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Abstract
Purpose of Review Early life experiences have long-lasting
influence on a child. For an infant, the quality of caregiving
is one of the most critical factors supporting growth and
development. Adverse social events in infancy have the po-
tency to alter the child’s developmental trajectory and ele-
vate the lifetime risk for a range of psychiatric disorders.
Although clinical studies associate early childhood adversi-
ties with lifetime risk for mental disorders, the knowledge of
underlying neural and molecular alterations leading to these
disorders comes mostly from animal studies. In this article,
we overview selected animal models of early life social
adversity, including maternal abuse and neglect, and mater-
nal trauma and fear.
Recent Findings We first characterize the major behavioral
and neural changes normally occurring in early life. We then
present several animal models of maternally mediated early
life adversity that contribute to reorient the developmental
changes toward pathological outcomes. These models

yielded to recently identified neurobiological mechanisms,
including epigenetic alterations, through which these adver-
sities lead to a lasting dysregulation of the stress response
system, aberrant fear learning and memory, and increased
anxiety or depression-like behaviors.
Summary We conclude by emphasizing the unique role of the
caregiver’s influences on the developing brain in infancy.
Understanding of the infant’s mechanisms of vulnerability
and resilience to maltreatment is essential for the advancement
of novel therapeutic and preventive approaches.
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Introduction

Numerous studies have shown that early life adversity may
have profound impact on children’s psychosocial health and
their development. Neglect, abuse, and trauma in infancy
and early childhood have been associated with impaired
psychological functioning and increased risk for psychiatric
disorders in youth and throughout life [1••, 2, 3, 4•].
Understanding the developmental trajectory of the human
brain and the mechanisms through which adversities alter
this trajectory are thus critical for the advancement of effec-
tive preventive and treatment approaches [5]. However, de-
spite accumulating clinical evidence, little is known about
the neurobiology of early life adversity.

The use of animal models has been very helpful in char-
acterizing the early life periods critical for neurobehavioral
development [6, 7•, 8–11]. Non-human animal models can-
not reproduce all aspects of normal and pathological human
brain function, but these models have been successful in
exhibiting specific neural and behavioral characteristics of
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early life development and effects of adversities. In contrast
to human studies, animal models allow experimenters to
interfere with the normal development of the central ner-
vous system in a tightly controlled setting. Rodent research
has been particularly useful in characterizing the early life
development of attachment and safety learning, as well as
the emergence of stress and threat responses [12–14].
Although rodent studies have identified distinct critical pe-
riods for neurobehavioral development in the prenatal, early
postnatal, and adolescent periods, infancy appears to be
critically important for the emergence, growth, and matura-
tion of stress and threat response functions [15, 16]. This
article will review a rodent model of early postnatal neuro-
behavioral development and the effects of social adversities
on this development. We will specifically focus on the con-
sequences of maternal abuse and neglect, as well as the
effects of maternal trauma and fear.

Behavioral and Neural Development in Infancy

The postnatal/preweaning period is characterized by important
behavioral changes and brain maturation of the rodent infant
(Fig. 1). In terms of sensory maturation, the rodent infant is born
at a developmental stage equivalent to the beginning of the third
gestational trimester in humans. It is blind, deaf, hairless, and
unable to thermoregulate. This characteristic makes an infant rat
especially vulnerable and dependent upon the mother for nutri-
tion and nurturing. The newborn pup has functional olfactory,
gustatory, and somatosensory modalities which guide the in-
fant’s behavior and support early life learning. Sensorimotor
functions gradually develop after birth. By postnatal (PN) day
10, the pup develops rudimentary walking, which allows it to
step out of the nest by itself [17, 18]. Audition and vision start
emerging around PN12–13 and PN13–14, respectively [19],
and thermoregulation matures around PN16–18 [20]. About
3 weeks after birth, the pup no longer relies upon the caregiver
for survival and is ready to be weaned.

Sensorimotor development of the young rodent is associ-
ated with important neuronal maturation that continues after
weaning and throughout adolescence as detailed below and in
other reviews [21, 22]. The volume of the brain itself increases
greatly after birth: for example, between birth and PN30, the
volume of the olfactory bulb alone increases sevenfold [23,
24]. This increase in size is associated with the partitioning
and maturation of individual brain structures. For example, in
the amygdala, a key structure for processing threat [25], the
different nuclei become subdivided between PN7 and 14 [26].
The cellular composition of brain structures also changes: for
example, mitral cells are set up in the olfactory bulb during
embryogenesis (e.g., present at birth), while 89% of the gran-
ular cells are integrated to the olfactory bulb after birth [23].

As brain structures mature during infancy, the connections
between these structures refine. Myelination increases after
birth [27, 28], axons and dendrites arborize and increase their
length [29], and synapses sprout. For example, in a 4-day-old
rodent brain, only 1% of the adult dentate gyrus synapses [30]
and only 6% of the adult amygdala synapses are present [29].
Some neurotransmitter-specific afferents also change their
mode of discharge and/or their postsynaptic effect. For exam-
ple, norepinephrine-producing neurons originating in the lo-
cus coeruleus undergoes drastic modifications of its firing
pattern between birth and weaning age [31]: norepinephrine
neurons change from exhibiting a very low spontaneous firing
rate to displaying a more tonic firing. Accompanying this shift
in the spontaneous firing rate, there are developmental chang-
es in the noradrenergic response to sensory stimulation. At
birth, tactile stimulation results in a sustained activation of
the norepinephrine system which lasts for up to 20 s, while
the same stimulation presented at weaning age leads to an
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Fig. 1 During infancy, humans and rats undergo analogous stages of
behavioral, motor, sensory, and neural development. At birth, rat pups
have functional systems for olfaction and nociception, but have very
limited locomotor skills and cannot see or hear. It is often considered
that rats are born at a maturational age equivalent to the beginning of
the third trimester of human gestation. The sensitive period for
attachment learning in rodents lasts through postnatal (PN) day 10,
although it can be extended to PN15 in some experimental conditions.
Around PN10, rats begin to be capable of immature walking, akin to the
human toddler phase. In rats, this age also marks the typical emergence of
the fear learning system; however, chronic stress during infancy can lead
to the early onset of fear learning. This emergence of the fear system is
supported by the amygdala and HPA axis becoming functional and
involved in the learning. As rats mature from PN10 through PN21, they
continue to nurse but also begin to eat solid food. The visual and auditory
systems become functional. Rats are typically weaned at PN21, the age at
which the hippocampus and prefrontal cortex begin to contribute to
learning processes
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activation shorter than 100 ms [31]. The postsynaptic effects
of the neurotransmitters can also change drastically. One of
the most investigated examples is the shift of actions of the
transmitter gamma-aminobutyric acid (GABA) during early
development: while GABA inhibits adult neurons, it excites
immature ones [32, 33]. In addition to these modifications in
the postsynaptic activity, changes in the neurophysiological
properties of these neurons can also be observed. Ehrlich
et al. [34] showed significant developmental changes in the
electrophysiological properties of amygdala neurons—includ-
ing their input resistance, spontaneous membrane potential
oscillations, train of action potentials in response to direct
current injection and afterhyperpolarization, and the shape of
the generated action potentials. The maturation of these neu-
rophysiological properties leads to the emergence of adult-like
oscillations after PN14 [35]. In summary, between birth and
weaning age, the rodent brain undergoes important modifica-
tions at molecular, cellular, structural, and systemic levels.

These neurodevelopmental changes are reflected in the
changing psychomotor and behavioral functioning of the ani-
mal. In particular, this includes the animal’s response to threat
and safety signals. For example, during the first 10 days of life,
the stress response of the rodent infant is minimal to nonexis-
tent in normal rearing conditions; their plasma glucocorticoid
levels are low and nociceptive stimuli evoke little to no hypo-
thalamic-pituitary-adrenal (HPA) axis activation (for review,
see [36]). Secure attachment and safety learning also develop
during this stress hypo-responsive period (SHRP). As men-
tioned earlier, the altricial infant is highly dependent upon ma-
ternal care for survival. It must thus learn to respond tomaternal
presence by producing approach and prosocial behavior. In
rodents, attachment learning occurs during the first 10 days of
life and relies on the unique neurobiology of the infant brain.
The sustained activation of the norepinephrine system in re-
sponse to tactile stimulation allows the pup to rapidly learn
about the mother and bond with her. At such an early age,
rodent infants are still blind and deaf, and they rely mostly on
olfaction to locate the dam ventrum and the nipple [37–39].
This dependence upon olfaction to orient the infant and pro-
mote behaviors directed toward the mother is shared between
rodents and humans. Indeed, several studies have shown that
the scent of lactating maternal breasts is a crucial cue that the
newborn baby uses to orient toward the nipple and that triggers
appetitive oral responses [40–42]. Moreover, both rodents and
human infants can form long-lasting memories of olfactory
cues associated with suckling [43–45]. During the sensitive
period for attachment in rodents, pairing a neutral odor with a
stimulus mimicking maternal care, such as stroking with a
brush to mimic maternal licking, leads this odor to acquire
the valence of a maternal scent. As such, this cue triggers ap-
proach and nipple attachment [10, 44, 46–49]. Rodent studies
searching for markers of learning-induced plasticity have
shown that this learning of a new maternal odor relies upon

the olfactory bulb and the anterior piriform cortex [50, 51].
When a neutral odor is repeatedly paired with a stimulation
characterizing (or mimicking) maternal care, this stimulation
activates the pup’s locus coeruleus and causes a strong influx
of norepinephrine into the olfactory bulb. The immense rise of
norepinephrine levels in the olfactory bulb prevents the mitral
cells of the infant from habituating to the odor [52–56]. This
olfaction-mediated attachment learning mechanism is specific
for the period from birth to PN10, a developmental stage
known as a sensitive period for attachment. It enables the rapid
attachment of the newborn to the mother and the first learning
about safety. From PN10 onwards, due to the maturation of the
locus coeruleus and the noradrenergic system, a nurturing stim-
ulation does not produce such high rises in norepinephrine level
responses [12]. Thus, animals who do not receive appropriate
nurturing prior to PN10 lose the ability to attach normally to the
dam, an effect that defines this critical period.

Indeed, secure attachment and the attenuated stress response
observed during the SHRP are disrupted if maternal care is
deficient or absent, leading to long-term changes in affective
functions. There is a natural variation in the amount and quality
of care that dams provide to their pups; some dams, termed
“low licking/grooming” (LG), spend significantly less time ac-
tively caring for their pups than dams termed “high licking/
grooming” (HG) [57]. In adulthood, differences in behavior,
stress reactivity, and gene expression can be observed between
the offspring of LG andHG dams. For example, adult offspring
of LG dams tend to exhibit more anxiety-like behavior than
offspring of HG dams (e.g., increased startle responses, de-
creased open field exploration, and longer latencies to eat food
provided in a novel environment, reflecting a greater fear of
novelty) [57]. In conjunction, adult offspring of LG dams also
display stronger plasma adrenocorticotropic hormone (ACTH)
and corticosterone (the main corticosteroid in rodent, equiva-
lent to human cortisol) responses to an acute stressor and have
increased levels of corticotropin-releasing factor (CRF) mes-
senger RNA (mRNA) in the hypothalamus [58]. To our knowl-
edge, no research has directly tested whether there are differ-
ences between offspring of HG and LG dams in the activation
of the norepinephrine system during the sensitive period for
attachment. However, the offspring of HG dams have higher
α2-adrenoreceptors in the locus coeruleus, which suggests that
maternal behavior shapes the trajectory of the norepinephrine
system into adulthood [59]. Cross-fostering studies have con-
firmed that HG and LG effects are explained by differences in
parental care rather than differences in genetics [60]. Indeed,
this variability in parental care causes epigenetic variability. For
example, variations in maternal care lead to long-lasting epige-
netic modifications of genes controlling the neuromodulatory
and neuroendocrine systems, including the glucocorticoid and
oxytocinergic systems [61, 62]. These systems have been
shown to be involved in regulating social behavior as well as
stress and threat responses, beginning in infancy and
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throughout the lifespan. Treatment with a histone deacetylase
inhibitor eliminated differences in HPA axis reactivity between
offspring of HG and LG dams, suggesting that epigenetic mod-
ifications may be a mechanism by which maternal care shapes
the stress responsiveness and behavior of offspring [61].

Maternal Abuse and Neglect

A history of early childhood maternal neglect and maltreatment
is associated with a wide range of adverse somatic and mental
health outcomes in youth and adults [63–66]. Infancy, a phase of
dynamic brain development and vulnerability to environmental
influences, overlaps with the maternal postpartum period which
is characterized by an increased risk for maternal psychological
or psychiatric problems, including postpartum psychosis, depres-
sion, and anxiety [67, 68•, 69–70]. Recent studies show that the
postnatal period is also marked by an increased risk for paternal
anxiety and depression [71–74]. These parental mental health
risk factors, along with other psychological, social, or economic
challenges of parenthood, may contribute to a disruption of pa-
rental care or a caregiver's aberrant behaviors, including child
abuse and neglect. Although animal models cannot reflect the
complexities of human life, they allow experimenters to study the
effects of early social adversities on specific neural systems and
functions.

Maternal abuse in early infancy is often experimentally
modeled in rodents by limiting the amount of bedding in the
housing cage from PN2 through 9 [75]. This procedure leads
to increased maltreatment by the dam of her pups (stepping on
the pups, rough handling) due to the increased difficulty for the
dam to build a nest: she spends more time building it and
transporting the pups than nursing and nurturing them [49, 76].
Alternatively, during the sensitive period for attachment, between
birth and PN10, maltreatment can be modeled by pairing a novel
odor to nociceptive stimuli such as tail pinches or mild foot/tail
shocks [49, 76]. In this paradigm, pups learn to associate the odor
with the dam and exposure to this odor will paradoxically trigger
approach and infantile behavior characteristic of interactionswith
the dam [49, 77], as would an odor paired with a positive mater-
nal cue. Pups exposed to either of these experimental paradigms
show decreased body weight and have increased plasma cortico-
sterone inter-animal variability, typical of a state of chronic stress,
in early infancy [75]. Maternal maltreatment during infancy has
also been associated with epigenetic changes. In adulthood, rats
that had been fostered with an “abusive” dam had decreased
brain-derived neurotrophic factor (BDNF) mRNA in the pre-
frontal cortex and, accordingly, also had increased epigenetic
downregulation of the BDNF gene at PN8, PN30, and PN90
[78]. Maternal maltreatment during infancy also appears to alter
the expression of BDNFmRNA [79] and telomere length [80] in
the amygdala. These molecular features have also been implicat-
ed in the pathology of mood disorders in humans [81].

Maltreatment during infancy also leads to long-lasting chang-
es in affective behavior (see Fig. 2). Pups exposed to chronic
stress or maternal abuse in infancy show reduced sucrose con-
sumption suggesting anhedonia and more depressive-like behav-
ior on the forced swim test1 in adolescence and adulthood [49,
77]. They also exhibit impaired adult social interactions [83••].
Rats that experienced maternal maltreatment show altered fear
learning circuits, leading to reduced fear conditioning [84, 85]
and stronger reactions to the threat of a predator odor [86] than
non-maltreated rats. These effects mirror the findings that are
observed in human individuals who experienced maltreatment
in childhood, such as enhanced amygdala activation in response
to viewing threatening faces, altered development of the circuitry
responsible for orchestrating response to threat, and heightened
risk for psychopathology [87•].

Another common experimental manipulation that is
frequently used to model maternal care deprivation is
the maternal separation procedure. Most typically, this
paradigm involves separating pups from the dam for
3 h every day from PN2 through 14. This procedure
appears to affect fear learning and memory in pups, as
well as the extinction of conditioned fear, e.g., the de-
crease of the behavioral response to the threatening cue
following the repeated non-reinforced presentation of
that cue. Research shows that maternal separation pro-
motes the retention of fear memories formed in infancy.
One study demonstrated that PN17 pups with a prior
history of early maternal separation retained the fear
memory around 30 days longer than rats that had not
been separated from their mother in infancy [88]. In rats
aged PN24 and older, fear memories are susceptible to
relapse; e.g., the fear response to the threatening cue
tends to reappear with time passing after the extinction.
This relies on GABAergic inhibition. In infant rats, fear
extinction is typically not susceptible to relapse.
Experimental evidence shows that PN17 rats that expe-
rienced maternal separation during early infancy were
susceptible to relapse following extinction of a fear
memory, unlike rats reared in standard conditions [89].
This may be due to changes in the inhibitory
GABAergic circuitry within the amygdala, as maternally
separated rats required GABAergic inhibition for the
expression of extinction, a pattern observed in adult-
hood, while rats reared in standard conditions did not
[89]. These findings suggest that the affective stress
induced by maternal separation may result in premature

1 In the forced swim test, rats are placed in a tall container of water while the
experimenter records how much time the rat spends swimming and how much
time the rat spends passively floating. Swimming is interpreted as an active
coping mechanism, whereas floating is interpreted as a sign of “behavioral
despair,” one component of major depressive disorder. Rats that have higher
immobility time on this test are said to be exhibiting more depressive-like
behavior [82] (see Fig. 2).
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and altered development of the threat processing system,
an observation also reported by human studies [90, 91].
Early maternal separation may also affect the develop-
ment of neural systems involved in depression; for in-
stance, PN15 pups that experienced maternal separation
had decreased hippocampal neurogenesis, one of the
major neurobiological phenotypes of depression, when
compared to pups that were reared in standard condi-
tions [92].

The maternal separation paradigm, similarly to mater-
nal abuse paradigms, exhibits effects on the behavior
and neurobiology of rats that can be observed in adult-
hood. Rats that experienced maternal separation tend to
show more depressive-like behavior on the forced swim
test [92, 93] and more anxiety-like behavior on the

elevated plus maze2 in adulthood [95] (see Fig. 2).
The experience of maternal separation during infancy fundamen-
tally alters the function and regulation of the HPA axis in adult-
hood. Rats that experienced repeated maternal separation had
higher baseline corticosterone levels [93] and higher CRF
mRNA density in the hypothalamus [93, 96, 97]. Similarly, in-
creased levels of glucocorticoid receptor [98], ACTH precursor
[99], and vasopressin mRNA [100] have been observed in the
hypothalamus of mice that experienced maternal separation rel-
ative to mice that were normally reared. These differences in
HPA axis function may be due to changes in the epigenetic
regulation of genes responsible for controlling the HPA axis.
Extraction of DNA from the hypothalamus of non-separated
and maternally separated mice revealed that separated mice pres-
ent epigenetic enhancement of the vasopressin gene transcription
compared to non-separated mice. Treatment with a vasopressin
antagonist normalized the altered HPA axis reactivity in mater-
nally separated mice [99]. Despite some promising preclinical
findings, human studies have not yet established the role of the
vasopressin receptor antagonism in ameliorating effects of early
life stress on HPA reactivity [101]. Maternal separation also ap-
pears to result in changes in the epigenetic regulation of the
glucocorticoid receptor gene NR3C1 in the hypothalamus that
prevented an increase in CRF following chronic mild stress ex-
posure in maternally separated mice [98]. Finally, some investi-
gators have found no difference in rat baseline HPA axis activity
due to maternal separation, but have found differences in ACTH
levels [95] and corticosterone levels [100, 102] following expo-
sure to an acute stressor. Although differences between studies
may arise because of differences in the separation paradigm, age
of the stress hormone assay, and differences in applied stressors,
these results suggest that repeated maternal separation during
infancy causes long-lasting changes in HPA axis reactivity.

Maternal Trauma and Fear

Clinical studies show that a parental diagnosis of an anxiety
disorder increases the risk of pathological anxiety in children,
and parental history of posttraumatic stress disorder (PTSD) is
associated with an elevated risk for PTSD in their offspring
[103, 104]. Parent-child transmission of stress, anxiety, and
fear may be explained by various mechanisms, including he-
reditary mechanisms, experiential factors, or gene-
environment interactions [105]. Recent research suggests that

2 The elevated plus maze is a cross-shaped maze consisting of two arms
enclosed by walls and two arms without walls. Rodents normally avoid open
spaces where they are more exposed to predators but also have a natural
tendency to explore novel environments. When a rat is placed in the center
of the maze, it is presented with a conflict between moving into the dimly lit
enclosed arms and exploring the exposed arms. The amount of time rats spend
in the open arms and in the closed arms is counted; more time spent in the
closed arms is indicative of increased anxiety-like behavior [94] (see Fig. 2).

Fig. 2 Maternal maltreatment may take a variety of forms including (but
not limited to) neglect of pups, rough handling, low levels of licking and
grooming behavior, and stepping on pups. Deficits in the quality of
maternal care may arise from phenotypic variation (e.g., higher or lower
licking/grooming behavior) or from experimenter manipulation (e.g.,
maternal separation, reduced bedding). These deficits can have long-
lasting consequences on the behavior, endocrine system, and
neurobiology of rats. In comparison to normally reared animals, adult
rats that experienced maternal maltreatment in infancy exhibit more
immobility during the forced swim test, a model of depressive-like
behavior. Additionally, rats that experience maternal maltreatment tend
to explore the open arms of the elevated plus maze less than normally
reared rats, which suggests that rats that experience maternal
maltreatment are more anxious
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parental modeling and children’s social fear learning play an
important role in the transmission of specific maladaptive fears,
such as those occurring in phobias or PTSD [103, 106–108].
Despite abundant clinical and experimental evidence, little is
known about neurobiological mechanisms underlying this
parent-child fear transmission [109]. Recent animal studies offer
insight into the neural underpinnings of the mother-to-infant
transmission of fear [110••, 111].

We have shown above that early in infancy, stress responses
are typically diminished and classical threat conditioning is qui-
escent. Maternal neglect and abuse may alter this early quies-
cence of stress and threat processing systems leading to prema-
ture emergence of the stress response and fear learning.However,
we have recently found in normally reared pups that maternal
stress alone may activate the infant’s HPA axis and amygdala
threat learning system [110••, 111]. We observed that from birth
onwards, infant rats can acquire cue-specific threat responses
from their mother through social fear learning [110••, 111] (see
Fig. 3). The presence of a frightened mother activates the pup’s

HPA axis and causes a robust corticosterone rise and an increased
activity of the amygdala and other brain areas that are critical for
processing threat, stress, and pain [110••, 111]. Pharmacological
inactivation of the amygdala prevented the acquisition of mater-
nal fear [110••]. Our findings suggest that maternally transmitted
threat responses acquired in infancy may be long-lasting [110••].

An early life emergence of social transmission of specific
fears during the stress hypo-responsive period, when learning
about environmental dangers through fear conditioning is nat-
urally suppressed (due to low levels of corticosterone which is
necessary for fear conditioning), may be adaptive as it allows
the offspring to learn promptly from parents about possible
threats in the surrounding world. Indeed, human studies show
that infants and young children quickly acquire parental fear
behaviors [112]. Recent research suggests that parental model-
ing of anxious and fearful behaviors and children’s social
learning of fear/anxiety may mediate parent-child transmis-
sion of fear and anxiety independently of hereditary factors
[103] and that the treatment of parental anxiety may decrease
the risk of this transmission [113•].

Concluding Remarks

Although human growth and development occur throughout
the whole life, infancy is distinctly marked by critical periods
in brain development, which are characterized by a unique
sensitivity to social influences. These critical periods enable
the maturation and tuning of neural systems that are critical for
safe and successful navigation through life. Animal models
emphasize the significance of undisrupted caregiver-infant in-
teractions for neurobehavioral development. The models of
maternal abuse and neglect, and maternal trauma and fear
discussed in this review provide examples of how animal re-
search helps to characterize neural and molecular mechanisms
affected by early life social adversities. Understanding of the
infant’s mechanisms of vulnerability and resilience to mal-
treatment is essential for the advancement of novel therapeutic
and preventive approaches.
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Fig. 3 A mother previously conditioned to associate a cue, such as an
odor, to a shock is presented with the cue again in the presence of her
offspring. By responding with fear to the presence of the threat-signaling
cue, she can transmit her fear of the cue to them. Such transmission relies
upon the detection of maternal fear pheromone by the offspring. Once the
pups have associated the new cue to maternal fear, they express fear of
this cue themselves: when presented with the cue, they freeze to it, i.e.,
they become fully immobile in a crouched posture with piloerection.
Moreover, if they are given the possibility to choose between the fearful
cue and another cue in a Y-maze, they will actively avoid the fearful cue
and chose the other arm of the Y-maze

112 Curr Behav Neurosci Rep (2017) 4:107–116



References

Papers of particular interest, published recently, have been
highlighted as:
• Of importance
•• Of major importance

1.•• EJS S-B, Kennedy M, Kumsta R, Knights N, Golm D, Rutter M,
et al. Child-to-adult neurodevelopmental and mental health trajec-
tories after early life deprivation: the young adult follow-up of the
longitudinal English and Romanian Adoptees study. Lancet.
2017;389:1539–48.A pioneering large-scale longitudinal study
of the lasting effects of social and emotional deprivation dur-
ing the critical childhood developmental period on adult social
functioning, mental health outcomes, and cognition.
Importantly, the findings of this study are mirrored by many
results from animal models of deprivation

2. Rutter M, Kumsta R, Schlotz W, Sonuga-Barke E. Longitudinal
studies using a “natural experiment” design: the case of adoptees
fromRomanian institutions. J AmAcadChild Adolesc Psychiatry.
2012;51:762–70.

3. Misiak B, Krefft M, Bielawski T, Moustafa AA, Sąsiadek MM,
Frydecka D. Toward a unified theory of childhood trauma and
psychosis: a comprehensive review of epidemiological, clinical,
neuropsychological and biological findings. Neurosci Biobehav
Rev. 2017;75:393–406.

4.• Jansen K, Cardoso TA, Fries GR, Branco JC, Silva RA, Kauer-
Sant’Anna M, et al. Childhood trauma, family history, and their
association with mood disorders in early adulthood. Acta
Psychiatr Scand. 2016;134:281–6. A large cross-sectional study
of young adults in which the authors confirmed a relationship
between a history of trauma in childhood (emotional and/or
physical neglect and emotional, physical, and/or sexual abuse)
and a mood disorder diagnosis. Additionally, childhood trau-
ma emerged as a mediating factor between a family history of
mood disorder and subsequent mood disorder diagnosis in
adulthood

5. Zeanah CH, Gunnar MR, McCall RB, Kreppner JM, Fox NA.
Sensitive periods. Monogr Soc Res Child Dev. 2011;76:147–62.

6. Robbins T. Neurobehavioural sequelae of social deprivation in
rodents revisited: modelling social adversity for developmental
neuropsychiatric disorders. J Psychopharmacol (Oxf). 2016;30:
1082–9.

7.• Cowan CSM, Callaghan BL, Kan JM, Richardson R. The lasting
impact of early-life adversity on individuals and their descendants:
potential mechanisms and hope for intervention. Genes Brain
Behav. 2016;15:155–68. A review of animal and human litera-
ture exploring the intergenerational transmission of trauma
and the behavioral and biological mechanisms by which this
phenomenon might occur. Potential targets for intervention
are also discussed

8. Andersen SL. Exposure to early adversity: points of cross-species
translation that can lead to improved understanding of depression.
Dev Psychopathol. 2015;27:477–91.

9. Casey BJ, Glatt CE, Lee FS. Treating the developing versus de-
veloped brain: translating preclinical mouse and human studies.
Neuron. 2015;86:1358–68.

10. Roth TL, Raineki C, Salstein L, Perry R, Sullivan-Wilson TA,
Sloan A, et al. Neurobiology of secure infant attachment and at-
tachment despite adversity: a mouse model. Genes Brain Behav.
2013;12:673–80.

11. McEwen BS. Early life influences on life-long patterns of behav-
ior and health. Ment Retard Dev Disabil Res Rev. 2003;9:149–54.

12. Debiec J, Sullivan RM. The neurobiology of safety and threat
learning in infancy. Neurobiol Learn Mem. 2016.

13. Remmes J, Bodden C, Richter SH, Lesting J, Sachser N, Pape H-
C, et al. Impact of life history on fear memory and extinction.
Front Behav Neurosci. 2016;10:185.

14. Callaghan BL, Richardson R. Early experiences and the develop-
ment of emotional learning systems in rats. Biol Mood Anxiety
Disord. 2013;3:8.

15. Boulanger Bertolus J, Mouly A-M, Sullivan RM. Ecologically
relevant neurobehavioral assessment of the development of threat
learning. Learn Mem. 2016;23:556–66.

16. Opendak M, Gould E, Sullivan R. Early life adversity during the
infant sensitive period for attachment: programming of behavioral
neurobiology of threat processing and social behavior. Dev Cogn
Neurosci. 2017;

17. Bolles RC,Woods PJ. The ontogeny of behaviour in the albino rat.
Anim Behav. 1964;12:427–41.

18. Altman J, Sudarshan K. Postnatal development of locomotion in
the laboratory rat. Anim Behav. 1975;23:896–920.

19. Alberts JR. Sensory-perceptual development in the Norway rat: a
view toward comparative studies. Comp Perspect Dev Mem.
1984:65–101.

20. Gordon CJ. Thermal biology of the laboratory rat. Physiol Behav.
1990;47:963–91.

21. Ganella DE, Kim JH. Developmental rodent models of fear and
anxiety: from neurobiology to pharmacology. Br J Pharmacol.
2014;171:4556–74.

22. King EC, Pattwell SS, Glatt CE, Lee FS. Sensitive periods in fear
learning and memory. Stress. 2014;17:13–21.

23. Rosselli-Austin L, Altman J. The postnatal development of the
main olfactory bulb of the rat. J Dev Physiol. 1979;1:295–313.

24. Alberts JR. Olfactory contribution to behavioral development in
rodents. In: Doty R, editor. Mamm. Olfaction Reprod Process
Behav. New-York: Academic Press; 2012.

25. Debiec J, LeDoux JE. The amygdala and the neural pathways of
fear. In: LeDoux JE, Keane T, Shiromani P, editors. Post-Trauma.
Stress Disord. New York: Humana Press; 2009. p. 23–38.

26. Berdel B, Moryś J, Maciejewska B. Neuronal changes in the
basolateral complex during development of the amygdala of the
ratfn2. Int J Dev Neurosci. 1997;15:755–65.

27. Davison AN, Dobbing J. Myelination as a vulnerable period in
brain development. Br Med Bull. 1966;22:40–4.

28. Chareyron LJ, Lavenex PB, Lavenex P. Postnatal development of
the amygdala: a stereological study in rats. J Comp Neurol.
2012;520:3745–63.

29. Ryan SJ, Ehrlich DE, Rainnie DG. Morphology and dendritic
maturation of developing principal neurons in the rat basolateral
amygdala. Brain Struct Funct. 2014;221:839–54.

30. Crain B, Cotman C, Taylor D, Lynch G. A quantitative electron
microscopic study of synaptogenesis in the dentate gyrus of the
rat. Brain Res. 1973;63:195–204.

31. Nakamura S, Kimura F, Sakaguchi T. Postnatal development of
electrical activity in the locus ceruleus. J Neurophysiol. 1987;58:
510–24.

32. Ben-Ari Y, Khalilov I, Kahle KT, Cherubini E. The GABA
excitatory/inhibitory shift in brain maturation and neurological
disorders. Neuroscientist. 2012;18:467–86.

33. Ehrlich DE, Ryan SJ, Hazra R, Guo J-D, Rainnie DG. Postnatal
maturation of GABAergic transmission in the rat basolateral
amygdala. J Neurophysiol. 2013;110:926–41.

34. Ehrlich DE, Ryan SJ, Rainnie DG. Postnatal development of elec-
trophysiological properties of principal neurons in the rat
basolateral amygdala. J Physiol. 2012;590:4819–38.

35. Snead OC III, Stephens HI. Ontogeny of cortical and subcortical
electroencephalographic events in unrestrained neonatal and in-
fant rats. Exp Neurol. 1983;82:249–69.

Curr Behav Neurosci Rep (2017) 4:107–116 113



36. Lupien SJ, McEwen BS, Gunnar MR, Heim C. Effects of stress
throughout the lifespan on the brain, behaviour and cognition. Nat
Rev Neurosci. 2009;10:434–45.

37. Hofer MA, Shair H, Singh P. Evidence that maternal ventral skin
substances promote suckling in infant rats. Physiol Behav.
1976;17:131–6.

38. Singh PJ, Tobach E. Olfactory bulbectomy and nursing behavior
in rat pups (Wistar DAB). Dev Psychobiol. 1975;8:151–64.

39. Leon M. Filial responsiveness to olfactory cues in the laboratory
rat. In: Rosenblatt JS, Hinde RA, Beer C, Busnel M-C, editors.
Adv. Study Behav. New-York: Academic Press; 1978. p. 117–53.

40. Varendi H, Porter RH,Winberg J. Does the newborn baby find the
nipple by smell? Lancet. 1994;344:989–90.

41. Varendi H, Porter R. Breast odour as the only maternal stimulus
elicits crawling towards the odour source. Acta Paediatr. 2001;90:
372–5.

42. Doucet S, Soussignan R, Sagot P, Schaal B. The secretion of
areolar (Montgomery’s) glands from lactating women elicits se-
lective, unconditional responses in neonates. PLoS One. 2009;4:
e7579.

43. Delaunay-El Allam M, Soussignan R, Patris B, Marlier L, Schaal
B. Long-lasting memory for an odor acquired at the mother’s
breast. Dev Sci. 2010;13:849–63.

44. Brake SC. Suckling infant rats learn a preference for a novel ol-
factory stimulus paired with milk delivery. Science. 1981;211:
506–8.

45. Pedersen PE, Williams CL, Blass EM. Activation and odor con-
ditioning of suckling behavior in 3-day-old albino rats. J Exp
Psychol Anim Behav Process. 1982;8:329–41.

46. Alberts JR, May B. Nonnutritive, thermotactile induction of filial
huddling in rat pups. Dev Psychobiol. 1984;17:161–81.

47. Sullivan RM, Leon M. Early olfactory learning induces an en-
hanced olfactory bulb response in young rats. Dev Brain Res.
1986;27:278–82.

48. Weldon DA, Travis ML, Kennedy DA. Posttraining D1 receptor
blockade impairs odor conditioning in neonatal rats. Behav
Neurosci. 1991;105:450–8.

49. Raineki C, Pickenhagen A, Roth TL, Babstock DM, McLean JH,
Harley CW, et al. The neurobiology of infant maternal odor learn-
ing. Braz J Med Biol Res. 2010;43:914–9.

50. Raineki C, Moriceau S, Sullivan RM. Developing a neurobehav-
ioral animal model of infant attachment to an abusive caregiver.
Biol Psychiatry. 2010;67:1137–45.

51. Morrison GL, Fontaine CJ, Harley CW, Yuan Q. A role for the
anterior piriform cortex in early odor preference learning: evi-
dence for multiple olfactory learning structures in the rat pup. J
Neurophysiol. 2013;110:141–52.

52. Sullivan RM, Wilson DA, Leon M. Norepinephrine and learning-
induced plasticity in infant rat olfactory system. J Neurosci.
1989;9:3998–4006.

53. Sullivan RM, Zyzak DR, Skierkowski P, Wilson DA. The role of
olfactory bulb norepinephrine in early olfactory learning. Dev
Brain Res. 1992;70:279–82.

54. Rangel S, Leon M. Early odor preference training increases olfac-
tory bulb norepinephrine. Dev Brain Res. 1995;85:187–91.

55. Shakhawat AM, Harley CW, Yuan Q. Olfactory bulb α2-
adrenoceptor activation promotes rat pup odor-preference learn-
ing via a cAMP-independent mechanism. Learn Mem. 2012;19:
499–502.

56. Yuan Q, Harley CW, McLean JH. Mitral cell β1 and 5-HT2A
receptor colocalization and cAMP coregulation: a new model of
norepinephrine-induced learning in the olfactory bulb. Learn
Mem. 2003;10:5–15.

57. Caldji C, Diorio J, Meaney MJ. Variations in maternal care in
infancy regulate the development of stress reactivity. Biol
Psychiatry. 2000;48:1164–74.

58. Liu D, Diorio J, Tannenbaum B, Caldji C, Francis D, FreedmanA,
et al. Maternal care, hippocampal glucocorticoid receptors, and
hypothalamic-pituitary-adrenal responses to stress. Science.
1997;277:1659–62.

59. Caldji C, Tannenbaum B, Sharma S, Francis D, Plotsky PM,
Meaney MJ. Maternal care during infancy regulates the develop-
ment of neural systems mediating the expression of fearfulness in
the rat. Proc Natl Acad Sci. 1998;95:5335–40.

60. Francis D, Diorio J, Liu D, Meaney MJ. Nongenomic transmis-
sion across generations of maternal behavior and stress responses
in the rat. Science. 1999;286:1155–8.

61. Weaver ICG, Cervoni N, Champagne FA, D’Alessio AC, Sharma
S, Seckl JR, et al. Epigenetic programming by maternal behavior.
Nat Neurosci. 2004;7:847–54.

62. Francis DD, Champagne FC, Meaney MJ. Variations in maternal
behaviour are associated with differences in oxytocin receptor
levels in the rat. J Neuroendocrinol. 2000;12:1145–8.

63. Anda RF, Felitti VJ, Bremner JD, Walker JD, Whitfield C, Perry
BD, et al. The enduring effects of abuse and related adverse expe-
riences in childhood. Eur Arch Psychiatry Clin Neurosci.
2006;256:174–86.

64. Andersen SL, Tomada A, Vincow ES, Valente E, Polcari A,
Teicher MH. Preliminary evidence for sensitive periods in the
effect of childhood sexual abuse on regional brain development.
J Neuropsychiatry Clin Neurosci. 2008;20:292–301.

65. Font SA, Maguire-Jack K. Pathways from childhood abuse and
other adversities to adult health risks: the role of adult socioeco-
nomic conditions. Child Abuse Negl. 2016;51:390–9.

66. Harden BJ, Buhler A, Parra LJ. Maltreatment in infancy: a devel-
opmental perspective on prevention and intervention. Trauma
Violence Abuse. 2016;17:366–86.

67. Ertel KA, Rich-Edwards JW, Koenen KC. Maternal depression in
the United States: nationally representative rates and risks. J
Women's Health. 2011;20:1609–17.

68.• Brummelte S, Galea LAM. Postpartum depression: etiology, treat-
ment and consequences for maternal care. Horm Behav. 2016;77:
153–66. A review highlighting neurobiological and endocrine
mechanisms underlying antenatal and postpartum depression
in humans and rodent models of depression. The effects of
maternal depression on mother-infant interactions are de-
scribed and the review concludes with a discussion of possible
behavioral and pharmacological interventions

69. Bergink V, Rasgon N, Wisner KL. Postpartum psychosis: mad-
ness, mania, and melancholia in motherhood. Am J Psychiatry.
2016;173:1179–88.

70. Fairbrother N, Janssen P, Antony MM, Tucker E, Young AH.
Perinatal anxiety disorder prevalence and incidence. J Affect
Disord. 2016;200:148–55.

71. Underwood L, Waldie KE, Peterson E, D’Souza S, Verbiest M,
McDaid F, et al. Paternal depression symptoms during pregnancy
and after childbirth among participants in the growing up in New
Zealand study. JAMA Psychiatry. 2017;74:1–10.

72. Massoudi P, Hwang CP, Wickberg B. Fathers’ depressive symp-
toms in the postnatal period: prevalence and correlates in a
population-based Swedish study. Scand J Public Health.
2016;1403494816661652.

73. Vismara L, Rollè L, Agostini F, Sechi C, Fenaroli V, Molgora S,
et al. Perinatal parenting stress, anxiety, and depression outcomes
in first-time mothers and fathers: a 3- to 6-months postpartum
follow-up study. Front Psychol. 2016;7:e938.

74. Leach LS, Poyser C, CooklinAR,Giallo R. Prevalence and course of
anxiety disorders (and symptom levels) in men across the perinatal
period: a systematic review. J Affect Disord. 2016;190:675–86.

75. Gilles EE, Schultz L, Baram TZ. Abnormal corticosterone regu-
lation in an immature rat model of continuous chronic stress.
Pediatr Neurol. 1996;15:114–9.

114 Curr Behav Neurosci Rep (2017) 4:107–116



76. Roth TL, Sullivan RM. Memory of early maltreatment: neonatal
behavioral and neural correlates of maternal maltreatment within
the context of classical conditioning. Biol Psychiatry. 2005;57:
823–31.

77. Sevelinges Y, Mouly A-M, Raineki C, Moriceau S, Forest C,
Sullivan RM. Adult depression-like behavior, amygdala and ol-
factory cortex functions are restored by odor previously paired
with shock during infant’s sensitive period attachment learning.
Dev Cogn Neurosci. 2011;1:77–87.

78. Roth TL, Sweatt JD. Epigenetic marking of the BDNF gene by
early-life adverse experiences. Horm Behav. 2011;59:315–20.

79. Hill KT, Warren M, Roth TL. The influence of infant-caregiver
experiences on amygdala Bdnf, OXTr, and NPY expression in
developing and adult male and female rats. Behav Brain Res.
2014;272:175–80.

80. Asok A, Bernard K, Rosen JB, Dozier M, Roth TL. Infant-
caregiver experiences alter telomere length in the brain. PLoS
One. 2014;9:e101437.

81. Hashimoto K, Shimizu E, Iyo M. Critical role of brain-derived
neurotrophic factor in mood disorders. Brain Res Rev. 2004;45:
104–14.

82. Castagné V, Moser P, Roux S, Porsolt RD. Rodent models of
depression: forced swim and tail suspension behavioral despair
tests in rats and mice. Curr Protoc Neurosci. 2001;55:8.10A.1–
8.10A.14.

83.•• Rincón-Cortés M, Barr GA, Mouly AM, Shionoya K, Nuñez BS,
Sullivan RM. Enduring goodmemories of infant trauma: rescue of
adult neurobehavioral deficits via amygdala serotonin and corti-
costerone interaction. Proc Natl Acad Sci. 2015;112:881–6. An
experimental rodent study describing the long-term conse-
quences of infant trauma and providing insights into the neu-
robiological and endocrine mechanisms through which infant
trauma memories remain powerful throughout life

84. Sevelinges Y, Moriceau S, Holman P, Miner C,Muzny K, Gervais
R, et al. Enduring effects of infant memories: infant odor-shock
conditioning attenuates amygdala activity and adult fear condi-
tioning. Biol Psychiatry. 2007;62:1070–9.

85. Sevelinges Y, Sullivan RM, Messaoudi B, Mouly A-M. Neonatal
odor-shock conditioning alters the neural network involved in
odor fear learning at adulthood. Learn Mem. 2008;15:649–56.

86. Perry R, Sullivan RM. Neurobiology of attachment to an abusive
caregiver: short-term benefits and long-term costs. Dev
Psychobiol. 2014;56:1626–34.

87.• Teicher MH, Samson JA. Annual research review: enduring neu-
robiological effects of childhood abuse and neglect. J Child
Psychol Psychiatry. 2016;57:241–66. A review connecting re-
sults from human neuroimaging studies of children, adoles-
cents, and adults that experienced caregiver neglect and/or
abuse. Taken together, these results suggest that these negative
experiences lead to varied structural and functional changes
in the brain

88. Callaghan BL, Richardson R. The effect of adverse rearing envi-
ronments on persistent memories in young rats: removing the
brakes on infant fear memories. Transl Psychiatry. 2012;2:e138.

89. Callaghan BL, Richardson R. Maternal separation results in early
emergence of adult-like fear and extinction learning in infant rats.
Behav Neurosci. 2011;125:20–8.

90. GeeDG, Gabard-Durnam LJ, Flannery J, Goff B, Humphreys KL,
Telzer EH, et al. Early developmental emergence of human amyg-
dala–prefrontal connectivity after maternal deprivation. Proc Natl
Acad Sci. 2013;110:15638–43.

91. Silvers JA, Lumian DS, Gabard-Durnam L, Gee DG, Goff B,
Fareri DS, et al. Previous institutionalization is followed by
broader amygdala–hippocampal–PFC network connectivity dur-
ing aversive learning in human development. J Neurosci. 2016;36:
6420–30.

92. Lajud N, Roque A, Cajero M, Gutiérrez-Ospina G, Torner L.
Periodic maternal separation decreases hippocampal neurogenesis
without affecting basal corticosterone during the stress hypore-
sponsive period, but alters HPA axis and coping behavior in adult-
hood. Psychoneuroendocrinology. 2012;37:410–20.

93. Aisa B, Tordera R, Lasheras B, Del Río J, Ramírez MJ. Effects of
maternal separation on hypothalamic–pituitary–adrenal responses,
cognition and vulnerability to stress in adult female rats.
Neuroscience. 2008;154:1218–26.

94. Walf AA, Frye CA. The use of the elevated plus maze as an assay
of anxiety-related behavior in rodents. Nat Protoc. 2007;2:322–8.

95. Wigger A, Neumann ID. Periodic maternal deprivation induces
gender-dependent alterations in behavioral and neuroendocrine
responses to emotional stress in adult rats. Physiol Behav.
1999;66:293–302.

96. Plotsky PM, Meaney MJ. Early, postnatal experience alters hypo-
thalamic corticotropin-releasing factor (CRF) mRNA,median em-
inence CRF content and stress-induced release in adult rats. Mol
Brain Res. 1993;18:195–200.

97. Aisa B, Tordera R, Lasheras B, Del Río J, Ramírez MJ. Cognitive
impairment associated to HPA axis hyperactivity after maternal
separation in rats. Psychoneuroendocrinology. 2007;32:256–66.

98. Bockmühl Y, Patchev AV, Madejska A, Hoffmann A, Sousa JC,
Sousa N, et al. Methylation at the CpG island shore region
upregulates Nr3c1 promoter activity after early-life stress.
Epigenetics. 2015;10:247–57.

99. Murgatroyd C,Wu Y, Bockmühl Y, Spengler D. Genes learn from
stress: how infantile trauma programs us for depression.
Epigenetics. 2010;5:194–9.

100. Desbonnet L, Garrett L, Daly E, McDermott KW, Dinan TG.
Sexually dimorphic effects of maternal separation stress on
corticotrophin-releasing factor and vasopressin systems in the
adult rat brain. Int J Dev Neurosci. 2008;26:259–68.

101. Lin E-JD. Neuropeptides as therapeutic targets in anxiety disor-
ders. Curr Pharm Des. 2012;18:5709–27.

102. Kalinichev M, Easterling KW, Plotsky PM, Holtzman SG. Long-
lasting changes in stress-induced corticosterone response and
anxiety-like behaviors as a consequence of neonatal maternal sep-
aration in Long–Evans rats. Pharmacol Biochem Behav. 2002;73:
131–40.

103. Eley TC, McAdams TA, Rijsdijk FV, Lichtenstein P, Narusyte J,
Reiss D, et al. The intergenerational transmission of anxiety: a
children-of-twins study. Am J Psychiatry. 2015;172:630–7.

104. Roberts AL, Galea S, Austin SB, Cerda M, Wright RJ, Rich-
Edwards JW, et al. Posttraumatic stress disorder across two gen-
erations: concordance and mechanisms in a population-based
sample. Biol Psychiatry. 2012;72:505–11.

105. Bowers ME, Yehuda R. Intergenerational transmission of stress in
humans. Neuropsychopharmacology. 2016;41:232–44.

106. de Rosnay M, Cooper PJ, Tsigaras N, Murray L. Transmission of
social anxiety frommother to infant: an experimental study using a
social referencing paradigm. Behav Res Ther. 2006;44:1165–75.

107. Aktar E, Majdandžić M, de Vente W, Bögels SM. The interplay
between expressed parental anxiety and infant behavioural inhibi-
tion predicts infant avoidance in a social referencing paradigm. J
Child Psychol Psychiatry. 2013;54:144–56.

108. Debiec J, Olsson A. (2017) Social fear learning: from animal
models to human function. Trends Cogn Sci (in proc).

109. Askew C, Field AP. The vicarious learning pathway to fear 40
years on. Clin Psychol Rev. 2008;28:1249–65.

110.•• Debiec J, Sullivan RM. Intergenerational transmission of emotion-
al trauma through amygdala-dependent mother-to-infant transfer
of specific fear. Proc Natl Acad Sci. 2014;111:12222–7. An ex-
perimental study developing a model of parental transmission
of trauma in rodent, and unraveling some of its neurobiolog-
ical mechanisms. This is the first demonstration of the

Curr Behav Neurosci Rep (2017) 4:107–116 115



intergenerational transmission of fear from mother to infant
in rodents. This transmission of fear was found to rely on
activation of the offspring’s glucocorticoid system and
amygdala

111. Chang D-J, Debiec J. Neural correlates of the mother-to-infant
social transmission of fear. J Neurosci Res. 2016;94:526–34.

112. Hoehl S, Pauen S. Do infants associate spiders and snakes with
fearful facial expressions? Evol Hum Behav. 2017;38:404–13.

113.• Ginsburg GS, Drake KL, Tein J-Y, Teetsel R, Riddle MA.
Preventing onset of anxiety disorders in offspring of anxious par-
ents: a randomized controlled trial of a family-based intervention.
Am J Psychiatry. 2015;172:1207–14. A human study testing a
family-based behavioral intervention to prevent the intergen-
erational transmission of anxiety from parent to child. This
interventionwas successful in reducing anxiety symptoms and
anxiety disorder diagnoses in children of parents with an anx-
iety disorder

116 Curr Behav Neurosci Rep (2017) 4:107–116


	Enduring...
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Behavioral and Neural Development in Infancy
	Maternal Abuse and Neglect
	Maternal Trauma and Fear
	Concluding Remarks
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance •• Of major importance



