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There is growing appreciation that social decision making in humans is strongly influenced by
hedonic and emotional processing. The field of social neuroeconomics has shown that neural
systems important for reward are associated with social choice and social preferences in
humans. Here, we show that the neurobiology of social preferences in a monogamous rodent
species, the prairie vole, is also regulated by neural systems involved in reward and emotional
processing. Specifically, we describe how mesolimbic dopamine transmission differentially
mediates the formation and maintenance of monogamous pair bonds in this species. Thus,
reward processing exerts tremendous regulation over social choice behaviors that serve as
the foundation of a rather complex social organization. \We conclude that prairie voles are an
excellent model system for the neuroscience of social choice and that complex social decision-
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INTRODUCTION
In social contexts, decision-making is significantly influenced by
positive or negative concern for the welfare of others (Fehr and
Camerer, 2007). Humans display strong social preferences that are
revealed through choice behavior in which people behave altruisti-
cally, act on a strong sense of fairness, and have tremendous capaci-
ties to trust (Krueger et al., 2007; Sanfey, 2007; Tankersley et al.,
2007; Zak et al., 2004). Indeed, social decision-making in humans
is so complex that it can appear to be the result of social cogni-
tion that is exclusive to our species (Skuse and Gallagher, 2009).
However, from an evolutionary perspective, pro-social behaviors
such as cooperation and trust are only ostensibly irrational or self-
less (Rilling et al.,2002; Sanfey, 2007). Such behaviors are the result
of selection processes that favored reciprocity among close social
groups, in which it was adaptive for individuals to spend relatively
small amounts of energy to help unrelated members of the group
in order to receive relatively large benefits of the resulting social
organization (Pfeiffer et al., 2005; Rutte and Taborsky, 2007; Trivers,
1971). From this perspective, we can expect analogous pro-social
behaviors to be expressed by other species that can serve as effective
laboratory models and thus allow the investigation of the neural
mechanisms of social choice behavior and decision-making.
Here, we describe how the use of one such model system, the
socially monogamous prairie vole (Microtus ochrogaster), has sig-
nificantly advanced our understanding of the neural regulation of
social choice behavior (Carter et al., 1995; Dewsbury, 1987; Getz
and Carter, 1996; Young and Wang, 2004). We first provide a brief
overview of prairie vole behavior and suggest that the complex
social organization of this species can be largely achieved by two
‘choice’ behaviors: the initial preference of a familiar mate and the
decision to avoid or aggressively reject potentially new mates (Carter

making can be robustly explained by reward and hedonic processing.
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and Getz, 1993; Getz and Hofmann, 1986; Insel and Young, 2001).
We then highlight data from several recent studies that describe
the regulation of prairie vole social behavior by neural transmis-
sion important for emotion and reward processing, dopamine
(DA) signaling within the nucleus accumbens (NAc) (Aragona
and Wang, 2007; Aragona et al., 2003, 2006). Finally, we compare
these findings to studies that have examined the neural regulation
of social decision-making in humans (Fisher et al., 2005; Kosfeld
et al., 2005; Rilling et al., 2002). These comparisons reveal striking
similarities between the neuroscience of social choice behaviors
between humans and prairie voles, suggesting that prairie voles are
an excellent model system for the study of social decision-making.
Moreover, the fact that a rather large extent of the social organi-
zation of prairie voles can be largely explained by rather simple
choice behaviors regulated by emotional processing may have very
interesting implications for the study of social neuroeconomics
(Cacioppo et al., 2000; Lee, 2008).

THE PRAIRIE VOLE MODEL

Prairie voles are small rodents (~40 g) (Figure 1A) distributed pri-
marily in the grasslands of the central United States (Cushinget al.,
2001; Hall, 1981; Hoffmann and Koeppl, 1985). These rodents are
among the minority of mammalian species (3-5%) that show a
monogamous social organization (Dewsbury, 1987). The founda-
tion of this social organization is the ‘pair bond’, which is defined
as the stable relationship between members of a breeder pair that
share common territory and parental duties (Aragona and Wang,
2004). This species was initially identified as monogamous by field
studies which showed that male—female pairs travel together (Getz
et al., 1981), share a nest with one or more litters of pups (Getz and
Hofmann, 1986), and aggressively repel unrelated intruders from
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FIGURE 1 | The prairie vole model. (A) Photo of an adult male prairie vole.

(B) Cartoon of partner preference apparatus. Each cages is identical and food
and water are available ad libitum throughout the 3-h test. (C) Male prairie voles
paired with an estrogen-primed female for 24 h show a robust partner
preference, i.e. spend significantly more time in side-by-side contact with their
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familiar mates (partners) compared to novel females that are also estrogen
primed (strangers). (D) Male prairie voles paired with an ovariectomized female
that is not estrogen primed for only 6 h do not show partner preferences; i.e.
they display non-selective side-by-side contact. Error bars = standard error and
* indicates groups are significantly different as determined by a t-test.

their territory (Getz, 1978). Further, male prairie voles show high
levels of parental care (Getz and Carter, 1996; Thomas and Birney,
1979) and it has been suggested that both parents are necessary for
pup survival which selected for highly enduring pair bonds (Emlen
and Oring, 1977; Kleiman, 1977; McGuire et al., 1993; Wang and
Novak, 1992). Indeed, the pair bond is so stable that a surviving
member of the pair will not accept a new mate even if the other
member of the bond is lost (Getz and Carter, 1996; Thomas and
Wolff, 2004). This represents a strong example of behavior that is
notin the self-interest of the animal and is therefore in conflict with
classic economic models of rational decision-making.

Importantly, the monogamous behaviors observed in nature
are also reliably expressed under laboratory conditions (Carter
and Getz, 1993; Carter etal., 1995). For instance, prairie voles
preferentially mate with a familiar partner versus a novel con-
specific (Dewsbury, 1975, 1987; Gray and Dewsbury, 1973). After
mating, prairie voles remain together during gestation (McGuire
and Novak, 1984; Thomas and Birney, 1979) and this facilitates a
successful pregnancy (McGuire et al., 1992). As in their natural
environment, male prairie voles show very high levels of parental
care in the lab (Oliveras and Novak, 1986). Most importantly, pair
bonding can be reliably assessed in the lab by measuring social
preferences inferred from choice behaviors associated with the for-
mation and maintenance of the pair bond (Williams et al., 1992;
Winslow et al., 1993; Young and Wang, 2004).

LABORATORY TESTS OF PAIR BOND FORMATION AND
MAINTENANCE

This review will focus on data collected from male subjects (Aragona
and Wang, 2007; Aragona et al., 2003, 2006). However, there has
been extensive work conducted on female prairie voles (Cho et al.,
1999; Fowler et al., 2002; Insel and Hulihan, 1995; Williams et al.,
1992; Witt et al., 1991) and it will be noted when data were col-
lected using female subjects. A necessary first step in pair bond
formation is that males must prefer their familiar partner over new
mates, which is very unusual for males in most mammalian species
since they reliably prefer to mate with novel females (Fiorino et al.,
1997). However, male prairie voles prefer to mate with a familiar
female (Dewsbury, 1987) and the presentation of new females does
not induce copulation in sexually satiated male prairie voles (Gray
and Dewsbury, 1973).

In addition to choosing to mate with a familiar female, pair
bonding also requires that males choose to cohabitate with their
familiar partners. This is determined in the lab by a simple social
choice test referred to as the ‘partner preference test’ (Williams
et al., 1992). For this test, a subject is placed into a three-chambered
apparatus and is free to move about the chambers (Figure 1B). The
familiar mate (partner) and an unfamiliar female (stranger) serve
as stimulus animals that are tethered in separate cages (Figure 1B).
Subjects initially explore the apparatus and interact with both stim-
ulus animals and then lay down beside either the partner or the

Frontiers in Behavioral Neuroscience

www.frontiersin.org

August 2009 | Volume 3 | Article 15 | 2



Aragona and \Wang

Dopamine regulation of social choice

stranger (Williams et al., 1992; Winslow et al., 1993). If subjects
spend significantly more time in side-by-side contact with partners
over strangers (assessed by a #-test) then the group is said to show
a partner preference (Aragona and Wang, 2004; Curtis and Wang,
2005; Liu et al., 2001).

Many studies have demonstrated that male prairie voles paired
with an estrogen-primed female for 24 h of mating reliably show
partner preferences (Aragona et al., 2003; Lim and Young, 2004; Liu
etal.,2001) (Figure 1C). However, if male subjects cohabitate with
females for only 6 h without mating, subjects show non-selective
side-by-side contact and thus fail to show partner preferences
(Aragona and Wang, 2007; Curtis and Wang, 2005; Liu et al.,2001)
(Figure 1D). Thus, we utilize the 24 h mating’ paradigm to reliably
induce partner preferences in control conditions and examine if
pharmacological manipulations can prevent mating-induced pair
bond formation. Additionally, we use the ‘6-h cohabitation’ para-
digm to examine if pharmacological manipulations can induce
partner preferences in the absence of mating (Wang and Aragona,
2004; Young and Wang, 2004).

While a partner preference is necessary for a pair bond, it is
not sufficient for its long-term maintenance. Pair bonded males
also choose to aggressively reject potentially new mates (Aragona
et al.,2006; Gobrogge et al., 2007). This is referred to as ‘selective
aggression’ and is studied in the lab using a resident-intruder test
in which the subject is exposed to novel conspecifics and aggres-
sive behavior is quantified (Wang et al., 1997; Winslow et al.,
1993). While 24 h of mating increases selective aggression (Wang
et al., 1997; Winslow et al., 1993), aggressive behavior is increased
much more toward male intruders (compared to novel females)
and male subjects do not chase or bite female intruders follow-
ing 24 h of mating (Wang et al., 1997). Conversely, following an
extended cohabitation (2 weeks) in which females become preg-
nant, males become extremely aggressive toward novel females
(showing high levels of chasing and biting) (Aragona et al., 2006;
Gobrogge et al., 2007) and this decision to aggressively reject
potentially new mates is critical for the stable maintenance of
the pair bond.

In this review, we will consider the extent to which the monoga-
mous social organization of prairie voles can be explained by (1) the
initial choice to breed with a single female, the ‘partner preference’
and (2) the subsequent choice to reject potential new mates, selec-
tive aggression. Having these well-established laboratory indices
allows detailed examination of the neurobiology underlying these
behaviors. As pair bonding involves a myriad of cognitive and psy-
chological processes, it is not surprising that a wide range of neural
systems are important for its regulation including: oxytocin (Bales
et al., 2007; Bamshad et al., 1993; Insel and Shapiro, 1992; Liu and
Wang, 2003; Witt et al., 1990), vasopressin (Bamshad et al., 1994;
Hammock and Young, 2005; Lim et al., 2004b; Liu et al., 2001;
Winslow et al., 1993), corticosterone (DeVries et al., 1995, 1996;
Lim et al., 2007), estrogen (Cushing and Wynne-Edwards, 2006),
glutamate and GABA (Curtis and Wang, 2005). This list will cer-
tainly grow as more experiments are conducted and almost nothing
is known about how these systems interact to regulate pair bond-
ing. Thus, an extraordinary amount of work remains. However,
we have recently conducted a series of studies demonstrating the
significant involvement of mesolimbic DA transmission in pair

bond formation and maintenance in male prairie voles (Aragona
and Wang, 2007; Aragona et al., 2003, 2006).

NUCLEUS ACCUMBENS DOPAMINE AND PAIR BOND
FORMATION

Pair bond formation is a naturally occurring association formed
between monogamous mates (Aragona et al., 2006; Wang and
Aragona, 2004; Young and Wang, 2004) and associative learning is
significantly regulated by mesolimbic DA transmission (Di Chiara
and Bassareo, 2007; Kelley, 2004; Wise, 2004). In particular, DA
transmission within the NAc is critical for important aspects of
reward processing (Berridge and Robinson, 2003; Everitt and
Robbins, 2005; Roitman et al., 2005, 2008; Salamone and Correa,
2002; Wheeler et al., 2008) that may underlie cost-benefit analy-
ses related to choice behavior and decision-making (Phillips et al.,
2007). Therefore, we conducted a series of studies that investigated
the regulation of partner preference formation by DA transmis-
sion within the NAc (Aragona and Wang, 2007; Aragona et al.,
2003, 2006).

Similar to other rodent species (Jansson et al., 1999), prairie
vole NAc is densely innervated by dopaminergic terminals aris-
ing from the ventral midbrain (Figure 2A) (Aragona et al., 2003;
Curtis and Wang, 2005; Gobrogge et al.,2007). Also consistent with
studies conducted in rats (Becker et al., 2001; Pfaus et al., 1995;
Robinson et al., 2002), microdialysis measures indicate that mat-
ing increases extracellular DA concentration within the NAc of
female prairie voles (Gingrich et al., 2000) and tissue extraction
studies show that mating also increases dopamine transmission (as
indicated by dopamine turnover) in male prairie voles (Figure 2B)
(Aragona et al., 2003). These studies suggest that mating evokes
modest increases in DA concentration within the NAc during copu-
lation in prairie voles.

We hypothesized that mating-evoked increases in DA transmis-
sion were necessary for partner preference formation (Aragona
et al.,2003). To test this, we first examined if blockade of DA recep-
tors within the NAc prevented mating-induced partner preferences
(Figure 2C). Consistent with previous studies (Williams et al.,
1992; Winslow et al., 1993), control animals that received micro-
infusions of artificial cerebrospinal fluid (CSF) within the NAc
prior to the 24-h cohabitation period (with mating) showed robust
mating-induced partner preferences (Figure 2C). However, block-
ade of DA receptors with the non-selective DA receptor antagonist
(haloperidol) prior to the mating period, abolished mating-induced
partner preference formation (Figure 2C). Importantly, DA recep-
tor blockade did not alter locomotor activity or mating behavior,
indicating that DA transmission within the NAc during mating
directly influenced social choice that was a consequence of mating
(Aragona et al., 2003).

We next tested if pharmacological activation of DA receptors
within the NAc was sufficient to induce partner preference forma-
tion in the absence of mating (Aragona et al., 2003). As previously
described (Williams et al., 1992; Winslow et al., 1993), control
subjects that received CSF infusions into the NAc prior to the 6-h
cohabitation period did not show partner preferences (Figure 2D).
However, low dose infusion of the non-selective DA agonist (apo-
morphine) induced a significant partner preference, whereas high
dose infusion of apomorphine did not (Figure 2D). These data
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FIGURE 2 | Dopamine regulation of pair bond formation. (A) Coronal section
showing tyrosine hydroxylase immunocytochemical labeling of dorsal and
ventral striatum from an adult male prairie vole. CP = caudate putamen,
NAc = nucleus accumbens NAc shell, OT = olfactory tuberacle. (B) Dopamine
turnover as indicated by increased concentration of the dopamine metabolite
DOPAC and decreased concentration of DA from micro-dissected of NAc tissue,
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chemical extraction, and measurement using HPLC-ED. Male prairie voles show
increased mean DA turnover 30 min after mating onset with an estrogen-primed
female. (C) Blockade of DA receptors within the NAc by micro-infusion of
haloperidol (Halo) prevented mating-induced partner preference formation.
(D) Micro-infusion of low (0.04 ng) but not high (4.0 ng) dose of apomorphine
(Apo) induced partner preferences in the absence of mating.

show that pharmacological activation of DA receptors within the
NAc is sufficient to facilitate choice of familiar partners.

OPPOSING REGULATION OF PAIR BOND FORMATION BY

D1 AND D2 RECEPTOR SIGNALING PATHWAYS IN

THE NAc SHELL

Facilitation of partner preferences by low dose apomorphine is
indicative of the receptor specific mechanism underlying DA
regulation of this behavior. There are two families of DA recep-
tors: D1-like (D1 and D5 receptors) and D2-like (D2, D3, and
D4 receptors) (Neve et al., 2004). While apomorphine binds both
D1 and D2-like receptors, it binds D2-like receptors with a much
greater affinity (Missale et al., 1998). Thus, we hypothesized that
low dose apomorphine preferentially activated D2- but not D1-
like receptors and therefore induced partner preference forma-
tion via a D2-mediated mechanism in male prairie voles (Aragona

et al,, 2006). Additionally, the failure of high dose apomorphine
to induce partner preferences suggests that activation of D1-like
receptors within the NAc actually prevents pair bond formation.
These hypotheses were evaluated by testing the effects of receptor
specific dopaminergic drugs on our two established paradigms to
examine partner preference formation.

Consistent with data from female prairie voles (Gingrich et al.,
2000; Wang et al., 1999), specific activation of D2-like receptors
within the NAc shell (but not the NAc core) induced partner
preferences in the absence of mating (Figure 3A). Activation of
D1-like receptors within the NAc shell not only failed to induce
partner preferences, but also prevented partner preferences
induced by D2-like activation (i.e. when D1 and D2 agonists were
co-infused) (Figure 3A). Importantly, D1-like activation within
the NAc shell also blocked mating-induced partner preferences
(Figure 3B). Together, these data demonstrate that activation of
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FIGURE 3 | Opposing regulation of pair bond formation by D2- and D1-like receptors also prevented partner preferences induced by mating.
dopamine signaling systems within the NAc shell. (A) Activation of D2-like (C) Decreased activation of protein kinase A (PKA) using Rp-cAMPS (PKA {)
receptors within the NAc shell by micro-infusion of the D2-specific agonist induced partner preferences in the absence of mating, whereas activation of
quinpirole (D2 ago) induced partner preferences in the absence of mating. PKA using Sp-cAMPS (PKA T) did not. (D) While decreased activation of PKA
Activation of D1-like receptors within the shell using the D1-specific agonist using Rp-cAMPS (PKA {) did not interfere with mating-induced partner
SKF 38393 (D1 ago) failed to induced partner preference formation and preference formation, activation of PKA using Sp-cAMPS (PKA 1) interfered
prevented quinpirole-induced partner preferences. (B) Activation of D1-like with this behavior.

D1-like receptors within the NAc shell prevents the formation of
partner preferences.

D1 and D2-like receptors have the opposite effects over cAMP
signaling (Neve et al., 2004). D2-like receptors activate inhibi-
tory G-proteins which prevents conversion of ATP to cAMP by
adenyl cyclase (Missale et al., 1998). Conversely, activation of D1-
like receptors activates stimulatory G-proteins which increases
cAMP production and thus activation of protein kinase A (PKA)
(Missale et al., 1998). Decreased cAMP production can be studied
by pharmacological blockade of cAMP binding sites on PKA using
a cAMP analogue (Rp-cAMPS) whereas increased cAMP produc-
tion is assessed using a cAMP analogue that binds PKA and releases
its regulatory subunits (Sp-cAMPS) (Lynch and Taylor, 2005; Self
et al., 1998).

Given that D2-like activation within the NAc shell mediates
partner preference formation, we hypothesized that reduced PKA
activity would also facilitate this behavior. Consistent with D2
regulation of pair bond formation, decreasing the activity of PKA

(using Rp-cAMPS) induced partner preferences in the absence
of mating (Figure 3C). Conversely, increasing activation of PKA
(using Sp-cAMPS) failed to induce partner preferences (Figure 3C).
As expected, decreased PKA activity did not alter mating-induced
pair bond formation (Figure 3D). However, consistent with D1-like
activation preventing pair bond formation, increased activation of
PKA prevented mating-induced pair bond formation (Figure 3D).
Together, these data indicate that pair bond formation is facili-
tated by D2-like activation and subsequent decreased activity of the
cAMP-signaling pathway. Conversely, D1-like activation and subse-
quent increased activation of PKA prevent pair bond formation.

UP-REGULATION OF D1-LIKE DA RECEPTORS WITHIN

THE NAc OF PAIR BONDED ANIMALS

There are dramatic behavioral alterations as male prairie voles tran-
sition from sexually naive to fully pair bonded (Carter et al., 1995).
Specifically, sexually naive males primarily show pro-social behav-
iors toward novel females, whereas pair bonded males avoid or
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attack novel females. Given the significant role of DA transmission
within the NAc in partner preference formation, we expected that
alterations in this DA signaling system were associated with behav-
ioral alterations associated with pair bonding (Aragona et al., 2006).
We used receptor autoradiography to compare DA receptor den-
sity between sexually naive male prairie voles and males that were
paired with a female for 2 weeks. During this extended cohabitation
males and females shared a nest and the females became pregnant
(Aragona et al., 2006). Representative examples of receptor bind-
ing clearly demonstrate that D1-like receptors (Figure 4A) but not
D2-like receptors (Figure 4B) are substantially increased within
the NAc in pair bonded males. Quantitative data show that D1-
like receptor binding was significantly increased within the NAc
in pair bonded males compared to that of sibling-paired controls
(Figure 4C). A separate control group showed that mating alone
was not sufficient to increase D1-like receptor binding (Aragona
et al., 2006). Thus, pair bonded animals have an enhanced D1-like
signaling system within the NAc and since this system is antago-
nistic to partner preference formation, we next tested if this neural
restructuring is responsible for pair bond maintenance.

NEURAL REORGANIZATION WITHIN THE NAc UNDERLIES
PAIR BOND MAINTENANCE

Given that pair bonded animals have increased D1-like receptor
expression within the NAc and show high levels of aggression toward
novel females, we tested if this neural restructuring was associated
with increased aggression. Specifically, we used a resident-intruder
test to determine if up-regulation of D1-like receptors within the
NAc mediates the aggressive rejection of potentially new mates,
i.e. selective aggression (Gobrogge et al., 2007; Wang et al., 1997;
Winslow et al., 1993). In this test, the female partner was removed
from the home cage and both affiliative (Figure 5A) and aggressive
(Figure 5B) behavior of the male subject was examined following
introduction of an ‘intruder’ female (Wang et al., 1997; Winslow
etal., 1993). Pair bonded males showed significantly higher levels

of affiliative behavior toward their familiar partners compared to
that shown by sexually naive males presented with a novel female
(Figure 5C). While pair bonded males show almost no affiliative
behavior toward novel females (strangers) (Figure 5C), affiliative
behavior is returned to levels expressed by sexually naive subjects
if either D2 or D1-like receptors were blocked within the NAc
(Figure 5B).

Neither sexually naive males presented with a novel female nor
pair bonded males presented with their partner showed aggressive
behavior (Figure 5D). However, pair bonded males were extremely
aggressive when presented with novel females (strangers), show-
ing a significant increase in the numbers of attacks (Figure 5D).
Aggressive behavior was abolished by blockade of D1-like (but
not D2-like) receptors within the NAc (Figure 5D). These data
show that the up-regulation of D1-like receptors described above
(Figure 4) mediates selective aggression. Thus, plasticity within the
mesolimbic DA system underlies the decision to reject potentially
new mates and thus maintains the initial pair bond.

SUMMARY OF DOPAMINE REGULATION OVER PAIR BOND
FORMATION AND MAINTENANCE

Mesolimbic DA regulation of pair bonding may have implications
for cognitive and psychological processes associated with social
choice and decision-making. DA transmission that mediates part-
ner preference formation occurs specifically within the rostral
portion of the NAc shell (Aragona et al., 2006) (Figure 6A). This
sub-region is critical for processing positive affect and uncondi-
tioned aspects of associative learning (Di Chiara and Bassareo, 2007;
Tkemoto, 2007; Pecina et al., 2006). Thus, DA transmission within
the NAc shell may regulate partner preference formation through
enhanced reward processing or incentive motivation (Berridge,
2007; Di Chiara and Bassareo, 2007). Additionally, DA transmission
within the NAc shell is also important for mother—offspring bonds,
which is an inherently rewarding social attachment (Champagne
et al., 2004; Li and Fleming, 2003; Numan et al., 2005). Together,
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FIGURE 4 | Up-regulation of D1-like receptors within the NAc of pair bonded
animals. (A) Representative examples of D1-like receptor binding within the dorsal
and ventral striatum of sexually naive adult male prairie voles (left) and pair bonded
males (paired with a female for 2 weeks; right). (B) Representative examples for
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D2-like receptor binding. (C) Quantification of receptor binding expressed as
percent of control subjects. Pair bonded males show a significant increase in
D1-like receptor binding within the NAc but not the CP (caudate-putamen). There
is no significant change in D2-like receptor binding within either striatal region.
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FIGURE 5 | Dopamine regulation of pair bond maintenance as indicated
by selective aggression toward novel females. (A) Photo of pair bonded
mates engaged in affiliative behavior (typically huddling or side-by-side
contact). (B) Pair bonded male (right) showing aggressive behavior toward an
unfamiliar/novel female (stranger; left). (C) Quantification of affiliative behavior
during a 6-min resident intruder test of selective aggression. Pair bonded
males show significantly more affiliative behavior than other group when
presented with their familiar partner, but significantly less affiliation when
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presented with unfamiliar females (strangers). Blockade of either D1- or D2-like
receptors restores affiliative behavior in pair bonded males to levels expressed
by sexually naive males being exposed to a female for the first time. (D) While
sexually naive (presented with a female) and pair bonded males (presented
with their partners) show no aggressive behavior, pair bonded males show
significantly greater levels of aggression when presented with a novel female
(stranger). Selective aggression is blocked by D1-like (but not D2-like) receptors
within the NAc.

these data suggest that reward processing is a critical component
of partner preference formation in prairie voles.

Within the NAc shell, DA regulation of partner preference for-
mation is highly specific. Mating-induced DA release selectively
activates D2-like receptors and decreases cCAMP signaling to pro-
mote pair bond formation (Figure 6B). Conversely, activation of
D1-like receptors and increased activation of cAMP signaling pre-
vents pair bond formation (Figure 6C). These data indicate that,
under natural circumstances, DA transmission is not uniformly
increased as it is under certainly laboratory conditionings (Schultz,
2002). Rather, the pair bonding studies suggest that prairie vole
social interactions result in modest increases in extracellular DA
concentration that selectively activate high affinity D2-like recep-
tors while not activating low affinity D1-like receptors (Richfield
etal., 1989). However, it will be necessary for future studies to
test this by measuring real-time DA transmission (Aragona et al.,
2008; Day et al., 2007; Phillips et al., 2003) during prairie vole social
interactions to determine if in vivo DA transmission is consistent
with the behavioral pharmacology described in this review.

Compared to their basal state (Figure 6D), pair bonded males
show a robust increase in the surface expression of D1-like recep-
tors within the NAc (Figure 6E). We have suggested this may

be a compensatory increase following the lack D1-like receptor
activation during social interactions that promote pair bond for-
mation (Aragona et al., 2006). Since pair bonded males show an
up-regulation in D1-like receptors within the NAc and activation
of these receptors prevents pair bond formation, we have sug-
gested that when pair bonded males in their natural environment
encounter a novel female, DA is released in very high concentration
(Robinson et al., 2002) sufficient to activate low affinity D1-like
receptors (Richfield et al., 1989), especially since there appear to be
a greater number of antagonistic D1-like receptors in pair bonded
voles. This promotes the aggressive rejection of potentially new
mates and thus represents an elegant mechanism for maintenance
of the initial pair bond. Taken together, these data demonstrate that
DA transmission with the NAc differentially mediates initial partner
preference formation and the subsequent rejection of potentially
novel mates. This is achieved, at least in part, by neuroplasticity
(up-regulation of D1-like receptors) within this mesolimbic DA
signaling system. This represents a powerful example in which a
complex monogamous social organization can be significantly
accounted for by two rather straightforward choice behaviors that
are both mediated by emotional/reward processing by mesolimbic
DA signaling.
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FIGURE 6 | Differential regulation of pair bond formation and maintenance
by dopamine transmission within the NAc. (A) Cartoon based on (Arbuthnott
and Wickens, 2007) showing the portion of the NAc shell where DA
manipulations effect pair bond formation. (B) Diagram of D2-like signaling
pathway involved in partner preference formation. (C) Diagram of D1-like
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signaling pathway that prevents partner preference formation. (D) Cartoon of
medium spiny neuron (MSN) within the NAc receive glutamate projections to the
heads of spines and dopaminergic projections to the neck of spines. This diagram
represents D1-like receptor expression in sexually naive males. (E) A cartoon
depicting the up-regulation of D1-like receptors in pair bonded male prairie voles.

DOPAMINE-OXYTOCIN INTERACTIONS AND PARTNER
PREFERENCE FORMATION

Despite the critical role of DA in pair bonding, DA interacts
with multiple neuropeptide systems in its regulation of this
behavior (Lim et al., 2004b, 2007; Young and Wang, 2004). In
particular, DA interactions with oxytocin receptors within the
NAc are essential for pair bond formation (Liu and Wang, 2003).
Activation of D2-like receptors within the NAc facilitates partner
preference formation in the absence of mating, however, block-
ade of oxytocin receptors within this region (by co-infusion of
an oxytocin receptor antagonist and a D2-like receptor agonist)
prevents partner preferences induced by D2 activation (Liu and
Wang, 2003). Further, facilitation of partner preference forma-
tion by activation of oxytocin receptors is not effective if D2-
like receptors are blocked (Liu and Wang, 2003). Importantly,
this study was conducted in female prairie voles (Liu and Wang,
2003), however, we have also shown that oxytocin receptors within
the NAc are critical for partner preference formation in males
(M. Smeltzer and Z. Wang, unpublished observations). While the

mechanism of DA-oxytocin interactions is unknown, selective
lesions of dopaminergic terminals in prairie voles did not reduce
oxytocin receptor expression within the NAc (Lim et al., 2004a).
This indicates that oxytocin receptors in this region are post-
synaptic. Further, since oxytocin and D2-like receptors are both
coupled to inhibitory G-protein signaling molecules (Burns et al.,
2001), activation of both types of receptors may facilitate partner
preference formation by inhibition of cAMP signaling pathways
(Aragona and Wang, 2007). While existing data suggest that pair
bond formation is mediated by co-activation of both oxytocin
and D2-like DA receptors (Gingrich et al., 2000; Liu and Wang,
2003; Young et al., 2001), it is possible that they represent parallel
systems that co-exist within the NAc. Future studies are needed to
understand if DA and oxytocin receptor systems directly interact,
and if so, determine if these interactions occur on the same or
connected cells. Still, additional studies are required to understand
DA interactions with the signaling systems critical for pair bond-
ing but located outside of the NAc (such as vasopressin within
the ventral pallidum; Lim et al., 2004b).
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COMPARISON BETWEEN NEURAL REGULATION OF SOCIAL
REWARD IN PRAIRIE VOLES AND HUMANS

Interestingly, the neural regulation of mate choice in humans also
involves DA signaling systems (Fisher et al., 2005). Specifically,
presentation of a picture of one’s partner increases activation of
dopaminergic circuitry in a similar manner as that caused by mon-
etary reward (Aron et al.,2005; Zald et al.,2004). Thus, mate choice
in humans may involve primary motivational or rewarding proc-
esses (Fisher et al., 2005) that are consistent with those observed
in prairie voles. As such, the neural basis of partner preferences
in prairie voles represents an excellent model for these aspects
of mate choice in humans. Moreover, these findings suggest that
understanding the neurobiology of reward processing is critical
for understanding the neurobiology of social choice and decision-
making (Loewenstein et al., 2008; Sanfey, 2007; Zak, 2004). Indeed,
it has been suggested that pro-social behaviors may be achieved by
activation of reward circuitry that promote cooperative behavior,
in part, by facilitating positive emotions (Harbaugh et al., 2007),
including feelings of trust (Rilling et al., 2002).

Trust is an essential component of human social organization
and recent studies have shown that one neuropeptide critical for
NAc regulation of pair bonding in voles, oxytocin, is critical for
trust behavior in humans (Zak et al., 2004). The involvement of
oxytocin in trust behavior was examined using a trust game, in
which one player acts as an ‘investor’ that must choose whether
or not to give money to a second player. If the ‘investor’ gives
money to the second player, the amount of money in the game is
increased and the ‘investor’ hopes that (during the second player’s
turn) the second player will reciprocate, giving the investor back
more money than originally invested (Kosfeld et al., 2005). This
is a one trial game so there is nothing to stop the second player
from simply keeping all of the money. Thus, there is significant cost
for the first player to trust that the second player will reciprocate.
Interestingly, intra-nasal administration of oxytocin increased the
ability of the ‘investor’ to overcome the risk associated with trust
and increased the amount of money that the ‘investor’ gives to the
second player (Kosfeld et al., 2005). Therefore, oxytocin appears
to play a critical role in pro-social behavior in both humans and
prairie voles.

CONCLUSION

The current review emphasizes some striking similarities between
the neurobiology underlying pro-social behaviors in humans and
prairie voles. As such, the prairie vole model is likely to be a power-
ful tool to investigate the neural regulation of social choice in more
invasive ways that are not possible when using human subjects.
While the prairie vole field is still in its infancy, experiments using
this species clearly demonstrate that mesolimbic DA transmission is
essential for social choice. Given that this system mediates aspects of
reward and emotional processing, its involvement in social decision-
making among humans may explain why humans often display
strong social preferences rather than always acting out of pure self-
regard (Camerer and Fehr, 2006; Fehr and Camerer, 2007; Sanfey,
2007). As the field of social neuroeconomics advances, it continues
to consider whether social decision-making is best conceptualized
as rational decision-making that is complicated because it involves
more than one agent and thus requires more sophisticated learning
alorithms (Lee, 2008), or if it is more informative to regard social
decision-making as largely guided by emotional social motivation
and hedonic processing (Sanfey et al., 2003; Skuse and Gallagher,
2009). While social decision-making certainly involves both reason-
ing as well as emotional processing, data from the prairie vole model
demonstrate how a complex social organization can be achieved by a
relatively small number of rather simplistic choice behaviors that are
significantly mediated by reward processing. This supports the view
that selection favored organisms that dealt with complex decisions
by acting according to the degree of pleasure or displeasure likely to
be associated with their behavioral response (Cabanac et al., 2009).
Thus, while brains appear to be capable of an impressive capacity
for logic and reason, very complex phenomena, such as social deci-
sion-making and cognition, can be also be robustly explained by
hedonic and emotional processing.
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