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Abstract
Variation in the early postnatal social environment can have lasting effects on hypothalamic-
pituitary-adrenal (HPA) axis stress responses. Both rats and macaque monkeys subjected to low
quality or abusive maternal care during the early postnatal period have more pronounced HPA
responses to environmental stressors throughout development and into adulthood compared to
animals reared in higher quality early maternal environments. However, little is known about the
relative contributions to HPA stress response styles in developing offspring in species in which
offspring care is routinely provided by group members other than the mother, such as in
cooperatively breeding mammals. Marmoset monkeys exhibit cooperative offspring rearing, with
fathers and older siblings providing care in addition to that provided by the mother. We evaluated
the effects of early maternal, paternal, and older sibling care on HPA responses to social
separation across development in captive white-faced marmoset offspring (Callithrix geoffroyi).
We monitored offspring care by mothers, fathers, and older siblings in marmosets for the first 60
days of life. Later in development, each marmoset experienced three standardized social
separation/novelty exposure stressors at 6, 12, and 18 months of age. During separation, we
collected urine samples and analyzed them via enzyme immunoassay for cortisol levels. Infants
that received higher rates of rejections from the entire family group showed higher cortisol
responses to social separation. This relationship was found when mothers, fathers, and older
siblings, were analyzed separately as well. No differences in cortisol responses were found
between offspring that received high and low rates of carrying or high and low rates of licking and
grooming by any group member. In the cooperatively breeding marmoset, early social cues from
multiple classes of caregivers may influence HPA stress responses throughout the lifespan.
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Variation in early postnatal environments can permanently influence neuroendocrine
responses to environmental stressors. In particular, differences in the nature of the early
social environment can cause lasting changes in hypothalamic-pituitary-adrenal (HPA) axis
stress responses. In rats, repeated maternal separation for extended periods of time and/or
low rates of maternal licking-grooming and arch-backed nursing during the early postnatal
period results in increased production of corticotropin-releasing hormone (CRH; released in
the paraventricular nucleus of the hypothalamus), adrenocorticotropic hormone (ACTH;
secreted by the pituitary), and glucocorticoids (corticosterone; secreted by the adrenal
glands) to stressful stimuli in adulthood (Bhatnagar and Meaney, 1995; Levine et al., 1957;
Liu et al., 2000, 1997; Meaney et al., 1996; Plotsky and Meaney, 1993; Viau et al., 1993).
Short periods of maternal separation, however, can elicit higher rates of licking and
grooming from rat mothers, which appears to blunt rises in these HPA products (Plotsky and
Meaney, 1993). In humans, low quality early social environments are also associated with
blunted early morning rises in cortisol and increased HPA responses to stress (Flinn et al.,
2011; Gunnar and Quevedo, 2007; Tarullo and Gunnar, 2006), which is associated with
several mood disorders (Arborelius et al., 1999; Lupien et al., 2009; Nestler et al., 2002) and
other deleterious health outcomes such as decreased immune function, heart disease,
gastrointestinal illnesses, and exacerbation of autoimmune disorders, to name a few
(DeVries et al., 2007; McEwen, 1998; Sapolsky et al., 2000). The health and fitness of an
individual, therefore, is significantly impacted by the quality of the early postnatal social
environment.

Investigations in nonhuman primates have, for the most part, supported the results from
rodent experiments and correlational human studies. Rhesus macaques (Macaca mulatta)
have been the primary nonhuman primate model used in exploring the influence of the early
environment on the development of HPA stress response styles (reviewed in Parker and
Maestripieri, 2011; Stevens et al., 2009). Compared to normally mother-reared monkeys,
rhesus macaques reared with a peer group (a less-ideal, low-quality environment) show no
differences in baseline plasma cortisol levels, but an increased cortisol response to social
separation at 6 and 18 months of age compared to their mother-reared peers (Higley et al.,
1992). Moreover, peer-reared females exhibited a higher ACTH response to alcohol infusion
compared to their peer-reared male counterparts, but no differences in ACTH responses
were found between peer-reared and mother-reared offspring overall (Barr et al., 2004a). In
contrast to rodent studies, which found that early adverse environments result in increased
HPA stress responses, one study demonstrated that peer-reared rhesus monkeys had lower
baseline plasma cortisol along with lower cortisol levels after a period of chronic separation
stress compared to mother-reared infants (Barr, Newman, Shannon, et al. 2004). Another
investigation found that peer-reared macaques had lower plasma ACTH and cortisol
responses to housing transition stress than mother-reared monkeys (Clarke, 1993). This
discrepancy between the rat and macaque findings may be due in part to more severe forms
of parental neglect or maltreatment (complete parental absence in the case of the monkeys
versus short-term, repeated maternal separation in rats) causing chronic hypersecretion of
stress-related hormones, which in turn may cause desensitization of the HPA stress response
through alterations in the sensitivity of negative feedback in the HPA axis (reviewed in
Sanchez, 2006). It also remains possible that different developmental timeframes are a key
factor in HPA development differences seen across these groups. Rats have relatively
underdeveloped nervous systems at birth compared to primates (Clancy et al., 2007), and
they exhibit a hypoactive period of HPA activity for two weeks following birth (Sapolsky
and Meaney, 1986); therefore, environmental influences during the postnatal period may not
have analogous effects across these groups.

Little attention has been paid to the possibility that differences in classes of offspring
caregivers, particularly during critical periods of development, may also contribute to
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differences in HPA response styles across species. In both rats and macaque monkeys,
mothers are primary caregivers during periods of highest offspring dependency (Smuts and
Gubernick, 1992). While interactions between infant macaques and adult males, older
siblings, and other adult females have been observed (Thierry et al., 2004), this type of so-
called alloparental care is much more extensive in New World monkeys, such as marmosets
(genus Callithrix). Marmosets and other calltrichine primates exhibit a cooperatively
breeding social structure in which all group members—mothers, fathers, and older siblings
—assume a substantial role in infant care (Solomon and French, 1996). The marmoset,
therefore, provides a valuable model in which to test the relative contributions of infant care
provided by various group members on developmental outcomes such as stress responsivity.
The marmoset HPA stress response is also sensitive to acute social cues from various group
members. Social relationships within this family-like arrangement can either buffer HPA
stress responses (Rukstalis and French, 2005) or intensify HPA activation during intragroup
conflict (Smith and French, 1997). Marmosets exposed to stressors show increases in
anxiety-like behavior, altered HPA axis function, and impaired social interactions (French et
al., 2007; Johnson et al., 1996b; Smith et al., 2011). Therefore, the marmoset is an excellent
animal model in testing questions related to the social environment and HPA axis function
and development.

We previously demonstrated that developing marmosets have demonstrable individual
differences in the excretion of stress hormones in response to a standardized stressor, and
that these individual differences were highly consistent within individuals across major
phases of lifespan development (independent from caregivers) for prepubertal (6 months of
age), peripubertal (12 months) and postpubertal young adults (18 months; French et al.,
2012). In investigating the sources of individual variation in HPA stress responses, we found
that individual marmosets within a twin litter do not show concordant HPA responses to
social separation with their co-twins (French et al., 2012). We therefore postulated that
shared intrauterine environments and shared genes (average of 50% among fraternal twins)
cannot completely account for individual differences in stress response styles in this species.
Similar to studies in rodents, humans, and other nonhuman primates, empirical evidence
suggests that marmoset HPA stress response styles are sensitive to variation in early
environments. For example, infant marmosets (Callithrix jacchus) that were repeatedly
separated from their caregivers (30 to 120 minutes) between 2 and 28 days of life showed
lower baseline levels of urinary cortisol as juveniles than control animals (Dettling et al.,
2002), but no differences were found in cortisol responses during social separation
challenges. In addition, normative variation in parental quality, as opposed to experimental
parental deprivation, is also related to differences in HPA stress response styles in
marmosets. In response to an exogenous CRH challenge, plasma cortisol responses were
lower in marmoset infants that experienced some form of parental abuse either from mothers
or fathers during the early postnatal period compared to infants from non-abusive families
(Johnson et al., 1996a). In the closely related Goeldi’s monkey (Callimico goeldii), higher
levels of parental aggression (threat vocalizations, biting, or removing an infant that is being
carried) between 3–12 weeks of life were related to higher urinary cortisol responses to
social separation in offspring at 32–35 weeks of age (Dettling et al., 1998). After repeated
separation challenges, Goeldi's monkey offspring that received higher rates of parental
aggression early in life showed less behavioral and HPA adaption to the stressful event than
offspring receiving lower rates of parental aggression. While these results suggest that the
early social environment plays a key role in HPA axis function and development, it is still
unclear as to which social cues contribute significantly to the development of HPA stress
response styles in cooperatively breeding species. That is, are the alterations in HPA stress
responses in cooperatively breeding species a result of the quality of maternal interactions,
paternal interactions, or total quality and quantity of offspring care provided by all
caregivers during the critical period of infancy? Marmoset fathers and older siblings often
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play a substantial role in infant rearing (Nunes et al., 2001, 2000; Yamamoto, 1993;
Yamamoto et al., 2008). We therefore postulated that the differences in the care provided by
fathers and other group members could potentially constitute a significant source of
variation in later HPA stress response styles in this cooperatively breeding primate.

The purpose of the current study was to investigate the nature of differences in early
offspring care in marmosets and to assess the relationship between these differences and
HPA responses to social separation stress across development in marmoset monkeys (C.
geoffroyi). We used a social separation stress paradigm at different developmental time
points to assess HPA responsivity in marmoset offspring and examined if differences in
paternal and/or alloparental care, in addition to maternal care, were associated with
differences in HPA stress responses. Specifically, we investigated the relationships between
HPA stress responses and infant carrying behavior, licking and grooming, and infant
rejections across these different group members. To the extent that HPA stress response
styles are sensitive to variation in early infant care in marmosets, we predicted that offspring
that received lower rates of grooming and anogenital licking and were subjected to more
infant rejections across care providers would have higher urinary cortisol responses across
development to social separation compared to infants who received higher rates of licking
and grooming and lower rates of rejections.

Methods
Subjects and housing

A total of 37 (21 male; 16 female) white-faced marmosets (C. geoffroyi) were used in the
study. Marmosets typically give birth to fraternal twins, and of the subjects used, 29 were
from twin pairs (one male from a twin pair died before testing) and 8 were singletons.
Animals were socially housed in family groups of 3 to 9 at the University of Nebraska at
Omaha Callitrichid Research Center. Twenty-three of the 37 offspring in this study had
between 1 and 6 older siblings present at the time of their birth, while the remaining 14 did
not have older siblings present at the time of their birth. Older siblings ranged in ages from 6
months to 2 years. Animals were houses in wire-mesh enclosures no smaller than 1m × 2m
× 2m with no less than 1m3 per animal. Cages were furnished with branches, a nest box, and
various enrichment devices. Animals had access to water ad libitum and were fed Zupreem®
Marmoset diet and Mazuri® fiber blocks each day, supplemented with varying combinations
of meal worms, crickets, various fruits, yogurt and eggs. Adequate steps were taken to
ensure minimal pain and discomfort, and all procedures complied with and were approved
by the University of Nebraska Medical Center/University of Nebraska at Omaha
Institutional Animal Care and Use Committee (IACUC: 07-033-05). Further details of
husbandry and housing conditions can be found in Schaffner et al. (1995).

Behavioral observations
Behavioral observations (20 min each) were conducted two to five times per week for all
offspring during the first two months (1 to 60 days) of age. Several observers collected
behavioral data. Prior to data collection, observers were trained and inter-rater reliability
was assessed. Observers were allowed to collect behavioral data once they achieved 90% or
higher reliability with the other observers. During behavioral observations, a trained
observer sat approximately 1 m from the home cage with a laptop computer and recorded
behaviors with either Observer 5.0 or Observer XT 8.0 (Noldus Technologies, Houston,
TX). All occurrences of infant care behaviors and the identity of the group member
performing the target behavior were recorded during observations. The time spent carrying
as a proportion of the total observation time for each infant was recorded for all members of
the group. Each infant was scored individually; thus in the case of twins, if a caregiver was
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carrying both infants, each infant received a separate score for the duration of time spent
carrying by that caregiver. We also collected the frequencies of infant rejections, infant
grooming, and infant anogenital licking for each caregiver present for each observation. An
infant rejection was scored when a caregiver, carrying an infant, actively displaced the infant
by pushing, pulling or otherwise removing the infant from its body. An infant grooming
bout was scored when a caregiver manipulated the coat of an infant with its teeth or hands.
An anogenital licking bout was scored when a caregiver licked the anogenital region of an
infant. A new infant grooming bout or anogenital licking bout was scored only if the
behavior had not been performed during the previous five second interval. Each infant was
identified with a unique dye mark to track parental care for each member of the set of twin
offspring.

Social separation challenges
Animals underwent social separation stress challenges at six, 12, and 18 months of age,
which represent juvenile, sub-adult, and young adult developmental stages, respectively
(Yamamoto, 1993). Not all 37 animals completed the separation challenges; we were able to
obtain data for 37, 35, and 28 monkeys at 6-, 12-, and 18-months of age, respectively.
During the challenge, the animal was removed from its natal group and housed alone in a
smaller cage for eight h. One day prior to removal from the home cage and immediately
prior to the removal, a first-void urine sample was collected from each animal under stress-
free conditions in their respective home cage between 0600 and 0800 hours. Animals were
habituated to investigators entering their cages and were trained to urinate into hand-held
pans for a food reward. Urine from the pans was then transferred to a clean microcentrifuge
vial, centrifuged for 2 min at 2500 rpm to remove any sediment, and the supernatant portion
of the sample was then transferred to a clean vial and frozen at −20° C until it was assayed
for hormone concentrations. At 0900 hrs, the animal was removed from the home cage and
placed in a small wire mesh separation cage measuring 0.5 m × 0.5 m × 0.5 m. Separation
cages were then moved to a separate, novel, and quiet room away from the home cage.
These cages provided separated marmosets with access to food and water, and a water bottle
filled with diluted apple juice to facilitate urination. Animals remained in the separation
cage until 1700 h (total of 8 h of separation). Animals were returned to their natal family
group and familiar cage at 1700 h. This type of social separation has been shown to induce a
measurable and significant increase in urinary glucocorticoid excretion relative to normal
circadian variation (Johnson et al., 1996b; Rukstalis and French, 2005; Smith and French,
1997).

To collect urine samples during the time the marmoset was separated from its natal group,
separation cages were placed on top of clean plastic sheets. Every hour from 1000 to 1700 h
a trained technician would enter the room and collect urine from the plastic with a pipette,
providing a total of eight urine collection time points during separation. Plastic sheets were
replaced after each urine collection time point. The day following social separation, another
first-void urine sample (between 0600 and 0800 h) was collected in the home cage as
described above.

Cortisol assay
To measure urinary glucocorticoid excretion, we used a cortisol enzyme immunoassay that
has previously been developed and validated for marmoset urine (Smith and French, 1997).
Briefly, 96-well microtiter plates were coated with rabbit anticortisol antibody and 50 µl of
standard and urine sample (diluted 1:6,400 in distilled, deionized water) was added.
Standards were serially diluted in distilled and deionized water, and ranged from 1000–7.8
pg/well. Labeled cortisol (horseradish peroxidase, HRP) was added to each well, and the
plates were incubated for 2 h. We separated free from bound hormone in each well by
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washing the plate four times with saline-buffered detergent solution (Tween 20; Sigma
Chemicals, St. Louis, MO) and then added 100 µl of substrate (ABTS and H2O2) and
allowed the plate to develop until the B0 wells reached an optical density of approximately
1.0. The sample concentration was determined by interpolating optical densities onto a four-
parameter sigmoidal fit function. Interassay coefficients of variation (CV), determined from
high and low concentration pool samples ran on each plate, were 12.28% and 14.90%,
respectively. Intraassay CVs for the high and low pools 8.94% and 9.78%, respectively. To
minimize procedural variability, all samples for a single individual were measured in the
same block of assays whenever possible. To control for variable fluid intake and output,
creatinine (Cr) concentrations were determined with a modified Jaffe reaction colorimetric
assay, and the concentration of cortisol in the urine sample (in µg/ml) was divided by the
creatinine concentration (in mg/ml) to yield values of cortisol in µg/mg Cr.

Data analyses
We calculated three measures of infant care quality. First, we calculated the proportion of
time spent carrying each infant for each group member for all observations. Second, infant
grooming and anogenital licking for each observation were summed, yielding a total licking
and grooming (LG) score for each infant during each observation. Last, we summed infant
rejections (IR) by all group members for each observation. We calculated carrying, LG, and
IR scores for mothers, fathers, older siblings, and summed scores across all caregivers
present. Proportion of time spent carrying, LG, and IR scores were then averaged across all
observations conducted during the first 60 days of life for each infant. We used median
splits to classify infants based on these scores into two categories for each variable; i.e.,
high- and low-carrying, high- and low-LG, high- and low-IR. In order to test whether or not
carrying, LG, and IR were independent of one another, we conducted Pearson’s chi-square
analyses using the frequencies of carrying, LG, and IR group members within infant care
categories (e.g., high- and low-maternal IR and high- and low-maternal LG).

A total of six measures of urinary cortisol levels were calculated from samples taken before,
during, and after social separation. A baseline cortisol level was calculated by averaging the
first-void urine sample taken one day prior to and on the day of separation immediately prior
to removal of the subjects from their home cages. Cortisol levels for samples collected
during the 8-hr separation period were averaged into 2-hr time blocks, yielding a total of
four data points across the duration of the separation challenge. The sixth and final time
point for urinary cortisol measurement was calculated from the first-void morning sample
collected the day following the separation challenge. These six data points provided HPA
stress reactivity profiles for each separation challenge for each infant at 6, 12, and 18 months
of age, and provided measurements to compare urinary cortisol at baseline, maximum
responses during separation stress, and post-stress recovery levels.

We then evaluated urinary cortisol responses to social separation stress with a series of 2
(sex) × 2 (infant care category: high/low carry, high/low IR, high/low LG) × 6 (time) mixed-
model, repeated measures analyses of covariance (ANCOVA) tests using the general linear
model procedure in SPSS 19. Family size (not counting infants) was used as a covariate in
analyses. Family size is highly correlated with maternal parity in our sample (r=0.92), so it
was omitted as a covariate in order to reduce multicollinearity in analyses. We conducted
post hoc independent sample t-tests to compare cortisol levels between groups at each time
point in the presence of a significant group x time interaction; i.e., at baseline, during
separation stress, and at post-stress recovery. Planned independent sample t-tests were
conducted on all baseline and recovery cortisol levels. All analyses were two-tailed and the
criterion for statistical significance was set at p≤0.05.
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Results
Infant care behaviors

Table 1 shows means, standard deviations, and ranges of infant care behaviors performed by
mothers, fathers, older siblings, and total caregiving during the first 60 days of offspring life.
The data reveal that while overall infants are being carried by caregivers a substantial
portion of the time (approximately 75% of the time), there is substantial variation among
infants in the identity of the primary caregiver. Further, there are also considerable
differences among infants in the rates of both positive caregiver interactions (LG) and
negative interactions with caregivers (IR).

Independence of Infant Care Behaviors
The amount of time spent carrying was independent of the number of IRs infants received.
Pearson’s chi-square analyses indicated that the numbers of animals in the high and low
carrying groups were equally distributed in the high and low IR groups for mothers [χ2 (1)
= .026, p=873], fathers [χ2(1) =.232, p=630], siblings [χ 2(1) = 2.112, p=.146], and overall
as families [χ 2(1) =.669, p=.413]. The amount of time spent carrying was independent of
the rates of infant LG for most measures. Analyses indicated that the numbers of animals in
the high and low carrying groups were equally distributed in the high and low LG groups
mothers [χ2 (1) = 1.337, p=248], fathers [χ2(1) =.248, p=.618], and siblings [χ 2(1) = .034,
p=855]. However, offspring in the high total carrying group were significantly more likely
to be in the low total LG group and vice versa [χ2(1) = 7.797, p=.005].The number of IRs
infants received was independent of the amount of LG received. Pearson’s chi-square
analyses indicated that the numbers of animals in the high and low IR groups were equally
distributed in the high and low LG groups for mothers [χ2 (1) = .669, p=.413], fathers [χ2 (1)
= .703, p=.402], siblings [χ2 (1) = .088, p=767], and overall as families [χ2 (1) = 2.179, p=.
140].

Early Care and Stress-induced Cortisol Changes
Urinary cortisol levels across the separation challenge differed between offspring in the
overall high- and low-IR groups as indicated by significant overall IR category (i.e., IR by
all caregivers) by time interactions at 6 months [F(5, 160)=3.38, p=0.006], and 18 months
[F(5, 115)=3.203, p=0.010]. Overall, urinary cortisol levels for the 12 month separation
challenge were higher in offspring in the high-IR group than the low-IR group [main effect:
F(1, 30)=6.31, p=0.02], but there was no significant group by time interaction at 12 months
[F(5, 150)=1.751, p=0.126]. Figures 1a–c show that urinary cortisol increased during the
separation challenge in both IR groups and that offspring that experienced high rates of IR
showed greater cortisol increases during separation, compared to offspring that experienced
low rates of IR early in life. No differences in baseline cortisol were found between overall
high- and low-IR groups [6 months: t(35)=0.82, p=0.42; 12 months: t(33)=0.79, p=0.44; 18
months: t(26)=0.70, p=0.49]. Recovery cortisol levels at 12 months tended to be higher in
offspring in the overall high-IR group [t(33)=2.00, p=0.054], though not statistically
significant, while recovery levels for the 6 month [t(35)=1.01, p=0.32] and 18 month
separation challenges did not differ [t(26)=1.60, p=0.12]. Furthermore, no significant
differences were found in cortisol levels during any time point of social separation between
infants from high- and low-LG families (Figures 1d–f) or from high- and low-carrying
families (Figures 1g–i).

We then analyzed glucocorticoid excretion during the stressor as a function of care provided
by the various group members, and the analyses reveal that differential IR by all potential
caregivers was associated with differential HPA function. Cortisol levels as a consequence
of differential treatment of offspring by mothers was noted, as indicated by significant
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maternal IR category by time interactions at 6 months [F(5, 160)=3.30, p=0.007] and 18
months [F(5, 115)=3.68, p=0.004]. Total urinary cortisol levels for the 12 month separation
challenge tended to be higher in offspring in the high maternal IR group than the low
maternal IR group [main effect trend: F(1, 30)=3.16, p=0.086], but there was no significant
group x time interaction at 12 months [F(5, 150)=1.870, p=0.103]. Figures 2a–c reveal that
urinary cortisol increased during the separation challenge in both groups and that offspring
who experienced high rates of maternal IR show greater cortisol increases during separation,
compared to offspring that experienced low rates of IR early in life. No differences in
baseline cortisol were found between maternal high- and low-IR groups at any time point
tested [6 months: t(35)=1.21, p=0.23; 12 months: t(33)=0.65, p=0.52; 18 months:
t(26)=0.56, p=0.57]. Recovery cortisol levels at 18 months of age were higher in offspring
from high-IR mothers [t(26)=2.19, p=.038], but not at any other time point [6 months:
t(35)=0.99, p= 0.33; 12 months: t(33)=1.48, p=0.15]. No significant differences were found
in separation stress cortisol levels between infants from high- and low-LG mothers or high-
and low-carrying mothers for any time point of separation (data not shown; see online
supplemental material).

Cortisol levels across the separation challenge differed as a function of differential early
treatment by fathers as indicated by significant paternal IR category by time interactions at
12 months [F(5, 150)=3.14, p=0.01], and 18 months [F(5, 115)= 2.68, p=0.025], but not at 6
months [F(5, 160)=0.49, p=0.79]. Figures 3a–c show that urinary cortisol increased during
the separation challenge in both groups and that, compared to offspring that experienced low
rates of IR early in life, offspring that experienced high rates of maternal IR show greater
cortisol increases during separation. There were no significant differences in baseline
cortisol between paternal high- and low-IR groups at any time point tested [6 months:
t(35)=0.62, p=0.54; 12 months: t(33)=0.64, p=0.53; 18 months: t(26)=0.13, p=0.90].
Similarly, there were no significant differences in recovery cortisol levels between paternal
high- and low-IR groups at any time point tested [6 months: t(35)=0.95, p=0.35; 12 months:
t(33)=0.54, p=0.59; 18 months: t(26)=0.02, p=0.98]. Urinary cortisol levels during
separation did not differ between offspring that experienced high- or low-LG or high- or
low-carrying rates by fathers at 6, 12, or 18 months (data not shown; see online
supplemental material).

We then evaluated the effects of care by older siblings on stress responses. Offpsirng with
older siblings present in the natal group did not differ in the amount of overall IR received
(t(35)=0.48, p=.64) or time spent being carried by any group member (t(35)=−1.04, 0.30).
However, offspring with older siblings present did receive more overall LG from caregivers
(t(35)=2.24, p=0.03). In evaluating the effects of early sibling care on stress responses, we
limited our analyses to only those offspring that had older siblings in the natal group during
infancy. We found that cortisol levels across the separation challenge differed between
offspring in the sibling high- and low-IR groups as indicated by significant sibling IR
category by time interactions only at 18 months [F(5, 75)=2.62, p=0.031], but not at 6
months [F(5, 90)=.45, p=0.881] or 12 months [F(5, 100)=1.24, p=0.30]. Figures 4a–c shows
that at 18 months offspring in the high sibling IR group had higher cortisol levels during
separation than offspring in the low sibling IR group. No differences were found between
sibling IR groups in either baseline cortisol [6 months: t(21)=0.42, p=0.68; 12 months:
t(23)=0.03, p=0.98; 18 months: t(19)=0.75, p=0.33] or recovery cortisol levels [6 months:
t(21)=0.77, p=0.45; 12 months: t(23)=0.80, p=0.43; 18 months: t(19)=0.72, p=0.48] during
any of the separation challenges. Urinary cortisol levels during separation did not differ
between offspring that experienced high- or low-LG by siblings or high- and low-carrying
rates by siblings at 6, 12, or 18 months (data not shown; see online supplemental material).
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Sex Differences
Urinary cortisol levels during social separation at 6, 12, and 18 months did not differ
between males and females as a function of any early care measure analyzed, nor were there
any sex differences in baseline or recovery cortisol levels (data not shown).

Discussion
A degree of plasticity exists in which variation in the early social environment can program
HPA responses to stressful stimuli throughout an individual’s lifetime (Caldji et al., 2001;
Liu et al., 1997; Meaney et al., 1996). Rodent and nonhuman primate studies have shown
that differences in early maternal care can alter stress response styles throughout the lifespan
in offspring. In the current study, we tested the hypothesis that infant care provided by other
group members, in addition to mothers, is also associated with later-life stress response
styles in the cooperatively breeding marmoset monkey. Although there is substantial
variation among families in how much fathers carry infants early in life (Nunes et al., 2001,
2000), we found no relationship between social stress responses and the proportion of time
that infants were carried by fathers or any other group member. Likewise, we found no
relationship between differences in early licking and grooming received by infants from any
group member and later stress response styles. However, marmoset offspring that received
higher rates of rejection while being carried from all family members during the first 60
days of life had more pronounced urinary cortisol responses to social separation that
extended at least through three major developmental stages: prepubertal young (6 months),
peripubertal (12 months), and young adult (18 months). Further analyses suggested that
infant rejections performed by mothers, fathers, and older siblings all contributed to this
difference. Offspring born to high-IR mothers showed significantly higher urinary cortisol
responses to social separation, compared to offspring that experienced low rates of maternal
IR as infants. A similar pattern was seen with paternal care: offspring born to high-IR
fathers showed significantly higher urinary cortisol responses to social separation at 12 and
18 months, but not 6 months of age. Furthermore, offspring that received higher rates of IR
from older siblings showed more pronounced cortisol responses during social separation at
18 months of age, but not at 6 or 12 months. Taken together, these data suggest that the
development of the HPA stress response is sensitive to early-life social cues from multiple
group members in the cooperatively breeding marmoset.

Liu et al. (1997) argue that it is adaptive for offspring to program fundamental biological
responses to environmental stimuli based on early social cues from primary caregivers. This,
in turn, allows the animal to respond to various threats unique to that environment. For
instance, in an unstable environment with scarce resources or other external stressors, a rat
mother is less likely to spend time licking and grooming her pups and is more likely to be
away from the nest for long periods of time (foraging for scarce food, for instance). Thus,
for rat pups, low rates of licking and grooming and extended periods of maternal separation
would be two cues indicating that the environment in which they live is, to some extent,
unstable. Therefore, adopting a more acute sensitivity to environmental stressors, in this
case, may better prepare the offspring for an unpredictable environment by promoting
vigilance and thus increasing the likelihood of survival (reviewed in Matthews, 2002). In
rats, infants would receive the vast majority of such social cues from their mothers, since
they are the primary caregivers in these species. In macaque monkeys, while infants do
interact with group members other than the mothers in late infancy, early infancy is
characterized by markedly high rates of mother-infant interactions. In cooperatively
breeding animals, offspring receive a large amount of socio-environmental information from
multiple group members that are substantially involved in infant rearing. Our results suggest
that the developing HPA axis of cooperatively breeding marmosets is sensitive to the quality
of care, particularly in the form of infant rejection, from mothers, fathers, and to some
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extent, older siblings. Given that marmoset fathers and older siblings play such a critical role
in infant rearing, it is perhaps not surprising to find associations that are similar to the well-
known relationships between maternal care and HPA development. We previously
characterized a substantial amount of variability in the both the quality and quantity of infant
care provided by fathers (Nunes et al., 2001), which appears to be dependent on several
factors. Marmoset fathers display maximal levels of paternal care 3–4 weeks after
parturition (Cavanaugh and French, 2013; Nunes et al., 2000), coinciding with a decline in
maternal care and changes in steroid hormones (Nunes et al., 2001). Thus, marmoset
offspring are exposed to a considerable amount of variation in infant care, and our results
suggest that HPA axis development can be influenced by the care provided across all group
members.

It is unclear precisely which environmental factors might contribute to variations in early
parental care by the natal group, which in turn could influence stress reactivity styles of
offspring in marmosets. While separation from the mothers could have nutritional
consequences that would alter HPA activity, it is unlikely that infants in our sample
experienced sufficiently long maternal separations to induce such changes. Our data support
this, albeit indirectly, since there was no relationship between the amount of time spent
carrying by mothers (or any other caregiver) and later HPA reactivity. Infants can only nurse
when they are being carried by mothers, and if there were nutritional consequences that lead
to changes in HPA stress functioning, we would expect to find a relationship between
maternal carrying and stress cortisol levels, which was not the case. An alternative
hypothesis might instead account for various group stability factors. Given that intra-group
aggression in callitrichines can be a source of conflict resulting in the ostracism of group
members (e.g., cotton-top tamarin: Snowdon and Pickhard, 1999), it is also likely that group
stability plays a major role in how callitrichines interact with offspring. Infants born to
unstable social groups would likely experience high rates of rejections from stressed
caregivers who may also be more prone to aggressive acts. This, is turn, might alter HPA
development, which would be manifested during stressful events as a more pronounced
HPA stress response. However, rates of intragroup conflict are very low in our marmoset
colony and the current study did not measure any variables related to group stability, so this
hypothesis remains admittedly speculative.

Nonetheless, our findings are consistent with other studies that have found that early
exposure to lower quality infant care is associated with more pronounced HPA responses to
stress later in life in primates. When separated from social groups, peer-reared rhesus
macaques had more pronounced plasma cortisol responses, but similar baseline levels,
compared to mother-reared animals (Higley et al., 1992). Contrast this with the findings of
Dettling et al., (2002), in which, compared to normally-reared controls, early deprived
marmosets showed lower basal plasma cortisol levels, but similar cortisol responses to social
stress. This difference may reflect the effects of total social deprivation (in the case of early
deprivation: Dettling et al., 2002) versus parental deprivation (in the case of peer-reared
macaque monkeys: Higley et al., 1992; or marmoset offspring born to high IR mothers and
fathers: current study). This is further supported by the finding that peer-reared macaques
had decreased basal cortisol after chronic social separation (Barr et al., 2004b). Decreased
baseline cortisol suggests HPA over-regulation through negative feedback or decreased
adrenal sensitivity to ACTH. In our sample, there were few and inconsistent differences in
baseline cortisol levels between offspring experiencing either high or low IR, indicating that
normal resting state HPA regulation was primarily conserved. This would suggest, then, that
within a normal range in quality of infant care, resting-state HPA axis functioning is not
disrupted. HPA stress responses, on the other hand, appear to be sensitive to relatively small
variations within a normative range in infant care quality. Most primate studies to date have
found differences in HPA stress responses in offspring subjected to substantial early
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interventions (e.g., peer group rearing in macaques: Higley et al., 1992) or very poor quality
infant care (e.g., infant abuse; marmosets: Johnson et al., 1996a; macaques: reviewed in
Parker and Maestripieri, 2011). It is interesting to note that in our sample, offspring
appeared to be sensitive to changes in their early environment even within the boundaries of
normative variation in infant care.

There were no instances in which sex of the offspring moderated the effects of early parental
experience on HPA axis development. This is somewhat surprising because there is some
degree of sexual dimorphism in the adult stress response and cortisol awakening response of
marmosets (Smith and French, 1997). While there are some accounts of differences in how
male and female infants are treated (e.g., carrying rates: Yamamoto et al., 2008), other
studies have found that callitrichine primates do not vary the amount of care provided based
on the sex of the offspring (e.g., Cleveland and Snowdon, 1984; Tardif et al., 1992). In
addition, and most similar to our findings, Dettling et al. (2002) also found no sex
differences in HPA stress responses among young (18 weeks) marmosets, whether early-
deprived or normally-reared. Little is know, however, about other infant characteristics such
as size or nutritional status that might also affect how parents interact with infants.

Interestingly, we found that infant rejections, but not licking and grooming, have an effect
on HPA responsivity. This is consistent with other primate studies that have found little to
no relationship between sociopositive infant care behaviors (e.g., carrying, grooming,
anogenital licking, etc.) and later HPA stress response styles (macaque monkeys: review in
Parker and Maestripieri, 2011; Stevens et al., 2009; marmoset: Johnson et al., 1996a;
Goeldi’s monkey: Dettling et al., 1998). Instead, these studies reveal that variation in the
experience of dependent offspring with poor quality infant care is associated with more
pronounced HPA responses to stressful events. This may reflect the quality of each category
of behavior as a measure of infant care. Licking and grooming, for example, are distinct,
brief events of increased attention toward the infant. Infant rejections, by contrast, constitute
a physical removal of warmth and security, sometimes including a brief struggle between
caregiver and infant. Furthermore, after a rejection, the infant must move about on its own,
find another suitable caregiver, or wait to be retrieved. Thus, infant rejections would more
likely result in greater changes in the infant’s arousal and greater HPA activation. We argue,
therefore, that the resulting activation of the HPA axis during infant rejection is more likely
to lead to postnatal programming of the HPA axis, while the relative lack of change in HPA
activity resulting from normal variation in LG would have lesser or even no effects on later-
life HPA stress responses. (See supplemental online material for a video example of an
adolescent silvery marmoset (Callithrix argentata) performing an infant rejection; courtesy
THIRTEEN/WNET, 2002). It is also possible that, in our sample, the directionality of the
relationship between infant care and HPA reactivity is reversed; i.e., more reactive infants
might have elicited more removals from caregivers. Infants were not randomly assigned to
groups and the amount of carrying, licking and grooming, and infant rejections was not
manipulated. Interpretation of these results should therefore be done with these caveats in
mind.

Future investigations might attempt to delineate the mechanisms by which various
caregivers in cooperatively breeding animals can alter offspring’s HPA stress responses. It is
likely that, similar to relationships found between maternal care and HPA stress responses,
early infant care provided by different group members interacts with several key genetic
polymorphisms to produce phenotypic variation in HPA stress response styles. Candidate
markers would include variation in genes coding for glucocorticoid and mineralocorticoid
receptors (DeRijk et al., 2010) and GABAergic (Uhart et al., 2004) or monoaminergic (Barr
et al., 2004b; McCormack et al., 2009) neurotransmitter system components. Evidence to
date also supports the hypothesis that early experiences operate on many neural target sites
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through epigenetic factors, providing a mechanism by which genes and environments
interact to produce variation in individual HPA stress phenotypes through a variety of
mechanisms, including changes in glucocorticoid (GC) and mineralocorticoid (MC)
receptors in the hippocampus (Meaney and Szyf, 2005; Weaver et al., 2004). There is
compelling evidence that experimentally-induced early life adversity in marmosets leads to
important changes in brain function relevant for stress reactivity. Most relevant to the
present paper, early experimental deprivation in infant marmosets also leads in adolescence
to reduced GC and MR mRNA expression in the hippocampus (particularly CA1−2), but not
in the prefrontal cortex or the hypothalamus (Arabadzisz et al., 2010). Given the central role
of the neural systems for regulating stress sensitivity, and their sensitivity to early social life,
these changes are hence prime candidates for mechanisms by which normative variation in
the quality of early offspring care received by marmoset infants in our study led to
substantial and sustained changes in HPA function lasting even to adulthood.

In summary, the early postnatal period represents a critical period of development for key
components of neuroendocrine systems and other physiological-behavioral pathways. We
found evidence suggesting that, during early life, multiple caregivers can influence the HPA
responses to social stress in offspring reared by cooperatively breeding family groups. It is
likely that neuroendocrine pathways and other developmental trajectories of cooperatively
breeding mammals are influenced by social cues from the entire family group. Such a
mechanism would allow for more finely tuned adaptations to unique environments based on
early-life exposure to complex socio-environmental information.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Urinary cortisol levels during social separation challenges at 6, 12, and 18 months of age for
offspring receiving high (●) and low (○) rates of carrying (a-c), licking and grooming (LG;
d-f), and infant rejections (IR; g-i) from the entire family group. Offspring from high-IR
families had higher urinary cortisol levels across the duration of social separation compared
to offspring from low-IR families. 1Significant main effect of group; 2Significant group by
time interaction. *p<.05; + p<.10.
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Figure 2.
Urinary cortisol levels during social separation challenges at 6, 12, and 18 months of age for
offspring receiving high (●) and low (○) rates of infant rejections (IR) from their mothers.
Offspring from high-IR mothers had higher urinary cortisol levels across the duration o
social separation compared to offspring from low-IR mothers. 1Significant main effect of
group; 2Significant group by time interaction. *p<.05; + p<.10.
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Figure 3.
Urinary cortisol levels during social separation challenges at 6, 12, and 18 months of age for
offspring receiving high (●) and low (○) rates of infant rejections (IR) from fathers.
Offspring from high-IR fathers had higher urinary cortisol levels across the duration of
social separation compared to offspring from low-IR families at 12 and 18 months, but not 6
months. 1Significant main effect of group; 2Significant group by time interaction. *p<.05; +
p<.10.
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Figure 4.
Urinary cortisol levels during social separation challenges at 6, 12, and 18 months of age for
offspring receiving high (●) and low (○) rates of infant rejections (IR) from siblings.
Offspring from high-IR siblings had higher urinary cortisol levels across the duration of
social separation compared to offspring from low-IR families at 18 months, but not at 6 or
12 months; 1Significant main effect of group; 2Significant group by time interaction. *p<.
05; + p<.10.
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Table 1

Infant care behaviors

N Mean SD Range

Time Carried by Mother 37 30.3% 20.7% 3–98 %

Frequency Maternal LG 37 0.174 0.152 0.00–0.62

Frequency Maternal IR 37 0.078 0.109 0.00–0.53

Time Carried by Father 37 34.2% 24.6% 0–80%

Frequency Paternal LG 37 0.248 0.231 0.00–1.06

Frequency Paternal IR 37 0.065 0.102 0.00–0.44

Time Carried by Siblings 231 16.4% 16.1% 0–48%

Frequency Sibling LG 23 0.340 0.258 0.00–0.88

Frequency Sbiling IR 23 0.134 0.179 0.00–0.62

Time Carried Total 37 74.1% 13.9% 53–98%

Frequency Total LG 37 0.627 0.344 0.07–1.79

Frequency Total IR 37 0.224 0.238 0.00–0.75

Note: Values shown are averages per 20 min observation from 1–60 days postnatal.

1
Averages for siblings include only those family groups that contained at least one older sibling that could potentially provide care to dependent

offspring.
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