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    Chapter 4   
 The Neurobiology and Genetics of Affi liation 
and Social Bonding in Animal Models                     

     Zoe     R.     Donaldson          and     Larry     J.     Young            

      Introduction 

 Two basic processes are required for  social affi liation  . First and foremost, social rela-
tionships require the ability to process social stimuli and to distinguish familiar and 
unfamiliar individuals. The neuropeptides  oxytocin (OXT)   and  arginine vasopressin 
(AVP)   have been widely implicated in the regulation of social recognition in  rodents   
(Bielsky and Young  2004 ). In parallel, motivational systems drive the “desire” to 
engage in social relationships. It has been suggested that social motivation is regu-
lated by two processes, one generating the reinforcing effects of social interactions 
and the other generating negative emotional states after social isolation or social bond 
disruption (Panksepp et al.  1997 ; Nelson and Panksepp  1998 ; Bosch et al.  2009 ; 
Burkett and Young  2012 ; Resendez and Aragona  2013 ). Neurochemically, both of 
these processes appear to be mediated in part by endogenous opioids and the meso-
corticolimbic dopamine system (Panksepp et al.  1980 ; Kelley and Berridge  2002 ; 
Dolen et al.  2013 ). The interaction between these systems modulates both reward and 
distress (Resendez and Aragona  2013 ). Ultimately, a complete understanding of 
social attachments will require an understanding of the interaction between those 
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systems regulating social recognition and those mediating social distress (Johnson 
and Young  2015 ). 

 While  affi liation   and  social bonding   has received much attention among studies in 
human and nonhuman primates, this chapter focuses on more developed mammalian 
models that have signifi cantly informed our knowledge of the neural substrates of 
these processes. First we will discuss the neurobiology and genetics of social recog-
nition (the ability to discriminate individuals based on social cues) in rodents. We 
will then explore three types of social relationships: (1) infant–mother attachment, 
(2) maternal nurturing, and (3) male–female pair bonding. While a number of mole-
cules, including sex steroids, prolactin, serotonin, and norepinephrine, have been 
implicated in various forms of affi liative behavior, this review focuses on molecules 
involved in modulating social memories and mediating the rewarding aspects of 
bonding. Specifi cally, we will focus on the role of OXT, AVP, opioids, dopamine, and 
their respective receptors in animal models of affi liation. We will further highlight 
genetic mechanisms involved in these processes as well as those generating diversity 
in affi liative behaviors. The human implications and potential translational applica-
tions of this research are discussed briefl y at the end of the chapter.  

    Current Research 

    The Molecules of  Affi liation      and  Social Bonding   

    Social attachment requires the motivation to interact with another individual, neural 
processing of social cues, and the ability to recognize specifi c individuals.  OXT, 
AVP, endogenous opioids, and dopamine  mediate different aspects of the neurobio-
logical processes involved in social bonding. AVP and OXT impact social recogni-
tion, pup–infant attachment, parental care, and pair bonding in monogamous 
species. Peripherally, OXT is well known for its role in inducing uterine contrac-
tions during parturition and milk ejection during lactation (Burbach et al.  2006 ). 
AVP, also known as antidiuretic hormone, stimulates water reabsorption in the kid-
ney and regulates vascular tone. There is a single known  OXT receptor (OXTR)  , 
which is expressed both in the periphery and the brain. The  effects of AVP   are 
mediated by three receptor subtypes: AVPR1A, AVPR1B, and AVPR2. The 
AVPR1A and AVPR1B subtypes are localized within the brain and are implicated 
in regulating social behaviors. These receptors are members of the G-protein cou-
pled receptor family. Importantly, OXT and AVP can activate each other’s receptors, 
which has important considerations when interpreting the results of pharmacologi-
cal and other studies (Chini et al.  2008 ). 

 Endogenous opioids have been most thoroughly studied within the context of 
drug addiction and pain modulation, which closely parallel natural reward and rein-
forcement underlying the positive affect associated with a specifi c individual during 
bonding (Panksepp  1981 ). Three classes of endogenous  opioid peptides  —endor-
phins, enkephalins, and dynorphins—are expressed extensively throughout the 

Z.R. Donaldson and L.J. Young



103

brain and act with differing affi nities on three main receptor subtypes, designated κ, 
μ, and δ (Milligan  2005 ). Recent research suggests that these different receptors 
play distinct roles in social bonding (Resendez and Aragona  2013 ). 

 The mesocorticolimbic  dopamine (DA) system   has been implicated in drug 
dependence, and is associated with motivation, reward, reward saliency, and learn-
ing (Koob and Nestler  1997 ; Di Chiara  2002 ; Kelley and Berridge  2002 ; Wise  2002 ; 
Pierce and Kumaresan  2006 ). Dopamine is a catecholamine neurotransmitter syn-
thesized within the ventral tegmental area (VTA), substantia nigra, and hypothala-
mus.  Dopaminergic projections from the VTA   innervate numerous brain regions, 
including the nucleus accumbens (NAcc), a brain region that has been heavily stud-
ied for its role in reward and reinforcement. VTA-derived dopamine exerts its 
behavioral effects primarily through the G-protein coupled dopamine D1 and D2 
receptors (Wise  2002 ). The involvement of the opioid and dopamine  systems   in 
both addiction and social attachment suggests that there are many common underly-
ing neural pathways between these processes, leading some to suggest that social 
bonding is a form of addiction (Young et al.  2011 ; Burkett and Young  2012 ).       

     Social Recognition         

    Social recognition is the ability to distinguish individuals of the same species and is 
therefore essential for the establishment and maintenance of any social relationship. 
Social recognition in rodents is mediated by olfactory signals (Beynon and Hurst 
 2003 ; Luo et al.  2003 ). Social recognition behavior tests are based on the phenom-
enon that rats and mice will spend less time investigating a previously encountered 
animal than a novel one. Rodents with impaired social recognition behavior do not 
show differences in attention towards previously encountered versus novel individ-
uals (Thor and Holloway  1982 ; Engelmann et al.  1995 ). When interpreting the 
results of this habituation/dishabituation task, it is important to consider that the 
task does not distinguish between defi cits in sensory discrimination and social rec-
ognition memory. While original work pioneered by de Wied and colleagues 
focused on the role of AVP  in nonsocial learning and memory  , further refi nement 
suggested a specifi c role for the peptide in social learning and memory (van 
Wimersma Greidanus et al.  1983 ; Engelmann et al.  1996 ). Enhancing central AVP 
levels results in a potentiation of social memory in male rats (Dantzer et al.  1987 ). 
Conversely, interruptions in AVP signaling in rats abolish social recognition abili-
ties (van Wimersma Greidanus  1982 ; Le Moal et al.  1987 ; Landgraf et al.  1995 ; van 
Wimersma Greidanus and Maigret  1996 ). Additionally, pharmacological and 
genetic manipulation studies suggest that AVPR1A serves as a primary site of action 
for AVP’s role in social recognition. Central infusions of selective AVPR1A antago-
nists inhibit social recognition, and  Avpr1a  knockout mice display social amnesia 
but normal memory for nonsocial odorants (Fig.  4.1a ) (Engelmann and Landgraf 
 1994 ; Everts and Koolhaas  1999 ; Bielsky et al.  2004 ,  2005a ,  b ).
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   Site-specifi c manipulations have identifi ed the lateral septum as a key region for 
the action of AVP’s effects on social recognition. AVP infused into the lateral sep-
tum prolongs social memory whereas selective AVPR1A antagonist and anti-sera 
infusions in this area block social recognition in rats (Engelmann and Landgraf 
 1994 ; Everts and Koolhaas  1999 ). Likewise, AVPR1A antisense oligonucleotide 
infused into the lateral septum abolishes social recognition, while viral vector- 
mediated upregulation of AVPR1A in the lateral septum results in prolonged social 
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  Fig. 4.1    Social recognition is disrupted in  Avpr1a  and  Oxtr  knockout mice. Rodents display a prefer-
ence to spend time investigating a previously unencountered individual, which is used as a metric for 
social recognition. ( a ) Habituation/dishabituation task: Shown is the duration of olfactory investiga-
tion of male experimental mice toward an ovariectomized female stimulus mouse over four 1-min 
exposures separated by 10 min intervals. In the fi nal exposure a novel stimulus female is presented. 
Note that wild-type mice exhibit decreased interest in the stimulus animals over the four trials, indi-
cating that it is recognized as familiar, while  Avpr1a  −/− mice do not show a decrease, indicating a 
lack of recognition. Data redrawn from (Bielsky et al.  2004 ). ( b ) Social discrimination test. Male 
experimental mice are exposed to a single ovariectomized female mouse. A 30 min intertrial interval, 
the male is re-exposed to the original female (SAME) and a new ovariectomized female (NOVEL). 
Direct olfactory investigation of male experimental mice toward each female is measured for 5 min. 
WT male mice spent signifi cantly more time investigating the novel female while  Oxtr  −/− failed to 
discriminate between novel and familiar females. Data redrawn from (Takayanagi et al.  2005 )       
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memory (Landgraf et al.  1995 ,  2003 ), or in the case of  Avpr1a  knockout mice, res-
cues social recognition in these animals (Bielsky et al.  2005a ). 

  OXT is also involved  in social recognition   in both male and female rats and mice 
(Popik and Vetulani  1991 ; Popik et al.  1992 ). An OXTR antagonist blocks social 
recognition abilities (Benelli et al.  1995 ), and  Oxt  null mutant mice lack social rec-
ognition abilities (Ferguson et al.  2000 ).  Oxtr  null mutant mice display similar 
impairments in a social discrimination task (Fig.  4.1b ) (Takayanagi et al.  2005 ).  Oxt  
null mutant female mice are also unable to differentiate between parasite ridden and 
healthy males (Choleris et al.  2003 ; Kavaliers et al.  2003 ,  2004a ,  b ,  2005a ,  b ,  2006 ; 
Temple et al.  2003 ). The role of the OXT system in social recognition appears to be 
conserved from rodent to humans (Young  2015 ). A common polymorphism in the 
human  OXTR  predicts face recognition abilities in family members with an autistic 
child (Skuse et al.  2014 ). 

  OXTR   affects social memory via its actions in multiple brain regions. Infusion of 
 Oxt  within the medial amygdala of OXT mutant mice rescues normal social recogni-
tion, while OXTR antagonist into the medial amygdala of wild-type mice abolishes 
social recognition (Ferguson et al.  2001 ). Likewise, deletion of  Oxtr  selectively 
within the lateral septum abolishes social recognition (Mesic et al.  2015 ). Septal 
OXTR also appear to enhance the memory of social interactions regardless of their 
valence. For instance, OXTR in the lateral septum are required for enhanced fear 
conditioning in socially defeated mice and social buffering of fear responses 
(Guzman et al.  2013 ,  2014 ). In addition, OXTR on projections from raphe to NAcc 
are required for the formation of a preference in a social conditioned place prefer-
ence task through modulation of serotonergic signaling, although it is unclear 
whether this is due to effects on social memory or on reward (Dolen et al.  2013 ).      

     Infant–Mother Attachment         

      Infant attachment elicits care from a primary caregiver, which increases the off-
spring’s likelihood of survival (Bowlby  1980 ). When pre-weanling rodents are 
removed from their mother and littermates, they undergo a number of physiological, 
distress-related changes including increased heart and respiratory rate, corticosterone 
release, and the production of ultrasonic vocalizations (Noirot  1972 ; Hofer  1984 ; 
Stuckey et al.  1989 ). While all three aspects of separation distress have been charac-
terized in a number of species, the most commonly quantifi ed measures of distress 
are changes in  ultrasonic vocalizations (USV)   in rodents or  distress vocalizations   in 
other species including chicks and puppies (Panksepp et al.  1980 ; Shair  2014 ). 

 There are few studies examining the potential role of AVP in infant–mother 
attachment. Infant Brattleboro rats, which harbor a mutated  Avp  gene, have an atten-
uated preference for maternal odors and fail to develop a preference for a maternally 
paired, nonsocial odor (Nelson and Panksepp  1998 ). AVP administration results in 
a decrease in ultrasonic vocalization frequency in isolated rat pups, which is thought 
to be mediated by AVPR1A (Winslow and Insel  1993 ). AVPR1B are required for 

4 The Neurobiology and Genetics of Affi liation and Social...



106

maternal potentiation of USVs but not for isolation-induced calls (Scattoni et al. 
 2008 ). More recent work suggests that central administration of AVP in infant mice, 
unlike rats, blocks the orienting bias to maternally paired, nonsocial odors. However, 
AVP administered to  Avpr1a  KO mice did not block orienting bias. These differ-
ences in behavioral outcome may be related to known species differences in recep-
tor distributions during development, underscoring the importance of AVP in 
modulating  species-typical  social behaviors (Hammock et al.  2013 ). 

 In contrast, there are several studies linking OXT with social attachment in 
rodent pups. OXT administration attenuates reactions to social separation and 
decreases milk intake by rat pups (Insel and Winslow  1991 ; Nelson et al.  1998 ). As 
would be expected, mice lacking either  Oxt  or  Oxtr  show less vocal distress during 
maternal separation (Fig.  4.2 ) (Winslow et al.  2000 ; Winslow and Insel  2002 ; 
Takayanagi et al.  2005 ). Finally, an OXTR antagonist blocks the acquisition of 
maternally associated odor preferences in young rats (Nelson and Panksepp  1996 ). 
Together, the results of these experiments suggest that OXT and perhaps AVP are 
important for modulating the affective aspects of social reward and distress in 
infants and may also be involved in forming associations between maternal and 
nonsocial stimuli (Hammock et al.  2013 ).

    Opioids   were initially hypothesized to play a role in infant–mother attachment 
because of the strong similarities between opioid addiction and social dependence. 
Both display an initial attachment phase, a development of tolerance, and similar 
withdrawal patterns (Panksepp et al.  1978 ,  1980 ). The  administration of opioids   
powerfully attenuates the reaction to social separation, decreasing the rate of 
isolation- induced distress calls (Kehoe and Blass  1986 ; Winslow and Insel  1991 ). 
Similarly, mutant mice lacking the μ-opioid receptor fail to exhibit signs of distress 
due to maternal deprivation but show normal levels of distress in response to other 
stressors (Moles et al.  2004 ). Milk transfer and somatosensory contact are coupled 
with opioid release and endogenous opioids facilitate preferences for nonsocial 
odors paired with tactile stimulation (Blass and Fitzgerald  1988 ; Smotherman and 
Robinson  1992 ; Nelson and Panksepp  1998 ; Roth and Sullivan  2006 ). Opioid- 
mediated social dependence has been further validated by similar fi ndings in a num-
ber of different species at different developmental time points including rats, mice, 
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chicks, guinea pigs, and primates (Herman and Panksepp  1978 ; Panksepp et al. 
 1978 ,  1980 ; Kalin et al.  1988 ). 

 Our current knowledge of the role of opioids, OXT, and AVP in infant attachment 
support the idea of a previously hypothesized socially directed motivational system. 
The components of this system seem to be important for both mediating the affective 
state associated with maternal presence or absence, as well as learning maternally- 
and nest-associated cues. As suggested previously, the use of similar molecular and 
neural components in other affi liative behaviors discussed below suggests a common 
brain circuitry that may have its ontogenetic roots in infant attachment (Panksepp 
et al.  1997 ; Rilling and Young  2014 ). Accordingly, it has been hypothesized that 
disruption of infant attachment may lead to attachment disorders throughout devel-
opment and later life (Nelson and Panksepp  1998 ). A variety of early life manipula-
tions in monogamous prairie voles support this hypothesis. Specifi cally, differences 
in parental care and pharmacological manipulations of the abovementioned systems 
impact subsequent social behavior in adulthood, including the propensity to form 
pair bonds (Bales et al.  2007 ,  2011 ; Carter et al.  2009 ; Ahern et al.  2011 ; Hostetler 
et al.  2011 ; Greenberg et al.  2012 ; Barrett et al.  2014 ). 

 Tactile stimulation mimicking maternal licking and grooming activates OXT 
neurons in prairie vole infants (Barrett et al.  2015 ). Daily neonatal social isolations 
(3 h per day for the fi rst 2 weeks of life) disrupt the ability to form partner prefer-
ences later in life in socially monogamous prairie voles. However there is remark-
able individual variation in how these short duration social isolations affect later life 
bonding.  Prairie vole   pups that express high densities of  OXTR in the NAcc      are 
resilient to this paradigm of neglect and form social attachments as adults normally, 
while those with naturally low densities of receptors who experience social isola-
tions are incapable of forming bonds (Barrett et al.  2015 ). A  melanocortin agonist  , 
which activates OXT neurons and stimulates endogenous OXT release, enhances 
the ability to form social attachments later in life (Barrett et al.  2014 ) and rescues 
the effects of neonatal isolations in pups on later life partner preference formation 
(Barrett et al.  2015 ).       

    Maternal Nurturing 

 Models of rodent maternal  behavior      include dams and, in some species, alloparent-
ing behavior where nulliparous animals will display maternal-like behaviors towards 
pups. Virgin rats typically ignore or avoid pups, but around the time of parturition 
they begin to show high levels of maternal behavior (Rosenblatt  1969 ; Bridges 
 1975 ; Ross and Young  2009 ). Maternal behavior in rats and mice is not a form of 
social bonding, per se, since dams do not discriminate their own pups from novel 
pups and typically will care for any pup presented to them. Nevertheless, maternal 
nurturing in rodents is a highly motivated affi liative behavior and is likely to share 
common neural pathways with maternal behavior in species where mothers do form 
selective bonds with their offspring. Elucidating the neurobiology underlying the 
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regulation of maternal behavior has been approached from a variety of perspectives, 
with a focus on various hormones and neurotransmitters released during pregnancy, 
parturition, and/or lactation (Rosenblatt et al.  1988 ; Bridges  1990 ; Keverne and 
Kendrick  1994 ; Rosenblatt  1994 ; McCarthy  1995 ; Mann and Bridges  2001 ; Rilling 
and Young  2014 ). While steroids and prolactin play a signifi cant role in regulating 
the onset of maternal behavior, here we focus on the role of OXT/AVP and the clas-
sical reward system in accordance with the general aims of this chapter. 

 The fi rst studies linking OXT with the onset of maternal behavior used rats and 
were initiated because of the known role of OXT in the stimulation of parturition 
and lactation. Central OXT administration induces maternal behavior in estrogen- 
primed virgin female rats (Pedersen and Prange  1979 ; Pedersen et al.  1992 ). 
Conversely, OXT antagonist administration blocks the transition to maternal behav-
ior in parturient rats (Numan  1994  and references therein, Numan  2014 ). The facili-
tation of maternal behaviors by OXT involves multiple brain regions. OXT acts at 
the level of the medial preoptic area (MPOA) to facilitate maternal care. Within the 
paraventricular nucleus (PVN) and central amygdala (CeA), it facilitates maternal 
aggression, whereas OXT in the bed nucleus of the stria terminalis (BNST) inhibits 
maternal aggression (Fig.  4.5 ) (Bosch and Neumann  2012 ). 

 Genetic manipulation of  Oxt  and its receptor in mice have also been used to 
investigate the role of OXT in maternal behavior. Mutation of  Oxtr  results in a 
severe disruption in maternal behavior in mice (Takayanagi et al.  2005 ). In contrast, 
mutation of  Oxt  leads to only modest defi cits in maternal behavior in nulliparous 
females in one report and no change in maternal behavior in other reports (Winslow 
and Insel  2002 ; Ragnauth et al.  2005 ; Takayanagi et al.  2005 ; Pedersen et al.  2006 ). 
This suggests that in the absence of OXT, AVP may be able to stimulate the OXTR 
or otherwise independently compensate for the lack of OXT to produce nearly nor-
mal levels of maternal behavior in this mouse strain. In addition to these studies on 
the OXT system genes, CD38 knockout mice, which display a disruption in OXT 
release from axon terminals, also have impaired maternal behavior, which can be 
rescued by exogenous OXT (Jin et al.  2007 ). 

 Recent studies in voles also suggest a role for OXTR signaling in regulating 
maternal and alloparental behavior. Juvenile rats, mice, prairie, and meadow voles 
vary in their propensity to display spontaneous maternal behavior towards pups, or 
alloparental behavior. Olazabal and Young ( 2006a ,  b ) found that species with low 
densities of  OXTR in the NAcc      display low levels of spontaneous alloparental care, 
while species with high densities of receptor in the striatum display high levels of 
alloparental care. Among prairie voles (Fig.  4.3 ), individual differences in allopa-
rental responsiveness are also positively correlated with OXTR density within the 
striatum (Fig.  4.4a, b ). In addition, infusion of an OXTR antagonist into the NAcc 
of female  prairie voles   temporarily blocks spontaneous maternal behavior (Olazabal 
and Young  2006a ,  b ). These studies suggest that variation in OXTR density in the 
 NAcc      may underlie both species and individual differences in pup responsiveness in 
rodents (Olazabal and Young  2006a ,  b ). This appears to be a developmentally medi-
ated phenotype since overexpression of  OXTR in the NAcc      of juvenile female prai-
rie voles increases alloparental behaviors towards novel pups (Fig.  4.4c, d ), but the 
same manipulation in adulthood does not (Ross et al.  2009 ; Keebaugh and Young 
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 2011 ). Furthermore, silencing OXTR in the NAcc beginning at weaning using a 
viral vector-mediated RNAi approach inhibits alloparental behavior in prairie voles 
(Keebaugh et al.  2015 ). Interestingly, the natural variation in OXTR levels in the 
striatum appears to be robustly regulated by a cis-regulatory element in the  Oxtr  
gene since single nucleotide polymorphisms in the prairie vole  Oxtr  account for the 
majority of variation in OXTR expression (King et al.  2014 ).

    Unlike most rodents, maternal behavior in sheep involves selective social bond-
ing. Precocial lambs are born at the same time of year within a fl ock. Therefore, the 
mother must bond with her lamb in the few hours after birth. Ewes will nurse only 
their own lamb and will reject foreign lambs.  OXT      infusion can induce acceptance 
of an unfamiliar lamb even in a nonpregnant ewe (Kendrick et al.  1987 ). Additionally, 
OXT release into the olfactory bulb increases GABA, that in conjunction with 
changes in norepinephrine and acetylcholine signaling appears to tune the olfactory 
mitral cells to the odor of a specifi c lamb, which may be responsible for the selective 
bonding between the mother and her lamb (reviewed by Kendrick et al.  1997 ). 
Similar tuning has been observed via oxytocin in the auditory cortex of mouse 
dams, suggesting that OXT may play a broad role in modulating sensory informa-
tion processing in the context of maternal behavior (reference PMID 25874674). 

 Although less well studied, vasopressin is also an important factor in maternal 
behavior and maternal aggression (Bosch and Neumann  2008 ,  2012 ; Bosch  2011 , 
 2013 ). In rodents, AVP infusion increases maternal care, and elevated levels of AVP 
are detected in the medial preoptic area and the bed nucleus of the stria terminalis 
in dams engaged in maternal care (Bosch et al.  2010 ; Bosch and Neumann  2012 ). 
AVPR1A in the MPOA is upregulated during lactation, and blockade or reduction 
of these receptors impairs maternal care (Pedersen et al.  1994 ; Bosch and Neumann 
 2008 ). In addition, AVPR1A in the central amygdala modulate maternal aggression 
(Fig.  4.5 ) (Bosch and Neumann  2010 ). Finally, antagonism of AVPR1B in rats also 
impairs maternal care but does not impact maternal aggression (Bayerl et al.  2014 ). 

  Fig. 4.3    Image of prairie voles. Photo credit: Todd Ahern       
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  Fig. 4.4    Individual differences in NAcc OXTR modulate alloparental behavior. ( a ) Prairie voles 
show individual differences in OXTR levels in the nucleus accumbens (NAcc) but not the prefrontal 
cortex (PFC). ( b ) Differences in spontaneous alloparental behavior in female prairie voles are cor-
related with NAcc OXTR levels. Virgin females with higher levels of OXTR in the NAcc shell spend 
more time crouching over pups, a behavior typically associated with parenting. ( c – e ) Virally medi-
ated overexpression of OXTR in the NAcc facilitates alloparental behavior. ( d ) Animals with virally 
increased NAcc OXTR exhibit signifi cantly higher levels of pup-directed licking and grooming. ( e ) 
Approximately 50 % of virgin female prairie voles will exhibit alloparental behavior. However, 
when OXTR levels are virally increased in the NAcc shell, 100 % of virgin females engage in allo-
parental behavior. Adapted from (Olazabal and Young  2006a ,  b ; Keebaugh and Young  2011 )       
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The interactions between OXTR, AVPR1A, and AVPR1B as they relate to maternal 
behavior and pup defense are an ongoing area of research (Fig.  4.5 ).

   Another major area of research has focused on the role of the endogenous reward 
system in mother–pup bonding (Insel  2003 ). Post-parturient rats will choose exposure 
to pups over cocaine, suggesting that they fi nd pups more rewarding than cocaine 
(Mattson et al.  2001 ). Similar to the brain’s response to drugs of abuse, dopamine is 
released into the NAcc of a mother rat while interacting with a pup (Hansen et al. 
 1993 ). Conversely, dopaminergic-selective lesions of either the dopamine projecting 
VTA or of its downstream contact, the NAcc, is suffi cient to disrupt maternal behavior, 
specifi cally impairing motivation to retrieve and care for pups (Keer and Stern  1999 ; 
Vernotica et al.  1999 ). Peripheral administration of a nonselective DA antagonist 
decreases the performance of active maternal behaviors, but facilitates a switch to 
nursing (Giordano et al.  1990 ; Stern and Taylor  1991 ; Fleming et al.  1994 ; Stern and 
Keer  1999 ; Silva et al.  2001 ; Byrnes et al.  2002 ; Li et al.  2004 ). Neuroimaging studies 
have examined the neural basis of the intensity of pup- associated reward. They showed 
that while pup exposure activates the same reward- associated brain regions that 
cocaine activates in virgin rats, cocaine administered to lactating rats actually sup-
pressed activity within these regions (Ferris et al.  2005 ). 

 Unlike the primary role for endogenous opioids in infant–mother attachment, the 
role of opioids in maternal behavior remains controversial. Female mice mutant for 
the μ-opioid receptor display normal maternal behaviors (Moles et al.  2004 ). In rats 
a μ-opioid receptor agonist decreases levels of maternal behavior (Stafi sso-Sandoz 
et al.  1998 ). However, the antagonist naltrexone has been found to inhibit the onset 
of maternal behavior in sheep but restore maternal behavior in rats (Caba et al. 
 1995 ; Stafi sso-Sandoz et al.  1998 ).  

Maternal Care

Maternal 
Aggression
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  Fig. 4.5    Schematic representation of OXT and AVP actions on maternal behavior via hypothalamic 
and limbic brain regions. OXT and AVP systems are upregulated while rodent dams are engaged in 
maternal behaviors and maternal aggression. Both OXT and AVP facilitate maternal nurturing via the 
MPOA. OXT facilitates maternal aggression via the paraventricular nucleus (PVN) and central amyg-
dala (CeA) whereas OXT signaling in the bed nucleus of the stria terminalis (BNST) inhibits maternal 
aggression. AVP facilitates maternal aggression via its activity within the CeA and BNST.  Black 
arrow : increasing the behavior;  gray line : reducing the behavior. Adapted from (Bosch  2011 ,  2013 )       
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     Pair Bonding      

   A monogamous social structure is characterized by selective affi liation exhibited 
towards a particular partner, aggression towards opposite gender conspecifi cs, 
shared territories and resources, and often biparental care of offspring (Kleiman 
 1977 ). The  core component of monogamy   is the formation of a selective pair bond 
between a male–female pair, which can be assessed in rodents using a partner pref-
erence test (Fig.  4.6 ). While only 3–5 % of mammalian species are monogamous, 
the intense social bonds formed between mates of these species have particular 
relevance to human male–female bonding.

   Comparative studies of socially distinct microtine rodents, or voles, have been 
used as a model system for understanding the neural substrates underlying pair bond-
ing (Carter et al.  1995 ; Insel and Young  2001 ; Young and Wang  2004 ; McGraw et al. 
 2010 ; Johnson and Young  2015 ). In monogamous  prairie voles  , mating facilitates 
pair bond formation, although mating is not necessary. Nearly all neuromodulatory 
systems that have been implicated in pair bonding appear to have a role in pair bond 
formation and maintenance. However, vasopressinergic and oxytocinergic systems 
primarily contribute to the processing of social cues necessary for individual recogni-
tion in males and females, respectively, while mesolimbic dopamine and striatal opi-
oid signaling are involved in the reward, reinforcement, and motivational aspects of 
bonding (Young and Wang  2004 ; Johnson and Young  2015 ). 

 OXT and AVP were initially hypothesized to be involved in pair bonding because 
of their role in maternal behavior, social recognition, and other social behaviors. 
While both peptides are capable of infl uencing pair bonding in both males and 
females when administered exogenously, OXT is often considered to be more 
important for females and AVP more so for males (Cho et al.  1999 ). This suggests 
that evolutionarily, female bonding utilized systems already in place for maternal 

  Fig. 4.6    Partner preference test. In the partner preference test, the test animal is allowed to freely 
roam among 3 chambers with two stimulus animals, typically the partner and a stranger, tethered 
at opposite ends of the apparatus. An animal that has formed a pair bond will spend more time in 
direct contact with its partner than the stranger over a 3 h test period. An animal that has failed to 
form a bond will not show a partner preference       
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care while male bonding expanded the role of a peptide that is involved in a variety 
of male social behaviors including territoriality and aggression (Goodson and Bass 
 2001 ). However, recent evidence suggests that endogenous OXT signaling does 
play a critical role in male pair bonding as well (Johnson et al.  2016 ). Central infu-
sion of OXT in female  prairie voles      accelerates pair bonding even in the absence of 
mating, while an OXTR antagonist prevents mating-induced pair bond formation 
(Williams et al.  1994 ; Insel and Hulihan  1995 ). Comparison of OXT receptor distri-
bution within the brains of prairie voles and the non-monogamous montane voles 
revealed higher densities of OXTR within certain brain regions including the pre-
frontal cortex and NAcc (Insel and Shapiro  1992 ). Mating-induced pair bond for-
mation is blocked by site-specifi c injection of OXTR antagonist into the prefrontal 
cortex and NAcc, suggesting that OXTR signaling within the prefrontal cortex and/
or NAcc is important for pair bonding (Fig.  4.7 ) (Young et al.  2001 ). Virally 
increased  OXTR in the NAcc      also enhances pair bonding in female prairie voles 
(Ross et al.  2009 ), while silencing  OXTR in the NAcc      using a virally mediated 
RNAi inhibits pair bonding (Keebaugh et al.  2015 ).

   In male prairie voles, infusion of AVP facilitates pair bonding, while a selective 
AVPR1A antagonist blocks pair bond formation after mating (Winslow et al.  1993 ). 
Prairie voles have higher levels of AVPR1A binding in the ventral pallidum than do 

  Fig. 4.7    Role of OXTR in  partner preference formation  . Prairie voles have higher levels of OXTR 
in the NAcc as compared with meadow voles. Blockade of OXTR in the NAcc or prefrontal cortex 
(PFC) but not the caudate/putamen (CP) during the initial mating period inhibits pair bond forma-
tion. Adapted from (Young et al.  2001 )       
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non-monogamous montane or meadow voles, and blockade of these receptors, as well 
as those in the lateral septum, blocks pair bond formation (Fig.  4.8a, b ) (Insel et al. 
 1994 ; Liu et al.  2001 ; Lim and Young  2004 ). Increasing  Avpr1a  gene expression in 
prairie vole males using viral vector gene transfer enhances partner preference forma-
tion (Pitkow et al.  2001 ), while reducing  Avpr1a  mRNA in the ventral pallidum using 
RNAi  inhibits pair bonding      (Fig.  4.8c, d ) (Barrett et al.  2013 ). Furthermore, increasing 
AVPR1A protein levels in the ventral pallidum of the non- monogamous meadow vole 
results in the manifestation of partner preferences (Lim et al.  2004 ). Interestingly, the 
ventral pallidum is a major output of the NAcc, suggesting that  different nodes of the 
same neural circuit regulate pair bond formation in males and females. The role of 
septal AVP is also consistent with its known role in social recognition.

   In addition to the large species differences in V1aR distribution in the brain, 
there is signifi cant individual variation in V1aR distribution among prairie voles 
(Phelps and Young  2003 ), which correlates with natural differences in a number of 
social behaviors including individual differences in propensities to form a pair bond 
(Hammock et al.  2005 ; Hammock and Young  2005 ). A polymorphic microsatellite 
consisting of a series of highly repetitive DNA sequences upstream of the vole 
 Avpr1a  varies strikingly between prairie and montane voles and more subtly 
amongst individual prairie voles (Fig.  4.9a ) (Hammock and Young  2002 ). These 
microsatellite-containing polymorphisms in the promoter drive different levels of 
reporter gene expression in cell culture and are also correlated with individual pat-
terns of AVPR1A and variation in social behavior both between and within species 
(Fig.  4.9b ) (Hammock and Young  2004 ,  2005 ). Further, mice in which the endoge-
nous  Avpr1a  promoter was replaced with the corresponding vole sequence and dif-
ferent microsatellite polymorphisms confi rmed that these elements directly 
contribute to differences in receptor patterns in vivo, but in a fairly restricted set of 
brain regions (Fig.  4.9c ) (Donaldson and Young  2013 ). While these studies support 
the hypothesis that instability in this highly repetitive microsatellite sequence con-
tributes to some variability in receptor expression in the brain, and consequently to 
behavior, a survey of other vole species does not support a strict relationship between 
the length of the microsatellite and social monogamy (Fink et al.  2006 ). The previ-
ously mentioned experiment in mice also suggests that other genetic regulatory ele-
ments beyond the proximal promoter are also important modulators of AVPR1A 
expression (Donaldson and Young  2013 ). Interestingly, transgenic mice carrying a 
bacterial artifi cial chromosome (BAC) containing the human  AVPR1A  gene display 
a receptor binding pattern more similar to primate expression patterns than the 
mouse pattern (Charles et al.  2014 ).

   AVPR1A activation is also important for maintenance of the bond via at least two 
behavioral effects. Blockade of AVPR1A after bond formation inhibits the expres-
sion of partner preference (Donaldson et al.  2010 ), perhaps by acting on memory 
systems. Second, AVPR1A binding is upregulated in the anterior hypothalamus fol-
lowing pair bond formation, and selective receptor antagonists and virally enhanced 
expression demonstrate that this is both necessary and suffi cient for selective 
aggression (Gobrogge et al.  2009 ). 
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  Fig. 4.8    Role of AVPR1A in partner preference formation. ( a ) Prairie voles have higher levels of 
AVPR1A in the ventral pallidum (VP) as compared with meadow voles. The converse is observed in the 
lateral septum (LS). ( b ) Blockade of AVPR1A in the VP but not the caudate/putamen (CP) during the 
initial mating period inhibits pair bond formation. ( c, d ) shRNA-mediated suppression of AVPR1A in 
the VP inhibits partner preference formation. Adapted from (Lim and Young  2004 ; Barrett et al.  2013 )       
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  Fig. 4.9    Variation in noncoding repetitive elements modulate species and individual differences 
in AVPR1A levels. ( a ) Prairie and meadow voles differ in the content of a repeat containing ele-
ment located upstream of the vole  Avpr1a  transcription start site. This element also exhibits allelic 
variation across prairie voles. ( b ) Prairie voles bred to homozygosity for longer than average and 
shorter than average versions of this element demonstrate region-specifi c differences in AVPR1A 
levels. ( c ) Mice in which the endogenous  Avpr1a  promoter has been replaced with corresponding 
vole sequence and different versions of the repeat element demonstrate that diversity in this 
sequence directly contributes to both species and individual differences in AVPR1A expression. In 
particular, mice carrying the prairie vole version of the repeat element exhibit increased levels of 
AVPR1A in the dentate gyrus (DG), paraventricular nucleus of the thalamus (PVthal), and central 
amygdala (CeA) compared with mice carrying the meadow vole version of the repeat element. In 
addition, intraspecies differences in the length of the prairie vole repeat element confer variation in 
AVPR1A levels in the dentate gyrus. This indicates that the repeat element directly contributes to 
both inter- and intra-species variation in neural AVPR1A levels. Adapted from (Hammock and 
Young  2005 ; Donaldson and Young  2013 )       
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  Dopamine      also acts in the NAcc to impact pair bond formation and maintenance. 
Mating induces dopaminergic activity in the NAcc and a nonspecifi c dopamine recep-
tor antagonist blocks pair bond formation (Gingrich et al.  2000 ; Aragona et al.  2003 ). 
D1 and D2 dopamine receptors within the NAcc contribute differently to the forma-
tion and maintenance of pair bonds. Activation of D2 receptors facilitates pair bond-
ing while D1 receptor activation blocks it (Fig.  4.10a, b ). Furthermore, pair bonding 
results in an increase in D1 receptor density within the NAcc, which may help to 
maintain pair bonding by inhibiting pair bond formation with another individual 
(Fig.  4.10c, d ). Behaviorally, the increase in D1 receptors is associated with increased 
aggressive behavior towards novel individuals of the opposite sex, which can be 
blocked by a D1 receptor antagonist (Fig.  4.10e, f ) (Aragona et al.  2006 ). Thus, 
increased D1 receptor in the NAcc and increased AVPR1A in the anterior hypothala-
mus represent two examples of neuroplastic changes that support pair bonding.

   In addition, endogenous opioid signaling is an important modulator of pair bond 
formation and maintenance via parallel processing through different receptors in 
different parts of the striatum. Preliminary reports showed a decrease in affi liative 
behaviors of prairie voles after morphine administration (Shapiro et al.  1989 ), and 
subsequent studies also showed that systemic application of the nonselective opioid 
agonist, naltrexone, during an initial mating period showed a dose-dependent effect 
on partner preference formation, with the higher doses leading to a preference for 
the stranger (Burkett et al.  2011 ). Subsequent work suggests that blockade of 
 μ-opioid receptors (MOR)   in the dorsal striatum inhibits mating and subsequent 
partner preference formation while  MORs   in the dorsomedial NAcc shell inhibit 
partner preference formation without affecting mating behavior. In addition, block-
ade of  κ-opioid receptors (KOR)   in the NAcc shell blocks selective aggression. This 
leads to a model in which  MORs   in the dorsal striatum may be involved in the moti-
vational aspects of pair bonding via their effects on mating, while MORs in the 
dorsomedial NAcc shell mediate pair bonding through the positive hedonics associ-
ated with mating, and  KORs   subsequently act to maintain bond formation via their 
effects on selective aggression (Burkett et al.  2011 ; Resendez et al.  2012 ,  2013 ; 
Johnson and Young  2015 ). Thus parallel processing by multiple endogenous opioid 
systems coordinate different aspects of pair bonding. 

 Finally, pair bonding is maintained not only via the hedonic aspects of partner 
interaction and an increase in selective aggression, but also by the emotionally aver-
sive aspects of being separated from the partner. Prairie voles who have been separated 
from their mate exhibit increased levels of passive stress-coping in the forced swim 
test, a classical test of depression-like behavior in rodents (Fig.  4.11a ), as well as auto-
nomic imbalance and altered cardiac function (Bosch et al.  2009 ; McNeal et al.  2014 ). 
These behavioral effects are mediated at least in part by changes in the hypothalamic-
pituitary axis (Fig.  4.11b ). Ventricular infusion of a nonselective  corticotropin release 
factor receptor (CRFR)   antagonist blocks the depression-related behavioral changes 
without affecting the expression of partner preference (Fig.  4.11c ) (Bosch et al.  2009 ). 
More recent studies suggest that the CRFR2 receptor- mediated social loss-induced 
depression occurs in concert with changes in the OXT system. CRFR2 is abundantly 
expressed on OXT neurons in the hypothalamus (Dabrowska et al.  2011 ). 
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CRFR2 agonists, mimicking endogenous release during separation, inhibit OXT 
release in the shell of the NAcc, while CRFR2 antagonists elevate OXT in the NAcc 
shell. Finally, direct infusion of OXT into the NAcc abolishes increased passive cop-
ing following social loss (Bosch et al.  2016 ).  

       Human Implications and Translational  Opportunities   

  Human society is characterized by an incredible complexity and range of social 
relationships. The bonds we form amongst family members, spouses, caregivers, 
friends, and coworkers shape our day-to-day interactions and play a key role in our 
development and overall health. Developmentally, the ability and motivation to seek 
out social encounters and form bonds is critical for the formation of social skills; 
early severe social deprivation is associated with attachment disorders (O’Connor 
et al.  1999 ; Rutter et al.  1999 ). As adults, studies have suggested that social support 
affects both the rate of disease progression and general cardiovascular health 
(Leserman et al.  1999 ,  2000 ; Frasure-Smith et al.  2000 ). The power of social bonds 
has been demonstrated both anecdotally by stories of the intense power of love that 
fi ll our book and movie shelves, as well as by the emotional signifi cance of social 
loss. Bereavement or grief due to social loss exhibits many of the same behavioral 
and physiological changes that characterize depression (Reite and Boccia  1994 ). In 
addition, grief is accompanied by intense yearning for the loss of a loved one, sug-
gesting a potential dysregulation of reward processing (Zisook and Shear  2009 ). 

  Functional neuroimaging studies   have elucidated some of the neural substrates 
underlying the powerful emotions associated with human social bonding and its 
loss. Functional imaging of the brains of people viewing pictures of someone they 
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claimed to be desperately in love with revealed activation of many of the same 
regions that are activated by cocaine administration (Bartels and Zeki  2000 ; Fisher 
et al.  2005 ). Conversely, social exclusion or loss of a loved one activates brain 
regions typically associated with physical pain, similar to the animal experiments 
previously discussed in this chapter (Bartels and Zeki  2000 ; Eisenberger et al.  2003 ; 
Najib et al.  2004 ). In conjunction, they support the recurring hypothesis that bonds 
are reinforced through activation of brain regions that likely originally evolved as an 
endogenous reward system and that the dissolution of bonds results in negative 
affect due to activation of pain-mediating brain regions. 

 Alternatively, manipulations involving both intranasal OXT and AVP have sug-
gested a general role for these peptides in species-appropriate social behavior. 
 Intranasal OXT   impacts social interactions as well as perceptions of social situations 
(Zink and Meyer-Lindenberg  2012 ). For instance, OXT increases trust (Kosfeld 
et al.  2005 ), facilitates eye gaze (Guastella et al.  2008 ), and enhances ability to infer 
another’s emotional state (Domes et al.  2007 ). OXT also increases striatal activation 
in men during cooperation (Rilling et al.  2012 ), but not in women (Feng et al.  2015 ). 
In relation to pair bonding, polymorphisms in the OXTR gene predict aspects of pair 
bonding behavior in women (Walum et al.  2012 ).  Intranasal OXT   administration in 
men in monogamous relationships increases the comfortable social distances of an 
attractive female, perhaps maintaining pair bonds by avoiding close contact with 
potential mates (Scheele et al.  2012 ). Furthermore, for men in a relationship,  intra-
nasal OXT   selectively increases the reported attractiveness of their partner but not 
other women, and enhances the activation of the NAcc when viewing photographs 
of their partner (Scheele et al.  2013 ). Thus there are intriguing parallels between 
OXT’s role in vole pair bonding and human romantic relationships. However, OXT 
does not necessarily have prosocial effects across all contexts as it increases aggres-
sive actions directed towards an out group and facilitates the sensation of social 
stress (De Dreu et al.  2010 ; Eckstein et al.  2014 ). This refl ects that fact that human 
social behavior is more complex than the relatively simple social behaviors typically 
assayed in rodents in the laboratory. As such, the underlying neuromolecular  systems 
that infl uence these behaviors may also exhibit signifi cantly more nuance in humans. 

 Likewise, there are interesting parallels between animal and human parenting 
behaviors and the systems described above (Rilling and Young  2014 ). Regions of 
the brain that encompass the mesocorticolimbic DA system are activated in both 
fathers and mothers in response to videos or pictures of their infant. These responses 
are correlated with positive parenting behaviors (Glocker et al.  2009 ; Mascaro et al. 
 2013 ; Rilling  2013 ; Michalska et al.  2014 ). Infant cries activate the insula and pre-
frontal cortex, which may represent mechanisms underlying aversive reinforcement 
of parental care (Landi et al.  2011 ; Rilling  2013 ; Mascaro et al.  2014 ). Multiple 
lines of evidence suggest that OXT modulates aspects of human parenting. 
Peripheral measures of OXT in mothers and fathers largely correlate with positive 
parent–infant interactions, although the relationship between peripheral and central 
OXT release remains unclear (Ross and Young  2009 ; Feldman et al.  2010 ; Feldman 
 2012 ; Apter-Levi et al.  2014 ). Intranasal OXT also increases paternal attention, 
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maternal defensiveness, and improves the perceived relationship between depressed 
mothers and their infant (Naber et al.  2010 ; Feldman  2012 ; Mah et al.  2013 ,  2015 ; 
Weisman et al.  2013 ,  2014 ). Finally, variation in  OXTR  and  CD38  have been linked 
with differences in maternal sensitivity (Riem et al.  2011 ) and levels of parental 
touch (Feldman  2012 ) although the samples sizes in these studies are small and 
require replication. 

 Less work has been done using intranasal AVP, but the limited studies show that 
it alters both facial motor patterns and interpretation of facial expressions in a sexu-
ally dimorphic fashion. The authors of this work postulate that AVP may mediate 
sexually dimorphic social strategies within social contexts (Thompson et al.  2006 ). 
Polymorphisms in a microsatellite in the human  AVPR1A , analogous to those found 
in voles, also predict pair bonding behaviors in men, but not women (Walum et al. 
 2008 ). These fi ndings support a broader and potentially nuanced role for these pep-
tides in human social interaction and complex social constructs, such as culture. 
Interestingly, chimpanzees are polymorphic for the presences of the microsatellite 
in the  AVPR1A  that has been linked to pair bonding behavior in humans (Donaldson 
et al.  2008 ). Genetic studies in chimpanzees reveal that this RS3 microsatellite con-
tributes to variation in dominance personality traits and joint attention in a sex- 
dependent manner in chimpanzees (Hopkins et al.  2012 ,  2014 ). 

 Further insight into the role of both sociomodulatory peptides and reward sys-
tems in human bonding have been garnered from studies of psychiatric diseases that 
manifest symptoms of altered or absent social interactions. Patients with  autism 
spectrum disorders (ASD)   are particularly noted for their defi cits in social interac-
tion (DiCicco-Bloom et al.  2006 ). The apparent lack of interest in social interac-
tions observed amongst autistics has led to a number of hypotheses ranging from 
excess brain opioids to OXT and AVP defi cits. Many of these hypotheses have been 
experimentally investigated with mixed results. While numerous studies have 
manipulated endogenous opioid levels, the results of these studies are confl icting 
and the most substantial improvements were observed in activity levels and atten-
tion rather than social interest (reviewed by Gillberg  1995 ; King and Bostic  2006 ). 

 Much recent work has focused on variation in the human  OXTR  gene as a risk 
factor for autism and the potential use of OXT to treat the social aspects of a num-
ber of disorders, most notably high functioning autism (Young and Barrett  2015 ). 
Variation in  OXTR  had previously been associated with a number of sociobehav-
ioral traits in humans (Ebstein et al.  2012 ). A more recent meta-analysis of 3941 
individuals with ASD also indicates that at least four SNPs in the  OXTR  locus are 
overrepresented in ASD (LoParo and Waldman  2015 ). These genetic polymor-
phisms may also interact with epigenetic modifi cation of the locus; increased 
methylation of the  OXTR  locus, along with decreased  OXTR  expression, was 
observed in both peripheral and prefrontal tissue of ASD patients (Gregory et al. 
 2009 ). A remaining question is whether childhood abuse, which is associated with 
decreased OXT levels in the CSF (Heim et al.  2009 ), may impact the epigenetic 
status of the  OXT  or  OXTR  gene (Kumsta et al.  2013 ). Initial studies also showed 
that autistic children have lowered peripheral levels of OXT (Green et al.  2001 ), 
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and OXT infusion reduces repetitive behaviors in adults with autism (Hollander 
et al.  2003 ). Across a number of small clinical trials, there is some evidence to 
suggest that OXT may be valuable for increasing eye gaze and emotion recogni-
tion. However, the effect sizes are quite small, and additional work is needed to 
determine the optimal potential use of OXT as a therapeutic (Preti et al.  2014 ; 
Guastella et al.  2015 ; Young and Barrett  2015 ). Underpowered studies represent a 
limitation of many intranasal OXT studies to date, not just those focused on 
autism (Walum et al.  2016 ), which should be factored in when interpreting this 
growing and complex literature.    

    Conclusions and Future Directions 

 The research outlined in this chapter suggests that two distinct sets of modulatory 
factors play a role in social affi liation and bonding across a wide array of social 
contexts and species. In particular, converging lines of evidence suggest that OXT 
and AVP modulate aspects of social memory while dopamine and endogenous opi-
oids impact motivation and reward circuits to facilitate social attachment (Fig.  4.12 ). 
Given that social interactions play a signifi cant role in species survival for all ani-
mals, it is unsurprising that these systems are also highly conserved at a broad level 
(O’Connell and Hofmann  2012 ). However, it is important to note that these systems 
modulate species-typical behaviors, and what is normative social behavior for one 
species may be very different than what is typical for another. As such, it is impor-
tant to keep in mind individual, species-level, developmental, and ethological differ-
ences when considering the emerging literature on social behavior and its relevance 
to humans.

   There are a number of important questions of future research. For instance, to 
what extent can we identify general principles versus species-specifi c adaptations of 
these systems when considering different social systems (Anacker and Beery  2013 )? 
To what extent and how do these systems exhibit plasticity across behavioral con-
text? This question has particular relevance for understanding the ways in which the 
human brain may be impacted by bond formation and bond loss. 

 Finally, it remains to be seen how these systems can be harnessed to provide 
potential therapeutics. ASD and other disorders that manifest social symptoms are 
complex diseases with multiple intermediate phenotypes and variable penetrance in 
different individuals. It is not hard to imagine that while these disorders may result 
from alterations in the neural components discussed in this paper, different altera-
tions may ultimately result in a similar disease presentation. Therefore, it is impor-
tant that we understand the various endophenotypes of these diseases and also seek 
ways to provide individualized treatments, perhaps partially through the use of 
pharmacogenetic strategies.     
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