
PERSPECTIVES

Model systems
To study the neural basis of attachment, we
need model systems with three features.
First, we need to be able to observe a clear
onset of the behaviour to identify factors
that initiate or inhibit the formation of
attachment bonds. Second, attachment
behaviour must be, by definition, selective
and enduring. Selectivity distinguishes
attachment from generalized social interac-
tion. Duration distinguishes a bond from a
transient preference. And finally, we need to
be able to measure and manipulate these
behaviours. Studies of social affiliation and
attachment have spanned gene targeting in
Caenorhabditis elegans2 to psychodynamic
approaches in humans3. In mammals, ele-
gant studies of non-human primates, par-
ticularly of monogamous species including
the New World callitrichids who show
biparental care4 and the Old World titi
monkey in which pair bonds are expressed
by tail twining5, have described the behav-
ioural features of social attachment. There
is, as yet, no indication of neural systems
that are involved in pair bond formation in
these species. With the exception of phar-
macological studies in maternal monkeys6

and recent human imaging studies7,8, inves-
tigations of neural systems that are impor-
tant for attachment have so far used non-
primate mammals. Investigations of the
molecular and cellular mechanisms that
underlie these behaviours have focused on:
first, infant attachment to a parent; second,
maternal behaviour in species with selective
care of their young; and last, partner prefer-
ence formation in species with long-term,
selective bonds.

Infant–mother attachment
The study of neural mechanisms that under-
lie infant attachment has progressed furthest
in species with precocial offspring. Within a
discrete developmental window, the newly
hatched chick shows visual imprinting, an
enduring selectivity for following the mother
(or a mother-like object) that can be quanti-
fied with great accuracy. Imprinting in the
chick is not a single process but consists of at
least three largely independent processes that
are relevant to all other forms of attachment.
First, there is the approach response, which is
associated with increased arousal and inhibi-
tion of avoidance. This is followed by the
acquisition or learning stage when chicks
form a long-term memory for the imprinted
stimulus, a stimulus that is partially pre-
specified9. Finally, marking the end of the
sensitive period for learning, there is a rever-
sal of the approach–avoidance bias as chicks
begin to avoid new objects while continuing
to follow the familiar imprinted object.

A region within the intermediate medial
part of the hyperstriatum ventrale (IMHV)
of the chick brain is critical for acquisition
and early consolidation of the memory of an
imprinted visual stimulus10. A related region,
the mediorostral neostriatum11, responds
selectively to imprinted auditory stimuli12,13.
The learning phase of imprinting in the
chick, whether it is visual or auditory, involves
early and persistent enhancement of pre-
synaptic release of amino acids, as well as
changes in postsynaptic ultrastructure within
specific cortical regions10. It is not clear how,
or if, these changes differ from other forms of
visual or auditory learning in chicks or which
systems modulate the approach–avoidance
changes that are necessary for imprinting.

The study of infant attachment in mam-
mals has not identified a specific neural cir-
cuit or predominant neurochemical system.
In rat pups, a great number of neurochemical
systems increase or decrease the number of
ultrasonic distress calls14, but the response to
separation might be neurochemically distinct
from the process of attachment. We know

It is difficult to think of any behavioural
process that is more intrinsically important
to us than attachment. Feeding, sleeping
and locomotion are all necessary for
survival, but humans are, as Baruch
Spinoza famously noted, “a social animal”
and it is our social attachments that we live
for. Over the past decade, studies in a range
of vertebrates, including humans, have
begun to address the neural basis of
attachment at a molecular, cellular and
systems level. This review describes some
of the important insights from this work.

Social attachment is not only intrinsically
important, it is intrinsically difficult to study.
One of the early pioneers in this area, Harry
Harlow, described the different behavioural
processes that are involved in the formation of
parent–infant, filial and pair (male–female)
bonds1. Each of these involves multi-sensory
processing (predominantly olfactory in
rodents and visual in primates) and complex
motor responses (for example, proximity
seeking, nurturing responses and defensive
behaviours). Attachment also requires several
cognitive processes that link sensory inputs to
motor outputs, including attention, memory,
social recognition, and, perhaps most charac-
teristically, motivation. In non-human ani-
mals, this motivational aspect of attachment
can be assessed as proximity seeking, a social
preference or a separation response. In
humans, the ultimate form of this motivation
is what we experience as ‘love’. Recent studies
have begun to reveal neural mechanisms for
social recognition, nurturing behaviour and,
most importantly, the development of specific
social preferences.
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retrieve and defend young, and develop a
species-typical arched back posture for nurs-
ing20. Many of the same neuroendocrine fac-
tors that are associated with pregnancy, par-
turition and lactation are also critical in this
transition from avoidance to nurturing
behaviour. Indeed, the changes in oestrogen
and progesterone that accompany gestation
and delivery are sufficient for inducing
maternal behaviour in virgin females21.
However, we still know relatively little about
where or how these gonadal steroids affect
neuronal activity to facilitate maternal
behaviour.

Although there is no defined nucleus or
circuit for motherhood in the rat brain, lesion
studies, patterns of immediate-early gene
expression and pharmacological manipula-
tions have all implicated the medial preoptic
area (MPOA), the overlying bed nucleus of the
stria terminalis (BNST) and selected projec-
tion sites, including the lateral habenula and
the ventral tegmental area (VTA)20,22,23. The
abundant literature on the MPOA has still not
defined how this structure changes with the
onset of maternal behaviour, but there is con-
siderable evidence from lesion studies that the
MPOA is particularly critical for the integra-
tion of perioral sensory cues that permit nest
building and retrieval of pups24.

Neuropeptides, such as prolactin and oxy-
tocin, which are involved in lactation, have
been implicated as central neuroendocrine
mediators of rat maternal care. In rats, pro-
lactin administration facilitates maternal
behaviour in a steroid-primed non-pregnant
rat and treatments that decrease prolactin lev-
els inhibit maternal care25. A mouse with a
prolactin receptor null mutation shows
impaired maternal retrieval and nest build-
ing26. Oxytocin, a uniquely mammalian neu-
ropeptide, also facilitates the onset of maternal
behaviour27, but is not required once maternal
behaviour is established28. These results have
indicated that oxytocin might be important
for the transition from avoidance to approach
of the young. The facilitation of maternal
behaviour by oxytocin might be mediated
either through the VTA, the MPOA or from
within the olfactory bulb, as injections of a
selective oxytocin antagonist into each of these
sites can block the onset of maternal care29,30.

It is important to realize that in rats, as in
many mammals, the onset of maternal behav-
iour involves overcoming a natural avoidance
of neonates and, specifically neonate odours.
Thus, in rat females, the initiation of mater-
nal care is facilitated by lesions that reduce
olfactory processing31. Oxytocin that is
released centrally at parturition32 seems to
decrease the firing rate of mitral and granule

mals, we know remarkably little about how
social attachment, as opposed to general
environmental enrichment18, modifies the
developing brain.

Mother–infant attachment
Mammalian maternal behaviour is extremely
diverse19. At one extreme are the minimally
maternal eutherian species such as tree shrews
and rabbits that spend only a few minutes
each day in contact with their young. At the
other extreme are species, including many
primates, that seem ‘promiscuously parental’,
showing maternal behaviour throughout the
life cycle. Between, there are many species for
whom maternal care is restricted to the post-
partum period, providing a clear onset and
offset, with an opportunity for the study of
neural mechanisms of this behaviour.

Maternal motivation — the rat. The Norway
rat is a species in which females either actively
avoid or attack pups until just before deliv-
ery, at which time they begin to build a nest,

more about how infants learn to identify
their mothers. Unlike imprinting in chicks,
maternal recognition is largely an olfactory
process in rat pups, involving noradrenaline-
mediated pathways for olfactory learning15.
The neuropeptide oxytocin has a curious
effect on olfactory learning in rat pups. Pups
can be rapidly conditioned to stimuli that
are associated with maternal odours or
maternal care16. Oxytocin facilitates learning
in pups when the association is to social
cues, such as the mother, but it fails to alter
learning that is associated with non-social
stimuli17. Conversely, an oxytocin antagonist
delays this form of conditioning, indicating
that this neuropeptide might be important
for forming associations that are specifically
related to the mother17. In contrast to the
studies of imprinting in chicks, so far there
are no comparable reports that identify a
specific cortical region for attachment in the
neonatal mammalian brain. Although social
experience is critical for the normal develop-
ment of the brain and behaviour in mam-
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Figure 1| Oxytocin and maternal behaviour in the sheep brain. Within 2 hours of parturition the ewe
develops a selective, permanent bond to her lamb. One neurobiological model for this process43 posits
that afferent stimulation through the spinal cord from vaginocervical dilation during parturition increases
the activity of noradrenaline cells in the brainstem (A1, A2 and A6), which project to the paraventricular
nucleus (PVN) in the hypothalamus, as well as to the olfactory bulb. Stimulation of oxytocin cells in the
PVN facilitates maternal behaviour through coordinated effects on several regions in which oxytocin
increases GABA (γ-aminobutyric acid) and noradrenaline release. Oxytocin in the olfactory bulb and medial
preoptic area reduces aggressive or aversive responses to newborn lambs. Oxytocin in the mediobasal
hypothalamus inhibits post-partum oestrus. On the basis of data from rats, oxytocin in the ventral
tegmental area might facilitate the onset of maternal nurturing behaviours, although this has yet to be
shown in the sheep brain. Projections to the lateral septum and cingulate cortex have not yet been studied
for their functional significance. (Figure modified from REF. 43 © (1997) with permission from Elsevier
Science, and includes release data based on microdialysis studies and behaviour data based on
retrodialysis of oxytocin into regions noted.) 
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bulb) is reduced during parturition and virtu-
ally absent after VCS in inexperienced ewes
compared with experienced females43,45. After
development of a bond, even within a few
hours,VCS can stimulate oxytocin release and
induce maternal acceptance for the rest of the
ewe’s life. This permanent effect of experience
on a neurochemical and behavioural response
to a simple sensory input is reminiscent of
imprinting in chicks. But how does experience
result in a permanent reorganization of the
response to lambs? And how does this accep-
tance become selective, such that a single lamb
is accepted but all others are rejected? An
answer to this latter question requires an
investigation of olfactory learning.

Olfactory learning. In contrast to declarative
memory or various types of hippocampal
learning that have been studied in rats and
monkeys46, the form of permanent ‘imprint-
ing’ that occurs in sheep seems to involve pri-
marily a reorganization of the olfactory bulb47.
Early in the post-partum period, the mother’s
selective bond with her lamb can be shown by
two marked physiological changes in addition
to her behaviour. Recordings in the mitral cell
layer of the bulb during the first weeks post-
partum reveal a 60% increase in the number
of cells that respond preferentially to lamb
odours, compared with those made during
late pregnancy47. Of this group of cells, ~30%
respond specifically to the ewe’s own lamb and
not to other lambs47. In addition to this physio-
logical correlate of selectivity, within 24 hours
of parturition, the ewe’s own lamb odour elic-
its a robust increase in extracellular concentra-
tions of glutamate and GABA (γ-amino-
butyric acid) within the olfactory bulb47. This
effect seems to be selective, as neither gluta-
mate nor GABA is released in response to

cells in the bulb33, thereby decreasing olfacto-
ry processing and facilitating approach
behaviour. This might be a critical step for
the initial acceptance of pups (in addition to
the effects of the peptide on maternal moti-
vation) and it might be mediated through
the VTA. The onset of maternal care in the
rat requires at least two potentially neurobio-
logically independent events: first, inhibition
of the avoidance/attack response to pup
odours; and second, subsequent initiation of
nurturing responses to pups.

Selective maternal care — sheep. A post-par-
tum rat is virtually a maternal machine, car-
ing for any pups placed in her nest. Rat
maternal care may be intense, reflecting
‘attachment’ to a generic pup, but it is not
selective. Sheep, which are highly selective,
have proven more rigorous models of
attachment, because the post-partum ewe
rejects any lamb that is not her own. In addi-
tion to overcoming avoidance and initiating
nurturing behaviour as observed with rats,
the ewe must learn who is her lamb. Being a
herd animal and seasonal breeder, she must
learn this individual recognition quickly and
accurately.

As with rats, gonadal steroids are impor-
tant for priming the onset of maternal behav-
iour in sheep. But, in contrast to rats, prolactin
does not seem critical for sheep maternal
behaviour34. Much of our understanding of
the onset and selectivity of maternal care in
sheep has been based on the curious observa-
tion that vaginocervical stimulation (VCS)
can induce almost immediate maternal
behaviour in a steroid-primed non-pregnant
ewe35. Furthermore, VCS will induce accep-
tance of an alien lamb even two to three days
after she has bonded with her own lamb36.
Epidural anaesthesia blocks these effects of
VCS, indicating that central feedback might
be essential34.

How does the process of birth or VCS
induce acceptance of a lamb? VCS and birth
are both potent stimuli for release of the neu-
ropeptide oxytocin within the central nervous
system (CNS)37 and, as with rats, oxytocin
seems to be important for the onset of mater-
nal care. Oxytocin can facilitate acceptance of
an alien lamb, even in a non-pregnant ewe
within 30 seconds of intra-cerebral ventricu-
lar (icv) injection38,39. In post-partum females
in which maternal behaviour has been pre-
vented by epidural anaesthesia, icv adminis-
tration of oxytocin can induce a maternal
response40. Although the location of the
effects of oxytocin is not entirely clear, oxy-
tocin mRNA and oxytocin receptor mRNA
are increased regionally in the sheep brain

post-partum41,42. A series of site-specific injec-
tion studies by Kendrick and colleagues point
to a distributed network of effects with some
regions that are important for selectivity and
others that are related to nurturance43 (FIG. 1).

Injections of oxytocin into the MPOA or
olfactory bulb reduce rejection of an alien
lamb, much as described in rats, but these
injections in sheep are not sufficient for
inducing nurturing behaviour. Injections

near the oxytocin synthesizing cells of the
paraventricular nucleus of the hypothalamus
(PVN) induce the entire complement of
sheep maternal behaviours, possibly because
autoreceptors on these cells mediate a short
positive-feedback loop to increase oxytocin
cell firing and coordinate oxytocin release in
several terminal fields44.

Although considerable data might indicate
the importance of oxytocin release in the CNS
for the initiation of maternal care, the effects
of oxytocin interact with experience, as they
are more evident in females with a history of
parental care. Oxytocin can induce lamb
acceptance in an inexperienced ewe in which
peridural anaesthesia blocks maternal behav-
iour40, but oxytocin release (in the olfactory
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Box 1 | Mechanisms for olfactory learning

Mitral cells contain glutamate and are closely regulated by inhibitory synapses with granule cells
and periglomerular cells. According to the model developed by Kendrick and co-workers, during
vaginocervical stimulation (VCS) or birth, increased noradrenaline-mediated stimulation leads
to decreased release of GABA (γ-aminobutyric acid) from granule cells, disinhibiting mitral
cells47. With incoming olfactory signals from the lamb in the presence of this disinhibited state,
mitral cells increase their release of glutamate, which activates ionotropic autoreceptors and
provides a short loop positive feedback on mitral cell activation. This model is consistent with
the results of in vivo microdiaysis experiments: extracellular concentrations of both glutamate
and GABA within the bulb increase in response to lamb odours, with the ratio favouring
glutamate. With concurrent granule cell and mitral cell activation, there is an increase in nitric
oxide (NO) generation48. Mitral cells (but not granule cells) have the guanylyl cyclase subunits
that are necessary for generation of cyclic GMP. The increase in cGMP in mitral cells facilitates
the release of glutamate. Blockade of either neuronal nitric-oxide synthase or guanylyl cyclase
activity blocks the increase in glutamate and GABA release and also prevents formation of the
memory of the ewe’s own lamb48. The same treatments have no effect 24 hours post-partum,
after the ewe has learned her lamb’s odour.

“… recent studies with
chicks, rats, sheep, voles and
now humans have begun to
reveal some important
candidates for the
neurobiology of social
attachment”.
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changes have now been observed with olfac-
tory conditioning in mice49. In sheep, these
changes seem to be under the influence of
gonadal steroids50, but it is otherwise not yet
clear how the process in sheep is distinct
from olfactory learning that does not involve
an enduring, selective attachment to the
young. Specifically, we do not know how, in
sheep, the ‘imprinting’ of the lamb’s odour
permanently opens a sensory gate that signals
acceptance to the ewe, whereas rejection
remains her response to all other lambs. The
permanent experience-dependent changes in
the post-partum ewe offer an excellent
opportunity for identifying the cellular
mechanisms for long-term memory in either
the olfactory bulb or the higher order stages
of olfactory processing.

Studies in sheep might not only yield
important clues for the cellular mechanisms
of long-term memory, they might also hold
great promise for revealing the neural mecha-
nisms of attachment. The key will be to link
the process of olfactory learning to the moti-
vation for maternal care. Somehow the
process of birth (or VCS) leads to willingness
to interact with a lamb and then within a few
hours, a permanent change in the behaviour-
al, physiological and neurochemical responses
to this and no other lamb. The investigation
of molecular and cellular changes in the ewe’s
brain during this initial period of interaction
with the lamb, like the process of imprinting
in the chick, should reveal critical clues to the
neurobiology of attachment.

Adult–adult pair bond formation
About 5% of mammals are monogamous and
biparental51,52.With the development of quan-
titative, operational definitions of various
behavioural aspects of pair bonding, the voles
(microtine rodents) have proven to be excel-
lent model species for molecular and cellular
studies of complex social behaviours53. Two
North American species have been compared
extensively for neural differences: prairie voles
that are monogamous and montane voles that
fail to form social bonds.

Oxytocin and vasopressin. As oxytocin has
been implicated in maternal behaviour in rats
and sheep, it seems plausible that oxytocin or
its close relative vasopressin might also be
involved in adult–adult attachment. Prairie
voles normally form pair bonds after
mating53. As copulation (or VCS) releases oxy-
tocin and vasopressin54, one possibility is that
these neuropeptides are involved in the
process of pair bond formation after mating.
Indeed, all of the major behavioural aspects of
monogamy can be facilitated in the prairie

and act through the main olfactory bulb34.
The main event seems to be at the granule
cell–mitral cell synapses in the bulb (BOX 1).

The ewe learns the identity of her lamb
through a nitric-oxide-dependent process
that occurs within a few hours of birth,
resulting in an increase in the ratio of excita-
tory to inhibitory tone in the granule
cell–mitral cell synapses in the olfactory
bulb48. But this process might not be unique
to the post-partum ewe, as analogous

lamb odours before birth or in response to
unfamiliar lambs post-partum. These changes
are reminiscent of the enhancement of
amino-acid release that is observed after
imprinting in chicks.

How does this reorganization of the olfac-
tory bulb take place? We know that, as is the
case for olfactory learning in rat pups, affer-
ent projections from noradrenaline cells in
the brainstem are critical. We also know that
the signals from the lamb are largely volatile
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Figure 2 | Oxytocin and social attachment in the monogamous prairie vole female. a | Prairie and
montane voles have different distributions of oxytocin receptors in the brain, particularly in the nucleus
accumbens (NAcc) and the prelimbic cortex (PLC; arrow). b | In the laboratory, pair bonding is assayed
using a partner-preference test. After mating or cohabitation with a ‘partner,’ the experimental vole is
place in a three-chambered arena in which the partner is tethered in one chamber (green) and an
equivalent non-familiar vole or ‘stranger’ is tethered in another chamber (yellow). The experimental animal
has free access to both chambers. After mating, female prairie voles spend more time in the partner’s
chamber (green bar) than in the neutral or stranger’s chamber (yellow bar), indicating a partner
preference. By contrast, mated montane voles show no preference for either the partner or the stranger,
indicating the absence of a mating-induced social attachment. c | Partner preference formation is
blocked in the mating female prairie vole by infusions of oxytocin receptor antagonist (OTA) into the NAcc
as well as the PLC, whereas cerebrospinal fluid (CSF) into either area or OTA infused into the caudate
putamen (CP) had no effect on partner preference formation. OTA had no effect on mating. (Panel c
modified from REF. 65).
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One additional aspect of the vole research
has investigated the molecular mechanism for
the species differences in the neuroanatomical
distribution of receptors, potentially a molec-
ular basis for monogamy. The coding regions
for both the oxytocin and vasopressin (V1a)
receptors are essentially identical between
monogamous and non-monogamous voles.
However, there are marked species differences
in the 5′ flanking region of the vasopressin V1a
receptor gene with an ~460 bp microsatellite
insertion into the prairie vole receptor gene
that is not evident in the montane vole V1a
receptor gene70 (FIG. 3). As promoter sequences
or related cis regulatory regions might be
important determinants of tissue-specific gene
expression, these microsatellites could con-
tribute to the species differences in V1a recep-
tor expression. In a transgenic mouse with 2.2
kb of the 5′ flanking region (including the
microsatellite) along with the coding region
and 2.4 kb of the 3′ flanking region of the
prairie vole V1a receptor, the V1a receptor was
expressed in a prairie vole-like pattern within
the CNS70. Supporting the importance of
receptor location for function, this transgenic
mouse responded to arginine vasopressin
(AVP) with increased affiliation, similar to the

vole by central injections of either oxytocin or
vasopressin, even in voles that do not have the
opportunity to mate55,56 (FIG. 2). Conversely,
these behaviours are inhibited by either oxy-
tocin or vasopressin antagonists given to
prairie voles just before mating56,57. The
antagonists do not alter mating behaviour per
se, but seem to prevent the partner preference
that normally occurs with mating in prairie
voles (FIGS 2,3). Thus, in monogamous prairie
voles, oxytocin and vasopressin seem to be
necessary and sufficient for pair bond forma-
tion. Neither peptide has notable effects on
social behaviour in the non-monogamous
montane voles58,59.

Are these pharmacological responses to
oxytocin or vasopressin relevant to the behav-
ioural differences between the vole species?
Although there are no evident species differ-
ences in the expression of these neuro-
peptides60, there are regional differences in the
receptors for both peptides, assessed by either
receptor binding61,62 or receptor mRNA59,63. In
the monogamous prairie vole, in which oxy-
tocin and vasopressin facilitate partner prefer-
ence formation, receptors are expressed at
high levels in the nucleus accumbens and
related regions (for example, oxytocin recep-
tors in the prelimbic cortex and vasopressin
receptors in the ventral pallidum) that are
associated with reinforcement and condition-
ing (FIGS 2,3). Montane voles have few
detectable receptors for either oxytocin or
vasopressin in these regions, but have high
levels of receptor binding for both neuropep-
tides in the lateral septum. In the prairie vole,
blockade of oxytocin receptors in the nucleus
accumbens inhibits partner preference for-
mation64 (FIG. 2) and viral vector-induced
overexpression of the vasopressin V1a recep-
tor in the ventral pallidum facilitates partner
preference formation65, suggesting that recep-
tors in these regions might be critical for pair
bond formation. Indeed, vasopressin recep-
tors in the ventral pallidum are present not
only in prairie voles but also in monogamous
mice and primates, whereas they are absent in
this region in related rodent and primate
species that do not form pair bonds66.

A simple model posits the release of oxy-
tocin and vasopressin with mating leading to
the activation of reinforcement circuits in
monogamous species that form pair bonds.
In non-monogamous species, oxytocin and
vasopressin activate unrelated circuits with-
out the conditioned response that is essential
for attachment. Interestingly, there is an
increase in oxytocin receptors in montane
voles post-partum, associated with the onset
of nurturing behaviour towards pups61.
Recent studies have described the role of the

nucleus accumbens and specifically D2
dopamine receptors in this region for partner
preference formation in prairie voles67,68. D2
agonists facilitate and D2 antagonists inhibit
partner preference formation, whether given
systemically or directly into the nucleus
accumbens. It seems likely that the neuropep-
tides (or mating) might be activating a
mesolimbic circuit implicated in the reinforc-
ing effects of psychostimulants. It is not yet
clear, however, how the neuropeptides interact
with dopamine or, at the systems level, how
either neuropeptides or dopamine influence
partner preference formation. On the basis of
studies in rats, Everitt and colleagues have
recently suggested that the effects of dopamine
on reinforcement might be mediated by
increasing the gain on glutamate-containing
afferents to the nucleus accumbens69. It seems
likely that the neurobiology of partner prefer-
ence formation in monogamous species will
resemble the neurobiology of other forms of
conditioning, such as place-preference forma-
tion in non-monogamous species. However,
in monogamous species there might be a
selective predisposition to condition to social
stimuli, in part, due to the role of oxytocin or
vasopressin neurotransmission.
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Figure 3 | Vasopressin V1a receptor and attachment in prairie vole male. a | Montane and prairie
voles have different distributions of V1a receptor binding, with prairie voles having relatively high densities of
receptors in the ventral pallidum (VP). (LS, lateral septum.) b | The species differences in receptor
distribution are probably responsible for the species differences in the behavioural effects of arginine
vasopressin (AVP) and perhaps in the formation of social attachments. In a test of nonspecific affiliative
behaviour, intracerebroventricular AVP infusions increase social interest in the male prairie vole but not in the
montane vole. Furthermore, AVP stimulates the formation of a partner preference in the absence of mating
and V1a receptor antagonists prevent partner preference formation after extensive mating bouts. (CSF,
cerebrospinal fluid.)  c | These species differences in receptor distribution might be the result of species
differences in gene structure. The prairie vole V1a receptor gene has been duplicated with one copy being
downstream of a retrotransposon element (LINE) and it also has a frameshift mutation in the coding region.
Both copies have a large complex repetitive expansion (red) just over 700 bp from the transcription start
site. Either the gene duplication or the promoter expansion could contribute to the evolution of the
expression pattern. (Figure modified with permission from REF. 70 © (1999) Macmillan Magazines Ltd.)
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neural mechanisms of attachment behaviour
have been largely conserved. In a general
sense, neuropeptides that are modulators of
fast neurotransmitters, have discrete CNS dis-
tributions, and that are regulated by highly
plastic receptors seem especially suited as
mediators of attachment.

Approach behaviour requires overcoming
a natural avoidance of offspring or strangers
along with the initiation of pro-social, prox-
imity-seeking behaviours. Paradoxically,
olfactory lesions seem to facilitate the initia-
tion of maternal acceptance in rats and
sheep, presumably by permitting females to
overcome a natural aversion to offspring
odours. We know less about the neu-
roanatomical circuit for releasing pro-social
behaviours, but affiliative behaviours in
rodents and primates are facilitated by opi-
ates76,77 and oxytocin78,79. Receptors for oxy-
tocin are increased in the hypothalamus and
bed nucleus of the stria terminalis by the
physiological changes in oestrogen and prog-
esterone that occur at the end of gestation80,
providing a mechanism by which pathways
for affiliation can be entrained to parturition.

For species that form selective bonds,
learning must be rapid but enduring, analo-
gous to single-trial learning. In chick imprint-
ing, this process is associated with enhanced
release of glutamate in select cortical regions.
In the case of maternal behaviour in sheep,
selectivity is associated with enhanced excita-
tory amino-acid release in the olfactory bulb
(although also see REF. 81), secondary to cyclic
GMP generation within mitral cells. In prairie
voles, the circuitry for selectivity is not
known, but on the basis of studies with
knockout mice, the medial amygdala might
be critical for individual recognition. It is not
yet clear how this process in any of these
species that form selective bonds differs from
the plasticity in other regions of the CNS that
are associated with other forms of learning.

Finally, the process of investing in a single
attachment partner probably involves the
same pathways that are required for other
forms of motivation. Oxytocin has emerged
as one candidate from studies in rats, sheep
and monogamous voles, but we do not
understand fully how this neuropeptide,
released during nursing and copulation, fits
into a systems model for motivation (FIG. 1).
Oxytocin is, at most, one element in a cas-
cade. Endogenous opioids have been shown
to influence affiliative and maternal behav-
iours in sheep82 and primates83, possibly by
stimulating oxytocin release84 or possibly by
an independent effect on reinforcement.
Oxytocin modulates release of monoamines,
acetylcholine and GABA43. The available data

maternal behaviour, show a profound social
amnesia without other evident cognitive
deficits74. In contrast to the sheep studies of
olfactory memory described above, in these
knockout mice a social stimulus elicits nor-
mal amounts of Fos activation in the olfacto-
ry bulb, but fails to activate the medial amyg-
dala and its projection sites, the bed nucleus
of the stria terminalis and the MPOA. In the
mouse brain, the medial nucleus of the
amygdala is enriched with oxytocin receptors
and in the knockout mouse, injections of
oxytocin into this region (but not into the
olfactory bulb) restores social recognition75.
Therefore, it remains possible that the
absence of partner preferences in prairie
voles treated with oxytocin and vasopressin
antagonists results from an inability to recog-
nize the partner, not from an absence of pair
bonding. Wang et al.67 have shown that D2
dopamine receptor blockade given just
before a preference test does not interfere
with recognition of the partner but, given
just after mating, a D2 dopamine antagonist
inhibits consolidation of the memory for the
mate. Analagous studies have yet to be done
with oxytocin or AVP in prairie voles.

Unifying principles
What do the studies of infant, maternal and
adult attachment have in common? Although
the data, so far, have been obtained in differ-
ent species, the neurobiological tasks in each
form of attachment are the same: first,
approach the parent, infant or partner; sec-
ond, learn the identity of this individual; and
third, invest in this individual while rejecting
all other individuals. These tasks might be
accomplished by different mechanisms at dif-
ferent life stages, contingent on developmen-
tal and gonadal status. However, a working
hypothesis is that not only the tasks but the

prairie vole response to AVP. In contrast to
these results with transgenic mice and prairie
voles, AVP did not increase affiliation in wild-
type mice without the prairie vole V1a recep-
tor70. These results are consistent with the
hypothesis that the species differences in pro-
moter sequence are responsible for the species
differences in receptor distribution, but they
do not rule out other factors, such as environ-
mental influences that would be different
between the species.

Neuropeptides. The studies with voles provide
a model by which changes in gene structure
could alter regional receptor expression with
profound effects on the functional response to
endogenous or exogenous ligands. Oxytocin
and vasopressin are interesting candidates
because they could link the neuroendocrine
response to copulation with the behavioural
consequence of partner preference formation
and ultimately pair bonding. In sheep, several
studies have begun to define how the ewe
recognizes her lamb71. In voles, this has not
been studied to the same extent. Although
pheromones are important for reproductive
function in prairie voles72 , we know very little
about how the prairie vole learns the identity
of its partner.

Furthermore, it remains unclear whether
oxytocin and vasopressin primarily increase
the preference for the partner because they
confer reinforcing properties onto the mate
or whether they simply facilitate recall.
Oxytocin has been implicated in the reinforc-
ing effects of psychostimulants (cocaine)73,
but we know of no evidence that either oxy-
tocin or vasopressin is, by itself, reinforcing.
Conversely, there is considerable evidence
that implicates both oxytocin and vasopressin
in social recognition or social memory.
Oxytocin knockout mice, capable of full

Box 2 | Of human bonding

Are animal studies of attachment relevant to human love? In the human brain, oxytocin receptors
are concentrated in several dopamine-rich regions, especially the substantia nigra and globus
pallidus, as well as the preoptic area90. Whereas this pattern is consistent with a monogamous
brain, the receptors are not found in the ventral striatum or ventral pallidum, areas in which
either oxytocin or vasopressin V1a receptors are abundant in monogamous voles and monkeys91.
There is no evidence, at this time, that these pathways are involved in human attachment.

A recent functional magnetic resonance imaging (fMRI) study of adults looking at pictures of
their partners, as opposed to close non-romantic friends, found bilateral activation in the
anterior cingulate (Brodmann’s area 24), medial insula (Brodmann’s area 14) as well as caudate
and putamen7. The pattern of cortical activation was distinct from previous studies of face
recognition, visual attention, sexual arousal or other emotional states, but resembled preliminary
results from an fMRI study of new mothers listening to infant cries8. Both studies of human
attachment show marked overlap between the pattern of activation when looking or hearing a
loved one and a previous report of activation during cocaine-induced euphoria92. It seems likely
that pathways that mediate the hedonic properties of psychostimulants evolved as neural systems
for social attachment.
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might indicate an important link with
mesolimbic dopamine pathways as oxytocin
effects on rat maternal care might be mediat-
ed through the VTA85 and several studies have
shown that mesolimbic dopamine pathways
influence motivational aspects of maternal
behaviour86–88. As noted above, only monoga-
mous voles that pair bond after mating have
receptors for oxytocin in the nucleus accum-
bens and vasopressin in the ventral pallidum.
But, there are still unanswered questions con-
cerning whether these neuropeptides are spe-
cific for social stimuli or how they interact
with other forms of reinforcement that are
mediated through mesolimbic pathways. The
connection between attachment and addic-
tion has been suggested phenomenologically
and might provide important clues for future
research89.

Summary
Attachment behaviour is both biologically
important and technically difficult to study.
The behaviour is complex and there are
changes in several cognitive and affective vari-
ables to consider. Nevertheless, recent studies
with chicks, rats, sheep, voles and now
humans (BOX 2) have begun to reveal some
important candidates for the neurobiology of
social attachment. The neuropeptides oxy-
tocin and vasopressin have yielded a model
that links molecular, cellular and systems
approaches. Dopamine pathways in the fore-
brain, especially the nucleus accumbens and
ventral pallidum, seem to be important for
certain aspects of partner preference forma-
tion. It seems likely that for attachment to
occur, these neuropeptides must link social
stimuli to dopamine pathways associated with
reinforcement. It is also possible that neural
mechanisms that we associate with drug
abuse and addiction might have evolved for
social recognition, reward and euphoria —
critical elements in the process of attachment.
In the very near future, we can hope that dis-
coveries of the molecular and cellular mecha-
nisms of addiction might be applied to the
neurobiology of attachment, providing a new
understanding of one of our most complex
and intriguing emotions.
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cognitive abilities and disabilities it is surpris-
ing that textbooks in cognitive neuroscience
seldom mention individual differences1,2.

The very standard deviation
Because the species-universal and the individ-
ual-variability perspectives ask different ques-
tions they can arrive at different answers. In
most species-universal research, the researcher
manipulates something — creates lesions,
administers drugs or sets specific tasks — and
examines the average effect of the manipula-
tion on the study population. By contrast,
rather than creating variance through manip-
ulations, the individual-variability perspective
focuses on the naturally occurring differences
between individuals that would be considered
noise in a species-universal approach.
Research on individual differences is therefore
correlational; it investigates factors that do
have an effect in the world outside the labora-
tory. One of these factors is genetic back-
ground. Indeed, although 99.9% of the
human DNA is identical for all human
beings, the 0.1% that differs — three million
base pairs — is ultimately responsible for the
ubiquitous genetic influence found for all
individual traits, including cognitive abilities
and disabilities3.

The g factor refers to the substantial overlap
that exists between individual differences in
diverse cognitive processes in humans. In
this article, I argue that a mouse model of g
could provide a powerful analytic tool for
exploring cognitive processes that are linked
functionally by genes.

Despite its name, analysis of variance — the
most widely used statistical tool in biomedical
science — is actually an analysis of mean
effects in which individual differences are liter-
ally called the error term. This error term, the
very standard deviation, is the topic of this
essay. Instead of treating differences between
individuals as error or noise, and averaging
individual data across groups as commonly
occurs, I believe that the analysis of the indi-
vidual differences themselves might provide
new insight into how the brain works. The
analysis of means and variances represent
different perspectives. Neither perspective is
right or wrong, just more or less useful for a
particular purpose. Means lead us into think-
ing about universal or at least species-wide
phenomena, whereas variances lead towards
inter-individual differences within species —
variations on species themes. Given the im-
portance of individual differences for human
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