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NELSON, E. E., PANKSEPP, Brain substrates of infant—mother attachment: contributions of opioids, oxytocin, and norepinephrine
NEUROSCI BIOBEHAV REV22(3) 437-452, 1998.—The aim of this paper is to review recent work concerning the psychobiological
substrates of social bonding, focusing on the literature attributed to opioids, oxytocin and norepinephrine in rats. Existing evidence and
thinking about the biological foundations of attachment in young mammalian species and the neurobiology of several other affiliative
behaviors including maternal behavior, sexual behavior and social memory is reviewed. We postulate the existence of social motivation
circuitry which is common to all mammals and consistent across development. Oxytocin, vasopressin, endogenous opioids and
catecholamines appear to participate in a wide variety of affiliative behaviors and are likely to be important components in this circuitry.

It is proposed that these same neurochemical and neuroanatomical patterns will emerge as key substrates in the neurobiology of infant
attachments to their caregiver®.1998 Elsevier Science Ltd. All rights reserved.

INTRODUCTION behaviors (107,111), to maintenance of group cohesiveness
(5). Several anatomical and neurochemical similarities have
MAMMALIAN INFANTS display affiliative behaviors and been found in these varied affiliative behaviors across
form ‘attachment bonds’ with their caregivers. These bondspecies, which suggest the existence of a common neural
are characterized by selective approach and interaction witdystem. We believe the ontogenetic roots of this affiliative
specific individuals, and display of affective distress duringsystem may be found in infant social attachment.
acute periods of separation from these individuals. It has The focus of this paper will be on the mechanistic nature
been theorized that social attachment serves to maintai@f attachment processes in the brains of infant animals. We
close physical proximity and elicit care from a primary will attempt to integrate the literature on rat pup attachment
caregiver, which in turn increases the probability of thewith data on the neural substrates of adult affiliative
young surviving to maturity and reproducing (27). behavior, and will assert that infant—mother attachment
Although the evolutionary advantages of attachment havehares many neural substrates with affiliative and attach-
been discussed for some time, only recently have specifiment behaviors expressed in adults. Cross-species and
mechanistic hypotheses been advanced concerning tiggoss-situational generality have been identified for oxy-
underlying neural substrates of these behaviors (174). Thecin, endogenous opioids, and norepinephrine. This is not
research precedents for the existence of attachment systemeant to be a comprehensive review of the literature on the
in the brain were established by the well-known behavioraheural substrates of affiliative behavior. Our purpose is
research programs of Harry Harlow (72—-74) and John Pauherely to suggest that sufficient evidence exists to include
Scott (181,181), which will not be detailed here. these three neurochemical systems as a part of a neural
We believe that the neural mechanisms which underliegircuit which regulates affiliative and attachment behaviors
attachment are organized into a socially directed motivaacross mammalian species and across development.
tional system within the brain (151,174). This neural One critical conceptual question which we hope will
system emerges in infancy and continues to modulatemerge from the present discussion is whether there is a
affiliative behaviors throughout the life-span. Although thesingle or multiple evolutionary antecedents for attachment.
level of social activity varies greatly in adults of different If there is no single source process, but rather, the con-
species (50), all mammals engage in some degree oferging influences of multiple processes (Fig. 1), such as
affiliative behavior after weaning. Such behaviors rangethe contributory effects of contact comfort, energy and
from rough and tumble play (57,161), to sexual and parentathermoregulatory effects, as well as other forms of

* Corresponding author.

437



438 NELSON AND PANKSEPP

made stronger contributions to sub-components which

=
5§ aroused emotional distress during social-absence.
§.§ Compc‘e‘}‘lje]"“‘%l& depression At present, no direct data exist on the nature of place-
g g | mateme dehavior attachment mechanisms in the brain, even though the vast
- G ﬁ literature on place-preference conditioning in animals
" social choice & separation distress could be used to generate credible hypotheses (178). For
EL approach responses instance, place-preference is easily established by pairing
% & specific environments with opiate administration, and brain
g g opioids contribute significantly to the modulation of social
© attachments.

The rat model of social attachment

We focus here on the rat because of the diversity of
psychobiological work that has been conducted on the social

I behavior of both young and adult rats. However, it must be
emphasized that infant rats have some characteristics which
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55 . . make them less than an ideal species for study, such as a
W Integrative\Emotional remarkably weak separation response (160). Perhaps for this
Syste reason, the study of juvenile rats has provided a remarkably
for Social Affect

effective model for analyzing social engagement, such as
rough-and-tumble play (144,161). Unlike many other
species, in rats prior social isolation strongly promotes
play, presumably because the animals do not experience
separation distress intensely during juvenile life (148).
FIG. 1. Schematic depiction of the neurobiological foundations, inputs, andThus, while rat models may have certain disadvantages
consequences of attachment and affiliative behavior in mammals. Figurfpy studying the mechanisms of separation distress, they
reprinted with permission of the New York Academy of Sciences. may represent an excellent model for the study of the pro-
social arm of the attachment system (see Fig. 1).

As infants, rats display motivation to seek out maternal
emotional-distress alleviation and modulation, then we willcontact and care (81,110), and rats of many ages show
undoubtedly have to deal with patterns of complexity thatevidence of specific social learning and individual recog-
will vary substantially from species to species. Indeed, it hasition (67,110). In addition rat pups display some reaction to
been argued that in primates attachments to peers and $eparation such as behavioral activation and agitation
parents reflect the existence of independent motivationadluring acute periods of maternal separation (78,94,130,
systems (117), but this may not contradict the possibilityl87), and rat pups exhibit some transient symptoms that
that distinct mechanisms share many underlying controls;esemble the anaclitic depression syndrome which has been
such as common neurochemistries. Thus, we believe that idescribed in isolated human infants after prolonged periods
spite of a diversity of modulatory controls, there are reasonsf separation (79,196), however these are not related to the
to believe that important general principles (i.e. neuralabsence of a specific individual.
systems) exist which underlie the integrative aspects of Thus, some important affiliative behaviors are present in
attachment in all mammalian species. the preweanling rat, but at least part of their affiliative

We believe that a core-integrative attachment systensystem, namely the one that responds uniquely to the per-
exists within the mammalian brain upon which the variousception of social isolation, appears to be comparatively
inputs converge. This putative attachment system is orgarweak relative to many other species. Still, the convenience
ized bi-dimensionally, and consists of at least two majorof the rat model and the extensive literature that exists on
affective components, one devoted to the perceptions aheir many other affiliative behaviors, such as play, sexual
social-absence and one devoted to the pursuit of sociaknd maternal behaviors, continues to promote psychobio-
engagement (153,159). We believe that this is organizetbgical research on the prosocial brain-mechanisms of
bi-dimensionally rather than along a single axis because theats. There is reason to believe that many general principles
neural circuits for social engagement (maternal behaviorof the mammalian attachment system are conserved in
and rough and tumble play for example), appear to be quitinfant rats’ affiliative tendencies, and the unique adaptations
different from those that inhibit the expression of separatiorof rats can help alert us to critical conceptual issues that may
distress (77,132,144). need to be kept in mind when discussing bonding mechan-

Although the neurobiological nature of this attachmentisms across species. If carefully considered, both the peculi-
system is not well understood, we will entertain the ideaarities and particulars of the rat may provide special insights
that this mechanism is an evolutionary-derived outgrowthinto the nature of the underlying attachment mechanisms,
of mechanisms which originally subserved basic needs suchs well as clues about the evolutionary history of such
as energy balance, thermoregulation, place-attachmentsechanisms.
and pain perception. Presumably, the preexisting energy
balance, thermoregulatory and place-attachment mecha Hiliative behavior of the inf
isms contributed more to the evolving brain mechanism¢\1ative behavior of the infant rat
which monitor social presence, while the pain mechanisms Prior to weaning, rats spend the majority of their time
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huddled in a group with littermates and the dam to form atrigger and direct the affiliative behavior of both infants and
dynamic and cohesive social unit. If removed from thisadults.

social group for a relatively short period of time rats Finally itis likely that milk plays at least some role in the
undergo a period of behavioral activation which is characformation of attachments in mammalian infants. Milk
terized by an increase in activity (187), increases in heartransfer is one of the primary functions of the mammalian
and respiration rate (78), corticosterone release (198) anidfant—mother relationship. Milk infusion has been shown
the production of ultrasonic vocalizations (130). A similar to induce a dramatic behavioral activation in rat pups (71),
behavioral profile is seen in many mammalian infantswhich is followed by a period of reduced activity, analgesia
subjected to social isolation (72,73,181,182), and weand calmness (20,22). Milk transfer appears to play an
believe represents the expression of a generalized patteimportant role in regulating sleep—wake cycles and arousal
of separation distress. Prolonged or repeated bouts of sociphtterns (29), and has been shown to induce odor prefer-
isolation in infant rats will result in retardation of ences in rat pups (28,199). Thus milk transfer is likely to
growth related enzymes (108), declines in heart rate (79)ontribute to the funneling of behavior toward the mother,
a heightened responsiveness of the hypothalamic—adrenahd as a stimulus around which infant behavior is organized.
stress response system (175), and generalized behavioralThere is considerable evidence that the aforementioned
retardation (79) characteristic of a depression like state. neurochemical systems (endogenous opioids, oxytocin, and

Many of the preweanling pups’ affiliative behaviors norepinephrine), are physiological components of these
appear to be mediated by thermo-tactile sensory domainsensory domains in infant rats, and form a core part of the
For example, very young rats will spend as much timephysiological regulation of mother-directed behavior of pre-
huddling with a warm fur-covered tube as with a con-weanling rats. We will argue that these same neurochemical
specific, although a preference for the conspecific doesystems also participate in the affiliative behavior of
emerge during the second post-natal week (3). Furthermorg@jvenile and adult mammals of a variety of species. We
isolation-induced ultrasonic vocalizations can be virtuallybelieve this evidence indicates that the attachment and
eliminated if rats are placed in a warm chamber (25), andffiliative behaviors displayed by rats and other mammalian
greatly attenuated if isolated in the presence of variousnfants may represent the emergence of adult affiliative
thermal and tactile stimuli which approximate the mother orbrain systems, and the ontogeny of a core attachment/affilia-
littermates (79). Furthermore, the retardation in growthtive motivational system in the brain.
hormones, and hyper-responsivity of the adrenocortical
system that is seen in socially deprived rats can be reversed
if isolated rats are stroked with a paintbrush or allowed ENDOGENOUS OPIOIDS
tactile contact with a conspecific (108,198). . o o )

The importance of thermal and tactile sensory inputto the The analysis of opioid contribution to social attachment
expression of social behavior generalizes beyond the pré¥as premised on the apparent similarities between opiate
weanling period. Tactile interaction appears to be ofaddiction and social dependence. Both display an initial
primary importance for rough and tumble play in juvenile &ttachment phase, a tolerance-development phase, and
rats (191,192) and also plays an important role in the sociaimilar symptoms during withdrawal phases (150,151).
behavior of adult rats (13). It is generally recognized thatconsequently, it was suggested that ancient pain mechan-
gentle touch can have comforting effects for many animaldSms may have provided the neural substrates for the
(12,58,74,121,151). For instance, touch can markedl?vomt'oln of_ separation dl;stress mechanisms, and that
reduce heart rate in stressed dogs (66) and reduckeparation distress and pain shared many neural systems
isolation-induced vocalizing in young chicks (17,151). (138-142)-_ . .

Thus tactile contact appears to be a sensory component of The brain opioid theory of social attachment has now
social attachment which has been conserved throughotigceived a great deal of empirical support. As will be
evolution. detailed below, there are many lines of evidence indicating

Another important sensory domain for affiliative that (a_) opioids r(_asult in poyverful attenuation of the reaction
behavior in rats is olfaction. Odors serve to signal and© Social separation; (b) opioids are released during bouts of
guide available social choices. Odors are the primaryocial contact; (c) opioids are rewarding and can induce
means of recognition in adult rats (48). Young rat pupsedor and place preferences; and (d) low basal levels of
seek out and show preferences for odors that have bedpioids _mduce motivation to seek' out social contact.
associated with the mother and the nest (65,110,124); wilf hese findings have been reported in a number of mam-
preferentially suckle on nipples coated with an odor that ignalian and avian species, and tend to generalize across
associated with the mother (167); and will preferentially developmental stages in which varied social contexts
huddle in the presence of nest odors (5). Home nest odor@ake different behavioral demands.
reduce the rate of ultrasonic vocalizations in young rats
(137), and attenuate the behavioral activation induced b
social isolation (52,187).

Additionally, odors experienced during the preweaning Reductions in isolation-induced vocalizations (DV) fol-
period may facilitate sexual behavior of adult male ratslowing administration of opioid agonists were first reported
(59), and pup odors may play an important role in thein dogs (150), guinea pigs (76), domestic chicks (151) and
induction of maternal behavior in recently parturient femaleprimates (91). Subsequently, morphine and other opioid
rats. Interestingly, pup odors also function to actively inhibitagonists were also found to reduce the frequency of
pup-directed behavior in adult rats that have not recentlysolation-induced ultrasonic vocalizations (USV) in pre-
given birth (61-63). Thus olfactory information serves toweanling rat pups (43, 94, 213). These vocalization

Attenuation of the separation reaction
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modulating effects have been primarily linked to the also thought to involve somatosensory-induced opioid
receptors (42,43,154). release. Rats, like virtually all mammalian species engage
Although the behavioral specificity of the opioid effects in rough and tumble play during the juvenile period.
in infant rats has been questioned (213), there is now gener&omatosensory interactions have been shown to be a critical
agreement that the quieting effects in the other species isomponent of this behavior (191), and this behavior appears
behaviorally specific. In other words, in species other tharto be mediated by opioids. Subtractive autoradiography
rats, DVs are reduced at very low, non-sedative doses. Istudies have demonstrated that rough and tumble play
fact, modulation of social behaviors with opiates is seen atesults in the release of endogenous opioids (149), and
lower doses than any other behavioral effects. However, imaloxone blockade of opioid receptors reduces levels of
young rats, doses which reduce USVs also tend to redugglay in rats (162). These findings indicate that opioids are
general activity. Young rats differ from both older rats andboth released by and contribute to the expression of play.
other species because they are extremely sensitive to opioidsFinally, studies from other species have also reported
during the first 2 weeks of life, probably because of a greatecontact-induced opioid releagg&Endorphin levels are ele-
permeability of the blood—brain barrier (10). Thus in youngvated in CSF following bouts of allogrooming in monkeys
rats, the specificity of the social effects following adminis- (101). In adult mice, social contact has analgesic effects,
tration of opiate agonists remains unresolved. and this is at least partially the result of opioid release
Studies with antagonists which only act to inhibit the (53,54); and young domestic chicks display a dramatic
action of endogenously released opioids do point tdbehavioral quieting response when placed in a cupped
behavioral specificity, however. Naloxone and naltrexonehand, which includes loss of muscle tone, closing of the
block the vocalization-reducing effects of opioid agonistseyes, and virtual elimination of DVs (151). Hence, like the
and, given alone, often potentiate the effects of social isogquieting effect reported for young rats (45), this presumably
lation (151). However, the potentiated isolation effect is notsomatosensory phenomenon in chicks is greatly attenuated
uniformly observed in all species. In our experience dogs ddy treatment with opioid antagonists, indicating that it too is
not show a potentiated isolation response followingmediated by release of endogenous opioids (152).
administration of opioid antagonists (150), but other species There is some controversy surrounding the findings that
do including certain primates (91), guinea pigs (76,77), andactile contact induces opioid release in rat pups, however.
under certain conditions, domestic chicks (147,163). Then direct contrast to reports of Carden and Hofer (45), Blass
potentiated isolation effect is also mixed in rat pups, withand colleagues (21) reported that naloxone did not reverse
some reporting a potentiation (45,93) and others not (213he USV-attenuating effects of the mother. Furthermore,
Apparently, there are critical aspects of testing proceduralthough suckling was found to dramatically increase pain
that may be affecting the outcome of the various studiestolerance in infant rats, this analgesic effect was not altered
These remain to be identified, but may include speciedy pharmacological blockade of the opioid receptors (23).
differences, cirumannual variables and the amount ofidditionally, Winslow and Insel (213) demonstrated that
extraneous stress animals are exposed to during the sepac@ntral administration of the opioid antagorgstlunaltrex-
tion experience (138). amine had no effect on isolation-induced vocalizations in rat
pups, and no changes in opioid release were detected in
several brain regions following contact with the mother, as
measured by competitive diprenorphine binding. Thus the
Several studies have indicated that endogenous opioidsontribution of somatosensory-induced opioid release to rat
are released in response to a variety of social stimuli; two opup affiliative behavior remains uncertain.
these (milk transfer and somatosensory contact) are of par-
ticular relevance to infants. In neonatal rat pups and ne.‘;;ll_[2 di f
term fetuses milk infusion induces a stereotyped stretc ewarding effects
response which is coupled with reduced sensitivity to In addition to the powerful antinociceptive and isolation
aversive perioral cutaneous stimulation (194), and increasedistress-alleviating properties of opioids, there is a great
hot plate withdrawal latency (22). These responses to milldeal of evidence that endogenous opioids induce a euphoric
are blocked by pretreatment with opioid antagonistsstate in animals. It has been postulated that, besides anal-
(22,194) indicating that the behavioral reaction to thegesia, one of the primary functions of endogenous opioids is
receipt of milk involves release of endogenous opioidsto signal reward (16). Indeed the consummatory phase of
Interestingly, although both involve opioid receptors, thereseveral motivated behaviors appears to be signaled in part
is apparently a shift fromx to u receptor mediation of the by release of endogenous opioids (1,19). This presumed
behavioral response to milk between the initial and subseeuphoric property of the endogenous opioids is likely to be
quent encounters indicating a perinatal reorganizatiorthe primary reason animals will work for opioid infusions,
(33,193,194,195). and self administer opioid agonists. The positive affect
In addition to milk, there is a fair amount of evidence thatinduced by opioids not only functions to encourage animals
physical contact results in opioid release in a number ofo engage in consummatory behaviors, but also functions as
different species. Carden and Hofer (44,45) reported thaan important reward substrate to induce learning. Stimuli
when rat pups were placed in physical contact with anwhich are present in the environment either just before or
anesthetized, nipple-obscured dam fewer USVs wereluring opioid activation can result in both conditioned
emitted, indicating that physical contact attenuates thepreference (47) and in conditioned activation of the opioid
separation reaction. This effect was blocked by pretreatmergystem (189). Thus stimuli which have been shown to
with the opioid antagonist naltrexone indicating opioid induce opioid activation, such as milk transfer or possibly
mediation. In older animals, affiliative social behavior is tactile contact, are likely to result not only in alleviation of

Opioids are released by social stimuli



SUBSTRATES OF ATTACHMENT 441

isolation distress, but also to produce a euphoric state, and We believe that the sheer number of studies reporting a
induce subsequent preferences for the entire complex able for endogenous opioids in social behavior is a testament
social stimuli which are associated with this opioid activa-to the brain opioid theory, but the negative reports are prob-
tion (94). Indeed, in studies of social-attachment in youngematic, and suggest to us that refinements in the methodo-
rat pups, it has been found that approach behaviors aregical approach are needed. For example, the discrepancies
diminished toward odors associated with maternal reuniomay largely be the result of the ambiguities that are inherent
in animals that had been treated with naltrexone prior tdn the multiplicity of the opioid ‘systems’. Several different
odor—mother pairing (158). peptides and receptor populations are affected by systemic
administration of traditional agonists and antagonists (115),
and endogenous opioids are involved in a large number
of physiological processes (134). Therefore, systemic
There are several studies which indicate that low basabharmacological approaches will certainly affect the func-
levels of endogenous opioids may result in high levels oftioning of many regulated systems that are unrelated to each
motivation to seek out social contact. Martel et al. (116)other, and many unrelated stimuli will affect the release of
reported that naltrexone increased the frequency of sociandogenous opioids. Furthermore, opioid receptors are up-
solicitations that young rhesus monkeys directed at theiregulated in response to blockade (11,12), and apparently
mothers, a finding which the authors attributed to a heighfluctuate in response to endogenous peptide levels (197). All
tened drive for endogenous opioid release in the naltrexonesf these problems make for noisy and inconsistent data. We
treated monkeys. This finding is also consistent with thebelieve that refinements in the definition and application of
observation that administration of opioid antagonistsstimuli and greater precision in measurement will result in a
increased and opioid agonists decreased the motivation twearer understanding of the role that opioids play in the
receive social grooming in monkeys (101). Similar resultsregulation of social behavior.
have been found in guinea pigs and in adult rats, in which It is also noteworthy, that work along these lines has
morphine was found to disrupt social cohesiveness, andlready led to therapeutic interventions in humans, such as
reduce the tendency to seek out social contact (76,157). the use of naltrexone in the treatment of certain autistic
Finally, Bridges (31) has suggested that opioid releasehildren (135,140). But just as with the effects of opiate
may act to terminate bouts of suckling in maternal rats.antagonists on DVs, the results in treating autistic children
Although this would be consistent with the opioid reward have also been mixed. In the positive studies, the most
theory, these same authors have found that maternal rassibstantial effects of opiate—antagonist interventions
display aversions to stimuli that were associated with opioicappears to be on activity levels and attention, with more
activation (102), suggesting that opioid release is aversivenodest effects on social processes (41,155). There have also
rather than rewarding in maternal rats. In this context it maybeen several recent failures to find any robust therapeutic
be important to emphasize that acute injections of opiatesffects (39,40). Although naltrexone can benefit some
have well-known aversive effects (188,210), some of whichchildren, (75,109,155,179) a clear therapeutic effect is
are peripherally mediated (15), that can lead to robusbnly evident in a small subset of children, perhaps those
conditioned taste aversions. It is possible that the complethat do, in fact, have excess brain opioid activity (26).
affective state induced by peripheral opiate administratiorClearly, autism, like social bonding itself, is a multifaceted
complicates the interpretations of such findings. phenomenon that is not the result of actions within a single
Thus the brain opioid theory of social attachment positsneuroanatomical or neurochemical system (14,68,180).
that social isolation results in reduced levels of basal opioid
levels and that social stimuli elicit release of endogenous OXYTOCIN AND VASOPRESSIN
opioids. This socially induced opioid release reduces the
pain associated with social isolation, induces a euphoric . . X
state, funnels subsequent interactions toward social stimulP/@ys @ pivotal role in three behaviors of human females
and in essence may produce a social addiction. There {§ Which bonding often occurs (birth, breast-feeding and
little doubt that opioids reduce the experience of pain, angeXua! behavior) initially led to the suggestion that oxytocin
induce a euphoric state. In addition there is evidence thaf?@y regulate aspects of social bonding (103,128). A vast
pharmacological manipulation of opioids can reduce the'umber of anatomical, comparative, and pharmacological
emotional pain associated with social isolation (151) andtudies conducted over the past 20 years have supported and
some evidence that social interaction with the mother cafgXtended this idea (e.g. (83)). However focus has shifted
induce release of opioids (22,45). Although the evidence i®rimarily to the central neuronal oxytocin projections rather
conflicting in some places, we believe these studies suggeﬁ}an Its perlphgral or '.”Of_moﬂa' effects. As W'th opioids
that endogenous opioids are released by social stimul€re iS now evidence indicating that: (a) oxytocin attenu-
encountered by infants prior to weaning. These same stimuffteS the reaction to social separation; (b) oxytocin is
have been shown previously to induce behavioral preferfeleased by social stimuli; (c) oxytocin participates in the

ences (5,28), indicating that opioids may participate in thdormation of social preferences; and (d) oxytocin modulates
formation of these preferences. Furthermore, similar fingaffiliative behavior across a wide range of social contexts. In

ings from a number of different animals indicate that anaddition there is some evidence that vasopressin which is

opioid basis of social attachment may be a phenomenofnatomically, evolutionarily, and functionally related to
which generalizes across a variety of social contexts (116)°Xytocin may also participate in social affiliation.
However both the generality and the theory itself remain . : .
controversial and there have been several negative finding(gxytocm attenuates the separation reaction

reported (23,102,213). In a series of comparative studies, Shapiro and Insel

Opioid tone and social motivation

Evidence that the posterior pituitary peptide oxytocin
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(87,186) focused on the neuroanatomy and behavior of twparticipates in ingestive behavior. Oxytocin is released in
closely related species of vole that have vastly differentresponse to systemic administration of CCK, and gastric
adult social structures. A higher density of oxytocin bindingdistention, and reduces food and fluid intake in adult rats
sites was found in several regions of the central nervou$9,118,133,206). Recently oxytocin has also been found to
system of the social living species than in the solitary livingreduce milk intake in infant rats (123). These results
species (87). Furthermore, a heightened behavioral reactiandicate that oxytocin may act as a satiety agent in both
to social isolation was found in the social living infant (186) adult and infant rats, and suggest that in addition to physical
indicating that not only is the adult social structure reflectedcontact, milk transfer may act to release oxytocin in mam-
in the affective patterns of infants, but also that oxytocinmalian infants.

may underlie social interactions during both periods.

In addition to these findings, central administration
of oxytocin has been found to reduce the frequency o
isolation-induced USV in young rat pups (88). These find-
ings further suggest a possible role for central oxytocin There is a great deal of evidence suggesting that oxytocin
release in the affective ‘calm’ response infants displayparticipates in affiliative behaviors, not only during the pre-
during social contact. Furthermore, central administratiorweanling period, but also at several other times throughout
of an oxytocin antagonist has been found to block thethe life of several mammalian species, including the rat.
acquisition of a maternally associated odor preference ifOxytocin receptors proliferate in many forebrain areas
young rat pups (127). This finding suggests that endogenouscluding the medial preoptic area, ventromedial hypo-
release of oxytocin is necessary for the formation ofthalamus, and bed nucleus of the stria terminalis of female
maternal—odor associations in preweanling rats. Finallyrats at the time of parturition (82,89,165). This proliferation
reductions in oxytocin receptor binding have been reporteds apparently triggered by high circulating levels of estrogen
in the hippocampus of the neonatal rat after undergoing89). Changes in oxytocin receptors may be related to the
brief periods of social isolation (131). Although the induction of maternal behavior since intraventricular and
behavioral implications of this finding are not clear, they preoptic area infusion of oxytocin induces a rapid onset of
do indicate that oxytocin release is likely to play an maternal behavior in virgin female rats (165,166).
important role in social interaction with the mother, and Furthermore, maternal behavior is greatly impaired in
that oxytocin is tightly regulated in young rats. post-parturient rats that received paraventricular nucleus

Interestingly, in addition to rodents, the isolation reactionlesions during pregnancy (85), and in female rats adminis-
of young chickens is also greatly attenuated by oxytocintered oxytocin antiserum soon after parturition (205). Thus,
administration (139,142,143), in spite of the fact thatcentral oxytocinergic activity may be functionally related to
avian species do not produce oxytocin endogenously. Howthe initiation of maternal behavior after birth.
ever, since the ancestral molecule vasotocin produces the Oxytocin has also been found to play a role in reproduc-
same result at essentially the same doses (143), we cdive behavior. Central infusion of oxytocin induces penile
surmise that the comforting effect of oxytocin is the result oferections in male rats while PVN lesions and central
oxytocin’s actions on the pre-existing vasotocin systems ofidministration of an oxytocin antagonist inhibit erections
ancestral species. (8). Both central and peripheral oxytocin administration
have been found to facilitate lordosis in hormone-primed
female rats (69), and central administration of an oxytocin
antagonist was found to reduce sexual receptivity in female

There is clear evidence that oxytocin is released from theats (217). These findings point to a possible role for both
posterior pituitary of female mammals during vaginal peripheral and central oxytocin in the appetitive phase of
stimulation (100) nursing (207), and parturition (64), all of sexual behavior in male and female rats. In addition, a large
which occur during social interactions. This hormonal surge of oxytocin has been reported in the blood of several
release may well be accompanied by generalized activatiomammals including humans of both sexes at sexual climax
of oxytocinergic cells within the paraventricular nucleus of (46,49), suggesting a possible role for oxytocin in the
the hypothalamus and thus reflect central oxytocin release amnsummatory phase of copulatory behavior as well.
well. There is, however, much less evidence for the stimuli There is evidence that oxytocin may modulate group
which may elicit oxytocin release in infants or males, or inaggregation behavior in some species, as well. Insel and
females in non-reproductive social settings. Shapiro (87) reported that oxytocin receptor numbers dif-

Itis plausible, that like opioids, oxytocinergic neurons arefered dramatically in two closely related species of vole,
activated by generalized physical contact. Recent studiewith the group living and gregarious Prairie vole having
have found that oxytocin levels increase in both blood andnore oxytocin receptors in most brain regions than the
cerebrospinal fluid of rats after receiving gentle vibrotactilesolitary living Montane vole. Additionally it has been
or thermal stimulation (203). Finally, Blass et al. (21) found that chronic central infusion of oxytocin to male
recently reported that physical contact with an anesthetizedhts in the presence of specific females increases non-
dam induced an opioid-independent analgesic response Bexual social interaction directed toward those females
young rat pups, and a similar observation has been made {218). Oxytocin has been shown to increase social inter-
Panksepp (unpublished data, 1980). An opioid-independeractions in a number of species. Both prairie voles and rats
analgesic property has been attributed to oxytocin, leadinglisplay enhanced physical contact following central
to an easily testable possibility that this analgesic responsiafusion of oxytocin (216,218) and, under some circum-
may be mediated by endogenous oxytocin release. stances, oxytocin increases the allo-grooming activities of

There is also a fair amount of evidence that oxytocinmale squirrel monkeys (214).

xytocin increases affiliative behavior and induces social
preferences

Social stimuli may induce oxytocin release
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Furthermore, there is some evidence that specific preferfhis finding challenges the understanding of the mechan-
ences may develop to social stimuli experienced in thasms which underlie labor that have been held for over 40
presence of oxytocin. Female prairie voles exposed to gears. The authors have suggested that labor may have been
male just after receiving a central oxytocin infusion subseinduced in these mice by some unknown substance acting
qguently displayed a preference for that male over otheon the oxytocin receptors which were not affected by the
males, and exposure to a male in the presence of centrgkene deletion (129). Similar compensatory mechanisms
oxytocin blockade prevented acquisition of that preferencenay be occurring throughout the brain and explain the
(211). Additionally, oxytocin has been implicated in the null effects on maternal and sexual behavior. Clearly this
selective preference that ewes display for the odors of theitechnology will hone our understanding of oxytocin’s role
lamb over other ‘strange’ lambs to which they have notin reproduction and social behavior, however at this point it
given birth (98,99). is difficult to interpret the data generated from these mice.

Oxytocin has also been found to facilitate social memory.

Infusion of oxytocin into the medial preoptic area following v .

a social encounter prolongs the decline in investigatory asopressin
behavior that ordinarily occurs in subsequent encounters Although not as extensive as the oxytocin literature, a
with the same animal (171), a finding which the authorssimilar affiliative role has also been suggested for the
attributed to potentiated social memory consolidation,closely related nonapeptide vasopressin. Vasopressin
although other behavioral effects, or even less accurateeduces USV frequency in isolated young rat pups (215),
memory could produce similar results. Oxytocin has alscand an attenuated maternally associated odor preference has
been found to potentiate a socially induced gustatory prebeen found in the vasopressin-deficient Brattleboro strain of
ference in rats (170). However, these pharmacologicallyat ((125), and see below). These findings suggest that
induced mnemonic effects of oxytocin only occur at rela-vasopressin, like oxytocin may be involved in emergent
tively low doses. Higher doses have typically been found tcaffiliative processes in young rats.

have amnestic effects (56). Vasopressin has also been implicated in the onset of

Oxytocin also appears to play a role in the olfactory-maternal behavior, although its effects are neither as strong
based memory that maternal sheep form of their offspringior as rapid as oxytocin (164). Vasopressin has been linked
during the 2—4-h ‘bonding window’ after parturition. These to paternal behavior in the Prairie vole. Testosterone-
studies have revealed that there is an increase in oxytocidependent increases in vasopressin immunoreactivity
concentration in microdialysis samples from the olfactoryoccur in forebrain areas of the male Prairie vole soon after
bulb of recently parturient sheep following presentation ofmating (209), and central infusions of vasopressin increase
odors from their offspring, but not following presentation of
strange lamb odors (95). This evidence in conjunction with
findings that central infusion of oxytocin participates in
maternal acceptance behaviors in post parturient sheep (99),

di/+ rats

and that vaginocervical stimulation, such as would occur by 60
during birth results in oxytocin release (100), have led to the o 2 50
speculation that oxytocin release plays an important role in § 540
postpartum memory formation in sheep. - 9301
(7]
Oxytocin knockout mice 5 10- —/—  ODOR+MOM
Recently a mutant line of mice was created in which the < 0 - : - - -
DNA coding sequence for oxytocin was deleted (129). o 12 3 4 5
. : s e trials
These ‘oxytocin knockout mice’ fail to produce endogenous
oxytocin in detectable levels, yet they show very few ill di/di rats
effects of this treatment. Contrary to what would have been 60"
predicted from the lesion and pharmacological literature Fy 1
(conducted primarily on rats), both male and female knock- S 2 50
out mice display normal mating behavior, and produce live § S 407
offspring. Female mutant mice undergo normal pregnancy, - 9 307
do not appear to have any difficulties with parturition, and s
generally display normal maternal behavior. The only o £ 207
striking abnormality in the knockout mice was an apparent 2 107
inability to induce milk ejections. If left with the mutant < 0 . i : . .
mother, knockout infants starved to death because they 0 1 2 3 4 5
could not extract milk from their mother. However if milk trials

eJeCt'O_nS were '_nduc_ed in maternal _mUtantS via eX0Q€NnoUSG, 2. The latency for vasopressin-producing ¢i/ (top panel) and
oxytocin administration, pups survived through weaningvasopressin-deficient di/di (bottom panel) 15-day-old rats to approach an
(129). Although preliminary reports indicate that someodor contained on a cotton ball at the end of a 35-cm long runway across
social abnormalities might be present in these mice wheﬁ‘ée ‘85“’&? t”a'st- CI)” ”;fe pferiOtES daytrt]he pups had ?tee”beﬁpE’rshed to the

P : : .~ odor on the ventral surface of the mother or on a cotton ball. The vaso-
Closer. scrutiny IS appl|ed_(_219), the general lack of Impair essin producing di# rats approached the odor significantly faster if
ment in these mice is striking. Perhaps the most surprisingaired with the mother than with a cotton bat € 0.05). However no
finding of all was that oxytocin was not required for labor. difference existed for the vasopressin-deficient di/di rats.
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di/+ rats Thus there is a large body of literature from several dif-
3001 ferent species which indicates that the neurohypophyseal

5 E ;i“gg:;‘;"““ peptides are involved in the neurophysiology of a variety

3 | of different affiliative behaviors. It is also worth noting that

o 2% oxytocin, especially through its proline—leucine—glycine

T3 tail, can inhibit opioid tolerance (104), and that the opioid
S & 1007 antagonist naloxone is a potent inducer of peripheral oxy-
S tocin release in rats (18,60), suggesting the possibility that
these two social reward systems may interact in important

ODOR/MOM ODOR ways.
EXPOSED EXPOSED
di/di rats NOREPINEPHRINE

3007 In addition to the affective and motivational components

5 that have been linked to neuropeptides, learning and
3 o 2007 * memory plays an important role in social attachments.

- Learning gives specific direction to pre-wired behavioral
3 3 patterns. For example, infant rats will suckle, huddle, and

[ .

g @ 100" lLI ’—L[ seek out the mother, but all of these behaviors have been
s shown to be amenable to directing and funneling with
environmental cues. The primary environmental cue used

ODOR/MOM ODOR in social Iea_rnlng by rats is olfaction. Odors are_partlcularly

EXPOSED EXPOSED important stimuli for the neonatal rat pup which is born deaf

, _ _ _ and blind (190), and odors continue to be an important guide
FIG. 3. The duration spent over bedding scented with the paired odor versig, - | hehavior throughout the life span of the rat. Odors
the duration spent over unscented bedding for vasopressin-producifqg di/ . .
(top panel) and vasopressin-deficient di/di rats (bottom panel). SignificantlyaffeCt behavior of young rats thrO_UQh genetically pre-
more time was spent over scented than unscented bedding in odor—mothpfogl’ammed responses such as innate preferences for
paired di/+ rats P < 0.05). However odor-mother paired di/di rats dis- soiled bedding (65). However, a great deal of both associa-
played a significant aversion to the scented beddhg: (0.05). tive and non-associative odor learning also occurs in rat
pups (65), and hence novel odors can also act as important
the incidence of paternal behaviors, while central infusiondehavioral guides for the preweanling rat (167,177,199).
of antagonists reduce the incidence of these behaviors (208). Several recent studies have pointed to both oxytocin and
Although no direct role for vasopressin has been found invasopressin as important modulators of social memory. We
sexual behavior (e.g. erections, lordosis), administration ohave attempted to touch on this literature here, but this has
a vasopressin antagonist after copulation prevented the fobeen extensively reviewed recently (56). In addition to a
mation of post-copulatory pair bonds in the male Prairierole for these peptides, norepinephrine (NE) appears to play
vole and, in the absence of copulation, vasopressin adminign important role, particularly in the neurophysiological
tration was found to induce pair-bond formation in this component of olfactory learning in both neonatal and adult
species (212). Thus, vasopressin may play an importarmats. Sullivan and colleagues have demonstrated that neo-
role in post-copulatory sexually induced attachment in thenatal rats will display a preference for an odor that has
males of some species. These findings indicate that oxytocipreviously been associated with stroking the dorsal surface
and vasopressin may work in conjunction with gonadalwith a paintbrush (199). This behavioral learning is accom-
steroids to induce gender-specific social behavior. panied by an odor-specific morphological change in the
Several studies have demonstrated a role for vasopressiifactory bulb (200). In other words, rats which had been
in social memory. Both intraventricular and intra-septalexposed to brush—odor pairing displayed both an odor-
infusion of vasopressin have been shown to prolong th&pecific behavioral preference and displayed differences in
period of suppressed exploratory activity that occurs follow-odor processing at the level of the olfactory bulb relative to
ing exposure to social stimuli (55) and vasopressin agonistsats which received the odor alone, the brushing alone, or
like oxytocin, have also been found to potentiate a socialljthe odor and brushing in a random non-associative manner
induced gustatory preference in rats (170). (199,200). Furthermore, both the behavioral preference and
Finally, as has been alluded to previously, we havethe physiological responses to the stroke-associated odor
recently employed an experimental model of attachmenivere blocked in rats that received the NE antagonist
in infant rats in which a novel odor is repeatedly pairedpropranolol prior to odor—stroke pairing (201). Although,
with the mother. After three such pairings, Long-Evanspropranolol did not block the expression of a previously
rats display both a preference and a decreased approaabquired odor preference, indicating that NE release is
latency for this odor (see (127) for experimental details).important in the formation of the odor memory, but not
However rats of the Brattleboro strain which do not producefor the detection of the odor or the execution of behavioral
endogenous vasopressin (Db/Db) fail to develop either odopreferences once memories were formed. Furthermore pair-
preference or reduced approach latency following similaing of the NE agonist isopreterenol with an odor in lieu of
training (Figs. 2 and 3). Although vasopressin-deficient ratstroking also induced both the behavioral preference and the
are likely to differ on many dimensions, these results areolfactory bulb changes, indicating that induction of NE
consistent with a role for vasopressin in social attachmenéctivity is sufficient for both of these processes to occur.
possibly by modulating social memory (67,56). Presumably, NE release participates in the induction of the
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morphological changes in the olfactory bulb, and the proKendrick et al. (96,98) report that parturition induces a
duction of the odor engram, by altering odor processingconsiderable amount of reorganization in the olfactory bulb
within the olfactory network. But once this engram is of sheep, with a number of mitral cells altering their
formed, NE is not necessary for expression of the olfactoryesponse characteristics to preferentially respond to lamb
memory or for brain engram maintenance (201). odors. This may be partially the result of NE projections, as
Very similar findings of a role for odor learning and NE in spikes of NE have been found in the microdialysates of the
the olfactory bulb have been reported for maternal rats aslfactory bulb of sheep coincident with parturition and
well. While the rapid initiation of maternal behavior appearsuterine contractions (113), and after exposure to lamb odors
to be largely influenced by postpartum hormonal and neuroduring the bonding window, but not prior to parturition (98).
chemical influences, the long-term maintenance of maternah direct role for NE in maternal learning is implicated by
behaviors (i.e. 10—18 days after parturition) appears to béhe finding that infusion of propranolol into the bloodstream
largely a function of experience with pups. Post-partumof sheep during the post-partum bonding window signifi-
hormonal levels decline to prepartum levels 7 days aftecantly reduced the number of sheep that discriminated
birth, as does the maternal behavior of post-parturient ratbetween their own and alien lambs (112).
that are not allowed any contact with pups. However post- In addition to the hormonal changes which occur during
partum rats that are allowed a short period (30 min) ofpregnancy, vaginal stimulation which occurs during the
interaction with pups after birth, will continue to have birthing process may play an important role in inducing
heightened levels of maternal responsiveness long aftesome of the alterations in olfactory bulb physiology which
birth (135). A short period of interaction with pups appearsmake this rapid bonding possible. Providing vaginocervical
to be necessary for the continued long-term maintenance aftimulation to ewes after the ‘bonding window’ closes
maternal behaviors in post-partum rats (135). Thus there aiis sufficient to induce maternal behavior (100) and to
both physiological and experiential determinants ofre-open the bonding window (97). Interestingly, vagino-
maternal behavior in the rat. This maternal experiencecervical stimulation (VCS) has been found to result in a
effect appears to be largely (although not exclusively)variety of physiological responses in the central nervous
olfactory based. Postpartum exposure to distal pup stimulsystem, including release of oxytocin (99).
is sufficient to significantly potentiate maternal behavior 10 Thus, it is possible that VCS is a basic mammalian
days later, although this effect was not as strong as fulmechanism for the induction of odor memories during bio-
exposure to pups (135). The continuation of maternalogically relevant periods. Furthermore, the VCS-induced
behavior also appears to rely on NE, as post-partunoxytocin release is potentiated by pretreatment with mor-
exposure to rat pups that was followed by NE receptomphine (99), and recently oxytocin has been shown to induce
blockade was less effective in promoting long-termNE release both in the olfactory bulb (114) and in the medial
maternal behavior than exposure to pups followed bypreoptic area (96) of sheep, suggesting that NE release may
saline administration. On the other hand, administration ofepresent a final pathway for oxytocin effects in ewes.
a NE agonist following exposure to pups potentiated the Thus there are several examples from early affiliative
post-partum pup exposure effect (120). behavior to maternal behavior to reproductive behavior
In a similar vein, parturition stimulates maternal behaviorindicating that NE projections to the olfactory bulb play a
in mice, but it will not prevent maternal mice from engaging key role in the formation of olfactory-based social
in cannibalism. Exposure to distal pup stimuli (auditory andmemories. We believe this to be an important final pathway
olfactory) after birth is necessary for the inhibition of in the social bonding and formation of social memories of
cannibalism, presumably because maternal mice haveany mammalian species. It should be emphasized that the
formed an olfactory-based memory of their offspring (36).role of NE in this process is likely to be one of an enabler of
Depletion of NE content in the olfactory bulb prevented theengram formation, rather than the execution of social
inhibition of cannibalism after either full or partial prior behaviors or even a means of storing the olfactory engram
exposure to pups (36). And exposure to pups was found taself. Norepinephrine projections to the olfactory bulb are
induce NE-dependent neural activity in olfactory bulb andthought to disinhibit mitral cell activity by reducing GABA
pyriform cortex of female mice (35). activity (30,36,98). This disinhibition results in amplifica-
The Bruce effect (i.e., olfaction-induced pregnancytion of the olfactory signal, which in turn induces long-term
block) is another odor learning phenomenon in femalechanges in the olfactory neural network not unlike those
mice that appears to be NE dependent. If female mice arattributed to long-term potentiation (30,36,98). Thus the
exposed to the urine of a male other than the one they matewle of NE in the social bonding systems described above
with during a short period after pregnancy, they will abortis to work in conjunction with limbic circuits to create
the fetus. These abortions are dependent upon the formatigriasticity within the olfactory bulb enabling meaningful
of a specific memory for the mated males’ urine, and thisolfactory signals to form a lasting imprint (34,98).
memory appears to be NE dependent (176). Finally, a neurobiological theory of primate attachment
Olfactory recognition of offspring has also been found tohas recently been put forth which argues for a pivotal role
play an important role in the maternal behavior of sheepfor cortical NE (105). A detailed description of this theory is
Ewes have a 2—4-h period after birth in which they form abeyond the scope of the present review, however it should
selective ‘bond’ with their offspring. Approaches and solici- be noted that this theory puts forth a critical role for NE
tations from lambs that the ewe did not come into contactelease within the neocortex for the organization of social
with during this critical bonding window will generally be affect in primates, and suggests that this NE release is
repelled (169), even if it is her own offspring. As with rats associated with social learning. It has been shown that
and mice, this maternal memory phenomenon in sheeprimates that have experienced any form of maternal isola-
appears to be both olfactory based and NE dependention, including rearing with peers, which prevents many of
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the behavioral deficits of socially isolated animals, exhibitand it is possible that the aforementioned experiments in
reduced brain NE metabolism (105). Thus although theénfant rats entailed substantial arousal of that system. Still,
neural organization might be quite different, one canthe findings by Insel et al. (84) that an endogenous molecule
imagine that slight changes during the course of evolutior(DBI) is apparently released during social isolation which
may have resulted in altering ‘social attachment circuitry’ binds to the benzodiazepine receptor complex is compelling
from one involving NE-based changes in the olfactory bulb,and warrants further study, but the lack of generality and
to one involving NE-based changes in the neocortex. specificity at present makes it difficult to include endogen-
ous agents of the benzodiazepine receptor complex such as
GABA or DBI as either a major or a critical component of
the affiliative circuit.
Another neurochemical which may modulate social
Thus, there is strong evidence that oxytocin, endogenousomfort and isolation is prolactin. Prolactin has recently
opioids, and NE play important roles in affiliative behaviors been found to dramatically reduce isolation-induced vocal-
that emerge in young rats, and that these neurochemic&ations (145), and some of the maternal behavior facilita-
systems continue to play an important role in affiliative tion that can be produced by estrogen treatment may be
behaviors in adult rats as well as other mammalian speciesnediated in part by prolactin (31,122,169). There is also
We would suggest that these neurochemical projectionsome evidence for the inclusion of melatonin (126), and
work together as a part of a unitary brain process or affilia-serotonin (119,90,136,156,172) in the neurobiology of
tive circuit which regulates mammalian affiliative behavior affiliation. Serotonin is especially promising since a great
(Fig. 1). In this view, attachment behaviors displayed bydeal of human data, most of it anecdotal (106), suggest that
infants represent the emergence of this system. There afacilitation of serotonin promotes social confidence and a
almost certainly other components which contribute to thisfeeling of connectedness to others. Also a reduction of brain
system. serotonin activity is one of the clearest neurochemical
There is some evidence that the endogenous benzeffects of prolonged social-isolation (90,204), further
diazepine receptor complex may participate in the regulasuggesting a role in the regulation of social behavior.
tion of social interaction in young rats. The benzodiazepinedbviously, a great deal more work is needed on these
antagonists, diazepam (86) and chlordiazepoxide (45), haveystems as well as many others that have been revealed by
been found to reduce isolation-induced vocalizations in ratnodern neuroscience.
pups and the benzodiazepine receptor agonist pentylene-
tetrazol has been found to increase the rate of ultrasoni
vocalizing (86). Furthermore, social isolation has bee
found to reduce the number of available binding sites for If a common brain circuit does indeed underlie affiliative
an exogenous benzodiazepine antagonist in several brabehavior from birth through death, it is clear that the affilia-
areas suggesting that social isolation results in the release tife circuit undergoes changes over the course of develop-
a benzodiazepine agonist (84) Additionally, Carden andnent. The expression of oxytocin receptors for example has
Hofer (45) found that the benzodiazepine receptor antagorbeen shown to be highly dynamic from birth through
ist RO 15-1788 blocked the locomotor-reducing effect ofpuberty in rats (185,202). Dramatic changes are associated
the dam in young rats, indicating that the dam-associatedith weaning, puberty and parturition and these periods also
activity reductions may involve the release of an endo-involve dramatic reorganization of social behavior.
genous benzodiazepine agonist. However this same agentThere are changes in the neurophysiological control of
did not reverse the dam-induced reductions in USV (45)jngestion which occur with weaning (71) and these may be
suggesting that although an endogenous benzodiazepimeflected in alterations of associated social circuitry.
agonist may be released in the presence of the dam, thisdditionally gonadal steroids appear to exert strong regu-
molecule does not appear to be necessary for the reductiotetory influence on opioids, oxytocin and vasopressin
in USV. Further evidence of a role for this system comes(32,37,38,89,168,209). For example, estrogen stimulates
from the finding that GABA spikes appear in the micro- oxytocin receptor proliferation (89) and oxytocin synthesis,
dialysis samples from post-parturient sheep followingand receptor affinity (37,38). Estrogen may induce increases
presentation of lamb odors (96), and GABA binds to thein endogenous opioid functioning as well (32,168). Con-
benzodiazepine receptor complex. versely, testosterone selectively increases the functional
Although the benzodiazepine receptor complex probablycapacity of vasopressinergic cells (209). Thus, the onset of
is playing some role in the modulation of affiliative puberty and large-scale increases in the synthesis and
behavior, it is such a widespread ‘system’ that it is difficult secretion of gonadal steroids, could exert widespread
to include in a proposed general circuit at the present timegchanges and shifts in emphasis throughout the proposed
especially since the above pharmacological effects are naffiliative circuitry of the brain. This circuit would also
very robust in other social species ranging from youngundergo functional changes during other periods of time
domestic chicks (156) to dogs (182) to primates (92).when gonadal steroids were elevated such as mating and
Pharmacological activation of this receptor system probablypregnancy.
changes the general activational state of the organism, Clearly other factors emerge during the course of
which certainly fluctuates with, but is not specific to ontogeny, which may include both genetically programmed
social separation. Thus non-specific effects remain a posnd environmentally acquired factors which are likely to
sible source of the above effects. Also, it must be rememaffect the functioning of this circuit. Such environmentally
bered that fear systems do exist in the brain which arecquired factors would certainly be needed to explain the
distinct from those which mediate separation distress (141¥jndings that the preweaning social environment of some

OTHER NEUROCHEMICAL SYSTEMS WHICH MAY MODULATE
THE AFFILIATIVE CIRCUIT

'S dult modifications of the affiliative circuit
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mammals has long-term consequences on the sexuakural access to atonic cardiac brake enabling rapid control
behavior of adults (51,59). Obviously an understanding ofover metabolic output by disengaging and engaging this
social attachments will have to include such acquired andgystem. The second and phylogenetically older means of
programmed alterations of organic brain processes in angesource mobilization is driven by activation of the sympa-
comprehensive explanation of how early social relationthetic nervous system. Engagement of this system mobilizes
ships exert long-lasting influences on affiliative behavior.resources from the entire organism via adrenal activation.
Many studies now indicate that both early and late modifi-Finally, phylogenetically the oldest means of adaptation
cations of brain affiliative systems do occur, and it may beinvolves reducing rates of respiration and heartrate to
time to empirically reassess the role of critical or sensitiveconserve resources.
periods (183) in the manifestations of affiliative circuits According to the polyvagal theory, this system is engaged
within the brains and psychobiological dispositions of hierarchically in reverse phylogenetic order. In other words
mammals. in response to challenges, mammals will tend to initially
modulate cardiac inhibition, and then engage the sympa-
thetic nervous system before they would resort to extreme
metabolic conservation (173). This hierarchical system
Of all the behaviors displayed by the isolated rat pup,seems to be quite applicable to the expression of USVs in
USV has received the most attention by far. This is probablyrat pups. Under nest temperatures, USV levels in rat pups
due largely to the fact that USVs are readily produced in rahave been shown to be modulated by intra-oral milk
pups, are easy to quantify, and resemble a similar behavianfusion which is likely to engage the tonic inhibition of
in separated human infants. However, although manynetabolic activity through vagal engagement (22). Slightly
authors have assumed that USVs represent the communicstronger metabolic challenges are likely to be produced by
tion of distress produced by social isolation, it has beerextreme cold which results in enhanced oxygen consump-
argued that USVs represent the acoustic byproduct ofion and utilization combined with pronounced increases in
increased oxygen consumption because of energy demantksV rate (25). Finally, prolonged periods of separation
of thermogenesis ((25), but see (80)), There is no doubt thd&tom the mother or extended thermal challenge results in
USVs in rat pups and the sonic DVs in the other specieseductions in both basal metabolic rate and USV frequency
discussed in this review are very sensitive to ambien{78,79).
temperature (6,184), and USV in the rat may represent a
very early transitional point from physiological reaction to
direct regulation of social behavior. If USVs are indeed
merely an index of thermogenesis in rats, then this may Although different in important ways, the preweanling rat
represent a very interesting point in the phylogeny ofdoes express some of the fundamental affiliative behavior
affiliation (Fig. 1). Several of the neurophysiological con- patterns that are found in humans and other mammals. This
trols of USV in rat pups have also been found to controlcan be both an advantage and a disadvantage. One advan-
other social behaviors in adult rats (49) and isolation-tage is that commonalities which emerge between the
induced vocalizations in species other than rat (142)physiology of rat and other species’ affiliative behavior
where ambient temperature clearly plays less of a rolemay represent an important core of mammalian affiliative
Whether the neurophysiological controls of rat pup USVsphysiology upon which all other complexities are based.
are the result of altering the ‘distress’ or ‘comfort’ (80,160) One important disadvantage is that a study of certain
systems of the brain or merely an indication of enhancedesponse patterns, such as separation-induced vocalizations,
oxygen intake (25), USVs do result in obtaining the care andnay be harder to generalize to the social affiliative behavior
attention of the mother (7), and the thermoregulatory systenof other species. Approach and behavioral choice measures
which inadvertently functioned to elicit maternal care maymay be more informative measures of attachment, especi-
have become elaborated over both phylogenetic and ontally in the rat.
genetic time to mediate non-thermal social behaviors as Obviously, a great deal remains to be learned about the
well. The ancient thermal message may have remainedeurophysiological mechanisms of affiliative behaviors in
within the infrastructure of social affect (4). Thus what all species including preweanling rats, however some
was initially a physiological system which served thermo-important findings as well as new conceptual paradigms
regulatory functions may have been co-opted by sociahave emerged in recent years. These have led us to the
needs of the young animal, and used in a novel way. Itheory that basic, genetically promoted, species-typical
this is the case, this would be a classic example of whaaffiliative patterns are reflected in specific brainstem and
Gould and Vrba have referred to as exaptation (24,70)limbic circuits of the mammalian brain (for a complete
which as we described at the outset is the principle evolusummary, see (146)). In infant rats and many other species,
tionary history of the proposed affiliative circuit. these affiliative patterns are largely thermo-tactile and
The polyvagal theory of emotion recently postulated bypossibly gustatory and they are probably all modified
Porges (173) may provide another potentially fruitful evolu-specifically by oxytocin, vasopressin, and endogenous
tionary framework from which to view the vocalization opioid peptides. Environmental stimuli particularly odors
literature. Porges argues that refinements in the control afan modify and direct these behaviors through associative,
metabolism have emerged through evolution which havenon-associative and other means (see (2)). NE within the
produced a hierarchically organized system of mobilizingolfactory bulb is largely responsible for olfactory learning
resources in order to control metabolic output. The mosand olfactory bulb plasticity, which appears to participate in
recently evolved component of this system is tonic vagakhe funneling of affiliative behaviors toward specific social
inhibition of cardiac output. This component involves direct targets.

Ultrasonic vocalizations, thermoregulation, and evolution

SUMMARY AND CONCLUSIONS
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