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Summary The early social environment has a profound impact on developmental trajectories.
Although an impoverished early environment can undermine the acquisition of appropriate social
skills, the specific role played by the different components of an individual’s early environment in
building social competencies has not been fully elucidated. Here we setup an asynchronous
communal nesting paradigm in mice to disentangle the influence of maternal care and early peer
interactions on adult social behavior and neural systems reportedly involved in the regulation of
social interactions. The asynchronous communal nesting consists of three mothers giving birth
three days apart, generating three groups of pups — the Old, the Middle and the Young — all raised
in a single nest from birth to weaning. We scored the amount of maternal and peer interactions
received by these mice and by a fourth group reared under standard conditions. At adulthood, the
four experimental groups have been investigated for social behavior in a social interaction test,
i.e. facing an unfamiliar conspecific during five 20-min daily encounters, and for oxytocin
receptor and brain derived neurotrophic factor (BDNF) levels. Results show that only individuals
exposed to high levels of both maternal and peer interactions demonstrated elaborate adult
agonistic competencies, i.e. the ability to promptly display a social status, and high BDNF levels in
the hippocampus, frontal cortex and hypothalamus. By contrast, only individuals exposed to high
levels of peer interactions showed enhanced adult affiliative behavior and enhanced oxytocin
receptor levels in selected nuclei of the amygdala. Overall these findings indicate that early
interactions with mother and peers independently shape specific facets of adult social behavior
and neural systems involved in social interaction.
# 2012 Elsevier Ltd. All rights reserved.
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1. Introduction
The mother—child interaction is considered as the cornerstone of emotional development and mother—infant attachment has been conceptualized as an emotional bond that
impacts behavior ‘‘from the cradle to the grave’’ (Bowlby,
1969). This perspective has had a fundamental influence
upon studies on the development of behavior, with an individual’s social interactions, including those with peers, being
assumed to be dependent upon the quality of these early
interactions with the mother. However, this view has been
challenged and it has been proposed that early peer interactions comprise a separate system of meaningful relationships that also acts as a predictor of developmental outcomes
(Hartup, 1979; Parke et al., 2002). Indeed, peer aggression,
social withdrawal or lack of friendship in childhood lead to
long-term adjustment problems, including delinquency,
addiction, academic difficulties, and vulnerability to anxiety
and depression (Schneider, 2000). In addition, children’s
interactions and play with peers have consequences for adult
social competencies (Howes and Phillipsen, 1998; Hughes and
Dunn, 1998). Finally, children who lack friendship are at risk
of later poor emotional regulation (Walden et al., 1999) and
show increased adult vulnerability to behavioral problems,
including social dysfunction (Rutter et al., 2001; Fries et al.,
2005). More recently, an even more radical view has been
proposed, which argues that parents may play only a relatively minor role in determining individual differences in
behavior and that these are actually mainly shaped by interactions with peers (Harris, 1995). Despite increasing empirical investigation of these issues, the relative contributions
and interactive nature of the mother—infant relationship and
of peer relations to the development of the individual is still
highly debated.
The use of animal models has advanced our understanding
of how variations in the quality of the early social environment can alter developmental trajectories. Seminal work by
Harlow, Levine, Meaney and others showed that disruption of
and individual differences in mother—infant interactions has
consequences for the physiology and social behavior of adult
offspring (Levine, 1957; Harlow, 1958; Liu et al., 1997;
Champagne and Curley, 2009; Bale et al., 2010). However,
the majority of research performed with animal models has
focused on maternal care and has overlooked the contribution of the early peer interactions.
We have developed an experimental approach which
allows us to uniquely characterize the relative contribution
of mother—offspring and peer interactions in shaping adult
social behavior through the use of a modified version of the
communal nest (CN) paradigm (Branchi et al., 2006; Branchi,
2009). The CN paradigm, which consists of three lactating
females that place their litters together in a single nest and
engage in shared care-giving from birth to weaning, is an
ethologically meaningful rearing strategy which induces variation in the amount of both maternal and peer social interactions. Although housing a single dam with her pups is
typical in the laboratory, in the wild over 90% of female mice
rear their offspring communally (Crowcroft and Rowe, 1963).
This paradigm strongly affects adult endocrine and neurobehavioral profiles (Curley et al., 2009; Branchi et al., 2010,
2011b), and especially social behavior (Branchi et al., 2006).
The paradigm used in the present study is an asynchronous CN
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paradigm in which each female of the trio gives birth every
three days (Fig. 1A). This procedure generates three experimental groups consisting of pups reared in the same nest but
differing by age: pups in the Old group are three days older
than the Middle group; pups in the Middle group are three
days older than the Young group; while pups in the Young
group are the last to be born. A fourth experimental group is
comprised of mice reared under standard conditions (SN; one
dam rearing her own litter).

2. Methods and materials
2.1. Animals and breeding procedure
Forty male and eighty female mice of an outbred CD-1 Swissderived strain (ICR) were purchased from a commercial
breeder (Harlan, 20050 Correzzana, MI, Italy). Animals were
housed at 21  1 8C, relative humidity 60  10%, with lights
on from 06.00 h to 18.00 h. Males and females were housed in
same-sex groups of 8 individuals in 42  27  14 cm Plexiglas
boxes with a metal top and sawdust as bedding, and with
pellet food (Enriched standard diet purchased from Mucedola, Settimo Milanese, Italy) and tap water ad libitum. All
animal handling and experimental procedures were performed according to European Communities Council Directive 86/609 and the Italian Decreto L.vo 116/92.
At three months of age, breeding groups, made up of 1 male
and 2 females, were formed. Vaginal plugs were checked
twice a day (at 09.00 h and 19.00 h). Males were removed
around gestational day 12 and females were assigned to one of
the two experimental groups: standard nesting (SN) or communal nesting (CN). In the SN condition, one female was
housed in a 33  13  14 cm Plexiglas cage. In the CN condition, females were housed in trios in 42  27  14 cm Plexiglas
cages, five days before the first delivery. The three CN mothers
gave birth with an interval between two consecutive
deliveries of 3 days. Thus, each CN nest was formed by 3
groups of mouse pups of different age: Old, Middle and Young
pups. Each litter was culled on the day after birth, postnatal
day (PND) 1 (birth = PND 0) to four males and four females for
the SN group, and to 12 males and 12 females for the CN group.
Pups were weaned at PND 25 and males of each litter were
housed in groups of 4 in 42  27  14 cm Plexiglas cages.
Before weaning, the cage for the CN condition was about
2—3 times larger than the cage for the SN condition. Thus,
the average amount of space for pup in the two conditions
was comparable.

2.2. Maternal care observations
Eleven SN and ten CN cages were observed from PND 1 to PND
14. Sample size was: SN, n = 11; Young, Middle, Old group;
n = 10 each. Maternal behavior was scored during three
sessions each day. Data were collected in each session for
each cage, with one-zero sampling, over 20 10-s observations
that were 180 s apart (60 observation per day for each dam).
The observer recorded whether the behavior was present or
not during the 10-s observation; more than one behavior
could be present, and thus recorded. The sessions started at,
11.00 h, 15.00 h, 19.00 h. The last session took place during
the active phase of the 12:12 cycle, and was performed under
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Figure 1 Maternal care and peer interactions during the first two postnatal weeks. (A) Scheme representing the communal nesting,
detailing the relative time interval between deliveries of the three mothers. (B) Maternal care. The Middle (Mid) group (n = 10)
received less maternal care overall compared to standard nesting (SN) (n = 11), Old (n = 10) and Young (Yng) (n = 10) group. In
particular, the Middle group received less licking/grooming-arched back nursing (LG-ABN) and blanket nursing compared to the other
groups ( p < 0.01). (C) Early peer interactions during the first two postnatal weeks. SN pups (n = 6 litters) showed lower levels of peer
interactions particularly for those behaviors involving a direct competition (replacing and pushing) compared to the other groups (n = 6
litters in each group) (at least p < 0.05). High levels of tenacious attachment, in the Middle group ( p < 0.01 vs. all the others) could
compensate for the low levels of maternal care received (data shown in B). Gray boxes highlight total amount of maternal behavior
and peer interactions. The cage was considered as the statistical unit. **, ## and $$ = p < 0.01 respectively vs. SN, Middle and Young;
* and $ = p < 0.05 respectively vs. SN and Young. Data shown are means  SEMs.
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dim red light illumination. Maternal behavior has been
analyzed according to previous work (Branchi et al.,
2006). In particular, the following behaviors were scored:
arched-back nursing: the dam is immobile and in a high
upright dorsal arch posture supported by rigid fore- and hind
limbs, the head is depressed, the trunk and limbs are bilaterally symmetrical, and pups are attached to the nipples;
blanket nursing: the dam is over the pups, relatively immobile, bilaterally symmetrical, with the head not depressed,
and in a low dorsal arch posture supported by rigid fore- and
hind limbs or in a low dorsal arch posture supported by rigid
fore limbs or rigid hind limbs or lies flat on top of the pups
with little or no limb support; passive nursing: the dam body
is lying down on her side with more than one pup usually
attached to the nipples; total nursing is the sum of the three
nursing positions; licking/grooming: licking and grooming of
the pup body; ano-genital licking: licking concentrated on
the ano-genital region of the pup; licking/grooming and
arched-back nursing (LG-ABN): the sum of arched back nursing and licking/grooming; retrieval: the dam picks up the
pup gently with the incisors by its dorsal skin and carries it to
the nest; dig: digging in the sawdust, moving it around using
the snout and/or both the forepaws and hindpaws, mostly
moving around the cage and sometimes changing the
arrangement of the substrate material; rearing: the animal
stands on its hind limbs, often sniffing; moving: the animal
moves around the cage, actively exploring; eating: nibbling
food pellets held in its forepaws or held in the food-containing compartment of the cage; drinking: drinking from the
water bottle; self-grooming: the animal licks, combs,
scratches any part of own body; resting: the animal lies still
in a sleeping mode; out of nest: moving about the cage but
not carrying pups or nesting material. Scoring of maternal
behavior in the CN group occurred across 20 days (with
observations for the Old group occurring across days
1—14, for the Middle group across days 4—17 and for the
Young group across days 7—20).
In each cage, the behavior of all mothers was scored. Each
mother was uniquely identified through marks made with
non-toxic hair dye.

2.3. Pup social interaction observations
Six SN and six CN cages were observed from PND 1 to PND 14.
Sample size was: n = 6 in each group. Cages used for scoring
pup social interactions were a subset of those used for
maternal observations. Sibling social interaction behavior
was scored during three sessions each day using the same
sampling protocol used for maternal care observations. In
each cage, the behavior of all pups was scored. The sessions
started at 12.00 h, 16.00 h, 20.00 h. The last session was
during the dark phase of the 12:12 cycle, and was performed
under dim red light illumination. Behavioral categories
scored were [adapted from (Mendl and Paul, 1990)]: (1)
pup nutritive behavior: eat; drink, (2) pup competitive
behavior: tenacious attachment (pup clings to the nipple);
pushing (pup pushing another individual to gain access to a
resource); replacing (pup displaces another individual from
the resource), (3) pup social behavior: allogroom (pup is
licking/grooming another individual); allosniff (pup is
sniffing another individual), (4) general activity: active
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(any locomotor activity); rest (pup lying still); out of nest.
Scoring of pup social interactions in the CN groups occurred
across 20 days (with observations for the Old group occurring
across days 1—14, for the Middle group across days 4—17 and
for the Young group across days 7—20).
Developmental markers (e.g., size of the animal, fur
density, eye opening, etc.) allowed the experimenter to
identify which group — Old, Middle or Young — in each cage
was receiving maternal care or peer interactions without any
artificial mark. In all the analyses, PND indicated the actual
age of the group under focal examination. As a consequence,
the same PND for the Old, Middle or Young groups does not
temporally overlap, as they were born three days apart.

2.4. Social interaction test
Social behavior was assessed using the protocol described
previously (Branchi et al., 2006). From PND 90 to PND 95,
after 2 weeks of isolation aimed at facilitating agonistic
interactions (Alleva, 1993), mice (n = 20 for each experimental
group) underwent a social interaction test consisting of a 20min encounter each day, for five consecutive days. Experimental subjects were placed in a neutral cage with a standard
opponent. The same experimental animal was paired with the
same standard opponent, an adult CD-1 male of the same
weight and age. During the agonistic interaction, behavior was
video-recorded and behavioral analysis was conducted using
commercial software (Observer 3.0 Wageningen, The Netherlands). The behavioral categories and elements scored were
previously described and validated (Alleva, 1993). The behavioral categories and elements scored were:
- aggressive/offensive behaviors: latency to the first attack, the time from the beginning of the test session to
the first biting attack; attack, fighting episode when a
mouse belonging to the experimental group approaches
the opponent and bites it; aggressive grooming, violent
grooming by the animal on the back of the partner; chase,
the animal goes after the opponent; offensive upright
posture, the animal stands on its hindlimbs facing the
opponent aggressively; tail rattling, fast tail vibration
often observed in a distance ambivalence situation.
- defensive/subordinate behaviors: defensive upright posture, the animal stands on its hindlimbs and pushes the
aggressive opponent with its forepaws; crouched posture,
the animal lies on its ventrum, the head flat on the cage
floor (this posture is often observed in response to aggressive grooming performed by the partner); submissive upright posture, the animal stands on its hindlimbs, the head
pulled far back and its body rigid; freezing, animal reacts
to the physical movements of the partner by remaining
motionless; fleeing, animal moves very rapidly away from
the partner, often associated with vocalizations;
- affiliative behaviors: anogenital sniff, sniffing the anogenital area of the partner; nose sniff, sniffing the head and
the snout region of the partner; allogrooming, grooming
the partner; body sniff, sniffing any other area of the body
of the partner.
- non-social activities: wall rearing, animal stands on its
hindlimbs and touches the walls of the cage with the
forelimbs; bar holding, animal grasps the metal top of
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the cage holding itself above the level of the ground.; selfgrooming, animal licks and mouths its own fur, sometimes
helping itself with its forepaws; digging, animal digs the
sawdust with the forelimbs, often kicking it away with the
hindlimbs.
During the last fighting session, the social status of each
experimental subject was identified:
- dominant, the mouse displays a consistent amount of
attacks without being attacked
- subordinate, the mouse is continuously attacked and
defeated without showing any counterattack.
Since not all animals established a clear hierarchy, the
final sample size of SN, Old, Middle and Young was, for
dominants, respectively n = 6, 12, 10 and 13, and for subordinates, respectively n = 13, 8, 8 and 5.

2.5. BDNF determination
Brain derived neurotrophic factor (BDNF) protein evaluation
was carried out in the hippocampus, frontal cortex and
hypothalamus by an ELISA kit ‘‘BDNF Emax ImmunoAssay
System number G6891’’ by Promega, (Madison, WI, USA)
according to the instructions of the manufacturer. Sample
size was n = 5—6 in each group. Tissues were homogenated in
the kit calibration buffer and centrifuged. The brain tissues
were homogenized with ultrasonication in extraction buffer
0.2% triton. Briefly, 96-well immunoplates were coated with
100 ml per well of monoclonal anti-mouse-BDNF antibody.
After an overnight incubation at 4 8C, the plates were washed
three times with wash buffer and the samples were incubated
in the coated wells (100 ml each) for 2 h at room temperature
with shaking. After an additional five washes the immobilized
antigen was incubated with an anti-human BDNF antibody for
2 h at room temperature with shaking. The plates were
washed again with wash buffer, and then incubated with
an anti-IgY HRP for 1 h at room temperature. After another
wash the plates were incubated with a TMB/peroxidase
substrate solution for 15 min and then phosphoric acid 1 M
(100 ml/well) was added to the wells. The colorimetric reaction product was measured at 450 nm using a microplate
reader (Dynatech MR 5000, PBI International, USA). BDNF
concentrations were determined, from the regression line for
the BDNF standard (ranging from 7.8 to 500 pg/ml purified
mouse BDNF) incubated under similar conditions in each
assay. The sensitivity of the assay was about 15 pg/g of BDNF
and cross-reactivity with other related neurotrophic factors
(NGF, Neurotrophin-3 and Neurotrophin-4) was less than 3%.
All assays were performed in duplicate.

2.6. Oxytocin receptor (OTR) autoradiography
Brains for OTR autoradiography were different from those
used for BDNF protein levels analysis. Mice (sample size: SN,
Old, Middle and Young mice respectively, n = 9, 10, 9 and 10
per group) were sacrificed through rapid decapitation and
brains extracted, placed briefly in isopentane, and stored at
80 8C. Brains were sectioned in the coronal plane at 16 mm,
and sections thaw mounted onto poly-L-lysine coated slides

I. Branchi et al.
that were stored at 80 8C until the assay was performed.
Slide-mounted coronal brain sections were processed for
Oxytocin receptor autoradiography using 125I-d(CH2)5[TyrMe)2,Tyr-NH29] OVT (New England Nuclear, Boston, MA, USA)
(New England Nuclear, Boston, MA, USA) as previously
described (Champagne et al., 2001; Curley et al., 2009).
All autoradiograms were analyzed using an image-analysis
system (MC1D-4, Interfocus Imaging, Cambridge, UK).
Between three and six sections were analyzed bilaterally
for each brain region. OTR receptor binding was analyzed
between Bregma 1.06 and 1.46 mm in the anterior cortical nucleus and the central nucleus of the amygdala, and
between Bregma 1.58 and 1.82 mm in the posterior dorsal
medial, lateral and basolateral nuclei of the amygdala. Sections that did not contain the region of interest and brains
that had too few sections of sufficient quality were excluded
from the analysis. The actual number of brains analyzed for
OTR binding in the SN, Old, Middle and Young groups was,
respectively, 8, 9, 8 and 7. For each animal, total and nonspecific binding was measured for each region using adjacent
brain slices and the difference taken to yield specific binding
which was converted to fmol/mg using microscales (GE
Healthcare). The statistical analysis was performed on the
mean of these values for each animal by brain region according to the mouse brain atlas (Paxinos and Franklin, 2003).
Brains for BDNF protein levels and for oxytocin receptor
autoradiography were collected one month after the social
interaction test. Though, according to the literature, 1
month is a standard wash-out period, the influence of social
interaction on BDNF protein levels and OTR binding cannot be
completely ruled out.

2.7. Statistical analysis
All data were analyzed with ANOVAs, considering rearing
condition (standard vs. communal) and birth order (Old,
Middle and Young) as between-subject variables and subject
as a random factor nested within rearing condition; time
(day) as repeated measures within subjects. Post hoc comparisons were performed using the Tukey’s HSD test. Latency
data were analyzed with a Mann—Whitney non-parametric
test (statistical software Statview II, Abacus Concepts,
CA, USA).
In all the analyses, including those concerning BDNF protein levels and OTR binding, the cage was considered as the
statistical unit in order to take into account litter effects.
When more individuals (e.g., pups) from the same cage and
experimental group were considered, the average value was
used in the analysis.

3. Results
3.1. Maternal care and pup social interaction
observations
When considering maternal behavior, a main effect of rearing
condition was found for the total amount of arched-back
nursing with licking and grooming [F(3,481) = 137.21,
p < 0.0001], blanket [F(3,481) = 72.76, p < 0.0001], passive
[F(3,481) = 27.24,
p < 0.0001]
and
total
nursing
[F(3,39) = 125.29, p < 0.0001]. In particular, the Middle
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group received very low levels of maternal care compared
with the other two age groups (Figs. 1B and S1). This was
particularly evident for licking/grooming and arched-back
nursing (LG-ABN; p < 0.01), considered to be the two maternal behaviors with the most profound developmental influence on the adult offspring neurobehavioral profile of rodents
(Meaney, 2001; Champagne and Curley, 2009), as well as
blanket nursing ( p < 0.01). Moreover, in the CN group,
mothers interacted with all pups in the nest and did not
show a preference for their own litter (Fig. S2; for a picture
see Fig. 1B). Rearing condition significantly affected early
social interaction among peers, modifying all behaviors
investigated: replacing [F(3,440) = 42.06, p < 0.0001], pushing [F(3,440) = 15.72, p < 0.0001], and tenacious attachment behavior [F(3,440) = 48.08, p < 0.0001]. Individuals
reared in the SN had fewer peer interactions compared to
the Old, Middle and Young groups ( p < 0.01; Figs. 1C and S3).
Thus, individuals from the Old and Young groups received high
levels of both maternal and peer interactions, the SN group
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had high levels of maternal behavior but low levels of peer
interaction and the Middle group was characterized by low
levels of maternal behavior but high levels of peer interaction. With regard to peer interactions in the CN group, pups
were most likely to initiate social interaction with same-age
or younger pups, and rarely with older pups (Fig. S4). It is
worth noticing that these differences in pup social interactions displayed by the experimental communal groups may be
in part due to differences in mobility and body size and
weight associated with age differences.

3.2. Social interaction test
3.2.1. Agonistic behavior
A significant interaction between rearing condition and
social status was found for frequency of attack
[F(3,67) = 4.165, p = 0.0091], offensive upright posture
[F(3,67) = 4.210, p = 0.0087], defensive upright posture

Figure 2 Agonistic behavior in adulthood. (A) and (B) The prompt ability to become either dominant or subordinate in a dyadic
interaction is considered as an index of agonistic competencies. Such ability emerged at different time points in the different
experimental groups both for offensive and defensive behaviors. The Old and the Young (Yng) group showed a significant difference in
behavior between dominants and subordinates on the first day of agonistic interaction, while in the other groups this difference
became significant only on the fifth encounter. Gray boxes highlight the first day of social interactions. (A) Offensive behaviors. (B)
Defensive behaviors. Standard nesting (SN), Old, Middle (Mid) and Yng dominants, respectively n = 6, 12, 10 and 13; subordinates,
respectively n = 13, 8, 8 and 5. The cage was considered as the statistical unit. * and ** = respectively p < 0.05 and < 0.01 subordinate
vs. dominant. Data shown are means  SEMs.
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Figure 3 Brain BDNF protein levels are modulated by the rearing condition. Old and Young (Yng) groups showed higher BDNF levels in
the hippocampus, hypothalamus and frontal cortex compared to both standard nesting (SN) and Middle (Mid) group (n = 5—6 per group).
The cage was considered as the statistical unit. * = p < 0.05 vs. SN mice; # and ## = respectively, p < 0.05 and p < 0.01 vs. Middle
group. Data shown are means  SEMs.

[F(3,67) = 2.558, p = 0.0625] and submissive upright posture [F(2,134) = 5.001, p = 0.0035]. While SN and Middle
mice needed five social encounters to fully establish their
specific social role (i.e. show the behavioral profile typical
of a dominant or subordinate male), the Old and Young
mice achieved a defined social role during the first social
encounter demonstrating elaborate agonistic competencies. Social competencies are defined as the ability of
an individual to modify the expression of its social behavior
as a function of the available social information (Oliveira,
2009; Taborsky et al., 2012). In particular, dominants vs.
subordinates in the Old and Young groups showed behavioral differences (at least, p < 0.05) already on day 1 of
testing. It is important to note that the ability to promptly
achieve a social status in the Old and Young group concerned not only aggressive/offensive behaviors, such as
attacking, offensive upright postures and tail rattling (Figs.
2A and S5), but also defensive upright and submissive
upright postures (Fig. 2B), demonstrating that the modification in social competencies cannot be simply attributed to an overall change in aggression levels. Overall,
only those individuals that received both high levels of
maternal stimulation and peer interactions showed elaborate agonistic social competencies at adulthood, indicating
that both types of early social interactions are necessary
for development of effective social skills. No difference in
the number or proportion of mice displaying either the
dominant or the subordinate role was found among the
experimental groups.
3.2.2. Affiliative behavior
During the last encounter of the social interaction test when
the social hierarchy was established, individuals from the
different experimental groups showed different levels
of reconciliatory affiliative behavior [F(3,146) = 3.211,
p = 0.0279]. In particular, mice reared in a CN — the Old,
Middle and Young groups — showed significantly higher levels
of affiliative behavior toward a standard opponent male
compared to SN individuals ( p < 0.05; Fig. 4A). This result
is in line with previous studies showing that, compared to
mice reared in a SN, CN mice show more aggressive behavior
when establishing a social hierarchy but engage in more
affiliative behaviors when the hierarchy is already established (D’Andrea et al., 2007).

3.3. BDNF
Congruent with this hypothesis, we found that the rearing
condition altered adult BDNF levels in the hippocampus, frontal cortex and hypothalamus [respectively: F(3,20) = 11.1622,
p = 0.0002; F(3,20) = 7.034, p = 0.0021; F(3,26) = 6.529,
p = 0.0019]. In particular, the individuals from the Old and
Young groups, which show more elaborate social competencies, have significantly higher levels of BDNF protein in the
hippocampus, frontal cortex and hypothalamus compared to
individuals from the Middle groups and SN reared mice (Fig. 3).
These data show that being exposed during the early developmental period to both high levels of maternal and peer
interactions leads to higher brain BDNF levels in adulthood
compared to subjects exposed to only one form of early social
stimulation.

3.4. OTR binding
We found that all of these groups have significantly higher
levels of OTR binding in selected brain areas involved in social
regulation, such as the anterior cortical nucleus of the
amygdala (ACo; F(1,32) = 10.570, p < 0.01; Fig. 4B), central
amygdala (CeA; F(1,32) = 4.931 p < 0.05; Fig. 4C) and dorsal
posterior medial amygdala (dpMA; F(1,30) = 5.472 p < 0.05;
Fig. S6), compared to SN mice. No significant differences in
oxytocin receptor binding were found in the lateral or basolateral nuclei of the amygdala. This result suggests that
oxytocin functioning in various nuclei of the amygdala that
are known to be critical mediators of social affiliation,
recognition and aggression (Ferguson et al., 2002; Keverne
and Curley, 2004) is strongly affected by enhanced early peer
interactions, but is not affected by differences in maternal
care between CN groups and SN reared individuals.

4. Discussion
The major finding of the present study is that early interactions with mother and peers independently shape social
skills, brain BDNF expression and OTR binding in the amygdala
at adulthood. In particular, high levels of interactions with
mother and peers went along with elaborate social/agonistic
competencies and with elevated brain BDNF levels. By
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Figure 4 Being reared in a CN, independent of birth order, increased adult affiliative behavior and OTR binding, compared to the SN
condition. (A) Affiliative behavior measured on the fifth agonistic encounter when the social hierarchy is established. Old, Middle (Mid)
and Young (Yng) groups (respectively, n = 20, 19 and 20) showed a higher propensity to interact with a conspecific compared to standard
nesting (SN) mice (n = 18). (B) OTR binding. Old, Middle and Young mice (respectively, n = 10, 9 and 10) showed higher levels of oxytocin
receptor binding in the ACo and the CeA, compared to SN mice (n = 9). ACo, anterior cortical nucleus of the amygdala; CeA, central
amygdala; LA, lateral amygdala; BLA, basolateral amygdala. The cage was considered as the statistical unit. * and ** = respectively
p < 0.05 and < 0.01 vs. SN mice. Data shown are means  SEMs.

contrast, high levels of peer interactions in the nest were
selectively associated with high affiliative behavior and with
increased OTR binding in different nuclei of the amygdala
(for a summary of the main results see Table 1). Compared to
previous data, these findings suggest that in addition to
mother—infant interactions, peer interactions modify developmental trajectories, supporting the idea that the development of the central nervous system is molded by a complex
interaction among early experiential systems (Parke et al.,
2002; Glassman and Buettner, 2005).
Here we show that, in an asynchronous CN mouse model,
the amount of maternal care received changes according to
birth order, with the Middle group receiving the least amount
of care. In the mixed age communal nest group, Old pups
successfully compete with the others to get access to lactating dams, while Young pups represent the most powerfully
attractive stimulus for the mother and thus receive highest
levels of active maternal care (i.e. LG-ABN). Though it
is worth noting that different factors are likely to shape this
phenomenon in different species, interestingly it shares
similarities with the condition observed in the middle child
in humans, who often receives less maternal care than the
elder or younger sibling. Our results also indicate that the
Table 1

Summary of the major effects of the different rearing conditions.

Experimental group

Early experiences
Maternal
care

SN
Old
Middle
Young

amount of peer interactions is directly related to the number
and age of nest-mates present.
Both maternal care and peer relationships have been
shown to be relevant for the development of adult social
behavior in rodents and non-human primates. For instance,
decreased maternal behavior has been associated with
reduced propensity to interact socially at adulthood (Macri
and Laviola, 2004; Mintz et al., 2005) and early peer interactions shape individual differences in adult social behavior
(Laviola and Alleva, 1995; Terranova and Laviola, 1995;
Hudson, 2005; Suomi, 2005; Bautista et al., 2008; Yang
et al., 2011). We thus investigated whether differential
levels of maternal care and peer interactions might affect
adult social behavior in two distinct domains: agonistic
behavior (i.e., the ability to manage social interactions,
playing either the dominant or the subordinate role) and
affiliative behavior (i.e., the display of behavioral patterns
aimed at reducing aggressive behavior and increasing social
tolerance). Both domains are critical for the establishment
and maintenance of successful social interactions. While
agonistic behavior is used in the early phases of group formation and enables individuals to identify their relative
hierarchical status, affiliative behavior is exploited — in a

+
+
+

Outcome at adulthood
Peer
interaction

Agonistic
behavior

BDNF
levels

Affiliative
behavior

Oxytocin
receptors

+
+
+

+

+

+

+

+
+
+

+
+
+
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post-conflict reconciliatory fashion — to attenuate future
aggression (Pellegrini, 2008). Indeed, affiliative behavior is
a natural aspect of animal interactions that has co-evolved
with aggression to achieve group cohesion (Hartup et al.,
1988; de Waal, 1989; Verbeek, 2008).
The present findings show for the first time that the combination of both components of the early social environment
are critical for the development of the adult social agonistic
competencies. In fact, once mice reached adulthood, only
those having received a combination of both high levels of
maternal care and peer interactions during infancy displayed
increased competencies, which consist of both rapid social
learning and social plasticity — i.e. the ability to assume either
aggressive/offensive or submissive/defensive behaviors,
according to the faced unfamiliar conspecific and the context.
Significantly, the different experimental groups did not differ
with respect to the proportion of individuals that become
dominant or subordinate, suggesting that they showed overall
similar levels of aggressive behavior.
The combination of high levels of maternal care and peer
interactions during infancy has been found to be critical also
in determining the adult levels of brain BDNF, a key player in
brain development and plasticity (Thoenen, 1995; Castren,
2005; Cirulli et al., 2009). Indeed, the experimental groups
exposed to high levels of both social components showed
significantly higher hippocampal, frontal cortical and
hypothalamic BDNF protein levels compared to the other
two groups, which were exposed to high levels of only one
component. Thus, experimental groups showing increased
BDNF levels in selected brain areas reported to be involved in
regulation of social behavior (Tsankova et al., 2006; Holmes
et al., 2007; Lagace et al., 2010) also displayed greater
agonistic social competencies. We have previously shown
that increased BDNF levels are associated with social plasticity and increased social competencies, consequent to
being reared in a synchronous CN where all litters are born
on the same day (Branchi et al., 2006). Such association is
consistent also with previous studies by other authors illustrating a key role of BDNF in the regulation of social behavior.
For instance, BDNF knock-out mice show hyper-aggressiveness associated mainly with reduced levels of this neurotrophin in the hippocampus and cortex (Lyons et al., 1999;
Chan et al., 2006; Lang et al., 2009). Importantly, BDNF
expression in the mesolimbic dopamine pathway has been
associated with learning about the consequences of social
interactions, such as experience-dependent social aversion
(Berton et al., 2006). Previous studies suggest that modifications in adult BDNF levels induced by being reared in a
socially enriched condition, such as that provided by the CN,
could be determined by early changes in the BDNF epigenetic
structure (Roth et al., 2009; Champagne, 2010; Branchi
et al., 2011a).
In contrast to agonistic social competencies, enhanced
affiliative behavior emerged only in those groups who displayed high levels of early peer interactions during infancy
— and independently from the amount of maternal care —
suggesting that different adult social domains are structured
through diverse early social experiences. High levels of peer
interactions led also to higher adult OTR binding in selected
areas of the amygdala known to be involved in the regulation of
social affiliation and recognition, such as the ACo, CeA and
dpMA. Previous studies have indicated that affiliative behavior
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is associated with OTR levels (Rodrigues et al., 2009; Ross and
Young, 2009) and the neuropeptide hormone oxytocin has been
implicated in the regulation of a variety of social behaviors
(Lee et al., 2009; Walum et al., 2012). In particular, enhanced
oxytocin functioning has been shown to facilitate affiliative
behavior and social recognition (Cho et al., 1999; Bielsky and
Young, 2004), though not intermale aggression (DeVries et al.,
1997). In addition, long-term changes in central levels of the
OTR have been shown to be particularly affected by differential social experiences (Curley et al., 2011).
Overall, these results indicate that early interactions with
mother and peers independently affect adult social behavior
and the neural substrates involved in its regulation in mice.
Though we are not arguing that there is strict isomorphism
between animal and human affiliative behavior, these findings are particularly interesting for future studies aiming to
investigate the neurobiological mechanisms underlying how
pathological aggressive behavior can lead to an escalation of
violence without inhibitory control associated to affiliative
behavior and reconciliation (Patrick, 2008). On the other
hand, in view of the reported impairments of the oxytocin
system and affiliative behavior in human mental disorders
characterized by social deficits, such as autistic spectrum
disorder (Lerer et al., 2008), the present data suggest that
early peer stimulation might be considered as a potential
complementary behavioral strategy to those treatment programs that already focus upon empowering social competences through adult-infant interactions (Dawson, 2008;
Vismara and Rogers, 2010).
Taking a life-long perspective, the foundation of a healthy
life relies upon early experiences. When these are appropriate, physiological systems are typically healthy and adaptive.
However, when early life relationships are impoverished,
several systems, including those relevant for mental health,
may be dysfunctional laying the ground for maladaptive behavior and disability. These data may have implications for health
policies and prevention strategies as the identification of early
controllable influences on mental health as well as social skills
can guide the targeting of more effective policies and services
for young children with emotional disabilities and their
families.
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