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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.
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. Introduction

The ability to recognize a familiar conspecific is the
oundation for all mammalian social relationships, includ-
ng parent-offspring recognition, mate recognition, and
ominant-subordinate hierarchies. All of these behavioral
rocesses require social discrimination which is a specific

ype of memory that differs from other types of learning and
emory and may be subserved by distinct anatomical and
eurochemical circuits in the brain. While humans and non-
uman primates rely primarily on visual and auditory cues

or individual recognition, many other mammals rely on ol-
actory or pheromonal cues to differentiate individuals. The
eural processing of these olfactory cues is critical to social
emory and is dependent on the integrity of the neuropep-

ide systems for oxytocin (OT) and vasopressin (AVP). While
any peptides may serve as important pheromonal cues in
ammalian and non-mammalian species, OT and AVP are

ritical to the mammalian ability to processes such cues in an
ppropriate manner.

OT and AVP are closely related nonapeptides. They
transcribed from adjacent genes and differ by only two am
acids, suggesting that they arose from an ancestral ge
gene duplication. They are produced in discrete region
the brain and are released both centrally into the brain
peripherally into the circulation. OT and AVP destined
peripheral release is made in the magnocellular neuro
the paraventricular nucleus (PVN) and supra-optic nuc
(SON) of the hypothalamus and released into the bloodst
by the posterior pituitary. Peripherally, OT acts in the ute
to facilitate parturition and in the breast to facilitate m
ejection during lactation. AVP, also know as anti-diuretic h
mone (ADH), acts in the kidney to facilitate re-absorptio
water and the blood vessels to regulate vascular tone[28].
Centrally, these peptides are produced in the parvoce
cells of the PVN as well as in extra-hypothalamic sites[11].
Receptors for these peptides are found in a variety of
cific regions of the brain suggesting that they may play m
different roles centrally.

The majority of evidence for OT and AVP as social me
ory peptides comes from the considerable investigatio
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the rat and mouse. The role of these neuropeptides in more
complex forms of social memory, particularly in parent-
offspring bonds in sheep and pair bonding in voles has also
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been well established. Through the use of pharmacological
agents, transgenics, and viral vectors the specific roles and
brain regions involved in peptide mediated social cognition is
being elucidated. OT and AVP have been shown to be critical
in the olfactory processing of social cues at many levels of
the olfactory circuit and throughout the brain. Furthermore,
OT and AVP mediated social memory can be quite potent
lasting from 1 hour in rodents to a lifetime in voles. This re-
view will cover the evidence for OT and AVP in rodent social
recognition as well as offspring recognition in sheep and mate
preference in pair bonding voles.

2. Social recognition in rodents

Social recognition tests are a group of learning and
memory tasks that were originally created as a non-aversive
alternative to the avoidance paradigms that had been tradi-
tionally used to examine learning and memory behaviors
[57]. While social recognition is a model of learning and
memory, these tests have more recently illustrated the
unique aspects of social cognition. Social recognition tests
make use of the animals’ natural tendency towards olfactory
investigation of novel conspecifics. Anogenital and head
sniffing, as well as close following, are considered olfactory
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and memory[22,61]. Furthermore, the learning and memory
deficits in the naturally occurring AVP mutant Brattleboro rat
supported these findings[59]. These early studies lead to the
hypothesis of a greater role for AVP in many types of learning
and memory.

The early investigations of AVP and social recognition fo-
cused on the ability of subcutaneously administered AVP to
facilitate social recognition in male rats by prolonging the
duration during which the memory is held[10]. Conversely,
male Brattleboro rats which lack AVP were found to have im-
paired social recognition. This impairment could be rescued
by microdialysis administration of AVP into the septum[19],
providing strong evidence for a physiological role of AVP in
social recognition.

Since these early studies there have been many published
reports on the effects of AVP agonist and antagonist adminis-
tration on social recognition in rats. Intracerebro-ventricular
(icv) injections of AVP into male rats immediately after the
initial encounter with a stimulus animal resulted in a similar
potentiation of social memory, as did peripheral AVP admin-
istration[40]. Electrical and osmotic stimulation of the SON
and PVN in male rats resulted in a release of AVP in the
hypothalamus and a facilitation of social recognition[20].
Peripheral AVP antagonist injections impaired social recog-
nition in intact male rats, but had no effect on castrated ones
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nvestigation. While there are now a wide variety of so
ecognition paradigms, they tend to follow one of either
asic models. In the habituation–dishabituation parad

he test animal is repeatedly exposed to a stimulus an
ither a juvenile male or ovariectomized female. Repe
resentations lead to a marked decrease in the amou

ime the test animal spends in olfactory investigation of
timulus animal. At the end, the test animal is exposed
ovel stimulus animal and, normally, the time spent in in

igation returns to the original level (Fig. 1A). This controls
or the possibility of fatigue or disinterest[26]. In the socia
iscrimination paradigm, the test animal is exposed to
timulus animal and then, after a certain interval, simult
usly presented with the same stimulus and a novel stim
ormally the test animal will spend significantly more ti

nvestigating the novel stimulus animal as compared to
riginal stimulus animal (Fig. 1B) [21]. In both paradigms

he time in between trials can be varied to test for facilita
r impairment of social recognition. While, originally, soc
ecognition was introduced as a non-aversive para
or testing the effects of AVP on learning and memory
eneral; it is now well established that social recogni

s a unique form of learning and memory utilizing disti
eural mechanisms specific for social processing, and
ritical component of the social brain.

.1. Vasopressin

The ability of AVP to modulate complex behavior w
riginally observed in the 1960s by David de Wied, and
used on the ability of AVP to potentiate avoidance lear
6,10] suggesting a role for sex hormones in the contro
ocial recognition. Central administration of anti-AVP se
lso resulted in impaired social recognition in male rats[60].

While peripheral and central injections of AVP agon
nd antagonists clearly demonstrate a role for AVP in
ial recognition, studies using site-specific injections of th
gents help clarify the significance of certain brain region
VP-mediated social recognition. The lateral septum
ains a dense plexus of AVP projections from the me
mygdala (MeA) and bed nucleus of the stria termin
BNST) as well as a high density of AVP receptors, makin
natural target for study[7,11,13,31,54,55]. Site-specific in

ections of AVP into the lateral septum of male rats resulte
facilitation of social recognition by prolonging the time o
hich the memory was held, as did septal AVP administra
sing retrodialysis[19,23]. Furthermore, osmotic stimulatio
f the SON and PVN in male rats resulted in an increas

ntra-hypothalamic and intra-septal AVP and improved so
ecognition[20]. Conversely, lateral septum administratio
non-selective AVP antagonist blocked normal social re
ition in male rats[23,24]. Social recognition was also d
upted by administration of anti-AVP serum into the ven
nd dorsal hippocampus and the dorsal lateral septum[60].

Using pharmacology, the principle role of AVP has b
ell established but the existence of two central brain re

ors for AVP, namely V1a receptor (V1aR) and V1b rece
V1bR), has made it difficult to determine which AVP rec
or is involved in social recognition. Both receptors are se
ransmembrane, G-protein coupled receptors of the G
lass, differing in their binding affinities for different ligan
66]. Historically, the V1bR was thought to exist only in t
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Fig. 1. Social recognition paradigms for rodents. (A) Social habituation–dishabituation paradigm. The test animal is exposed to the same stimulus animal
for four successive one minute trials with a set inter-trial interval. During the fifth dishabituation trial the test animal is exposed to a novel stimulus animal.
(B) Social discrimination paradigm. During the first trial, the test animal is exposed to a stimulus animal for five minutes. During the second trial, after a set
inter-trial interval, the test animal is exposed to the same stimulus animal and a novel stimulus animal. Data shown are idealized data typically obtained in these
paradigms.

anterior pituitary, while the V1aR is located in many areas
throughout the brain. However, recent evidence suggests that
the V1bR is also located in several discrete regions through-
out the brain[1,58]. Both receptor subtypes could mediate
AVP effects on social recognition; however most of the be-
havioral effects of AVP have been attributed to the V1aR.

The use of selective V1aR antagonists suggests this sub-
type to be critical in social recognition. Icv administration of

a V1aR antagonist blocks social recognition in male rats, as
does V1aR antagonist administered by retrodialysis into the
lateral septum[19,39]. Furthermore, V1aR antagonists block
the potentiation of social recognition caused by increased
AVP release in response to osmotic stimulation[20].

The importance of the V1aR in social recognition has also
been demonstrated using a variety of molecular techniques.
Antisense oligodeoxynucleotides to the V1aR mRNA were
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created in order to develop and test a knockdown strategy
for investigating the importance of this receptor in behavior.
The antisense oligos were infused into the lateral septum of
male rats by osmotic minipumps. This resulted in a significant
decrease in V1aR density in the lateral septum as measured
by receptor autoradiography. The decrease in V1aR levels
resulted in a complete disruption of social recognition[39].

Conversely, the same group used viral vectors to over ex-
press the V1aR. An adeno-associated viral vector containing
the prairie vole V1aR was bilaterally infused into the lat-
eral septum of normal rats. This resulted in a stable increase
in V1aR binding of 344%. The over expression of V1aR in
the lateral septum resulted in a facilitation of social recogni-
tion by prolonging the time over which the memory is held;
the ability to recognize a familiar conspecific was extended
beyond controls, and was nearly significant at 24 h. This fa-
cilitation was blocked by microdialysis administration of a
selective V1aR antagonist[38].

A critical role for the V1aR in social recognition has
also been demonstrated in male mice. A V1aR knockout
mouse (V1aRKO) was created that completely lacks func-
tional V1aR. These mice show no V1aR binding in the brain
and show a complete disruption in social recognition (Fig. 2A
and B). This deficit is not due to a general deficit in olfaction.
When the social recognition paradigm was repeated with a
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AVP’s critical role in social recognition has been known
since the 1980s and with the development of better pharma-
cological agents and newer molecular technologies including
transgenic mice and viral vectors, the exact role of AVP and
its receptors in rodent social recognition has become clearer.
It is evident that this neuropeptide plays a fundamental part in
the animal’s ability to process the olfactory and pheromonal
cues of conspecifics.

2.2. Oxytocin

The historical evidence for the role of OT in social recog-
nition is less straightforward and complete as compared to
AVP; however, it is clear from more recent investigations
that OT is critical for normal social recognition in both male
and female rats and mice.

It was originally suggested that OT and AVP had opposing
effects on memory, with AVP facilitating, and OT attenuat-
ing learning and memory. The initial studies on OT in social
memory showed an attenuation of social recognition when
OT was administered peripherally in high doses in male rats
[49]. This attenuation was blocked with administration of OT
antagonists. The resulting plasma levels of OT were subse-
quently found to be well outside the physiological levels for
this peptide[49]. Later studies with more physiological lev-
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cented cotton ball, scented with either coconut, or anis
ract, instead of stimulus animals, the V1aRKO animals w
ble to habituate and dishabituate to this non-social
Fig. 2C). This suggests that the actions of V1aR and A
n social recognition are specific for social odors and no
etection and/or processing of all scents. These mice als

ormed normally in non-social learning and memory ta
uch as the Morris Water Maze, as well as tests for sen
otor gating, such as pre-pulse inhibition[4].
While the V1aR has been shown to be critical in so

ecognition, there is mounting evidence for a role of the V
s well. Male V1bR knockout mice (V1bRKO) that lac

unctional V1bR have also been shown to have a mild de
n social recognition in the two tests for social memory. In
abituation paradigm the V1bRKO were slower to recog

he stimulus animal but did “catch-up” to the WT and rec
ized the stimulus animal eventually. In the discrimina

est the V1bKO did demonstrate a significant deficit in
ial recognition. This social recognition deficit appears
rofound then the V1aRKO mice suggesting that the V
eceptor may play a less significant role in short-term so
ecognition. Female V1bRKO mice did differ significan
n the Bruce effect, a more long-term test of social m
ry. The Bruce effect is a phenomenon in which a previo
ated female will block the implantation of fertilized egg

xposed to an unfamiliar male after the initial mating. T
ffect requires a more long-term social memory of the o

ory signature of the original male and the ability to recog
he novel male as unfamiliar. Female V1bRKO mice did
isplay the Bruce effect and remained pregnant regardle

he exposure to a novel male[56].
ls of OT demonstrated that peripheral administration o
t low doses, in fact, facilitated social recognition in m
ats[51]. These findings suggest that the effects of OT on
ial recognition follow an inverted U-shaped dose resp
urve where moderate doses facilitate, and high doses
ate social recognition. The same dose response curv
een found in OT administered centrally (icv) in male r
T antagonist administered centrally blocked the facilita
ffects of low dose OT but did not disrupt social recogni
er se. This antagonist also blocked the attenuation effe
igh doses of OT[2]. It has been demonstrated that differ
egions of the OT molecule are responsible for the facilita
nd attenuation effects of OT on social recognition, sug

ng that OT may facilitate and attenuate social memory u
istinctive mechanisms[50]. Icv administration of OT in fe
ale rats did not facilitate social memory, but administra
f OT antagonists did interfere with the animals’ ability to

ablish normal social memory[18]. The ability of OT agonist
o facilitate social recognition in males and not female
he ability of OT antagonists to interfere with normal so
ecognition in females but not males suggested the pos
ty of a sexual dimorphism with respect to the roles of O
ocial recognition in the rat.

The evidence for OT in social recognition in mice, b
emale and male, is more straight-forward than that in
nvestigations of an OT knockout (OTKO) mouse reveal
otal deficit in social recognition. Male OTKO mice, whi
ompletely lack the OT peptide, never displayed the typ
eduction in olfactory investigation upon repeated expos
o the same stimulus female. Like the V1aRKO mice,
eficit was not due to a more general deficit in olfactio
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Fig. 2. V1aRKO, social recognition and olfactory habituation. (A) V1aR binding autoradiograms illustrating125I linear 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 dishabituation trial depicts the
response to a novel female in a one-minute pairing 10 min after the fourth trial. WT mice showed a significant decrease in olfactory investigation afterrepeated
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 fifth, dishabituation
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 V1aRKO (open
circles) mice showed a decrease in investigation upon subsequent presentations of the same scented cotton ball on trials 2, 3, and 4.∗∗P < 0.01,∗P < 0.001.
Error bars represent± S.E.M. Asterisks represent a significant decrease between each trial as compared to the first trial. Reprinted from[4].

they were able to habituate to a scented cotton ball used as
a non-social olfactory stimulus, suggesting that OT is crit-
ical to the processing of specifically social cues. These an-
imals showed normal OT receptor distribution and quantity
using autoradiography, as well as, normal non-social learning
and memory as measured by the Morris Water Maze[26,47].
The deficit in social recognition was reversible with both icv
and site-specific injections of OT. Furthermore, normal so-
cial recognition was blocked in the WT mice with a single icv
injection of OT antagonist before the initial encounter[25].
The ability to rescue social recognition in OTKO mice with a
single injection of OT clearly demonstrates the importance of
this peptide in the processing of social cues and subsequent
social recognition in the male mouse.

The social recognition deficits of the OTKO mice are not
limited to male mice. The female OTKO mice also show a sig-
nificant deficit in social recognition that was not attributable
to other behavioral changes. In addition, OTKO females are
unable to distinguish healthy from parasite infected males
during mate selection[8,32]. The essential role of OT in so-
cial memory in female mice has also been demonstrated by

the effects of OTKO on the Bruce effect. OTKO females
failed to remain pregnant if re-exposed to either their mate
or a novel male. Only females that were allowed to remain
with their mate maintained pregnancy[56]. This inability to
distinguish between the mate and novel male in the OTKO fe-
males demonstrates the importance of OT in long-term social
memory as well as short-term social recognition.

2.3. Anatomical and neurochemical circuitry of social
recognition

As important as the neuropeptides, are the anatomical re-
gions in which they act and the other systems with which
they interact. The behavioral effects of site-specific agonists
and antagonists demonstrate not only a dependence of social
memory on OT and AVP, but also a critical involvement of
certain brain regions for the effects of these neuropeptides. It
is evident that OT and AVP do not act alone to mediate social
recognition, but must interact with, and possibly modulate,
other neurotransmitter systems. Finally, the time of action of
these neuropeptides also appears to be critical to their effects
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on social memory. Because of the complex nature of social
behavior, the effects of these neuropeptides cannot be fully
understood without a discussion of anatomy, neurochemistry,
and timing.

Evidence suggests that both OT and AVP act in specific
brain regions and that some of these regions are common
while others appear specific for the different neuropeptides.
Furthermore the anatomical regions involved in rodent social
recognition are, not surprisingly, those that mediate olfaction,
learning and memory, and those areas that express receptors
for the neuropeptides.

Social recognition in rats and mice begins with the detec-
tion of pheromones from the conspecific. One class of indi-
vidual recognition signals and pheromones are thought to be
in the animals’ urine and in mice small volatile pheromones
that are bound and released by the major urinary proteins
(MUPs). MUPs are highly polymorphic and the patterns of
MUPs may confer the unique olfactory signatures that are
critical to individual recognition in mice, as well as effect-
ing delivery of pheromones to the chemosensory receptor
neurons in the olfactory epithelium and vomeronasal organ
[3,44]. The vomeronasal organ projects to the accessory ol-
factory bulb (AOB), and the olfactory epithelium projects to
the main olfactory bulb (MOB). The AOB and MOB project
to higher brain regions that have been shown to be involved in
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OT into the olfactory bulb of male rats increases NE release
and that this activates�-adrenoreceptors. This activation is
necessary for OT facilitation in the olfactory bulb[14]. These
data suggest that AVP and OT may affect social recognition
by activating the NE system.

To determine what higher order anatomical regions are
involved in OT-mediated social recognition, c-fos immuno-
cytochemistry was used in the OTKO mice. After a brief
social encounter with a stimulus animal, male WT animals
showed Fos-immunoreactivity (IR) in the MeA, the BNST,
the medial preoptic area (MPOA), the MOB and the AOB, the
lateral septum, the cortical amygdala, and the piriform cortex.
The OTKO mice showed Fos-IR in all of these areas except,
the MeA, the BNST, and the MPOA. Given that the MeA re-
ceives olfactory input from the AOB and the MOB, and that
the BNST and the MPOA are down stream from the MeA, the
MeA was chosen as the target for site-specific injections. OT
injections into the MeA in the OTKO rescued social recogni-
tion and OT antagonist injected into the MeA in WT blocked
normal social recognition[25]. These findings suggest that
the MeA is critical for OT-mediated social recognition. Fur-
thermore, lesion studies of the amygdala have shown this area
to be critically involved in a variety of social behaviors[9,48].

As discussed above, the lateral septum appears to be a crit-
ical brain region for the effects of AVP on social recognition.
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In addition to their roles in pheromonal detection,
lfactory bulbs and the vomeronasal organ have also
emonstrated as regions critical to OT and AVP effect
ocial recognition. Bilateral injections of either AVP or
nto the olfactory bulbs of male rats resulted in a facilita
f social recognition; however, antagonists to AVP and
id not have an effect on normal social recognition[15]. This
aises the possibility that the actions of OT and AVP in
lfactory bulbs are pharmacological and not physiolog
ffects. However, rats that have had the vomeronasal
emoved show a decrease in social investigation, tempo
mpaired social recognition, and were no longer respon
o an AVP antagonist[5].

In the olfactory system, OT and AVP have been sh
o directly interact with other neurotransmitter systems
hese systems, the NE system appears to be critical to
nd OT-mediated social memory. Depletion of NE usin
HDA in the olfactory bulbs of male rats abolishes A
nd OT facilitation of social recognition but does not bl
ormal social recognition[16]. In OT-mediated facilitatio
f social recognition, it has been shown that retrodialys
he lateral septum is involved in a wide variety of behavi
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any higher order brain regions involved in social behav
nd learning and memory, including the MeA, hippocam
nd hypothalamus[7,11,12,27,54]. Furthermore, the later
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nd contains a high density of AVP receptors[11,13,54]. The
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odent social recognition.

The hippocampus has also been shown to be impo
n social recognition. Ibotenic lesions of the hippocam
isrupts normal social recognition in mice[37]. In rats, sur
ical lesions of the hippocampus and related structures

mpaired social recognition and behavior[45,46]. Anti-AVP
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Fig. 3. Social recognition and olfactory pathways in rats and mice. Schematic depicts the hypothetical pathways from olfactory activation to highercognitive
processing as deduced from studies in rats and mice. Abbreviations: AOB, accessory olfactory bulb; AVP, vasopressin; BNST, bed nucleus of the stria terminalis;
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 encounter[15,40]. 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 cues[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,
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[5,17,42,53]. The
olfactory bulbs project to the MeA where OT acts to modulate
the initial social encounter and formation of social memory.
The MeA projects to the BNST and both of these regions
send AVP projections to the lateral septum where AVP acts
to modulate the processing and/or recall of social cues. The
lateral septum is reciprocally connected to the hippocampus
which is critical for the storage and retrieval of many types of
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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
[33]. It is 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
trigger the formation of the olfactory memory necessary to
recognize the offspring. C-fos and lesions studies have identi-
fied several brain regions to be important in offspring recog-
nition and maternal behavior in ewes. Some of these brain
regions are the same as those critical in social recognition in
r tum,
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s ght to
b ugh
t ese
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emories. The lateral septum is also connected to the M
n the hypothalamus which is critical for sexual behavi
E may act at many of these areas to affect social recogn

Fig. 3). The proposed circuit is hypothetical and has b
educed from the studies discussed above; clearly there
e species differences in the anatomical connections an
ites of action of neuropeptides and neuromodulators.

. Social recognition in complex social behaviors

Historically, social recognition has been studied in rats
ice and has been defined as the ability to recognize a fam

onspecific over a relatively short period of time. While
nd AVP can increase the duration of social recognition

ype of social memory is still considered short-term. Th
re other examples of social recognition in other species
re more enduring and can be considered permanent
emories. OT and AVP are critical in these diverse and m
l

ats and mice. These regions include the MeA, lateral sep
POA, BNST, olfactory bulbs and hippocampus, and a

hese regions contain OT cells, terminals, or fibers[33].
Given this evidence and the findings in rats and mic

s not surprising that OT plays a critical role in offspr
ecognition and maternal bonding in sheep. OT relea
irth or in response to vaginocervical stimulation has b
hown in the BNST, MPOA, and the lateral septum, reg
nown to be important in social memory in rodents[33].
cv OT administration can induce a full maternal respo
n nonparturient, multiparous ewes and cerebrospinal
evels of OT are elevated in post-partum ewes[34,36].

OT appears to facilitate offspring recognition and ma
al bonding by inhibiting the aversive responses of the ew

he amniotic fluid odors and by inhibiting the aggressive
ponses to the lamb. These aversive behaviors are thou
e mediated by projections from the olfactory bulbs thro

he amygdala and BNST to the MPOA. OT could act on th
rojections at multiple points to inhibit this aversion and fa
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itate the offspring recognition that is critical to the induction
and survival of the maternal bond[33].

The most direct role for OT in offspring recognition how-
ever, occurs in the olfactory bulbs. The effects of vaginocervi-
cal stimulation are dependent on signals sent to the brain via
the spinal cord and this signal appears to be NE. The signals
from the vaginocervical stimulation cause a release of OT in
the olfactory bulbs. This OT appears to mediate the release of
�-aminobutyric acid (GABA), NE and acetylcholine (ACh)
in the bulbs[41]. The release of NE and ACh is associated
with an increase in the mitral cells that respond to the lamb’s
odor. The mitral cells receive and transmit olfactory informa-
tion and are modulated by GABA containing granular cells.
The OT associated increase in GABA release from granular
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
are involved in selective offspring recognition in ewes, OT
appears to be the common signal for the release of these neu-
rotransmitters and the resulting development of the selective
olfactory memory and inhibition of the natural aversion to
amniotic fluid[41].

3.2. Pair-bonding in the Prairie vole
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brain. It has been proposed that the convergent activation of
the OT and AVP systems involved in individual recognition
and the reward pathways in response to mating may lead to
an association between the olfactory signature of the partner
and the rewarding nature of sex with that partner. This con-
vergence may then lead to the formation of the conditioned
partner preference and the subsequent pair bond[43,63]. The
memory of the olfactory signature of the mate would be crit-
ical to the activation of the system and the ability to form a
selective pair bond, and OT and AVP might play the key role
in the formation of this odor memory. Similar to rat and mice
social recognition, it is clear that the specific neuroanatomical
sites of action of OT and AVP are essential to mate preference
in pair-bonding.

4. Conclusions

Social recognition is critical for the formation and main-
tenance of all social relationships. The social behaviors of
mammalian species varies greatly; however, social cognition
forms the basis for both simple and complex social behav-
iors and OT and AVP play a fundamental role in the 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-
s their
m e of
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t pt the
e ents
i har-
m ration
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Another example of OT and AVP in long-term social me
ry is the complex social behavior of the monogamous pr
ole. Prairie voles are a mouse-like rodent native to N
merica. These animals, both female and male, form a

ng pair bond with their mate and are biparental. This i
ontrast to the closely related montane vole which is pro
uous and uniparental[64]. Given the social differences b
ween these related species, they present a unique oppo
o use a comparative approach to study the social bonds
re dependent on accurate social memory.

Similar to the offspring bonding in ewes, OT appear
lay a critical role in the social-bonding in female pra
oles and the ability to form a selective pair-bond is de
ent on the ability to recognize the mate. OT administra

acilitates and OT antagonist prevents the formation of
air-bond in females[29]. In males, AVP appears to be t
ritical peptide as agonists facilitate and antagonists pre
onding[62]. In both males and females mating stimula

he formation of the pair bond[64].
Using the comparative approach mentioned above, i

een determined that the neuroanatomical specificity o
eptor expression is responsible for the actions of OT
VP in the pair-bonding prairie voles. The distribution of
eceptors for these neuropeptides differs greatly betwee
onogamous and promiscuous species. In the prairie

he OT receptors are located in the nucleus accumben
he AVP receptors are located in the ventral pallidum.
ontane voles do not show this receptor distribution fo

her peptide[30,65]. The nucleus accumbens and the ven
allidum are both critical parts of the reward circuitry in
pring; prairie voles use social memory to recognize
ate during pair-bonding. The physiological importanc

hese peptides in social cognition has been proven thr
he use of receptor antagonists and knockouts that disru
ndogenous system and subsequently result in impairm

n social behaviors. However, not all regions that show p
acological responses to exogenous peptide administ
re necessarily dependent on endogenous peptide actio
er normal conditions. Although both central and periph
dministration of AVP and OT effect social recognition,
ndings discussed in this review using site-specific ant
ists, antisense injections and localized viral vector exp
ion have shown that the actions of these peptide are loc
o distinct regions in the brain. The precise mechanism
hich OT and AVP regulate social recognition are still
lear; however, through the combination of pharmacol
ransgenics, and viral vector technology, we are beginni
lucidate the neural mechanisms involved in the proce
f pheromonal cues from a conspecific.
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