Available online at www.sciencedirect.com

sclsncs@blnsc'r‘ PEPTIDES

EVIER Peptides 25 (2004) 1565-1574

EL

www.elsevier.com/locate/peptides

Review

Oxytocin, vasopressin, and social recognition in mammals

Isadora F. Bielsky, Larry J. Young

Center for Behavioral Neuroscience, Department of Psychiatry and Behavioral Sciences,
Emory University, Atlanta, GA 30322, USA

Received 15 March 2004; accepted 13 May 2004
Available online 11 August 2004

Abstract

While pheromones may act as social memory signals, oxytocin and vasopressin acting in the brain appear to be critical for the neural
processing of olfactory signatures used for social discrimination. Evidence from a variety of laboratories using a range of animal models, as
well as an array of molecular and pharmacological techniques, have helped to determine the neuroanatomical and functional roles oxytocin
and vasopressin play in social cognition. In this review we discuss the considerable evidence for the roles of oxytocin and vasopressin in
social recognition in rats and mice, as well as in offspring recognition in sheep and mate preference in monogamous voles.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction OT and AVP are closely related nonapeptides. They are
transcribed from adjacent genes and differ by only two amino
The ability to recognize a familiar conspecific is the acids, suggesting that they arose from an ancestral gene by
foundation for all mammalian social relationships, includ- gene duplication. They are produced in discrete regions of
ing parent-offspring recognition, mate recognition, and the brain and are released both centrally into the brain, and
dominant-subordinate hierarchies. All of these behavioral peripherally into the circulation. OT and AVP destined for
processes require social discrimination which is a specific peripheral release is made in the magnocellular neurons of
type of memory that differs from other types of learning and the paraventricular nucleus (PVN) and supra-optic nucleus
memory and may be subserved by distinct anatomical and(SON) of the hypothalamus and released into the bloodstream
neurochemical circuits in the brain. While humans and non- by the posterior pituitary. Peripherally, OT acts in the uterus
human primates rely primarily on visual and auditory cues to facilitate parturition and in the breast to facilitate milk
for individual recognition, many other mammals rely on ol- ejection during lactation. AVP, also know as anti-diuretic hor-
factory or pheromonal cues to differentiate individuals. The mone (ADH), acts in the kidney to facilitate re-absorption of
neural processing of these olfactory cues is critical to social water and the blood vessels to regulate vascular [8k
memory and is dependent on the integrity of the neuropep- Centrally, these peptides are produced in the parvocelluar
tide systems for oxytocin (OT) and vasopressin (AVP). While cells of the PVN as well as in extra-hypothalamic s[tes].
many peptides may serve as important pheromonal cues inReceptors for these peptides are found in a variety of spe-
mammalian and non-mammalian species, OT and AVP arecific regions of the brain suggesting that they may play many
critical to the mammalian ability to processes such cues in andifferent roles centrally.
appropriate manner. The majority of evidence for OT and AVP as social mem-
ory peptides comes from the considerable investigations in
* Corresponding author. Tel.: +1 404 727 8269; fax: +1 404 727 8070, [N€ rat and mouse. The role of these neuropeptides in more
E-mail addressirapopo@emory.edu (I.F. Bielsky). complex forms of social memory, particularly in parent-
URL: http:/Avww.emory.edu/YERKES/YOUNG (L.J. Young). offspring bonds in sheep and pair bonding in voles has also
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been well established. Through the use of pharmacologicaland memory22,61]. Furthermore, the learning and memory
agents, transgenics, and viral vectors the specific roles anddeficits in the naturally occurring AVP mutant Brattleboro rat
brain regions involved in peptide mediated social cognitionis supported these findings9]. These early studies lead to the
being elucidated. OT and AVP have been shown to be critical hypothesis of a greater role for AVP in many types of learning
in the olfactory processing of social cues at many levels of and memory.
the olfactory circuit and throughout the brain. Furthermore,  The early investigations of AVP and social recognition fo-
OT and AVP mediated social memory can be quite potent cused on the ability of subcutaneously administered AVP to
lasting from 1 hour in rodents to a lifetime in voles. This re- facilitate social recognition in male rats by prolonging the
view will cover the evidence for OT and AVP inrodent social duration during which the memory is hdlti0]. Conversely,
recognition as well as offspring recognition in sheep and mate male Brattleboro rats which lack AVP were found to have im-
preference in pair bonding voles. paired social recognition. This impairment could be rescued

by microdialysis administration of AVP into the sept{id],

providing strong evidence for a physiological role of AVP in
2. Social recognition in rodents social recognition.

Since these early studies there have been many published
Social recognition tests are a group of learning and reports on the effects of AVP agonist and antagonist adminis-

memory tasks that were originally created as a non-aversivetration on social recognition in rats. Intracerebro-ventricular
alternative to the avoidance paradigms that had been tradi-(icv) injections of AVP into male rats immediately after the
tionally used to examine learning and memory behaviors initial encounter with a stimulus animal resulted in a similar
[57]. While social recognition is a model of learning and potentiation of social memory, as did peripheral AVP admin-
memory, these tests have more recently illustrated theistration[40]. Electrical and osmotic stimulation of the SON
unique aspects of social cognition. Social recognition tests and PVN in male rats resulted in a release of AVP in the
make use of the animals’ natural tendency towards olfactory hypothalamus and a facilitation of social recogniti@d].
investigation of novel conspecifics. Anogenital and head Peripheral AVP antagonist injections impaired social recog-
sniffing, as well as close following, are considered olfactory nition in intact male rats, but had no effect on castrated ones
investigation. While there are now a wide variety of social [6,10] suggesting a role for sex hormones in the control of
recognition paradigms, they tend to follow one of either two social recognition. Central administration of anti-AVP serum
basic models. In the habituation—dishabituation paradigm, also resulted in impaired social recognition in male f&3.
the test animal is repeatedly exposed to a stimulus animal, While peripheral and central injections of AVP agonists
either a juvenile male or ovariectomized female. Repeatedand antagonists clearly demonstrate a role for AVP in so-
presentations lead to a marked decrease in the amount otial recognition, studies using site-specific injections of these
time the test animal spends in olfactory investigation of the agents help clarify the significance of certain brain regions in
stimulus animal. At the end, the test animal is exposed to a AVP-mediated social recognition. The lateral septum con-
novel stimulus animal and, normally, the time spent in inves- tains a dense plexus of AVP projections from the medial
tigation returns to the original leveF{g. 1A). This controls amygdala (MeA) and bed nucleus of the stria terminalis
for the possibility of fatigue or disinteref26]. In the social (BNST) as well as a high density of AVP receptors, making it
discrimination paradigm, the test animal is exposed to the a natural target for study,11,13,31,54,55]Site-specific in-
stimulus animal and then, after a certain interval, simultane- jections of AVP into the lateral septum of male rats resulted in
ously presented with the same stimulus and a novel stimulus.a facilitation of social recognition by prolonging the time over
Normally the test animal will spend significantly more time which the memory was held, as did septal AVP administration
investigating the novel stimulus animal as compared to the using retrodialysi§l9,23]. Furthermore, osmotic stimulation
original stimulus animalKig. 1B) [21]. In both paradigms,  of the SON and PVN in male rats resulted in an increase in
the time in between trials can be varied to test for facilitation intra-hypothalamic and intra-septal AVP and improved social
or impairment of social recognition. While, originally, social recognitiorf20]. Conversely, lateral septum administration of
recognition was introduced as a non-aversive paradigm a non-selective AVP antagonist blocked normal social recog-
for testing the effects of AVP on learning and memory in nition in male ratg§23,24] Social recognition was also dis-
general; it is now well established that social recognition rupted by administration of anti-AVP serum into the ventral
is a unique form of learning and memory utilizing distinct and dorsal hippocampus and the dorsal lateral sef@0in
neural mechanisms specific for social processing, and is a Using pharmacology, the principle role of AVP has been

critical component of the social brain. well established but the existence of two central brain recep-
tors for AVP, namely V1a receptor (V1aR) and V1b receptor
2.1. Vasopressin (V1bR), has made it difficult to determine which AVP recep-

tor is involved in social recognition. Both receptors are seven

The ability of AVP to modulate complex behavior was transmembrane, G-protein coupled receptors of the Gg/11
originally observed in the 1960s by David de Wied, and fo- class, differing in their binding affinities for different ligands
cused on the ability of AVP to potentiate avoidance learning [66]. Historically, the V1bR was thought to exist only in the
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Fig. 1. Social recognition paradigms for rodents. (A) Social habituation—dishabituation paradigm. The test animal is exposed to the samaist&hulus a
for four successive one minute trials with a set inter-trial interval. During the fifth dishabituation trial the test animal is exposed to a ndwelsstimal.

(B) Social discrimination paradigm. During the first trial, the test animal is exposed to a stimulus animal for five minutes. During the secoted aiaktaf
inter-trial interval, the test animal is exposed to the same stimulus animal and a novel stimulus animal. Data shown are idealized data typéchitytbbte
paradigms.

anterior pituitary, while the V1aR is located in many areas a V1aR antagonist blocks social recognition in male rats, as
throughout the brain. However, recent evidence suggests thatloes V1aR antagonist administered by retrodialysis into the
the V1bR is also located in several discrete regions through- lateral septunfil9,39] Furthermore, V1aR antagonists block
out the brain[1,58]. Both receptor subtypes could mediate the potentiation of social recognition caused by increased
AVP effects on social recognition; however most of the be- AVP release in response to osmotic stimulafi2@].
havioral effects of AVP have been attributed to the V1aR. The importance of the V1aR in social recognition has also
The use of selective V1aR antagonists suggests this subbeen demonstrated using a variety of molecular techniques.
type to be critical in social recognition. Icv administration of Antisense oligodeoxynucleotides to the V1aR mRNA were
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created in order to develop and test a knockdown strategy AVP’s critical role in social recognition has been known
for investigating the importance of this receptor in behavior. since the 1980s and with the development of better pharma-
The antisense oligos were infused into the lateral septum ofcological agents and newer molecular technologies including
male rats by osmotic minipumps. This resulted in a significant transgenic mice and viral vectors, the exact role of AVP and
decrease in V1aR density in the lateral septum as measuredts receptors in rodent social recognition has become clearer.
by receptor autoradiography. The decrease in V1aR levelsltis evident that this neuropeptide plays a fundamental partin
resulted in a complete disruption of social recogni{id8y. the animal’s ability to process the olfactory and pheromonal
Conversely, the same group used viral vectors to over ex- cues of conspecifics.
press the V1aR. An adeno-associated viral vector containing
the prairie vole V1aR was bilaterally infused into the lat- 2.2. Oxytocin
eral septum of normal rats. This resulted in a stable increase
in V1aR binding of 344%. The over expression of V1aR in The historical evidence for the role of OT in social recog-
the lateral septum resulted in a facilitation of social recogni- nition is less straightforward and complete as compared to
tion by prolonging the time over which the memory is held; AVP; however, it is clear from more recent investigations
the ability to recognize a familiar conspecific was extended that OT is critical for normal social recognition in both male
beyond controls, and was nearly significant at 24 h. This fa- and female rats and mice.
cilitation was blocked by microdialysis administration of a It was originally suggested that OT and AVP had opposing
selective V1aR antagonif28]. effects on memory, with AVP facilitating, and OT attenuat-
A critical role for the V1aR in social recognition has ing learning and memory. The initial studies on OT in social
also been demonstrated in male mice. A V1aR knockout memory showed an attenuation of social recognition when
mouse (V1aRKO) was created that completely lacks func- OT was administered peripherally in high doses in male rats
tional V1aR. These mice show no V1aR binding in the brain [49]. This attenuation was blocked with administration of OT
and show a complete disruption in social recognitieig (2A antagonists. The resulting plasma levels of OT were subse-
and B). This deficit is not due to a general deficit in olfaction. quently found to be well outside the physiological levels for
When the social recognition paradigm was repeated with athis peptidd49]. Later studies with more physiological lev-
scented cotton ball, scented with either coconut, or anise ex-els of OT demonstrated that peripheral administration of OT
tract, instead of stimulus animals, the V1aRKO animals were at low doses, in fact, facilitated social recognition in male
able to habituate and dishabituate to this non-social scentrats[51]. These findings suggest that the effects of OT on so-
(Fig. 2C). This suggests that the actions of V1aR and AVP cial recognition follow an inverted U-shaped dose response
in social recognition are specific for social odors and not in curve where moderate doses facilitate, and high doses atten-
detection and/or processing of all scents. These mice also peruate social recognition. The same dose response curve has
formed normally in non-social learning and memory tasks, been found in OT administered centrally (icv) in male rats.
such as the Morris Water Maze, as well as tests for sensori-OT antagonist administered centrally blocked the facilitating
motor gating, such as pre-pulse inhibitigh. effects of low dose OT but did not disrupt social recognition
While the V1aR has been shown to be critical in social per se. This antagonist also blocked the attenuation effects of
recognition, there is mounting evidence for arole of the V1bR high doses of OT2]. It has been demonstrated that different
as well. Male V1bR knockout mice (V1bRKO) that lack a regions of the OT molecule are responsible for the facilitation
functional V1bR have also been shown to have a mild deficit and attenuation effects of OT on social recognition, suggest-
in social recognition in the two tests for social memory. Inthe ing that OT may facilitate and attenuate social memory using
habituation paradigm the V1bRKO were slower to recognize distinctive mechanism&0]. Icv administration of OT in fe-
the stimulus animal but did “catch-up” to the WT and recog- male rats did not facilitate social memory, but administration
nized the stimulus animal eventually. In the discrimination of OT antagonists did interfere with the animals’ ability to es-
test the V1bKO did demonstrate a significant deficit in so- tablish normal social memof$8]. The ability of OT agonists
cial recognition. This social recognition deficit appears less to facilitate social recognition in males and not female and
profound then the V1aRKO mice suggesting that the V1bR the ability of OT antagonists to interfere with normal social
receptor may play a less significant role in short-term social recognition in females but not males suggested the possibil-
recognition. Female V1bRKO mice did differ significantly ity of a sexual dimorphism with respect to the roles of OT in
in the Bruce effect, a more long-term test of social mem- social recognition in the rat.
ory. The Bruce effect is a phenomenon in which a previously =~ The evidence for OT in social recognition in mice, both
mated female will block the implantation of fertilized eggs if female and male, is more straight-forward than that in rats.
exposed to an unfamiliar male after the initial mating. This Investigations of an OT knockout (OTKO) mouse revealed a
effect requires a more long-term social memory of the olfac- total deficit in social recognition. Male OTKO mice, which
tory signature of the original male and the ability to recognize completely lack the OT peptide, never displayed the typical
the novel male as unfamiliar. Female V1bRKO mice did not reduction in olfactory investigation upon repeated exposures
display the Bruce effect and remained pregnant regardless ofto the same stimulus female. Like the V1aRKO mice, this
the exposure to a novel mdleos]. deficit was not due to a more general deficit in olfaction as
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Fig. 2. V1aRKO, social recognition and olfactory habituation. (A) V1aR binding autoradiograms illustf&tinigear V1aR antagonist binding in WT and

V1aRKO males at the level of the lateral septum. (B) Social recognition of V1aRKO (open circles) and WT (closed circles) was measured as a difference in
olfactory investigation of the same ovariectomized female during each of four successive 1 minute trials (ITI = 10 min). A fifth dishabituatmictsahe

response to a novel female in a one-minute pairing 10 min after the fourth trial. WT mice showed a significant decrease in olfactory investigepeatafter

parings of the same female on trials 3 and 4. V1aRKO mice never showed a decrease in olfactory investigation. (C) Olfactory habituation was measured as
a difference in olfactory investigation of an anise scented cotton ball during each of four successive 1 minutes trial (ITI = 10 min). The fiftuatishabi

trial depicts the response to a coconut scented cotton ball in a one minute exposure 10 min after the fourth trial. Both WT (closed circles) and pe&raRKO (o
circles) mice showed a decrease in investigation upon subsequent presentations of the same scented cotton ball on trials*2P3; Grail 4P < 0.001.

Error bars represent S.E.M. Asterisks represent a significant decrease between each trial as compared to the first trial. Repriftgd from

they were able to habituate to a scented cotton ball used aghe effects of OTKO on the Bruce effect. OTKO females
a non-social olfactory stimulus, suggesting that OT is crit- failed to remain pregnant if re-exposed to either their mate
ical to the processing of specifically social cues. These an-or a novel male. Only females that were allowed to remain
imals showed normal OT receptor distribution and quantity with their mate maintained pregnani®&6]. This inability to
using autoradiography, as well as, normal non-social learning distinguish between the mate and novel male in the OTKO fe-
and memory as measured by the Morris Water Masge4 7] males demonstrates the importance of OT in long-term social
The deficit in social recognition was reversible with both icv. memory as well as short-term social recognition.
and site-specific injections of OT. Furthermore, normal so-
cial recognition was blocked in the WT mice with asingleicv 2.3. Anatomical and neurochemical circuitry of social
injection of OT antagonist before the initial encour{s]. recognition
The ability to rescue social recognition in OTKO mice with a
single injection of OT clearly demonstrates the importance of ~ As important as the neuropeptides, are the anatomical re-
this peptide in the processing of social cues and subsequengions in which they act and the other systems with which
social recognition in the male mouse. they interact. The behavioral effects of site-specific agonists
The social recognition deficits of the OTKO mice are not and antagonists demonstrate not only a dependence of social
limited to male mice. The female OTKO mice also show a sig- memory on OT and AVP, but also a critical involvement of
nificant deficit in social recognition that was not attributable certain brain regions for the effects of these neuropeptides. It
to other behavioral changes. In addition, OTKO females are is evident that OT and AVP do not act alone to mediate social
unable to distinguish healthy from parasite infected males recognition, but must interact with, and possibly modulate,
during mate selectiof8,32]. The essential role of OT in so-  other neurotransmitter systems. Finally, the time of action of
cial memory in female mice has also been demonstrated bythese neuropeptides also appears to be critical to their effects
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on social memory. Because of the complex nature of social OT into the olfactory bulb of male rats increases NE release
behavior, the effects of these neuropeptides cannot be fullyand that this activates-adrenoreceptors. This activation is
understood without a discussion of anatomy, neurochemistry,necessary for OT facilitation in the olfactory biilbl]. These
and timing. data suggest that AVP and OT may affect social recognition
Evidence suggests that both OT and AVP act in specific by activating the NE system.
brain regions and that some of these regions are common To determine what higher order anatomical regions are
while others appear specific for the different neuropeptides. involved in OT-mediated social recognition, c-fos immuno-
Furthermore the anatomical regions involved in rodent social cytochemistry was used in the OTKO mice. After a brief
recognition are, not surprisingly, those that mediate olfaction, social encounter with a stimulus animal, male WT animals
learning and memory, and those areas that express receptorshowed Fos-immunoreactivity (IR) in the MeA, the BNST,
for the neuropeptides. the medial preoptic area (MPOA), the MOB and the AOB, the
Social recognition in rats and mice begins with the detec- lateral septum, the cortical amygdala, and the piriform cortex.
tion of pheromones from the conspecific. One class of indi- The OTKO mice showed Fos-IR in all of these areas except,
vidual recognition signals and pheromones are thought to bethe MeA, the BNST, and the MPOA. Given that the MeA re-
in the animals’ urine and in mice small volatile pheromones ceives olfactory input from the AOB and the MOB, and that
that are bound and released by the major urinary proteinsthe BNST and the MPOA are down stream from the MeA, the
(MUPs). MUPs are highly polymorphic and the patterns of MeA was chosen as the target for site-specific injections. OT
MUPs may confer the unique olfactory signatures that are injections into the MeA in the OTKO rescued social recogni-
critical to individual recognition in mice, as well as effect- tion and OT antagonist injected into the MeA in WT blocked
ing delivery of pheromones to the chemosensory receptornormal social recognitiof25]. These findings suggest that
neurons in the olfactory epithelium and vomeronasal organ the MeA is critical for OT-mediated social recognition. Fur-
[3,44]. The vomeronasal organ projects to the accessory ol-thermore, lesion studies of the amygdala have shown this area
factory bulb (AOB), and the olfactory epithelium projects to to be critically involved in a variety of social behavi§®s48].
the main olfactory bulb (MOB). The AOB and MOB project As discussed above, the lateral septum appears to be a crit-
to higher brain regions that have been shown to be involved inical brain region for the effects of AVP on social recognition.
OT and AVP mediated social recognition, including the MeA The lateral septum is involved in a wide variety of behavioral
and the lateral septufti7,42,53] It is possible therefore that  processesthat are related to higher order cognitive function. It
the pheromones produced by the conspecific are initially de- has an extensive network of reciprocal inter-connections with
livered to the olfactory systems via MUPs and that these sig- many higher order brain regions involved in social behaviors
nals are modulated in the bulbs and in higher brain regions and learning and memory, including the MeA, hippocampus,
by OT and AVP in order to generate social memory. Clearly, and hypothalamuf/,11,12,27,54]Furthermore, the lateral
MUPs are not the only signal produced by a conspecific that septum receives AVP projections from the MeA and BNST
can serve as an olfactory signature. Another example is fe-and contains a high density of AVP receptfir$,13,54] The
male hamster vaginal secretions which contain pheromonessite-specific studies mentioned previously clearly implicate
and could help confer individual specificity in hamst&a]. the lateral septum as a critical region in the AVP effect on
In addition to their roles in pheromonal detection, the rodent social recognition.
olfactory bulbs and the vomeronasal organ have also been The hippocampus has also been shown to be important
demonstrated as regions critical to OT and AVP effects on in social recognition. Ibotenic lesions of the hippocampus
social recognition. Bilateral injections of either AVP or OT disrupts normal social recognition in mig&7]. In rats, sur-
into the olfactory bulbs of male rats resulted in a facilitation gical lesions of the hippocampus and related structures also
of social recognition; however, antagonists to AVP and OT impaired social recognition and behavjdb,46] Anti-AVP
did not have an effect on normal social recognifibs]. This serum injected into the dorsal or ventral hippocampus impairs
raises the possibility that the actions of OT and AVP in the social recognition and anti-OT serum injected into the ventral
olfactory bulbs are pharmacological and not physiological but not the dorsal hippocampus also impairs social recogni-
effects. However, rats that have had the vomeronasal orgartion in male rat§60]. Given its role in learning and memory
removed show a decrease in social investigation, temporarilyand its afferent connections from the lateral sepfass4], it
impaired social recognition, and were no longer responsive is not surprising that the hippocampus is involved in social
to an AVP antagonigb]. memory and that this may be modulated by neuropeptides.
In the olfactory system, OT and AVP have been shown  The ability of rats and mice to form social memories of
to directly interact with other neurotransmitter systems. Of a conspecific is clearly complex as it involves a number of
these systems, the NE system appears to be critical to AVPdiverse brain regions and other neurochemical systems, how-
and OT-mediated social memory. Depletion of NE using 6- ever, the complexity does not end there. The timing of AVP
OHDA in the olfactory bulbs of male rats abolishes AVP and OT activity also appears to be important to their abil-
and OT facilitation of social recognition but does not block ity to influence social recognition. As mentioned previously,
normal social recognitiofil6]. In OT-mediated facilitation ~ OT administration rescued social recognition in the OTKO
of social recognition, it has been shown that retrodialysis of only if given before the initial encounter with the conspecifics
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Fig. 3. Social recognition and olfactory pathways in rats and mice. Schematic depicts the hypothetical pathways from olfactory activatiocagitgreer
processing as deduced from studies in rats and mice. Abbreviations: AOB, accessory olfactory bulb; AVP, vasopressin; BNST, bed nucleugofiinaktria t

Hipp, hippocampus; LS, lateral septum; MeA, medial amygdala; MOB, main olfactory bulb; MPOA, medial preoptic area; OE, olfactory epithelium; OT,
oxytocin; VNO, vomeronasal organ. Some connections are not shown for simplicity.

[25]. To be effective, AVP can be administered either before,
or after the initial encountdf.5,40] This suggests that these
two closely related neuropeptides may play different parts in
the generation and facilitation of social memory. OT may be
critical in the initial processing or encoding of social cues,
whereas AVP may be critical for the retention and recall of
such cue$25].

While all of the brain structures and neurochemicals
discussed above are involved in social recognition, it is still
unclear how they work together to affect complex social
memory. The anatomy and circuitry of these regions do,

complex long-term social memories as well. Two excellent
examples of these stable and long-lasting social memories
can be seen in the ability of a ewe to recognize and bond
with its offspring and the ability of a prairie voles to establish

a selective and enduring pair-bond with its mate. In both of
these examples OT and/or AVP plays a critical role.

3.1. Offspring recognition in sheep

Sheep are seasonal breeders who live in large social
groups; therefore, many young are born around the same time

however, allow for the development of a unifying theory on
how the diverse anatomical regions work in concert with OT,
AVP, and other neurochemicals to elicit social recognition.
The initial detection of the conspecific’'s pheromones
and individual identification via MUPS is detected in the
vomeronasal organ and the olfactory epithelium which
project to the AOB and MOB respectively,17,42,53] The

olfactory bulbs project to the MeA where OT acts to modulate
the initial social encounter and formation of social memory.

[33]. Itis critical to their reproductive success that the mother
ewe is able to immediately recognize and bond with her off-
spring. This strong selective bond is formed within 1-2 h after
birth and an enduring social memory is required for this bond
[33].

Maternal behavior in sheep, unlike rodents, cannot be in-
duced with only gonadal hormone administration. Steroid
hormonally primed sheep require vaginocervical stimulation
in order to induce maternal behavior and more importantly to

The MeA projects to the BNST and both of these regions trigger the formation of the olfactory memory necessary to
send AVP projections to the lateral septum where AVP acts recognize the offspring. C-fos and lesions studies have identi-
to modulate the processing and/or recall of social cues. Thefied several brain regions to be important in offspring recog-
lateral septum is reciprocally connected to the hippocampusnition and maternal behavior in ewes. Some of these brain
which is critical for the storage and retrieval of many types of regions are the same as those critical in social recognition in
memories. The lateral septum is also connected to the MPOArats and mice. These regions include the MeA, lateral septum,
in the hypothalamus which is critical for sexual behaviors. MPOA, BNST, olfactory bulbs and hippocampus, and all of
NE may act at many of these areas to affect social recognitionthese regions contain OT cells, terminals, or fij88].
(Fig. 3. The proposed circuit is hypothetical and has been  Given this evidence and the findings in rats and mice, it
deduced from the studies discussed above; clearly there mays not surprising that OT plays a critical role in offspring
be species differences in the anatomical connections and theecognition and maternal bonding in sheep. OT release at
sites of action of neuropeptides and neuromodulators. birth or in response to vaginocervical stimulation has been
shown in the BNST, MPOA, and the lateral septum, regions
known to be important in social memory in rodef$s3].
Icv OT administration can induce a full maternal response
in nonparturient, multiparous ewes and cerebrospinal fluid
Historically, social recognition has been studied inrats and levels of OT are elevated in post-partum ey&$ 36].
mice and has been defined as the ability to recognize afamiliar OT appears to facilitate offspring recognition and mater-
conspecific over a relatively short period of time. While OT nal bonding by inhibiting the aversive responses of the ewe to
and AVP can increase the duration of social recognition, this the amniotic fluid odors and by inhibiting the aggressive re-
type of social memory is still considered short-term. There sponses to the lamb. These aversive behaviors are thought to
are other examples of social recognition in other species thatbe mediated by projections from the olfactory bulbs through
are more enduring and can be considered permanent sociathe amygdala and BNST to the MPOA. OT could act on these
memories. OT and AVP are critical in these diverse and more projections at multiple points to inhibit this aversion and facil-

3. Social recognition in complex social behaviors
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itate the offspring recognition that is critical to the induction brain. It has been proposed that the convergent activation of
and survival of the maternal borg3]. the OT and AVP systems involved in individual recognition
The most direct role for OT in offspring recognition how- and the reward pathways in response to mating may lead to
ever, occurs in the olfactory bulbs. The effects of vaginocervi- an association between the olfactory signature of the partner
cal stimulation are dependent on signals sent to the brain viaand the rewarding nature of sex with that partner. This con-
the spinal cord and this signal appears to be NE. The signalsvergence may then lead to the formation of the conditioned
from the vaginocervical stimulation cause a release of OT in partner preference and the subsequent pair pt3163] The
the olfactory bulbs. This OT appears to mediate the release ofmemory of the olfactory signature of the mate would be crit-
vy-aminobutyric acid (GABA), NE and acetylcholine (ACh) ical to the activation of the system and the ability to form a
in the bulbs[41]. The release of NE and ACh is associated selective pair bond, and OT and AVP might play the key role
with an increase in the mitral cells that respond to the lamb’s in the formation of this odor memory. Similar to rat and mice
odor. The mitral cells receive and transmit olfactory informa- social recognition, itis clear that the specific neuroanatomical
tion and are modulated by GABA containing granular cells. sites of action of OT and AVP are essential to mate preference
The OT associated increase in GABA release from granularin pair-bonding.
cells may help modulate the response of mitral cells to the
lamb’s odor and may result in a change in firing frequency,
or tuning, of these neurons that codes for the specific odor

of the offspring lamb[35]. While many neurotransmitters Social recognition is critical for the formation and main-

are involved in selective oﬁgpnng recognition in ewes, OT tenance of all social relationships. The social behaviors of
appears to be the common signal for the release of these neu-

rotransmitters and the resulting development of the selectivemamma"an species varies greatly; however, social cognition
esuiting P . forms the basis for both simple and complex social behav-
olfactory memory and inhibition of the natural aversion to

amniotic fluid[41] iors and OT and _AVP play a fund_amental role in t_he ability
' to form and retain these memories. Rats and mice use so-
cial recognition to recognize a familiar conspecific. Ewes
use social memory to form the critical memory of their off-
spring; prairie voles use social memory to recognize their
mate during pair-bonding. The physiological importance of
these peptides in social cognition has been proven through
the use of receptor antagonists and knockouts that disrupt the
endogenous system and subsequently result in impairments
contrast to the closely related montane vole which is promis- in social _behawors. However, not all regions that shpvy pha_r-
macological responses to exogenous peptide administration

cuous and un|parent$4]: Given the social dn‘f_erences be- ..are necessarily dependent on endogenous peptide actions un-
tween these related species, they present a unique opportunlt}ﬁer normal conditions. Although both central and peripheral

to use acomparative approach tp study the social bonds WhIChadministration of AVP and OT effect social recognition, the
are dependent on accurate social memory.

Similar to the offsoring bonding in ewes. OT appears to findings discussed in this review using site-specific antago-
. Spring bonaing In ewes, ppears nists, antisense injections and localized viral vector expres-
play a critical role in the social-bonding in female prairie

. . . ) sion have shown that the actions of these peptide are localized
voles and the ability to form a selective pair-bond is depen- bep

. . o . to distinct regions in the brain. The precise mechanisms by
e amin ei which OT and AVPrete oc ecognon are Sl ur
. ) clear; however, through the combination of pharmacology,
pair-bond in femalef29]. In males, AVP appears to be the g P 9y

critical peptide as agonists facilitate and antagonists reventtransgenics, and viral vector technology, we are beginning o
A Pep 9 g 'SP elucidate the neural mechanisms involved in the processing
bonding[62]. In both males and females mating stimulates

the formation of the pair boni4]. of pheromonal cues from a conspecific.

Using the comparative approach mentioned above, it has
been determined that the neuroanatomical specificity of re- Acknowledgements
ceptor expression is responsible for the actions of OT and
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receptors for these neuropeptides differs greatly between theViH56897, MH056538, and MH64692 to LJY, and NSF STC
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the OT receptors are located in the nucleus accumbens and
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4. Conclusions

3.2. Pair-bonding in the Prairie vole

Another example of OT and AVP in long-term social mem-
ory is the complex social behavior of the monogamous prairie
vole. Prairie voles are a mouse-like rodent native to North
America. These animals, both female and male, form a last-
ing pair bond with their mate and are biparental. This is in
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