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Abstract
This article examines the complex role of early stressful experiences in producing both
vulnerability and resilience to later stress-related psychopathology in a variety of primate models
of human development. Two types of models are reviewed: Parental Separation Models (e.g.,
isolate-rearing, peer-rearing, parental separations, and stress inoculation) and Maternal Behavior
Models (e.g., foraging demands, variation in maternal style, and maternal abuse). Based on
empirical evidence, it is argued that early life stress exposure does not increase adult vulnerability
to stress-related psychopathology as a linear function, as is generally believed, but instead reflects
a quadratic function. Features of early stress exposure including the type, duration, frequency,
ecological validity, sensory modality, and developmental timing, within and between species, are
identified to better understand how early stressful experiences alter neurobiological systems to
produce such diverse developmental outcomes. This article concludes by identifying gaps in our
current knowledge, providing directions for future research, and discussing the translational
implications of these primate models for human development and psychopathology.
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1. Introduction
The long-term effects of early social experiences on developmental outcomes are of high
significance. This is because early experiences occur during a time of extraordinary brain
plasticity, when the brain is maximally capable of being programmed in an enduring way
(Knudsen 2004). In an effort to understand the role of social relationships in fostering
normative brain development, non-human primate (hereafter primate) models have
historically focused on the developmental neuropathology of disrupted parent-offspring
relationships. This research has shown that the stress of early parental loss, neglect, or abuse
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produces enhanced fear and anxiety, increased anhedonia, impaired cognition, abnormal
brain neurochemistry and neurobiology, and alterations in baseline activity as well as stress
reactivity of the hypothalamic-pituitary-adrenal (HPA) axis (Coplan et al 1998; Law et al
2009; Maestripieri et al 2005; Pryce et al 2005; Rosenblum et al 2001; Sanchez et al 1998;
Stevens et al 2009; Suomi 1997). Parallel research in human populations likewise has
established that traumatic experiences in childhood impair the acquisition of appropriate
coping skills, impair corticolimbic brain systems that regulate stress and anxiety, produce
abnormal baseline and stimulated HPA axis functioning, and increase the risk for the
development of mood and anxiety disorders in the aftermath of subsequent stressors
experienced in adulthood (Agid et al 1999; Heim et al 2004; Lupien et al 2009; McEwen
2007; Repetti et al 2002). These collective research efforts have produced profound
scientific insights, but have also lead to the prevailing notion that the consequences of early
life stress exposure are invariantly deleterious. This view of early life stress exposure is thus
best conceptualized as a linear function, whereby each incremental “dose” of early life stress
increases subsequent vulnerability to later psychopathology.

There is accumulating evidence, however, that early life stress exposure produces a diverse
range of developmental outcomes, including resilience to subsequent stressors encountered
in adulthood. For example, in humans, childhood stress has been linked to diminished
increases in salivary cortisol responses to the Trier Social Stress Test (Gunnar et al 2009),
lower cerebrospinal fluid (CSF) levels of corticotropin-releasing-factor (CRF) in healthy
adults (Carpenter et al 2004), and diminished cardiovascular responses during stressful
laboratory tests (e.g., mental arithmetic, videogame performance, hand submersion in ice
water) (Boyce and Chesterman 1990). Prior stressful experiences also diminish emotional
distress in day care settings and hospital admissions (Holmes 1935; Stacey et al 1970), and
women and men are found to better cope with stressful events (e.g., spousal loss, major
accident, illness, work stress) if they previously experienced and successfully coped with
stressors in childhood (Forest 1991; Khoshaba and Maddi 1999). When early life stress
exposure is examined across a continuum, adults exposed to moderate levels of early life
stress exhibit lower levels of state anxiety (Edge et al 2009) and more resilient
cardiovascular responses to a stressful motivated performance task (i.e., what subjects
believed was an intelligence test) (Seery under review) compared to individuals exposed to
either low or high levels of early life stress. These empirical studies suggest that early life
stress exposure may be best conceptualized as a quadratic, rather than linear, function.

In the early 1980s, Garmezy and colleagues detailed a process-oriented “Challenge”
framework by which to view the effects of early life stress exposure (Garmezy et al 1984).
In this model, stress exposure is viewed as a potential enhancer of future competence,
provided the degree of stress is not excessive. Whereas severe early life stress exposure
generally undermines the development of resilience and leads to vulnerability (Bebbington
et al 1993; Brown et al 1994; Frank et al 1994; Paykel 1978), mild or moderate early life
stress exposure may protect against these deleterious effects. Specifically, milder forms of
adversity may provide a challenge, that when overcome, produces competence in the
management of, and enhanced resistance to, subsequent stressors (Boyce and Chesterman
1990; Fergus and Zimmerman 2005; Garmezy et al 1984; Haglund et al 2007; Huether et al
1999; O’Leary 1998; Rutter 1993). This phenomenon has been variously described in the
literature as “inoculating” (Boyce and Chesterman 1990; Eysenck 1983; Parker et al 2004),
“immunizing”(Levine et al 1989; Rutter 1987; Seligman et al 1975), “steeling” (Rutter
1985; Rutter 1993), “toughening” (Dienstbier 1989; Miller 1980), and “thriving” (O’Leary
and Ickovics 1995).

Despite a growing appreciation for the complexity of early life stress effects on
developmental outcomes, progress in this research field has been hampered by a tendency to
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label early life stress exposure based on the outcomes it produces. Thus, early stressful
experiences that produce vulnerability to stressors later in life are labeled “severe” or
“adverse” and those that induce resilience to subsequent stressors are labeled “mild” or
“moderate”. Not only are these definitions circular, they also preclude identification and
detailed analyses of the key components of stressors, which contribute to whether stressful
experiences produce deleterious or adaptive outcomes. Such detailed analyses may be
difficult to do in human studies, in which early stress exposure is often documented
retrospectively and through subjective rather than objective measures. Primate models of
early stress and development therefore allow us to more clearly assess the relationships
between the characteristics of early stressors (e.g., type, duration, frequency, ecological
validity, sensory modality, developmental timing) and their developmental outcomes (i.e.,
stress vulnerability or resilience).

In this article we review various primate models of early stress and development within the
broader context of animal model research. Examples from two types of animal models
(maternal separation paradigms and maternal behavior paradigms) are reviewed. We discuss
the benefits and limitations of each model in terms of its feasibility of use, its effectiveness
in generating the expected developmental outcomes, its ecological validity, and its potential
to enhance our understanding of how early stressful experiences produce stress vulnerability
and resilience in human populations.

2. Necessity of animal models of early stress and development
Animal models of early stressful experiences are required because human studies have a
variety of important limitations. Randomized longitudinal studies of stress exposure under
otherwise identical conditions are rare in children. Because randomization to stress vs. no-
stress control conditions is required for causal inference, and opportunities for
randomization of children to stress exposure are limited due to ethical concerns, many
studies of childhood stress exposure are thus necessarily correlational in nature. The
collection of long-term follow-up data from longitudinal studies may take decades to
complete, and cost considerations for such longitudinal studies are often prohibitive in
humans. Given these constraints, animal research that examines how early experiences
shape social, emotional, and cognitive capacities that have a lasting impact in adulthood is
extremely valuable and provides a viable addition to human studies (Knudsen 2004).

The benefits of animal models of human development are numerous. Animal studies using
randomization allow for strong causal inference. Early life environments can be rigorously
controlled in animals, and this allows for the exclusion of extraneous sources of variation
inherent in developmental or retrospective studies of humans (e.g., postnatal stress exposure
in children is often confounded with adverse prenatal conditions such as maternal alcohol/
drug abuse or poor maternal nutritional status). Animal studies are frequently more cost-
effective, and allow for more mechanistic assessments and interventional approaches than
those typically permitted in humans. Finally, the lifespan of most animals used in research is
far shorter than that of humans, and animal studies therefore cover a fairly broad range of
lifespan development within a short period of time (Kaplan et al 1991). This allows for
comparatively rapid investigations of the long-term effects of early life experiences in the
same subjects, and permits accelerated evaluation of interventions and treatments across the
lifespan.

A variety of species are available to examine the long-term effects of early life stress effects,
and all have advantages and disadvantages. Rodent models are limited because corticolimbic
brain substrates involved in cognitive control of behavior and emotion regulation differ
significantly in rats and mice compared to humans and other primates (Ongur and Price
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2000; Preuss 1995). Moreover, HPA axis development is markedly different in rodents
compared to primates and humans. Much of rodent development is characterized by the
stress hyporesponsive period (SHRP) in which rodent pups do not respond to stress with
HPA axis activation (Levine 2001; Schapiro et al 1962; Schmidt et al 2003), but this is not
the case in primates (Bowman and Wolf 1965; Parker et al 2006; Pryce et al 2002; Pryce et
al 2005), which exhibit robust HPA axis responses to stress early in development. Given that
rodents exhibit an SHRP and primates do not, the mechanisms by which early life
experiences affect the development of stress vulnerability and resilience are likely to differ
in important ways between rodent and primate species.

3. Primate models
Primates are excellent animal models for investigating the effects of early experience on the
development of brain and behavior (Lyons and Parker 2007; Maestripieri and Wallen 2003).
Primates have an extended period of post-natal growth and maturation, in which developing
neurobiological systems have ample opportunity to be influenced by experience (Nelson and
Bloom 1997). Similar to humans, primate infants are immersed from birth in a rich social
environment, which primarily consists of their mothers (infants are born in their mother’s
arms, spend a considerable amount of their early postnatal life in direct ventral or dorsal
contact, and thereafter in close proximity to her), and secondarily, the family or social group
in which the mother-infant dyad is embedded. The infant’s early social environment thus has
some basic species-specific features, which are shared by all infants and are presumably
necessary for their “normal” development. There are also features of an infant’s early life
which are unique to each individual (e.g., maternal availability, maternal style, dominance
rank, effort required for mother to find adequate food). Clearly, variations in either the
shared basic or unshared other features of the infant’s early social environment are potential
sources of stress that may have long-lasting and significant consequences across lifespan
development.

Two main types of primate models have been employed to examine these sources of
variation in an infant’s early social environment. The first type of model (parental
separation), involves complete or intermittent separation(s) of the infant from the parent(s).
In the parental separation models, the effects of early stress on development are investigated
by comparing developmental outcomes of infants that are exposed to some form of parental
separation (either complete or intermittent) to infants that remain with their parent(s). The
second type of model (maternal behavior) examines variation in the mother’s caregiving
behavior. In one subtype of maternal behavior models, researchers can experimentally
manipulate the quality of the mother’s behavior either directly (e.g., through
pharmacological treatment; but this is rarely done in primate research) or indirectly (e.g.,
through alterations in the mother’s ecological or social environment) and compare these
infants to infants of unmanipulated mothers. In another subtype of these models, researchers
take advantage of naturally occurring variation in maternal behavior, which requires no
experimental manipulation. In these models, groups of infants exposed to different kinds of
maternal behavior are compared.

In the next sections, we first review various parental separation models. These include
isolate-rearing, peer-rearing, parental separations, and stress inoculation paradigms. We then
review various maternal behavior models, including subtypes in which early experience is
altered through environmental manipulations (e.g., foraging demand paradigms), and those
in which variations in early experience are produced through naturally occurring variability
in maternal behavior (e.g., maternal style, maternal abuse). In all cases, we attempt to
identify key features of early life stress exposure in each model - including the type,
duration, frequency, ecological validity, sensory modality, and developmental timing of
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stress exposure – to understand how such diverse developmental outcomes occur, ranging
from stress vulnerability to resilience.

3.1. Parental separation models
It has long been known that the responses of monkey infants to separation from their
mothers share striking similarities with children’s responses to maternal separation (Bowlby
1969). Early mother-infant separation studies in monkeys were designed to evaluate the
mechanisms underlying mother-infant attachment, such as the importance of the mother as a
source of contact comfort versus nutrition (Harlow 1959). Interest in separation as a
paradigm to investigate the nature of attachment has persisted over the years under the
assumption that investigating the mechanisms underlying the disruption of the mother-infant
bond could also provide useful information to understand the formation and maintenance of
such a bond (Kraemer 1992; Reite 1987). Some researchers, however, have challenged these
assumptions and argued that responses to maternal separation are better viewed within the
framework of responsiveness to stress than within the framework of attachment (Insel 1992;
Levine and Wiener 1988). Consequently, physiological responses to separation have
attracted a great deal of interest as a prototype of the organism’s response to stress (e.g.
Levine and Wiener 1988). Finally, investigation of responses to maternal separation has also
been stimulated by the prospect that they could provide a primate model for human major
depression (McKinney and Bunney 1969; Reite 1977). Whether the separation response was
investigated from the perspective of attachment, stress, or as a model for major depression,
reviewing the studies investigating the acute responses to maternal separation is beyond the
scope of this article because such studies generally were not conducted within a clear
developmental framework (see Mineka and Suomi, 1978, for a review) and have been
reviewed elsewhere in detail (Levine and Wiener 1988). More relevant to the focus of this
article, however, is the research that has investigated the long-term developmental effects of
maternal separation. This research has developed along two independent lines: one
investigating the long-term developmental effects of permanent maternal separation and
social deprivation rearing, and the other investigating the long-term developmental effects of
repeated, short parental separation-reunion experiences.

3.1.1. Long-term effects of early maternal and social deprivation—Many studies
conducted in the 1960s and 1970s showed that separating primate infants permanently from
their mothers and rearing them under conditions of total isolation can have devastating
effects on subsequent development and behavior (see Suomi 1997 for review). These
effects, usually subsumed under the label of “isolation syndrome”, or “isolate-rearing”, have
been best studied in rhesus monkeys. Rhesus monkey infants typically spend the first few
days of life in continuous physical contact with their mothers, and maintain close proximity
to them for 1–2 years or longer. At the behavioral level, isolation-reared rhesus monkeys
include displays of abnormal self-directed and stereotypic behavior and gross deficits in all
aspects of social interactions, including affiliation, aggression, communication, mating, and
parenting. Isolation effects are generally more pronounced when infants are isolated early in
life and for at least 6 months, and when infants are denied access to any sensory stimuli
from conspecifics. Denial of tactile contact appears to have more dramatic effects on infant
development than denial of visual, auditory, and olfactory stimuli. Isolation-rearing,
however, generally involves the simultaneous deprivation of social and nonsocial sensory
stimuli as well as the deprivation of different types of social stimuli.

The behavioral effects of isolation-rearing generally persist into adulthood. Although some
procedures, such as pairing a previously isolated infant with a non-isolated same-aged
monkey “therapist” can reverse some of the social deficits displayed by isolates (Novak and
Harlow 1975; Suomi and Harlow 1972), these individuals can rarely be successfully
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reintegrated into a complex social group with mother-reared individuals (Anderson and
Mason 1974; 1978). Other environmental or pharmacological treatments may temporarily
reduce abnormal behavior but the isolation syndrome usually returns if the treatment is
withdrawn (Kraemer 1992). Recovery from isolation-rearing is considerably more effective
in some species of monkeys and apes than in others (Dienske & de Jonge 1982). Although in
some cases the differential effects of early isolation in different species can be accounted for
by differences in life-history and social organization (e.g., solitary orangutans appear to be
affected by maternal and social deprivation to a lesser extent than highly social
chimpanzees), in other cases the causes of interspecific differences in vulnerability to early
maternal and social deprivation are less clear (e.g., in the case of closely related macaque
species; Sackett et al 1976).

Over time, research on the long-term effects of isolation-rearing has shifted its focus from
behavior to physiology and neuroanatomy. Pioneering studies by Kraemer and colleagues
reported that previously isolated rhesus monkeys showed considerable developmental
variation in CSF concentrations of norepinephrine, dopamine, and serotonin metabolites
relative to non-isolated control monkeys, as well as a lack of correlation between the
different monoamine metabolites (Kraemer and McKinney 1979; Kraemer et al 1989).
These effects persisted years after the isolation experience. Previously isolated and
subsequently “rehabilitated” rhesus monkeys were also behaviorally and neurochemically
hypersensitive to d-amphetamine. After the pharmacological treatment, they showed striking
increases in aggressive/submissive behavior and in CSF concentrations of norepinephrine
and the serotonin metabolite 5-hydroxy-indoleacetic acid (5-HIAA) (but not of the
dopamine metabolite homovanilic acid, HVA; Kraemer et al 1983; 1984). On the basis of
these findings, Kraemer (1992) hypothesized that isolation-rearing may produce
cytoarchitectural changes in brain monoamine systems that result in a functional
dysregulation of these systems.

Neuroanatomical alterations of isolation-reared monkeys have subsequently been reported in
such brain areas as basal ganglia, hippocampus, cerebellum, corpus callosum, and
neocortex. For example, isolates showed changes in dendritic branching in the neocortex
(Struble and Riesen 1978), modifications in Purkinje cell structure in the cerebellum (Floeter
and Greenough 1979), fewer tyrosine hydroxylase-immunoreactive fibers in the
dopaminergic neurons of the neocortex (Morrison et al 1990), altered chemoarchitecture of
some basal ganglia regions (but not of the amygdala and other basal forebrain regions;
Martin et al 1991), cytoskeletal changes in the dentate gyrus cells of the hippocampus
(Siegel et al 1993), and reduced size of the corpus callosum (Sanchez et al 1998). Several
studies, however, reported lack of significant differences between isolates and controls in
monoamine metabolite concentrations (Lewis et al 1990), tyrosine hydroxylase- and CRF-
immunoreactive neurons in the paraventricular nucleus and arcuate nucleus of the
hypothalamus (Ginsberg et al 1993a), noradrenergic innervation density of the
paraventricular nucleus of the hypothalamus (Ginsberg et al 1993b), and overall brain
volume (Sanchez et al 1998). In some cases, long-term developmental effects of isolation-
rearing on brain structure or neurotransmitter systems were not directly observed but
inferred from altered responses to pharmacological challenges. For example, Lewis et al.
(1990) reported changes in dopamine receptor function following apomorphine challenge in
previously isolated rhesus monkeys. Similarly, Coplan et al. (1992) reported differential
effects of a low dose (but not of a high dose) of yohimbine in isolation-reared bonnet
macaques and controls.

Further information on the long-term consequences of early maternal and social deprivation
for behavioral, neuroendocrine, and neuroanatomical development has been provided by
studies using the peer-rearing paradigm (Chamove et al 1973; Harlow 1969). In this
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paradigm, rhesus infants are permanently separated from their mothers within hours after
birth, hand-raised in a nursery, and housed in small groups of same-aged infants, typically
three, for the first six months of life. A longitudinal study of peer-reared versus mother-
reared rhesus infants showed that, as neonates, the former were more awake, active, and
irritable than the latter (Champoux et al 1991). From 1 to 5 months of age, the peer-reared
infants exhibited a greater variety of behaviors relative to the mother-reared infants, which
spent most of their time in contact with their mothers. As juveniles, the two groups of
individuals were indistinguishable with the exception that the peer-reared individuals
showed more self-directed behaviors. Other studies have found that peer-reared juveniles
showed more distress in a novel environment than mother-reared juveniles (Chamove et al
1973; Higley et al 1992a; Kraemer and McKinney 1979; but see Shannon et al., 1998). Peer-
reared monkeys also exhibit greater fear and anxiety as measured by acoustic startle
response paradigms (Parr et al 2002).

Research investigating the long-term consequences of peer-rearing for physiological
development, particularly the activity of the HPA axis, has produced some conflicting
results. In various studies comparing cortisol levels, peer-reared individuals have been
reported to have higher basal cortisol levels than mother-reared individuals (first month of
life; Champoux et al 1989; first 2 years of life: Higley et al 1992b), lower basal cortisol
levels (14–30 days of age: Shannon et al 1998), or lower basal ACTH but similar cortisol
levels (1–6 months of age: Clarke 1993). Studies comparing peer-reared and isolation-reared
animals have reported higher basal cortisol levels in peer-reared animals (19 months of age:
Sackett et al 1973) or no differences in cortisol levels (4 years of age: Meyer and Bowman
1972). When physiological responses to stressful challenges were assessed, some studies
found no differences in cortisol levels between peer-reared, mother-reared, and isolation-
reared monkeys (Champoux et al 1989; Meyer and Bowman 1972; Sackett et al 1973), one
study found that peer-reared monkeys had lower increases in both ACTH and cortisol than
mother-reared monkeys (Clarke 1993), another study found that peer-reared infants had
lower increases in cortisol but not in ACTH, when compared to mother-reared infants (Barr
et al 2004b), and yet another study reported that the cortisol levels of peer-reared monkeys
were higher than those of isolation-reared monkeys but similar to those of mother-reared
monkeys (Shannon et al 1998). Shannon et al. (1998) suggested that these discrepancies in
the activity of the HPA axis in relation to early rearing may have resulted from differences
in the housing environment, type of stressful experiences, feeding regimen, or diurnal
variation in HPA axis activity across studies.

More consistent findings have been obtained by studies investigating the consequences of
peer-rearing on CSF concentrations of monoamine metabolites. In a study comparing rhesus
monkeys that were peer-reared or mother-reared in the first 6 months of life, Higley et al
(1991) reported that peer-reared males but not females had higher levels of 5-HIAA at 6 and
18 months than mother-reared males. Peer-reared subjects also had higher values of the
norepinephrine metabolite 3-methoxy-4-hydroxyphenylglycol (MHPG; see also Higley et al
1992b). No rearing effects on the dopamine metabolite HVA levels were found. In a related
longitudinal study, no differences in CSF concentrations of 5-HIAA were found between
peer-reared and mother-reared monkeys in the first 1.5 years of life (Higley et al 1992b).
The higher levels of MHPG in peer-reared monkeys were consistent with previous findings
by Kraemer et al. (1989) suggesting that rearing under conditions of maternal and social
deprivation results in enhanced noradrenergic activity and responsivity to stress. In follow-
up studies, peer-reared subjects exhibited lower CSF 5-HIAA concentrations at 50 months
of age than mother-reared individuals (Higley et al 1996a). When peer-reared and mother-
reared juveniles were observed in social groups, individuals with low CSF 5-HIAA and
MHPG concentrations from both rearing groups exhibited reduced rates of social interaction
and low dominance rank (Higley et al 1996b). In addition, peer-reared subjects with low
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CSF 5-HIAA concentrations exhibited inept social behaviors and were frequently removed
from their social groups for excessive aggression and deviant social behaviors. Based on
these findings, Higley (2003) has suggested that the peer-rearing paradigm exacerbates the
negative social consequences associated with low CSF 5-HIAA such as high behavioral
reactivity to the environment, high impulsivity, and high aggressiveness (see also Shannon
et al 2005).

Consistent with this hypothesis, there is some evidence that lower serotonergic function in
rhesus monkeys carrying the short allele of the serotonin transporter (SERT) gene is
associated with differential responsiveness to stress, higher impulsivity, and higher
aggressiveness in peer-reared than in mother-reared individuals. Specifically, Barr et al
(2004a; 2004b) reported that in males, ACTH responses to social separation were higher in
individuals carrying the short (s) SERT allele (l/s) than in individuals carrying two copies of
the long (l) SERT allele (l/l) – both in mother-reared and in peer-reared infants. In females,
however, higher ACTH responses to separation in l/s relative to l/l individuals were only
observed in peer-reared and not in mother-reared individuals. Furthermore, peer-reared
rhesus monkeys, in particular females, carrying the s allele showed lower cortisol responses
to stress than mother-reared infants. Finally, the aggressiveness toward an unfamiliar
conspecific of rhesus males carrying the s allele was greater in peer-reared than in mother-
reared individuals (Schwandt et al 2010).

Behavioral and neurobiological differences between mother-reared and peer-reared infants
have also been documented for other genotypes. For example, mother-reared male infants
with the low-activity-associated allele of the MAO-A gene promoter were more aggressive
than peer-reared infants (Newman et al 2005). Furthermore, monkey infants carrying the
−248 T allele of the CRF gene showed reduced exploration and greater ACTH and cortisol
responses to social separation than carriers of the −248 C allele, and more so in peer-reared
than in mother-reared monkeys (Barr et al 2009). Another single nucleotide CRF gene
polymorphism (−2232 C, −2232 G) was also associated with behavioral and physiological
differences in response to a social challenge presented by an unfamiliar male: carriers of the
G allele had lower CSF levels of CRF, higher levels of ACTH, and showed bolder and more
exploratory behavior than carriers of the C allele, independent of rearing condition (Barr et
al 2008). Differences in stress reactivity, and also in alcohol consumption, between peer-
reared and mother-reared monkeys have been reported in relation to polymorphisms in the
DRD1 receptor gene (Newman et al 2009) and in the Neuropeptide Y (NPY) gene (Lindell
et al 2010).

Similar to isolate-rearing, research investigating the biology of peer-rearing has also been
extended to examine structural brain differences. One recent study has reported
neuroanatomical differences between peer-reared and mother-reared monkeys. Specifically,
peer-reared monkeys showed reduced vermis, dorsomedial prefrontal cortex, and dorsal
anterior cingulated cortex, but no differences in corpus callosum and hippocampus, when
compared to mother-reared individuals (Spinelli et al 2009).

It is clear from the studies reviewed above that maternal and social deprivation in early life
can result in abnormalities and deficits in behavioral development accompanied by
alterations in neural structures and neurochemical/neuroendocrine function. These
alterations may reflect a combination of the effects of the early maternal separation
experience with those of the subsequent rearing environment. The neurobiological and
endocrine effects of isolation-rearing and peer-rearing, however, have been variable among
different studies. Variability in developmental outcomes probably reflects variation in the
degree of sensory, social, and motor deprivation experienced by socially deprived infants
(part of which is intentionally manipulated by researchers and part of which is
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unintentionally caused by them though variation in animal housing conditions and
laboratory protocols) and also variation in the type and magnitude of stimulation provided
by the human caretakers with whom the socially deprived monkeys necessarily interact. The
alterations induced by long-term maternal and social deprivation are generally greater the
earlier the mother’s removal and the longer and the more complete the deprivation of
stimuli. Since the peer-reared infants experience a lower degree of sensory, social, and
motor deprivation than the isolation-reared infants, peer-rearing is considered a less intense
form of social deprivation than isolation-rearing. Thus, when peer-reared infants are
compared to isolation-reared and mother-reared infants, the assumption is made that these
three groups of infants differ in the “quantity” of early social experience and that, as a result,
the peer-reared infants should exhibit behavioral and physiological parameters that are
intermediate between those of mother-reared and isolation-reared infants. In reality, both the
quantity and the quality of early experience of each group of infants differ in multiple and
complex ways from those of the other two groups. For example, it is almost impossible to
assess whether peer-reared monkeys differ from mother-reared ones because they lack a
mother, because they extensively interact with their human caretakers, because they drink
formula instead of monkey milk, or because they have the opportunity to interact with peers
much earlier and more extensively than the mother-reared monkeys.

The fact that the maternal and social deprivation paradigm combines and confounds
different forms of deprivation (e.g., motor, sensory, and social) and stress (physical and
psychosocial) makes it difficult to assess the specific mechanisms and pathways through
which early adverse experience alters the course of normal biobehavioral development.
Primate research conducted with maternal and social deprivation paradigms has undoubtedly
contributed some general principles of the relationship between early stress and
development such as: (1) early experiences that deviate greatly from the norm are those
most likely to result in long-term effects, (2) the most dramatic long-term effects are
observed after stressful challenges (i.e., not at baseline), and (3) there may be considerable
interindividual variability in the extent to which early experiences affect biobehavioral
development (Suomi 1991). We believe, however, that research with primate models can
and should, not only contribute general principles, but also elucidate the specific
mechanisms and pathways through which early stress affects development in humans. In this
regard, however, the maternal and social deprivation paradigm has already shown its
limitations.

Since the type of environmental deprivation experienced by isolation-reared and peer-reared
monkeys is rarely, if ever, experienced by primates or humans under natural conditions, the
ecological validity of such paradigms is limited. The functioning of stress-sensitive
physiological systems is also typically impaired by these drastic alterations of early
development and it cannot be expected that these alterations have adaptive consequences,
i.e. result in later resilience to stress. Since we believe that the relationship between early
stress exposure and later resilience is a natural phenomenon, rather than an artifact of
experimental manipulations, this relationship should be investigated using models of early
experience that are within the norm for a particular species, i.e. models with greater
ecological validity than the maternal and social deprivation paradigms.

3.1.2. Long-term effects of short mother-infant separations in macaques—An
alternate approach to isolate-rearing and peer-rearing models of early life stress has been to
expose infant macaques to short mother-infant separation paradigms. Although macaque
mother-infant separation protocols have varied across laboratories, in general, infants are
separated from their mothers for brief periods ranging from a few days to a few weeks
during the infant’s first months of life (Caine and Reite, 1983; Hinde and Spencer-Booth,
1971; Hinde et al 1978; Suomi et al 1983). In some cases, the infant is removed from its
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group and housed alone in a cage (e.g., Suomi et al 1983), while in others the mother is
removed (e.g., Caine and Reite, 1983), or both mothers and infants are removed, separated,
and individually housed (e.g., Hinde et al 1978). When sufficient detail is available from
published reports, it is included in the findings from the mother-infant separation paradigms
reviewed below.

The earliest studies of the long-term effects of short mother-infant separation in macaques
were independently conducted in Hinde’s and Harlow’s laboratories in the early 1970s. In
one study of rhesus monkeys, Spencer-Booth and Hinde (1971) separated infants from their
mothers for 6 or 13 days at the age of 21–32 weeks. Infant activity and performance in a
variety of tests were assessed when infants were 12 and 30 months old and compared to
those of infants that had never been separated from their mothers. There were few or no
behavioral differences in infants’ interactions with their mothers or in their tendency to
approach novel objects in the home cage. When tested in a novel environment, however, the
previously separated infants showed significantly greater disturbance of behavior, lower
exploration, and lower manipulation of novel objects than controls. Such differences were
evident at both 12 and 30 months of age, although they were less marked when the animals
were older. Hinde et al (1978) subsequently reported some other effects of a brief maternal
separation of 13 days on subsequent mother-infant interactions 5 months after the
separation, and Stevenson-Hinde et al (1980) reported some differences in subjectively
assessed personality measures in infants previously separated from their mothers.

In Harlow’s laboratory, the long-term effects of brief separations from the mother were
investigated by Suomi et al (1983). In this study, four infants were subjected to repeated 4-
day maternal separations conducted between the 3rd and 9th month of life. The separated
infants spent more time in contact with their mothers following reunion, although the
relative role played by mother and infant in maintaining contact was not assessed. Separated
infants and non-separated control infants showed few or no differences in response to
permanent separation from their mothers, which occurred at the age of 43 weeks, and during
the subsequent 7 months of peer housing. When separated infants and controls were exposed
to their mothers, 7 months after permanent separation, previously separated infants showed
less interest in interacting with them than did non-separated control infants. Thus, although
the long-term effects of early separations seemed to disappear in some situations (e.g., peer
housing), they were apparent in others (e.g., in the presence of mothers). The mechanisms
underlying the long-term effects of peer or maternal separations remained unclear.

Studies of the long-term effects of brief maternal separations that lasted 10 days in duration
were also conducted with pigtail macaques by Reite and colleagues. Caine et al (1983)
reported that 6 pigtail infants who experienced a 10-day maternal separation at 4–7 months
of age did not differ in dominance rank but were rated as less sociable than controls at the
age of 40.7 months. Capitanio and Reite (1984) reported that such previously separated
infants had fewer social contact preferences, and Capitanio et al (1986) reported that they
showed more disturbance behavior and longer latency to retrieve food (but no difference in
cortisol levels) in a novel environment than controls when tested 2.5–4.9 years after the
separation experience. Finally, Laudenslager et al (1985) found that when individuals
previously separated from their mothers or peers for 10–14 days in infancy were later tested
at 4–7 years of age, they showed a suppression of the in vitro lymphocyte proliferation in
response to B cell and T cell mitogens, suggesting that the early separation experience
resulted in altered immune function. In reviewing these studies, Reite (1987) argued that
possible alterations in maternal behavior following early separation and reunion (as is
known to be the case in rodents; e.g. Liu et al 1997) may have been the mechanism
underlying the developmental effects of early separation on infant behavior and physiology.
Due to lack of further research using this paradigm in macaques, the mechanisms underlying
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the developmental effects of brief separation experiences have remained unclear and the
question of whether these effects should be viewed as the direct consequence of an acute
stressful experience or as mediated by subsequent alterations in maternal behavior or
maternal physiology (e.g., cortisol in mother’s milk) remains unanswered.

More recently, however, some of these questions have been addressed by studies of New
World monkeys such as marmosets and squirrel monkeys, which have used repeated
mother-infant separations as a model for studying the relationship between early stress and
development. Some of these studies have not only examined how exposure to early stress
results in increased vulnerability to stress later in life, but also how early life stress exposure
may enhance later resilience under certain circumstances.

3.1.3. Long-term effects of short parent-infant separations in common
marmosets—The parental separation paradigm in common marmosets was first employed
in the early 2000s, and therefore is comparatively new amongst the various primate models
considered herein. This paradigm is notable for involving both parents, the only such
primate separation paradigm to do so. Common marmoset social ecology is characterized by
monogamous breeding pairs, twin births, and intensive biparental care of young (Pryce
1996). Infants are in constant (i.e., 24 hours a day) contact with their parents throughout the
first 2–3 weeks of life (Ingram 1977; Pryce 1993).

To examine the long-term consequences of early stressful experience, Pryce and colleagues
exposed marmoset infants to daily parental separations on postnatal days 2–28 (Dettling et al
2002a; Dettling et al 2002b; Law et al 2009; Pryce et al 2004a; Pryce et al 2004b; Pryce et al
2002). During each separation session, marmoset monkeys are socially isolated in a plastic
mouse cage which is placed in an isolation chamber with 4 W light (Dettling et al 2002b).
Marmoset infants have total auditory, olfactory, and visual deprivation of their families and
other monkeys during this time. Each infant is exposed to a total of 9 hours of social
deprivation each week, with each session being variable in duration (30–120 minutes per
session) and time of day, a feature implemented to increase stressor unpredictability. The
parental separation procedure is carried out consecutively on each twin pair. Control infants
are briefly handled on their parents’ backs daily during postnatal days 2–28. After postnatal
day 28, infants typically remain undisturbed in their family groups.

Infants exposed to repeated parental separations have 12% lower body weights than control
infants at the conclusion of this repeated separation protocol. The observed body weight loss
is likely due to impaired homeostasis, reduction in time available for nursing, and/or
reduction in milk quality/quantity from stressed moms (Dettling et al 2002b). These
separation sessions, therefore, interfere with both the physiological and psychological needs
of marmoset infants.

During the first year of life, marmosets exposed to repeated parental separations exhibited
increased basal urinary NE levels, increased basal urinary dopamine levels, and increased
systolic blood pressure in the absence of a significant change in heart rate compared to non-
separated controls (Pryce et al 2004a; Pryce et al 2004b). Previously separated marmosets
also perform fewer operant responses on a neuropsychological test, indicative of anhedonia
(Pryce et al 2004b). Several domains of cognitive functioning are likewise impaired in this
parental separation paradigm. For example, previously separated marmosets exhibit
impaired behavioral inhibition on an object retrieval/detour task as well as impaired reversal
learning on a two-way discrimination task (Pryce et al 2004a).

Studies of emotional and cognitive functioning in previously separated marmosets have
recently been extended to include postmortem neuroanatomical and neurobiological
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analyses. Brains were collected when adolescent monkeys were 48 weeks of age. In the first
paper from this series, genes implicated in synaptic function and plasticity were examined in
the hippocampus. Previously separated marmosets exhibited a reduction in hippocampal
GAP-43 mRNA and serotonin 1A receptor mRNA, findings similar to those reported for
patients with stress-related mood disorders (Law et al 2009). Although previously separated
monkeys did not differ from control monkeys on hippocampal volumes (Law et al 2009),
evidence from a follow-up study indicates that repeated parental separations during the first
month of life induce mild reductions in MR and GR gene expression in the hippocampus (in
CA 1–2 subfield). These effects were found to be specific to this neuroanatomical region, as
no differences in MR or GR gene expression were observed in the prefrontal cortex, other
cortical areas, or the hypothalamus (Arabadzisz et al 2010). These findings are consistent
with human data indicating that individuals with major depression likewise exhibit mild to
moderate reductions in hippocampal MR and GR gene expression.

In summary, the marmoset model of parental separation has yielded important behavioral
and neurobiological findings relevant to stress vulnerability. Perhaps due to its relatively
recent conception, data are not yet available from this model of parental separation beyond
one year of age (i.e., marmoset adolescence). There is a great deal of evidence for long-term
effects of early experience in rodents, but surprisingly few studies have examined the
enduring effects of early experiences in the same cohorts of adult monkeys or humans
(Schaffer 2000). Given the growing interest in early experience effects in biological
psychiatry, longitudinal studies of these behavioral, neuroendocrine, neuroanatomical, and
molecular measures are critically needed in the marmoset parental separation paradigm to
verify (or refute) findings from rodent research in animals with a life span of greater than 2–
3 years.

In the common marmoset, as well as in the isolate-rearing and peer-rearing, paradigms, the
types of early parental manipulations were all “non-biological events” (Dettling et al 2002b),
and as such, were of limited ecological validity. Moreover, in each of these paradigms, key
features of early stress exposure were shown to act together to undermine the development
of resilience and produce stress vulnerable phenotypes. We now turn our attention to another
parental separation model involving squirrel monkeys. This laboratory model is unique in
that it is employed in late infancy when free-living infants often face the challenge of coping
with intermittent separations from their mothers while foraging in the forest canopy. Not
coincidentally, this is the only parental separation paradigm that produces stress resilience,
and likely does so because it is employed during a developmental period when the key
features of early stress exposure do not overwhelm the infant’s coping capacity as discussed
in greater detail below.

3.1.4. Long-term effects of short mother-infant separations in squirrel
monkeys—In this maternal separation model, called “stress inoculation”, squirrel monkey
infants are initially raised in undisturbed natal groups of 3–5 mother-infant pairs. At ~ 17
weeks of age, when free-living young monkeys are becoming nutritionally independent
(Boinski and Fragaszy 1989), natal groups are randomized to one of two postnatal treatment
conditions. In one condition, monkeys are exposed to a 10-week stress inoculation protocol
that consists of weekly 1-hour sessions of separation from the mother and natal group
(Parker et al 2004). The separation session occurs in an elevated wire-mesh cage in a colony
room different from the one in which the infant lives. During the separation, the infant is
surrounded by monkeys housed in adjacent cages. Infants are able to vocally communicate
with their mother and natal group which are housed in a colony room on the same hallway.
Control monkeys remain in their home cages throughout the same developmental period.
Separation protocols for different monkey cohorts have varied slightly over the years, with
separations being fewer in frequency but of greater duration (i.e., 4–6 total separation
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sessions, each lasting 4–6 hours in duration) (Levine and Mody 2003) or beginning earlier in
life and occurring with diminished frequency for longer periods (postnatal week 13, every
other week for 5 hours) (Lyons et al 1999), or with the mother accompanying the infant
during each separation session (Parker et al 2006). These protocols have generally produced
the same developmental outcomes, and will be considered together below.

Short repeated social separations in squirrel monkeys evoke species-typical distress peep-
calls, locomotor agitation, and acute elevations in plasma cortisol levels. Recovery of
baseline measures is achieved after each social reunion (Coe et al 1983; Hennessy 1986;
Stanton and Levine 1985). Unlike previous primate paradigms, the stress inoculation
protocol provides repeated opportunities for emotion regulation, while not overwhelming the
juvenile monkey’s capacity for coping with stress. The protocol is administered weekly or
biweekly to allow sufficiently long intervals for recovery at an age when squirrel monkeys
are developing physical, emotional, and psychosocial independence.

Outcome studies of squirrel monkeys exposed to this paradigm have shown that stress
inoculated monkeys better regulate negative emotional arousal and exhibit diminished HPA
axis activation in response to subsequent acute stressors. For example, at 9 months of age,
stress inoculated vs. non-inoculated monkeys were tested with their mothers for 30 minutes
on five consecutive days in a novel environment that contained an assortment of familiar
and unfamiliar foods and toys (Parker et al 2004). The novel environment test revealed that
stress inoculated vs. non-inoculated monkeys were less anxious as inferred by decreased
maternal clinging, increased object exploration, and increased food consumption. Stress
inoculated monkeys also more effectively used their mothers as a secure base from which to
explore. Stress inoculated compared to non-inoculated monkeys also showed smaller
increases in plasma cortisol and ACTH.

These experimental results indicate that stress inoculated monkeys more readily self-
regulate negative emotional arousal, engage in more exploration, and exhibit diminished
stress-induced HPA axis activation compared to non-inoculated monkeys. This conclusion
agrees with findings from independent studies of two additional cohorts of stress inoculated
monkeys. In one cohort, stress inoculated monkeys responded to the removal of mothers at
weaning with fewer distress calls, more time spent in proximity to peers, and smaller
increases in plasma cortisol levels compared to non-inoculated monkeys (Lyons et al 1999).
In the other cohort, stress inoculated monkeys exhibited fewer distress calls, diminished
adrenocortical activation, and smaller increases in CSF levels of MHPG compared to non-
inoculated monkeys at 2, and again at 3, years of age (Levine and Mody 2003). Finally,
stress inoculated monkeys exhibited enhanced sensitivity to glucocorticoid feedback in early
adulthood compared to non-inoculated monkeys (Lyons et al 2000b). These observed stress
inoculation-induced differences in cortisol suppression of the CRF-stimulated ACTH
response (Lyons et al 2000b), CSF MHPG levels (Levine and Mody 2003), and plasma
ACTH levels (Parker et al 2004) suggest that brain mechanisms above the pituitary enhance
the stress inoculated monkey’s ability to diminish HPA axis activation in response to
subsequent stressful life events.

Stress inoculated monkeys have also been evaluated for postnatal treatment differences in
prefrontal-dependent cognitive response inhibition as juveniles (Parker et al 2005).
Inhibitory control of the reaching response in marmosets is impaired in the marmoset
monkey model reviewed above (Pryce et al 2004a) and in squirrel monkeys treated with
cortisol according to a protocol that simulates a chronic HPA axis stress response (Lyons et
al 2000a). The stress inoculated and non-inoculated monkeys performed equally well on all
trials except for those that required inhibitory control of the straight-reaching response.
Performance improved gradually over repeated test days, but at peak levels of performance
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all stress inoculated monkeys successfully completed all response inhibition trials whereas
fewer than half of the non-inoculated monkeys achieved similar levels of success. These
findings suggest that stress inoculation may have directly altered the neural substrates
involved in cognitive function, or indirectly influenced cognitive performance by primarily
changing emotion regulation. The available data do not help to distinguish between these
two possibilities. It should nevertheless be noted that the rearing protocol was initiated
during a period of increasing offspring independence. Far from exceeding the young
monkeys’ coping abilities, the mildly stressful separation experiences which constituted the
stress inoculation protocol may have provided important opportunities for stress inoculated
monkeys to develop the capacity for enhanced emotion regulation. Non-inoculated
monkeys, which had fewer emotional challenges, failed to adequately develop this capacity.
Thus, when non-inoculated monkeys were faced with the demanding cognitive test, they
engaged in more impulsive and perseverative behavior than stress inoculated monkeys, who
were better equipped to deal with such challenges. Magnified across repeated life
challenges, the cumulative consequences of how inoculated and non-inoculated monkeys
respond to stress beginning in infancy may be profound.

Stress inoculation-induced resilience in monkeys resembles the effects of early intermittent
“postnatal handling” in rats exposed to repeated, brief maternal separations. When studied as
adults, “handled” rats display diminished emotionality, increased exploration, improved
learning, and diminished HPA axis activation compared to rats raised in standard
undisturbed laboratory conditions (Fernandez-Teruel et al 2002; Levine 1957; Levine 2000;
Meaney et al 1996). In rats, these outcomes appear to reflect the effects of maternal behavior
directed toward pups that are briefly separated and then returned to the nest (Denenberg
1999; Smotherman and Bell 1980). Importantly, the neuroendocrine indications of resilience
observed in rats exposed to intermittent separations can be replicated in non-manipulated
offspring that naturally receive high levels of maternal care (Liu et al 1997).

To determine whether resilience in monkeys exposed to early intermittent separations is
maternally mediated, maternal behavior and subsequent neuroendocrine measures of
resilience were examined in monkeys randomized to three postnatal conditions (Parker et al
2006). In one condition, each monkey was separated from its mother and the natal group for
10 weekly 1-hr sessions. In the second condition, each monkey and its mother were removed
together as a pair and separated from the natal group for 10 weekly 1-hr sessions. In the
third treatment condition, non-separated monkeys remained undisturbed in their natal
groups. Neither separation condition induced long-lasting changes in maternal behavior
(Parker et al 2006). Moreover, the transient changes observed in maternal behavior did not
correspond with differences in the development of arousal regulation and resilience.
Monkeys exposed along with their mother to intermittent separations received less maternal
care in the home cage, as mothers direct their attention toward re-integration with the group.
Yet both intermittent separation conditions induced neuroendocrine indications of resilience
compared to control monkeys not exposed to intermittent separations. Specifically, monkeys
separated alone or separated along with their mother exhibited diminished cortisol responses
to a subsequent novel environment stress test compared to monkeys not exposed to either
separation condition (Parker et al 2006). These and related findings suggest that arousal
regulation and resilience correspond more closely to prior stress exposure than to separation-
induced changes in maternal care. These findings also suggest that the mechanisms involved
in fostering stress resilience may differ considerably between rodents and primates.
However, it should be noted that recent investigations of developmental plasticity and early
life stress in rats suggest that the rodent story of stress resilience may be more complicated
than previously thought (Macri and Wurbel 2006).
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Very little is known about the neuroanatomical basis of stress resilience. However, because
prefrontal corticolimbic brain circuits play a role in cognitive control of behavior in humans
and monkeys, regulate the HPA axis stress response in various species, and have been
implicated in emotional resilience in humans (Diorio et al 1993; Garavan et al 1999;
Herman et al 2003; Kern et al 2008; Konishi et al 1998; Milad et al 2007; Miller 2000;
Ochsner and Gross 2005; Sullivan and Gratton 2002; Urry et al 2006), stress inoculated and
non-inoculated squirrel monkeys were tested for differences in prefrontal cortical and/or
hippocampal structural volumes at 3 years of age (Katz et al 2009). Early life stress
inoculation promoted the growth of larger prefrontal cortical gray but not white matter
volumes. This effect was primarily driven by differences in ventromedial prefrontal cortex,
as dorsolateral prefrontal cortical volumes did not differ between stress inoculated and non-
inoculated monkeys. These larger ventromedial prefrontal volumes do not reflect increased
cortical thickness but instead represent surface area expansion (Katz et al 2009).

Similar to findings from the marmoset model reviewed above, exposure to early life stress
inoculation did not affect hippocampal volumes. These data are in keeping with evidence
that mildly stressful early experiences promote the development of larger prefrontal cortical
volumes without affecting hippocampal volumes as shown for 5 year old adult male and
female squirrel monkeys exposed to slightly different postnatal conditions (Lyons et al
2002; Lyons et al 2001). Experiential effects on brain structure are most potent when the
neural circuit is maturing and before it is stabilized (Knudsen 2004). Hippocampal growth
and development occurs primarily in utero (Eckenhoff and Rakic 1991; Khazipov et al
2001; Rakic and Nowakowski 1981), and so it is perhaps not surprising that structural stress
inoculation effects are most evident in prefrontal cortex, the growth and development of
which extends across childhood into early adulthood (Giedd et al 1999; Rakic 1995).

The absence of stress inoculation effects on hippocampal structure, however, does not
preclude the existence of postnatal treatment-related differences in hippocampal molecular
biology. Recent evidence from rodents (Kaffman and Meaney 2007) suggests that stress
resilience may be mediated by increased hippocampal glucocorticoid receptor (GR)
expression due to diminished methylation of a cytosine residue in the GR promoter. It is not
known whether early life stress inoculation increases hippocampal GR expression in
adulthood, protects against stress-induced GR downregulation, and whether changes in GR
promoter methylation similar to those observed in stress resilient rodents underlie these
effects in monkeys. Follow-up studies are required to address these important questions to
better understand the molecular mechanisms underlying the etiology and maintenance of
stress resilience in monkeys.

Similar to many of the primate models reviewed above, very little is known about the scope,
extent, or enduring effects of early life stress inoculation in squirrel monkeys. For instance,
it is not known whether early stress inoculation effects persist across the lifespan, as the
latest assessments of stress inoculated monkeys occurred three years after completion of
postnatal treatment protocols (Katz et al 2009; Levine and Mody 2003). The persistence of
stress inoculation effects, therefore, has only been documented across 14% of the squirrel
monkey lifespan. Longitudinal studies, which rigorously evaluate the enduring
consequences of early life stress inoculation on behavioral, neuroendocrine,
neuroanatomical, and molecular measures throughout adulthood, are critically needed to
address this gap in knowledge.

In concluding our review of the various Parental Separation Models, we believe that the
balance of evidence suggests that primate studies employing short parent-infant separations
are more ecologically valid and therefore more promising models for research on stress
vulnerability and resilience than those involving extended social deprivation. Even though
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wild primates may not experience mother-infant separations for the duration of those used in
some laboratory paradigms, a short mother-infant separation is a naturally occurring event
that is likely to occur in the lifetime of every primate and for which individuals are likely to
have pre-programmed adaptive coping responses. In the next section we review the Maternal
Behavior Models, which are likewise well positioned to provide critical insights into the role
early experiences play in shaping developmental outcomes in humans.

3.2. Maternal behavior models
Maternal behavior models were developed in an attempt to address several limitations of the
Parental Separation Models. First, Parental Separation Models, in their extreme forms,
consider, and often confound, not only the effects of lack of social experience (the outcome
of the maternal separation) but also the stressful effects of the process through which the
deprivation of social experience occurs (e.g., permanent loss of the mother). Second,
Parental Separation Models, with the exception of the squirrel monkey Stress Inoculation
paradigm, typically have little ecological validity and therefore do not model challenging
experiences the infant would face (and survive) under free-living conditions. Research
employing Maternal Behavior Models has developed along two independent lines: one in
which the quality of maternal behavior is experimentally manipulated through alterations in
the mother’s ecological environment (e.g., foraging demand paradigms), and the other in
which researchers take advantage of naturally occurring variation in maternal behavior.
These latter paradigms include variation in maternal style, and maternal abuse.

3.2.1. Experimental alterations of maternal behavior: Foraging paradigms—
Rosenblum and collaborators developed a primate model of early stress and development in
which they investigated the developmental effects of experimental alterations of
accessibility and amount of food in laboratory-housed bonnet macaque mother-infant dyads
(Rosenblum and Paully 1984; Andrews and Rosenblum 1991). It was hypothesized that
when food was abundant and easy to obtain mothers would encourage early independence,
whereas when food was scarce and effort was required to obtain it, this could jeopardize
offspring survival and hence mothers would become more protective. Finally, unpredictable
changes in food availability and accessibility should pose stressful and conflicting demands
on the mother and impair her ability to interact effectively with her infant.

In the early studies in which this model was developed, several mother-infant pairs were
exposed to different foraging treatments: Low Foraging Demand (LFD), High Foraging
Demand (HFD), and Variable Foraging Demand (VFD). In the LFD condition animals had
access to ad libitum food, and such food could be retrieved without effort. In the HFD
condition, animals had access to 6 times less food than the LFD animals. Finally, in the VFD
condition, animals were exposed to a 2-week alternation of HFD and LFD. The treatment
period began when infant ages ranged from 4 to 17 weeks and lasted 14 weeks. Shortly after
the foraging treatments, mothers and infants were tested for 1 hour in a novel room for 4
consecutive days. Mother-infant pairs in all three experimental conditions spent more time
in contact in the novel room but the increase was most marked for the VFD pairs. VFD
infants also showed less object exploration and play. It was not clear, however, whether
differences in mother-infant interactions were the result of differences in maternal behavior
or infant activity, or both.

At the age of 2.5–3.5 years, after the infants had been permanently separated from their
mothers and housed in peer groups, they were tested in a novel environment and the VFD
individuals were reported as being less sociable and less assertive/dominants than the LFD
individuals (Andrews and Rosenblum 1994). In subsequent studies, VFD individuals
exhibited a number of differences from LFD or HFD individuals in terms of physiological
variables or responses to pharmacological manipulations, suggesting hyperreactivity of the

Parker and Maestripieri Page 16

Neurosci Biobehav Rev. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



HPA axis and blunted noradrenergic responsivity. In one study, VFD and LFD juveniles
showed differential responses to treatment with two anxiety-provoking drugs: a
noradrenergic agent (yohimbine) and a serotonergic agent (mCPP). Relative to the LFD
juveniles, VFD animals were hyperresponsive to yohimbine but hyporesponsive to mCPP
(Rosenblum et al 1994). VFD juveniles also exhibited higher CSF concentrations of CRF,
SOM, 5-HIAA, and HVA and lower CSF concentrations of cortisol, whereas HFD and LFD
juveniles did not differ in these variables (Coplan et al 1996; 1998). However, because at the
time of the study the VFD juveniles were 2 years old whereas the HFD and LFD juveniles
were 4 years old, it could not be unequivocally excluded that age and not the early foraging
treatment was responsible for the observed differences. Nor was it clear whether some of the
observed differences reflected altered acute HPA axis responses to capture versus chronic
alterations of the HPA axis activity. Finally, Smith et al. (1997) treated VFD and LFD
juveniles with the alpha2-adrenoceptor agonist clonidine and found that individuals with
higher baseline CSF levels of CRF showed less growth hormone secretion in response to the
challenge, a finding that was interpreted as consistent with blunting of noradrenergic
responsivity in these animals. As with the other models reviewed above, there has been
some variability in when the application of the VFD paradigm is initiated. When VFD is
initiated when infants are approximately 10–12 weeks of age, it induces enduring increases
in CSF levels of CRF (Coplan et al 1996). However, if the VFD paradigm is initiated at
around 18–20 weeks of age, experimental monkeys have lower CSF levels of CRF than
control animals as adults (Mathew et al 2002). Whether or not these neuroendocrine changes
are accompanied by more resilient behavioral indices (e.g., diminished anxiety) is unknown,
but merits further investigation.

In the above reviewed studies of bonnet macaques, the developmental effects of the VFD
treatment on behavior and neuroendocrine function were assumed to result from alterations
in maternal behavior. As a result of the environmental manipulation, VFD mothers
presumably became more anxious, erratic, dismissive, less responsive to their infants’
signals, and less likely to engage in the “intense compensatory patterns typical of normal
mothers following periods of dyadic disturbance” (Coplan et al 1995; 1996; 1998). The
empirical evidence that maternal behavior was affected by the foraging treatment, however,
was weak. For example, the VFD mothers did not show significant differences in foraging
between the HD and LD conditions (Andrews and Rosenblum 1991; Rosenblum & Paully
1984), and foraging only occurred less than 10% of the time in both conditions (Andrews
and Rosenblum 1991). There were also few or no differences in mother-infant interactions
between VFD and LFD animals. VFD and LFD pairs did not differ in the percentage of
contacts broken by mothers, contacts made by mothers, and maternal rejections (Andrews
and Rosenblum 1991). Thus, the causes of long-term behavioral and physiological
alterations in VFD animals remain unclear.

Foraging paradigms have also been used in research on early stress and development in
squirrel monkeys. Much of this work has focused on the immediate effects of foraging stress
on maternal and infant behavior and physiology (Champoux et al 2001; Lyons et al 1998),
and is therefore beyond the scope of this review. A few studies, however, have examined
long-term effects of foraging paradigms and will be considered here. In these studies,
squirrel monkey mothers were exposed to either high foraging demand (HFD) or low
demand (LFD) foraging paradigms in which they had to search for food buried in foraging
boards (HFD: 120% by body weight; LFD: 600% by body weight). These studies were
conducted when infants were between 10–21 weeks of age. As reviewed previously, this
developmental period corresponds with increasing physiological and psychological
independence of offspring. Unlike the marmoset model of parental neglect, this paradigm
does not induce infant weight loss (Lyons et al 1998). Nine years after completion of these
early life conditions, HFD monkeys showed significantly diminished restraint stress-induced
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HPA axis activation, and faster recovery to baseline neuroendocrine values than LFD
monkeys (Parker et al 2006). Thus, although the work with macaques did not reveal whether
the manipulation of early experience achieved through the variable foraging paradigm
resulted in behavioral or neuroendocrine signs of stress resilience, a study of squirrel
monkeys suggests that this may be the case. If it could be demonstrated that the variable
foraging manipulation reliably alters maternal behavior, and that changes in maternal
behavior are responsible for the observed developmental outcomes, then this paradigm
would represent an ecologically valid and promising model with which to investigate the
development of stress vulnerability and resilience. Of course, since the goal of this model is
to experimentally cause variation in maternal behavior within the normal range for a species,
the usefulness of this model depends on the extent to which we understand how naturally
occurring variation in maternal behavior affects the development of responsiveness to stress.

3.2.2. Naturally occurring variation in maternal style—Half a century of studies of
mother-infant interactions conducted in the field or in captive but socially complex
environments have shown that there are striking individual differences in maternal behavior.
In Old World monkeys, mothers show marked individual differences in maternal style along
the two orthogonal dimensions of maternal Protectiveness and Rejection (e.g., Fairbanks
1996; Hinde and Spencer-Booth 1971; Maestripieri 1998a; Schino et al 1995; Tanaka 1989).
The dimension of maternal Protectiveness includes variation in the degree to which the
mother physically restrains infant exploration, initiates proximity and contact, and provides
nurturing behaviors such as grooming. The dimension of maternal Rejection includes the
degree to which the mother limits the timing and duration of suckling, carrying, and contact.
These dimensions combine to make four parenting style types: mothers who are high on
both dimensions are classified as Controlling; mothers low on both dimensions are classified
as Laissez-Faire; mothers high on one dimension and low on the other are classified as
Protective or Rejecting. Longitudinal studies have demonstrated that parenting style along
these dimensions tends to be consistent over time and across infants of the same mother
(Berman 1990; Fairbanks 1989; Maestripieri et al 1999).

Several studies of macaques and vervet monkeys have examined variation in offspring
independence from the mother and their tendency to explore the environment or respond to
challenges at various ages in relation to exposure to variable levels of maternal
protectiveness and maternal rejection experienced in early infancy. An early study by
Simpson (1985) showed that exposure to high levels of maternal rejection in the first few
months of life was associated with reduced infant’s exploration at the end of the first year.
Subsequent studies, however, showed that infants reared by highly rejecting (or less
responsive mothers) mothers generally develop independence at an earlier age (e.g., spend
more time out of contact with their mothers, explore the environment more, and play more
with their peers) than infants reared by mothers with low rejection levels (Bardi and
Huffman 2006; Simpson et al 1989; Simpson & Datta 1990; Simpson and Simpson 1985). In
contrast, infants reared by more protective mothers appear to be delayed in the acquisition of
their independence and are relatively fearful and cautious when faced with challenging
situations (Fairbanks and McGuire 1988; 1993). Although these findings may be the result
of inherited temperamental similarities between mothers and offspring, similar findings were
also obtained in studies in which maternal protectiveness was experimentally enhanced
through manipulations of the environment (Fairbanks and McGuire 1987; Vochteloo et al
1993). For example, Fairbanks and McGuire (1987) showed that following the introduction
of new males, vervet monkey mothers became more protective of their infants, presumably
because of the increased risk of infanticide, or male aggression, or simply the social
instability resulting from this manipulation. Increased maternal protectiveness affected the
development of the offspring, as these offspring showed increased anxiety/fearfulness and

Parker and Maestripieri Page 18

Neurosci Biobehav Rev. Author manuscript; available in PMC 2012 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



lower tendency to explore when tested for responsiveness to novelty months or years later
(Fairbanks and McGuire 1987; 1988).

The issue of whether these maternal effects on offspring reactivity to the environment also
persist into later stages of development and adulthood has been addressed by a few studies
of vervet monkeys and macaques. In vervet monkeys, juveniles who were exposed to greater
maternal protectiveness in infancy had a higher latency to enter a new enclosure and to
approach novel food containers (Fairbanks and McGuire 1988; 1993), whereas adolescent
males reared by highly rejecting mothers were more willing to approach and challenge a
strange adult male (Fairbanks 1996). Schino et al (2001) found no significant association
between variation in maternal protectiveness or rejection early in life and the offspring’s
behavior several years later in Japanese macaques. However, they did report a relationship
between early maternal rejection and offspring responsiveness to stressful situations.
Specifically, individuals that were rejected more by their mothers early in life were less
likely to respond with submissive signals or with avoidance to an approach from another
individual and exhibited lower rates of scratching in the 5-min period following the receipt
of aggression. Finally, Maestripieri et al (2006b) showed that rhesus macaques that were
rejected more by their mothers in the first 6 months of life engaged more in solitary play and
greater avoidance of other individuals in the second year. In this study, the association
between maternal behavior and offspring behaviors later in life was also reported in females
that were cross-fostered at birth and reared by unrelated adult females, thus excluding the
possibility of inherited temperamental similarities between mothers and offspring.

Developmental differences in reactivity to novel stimuli or responsiveness to other
individuals are likely to be accompanied by differences in neurochemical and
neuroendocrine substrates regulating emotional and social processes. Neuropeptides and
hormones of the HPA axis such CRF, ACTH, and cortisol, along with the brain monoamine
neurotransmitters norepinephrine, serotonin, and dopamine would be likely candidates, as
these substances play an important role in the regulation of emotional and behavioral
processes and their concentrations can be relatively stable over long periods of time. Very
few and preliminary data are available on the relationship between variable maternal care
and offspring hormonal profiles (e.g., Bardi et al 2005), although some relevant data have
been provided by recent human studies (e.g., Gunnar 2003; Hane and Fox 2006).

Maestripieri et al (2006a; 2006b) reported that offspring reared by mothers with higher
levels of maternal rejection exhibited lower CSF levels of 5-HIAA, MHPG, and HVA in the
first 3 years of life than offspring reared by mothers with lower levels of rejection. This
difference was observed in both non-fostered and cross-fostered infants, suggesting that
exposure to variable parenting style early in life interacts with genetically inherited
propensities in determining CSF monoamine metabolite levels (Rogers et al. 2004).
Furthermore, CSF MHPG levels in the second year of life were negatively correlated with
solitary play and avoidance of other individuals, while CSF 5-HIAA levels were negatively
correlated with scratching rates, suggesting that individuals with low CSF 5-HIAA had
higher anxiety (Maestripieri et al 1992). In contrast, variation in maternal protectiveness
early in life did not predict later variation in CSF monoamine metabolite levels or offspring
behavior (Maestripieri et al 2006a). Taken together, the studies by Maestripieri et al (2006a;
2006b) suggest that exposure to maternal rejection early in life may affect the development
of different neural circuits underlying emotion regulation, ranging from fear to anxiety to
impulse control.

It is very likely that the effects of variable maternal protectiveness and rejection on
behavioral and neuroendocrine development result from different mechanisms. Maternal
rejection is a physically and psychologically stressful experience for a primate infant.
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Mothers often reject their infants by hitting them or biting them, which appears to cause pain
and distress in the infant. Being denied bodily contact and access to nipple, even in the
absence of physical punishment, also causes significant distress in infants, which is
expressed in loud screams and geckers, and temper tantrums (Maestripieri 2002). Frequently
rejected infants also show behavioral signs of depression. Therefore, exposure of different
rates of maternal rejection early in life is directly comparable to exposure to a stressor with
different levels of intensity. In rhesus monkeys, the average infants begin being rejected in
the 3rd or 4th week of life at the rate of 1 episode every 2 hours, or less (Maestripieri 1998b).
The rate of rejection gradually increases as infants grow older and peaks at 6 months of age,
when mothers resume their mating activities. Some infants do not experience rejection at all,
however, while others are rejected at the rate of 3–4 episodes per hour, or higher, as early as
in their first week of life (Maestripieri 1998b). When the behavioral and physiological
effects of rejection are considered together, they support the resilience model of stress
development, which assumes a J-shaped relationship between early stress intensity and the
development of stress vulnerability and rejection. In fact, the data reviewed above suggest
that infants that experience little or no rejection become fearful and behaviorally inhibited
later in life, whereas those exposed to extremely high rates of rejection become highly
anxious and impulsive. Although the relevant neuroendocrine data are still lacking, the
behavior of infants exposed to moderate levels of rejection in the first few months of life
suggests that they show adaptive responses to challenges and resilience to stress later on.

Unlike rejection, maternal protectiveness in itself is not stressful and exposure to different
levels of protectiveness is not expected to directly affect the development of stress-sensitive
physiological systems such as the HPA axis or the serotonergic system. Different levels of
maternal protectiveness, however, provide infants with different opportunities to
independently explore the environment and develop behavioral and physiological coping
strategies to deal with stress. Again, the data reviewed above suggest that moderate levels of
protectiveness may provide infants with opportunities to master environmental challenges
with their mothers’ supervision and support, and therefore foster resilience, while too little
or too much protectiveness may hamper the developing individual’s ability to effectively
cope with challenges. More behavioral and physiological data are needed to demonstrate the
developmental effects of variation in maternal protectiveness, as well as to investigate the
interactive effects of simultaneous variation in protectiveness and rejection.

That variation in maternal style, at least in the maternal rejection dimension, has long-lasting
consequences for development is also demonstrated by intergenerational effects.
Maestripieri et al (2007) found significant similarities in maternal rejection rates between
mothers and daughters for both nonfostered and cross-fostered rhesus females (see also
Berman 1990), suggesting that the daughters’ behavior was affected by exposure to their
mothers’ rejection in their first 6 months of life. Both nonfostered and cross-fostered rhesus
females reared by mothers with high rates of maternal rejection had significantly lower CSF
concentrations of 5-HIAA in their first 3 years of life than females reared by mothers with
lower (below the median) rates of maternal rejection, and that low CSF 5-HIAA was
associated with high rejection rates when the daughters produced and reared their first
offspring (Maestripieri et al 2006a; 2007). Long-term changes in the offspring serotonergic
system and concomitant changes in anxiety and impulsivity resulting from early exposure to
variable maternal rejection may be responsible not only for the intergenerational
transmission of maternal rejection rates, but also for the transmission of infant abuse.

3.2.3. Naturally occurring maternal abuse—Abusive parenting represents one
extreme of the range of variation in maternal behavior in primates. Among rhesus macaques
and other cercopithecine monkeys living in large captive groups, 5–10% of all infants born
in a given year are physically abused by their mothers (Maestripieri and Carroll 1998a;
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1998b; Maestripieri et al 1997). In rhesus macaques, abusive mothers may drag their infants
by their tail or leg, or throw them in the air. Abuse bouts last only a few seconds, and the
rest of the time abusive mothers show competent patterns of maternal behavior. Unlike
humans, in which child physical maltreatment is often accompanied by neglect, in rhesus
macaques abuse and neglect do not occur together and are displayed by individuals with
different characteristics (e.g. neglectful mothers tend to be very young or very old, whereas
abuse occurs regardless of the mother’s age). Abuse is most frequent in the first month of
infant life and rare or nonexistent after the third month, when infants are more independent
from their mothers (Maestripieri 1998b). Rhesus mothers can give birth once a year, and
abusive mothers generally maltreat all of their infants with similar rates and patterns of
behavior (Maestripieri et al 1999). The contributions of infant behavior to the occurrence of
abuse are negligible, whereas abusive behavior appears to be a stable maternal trait that is
transmitted across generations, from mothers to daughters. As a result, it is concentrated in
particular families and absent in others (Maestripieri and Carroll 1998b). Cross-fostering
experiments demonstrated that early experience plays an important role in the
intergenerational transmission of infant abuse (Maestripieri 2005a). Approximately half of
cross-fostered and non-cross-fostered females abused early in life exhibit abusive parenting
with their first-born offspring (Maestripieri 2005a), and those who do so have lower CSF
concentrations of 5-HIAA than those who don’t (Maestripieri et al 2006a; 2007).

The natural occurrence of infant abuse in monkeys provides the opportunity to study the
developmental consequences of an early adverse experience that is within the range of
experience of the species and shares many similarities with child maltreatment. Although
monkey infants who survive early maternal abuse appear to be far less behaviorally and
physically traumatized than socially deprived monkeys, abuse perpetrated by the infant’s
biological mother probably entails a psychological trauma with profound negative
consequences. Moreover, even if abuse is limited to the first months of infant life,
continuous coexistence with the abusive mother and observation of abuse being repeated
with younger siblings could contribute to reinforce and perpetuate the traumatic effects of
abuse into adulthood.

Observations of social and behavioral development have suggested that abused infants may
be delayed in the acquisition of independence from their mothers and in the development of
peer relations in the first year of life (Maestripieri and Carroll 1998c). In rhesus macaques,
the stressful (both physically and psychologically) experience of being abused early in life
results in both acute and long-term alterations in HPA axis function. In recent studies, 10
abused and 10 control infants were studied during their first 6 months of life (McCormack et
al. 2009; under review). Basal morning levels of cortisol were measured at 1, 3 and 6
months of age, and ACTH and cortisol responses to stress were measured in month 6. In
addition, infants were genotyped for the serotonin transporter (SERT) gene and individuals
carrying one or two copies of the short allele of this gene were compared to those carrying
two copies of the long allele. During the first month, when physical abuse rates were the
highest, abused infants had elevated basal morning cortisol levels compared to controls and
showed greater distress responses to handling. In this month, in addition to a main effect of
abuse on basal cortisol levels, there was also a significant interaction between early
experience and SERT genotype such that the effects of abuse on basal cortisol levels were
especially strong in infants carrying the short SERT allele. After the first month, abused
infants’ basal HPA axis function recovered to levels similar to controls. Despite the
normalization of basal activity, there were group by sex effects on the HPA axis stress
response in month 6, such that abused males showed significantly higher ACTH stress
responses than control males when exposed to novelty stress in the absence of the mother.
The higher ACTH stress responses were associated with higher levels of anxious behaviors
at that age. Thus, abused exhibited both increased HPA axis activity and increased
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emotional reactivity in the period of time while abuse occurred and for a few months
following abuse.

In a larger study comparing the development of 21 abused and 21 nonabused rhesus monkey
infants, the infants who were physically abused by their mothers in the first 3 months of life
showed significantly different responses to CRF challenges performed at 6-month intervals
during their first 3 years of life when compared to nonabused infants (Sanchez et al 2010).
Specifically, the administration of exogenous CRF resulted in a greater increase in plasma
cortisol concentrations in abused than in nonabused infants, both males and females, when
these were 6, 12, 18, 24, 30 and 36 months old. The abused infants also showed a blunted
plasma ACTH response to CRF, but this difference was observed only at 6 months of age.
The blunted ACTH response observed in the abused monkey infants may be due to rapid
negative feedback glucocorticoid inhibition, which normally inhibits the secretion of ACTH
when there is a rapid increase in circulating cortisol, or to a dysfunction of the mechanisms
that regulate the anterior pituitary’s response to hypothalamic CRF. Finally, a subset of
abused females, but not males, also showed greater plasma cortisol responses to stress (a 20-
min novel environment test) than nonabused females during their first 3 years of life
(Maestripieri 2005b). Taken together, these results suggest that early maternal abuse results
in greater adrenocortical, and possibly also pituitary, responsiveness to challenges later in
life. The greater cortisol levels (basal, and in response to stress and to CRF) observed in the
abused subjects are consistent with the results of many animal and human studies showing
that individuals who are exposed to traumatic stress early in life exhibit later HPA
hyperreactivity to challenges (see Gunnar and Quevedo 2007, for a review). Blunted ACTH
responses to a CRF challenge have also been observed in abused children (De Bellis et al
1994; Kaufman et al 1997) as well as in adults suffering from clinical depression (e.g.
Holsboer et al 1987).

All of the above reviewed research on the developmental effects of maternal abuse in
macaques has been conducted with infants exposed to relatively low rates of abuse, whose
life was not in jeopardy and which, in many cases, suffered only minor bruises and scratches
that did not require an intervention. Although maternal abuse invariably begins in the 1st or
2nd week of life, peaks in frequency later in the first month, and gradually decreases until it
ends by the end of the 3rd month (Maestripieri 1998b), there are stable differences among
abusive mothers in the rate with which they exhibit abuse. Essentially, abuse that occurs at a
rate of 1 or more episodes per hour in the 1st or 2nd week of life can potentially jeopardize
the infant’s life (some rhesus monkey mothers that exhibit such high rates of abuse end up
killing all of their infants, year after year; Maestripieri & Carroll 1998b), whereas abuse
rates lower than 1 episode per hour are associated with good chances of infant survival.
Since no data are available on the behavioral and neuroendocrine development of infants
exposed to very different levels of abuse, the effects of variation in the intensity of this
stressor on the development of stress vulnerability vs. resilience are not well understood.
The data reviewed above concerning infants exposed to low/moderate levels of abuse
suggest that these infants exhibit increased vulnerability to stress later in life, rather than
resilience. This effect, however, may be the result of the high rates of maternal rejection that
typically accompany maternal abuse, regardless of its frequency, rather than the result of
abuse alone. Further research is needed to examine the effects of different rates of abuse on
development as well as to disentangle the effects of high maternal rejection and abuse when
they co-occur.

4. Summary and translational implications of primate models
Research conducted with primates during the last 4–5 decades has made important
contributions to the understanding of the effects of early experience on the development of
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stress vulnerability and resilience. Observations of mother-infant interactions and early
infant development in monkeys provided the foundations upon which attachment theory was
formulated. Attachment theory predicts that exposure to variable maternal responsiveness
and behavior early in life results in differences in personality and reactivity to the
environment later on (Bowlby 1969). Primate studies of infants that were separated from
their mothers and raised under conditions of social deprivation confirmed that a minimal
amount of social experience is required for normal social development. Such studies,
however, did not clarify whether it was the absence of a primary caregiver or the complete
lack of social experience that produced subsequent dysregulation of behavior, emotion, and
stress-sensitive physiological systems. The recognition that there is variation in early
interactions with caregivers and that this variation has important consequences for infant
development is a critical insight that has redirected the focus of primate studies from
deprivation of early experience to altering the quality of early social experiences.

Although primate research has increasingly acknowledged the important role played by the
quality of early experience in the development of stress vulnerability and resilience, primate
research must further explore the role played by the frequency, duration, and timing of early
stress exposure. Knowing the frequency, duration, and timing with which specific social
experiences occur during development may be as important as knowing the quality of those
experiences in explaining differences in developmental outcomes. The more recent primate
models presented here lend themselves to expanding research into studies that take intensity
and timing effects into account while documenting the contribution made by the quality of
social experience.

The challenge to primate researchers interested in modeling early stress and development is
to find experimental paradigms that reproduce events and circumstances within the normal
range of experience of their species. We believe that primate paradigms that are based on
naturally occurring phenomena, or at least that reproduce in the laboratory phenomena that
are within the range of experience of a species, hold great promise as models for research in
this area. Future research with primates will also benefit from the incorporation of the notion
that a particular early stressful experience may not necessarily result in the same outcome in
different individuals or circumstances, and that there may be multiple pathways to the same
developmental outcome (Cicchetti 1993). In primates, just as in humans, stress-related
pathologies such as anxiety and depression, as well as resilience to such stress-related
disorders, are unlikely to be the direct consequence of a single adverse experience. Rather,
they are likely to be multiply determined and dependent on the balance of risk and protective
factors, including individual or genetic factors (e.g., temperament, genetic polymorphisms,
gender) and environmental or social factors (e.g., social support, dominance rank, maternal
style). Primate models that combine key features of early stress exposure (e.g., the type,
duration, frequency, ecological validity, sensory modality, and developmental timing), and
consider them in the context of risk and protective factors are in their infancy, but hold
extraordinary promise for understanding the vast variability in developmental outcomes
observed in human populations. Moreover, a better understanding of the etiology and
psychobiology of stress vulnerability and resilience is of great clinical significance because
such knowledge could subsequently be used to prevent stress-related psychiatric disorders
by enhancing resistance to psychosocial adversity.
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Figure 1.
Conceptual diagram identifying stressor features, stressor perception, modulating risk and
protective factors, and developmental outcomes.
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Table 1

Primate models of early life stress and the features of the early stressful experiences.

Human Phenomenon Animal Model Species

Parental Separation Models (parents absent)

Parental Loss/Rearing in Extremely Deprived
Environment Isolate/Surrogate-Rearing Rhesus monkeys and other Old World monkeys

and apes

Parental Loss/Rearing with Minimal Adult Contact Peer-Rearing Rhesus monkeys

Non-Permanent Disruption of the Parent-Child Bond Repeated Parental Separations Old World (e.g. rhesus monkeys) and New World
(e.g. marmosets and squirrel monkeys) monkeys
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