male will result in higher levels of cAMP due to the increased number of D1-like 
receptors and that we did not find high levels of cAMP in this experiment because of a 
lack of stimulation of this system.  Such questions are the topic of ongoing research in 
our laboratory.  Further, since pharmacological manipulations suggest that D2-like 
activation promotes pair bonding, it is a reasonable hypothesis that acute mating bouts 
may actually result in decreased levels of cAMP.  However, this result would be expected 
within the NAcc shell but not the core, and while core/shell tissue dissections are difficult 
in voles such studies would provide valuable information.   

In addition, it may be interesting to examine potential pair bond induced changes 
in the levels of G-proteins, AC, and PKA.  Studies of drug addiction have shown that 
chronic administration of cocaine decreased levels of the inhibitory G-protein in the 
NAcc and VTA, but not in the nigrostriatal pathway (Nestler et al., 1990) and increased 
levels of AC and PKA activity in NAcc (Terwilliger et al., 1991).  Given that drug 
induced up regulation of the cAMP system are relatively long lasting (Self et al., 1995) it 
would be interesting to test if similar alterations are associated with stable behavioral 
changes associated with monogamous bonding.  

An unexpected finding, especially given the negative findings associated with the 
NAcc, was that cAMP levels were significantly increased in the CP after 3 days of 
cohabitation.  An increase in cAMP at this time is consistent with the fact that the third 
day of cohabitation was associated with the highest levels of mating/locomotor activity.  
Further, it has recently been demonstrated, in female prairie voles, that mating induces 
DA release in the CP (Curtis et al., 2003).  This finding suggests that while mating 
induces DA is release in both the NAcc (Gingrich et al., 2000; Aragona et al., 2003) and 
the CP (Curtis et al., 2003) it appears to differentially alter the cAMP system within these 
respective regions.   This conclusion would be more strongly supported if cAMP would 
have been decreased in the NAcc, but future studies designed to address this more 
directly are needed.   
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Conclusion 
 In summary, the cAMP system exerts opposite modulation of pair bond formation 
specifically within the NAcc shell.  Previous findings strongly suggest that this decreased 
activation of the cAMP system is down stream from D2-like DA receptors.  In addition, 
this study identifies an additional characteristic of the ‘pair bonded’ NAcc in that basal 
cAMP concentrations do not differ from pair bonded voles.  Similar to conclusions from 
chapters 2 and 3, this study provides additional evidence that the neural regulation of pair 
bonding and drug addiction share striking similarities. 
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CHAPTER 5: COMPARISON OF DOPAMINE NEUROANATOMY BETWEEN 

SOCIAL AND NON-SOCIAL VOLES 

 
Overview: 
 
 There is a tremendous degree of diversity in social organization and mating 
systems and this is especially true among the microtine rodents (voles).  While prairie 
voles are highly social and monogamous, meadow voles are asocial and promiscuous.  
Here, we compare dopamine (DA) neuroanatomy between these two species based on the 
assumption that differences between their central DA systems may underlie species 
differences in social organization.  We compared immunocytochemical labeling for 
tyrosine hydroxylase (TH) and DA transporter (DAT), and receptor autoradiographic 
binding of D1- and D2-like DA receptors between males and females of both species.  In 
addition we examined the effects social interactions on these systems.   
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CHAPTER 5: COMPARISON OF DOPAMINE NEUROANATOMY BETWEEN 

SOCIAL AND NON-SOCIAL VOLES 

 
Comparative studies have been very useful for examination of the neural 

regulation of pair bonding.  These studies take advantage of the remarkable degree of 
diversity between the social behavior and organization exhibited across vole species 
(Dewsbury, 1987).  Specifically, prairie voles are highly social and monogamous whereas 
meadow voles are more solitary and mate promiscuously (Carter and Getz, 1993).  
Because monogamous and non-monogamous vole species show similar patterns in non-
social behaviors (Tamarin, 1985), it is feasible to identify differences in their 
neuroanatomy as potentially contributing to the species differences in social behaviors.  
In particular, this strategy has been used to identify the important involvement of certain 
neuropeptides, such as oxytocin and vasopressin, in the regulation of pair bonding  (Insel 
and Shapiro, 1992; Wang et al., 1997b).  Given the important role of DA in pair bonding, 
we hypothesized prairie and meadow voles may also differ in DA neuroanatomy.  
Therefore DAergic cells, fibers, and receptors were compared between these two species.  
Immunocytochemical labeling for tyrosine hydroxylase (TH) and DA transporter (DAT) 
were used to map DAergic cells and fibers , and receptor autoradiography was used to 
map D1- and D2-like DA receptors.  In addition to a species comparison, we also 
compared DA anatomy between males and females of both species, because sex 
differences in the responsivity to DAergic drug has been reported in prairie voles (Wang 
et al., 1999; Aragona et al., 2003).  Finally, since 24 hrs of ad libitum mating produces a 
partner preference in prairie voles but not meadow voles, we also examined the effects of 
this social experience on DA receptors in both male and female prairie and meadow 
voles.   
 
Materials and methods: 

Perfusion and Immunocytochemistry (same as Chapter 2) 

Animals were anesthetized with sodium pentobarbital (1mg/10g body weight) and 
perfused trans-cardially with 0.9% saline followed by 4% paraformaldehyde in 0.1M 

phosphate buffer (PBS, pH 7.6, 4°C).  Brains were post-fixed for 30 min in the same 
fixative and then immersed in 30% sucrose in PBS.  For immunocytochemistry, a set of 

30µm coronal sections at 90µm intervals were rinsed in 0.1M sodium phosphate buffer 
(PBS, pH 7.4), treated with 0.3% hydrogen peroxide in PBS, incubated in a blocking 
solution (PBS with 0.3% Triton X-100 (PBT), 10% normal goat serum (NGS), and 2% 
bovine albumin (BSA)) for 1 hr; and then incubated in 1:30,000 rabbit anti-dopamine 
transporter (DAT) polyclonal antibody (a gift from Dr. Michael Kuhar) in PBT with 2% 

NGS and 2% BSA at 4°C for 48 h.  After incubation with 1:300 biotinilated goat anti-
rabbit antibody (Vector) in PBT with 2% NGS and 2% BSA at room temperature for 2 h, 
sections were rinsed, incubated with ABC complex (Vector) for 1.5 h, and then stained 
using 3-3'-diamino-benzidine (DAB kit, Vector).  A similar staining method was used on 
an alternate set of brain sections for tyrosine hydroxylase immunocytochemistry with 
rabbit anti-tyrosine hydroxylase polyclonal antibody as a primary antibody (1:8,000; 
Chemicon).  
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DA receptor autoradiography (same as Chapter 3) 

Sections (15µm) were rinsed in 50 mM Tris-HCl (pH 7.4) 2x10 min and then 
incubated in buffer containing 50 mM Tris-HCl (pH 7.4), 120 mM NaCl, 5 mM KCl, 2 
mM CaCl2, 1 mM MgCl2 and [125I]-SCH23982 (a ligand for D1-like receptors) or 
[125I]2’-iodospiperone (a ligand for D2-like receptors) (NEN, MA). In addition, 50 nM 
ketanserin (RBI, MA) was added to preclude possible binding to 5-HT2 receptors as DA 
receptors ligands show some affinity for serotonin receptors. Following a 90-min (D2) or 
45-min (D1) incubation at room temperature, sections were rinsed once in fresh ice cold 
buffer containing 0.1% paraformaldyhyde, and then rinsed in ice cold buffer 2X5min, 
followed by immersion in ice cold buffer for 60 min while gently stirring.  Finally, 
sections were dipped in ice cold ddH2O; and dried under a stream of cool air. Nonspecific 
binding was defined by incubating adjacent sections in both eticlopride and SCH23390, 
which displaced specific binding. Slides were exposed to BioMax MR film (Kodak) 

along with 125I plastic standards (Amersham) for approximately 4 hrs. The resulting 
images were analyzed with the IMAGE program (IMAGE, NIH).  Group differences in 
the density of regional D1- or D2-like receptor binding were analyzed by one-way 
ANOVA followed by SNK post hoc analysis. 
Baseline sex and species comparisons 

 For general species and sex comparisons, subjects were housed with same sex 
siblings and transferred to our behavioral recording room in a clean cage.  Their behavior 
was videotaped for 24 hrs and then subjects were anesthetized with sodium pentobarbital, 
and either perfused for immunocytochemistry or brains were immediately extracted and 
frozen for receptor binding.  For cell counting, TH positive cells were identified in bright-
field microscopy and counted in several consecutive sections.   Density measurements of 
receptors were performed as described in Chapter 3. 
Social Manipulations  

Since 24 hrs of ad libitum mating reliably produces partner preferences we tested 
whether DA receptors where altered during these conditions.  We also examined if 
changes in receptor density were altered differentially between sex or species.   Males 
and females were paired for 24 hrs during which some pairs mated whereas others did not 
(the cohabitation was recorded to determine whether mating occurred).  In order for 
mating to occur at the onset of the 24 hr period, females were estrogen primed with 
0.05ug estradiol benzoate (i.p.) for two days prior to the pairing (Winslow et al., 1993; 
Wang et al., 1997b).  To control for the potential effects of estrogen on changes in DA 
receptor density, an additional group of females was prepared which received estrogen 
injections but did not receive male exposure.  Group differences in the density of regional 
D1- or D2-like receptor binding were analyzed by a three-way ANOVA. 
 
Results: 

Fibers: general mapping 
Immunoreactive staining revealed tyrosine hydroxylase (TH) fiber staining 

throughout the forebrain and midbrain (Fig 15).  TH positive fibers were most dense in 
the caudate-putamen (CP), nucleus accumbens (NAcc), olfactory tubercle (OT), zona 
incerta, substantia nigra, and the ventral tegmental area (VTA).  Medium levels of fiber 
staining were found in the prefrontal cortex, lateral septum, bed nucleus of the stria 
terminalis, paraventricular nucleus, arcuate nucleus, medial forebrain bundle, and the 
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medial dorsal thalamus.  Light fiber staining was also found in the cingulate cortex, 
dorsal septum, ventral pallidum (VP), globus pallidus, lateral habenular nucleus, 
amygdala, hippocampus, and piriform cortex.   

In addition, we stained forebrain sections for the DA transporter (DAT), as more 
specific DAergic marker, and found very high levels of DAT positive fibers in the CP, 
NAcc, OT, and the medial forebrain bundle.  Very light fiber staining was also present in 
the lateral septum and the globus pallidus. 
 
Cell bodies: general mapping 

TH positive cell bodies were also present in descrete regions of the forebrain and 
midbrain (Fig. 16).  Very high clusters of cell bodies were found in the substantia nigra, 
VTA, paraventricular nucleus, arcuate nucleus, and the zona incerta.   While these 
regions are also known to be TH positive in other rodent species, voles were found to 
have a dense population of TH positive cell bodies in the posterior medial amygdala (Fig. 
16E).  Moderate numbers of TH positive cells were also found in the lateral septum, 
lateral hypothalamus, the supraoptic nucleus (SON), reticular thalamic nucleus, and the 
medial preoptic area (MPOA).   

Since TH labeling is a non-specific marker for catecholaminergic systems (i.e. 
cells labeled with TH may indicate the presence of DA or norepinephrine (NE)), we 
stained vole tissue for dopamine beta-hydroxylase (DBH), the enzyme that converts DA 
to NE.  As in other rodent species, there was no evidence for DBH positive cell bodies in 
vole forebrain while areas of the hindbrain were effectively labeled.  These data indicate 
that TH positive cell bodies in the forebrain are DAergic.   
 
Sex and Species Differences  
 Male prairie voles have significantly more TH positive cell bodies in the MPOA 
than do female prairie voles.  No such sex difference was found for meadow voles (Fig. 
17).  There were no sex differences found in any other TH positive brain region.   
 Significant species differences were found in the number of TH positive cells 
bodies within discrete hypothalamic nuclei.  Prairie voles have significantly more TH 
positive cells in the SON and PVN compared to those found in meadow voles (PVN 
shown in Fig. 18).   
 

Receptor binding: General mapping of D1- like receptors  

D1-like receptors were present throughout the forebrain and midbrain (Fig. 19).  
The highest densities of D1-like receptors were found in the CP, NAcc, OT, and the 
substantia nigra.  There were moderate levels of D1-like receptor density in the VP, the 
zona incerta (ZI), the subthalamic nucleus, the amygdalostriatal transition area, the 
interstitial nucleus of the posterior limb of the anterior commisure, the dentate gyrus, the 
temporal cortex (auditory area), and entorhinal cortex.  Areas that show low density of 
D1-like receptors are portions of the frontal cortex, the claustrum, anterior cingulate 
cortex, globus pallidus, the lateral and basolateral amygdaloid nuclei, frontoparietal 
cortex, striate cortex, and the supraficial granular layer of the superior colliculus. 
 

Receptor binding: General mapping of D2- like receptors 
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D2-like receptor distribution is also shown in Figure 19.  Areas showing the 
greatest density of D2-like receptors were the CP, NAcc, OT, substantial nigra, VTA, and 
the interpundicular nucleus.  Areas of moderate labeling include the central (CeA) and 
basolateral nucleus of the amygdala (BLA), the CA1 region of the hippocampus, the 
anteroventral nucleus of the thalamus, the interstitial nucleus of the posterior limb of the 
anterior commisure, and the supraficial granular layer of the superior colliculus.  There 
was also moderate labeling of cortical areas surrounding the midbrain including the 
temporal cortex (auditory area), entorhinal cortex, striate cortex as well as the 
hippocampal formation.  Areas of light labeling include the lateral septum, the bed 
nucleus of the stria terminalis, the lateral septum, the bed nucleus of the accessory 
olfactory tract, and the globus pallidus. 
 
Sex and Species differences in DA receptor density 

D1-like receptor (Striatum) 

While the general pattern of these receptors was similar across the prairie and 
meadow voles, there were significant differences in receptor density between sex and 
species in particular striatal regions.  A significant species difference was found for D1-
like receptors within multiple regions of the ventral striatum (Fig. 20).  Male meadow 
voles have significantly more D1-like receptors than male prairie voles in NAcc core 
(p<0.05), NAcc shell (p<0.05), and the OT (p<0.05) (Fig. 20).   There was no significant 
species difference found in the CP (p>0.05) in male voles, and no species differences 
found for D1-like receptors within any striatal regions in female voles (Fig. 20).  Female 
prairie voles have significantly more D1-like receptors in the NAcc shell (p<0.05) and in 
the OT (p<0.05) but not in the CP or NAcc core compared to male prairie voles (Fig. 20).   
 
D2-like receptor (Striatum) 

Meadow voles (male and female) have significantly more D2-like receptors in the 
CP, NAcc core, NAcc shell compared to prairie voles (male and female) (p<0.05) (Fig. 
21).  While male meadow voles have significantly higher D2-like receptor density in the 
OT compared to male prairie voles, female meadow and prairie voles have similar D2-
like receptor densities within this region (p>0.20) (Fig. 21).  Male meadow voles have 
significantly more D2-like receptors compared to females meadow voles within the OT 
(p<0.01), otherwise there are no sex differences for D2-like receptor densities within the 
striatum (Fig. 21). 
 
Ventral Pallidum and the Amygdala 

 Female meadow voles have significantly more D2-like receptors compared to 
female prairie voles within the BLA (p<0.05).  This difference was not found for male 
voles (Fig. 22).  No species differences were found for D1-like receptors within the VP or 
D2-like receptors within the CeA (Fig. 22).  Female meadow voles show a significantly 
greater density of D2-like receptors compared to male meadow voles within the CeA 
(p<0.05).  Otherwise, there were no sex differences found in the VP or amygdala (Fig. 
22). 
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Substantia Nigra and Ventral Tegmental Area 

  Male meadow voles have significantly more D2-like receptors within the VTA 
and D1-like receptors within the SN than do male prairie voles (p<0.05) (Fig. 23).  There 
are no species differences between female voles with respect to D1-or D2-like receptors 
within the midbrain (Fig. 23).  Male meadow voles have significantly more D1-like 
receptors within the SN than do female meadow voles (p<0.01).  There were no other 
significant sex differences observed for midbrain DA receptors (Fig. 23).       
 
Social and sexual manipulation on receptor destiny 

Despite the important role of DA in prairie vole social behavior, in most cases, 
DA receptor density was not altered by social condition.  In general, there were no 
dramatic changes in DA receptor densities induced by 24hrs exposure to a member of the 
opposite sex, with or without mating (Figs 20-23).  In male meadow voles, exposure to a 
female (with or without mating) resulted in a significant decrease in D2-like receptor 
density within the CP and NAcc core (p<0.05) (Fig. 21).  In female prairie voles, 
exposure to a male without mating, but not with mating, resulted in a significant increase 
in D2-like receptor density within the CeA and the BLA (p<0.01) (Fig. 22).  In male 
prairie voles, mating induced a significant reduction in D1-like receptor density within 
the SN (p<0.05) (Fig. 23).  In male meadow voles, mating induced a significant reduction 
in D2-like density in the VTA (p<0.05) (Fig. 23).   
 
DISCUSSION 

 This study provides the first description of central DAergic systems in voles.  
Major topics addressed by this study include: (1) species differences in regions known to 
be important in the social behavior of prairie voles (2) species differences in other brain 
regions that have not been studied in voles (3) differences between males and females of 
both species (4) DAergic neuroanatomy that is similar to both vole species, but unique 
compared to other rodents previously studied and (5) the effect of social interactions on 
DA anatomy.    
 
Species differences 

This study demonstrates, for the first time, that there are significant differences in 
central DA systems between the monogamous prairie vole and the non-monogamous 
meadow vole.   For example, male meadow voles have significantly higher D1-like DA 
receptor density in the NAcc and the OT, but not in the CP.  We have previously shown 
that DAergic transmission within the NAcc, but not the CP, is important for pair bond 
formation (the role of the OT in pair bonding is thus far unexplored) (Gingrich et al., 
2000; Aragona et al., 2003; Liu and Wang, 2003).  It is therefore interesting that 
differences in striatal D1-like receptors are localized to the ventral striatum, including the 
NAcc, as it suggests that these differences could potentially underlie species-specific 
social behavior.  Such an interpretation is consistent with our previous studies which 
show that activation of NAcc D1-like receptors prevents pair bond formation (Chapter 3).  
The fact that non-monogamous voles have greater D1-like receptor density within the 
NAcc may contribute to the inability of this species to form pair bonds. 
   A robust species differences was also found for striatal D2-like receptors.  
However, unlike D1-like receptors, this difference was far more generalized.  Meadow 
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voles showed significantly greater D2-like receptor density within all regions of the 
striatum.  This finding was unexpected given the role of D2-like receptors in prairie vole 
pair bonding.  Recent studies using prairie voles have clearly demonstrated that pair bond 
formation is mediated by D2-like receptors within the NAcc (Gingrich et al., 2000) 
(Chapter 3).  It therefore seemed reasonable to expect prairie voles to have more NAcc 
D2-like receptors compared to meadow voles, which would have been interpreted as 
contributing to the ability of prairie voles to form pair bonds.  In this respect, this current 
finding is counter intuitive.  However, it does allow for some potentially interesting 
alternative explanations.  First, it suggests that species differences in D1-like receptors 
may play a more significant role in guiding species specific social behavior.  This notion 
is supported by our results showing that species differences in D1-like receptors were 
specific to the ventral striatum whereas species differences in D2-like receptors were 
located in the CP (which does not appear to be important for pair bond formation).  An 
additional possibility is that species differences in social behavior are driven by both 
DAergic and non-DAergic systems and the interactions between them within the NAcc.  
For example, prairie voles have significantly more oxytocin receptors in the NAcc than 
do meadow voles (Insel and Shapiro, 1992; Lim et al., 2004) and activation of these 
receptors is necessary for pair bond formation (Young et al., 2001).  This does not mean, 
however, that D2-like activation is not equally important for pair bonding, as a recent 
study demonstrated that stimulation of oxytocin receptors cannot induce partner 
preferences if D2-like receptors within the NAcc are blocked (Liu and Wang, 2003).  
Therefore, since multiple neurochemical systems are important for the regulation of pair 
bonding, species differences in social behavior may require specific receptor distributions 
for multiple neurochemical systems.   
 It is of course possible that species differences in DAergic neuroanatomy reflect 
species differences in behavior that have little or nothing to do with the social 
organization of the species.  Besides differences in social behavior, the most obvious 
difference between prairie and meadow voles are differences in water intake.  Meadow 
voles evolved in much more water rich environments compared to prairie voles (Getz, 
1978; Getz et al., 1981; Hall, 1981).  It is therefore not surprising that meadows consume 
more water compared to other rodents (Laughlin et al., 1975).  In fact, the water supply of 
our laboratory bred meadow voles is replenished approximately 2.5X more frequently 
than our prairie voles (unpublished observations).  Such species differences in non-social 
behavior may help explain species differences in neuroanatomy in brain regions that do 
not appear to be related to social behavior.  For instance, prairie voles have significantly 
more TH positive cells in the PVN and SON and these hypothalamic nuclei are both 
important for the neural regulation of fluid intake and balance (Zardetto-Smith et al., 
1993; de Arruda Camargo et al., 2003).  Therefore, these species differences in DAergic 
neuroanatomy may be involved in the regulation of non-social aspects of physiology and 
behavior, which needs to be addressed in further studies.          
 
Sex Differences 

 Peripheral administration of DA agonists induce partner preferences in both male 
and female prairie voles, however, males are much more sensitive to such treatment 
compared to females (Gingrich et al., 2000; Aragona et al., 2003).  For this reason, sex 
differences in NAcc DA receptor densities were expected for prairie voles.  Female 
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prairie voles have significantly more D1-like receptors within the NAcc shell and the OT, 
but not the NAcc core or CP.  No sex differences in D2-like receptors were observed in 
these regions.  These findings therefore suggest that D1-like receptor differences between 
males and females within the NAcc shell and/or OT may contribute to sex differences in 
sensitivity to pharmacological manipulations of pair bonding.   
  Conversely, male prairie voles have significantly more DAergic cell bodies in the 
MPOA than do females.  This MPOA is a brain regions critical for sexual behavior (Hull 
et al., 1989; Hull et al., 1993; Hull et al., 1995; Dominguez et al., 2001; Dominguez and 
Hull, 2001).  Since mating is fundamentally associated with pair bonding in prairie voles, 
this sex difference is also potentially involved in sex differences in sensitivity to DA 
regulation of pair bonding.  Additionally, male and female prairie voles show very high 
levels of parental behavior (Wang and Insel, 1996) and it has been suggested that sex 
differences in neural systems associated with parental behavior may actually promote 
similar behavior between the sexes (De Vries and Miller, 1998).  DA transmission within 
the MPOA is also associated with maternal behavior in rats (Lonstein et al., 2003) and it 
would therefore be very interesting to test if high levels of DA in the MPOA of male 
prairie voles are associated with these notably high levels of paternal behavior (Wang et 
al., 1994).   
 
Unique DA neuroanatomy in voles 

 For the most part, DA systems in voles were extremely similar to other rodents.  
This is was true to DAergic cell bodies and fibers (Hokfelt et al., 1984; Voorn et al., 
1986; Ciliax et al., 1995; Freed et al., 1995; Nirenberg et al., 1997; Jansson et al., 1999; 
Nobrega et al., 1999) as well as for D1-and D2-like DA receptors (van der Weide et al., 
1987) (Boyson et al., 1986; Savasta et al., 1986; Charuchinda et al., 1987; Dawson et al., 
1988).  However, voles have a unique population of TH positive cell bodies in the 
posterior portion of the medial amygdala.  While a significant population of TH positive 
cell bodies can be observed after colchicine treatment in Syrian hamsters (Asmus et al., 
1992; Asmus and Newman, 1993a, b, 1994; Newman, 1999; Wommack and Delville, 
2002), such treatment is not required in voles.  At present the function of these cells in 
voles is completely unknown.  Since this area plays a vital role in the individual 
recognition (Ferguson et al., 2001), it is likely that these cells play an important role 
(perhaps necessary) in the social behavior of voles.  However, they are unlikely to play a 
sufficient role in pair bonding since meadow voles also have these cells.   
 
The effects of social interaction on DA receptor density 

 In prairie voles, 24hrs of ad libitum mating results in a significant preference for 
the mate (Aragona and Wang, 2004; Wang and Aragona, 2004).  We therefore examined 
if such exposure significantly alters DA receptors between sex and species.  In general, 
neither social nor sexual exposure produced profound alterations of DA receptor density 
(although there were a few minor exceptions). Therefore, it appears to be the case that 
neural responses to DA transmission are not significantly altered during a time period 
sufficient to produce significant changes in social behavior (i.e. partner preference 
formation).  In a recent study (Chapter 3), we showed that D1-like receptor density within 
the NAcc is significantly increased during a longer (two weeks), but not a shorter (24-hr), 
cohabitation and mating with a female.  This may simply be a function of allowing for 
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sufficient time for receptor up-regulation or it is possible that the significant behavioral 
events that occur during this longer period (such as pregnancy) are important for this 
change.  At any rate, from the data collected thus far, we may safely conclude that 24hrs 
exposure to a mate does not significantly alter central DA systems in voles.  Further, we 
cannot rule out the possibility that changes in the DA responsivity are critical for social 
organization and may differ tremendously between species, but a longer period of 
cohabitation may need to be used.   
 
Conclusion 

 In conclusion, this study provides the first detailed description of DA 
neuroanatomy in voles.  We suggest that species differences in DA systems may underlie 
certain species-specific social and non-social behaviors.  Further we found interesting sex 
differences in brain regions that are currently unexplored with respect to their regulation 
of vole behavior, such as the MPOA; and a unique population of DAergic cells in the 
MeA across sex and species.  Further, we show that social interactions sufficient to alter 
social behavior do not significantly alter DA receptor density.  Together, this extensive 
body of work not only provides potential explanations for species specific social behavior 
in the case of brain regions where the function is well known, but also identifies new 
brain regions of interest that should be the focus of future studies. 
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CHAPTER 6: GENERAL DISCUSSION AND FUTURE 

DIRECTIONS 
 
This dissertation is focused on NAcc DA regulation of social attachment and it is 

therefore necessary to discuss how these novel findings relate to our current 
understanding of NAcc DA regulation of behavior.  A decisive majority of studies 
addressing NAcc DA have examined its role in reward processing.   

The NAcc was first identified as a neural substrate of reward by studies showing 
that rodents would work for electrical stimulation in this area (Olds, 1982).  DA 
transmission within the NAcc has been implicated in reward processing because NAcc 
DA is released during a variety of rewarding events and blockade of DA receptors 
disrupts reward seeking behavior (Kuhar et al., 1991; Koob et al., 1998; Wise, 1998).  
Such rewarding events include natural behaviors such as consumption of food or mating 
(Kelley and Berridge, 2002), or unnatural events such as learned self-administration of 
drugs of abuse (Nestler, 2004).  Given that NAcc DA plays an important role in reward 
processing and that it appears to be critical for social attachment, we will consider the 
implications for a reward component in social bonding.   

Since I am using the word ‘reward’ rather freely, it should be pointed out that 
there is no universally accepted definition of ‘reward’.  Reward is most commonly 
associated with subjective feelings of pleasure (Wise, 1982); however, most 
investigations of reward do not measure this directly and assume that a stimulus has some 
significant hedonic value if experimental subjects will work for access to it (Berridge and 
Robinson, 1998).  However, some argue that just because such a stimulus appears to be 
‘wanted’ by the subject, it does not follow that the subject ‘likes’ this stimulus (Berridge 
and Robinson, 1998).  In other words, the hedonic component that many investigators 
intuitively associate with reward may be absent.  Despite debates concerning the nature 
of reward, it is widely accepted that if a stimulus is approached and ‘consumed’ (i.e. 
eating, drinking, mating, etc.) that stimulus has at least some reward components 
(Berridge and Robinson, 2003).  Therefore, the operational definition of reward used in 
our lab is a stimulus that a subject freely approaches and frequently engages.  Since 
prairie voles readily approach and engage (huddle) with their partners, we regard the 
presence of the partner as rewarding.   

 
Reward is important for social bonding 

Our recent work has produced several findings that suggest an important role for 
reward processing in pair bonding.  As mentioned above, animals will work for 
rewarding stimulation and blockade of DA receptors in the NAcc disrupts these behaviors 
(Kuhar et al., 1991; Berridge and Robinson, 1998; Koob et al., 1998; Wise, 1998; 
Salamone et al., 2003).  Therefore the first piece of evidence that reward is important for 
social bonding is that DA receptor blockade in male prairie voles prevented mating-
induced pair bond formation (Chapter 2).  Given that social bonding and more traditional 
investigations of reward seeking are both regulated by similar neurochemical 
manipulation, it is likely that there is a significant reward component involved in pair 
bonding.   

 The majority of investigation regarding reward processing has focused on drugs 
of abuse.  Every abused substance studied thus far has been shown to release DA in the 
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NAcc and these substances are potent reinforcers (Nestler, 2004).  Interestingly, strong 
evidence for reward involvement in social bonding has come from the findings of this 
dissertation, which show that the neural regulation of pair bonding is similar to that of 
drug seeking.  Specifically, DA receptor-specific regulation of pair bonding is similar to 
that of drug seeking (Chapter 3). Drug addiction studies using agonist-induced behavioral 
manipulations typically implicate D2-like DA receptors in addiction. For example, D2-
like agonists were self-administered and induced conditioned place preference whereas 
D1-like agonists were not self-administered and induced conditioned place aversion 
(Beninger et al., 1989).  Several D2-like, but not D1-like, agonists reinstated drug-
seeking behavior (Wise et al., 1990; Self et al., 1996).  Activation of D1-like receptors 
even blocked the ability of cocaine to reinstate drug-seeking behavior (Self et al., 1996).  
These data indicate that D1- and D2-like receptors have opposite effects on drug reward 
and drug seeking, with D2-like activation promoting drug reward and drug seeking.  This 
is similar to our findings that D2-like activation promotes pair bond formation whereas 
D1-like activation prevents this behavior (Aragona et al., 2003) and this similarity 
supports the hypothesis that reward is a critical component for social bonding.  

Our third data set arguing for reward involvement in social bonding is that DA 
regulation of pair bond formation occurs within the NAcc shell but not the core (Chapter 
3).  Numerous studies have demonstrated that both natural rewards as well as drugs of 
abuse preferentially induce DA release in the shell (compared to NAcc core) (Di Chiara, 
2002).  In addition, drugs are preferentially self-administered into the shell, and intra-
shell administration of abused substances better supports conditioned associations 
(McBride et al., 1999).  Therefore, NAcc shell is often considered critical for DAergic 
regulation of positive associations, and reward involvement in social bonding is 
supported by our data showing that the NAcc shell is important for pair bond formation. 

In addition to showing that extracellular DA receptor manipulation of pair 
bonding is similar to drug reward, we also demonstrated that intracellular signaling 
cascades also appear to similarly regulate social and drug reward (Chapter 4).  
Specifically, increasing the activity of the cAMP system within the NAcc (either by G-
protein or PKA manipulation) both reduced drug reward (Self et al., 1994) (Self and 
Nestler, 1995)  and prevented pair bonding (Chapter 4).  Conversely, decreasing the 
activity of the cAMP system enhanced drug reward (Self and Nestler, 1995), promoted 
drug seeking (Self et al., 1998), and induced pair bonding (Chapter 4).  Together, data 
from this dissertation strongly suggest that reward is an important component of pair 
bonding and that social and drug reward are under very similar neural regulation.  In fact, 
the recognition of the similarities between pair bonding and drug reward has facilitated a 
novel line of research focused on studying the interactions between social and drug 
reward.       
 
Future Directions: Interactions between social bonding and drug reward 

The justification to study potential interactions between pair bonding and drug 
addiction is based mainly on our recent understanding that both are similarly regulated by 
NAcc DA.  However, the excitement behind this line of research comes mostly from an 
additional result, presented in Chapter 3, which suggests the exciting possibility that 
social bonding may reduce drug reward.  Specifically, pair bonded male voles show a 
significant increase in NAcc D1-type receptors compared to non-pair bonded males 
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(Chapter 3).  This finding is similar to addiction studies as an increase in D1-type 
receptors in NAcc has been found in rats chronically administered cocaine (Unterwald et 
al., 2001) and in humans addicted to methamphetamine (Worsley et al., 2000) (However, 
other studies report decreases in D2-like receptors as well as negative findings and results 
appear to depend a great deal on dose and rate of drug administration (Robinson and 
Becker, 1986)).   Given that D1-like activation prevents drug seeking (Self et al., 1996), 
we have recently proposed that pair bonded voles will be less susceptible to drug reward 
since their NAcc has up-regulated D1-type receptors.   

It has been suggested that humans that fail to develop adequate social bonds are 
more likely to artificially stimulate neural reward circuitry with drugs of abuse (Panksepp 
et al., 2002).  The lack of investigation into this particular topic is, in part, due to the fact 
that the vast majority of animal research in drug addictions is conducted on traditional 
laboratory rats and mice that do not form pair bonds. We have recently established the 
prairie vole model for addiction studies in order to address fundamental questions 
regarding the interaction of social and drug reward and possibly provide insight regarding 
the prevention of addiction development.  In addition, establishing this line of research 
will permit identification of potential negative effects of pharmacological treatments of 
addiction on certain social behaviors.  These effects are often unknown because animal 
studies of addiction are performed almost exclusively on species that do not form strong 
social attachments in adulthood.  It is our belief that successful treatment of addictive 
disorders will eventually require treatment that acts on the neurobiological mechanisms 
associated with drug reward in a fashion that does not interfere with neural processing 
associated with social behavior and that the appropriate manipulations will never be 
revealed by using animal models that do not show social behavior analogous to the strong 
social bonds formed by humans.  We feel that tremendous advances toward this end will 
be made by establishing the prairie vole model for studies of drug addiction and 
interactions between drug and social reward.  

 
Conclusion 

In conclusion, my dissertation not only adds significantly to the literature 
regarding the neural regulation of pair bonding, but also extends our understanding 
concerning the role of reward processing in social bonding.  These findings may not only 
provide benefit to disorders associated with impaired social functioning as well as 
addictive disorders that artificially act on natural reward pathways. 
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Figure 1   (Bottom center) Apparatus used to perform partner preference tests in our laboratory.  Each cage is identical

(20 × 25 × 45 cm), and hollow tubes (7.5 ×16 cm) connect the neutral cage to those containing stimulus animals.  

(Upper left) Infrared sensors record movement of the subject, and these data are automatically recorded.  The primary behavior 

of interest is side-by-side contact time or huddling.  An experimenter blind to treatment watches time lapse video of the partner 

preference test and records contact duration.   (Upper right) Idealized data of side-by-side contact during the 3-hr partner 

preference test.  A t-test reveals that 24 hr of ad libitum mating before the partner preference test leads to the subject spending 

significantly more time in contact with the partner compared with the stranger.  In contrast, 6-hr cohabitation in the absence of 

mating results in subjects spending approximately equal time, on average, with either the partner or the stranger.   
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Figure 2. Peripheral administration of dopamine drugs influenced partner preferences in male prairie voles.  (A) Males injected intraperitoneally

with saline and mated with a partner for 24 h had more side-by-side contact with the partner versus a conspecific stranger.  This partner preference

was not seen in males receiving saline injections containing dopamine antagonist, haloperidol (Halo). (B) Males injected with saline and paired

with a partner for 6 h in the absence of mating showed non-selective side-by-side contact during the partner preference test.   However, males

receiving low (0.5mg), but not high (5.0 and 50mg), dose of the dopamine agonist, apomorphine (Apo), had more contact with the partner versus 

a stranger. *p<.05, paired samples t-test.  Error bars indicate standard errors of the means.  
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Figure 3  Photomicrographs displaying immunoreactive staining for tyrosine hydroxylase (TH, left) 

and dopamine transporter (DAT, right) at rostral (A and B) and caudal (C and D) levels of nucleus 

accumbens (NAcc) from representative brain sections of male prairie voles. CP, caudate-putamen; 

OT, olfactory tubercle; VP, ventral pallidum.  Scale bar = 500mm.
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Figure 4  Effect of mating on dopamine turnover and neurochemical content in the male prairie vole brain.  (A) Schematic illustration of tissue 

punch location for nucleus accumbens (NAcc) and caudate-putamen (CP).  Illustration is from (Paxinos and Watson, 1986); plate 11.  

(B) Mean dopamine turnover from NAcc, CP, and paraventricular nucleus of the hypothalamus (PVN) for male prairie voles paired with same 

sex siblings (Control), with a novel female (Non-mated), or with a novel female with mating (Mated).   Mated males showed a 33% increase in 

dopamine turnover in NAcc compared to Control and Non-mated males, however this difference was not statistically significant.  A similar pattern 

of increase is seen in CP, but not PVN. Error bars indicate standard errors of the means.  (C) Table showing mean content (pg/mg protein + standard 

errors of the mean) of dopamine (DA), dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), norepinephrine (NE), serotonin (5-HT), 

and 5-hydroxyindoleacetic acid (5-HIAA) in NAcc.
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Figure 5  Nucleus accumbens (NAcc) dopamine is involved in partner preference formation of male prairie vole.  (A) Males micro-injected with 

artificial cerebrospinal fluid (CSF) into NAcc and mated with a partner for 24 h had more side-by-side contact with the partner versus a conspecific 

stranger.  This mating-induced partner preference was blocked by NAcc administration of CSF containing haloperidol (Halo).  (B) Males 

micro-injected with CSF and paired with a partner for 6 h in the absence of mating showed non-selective side-by-side contact with the partner or a 

stranger.  However, males receiving low (0.04ng), but not high (4.0ng), dose of the dopamine agonist, apomorphine (Apo), displayed partner 

preferences. This apomorphine (0.04ng) induced partner preference was blocked by co-administration of haloperidol (0.4ng).  Further, 

apomorphine (0.04ng) failed to induce partner preferences when administered into caudate-putamen (CP). *p<.05 and **p<.005 paired samples t-test.  

Error bars indicate standard errors of the means.
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Figure 6  A composed figure of a schematic illustration (left) showing locations of

micro-injections of apomorphine into NAcc (solid dots) or into CP (open dots) and a 

representative photomicrograph of vole brain section (right) displaying the site of 

micro-injection into NAcc.
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Figure 7 Activation of D2-like receptors within NAcc shell, but not core, induces partner preferences.  (a) Intra-shell administration of quinpirole 

at all doses tested (n= 9-11) resulted in significantly more side-by-side contact with partners. (b) Subjects receiving core injections (n= 8-12) showed 

non-selective side-by-side contact between partners and strangers. Schematic illustrations (left) and representative photomicrographs of vole brain 

sections (right) displaying the sites of microinjection into NAcc shell or core are to the right of their respective graphs.  * indicates significantly 

more time with the partners compared to strangers (p<0.05).  Error bars indicate SEM.
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Figure 8  D1- and D2-like receptors within rostral NAcc shell have opposing effects on partner preference formation.  (a) While quinpirole (Quin) 

administration (0.04ng; n=9) induced partner preferences, co-administration of quinpirole and the D1-like agonist (D1 Ago; 0.4ng; n=8) did not 

produce partner preferences.  Co-administration of the D2-like antagonist (D2 Ant; 0.4ng; n=9) blocked quinpirole-induced partner preferences, 

whereas subjects receiving co-administration of quinpirole and the D1-like antagonist (D1 Ant; 0.4ng; n=8) showed partner preferences.  (b) Mating 

induced partner preferences in control injected subjects (n=5); however, subjects which received the D1-like receptor agonist (4ng; n=8) did not 

show partner preferences.   
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Figure 9  Pair bonded animals have a substantial increase in D1-like receptors in the NAcc.  (a) The NAcc of pair bonded males (n=7) had 60% 

more D1-like receptors compared to those of controls (n=6).  No group difference was found in the CP, and D2-like receptors did not differ in 

either brain region. Comparisons were made in rostral portions of NAcc since pharmacological manipulations in this region effectively altered 

partner preference behavior.  Representative photomicrographs of D1-like (b) and D2-like (c) receptor autoradiography for control (left) and 

pair bonded (right) males.  
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Figure 10  NAcc DA receptor density is not altered during 24 hrs of female exposure or exposure with ad libitum mating.  D1- and D2-like 

DA receptor densities were compared between male prairie voles that were either housed with male siblings and had no experience with 

a female (Control; n=6), paired with a female for 24 hrs, during which the pair did not mate (Cohab; n=6), or paired with a female for 24 hrs 

during which the pair mated ad libitum (Mated; n=5).  These groups did not differ in DA receptor density.  Error bars indicate standard error 

of the mean.
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Figure 11 Blockade of D1-like receptors within the NAcc abolished monogamous selective aggression.  

(a) vehicle-treated pair bonded males showed high levels of attacks and defensive postures toward 

novel females (CSF + Stranger; n=8), and these behaviors were abolished by blockade of D1 receptors in 

NAcc (D1 ant + Stranger; n=13). As expected, aggressive behavior was minimum in non-pair bonded males 

exposed to novel females (CSF + Female; n=10) and in pair bonded males exposed to their familiar mates 

(CSF + Partner; n=9).  (b) Pair bonded males displayed significantly higher levels of affiliative behavior 

toward their familiar mates than toward novel females.  Blockade of D1-type receptors in NAcc in pair bonded 

males significantly increased their affiliative behavior toward novel females to the levels comparable to that 

displayed by non pair bonded males.  Symbols indicate group differences following the posthoc test.  Bars 

with different symbols differ significantly (p<0.05) from each other.  Error bars indicate SEM. 
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Figure 12  Increased activity of the cAMP system within the nucleus accumbens shell prevents partner preferences.  Males receiving micro-infusion

of artificial cerebrospinal fluid (CSF) into NAcc shell and mated with a partner for 24 h had more side-by-side contact with the partner versus a conspecific 

stranger.  This mating-induced partner preference was blocked by NAcc shell administration of CSF containing the pertussis toxin (PTX), cholera toxin (CTX), 

and Sp-cAMPS (SP), but not Rp-cAMPS (RP).  *p<.05  paired samples t-test.  Error bars indicate standard errors of the means.
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Figure 13  Males receiving micro-infusion of CSF and paired with a partner for 6 h in the absence of mating showed non-selective side-by-side contact with 

the partner or a stranger.  However, males receiving  the PKA antagonist Rp-cAMPS (RP)  into the NAcc shell, but not the core, displayed partner preferences. 

The PKA activatorSp-cAMPS (Sp) injected into the core or shell failed to induce partner preferences.  *p<.05  paired samples t-test.  Error bars indicate standard

errors of the means.
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Figure 14 Cohabitation with a female does not significantly alter cAMP levels in the nucleus 

accumbens (NAcc).  cAMP significantly elevated within the caudate-putamen (CP) after 3 days 

of cohabitation with a female.  Letters indicate group differences following the posthoc test.  Bars 

with different symbols differ significantly (p<0.05) from each other.  Error bars indicate SEM. 

NAcc

0

4

8

12

16

0D 1D 3D 7D 14D

c
A

M
P

 (
p

m
o

l/
m

g
 p

ro
te

in
)

CP

0

4

8

12

16

0D 1D 3D 7D 14D

Duration of Cohabitation (Days) Duration of Cohabitation (Days)

a ab
b

a
ab

57



Figure 15  Photomicrographs displaying immunoreactive fiber staining for tyrosine hydroxylase. 

(A) NAcc-nucleus accumbens; CP- caudate-putamen;  OT- olfactory tubercle (B) Olfactory bulb 

(C) LS- lateral septum (D) BST- bed nucleus of the stria terminalis; ac- anterior commisure (E) CeA- 

central nucleus of the amygdala; BLA- basolateral amygdala (F) MFB- medial forebrain bundle; opt- 

optic tract (G) Cg- cingulate gyrus (H) MnPO- median preoptic nucleus (I) Pir- piriform cortex

 (J) MD- dorsomedial thalamus.
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Figure 16  Photomicrographs displaying immunocytochemically labeled tyrosine hydroxylase 

positive cell bodies. (A) LS - lateral septum (B) LH- lateral hypothalamus; 3v- third ventricle; ox- optic 

chiasm (C) PVN- paraventricular nucleus, anterior part (D) MCPO- magnocellular preoptic nucleus; opt- 

optic tract (E) MeA- medial amygdala (F) PaPo- paraventricular nucleus, posterior part (G) Rt- reticular 

thalamic nucleus (H) VTA- ventral tegmental area; fr- fasciculus retroflexus; SuMM- supramammillary 

nucleus, medial part
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Figure 17  There is a robust sex difference in the number of tyrosine hydroxylase 

(TH) positive cell bodies in the medial preoptic area (MPO) in prairie, but not 

meadow, voles.  Panels A and B show that male (MV-M) and female meadow voles 

(MV-F) have similar TH positive cell bodies in the MPO.  Panels C and D show that 

male prairie voles (PV-M) have significantly more of these cells than do female 

prairie voles (PV-F).  3v- third ventricle.  
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Figure 18  Prairie voles (PV) have significantly more tyrosine hydroxylase 

positive cell bodies in the paraventricular nucleus of the hypothalamus (PVN) 

than do meadow voles (MV).  3v- third ventricle.  
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Figure 19  Distribution of D1- and D2-like receptor density in voles.  The left panel 

shows the rostrocaudal extent D1-like receptors.  The right panel shows D2-like 

receptors.  CP-caudate-putamen, NAcc- nucleus accumbens, OT- olfactory tubercle, 

VP- ventral pallidum, LS- lateral septum, IPAC- interstitial nucleus of the posterior 

limb of the anterior commisure, Rt- reticular thalamic nucleus, ZI- zona incerta, AStr- 

amygdalostriatal transition area, CeA- central nucleus of the amygdala, BLA- 

basolateral amygdala, CA1 region of the hippocampus, DG- dentate gyrus of the 

hippocampus, SN- substantia nigra, SC- supraficial granular layer of the superior 

colliculus, SNc- substantia nigra pars compacta, SNr- substantia nigra pars reticulata, 

VTA- ventral tegmental area
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Figure 20 Male meadow voles have significantly more D1-like receptors than do male prairie voles in the nucleus 

accumbens core (core), nucleus accumbens shell (shell) and the olfactory tubercle (OT).  Female prairie voles have significantly 

more D1-like receptors than male prairie vole in the shell and OT.  Altering social conditions produced no significant change in 

D1-like receptorsin any of these brain regions.  CP = caudate-putamen
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Figure 21 Meadow voles have significantly more D2-like DA receptors in the striatum.  Female exposure 

induced a significant decrease in D2-like receptor density in the CP and core of male meadow voles.  CP = 

caudate-putamen; core = core subregion of the nucleus accumbens; shell = shell subregion of the nucleus 

accumbens; OT = olfactory tubercle Letters indicate group differences following the posthoc test.  Bars with 

different symbols differ significantly (p<0.05) from each other.  Error bars indicate SEM.   
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Figure 22 Female meadow voles have significantly more D2-like DA receptors in the basolateral 

amygdala (BLA) compared to female prairie voles and more D2-like receptor in the central amygdala 

(CeA) than male meadow voles. Male exposure increased D2-like receptor density in both regions of the 

amygdala in female prairie voles.  VP= ventral pallidum. Letters indicate group differences following 

the posthoc test.  Bars with different symbols differ significantly (p<0.05) from each other.  

Error bars indicate SEM.   
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Figure 23 Male meadow voles have significantly more D2-like DA receptors in the ventral tegmental 

area (VTA) compared to male prairie voles and more D1-like receptors in the substantia nigra (SN) 

compared to both male prairie voles and female meadow voles.  Mating induced a significant increase in 

D1-like receptor density the SN of male prairie voles and a significant decrease in D2-like density in the 

VTA of male meadow voles.  SNc= substantia nigra pars compacta.  SNr= substantia nigra pars reticulata.   

Letters indicate group differences following the posthoc test.  Bars with different symbols differ significantly 

(p<0.05) from each other.  Error bars indicate SEM.
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