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ARTICLE INFO ABSTRACT

Article history: Many types of social attachments can be observed in nature. We discuss the neurobiology of two types
Received 15 December 2013 (1) intraspecific (with a partner) and (2) parental (with the offspring). Stimuli related to copulation facil-
Received in revised form 5 April 2014 itate the first, whereas pregnancy, parturition and lactation facilitate the second. Both types develop as

Accepted 10 April 2014 consequence of cohabitation. These events seem to stimulate similar neural pathways that increase (1)

social recognition, (2) motivation, reward; and (3) decrease fear/anxiety. Subregions of the amygdala and

Keywprds: cortex facilitate social recognition and also disinhibition to decrease rejection responses. The interrela-
iftr; (ilf?ri ent tionship between MeA, BNST, LS may mediate the activation of NAcc via the mPOA to increase motivation
Partner preference and reward. Cortical areas such as the ACC discriminate between stimuli. The interaction between OT
Sex and D2-type receptors in NAcc shell facilitates intraspecific attachment, but D1-type appears to facilitate
Dopamine parental attachment. This difference may be important for maternal females to direct their attention,
Oxytocin motivation and expression of attachment toward the appropriate target.
Learning © 2014 Elsevier Ltd. All rights reserved.
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1. Introduction and reduce feelings of stress and anxiety. Consequently, repro-

ductive fitness and mental health depend to some extent on the

Social attachments are necessary in many species because they capacity to form healthy attachments (Carter, 1998; Insel and

facilitate reproduction, increase survival, provide asense of security ~ Young, 2001). Many types of social attachments can be observed in
nature. Some occur between opposite- and same-sex individuals,

or between young and adult members of the same species; how-

_— ever, they can also occur between different species. In this review,
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that facilitate reproductive endpoints. The other is referred to as
“parental attachment”, and occurs between a parent and his/her
young to facilitate survival of the offspring.

Intraspecific and parental attachments can occur either con-
comitantly or separately, but one is not required or sufficient for the
other to occur. For example, an individual can be attached to his/her
young and not to a partner, or vice versa. For these attachments
to be displayed, animals must integrate external sensory signals
with internal states and memories of previous experiences. Thus,
to understand the neurobiology of attachment we must consider
neural systems involved in social recognition, motivated behav-
iors, reward, memory and desinhibition. The aim of this review is
to provide information on neural pathways underlying intraspecific
and parental attachments. We begin by describing the objective
measures of attachment in animal models. This is followed by a
discussion of the evidence of the natural stimuli that facilitate
attachments, and the putative neural systems that mediate the
formation for each type.

2. What is attachment and how to study it?

Before describing the neural systems involved, it is important to
understand the objective measures that indicate that one individual
is attached to another. These measures are exclusively behavioral,
and consequently, will vary from one species to another, although
the end points served may be the same. In general, an attachment
is a selective relationship with another individual (Carter, 1998;
Insel, 2003), and in some species this selectivity is long-lasting.
For example, monogamous voles show a long-lasting intraspecific
attachment toward a partner they previously mated with or cohab-
ited (usually for a 24-h period). The attachment is expressed when
animals have the choice of two partners and select one of them
to spend more time, copulate and reproduce with. The attachment
may last for life and attached individuals are rarely observed to
mate with other partners even following permanent separation
from the original one (Getz et al., 1993) which suggests rigorous
selectivity (the attachment is either displayed toward the known
partner or nobody). In contrast, other species like rats can show
selective, but relatively brief copulatory preferences induced by
Pavlovian learning (Kippin and Pfaus, 2001; Coria-Avila et al., 2005,
2006). This type of preference is considered brief because it may last
for few ejaculatory series before they change partners (Kippin et al.,
1998; Kippin and Pfaus, 2001). However, partner-related stimuli
may well be preferred during long periods of life (Pfaus et al.,
2001). Nevertheless, the behavioral differences between species
with short- or long-lasting sexual partner, copulatory, or mate pre-
ferences can help to understand the neurobiology of attachments
that occur naturally or that occur as a consequence of a relatively
contrived conditioning process.

Parental attachment is assumed when females or males display
behaviors that indicate the willingness to nurse and protect the
young. In some species, parental attachment is rigorously selective
and long-lasting, whereas in other species selectivity is not that rig-
orous. For example, some precocial species like sheep may display
selective maternal behavior exclusively toward offspring they rec-
ognize as theirs during the very first hours postpartum (Kendrick
et al.,, 1998). However, rats can foster pups that are not their own
even ten days after parturition (Grota, 1973), indicating that the
maternal behavior they provide is not strictly selective to their
own, but rather toward any comparable newborn. Still, parental
attachments expressed by rats require recognition of certain fea-
tures of the target individual (i.e. neonatal looking). Furthermore,
some ungulate (von Keyserlingk and Weary, 2007) and primate
species (Davenport et al., 1961; Dienske and Van Vreeswijk, 1987)
show long periods of maternal care, whereas lagomorphs display

short periods (Schulte and Hoy, 1997). Regardless of the species,
changes in time spent with the young or modifications in the fre-
quency of maternal behaviors may be correlated with disruption
or development of the parental attachment. In general, behaviors
such as nursing, retrieving, licking or grooming directed toward
the offspring, as well as voluntary time spent with them, and
defense against intruders, can be described as parental behaviors
in mammals that indicate attachment to the young. In the case of
intraspecific attachment, selective copulation, time spent or volun-
tary contact with other individual can be the usual manifestation
of attachment (Carter et al., 1995), however, other behaviors such
as grooming, licking and mate-guarding among others, may also
indicate the presence of an attachment.

3. Factors that facilitate attachments
3.1. Natural stimuli for intraspecific attachment

Many reproductive events can trigger a cascade of physiological
responses that facilitate the formation of intraspecific attachments,
and a good example occurs in female rats. During non-reproductive
periods, the levels of gonadotrophin-releasing hormone (GnRH)
in the hypothalamus activate the release of luteinizing hormone
(LH) and follicle stimulating hormone (FSH) in the pituitary gland
(Schally et al., 1971), causing a steady increase of estrogens (E)
during the cycle. However, during the phase of proestrus, there is
an increase in the pulse amplitude and frequency of GnRH, caus-
ing a rapid increase of LH and FSH (Hoeger et al., 1999), which
in turn, produce a surge of E, testosterone (T), and progesterone
(P). This particular hormonal state leads to estrus behavior and
ovulation (Davidson et al., 1968; Lisk and Barfield, 1975). When
copulation occurs, the female rat is prepared not only to accept the
male and receive sexual stimulation (clitoral and vaginocervical),
butalso her brain is in a hormonal state that facilitates learning. The
effect of hormones, and sexual stimulation are required for female
rats to develop conditioned partner preferences triggered by sexual
stimuli (Parada et al., 2010; Corona et al., 2011; Parada et al., 2011;
Pfaus et al., 2012).

Hormones and copulation affect behavior similarly in females
of species that display selective and long-lasting preferences. For
instance, female prairie voles can develop a partner preference for
a familiar male if are allowed to cohabit with him for a 24-h period,
but not during a period of 6 h. However, females that cohabit and
are allowed to copulate during the 6 h period, develop partner pref-
erence for the familiar male relative to an unfamiliar male. This
demonstrates that intraspecific attachments (also referred to as
pair bonds) can occur as a consequence of long periods of cohabi-
tation, and that copulation facilitates them (Williams et al., 1992),
acting as a catalyst. Some experiments with rats have shown that
ejaculation is the main rewarding catalyst that induces the for-
mation of conditioned partner preferences in males (Kippin et al.,
2001). In female rats, sexual reward is mainly achieved by pacing
the frequency of sexual contacts with the male, which facilitates a
conditioned partner preference (Coria-Avila et al., 2005).

There are stimuli other than genitosensory stimuli that facilitate
the formation of intraspecific attachments. For example in male
prairie voles, long periods of swimming are believed to be stressful.
If voles are placed to cohabit for less than 6 h with a partner, attach-
ments will not develop. However, if they are forced to swim and
then are placed to cohabit for a period of 6 h, attachments are more
likely to occur (DeVries et al., 1996; Carter, 1998). This is believed to
be facilitated via the hormones that are released during the stress
response (i.e. corticosteroids), since injections of corticosterone
in males can also facilitate the formation of attachments that fol-
low the injections (DeVries et al., 1996). The levels of plasma
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Table 1
Natural stimuli that facilitate attachments in different species.
Stimuli Intraspecific References Maternal References
attachment Attachment
Cohabitation Jakubowski and Terkel (1985),
With a partner + Williams et al. (1992) ? Rosenblatt (1967), Terkel and
With pups NA + Rosenblatt (1972)
Stress Carter (1998), DeVries et al. (1996)
Forced swimming ++ ?
Restrain ? - Champagne and Meaney (2006)
Hormonal changes Gandelman et al. (1979)
E+P ++ Nelson (2000) +++ Misner and Houpt (1998)
Corticosterone ++ DeVries et al. (1996) ? Steuer et al. (1987)
Copulation 4+ Williams et al. (1992)
VCS +++ Coria-Avila et al. (2005) +++ Kendrick et al. (1991)
Keverne et al. (1983)
Ejaculation +HH+ Kippin and Pfaus (2001) + vom Saal (1985)
Mennella and Moltz (1988)
Parturition NA ++++ Rosenblatt et al. (1988)
Lactation

The number of + indicates the relative facilitation of attachment. — indicates negative effects. NA, no applicable.

corticosterone may be increased in some males rats dur-
ing copulation as well (Szechtman et al, 1974), suggesting
another mechanism by which sex facilitates the development of
attachments. Taken together, these examples demonstrate that
intraspecific attachment can appear naturally among individuals
that cohabit in a particular place, but events such as copulation,
sexual reward, and stressful situations can facilitate its formation,
acting as catalysts (Table 1).

3.2. Natural stimuli for parental attachment

In many species of mammals, maternal attachment normally
appears following pregnancy, parturition and lactation. Pregnant
females undergo drastic hormonal changes that prepare them to
nourish and protect the young. In rats for example, concentrations
of P gradually start to rise since the very first day of pregnancy,
peaking at day 15, and drop considerably at the end of pregnancy.
The levels of E remain relatively low, but increase dramatically
at the end of pregnancy. The decrease of P and increase of E are
the main mechanisms that induce rat parturition, although in pri-
mates, including humans, both hormones seem to increase during
pregnancy and abruptly decrease during parturition (Rosenblatt
et al.,, 1988; Nelson, 2000). Other hormones such as prolactin
(PRL) increase during the first half of pregnancy and then decrease
until the end of pregnancy, when they rise dramatically (Bridges,
1994). These hormonal changes lead to parturition and lactation,
during which cervical and nipple stimulation, in turn, facilitate
maternal attachment. However, hormones themselves can induce
maternal behavior as observed in pseudo pregnant females that
undergo all the hormonal changes without fetuses in the womb
or parturition (Gandelman et al., 1979; Steuer et al., 1987). Some
pseudo pregnant females (i.e. dogs) can even develop maternal
attachment and direct it toward pup-like looking puppets (Misner
and Houpt, 1998).

Stimuli that occur during parturition and lactation are the best
natural stimuli that induce maternal attachment. Interestingly, in
rats, exposure to pups during a week or more can induce maternal
behavior even in non-pregnant females (Rosenblatt, 1967; Terkel
and Rosenblatt, 1972), and also in males (Jakubowski and Terkel,
1985). Sensitized rats can retrieve and lick the pups, and they can
also adopt a nursing posture and build a nest. This indicates that
parental attachment may appear as a consequence of daily expo-
sure to pups as well, but hormones, parturition and lactation are
stimuli that function as catalysts to facilitate its formation. Another
example is observed in nulliparous ewes. Natural vaginocervical

stimulation (VCS) caused by the pass of the lamb through the pelvic
canal, or artificial VCS (provided by hand) in non-pregnant ewes,
facilitate maternal attachment if they were previously primed with
P and E (Keverne et al., 1983; Kendrick et al., 1991). Likewise, cas-
trated male rats (not gonadally intact) respond to E +P which also
facilitate parental behavior (Rosenblatt et al., 1996).

Parental behavior can also be facilitated by the sexual reward
thataccompanies reproductive behaviors inintact males. For exam-
ple, in male rats (Mennella and Moltz, 1988; Pfaus et al., 2001) and
mice (vom Saal, 1985), ejaculation blocks infanticide and facilitates
parental behavior. More than 90% of male mice will normally com-
mit infanticide if exposed to pups between 1 and 4 days after mating
with a female. This indicates that during those few days, males do
not develop parental attachment toward pups. However, between
80 and 90% of those males will behave parental and will not kill
the pups if are exposed to them 12-50 days after ejaculating. Given
that the average period of gestation in mice is 21 days, it might
indicate that there is a timed association of ejaculation and being a
father. Those males will not behave fully parental, but the absence
of infanticide reflects a degree of tolerance and perhaps attach-
ment to the pups. This suggests that the contingency between
ejaculation and exposure to pups is important for the induction of
pup tolerance or parental attachment, although the actual mech-
anisms are not known. Taken together, the data on intraspecific
and parental attachments indicate that they can be formed dur-
ing cohabitation with partners or pups, respectively. In addition,
stimuli associated with sexual reward or reproduction, as well
as some hormonal changes, facilitate the formation both types of
attachment (Table 1).

4. Neural pathways underlying attachments

Stimuli such as copulation, mild stress and cohabitation facili-
tate the development of intraspecific attachments between males
and females. Accordingly, those natural stimuli must activate the
same neural pathways, perhaps at different velocity (i.e. copula-
tion vs. cohabitation). Likewise, parturition, VCS, lactation, nipple
stimulation, or the mere cohabitation with pups, may facilitate the
development of parental attachment. Thus, given that these two
types of attachments may occur concurrently or separate, at least
two neural circuitries must exist, perhaps sharing some common
neural areas. Such neurocircuitries should be involved in social
recognition, inhibition of fear, reward and motivation, which col-
lectively mediate the formation and expression of attachments.
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4.1. Areas mainly involved in social recognition

In order to display a social attachment, social recognition is
expected to occur first. Studies in animals have helped to identify
areas in the brain activated during social encounters and during
recognition. For example, mice with depletion of oxytocin (OT)
show impairments in olfactory social recognition, but not in normal
olfaction (Bielsky and Young, 2004). That is, they can easily remem-
ber odors of food they have been exposed to, but fail to remember
individuals they just cohabited with, and consequently display
longer olfactory investigations. A study using c-Fos immunore-
activity (Fos-IR) as a marker of neuronal activation showed that
wild-type and OT knock-out mice expressed similar Fos-IR after a
social encounter in the olfactory bulbs, piriform cortex (Pir Ctx),
cortical amygdala (CoA), and the lateral septum (LS). However, OT
knock-out mice exhibited less Fos-IR in the medial amygdala (MeA),
bed nucleus of the stria terminalis (BNST) and medial preoptic
area (mPOA), suggesting that MeA, BNST and mPOA are brain areas
where olfactory social recognition occurs. Further studies showed
that OT in the MeA is both necessary and sufficient for social recog-
nition (Ferguson et al., 2001; Bielsky and Young, 2004), since OT
alone restored the capacity to recognize individuals. It is important
to mention that fully functional OTR binding in the MeA is required
for normal social interest in male rats (Dumais et al., 2013), which
in fact, can be activated not only by OT, but by arginine vasopressin
(AVP) as well (Hawtin et al., 2000).

During orgasm in humans, and VCS, parturition and social
encounters in animals the concentration of OT increases in the cere-
brospinal fluid (CSF), and in hypothalamic and mesolimbic areas
(Fuchs et al., 1982; Carmichael et al., 1987; Gimpl and Fahrenholz,
2001; Insel et al., 2001; Bielsky and Young, 2004). Accordingly,
those natural stimuli may facilitate attachments, in part, because
they facilitate social recognition via OT. However, social recognition
alone is insufficient. In fact, pathways of reward and motivation
must be activated concurrently, and those associated with fear
must be inactivated to facilitate the development and expression
of attachments (Fig. 1). For example, when female rats have sex
sensory information from the clitoris and vagina is transmitted via
the pudendal and pelvic nerves, respectively (Ueyama et al., 1987;
Yucel and Baskin, 2004), and input from the uterus is transmit-
ted via the hypogastric nerves (Berkley et al., 1988). The sensory
afferents of these nerves terminate bilaterally in the dorsal horns
of the lumbosacral spinal cord which show activation during VCS
(Lee and Erskine, 1996). Furthermore, an ascending pathway from
the lumbosacral area arrives to the nucleus of the tractus solitarius
(NTS) and midbrain periaqueductal gray matter (PAG). These two
nuclei have been suggested as good candidates to mediate the OT
and AVP release during the formation of attachments (Young et al.,
2005). The NTS receives direct projections from the lumbosacral
neurons (Menetrey and Basbaum, 1987), and electrophysiological
studies have demonstrated that most of the NTS neurons respond
with activity following VCS (Berkley et al., 1988, 1993). The NTS
projects to the PVN in the hypothalamus, and directly stimulates
the parvocelullar neurons that produce OT and AVP. However, the
lumbosacral neurons also project directly to the PAG (Mouton et al.,
1997) and PAG neurons also project and stimulate the PVN (Marson
and Murphy, 2006). The PVN can release OT into the MeA to facil-
itate olfactory recognition, which in turn can facilitate motivated
behaviors through its dense interconnections with the mPOA and
BNST (Been and Petrulis, 2011). A normal social encounter with-
out copulation can also activate the MeA and mPOA (Dhungel
etal., 2011), although presumably more slowly than after sex. MeA
and mPOA regulate the recognition and attraction toward sexually
available partners, but also regulate sexual performance, integra-
tion of reward and neuroendocrine cascades that follow sex. In
the case of social encounters the MeA is more responsive with

non-volatile odors (normally present in bedding soiled with the
excreta of estrous females, or partners), whereas mPOA (and CoA)
respond more with volatile odors (from physically inaccessible
partners) (Dhungel et al., 2011; DiBenedictis et al., 2012) (Fig. 1).

As we mentioned above, monogamous prairie voles can eas-
ily develop interspecific and parental attachments. Female voles
express naturally more binding of OT receptors in the amyg-
dala (specially CoA and lateral parts), as compared to polygamous
voles. In addition, they express more OT receptors in the ven-
tromedial nucleus of the hypothalamus (VMN) and mesolimbic
areas such as the nucleus accumbens (NAcc), prefrontal cortex
(PFC), BNST, and anteroventral thalamic nucleus, relative to polyg-
amous females (Insel and Shapiro, 1992). Of all these areas, only
NAcc and PFC appear to mediate attachments, since infusions of
OT antagonists into these two areas prevent the formation of
attachment induced by copulation (Young et al., 2001). This may
indicate that OT released by sex not only facilitates social recog-
nition by acting on the amygdala, but also mediates motivation
by acting on NAcc neurons along with dopaminergic (DA) inputs.
Interestingly, cohabitation alone also increases the expression of
tyrosine hidroxilase immunoreactivity (precursor of DA) in the MeA
(Cavanaugh and Lonstein, 2010), which suggest that OT and DA
function concurrently in amygdala and NAcc to facilitate recogni-
tion and motivation.

As mentioned above, AVP also mediates olfactory social recog-
nition and is produced and centrally released by the PVN into the
hypothalamus (De Vries and Buijs, 1983). Monogamous voles have
a higher density of AVP receptors in the ventral pallidum (VP) as
compared to polygamous voles (Lim and Young, 2004). The VP
also receives projections from the MeA and NAcc (Heimer et al.,
1991; Klitenick et al., 1992). Thus, it is well situated to mediate
important information from olfactory recognition and motivation.
In fact, the infusion of an AVP receptor antagonists into the VP, pre-
vents mating-induced intraspecific attachments (Young and Wang,
2004). The natural expression of OT and AVP in those neurocir-
cuitries may explain how some species are more naturally sensitive
than others to form attachments (i.e. monogamous vs. polygamous
voles). Nevertheless, repeated exposure to social recognition paired
with some types of reward can sensitize similar neural areas as
observed in polygamous rats that express conditioned partner pre-
ferences after a period of learning (Coria-Avila et al., 2005, 2006;
Coria-Avila, 2007; Paredes-Ramos et al., 2011; Cibrian-Llanderal
et al., 2012; Coria-Avila, 2012; Paredes-Ramos et al., 2012).

In one human study, functional magnetic resonance imaging
(fMRI) was used to measure brain activity in female volunteers who
viewed pictures of their lovers and children, and it was compared
with activity evoked by pictures of other infants, or acquaintances.
Exposure to the lover’s picture induced activation in areas associ-
ated with memory such as the dentate gyrus in the hippocampus
(Bartels and Zeki, 2004) which expresses AVP receptors in the
human brain (Sofroniew et al., 1981). Accordingly, AVP might medi-
ate the formation and expression of attachments in humans as well,
even if social recognition occurs via visual stimuli. With regard
to visual recognition, the study by Bartels and Zeki also showed
activation in the ventral region of the anterior cingulate cortex
(ACC) (Bartels and Zeki, 2004). The activation of the ACC is usually
related to autonomic functions like heart rate, and blood pressure
control, but also cognitive functions like reward anticipation, and
discrimination of stimuli (Parkinson et al., 2000). It was argued
that during observation of pictures, the ACC is activated to dis-
criminate between faces, or other general stimuli that may help
to direct the selective behavior toward an individual. Some other
areas that were activated seemed to be part of a common neu-
ral system for both types of attachment and these included the
VTA and the medial insula (Bartels and Zeki, 2004). The VTA is the
site of origin of mesolimbic DA neurons that project diffusely to
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Natural stimuli that mediate attachments

Inhibition Sensory input Spinal cord input
of fear (olfactory, insual, etc.) (sex, parturition, etc.)
& PAG NTS
BLA (OT) | |
d / VP (AVP)
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MeA (OT-DA
CoA
hippocampus BNST mPOA (OT) > VIA
ACC _I
PFC (OT) v
NAcc (OT-DA) __|
Az Reward
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Social recognition

Fig. 1. Neural pathways that mediate intraspecific and parental attachments. The three circles form a Venn diagram indicating brain regions that participate exclusively in (1)
social recognition, (2) reward and motivation, and (3) inhibition of fear/anxiety. Some brain areas found in the overlap participate in more than one function. Arrows indicate
neural projections. Development of attachments (intraspecific or parental) may be triggered by natural stimuli such as copulation and parturition/lactation, respectively, which
provide sensory stimulation via odors, vision or spinal cord input. Olfactory pathways activate neural areas that facilitate social recognition and inhibition of fear/anxiety.
Spinal cord input facilitates reward and motivation. Olfactory input may also mediate reward and motivation via interconnections of MeA, mPOA, NAcc. Specially in these
three areas OT and DA interact to facilitate recognition and motivation. In the NAcc D2-type receptors facilitate intraspecific attachment, whereas D1-type facilitate parental
attachment. OT, oxytocin; MeA, medial amygdala; ACCv, anterior cingulated cortex ventral part; AVP, arginine vasopressin; BLA, basolateral amygdala; BNST, bed nucleus of
the stria terminalis; CoA, cortical amygdala; MPOA, medial preoptic area; NAcc, nucleus accumbens; VTA, ventral tegmental area; VP, ventral pallidum; PVN, paraventricular
nucleus; PAG, periaqueductal gray matter; PFC, prefrontal cortex; NTS, nucleus tractus solitarius. See general conclusion for explanation of the pathway.

limbic structures, such as the NAcc, amygdala, and septum, as well
as cortical regions like the ACC, which mediate motivation and
attention, and the medial insula, a cortical area related to the vis-
ceral sensations induced by visual stimuli.

4.2. Areas mainly involved in increasing motivation

Motivation to express a social attachment commonly starts after
social recognition or during prediction of reward. Studies in male
rats have demonstrated that estrus odors (Kelliher et al., 1999) or
conditioned odors that predict copulation with the preferred part-
ner (Kippinetal., 2003) induce Fos-IR within the NAcc. In fact, many
areas involved in recognition project to the NAcc facilitating moti-
vation toward well identified individuals. However, the NAcc not
only mediates motivation and attention, but is also a key area in the
consolidation of attachments. For instance, neurons of the NAcc in
monogamous voles express more OT receptors than in the polyg-
amous voles (Insel and Shapiro, 1992), but is the interaction of OT
and DA within the NAcc what mediates the formation of intraspe-
cific attachments in monogamous voles. Namely, an OT antagonist
disrupts attachments facilitated by DA agonists, and vice versa
(Liu and Wang, 2003). Infusions of DA antagonists (i.e. haloperi-
dol) either into the NAcc or systemically injected, also disrupt the
partner preference formation after copulation, whereas low doses
of DA agonists (i.e. apomorphine) facilitate attachments (Gingrich
et al., 2000; Aragona et al., 2003). Interestingly, copulation induces
arelease of DA in the NAcc not only in monogamous voles, but also
in promiscuous species like rats (Pfaus et al., 1990, 1995). It has
been proposed that although DA is sufficient to induce attachments
in voles, it should not be considered “the neurotransmitter” for
attachments in other species (Insel, 2003; Young and Wang, 2004;

Aragona et al., 2006), although rats indeed form strong partner pre-
ferences after a process of conditioning. Consequently, it is likely
that having a working DA system is necessary, but not sufficient
to induce long-lasting and rigorously selective social attachments,
like those observed in monogamous species.

In other experiments it was found that DA either facilitates or
inhibits the formation of attachments, depending on the DA-type
receptor thatitbinds to.In voles, NAcc DA is critical for attachments,
especially via the D2-type receptors. In one study, the blockade of
NAcc DA with the D2-like receptor antagonist eticlopride prevented
the formation of selective and long-lasting intraspecific attachment
after mating, or after 24 h of cohabitation (Gingrich et al., 2000). In
the same study, females infused with the D2-type receptor ago-
nist quinpirole, developed attachment toward a familiar male even
during short periods of cohabitation, or without mating. Almost
one decade ago it was shown that, D1- and D2-type receptors have
oppositeroles (Aragonaetal.,2006). For example, within the rostral
shell of male voles, activation of D1-type receptors prevents the for-
mation of attachment toward a familiar partner, whereas activation
of D2-type receptors facilitates it. In fact, males that have developed
a selective and long-lasting preference show significant upregula-
tion in D1-like receptors within the rostral shell. It has been argued
that D1-like receptors in those monogamous males may function
to prevent the formation of attachments more than once (Aragona
et al., 2006). After all, a monogamous individual cannot be attached
to more than one partner at the same time.

Aragona and colleagues have suggested the following process
during the formation of attachments: In monogamous species,
copulation-induced DA activates D2-like receptors, which in turn,
induce attachment. Further DA release may activate the remaining
D1-like receptors, which consequently will prevent the formation
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of attachments with another individual. In the polygamous species
however, D1-like receptors are more abundant relative to the
amount of D1 receptors in monogamous species (Aragona et al.,
2006). D1-like receptors are activated first by the DA released
during copulation, which prevent an immediate attachment.
Based on those findings, we speculate that repeated contingency
between a partner and reward (during conditioning of partner
preference) might induce increased activity of the D2-like recep-
tor, which eventually results in a form of attachment (learned
preference) induced by Pavlovian conditioning. In a polygamous
species, the development of immediate intraspecific attachment
in an individual may represent a disadvantage to its reproductive
fitness relative to the other members of the species. As a result, in
polygamous species like rats, the formation of attachments takes
longer time and repeated associations.

Very recently, we demonstrated that rats treated with the D2-
type agonist quinpirole (QNP) develop attachment toward “any”
partner they are exposed to under the effects of QNP. In our
first experiment, sexually-naive male rats were injected with
1.25 mg/kg of QNP L.P. and then were immediately placed to cohabit
for 24 h with another male. This process was repeated every four
days, for a total of 3 trials. Four days after the last conditioning
trial males were tested for partner preference between two poten-
tial partners. One was a sexually receptive female and the other
was the familiar male they cohabited with. Our results indicated
that QNP-treated male rats (but not saline-treated) displayed a very
robust social-sexual preference for the male, and ignored the recep-
tive female, which demonstrates the powerful effect of the D2-type
receptors activity on the development of intraspecific attachments
(Cibrian-Llanderal et al., 2012).

With regard to parental attachment, dopamine is released in
the NAcc of female rats following exposure to pups (Hansen et al.,
1993), and during licking and grooming of the pups (Champagne
etal.,2004). DA activity is directly correlated with maternal perfor-
mance. For example, in rats that perform high frequency of licking
behavior, DA levels are higher relative to low-licking dams, and
subcutaneous injections of DA uptake inhibitors (which enhance
DA activity in the synapses) increased maternal activity in those
naturally low-licking/grooming rats (Champagne et al., 2004). DA
antagonists also affect maternal behavior. In one study, maternal
behavior of lactating rats was assessed following infusions with
flupenthixol into the NAcc, or into the CPu (an area also rich in
DA receptors). It was found that only those females infused into
the NAcc displayed impaired pup retrieval and licking (Keer and
Stern, 1999). Furthermore, abnormally high levels of DA also affect
maternal behavior. For example, chronic cocaine infusions increase
the latencies to build a nest, and to crouch over pups, and affect
the duration of crouching (Johns et al., 1994). This demonstrates
that abnormal low or high levels of DA in the NAcc, affect parental
attachment.

One decade ago, it was suggested that DA may be a neuro-
modulator that signals reward and satiety for maternal behavior
(Insel, 2003). The reward and satiety suggested by Insel (2003)
may be mediated by the differential role of D2 and D1 receptors,
as observed with the facilitation and prevention of intraspecific
attachment in voles. Numan and colleagues provided a good exam-
ple in a study on maternal behavior. They showed that in lactating
rats, injections of a D1-like antagonist (SCH23390) in the NAcc, dis-
rupted pup retrieval, whereas a D2-like antagonist (eticlopride) had
no effects (Numan et al., 2005). If we consider pup retrieval alone as
an indication of maternal attachment, then it is possible to specu-
late that intraspecific and parental attachments may be formed via
activation or deactivation of the same DA receptors, but in an oppo-
site manner. Thus, maternal females under the facilitatory effect
of D1-type receptors would have an impaired capacity to form
intraspecific attachment (which are blocked by D1-type receptors).

Such opposite effect would facilitate attention toward the young
and not toward a partner, which guarantees their survival.

Indeed, lactating female rats with access to pups, express Fos-
IR in the NAcc (Lonstein et al., 1998), but also the mPOA, the BLA
and CeA regions of the amygdala (Fleming and Walsh, 1994). Thus,
the mPOA and the NAcc may be part of the effector’s system in the
expression of both maternal and intraspecific attachments (pre-
sumably depending on the DA receptor activated), and not only for
recognition of odors (Walsh et al., 1996). Inrats, lesions in the mPOA
disrupt maternal behavior, but also decrease the Fos-IR in the NAcc
shell usually expressed following exposure to pups (Stack et al.,
2002), probably because of the interconnections between mPOA,
NAcc and VTA. Lesions in the NAcc alone are also associated with
disruption of pup retrieval, and less bar pressing to get access to
pups (Lee et al., 2000) and lesions in the VTA disrupt the frequency
of approaches and interaction with pups (Gaffori and Le Moal, 1979;
Lee et al., 1999). Interestingly, OT in the mPOA and DA in the NAcc
interact to mediate maternal attachment. Meaney and colleagues
showed that female rats that display high levels of maternal behav-
ior (i.e. licking/grooming) show increased OT expression in the
mPOA and PVN, and these two areas project more OT-positive cells
to the VTA. OT into the VTA increased the DA signal in the NAcc,
which mediates motivation to develop and express attachments
(Shahrokh et al., 2010).

4.3. Areas mainly involved in reducing fear and anxiety

In addition to social recognition and motivation, individuals
must reduce their fear and anxiety to facilitate social encounters.
Usually, mild levels of fear and anxiety will keep animals alive
and in defensive mode. So, to be close to another, that tendency
has to be reduced in addition to strengthening the bonding that
brings animals into close proximity. This could be accomplished in
one or all of three ways: first to augment the bonding; second to
decrease the fear, and third a mix of the two. This dichotomy in
excitatory-inhibitory mechanisms has been previously suggested
for the control of other motivated behaviors, such as sexual desire
(Pfaus, 2009).

For instance, lesions at any level along the vomeronasal inputs
to the mPOA accelerate the onset of maternal behavior even in
nulliparous female rats (Fleming and Rosenblatt, 1974a,b,c). Olfac-
tory stimuli activate neurons that directly project to the amygdala.
Consequently, an integrative model has suggested that the mPOA
coordinates maternal behavior when it gets released from the
inhibitory effects of the amygdala (Fleming and Korsmit, 1996). In
some species with rigorous selectivity (i.e. sheep) this would result
in parental attachment only if there is specific social recognition of
the young, but in other species (i.e. rats) specific social recognition
may not be required, but rather recognition of a target individual
that looks like the offspring or bears neotenic features.

The inhibitory effect of the amygdala may depend on the sub-
area and also on the species studied. For example, ewes injected in
the CoA or MeA with lidocaine (a local anesthetic) during the very
first 8 hours postpartum, have an impaired ability to recognize their
lambs, but not with injections in the BLA (Keller et al., 2004). This
finding is in accordance to the role of MeA in olfactory recogni-
tion, but it also indicates that MeA must be activated (by OT, DA)
and not inhibited (as occurs with lidocaine) for social recognition
to occur. Fear and anxiety toward the young may decrease after OT
and DA have worked on MeA. On the other hand, BLA may be also
a subarea responsible of decreasing anxiety to facilitate maternal
performance. There is evidence in other species indicating that OT
within the BLA directly affects maternal behaviors. In monogamous
prairie voles, for example, nulliparous females display maternal
behavior and pup care at any time (Insel and Shapiro, 1992). How-
ever, females of polygamous species of voles only display maternal
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behavior after parturition. The sudden ability to display maternal
attachment is associated with a significant increase in OT binding in
BLA (Insel and Shapiro, 1992). Such maternal performance is sim-
ilar to what occurs normally in monogamous voles of both sexes
when they are exposed to pups. The BLA has been also associated
with fear responses (Inoue et al., 2013), and some experimental
data indicate that OT within the BLA may reduce fear (Lahoud and
Maroun, 2013) which in turn would facilitate approach behavior to
the pups, driven by the integrator areas.

Some studies have explored brain activity in maternal rats
combining Fos-IR and autoradiography with 14C-2-deoxyglucose
(2-DG), which can be used as a marker of activity at axonal ter-
minals. Combining Fos-IR and 2-DG, researchers can observe the
effects of a stimulus on the input and output of a neuron. For
instance, following parturition or sensitization to pups, maternal
female rats express more Fos-IR (more input) but less 2-DG (less
output) in the vomeronasal tract and MeA (Komisaruk et al., 2000).
Perhaps the MeA is receiving more input from the olfactory path-
ways, which decreases its output toward mPOA (and other regions).
This whole process is probably related to better social recognition
and less fear. Furthermore, in other brain areas such as mPOA, BNST,
LHab, PAG, thalamus, LS and VTA, Fos-IR (input) and 2-DG (out-
put) are positively correlated (Komisaruk et al., 2000), probably
facilitating recognition, reward and motivation.

In women, exposure to the picture of their own child also
induced deactivation of the amygdala (less fMRI activity), as com-
pared with the basal levels of activation of the volunteers before
watching the picture (Bartels and Zeki, 2004). Such deactivation
is partially consistent with the association of amygdala with nega-
tive emotions such as aggression (Eichelman, 1983), negative social
judgment (Adolphs et al., 1998), and with its inhibitory role on the
mPOA. Perhaps, it also may indicate reduction or inhibition of fear
and anxiety. Furthermore, simultaneous deactivations occurred in
the middle prefrontal cortex, inferior parietal cortex, and middle
temporal cortex (Bartels and Zeki, 2004). All three cortices play
a key role in attention and memory, but their activation has also
been shown to be involved in negative emotions such as depression
or sadness (Beauregard et al., 1998). The parietotemporal junc-
tion, and medial prefrontal cortex (mPFC) were also deactivated
in women that observed the picture of their own child (Bartels
and Zeki, 2004). Those areas have been involved in the ability to
determine others people emotions and intentions. Some homolo-
gies regarding these brain areas may be found in ewes. To be exact,
in one experiment, deactivation of the mPFC with local anesthetic
injections (tetracaine) did not prevent the formation of an olfactory
memory toward lambs, but this procedure successfully inhibited
aggressive behavior toward unfamiliar lambs (Broad et al., 2002).
Thus, the amygdala, and some parts of the prefrontal, parietal and
temporal cortices mediate prevention of negative social behav-
ior toward the offspring. This suggests that odors of the offspring
become less aversive, and under the appropriate hormonal state
this facilitates maternal behavior, although not necessarily selec-
tive maternal behavior.

In women, maternal attachment also induces activation of the
ACC (Bartels and Zeki, 2004). In ewes, the ACC expresses Fos-IR
during recognition of the lamb (Kendrick et al., 1997). In addition,
female rats that receive lesions within the ACC show disruption
of maternal behavior (Devinsky et al., 1995). As discussed in the
section of intraspecific attachments, the ACC is important for recog-
nition of stimuli that might look alike; in other words, normal
activation of the ACC may function to identify clearly the target
individual when attachments must be expressed. This recognition
seems to occur via the incentive value of the stimuli (Parkinson
et al., 2000). In addition, women exposed to the picture of their
own children, expressed activation on the lateral fusiform gyrus,
important for face and color recognition (Bartels and Zeki, 2004).

OT and its receptors (OTR) may also reduce fear and anxiety
during the display of parental attachments. Experiments with rats
have shown that following parturition, OTR increase more than 80%
in areas such as the BNST (Insel, 1992), and natural variations in
maternal behavior are correlated with variations in the number of
receptors in this area, but also in the mPOA, LS, and CeA. For exam-
ple, rats with high levels of grooming and licking toward the pups
(indicative of better maternal behavior) express more OT recep-
tors in the mPOA, LS, BNST, and CeA (Champagne et al., 2001). The
amount of OTR expressed in these areas may be indicative of greater
capacity for parental attachment and less fear to interact with pups.
Indeed, studies have shown that antisense DNA against OTR results
in impaired social recognition (Choleris et al., 2007). As expected,
OT-knockout mice display impaired social recognition, but surpris-
ingly they express complete maternal behavior. Those mice have a
functional OTR although the peptide that is to act on them is non-
functional. Thus, it has been argued that mice and perhaps other
species may not require OT to display maternal behavior (Insel
et al., 2001), although it is very likely that other neurotransmit-
ters such as AVP facilitate maternal behavior by activating the fully
functional OTR in OT-knockout mice (Hawtin et al., 2000). This can
also indicate that OT mediates social recognition, but not maternal
attachment. Consequently, females without OT may be maternal
but not strictly selective. Itis possible that OT and AVP receptors dis-
tribution in the brain and maternal selectivity may depend on the
intrinsic evolutionary needs of a species (i.e. precocial vs. altricial),
but may also depend on the needs of a gender. For instance, some
forebrain regions in female rats (e.g. NAcc, CP, LS, BNST, MeA and
VMH) express normally less OTR binding density as compared to
males (Dumais et al., 2013). Such differences have been correlated
with the inherent social interest that each sex expresses toward
unfamiliar conspecifics.

Fear and anxiety can also be reduced by the same natural stimuli
that facilitate attachments. In different species, endogenous opi-
oids increase after copulation (Agmo and Berenfeld, 1990; Band and
Hull, 1990; Rodriguez-Manzo and Fernandez-Guasti, 1995; Acosta-
Martinez and Etgen, 2002; Coolen et al., 2004; Phillips-Farfan and
Fernandez-Guasti, 2009) and during parturition (Wardlaw and
Frantz, 1983). Indeed, opioids regulate OT release (Neumann et al.,
1992), but they also facilitate DA release from the VTA into the
prefrontal cortex and NAcc (Kalivas and Abhold, 1987). Evidence
in humans also indicate that endogenous opioids play a role in
emotion regulation, and in the reduction of fear recognition sensi-
tivity (Ipser et al., 2013). Accordingly, enhancement of endogenous
opioids during sex or parturition may facilitate the development
of intraspecific and parental attachments not only because they
facilitate rewarding associations, but also because individuals are
less sensitive to recognize a partner or a pup as a source of fear or
anxiety.

5. General conclusion

Many examples were given here to support the idea that there
is not a single neural system that controls attachments. Rather,
a combination of areas involved in social recognition, motivation,
reward, memory, and fear/anxiety mediate the formation, expres-
sion and maintenance of attachments. In this regard, a common
neural system appears to underlie both intraspecific and parental
attachments. These may occur as consequence of various phys-
iological events. If it is directed toward a partner (intraspecific)
it may be facilitated by copulation or sexual reward in general;
however, if it is directed toward the young (parental) it may be
facilitated by events such as pregnancy, parturition and lactation.
Both types may also develop as consequence of cohabitation. These
events seem to stimulate similar neural pathways. Subregions of
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the amygdala and cortex facilitate recognition and disinhibition to
enhance motivation and decrease rejection responses. The inter-
relationship between MeA, BNST, LS may mediate the activation of
NAcc via the mPOA. The incentive aspects of the stimuli in the NAcc
are also modulated by cortical areas such as the ACC, which partic-
ipates in the discrimination between stimuli. Consequently, ACC
may orchestrate part of the behavioral output, directing the appro-
priate responses toward a pup or a partner. The discrimination must
be processed simultaneously with other stimuli that might have an
incentive value (i.e., memories of sexual reward, maternal reward,
etc.), occurring in the hippocampus. The interaction between OT
and D2-type receptors in NAcc shell facilitates intraspecific attach-
ment, but D1-type appears to facilitate parental attachment. This
difference may be important for maternal females to direct their
attention, motivation and expression of attachment toward the
appropriate target. Over all, we can conclude that intraspecific and
parental attachments seem to share common neural systems. This
is based on the fact that natural stimuli that facilitate those types
of attachments increase or decrease activity within similar areas.
However, the presence of Fos-IR may also represent the activa-
tion of inhibiting inputs, and the amygdala is a good example. The
mechanism that differentiates a bonded animal from a non-bonded
might depend on the activity of different types of receptors within
the same areas. Therefore, it is not surprising that many brain areas
show similar activation during the two types of attachment. Over-
all, the neural areas required to induce the formation of attachment
must be those that facilitate social recognition and reproduction
but also those that reduce feelings of stress and anxiety.
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