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Background: Behavioral inhibition (BI) to novelty is thought to be a stable temperament type that appears early in life and is a major risk
factor for anxiety disorders. In the rat, habituation of such inhibition can be facilitated via neonatal novelty exposure (NNE), thus reducing BI
to novelty. Here, we tested the hypothesis that this early intervention effect is modulated by the context of maternal self-stress regulation.
Methods: The NNE was carried out during postnatal days 1–21, in which one half of each litter was exposed to a relatively novel nonhome
environment for 3-min daily while the remaining one half stayed in the home cage. After weaning, BI to novelty was assessed in an open field
with a measure of disinhibition defined as a greater increase in exploration across two brief trials. Maternal context was characterized by trait
measures of hypothalamic-pituitary-adrenal (HPA) axis reactivity, including basal and stress-evoked corticosterone (CORT) responses.
Results: Family-to-family variations in the NNE effect were associated with variations in maternal HPA function—a low-basal CORT and
high-evoked CORT response profile constituting the context for a novelty-induced facilitation of disinhibition (i.e., a greater increase in
exploratory activity over repeated trials) and an opposite HPA profile constituting the context for a novelty-induced reduction of
disinhibition.
Conclusions: This result is consistent with the hypothesis that maternal self-stress regulation modulates the effect of early life intervention
on BI to novelty and suggests that effective interventions should include strategies to help mothers improve their self-stress regulation.
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hen encountering novelty, humans as well as nonhuman
animals typically show behavioral withdrawal. As the
novel situation becomes familiar over time, ongoing behaviors are expected to resume. Although this initial behavioral
inhibition might be viewed as adaptive due to potential threats
associated with a novel and uncertain environment, prolonged or
heightened behavioral inhibition to the once-novel entity might
become maladaptive. In humans, this heightened tendency to
withdraw from novelty in a physical or social environment (1,2) is
the defining feature of a specific temperamental type known to be
associated with anxiety disorders (3–7). Yet due to obvious ethical
constraints, animal models are needed to tease apart causal factors,
ultimately leading to a better understanding of the brain mechanisms and underlying neurochemical and molecular factors linked
to the manifestation of anxiety in humans. One common theme
emerging from parallel human studies and animal models is an
association between the hypothalamic-pituitary-adrenal (HPA)
function of an individual and an inhibited behavioral phenotype
(8 –14), suggesting that individual differences in stress responsiveness are part of the underlying mechanisms related to both normal
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and abnormal novelty responses. Yet, relatively little is known with
regard to what specific early life interventions can promote normal
novelty responses by reducing the otherwise abnormal behavioral
inhibition in novel situations.
One promising lead comes from the work of Denenberg et al.
(15–17) nearly a half century ago. With the neonatal handling procedure as an early life stimulation paradigm, they showed that rats
that received early “handling treatment” displayed higher activity
levels compared with those that received the “nonhandling treatment” in the open field, an environment considered to be novel
relative to the familiarity of the home cage. Such greater activity
level could be construed as an indicator for less behavioral inhibition, thus suggesting that behavioral inhibition to novelty might be
reduced via early life intervention. The use of this encouraging
finding was initially limited, because the “handling treatment” is a
combination of several confounded factors as discussed in classic
(18,19) as well as recent (20 –22) reviews of the literature. Due to the
nature of the between-litter design of the handling procedure,
pups from the handled litters differ from pups from the nonhandled
litter by receiving additional: 1) experimenter handling; 2) separation from the mother; 3) experience of novelty associated with brief
exposures to a nonhome cage and activates the HPA axis (23,24);
and 4) maternal stress, which might acutely activate her HPA axis,
subsequently activating the HPA axes of her pups via her milk
(25,26). This compounded treatment makes it difficult to determine
which one or combination of the aforementioned produces the
desirable effect of reduced behavioral inhibition in the open field.
More recently, the effect of the novelty component has been
isolated via the use of a within-litter design with the noveltyexposed and their matched control siblings sharing the same
mother and having matched maternal separation and experimenter handling ([20 –22,27,28] and Supplement 1). Systematic
brief neonatal exposures to novelty afforded by a nonhome environment induced greater disinhibition (i.e., reduction in inhibition
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defined by an in increase in activity) over repeated exposures to a
novel environment in offspring compared with their home-staying
siblings from the same mother (20,21,29). This novelty effect on
behavior was paralleled by a novelty-related reduction in basal
corticosterone (CORT) concentration (27) and increase in CORT response to unexpected changes in the environment (22). Nonhuman primate studies also found that repeated time away from the
familiarity of the home environment led to greater habituation of
fearful responses to repeated novelty tests accompanied by a low
plasma cortisol concentration (30). Finally, human developmental
studies have recently offered initial evidence that children who are
exposed to daycare, which inevitably involves increased exposure
to novelty and surprises, are more likely to transition from being
behaviorally inhibited to noninhibited (31). These cross-species
findings raise the possibility that small doses of stress induced by
systematic early exposures to novelty might offer a form of inoculation to future novelty-related stress, thereby curtailing the prevalence of prolonged behavioral inhibition to novel situations. This
notion that early life experience of stress can have a long-lasting
positive impact is currently under-explored (30) and forms a sharp
contrast with the overwhelmingly large body of literature documenting detrimental effects of early life adversity (32).
One challenge in translating findings in animal models to solutions for developmental psychopathology in humans is the rich
context of the human maternal environment that is clearly multidimensional, including, at the very least, the ability of the mother to
regulate her own stress response system in addition to her behavior
toward her infants. This complexity has received some attention
but is clearly under-investigated in current animal models of human psychopathology. For example, although rodent noncorrelational studies have demonstrated that individual differences in maternal circulating stress hormone concentration have a causal
influence on the HPA function of offspring that is dissociable from
the quantity of maternal care (25,26,33), correlations between maternal care quantity and offspring developmental differences continue to be interpreted as evidence for maternal care being the
causal factor (34 –37). As an alternative to this maternal care-centric
view, an integrative view assumes that both the maternal physiological and behavioral environment and nonmaternal environment
converge on the HPA axis of the offspring to jointly program its
development (38). According to this integrative view, the mother is
thought to modulate the impact of nonmaternal aspects of the
neonatal environment by setting up a unique physiological context
to enable the same early intervention to produce distinct effects
from one rat family to another.
Here, after the report of interaction effects between maternal
HPA function and early stimulation effect via novelty exposure on
physical and cognitive development (28,38), we further test this
maternal modulation hypothesis with offspring emotional development as an endpoint. Specifically, we conducted a follow-up
analysis of a previously reported population-level finding with regard to novelty exposure-induced reduction in behavioral inhibition to novelty (21) to test a similar interaction effect on measures of
change in open field activity. It should be pointed out that we
previously considered the role of maternal care but found evidence
for neither preferential maternal care toward the novelty-exposed
offspring compared with their home-staying siblings (21) nor a
significant modulation effect by maternal care quantity (39). The
present study specifically emphasizes the importance of viewing
neonatal experience of novelty and maternal circulating CORT as
two interacting factors and focuses on uncovering the conditionality of an early intervention effect upon the self-stress regulation of
the mother.
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Figure 1. (A) Timeline of the study. (B) Sequential steps in neonatal novelty
exposure with a split-litter design. For each litter: i) removal of dam from
home cage; ii) transfer of Novel pups (solid color) to individual nonhome
cages (small rectangles); iii) return of Novel pups to home cage after 3-min
exposure to nonhome cages; and iv) return of the dam to the entire litter in
home cage. CORT, corticosterone; PND, postnatal day.

Methods and Materials
Neonatal Novelty Exposure
Long Evans male offspring (n ⫽ 106) from 22 dams (Harlan,
Indianapolis, Indiana) participated in the present study. During
postnatal days 1–21 (Figure 1A), the neonatal novelty exposure
(NNE) procedure was carried out in the animal housing room and
involved taking a subset of pups away from the familiarity of
their home cage for 3 min daily (Novel) while their matched
control siblings (Home) remained in the home cage (Figure 1B).
With this split-litter or within-litter design, the novelty exposure
effect is isolated from the effects of experimenter handling,
maternal separation of the pups, and maternal stress ([20 –
22,27,28] and Supplement 1).
Assessing Maternal Individual Differences in HPA Function
Following the early research of Levine (40) as well as research on
baboons (41,42) and air traffic controllers (43– 45) showing that a
robust CORT response from a low basal level is an index of a sense of
control and good stress regulation, we focused on two aspects of
maternal HPA function, the maintenance of the basal CORT level
and the ability to mount a timely response to a stressor. The basal
CORT measure (CORTB) is operationally defined here as that obtained in an undisturbed state. The stress-evoked CORT response
measures (CORTE) are aimed at capturing the rising phase of the
CORT response (38) and are defined as the percentage of CORT
increase relative to CORTB at 5, 15, and 30 min after the dam was
exposed to a 1-min swim stress (CORTE5, CORTE15, CORTE30). Both
CORT measures are intended to serve as trait as opposed to mere
state measures in the following sense: 1) they reflect the ability of
the dam to regulate her own level of circulating stress hormone;
and 2) they have been used as markers or predictors for other
behavioral and endocrine measures within the same individual
www.sobp.org/journal
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Figure 2. Family-to-family variations in novelty exposure effects in open field disinhibition: novelty exposure increased disinhibition in a majority (14 litters,
left of dashed line) and decreased disinhibition in a minority of litters (6 litters, right of dashed line). (A) Litter averages for Novel (black bars) and Home (gray
bars) animals, and (B) litter-based novelty effect scores (Litter_AVGNOVEL ⫺ Litter_AVGHOME).

(27,28,38,46,47) or from one generation to another (11,12). For
more details, see Supplement 1.

Home (Litter_AVGHome) rats of each individual litter were computed (Figure 2A, B). For more details, see Supplement 1.

Open Field Disinhibition
We assessed the behavioral inhibition of offspring to novelty
(postnatal day 24; Figure 1A) with a second order measure of activity level (i.e. an increase in the number of squared areas traversed
over two brief trials of open field exposure [20-sec duration and
approximately 5 min inter-trial interval] shortly after weaning) (21).
The sensitivity of this type of change-based measure in general has
long been pointed out in reviews based on a large number of
open-field studies (48,49), and the sensitivity of this specific disinhibition measure to the NNE manipulation has been confirmed in
several previous studies (20,21,29). Conceptually, this operational
definition aims to capture an essential feature of human behavioral inhibition—a lack of habituation to novel stimuli. An individual with a greater disinhibition to novelty (i.e., a greater increase in activity over repeated exposures) is an individual who
quickly habituates to novelty becoming uninhibited, and an
individual with small or no disinhibition is an individual who
remains inhibited even when the environment becomes increasingly familiar and safety has been confirmed.

Results

Statistical Analysis
To examine whether maternal HPA function modulates previously reported novelty exposure effects on disinhibition in the
open field (21), repeated measures analysis of covariance (ANCOVA) was performed with litter as the unit of analysis, novelty
exposure treatment (Novelty) as the within factor, and the four
maternal CORT measures (CORTB, and CORTE(5, 15, 30)) as separate
covariates. Litter average scores for Novel (Litter_AVGNovel) and

To quantify the within-family effect of neonatal novelty exposure on open-field disinhibition, for each litter, we computed a
novelty effect score (NE score), defined as the difference between
the average disinhibition of all Novel pups and average disinhibition of all Home pups within that litter (Litter_AVGNovel ⫺ Litter_
AVGHome) (Figure 2B). Positive NE scores reflect novelty-induced
enhancement in disinhibition in a given rat family (i.e., greater
disinhibition among Novel than Home siblings), and negative NE
scores reflect novelty-induced impairment (i.e., lesser disinhibition
among Novel than Home siblings). It is apparent that a wide range
of NNE effects across rat families were observed, with a majority
showing a positive effect (Figure 2AB, left of dashed line) and a
minority showing a negative effect of a smaller magnitude (Figure
2AB, right of dashed line). There is a significant main effect of
novelty exposure [t (20) ⫽ 2.517, p ⫽ .02]—results were previously
published in Reeb-Sutherland and Tang (21)—indicating enhancement in disinhibition at the population level, meaning a greater
reduction of fear to a novel environment among Novel than Home
rats.
In testing the hypothesis that family-to-family variations in this
NNE effect might in part originate from maternal individual differences in HPA function, we found that the ANCOVA with novelty
exposure as a within factor and maternal basal CORT measure as a
covariate revealed a significant Novelty ⫻ CORTB interaction effect
[F (1,17) ⫽ 4.449, p ⫽ .049, f ⫽ .512] (Figure 3A). Specifically, for
mothers with lower CORTB, NNE produced greater facilitation in

Figure 3. Association between basal and evoked corticosterone (CORT) measures of maternal self-stress regulation and family-to-family variations in novelty
effect on open field disinhibition. (A) Offspring of mothers with lower postnatal basal CORT (CORTB) measure showed greater novelty-induced enhancement
in disinhibition, whereas those with higher basal CORT showed impairment. (B–D) Opposite patterns of prediction by maternal evoked CORT (CORTE)
measures after a 1-min swim stressor: (B) CORTE5; (C) CORTE15; (D) CORTE30.
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disinhibition to the open field environment among their offspring;
for mothers with higher CORTB, less facilitation and even a small
reduction in open field disinhibition was produced.
Dams with low CORTB tended to be able to mount a large normalized response to the 1-min swim stressor (CORTB with CORTE5:
r ⫽ ⫺.798, p ⫽ .001, n ⫽ 13; CORTB with CORTE15: r ⫽ ⫺.808, p ⬍
.001, n ⫽ 14; CORTB with CORTE30: r ⫽ ⫺.786, p ⫽ .001, n ⫽ 15).
These negative correlations between CORTB and CORTE are consistent with the directions of results from the following ANCOVAs with
separate CORTE as the covariate. Significant Novelty ⫻ CORTE interaction effects were found for all three maternal post-swim CORT
measures [CORTE5: F (1,11) ⫽ 7.785, p ⫽ .018, f ⫽ .841, Figure 3B;
CORTE15: F (1,12) ⫽ 7.907, p ⫽ .016, f ⫽ .812, Figure 3C; CORTE30:
F (1,13) ⫽ 13.245, p ⫽ .003, f ⫽ 1.009, Figure 3D)1, indicating a
positive relation between maternal CORTE and NNE facilitation of
open field disinhibition, which is in contrast to the negative relation
between maternal CORTB and NNE facilitation of disinhibition
(Figure 3A).
These complementary (opposite) trends between patterns of
interaction involving basal (Figure 3A) and evoked (Figures 3B–D)
CORT measures offer converging evidence from two distinct yet
inter-related aspects of HPA function in support of the hypothesis
that maternal individual differences in HPA function is a possible
source of maternal modulation that sets the critical context to determine both the direction and magnitude of the NNE effect on
behavioral inhibition to novelty. Similar directions of trend in correlations between NNE effects and multiple evoked CORT measures
(Figures 3B–D) are expected, as they reflect similar aspects of HPA
function, and the observed similarity thus offers support for the
temporal reliability of this finding.

Discussion
Similar to that of human (9,50) and nonhuman primate (51,52)
infants, male infant rats also display initial inhibition of ongoing
activity upon encountering a relatively novel situation (e.g., an unfamiliar open field). This behavioral inhibition to novelty is reduced
as the animal becomes familiarized with the initially novel situation
upon a second exposure. This disinhibition over repeated trials of
exposure can be enhanced by NNE (21,29), demonstrating a constructive impact of early life experience that might be viewed as
stressful (53). Here, by taking into consideration maternal individual
differences in HPA function (28,38,47), we report that family-tofamily variations in this novelty-induced enhancement in disinhibition are associated with aspects of maternal self-stress regulation,
with the greatest enhancement of disinhibition found among offspring of mothers with a low-basal CORT and high-evoked CORT
response profile.
These findings do not imply that the specific form of behavioral
inhibition to the specific novel context in this specific experiment
maps exactly onto the varying forms of expressions of behavioral
inhibition in children across a wide range of novel situations, because novelty is a moving target—the situation that creates the
quality of novelty is inevitably variable as the individual accumulates experience (9). Nor do the findings imply that the potential
impact of maternal HPA function captures all factors contributing
to human behavioral inhibition. What the findings do suggest is the
possibility that individual differences in habituation to novelty are a
part of the underlying mechanism contributing to individual differences in the inhibited versus noninhibited temperament types and
that this mechanism is subject to modification. A note of caution is
1

No significant interaction between novelty exposure and maternal care
measures were found (39).
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that, although the current study focused on the maternal contextual effects, it does not imply that the dam-pup interaction is unidirectional, because the physiology and behavior of the dams are
clearly under the influence of the behavior of the pups (54).
Maternal Modulation of Early Experience Effects
Many decades ago it was proposed that maternal care mediates
the effects of early stimulation, specifically the effects of neonatal
handling (55–59). However, recent findings suggest that maternal
care alone is neither sufficient nor necessary for the production of
stimulation-induced effects (22,33,60 – 62). Other environmental
variables that affect the offspring or the HPA function of the mother
can also powerfully influence offspring development, including stress
activation of HPA axis (63), maternal presence (64,65), maternal circulating stress hormone (25,28,38,47), and maternal care reliability
(38,39,66). Most critical is that even if using a cross-fostering experimental design (59), maternal care is intrinsically confounded by both
the stress of the dam and offspring (18 –20) and such confounding
factors cannot be ruled out within the handling paradigm. Here, by
controlling for these confounding factors (22,67), we found evidence
consistent with the claim that the mother modulates instead of mediates the effect of early stimulation, with better maternal self-stress
regulation providing the context for greater NNE-induced facilitation
of disinhibition to novelty.
Such maternal modulation of NNE effects has also been found
across multiple functional domains, supporting the notion that the
mother can function as not only a binary switch, setting the direction of an early stimulation effect on her offspring (65), but also a
bidirectional dial to set continuous and finer control of the magnitude of these effects (28,38,47). Maternal modulation of the early
experience effect on her offspring via her ability to maintain a low
basal CORT and to mount a large CORT response is consistent with
findings showing that the regulatory capacity of the maternal stress
response system has important consequences for offspring behavioral and brain development (25,68,69) and consistent with the
theoretical considerations that the relation between two variables
can change depending on the context set by other critical contextual variables (70 –72).
Reframing Maternal Influence: From Reductionism to
Integration
Since the early work on the detrimental effects of mother-infant
separation (73–76), there has been an enduring interest in identifying what specific caregiving properties are critical for infant development (77). This effort begins with considering the mother as a
source of food (73,74), security (78,79), tactile stimulation (59,80),
and hormonal inputs (25,65). Each line of research explicitly or
inexplicitly claims that one aspect of maternal caregiving is a sufficient cause for offspring differences. This tends to create an impression that there exists a one-size-fits-all manipulation that would
produce, unconditionally, a desirable developmental consequence. Yet, within each line of study, the presumed cause produces variable effects across different individuals, and sometimes
these individual effects occur in opposite directions, resulting in the
cancellation of the effect across a population (38). Such conditionality of the NNE effect upon maternal context suggests that a reductionist approach is insufficient to capture the reality of development and an integrative approach, in which the effect of one
variable is evaluated within the natural contexts of other potentially
relevant variables, is needed.
Recent rodent studies also showed that the maternal context is
not singular but multidimensional, because the effects of early
stimulation on offspring development are sensitive to the context
www.sobp.org/journal
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of both maternal self-stress regulation (28,38,47) and maternal care
reliability (38,39,66) and that the two sources of maternal influences
are distinct and dissociable (38,39). Maternal self-stress regulation
might exert its effect on the HPA axis of the offspring, by a direct
hormonal signaling via the placenta prenatally (81) and via maternal milk postnatally (25). A low basal maternal CORT offers the
nursing pup both a low level of baseline CORT from which to mount
its own stress response to other environmental challenges and
toward which the stress response can recover. A high evoked maternal CORT response to various environmental stressors might
produce transient repeated CORT surges that activate the HPA axis
of the offspring in ways similar to that induced by direct environmental stimulation, as has been shown in rats via repeated neonatal
novelty exposure procedure (22), in nonhuman primates via intermittent stress inoculation (63), and in humans via daycare (82). In
parallel and at the level of behavior, post-stress maternal care reliability (39,63,66) indirectly exerts an effect on the HPA axis of the
offspring by defining the level of environmental uncertainty
against which other nonmaternal events are interpreted and acted
upon by the developing HPA axis. Within this integrative model,
both sources of maternal influences and nonmaternal stimulations
that activate the HPA axis can converge to jointly shape the development of the offspring’s HPA function.
Modifiability of Novelty Response by Early Life Experience
A longstanding notion with regard to the behavioral tendency
of an individual toward novelty and uncertainty is its resistance to
change over time (14). This temperamental characteristic is considered moderately stable over development (83), and up to 70% of
variation in this characteristic has been reported accountable by
genetic differences (50). Kagan et al. (2,9) have documented substantial stability in behavioral inhibition to novel stimuli over the
course of development, with inhibited toddlers rarely becoming
noninhibited adolescents. If a 4-month-old infant displays increased motor arousal and negative affect when presented with
novel visual and auditory stimuli, there is an increased likelihood
that, during toddlerhood, this same infant will show increased
avoidance and withdrawal behaviors when presented with an
unfamiliar adult or strange complex objects, such as a robot that
moves and produces noises in an unpredictable manner (84,85).
Most of these inhibited toddlers continue to show increased
reticence and shyness during novel social situations during
childhood (9,31).
In contrast, direct evidence for developmental plasticity in this
characteristic has been relatively scarce. Caregiving context might
contribute to the switching of a handful of individuals from being
behaviorally inhibited to noninhibited (5,6), and maternal stress
history can affect offspring behavioral inhibition to novelty (86 –
88). Interestingly, among children who changed from being inhibited to noninhibited between 1–2 years and 4 years of age, more
received nonparental care with nonsibling children at daycare than
those who remained inhibited (31). Incidentally, daycare is known
to elevate the cortisol of children (82), and such a cortisol increase
seemed to be transient—rising in the afternoon hours, and returning to baseline levels in the evening similar to those observed at
home on nonday care days (89).
Although such cortisol increase has been mostly interpreted as a
negative stress indicator, it is possible that such daycare-induced
transient cortisol surge can, over time, have a positive impact— by
repeatedly activating the developing HPA axis in ways similar to the
systematic stimulation induced by the neonatal novelty exposure
procedure used in the present rat study and by the intermittent
stress procedure used in the nonhuman primate study by Parker et
www.sobp.org/journal
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al. (63), ultimately leading to more effective stress regulation later in
life. The present findings add to this emerging story of plasticity by
offering a clear demonstration that, in the rat, not only the response
of an individual to novelty is definitively modifiable via systematic
and brief repeated neonatal exposures to novelty associated with a
nonhome environment but also the degree and direction of this
plasticity is dependent upon characteristics of maternal self-stress
regulation. Here, the infants might be viewed as using the environmental signals transmitted via maternal stress hormone to determine the direction and magnitude of its behavioral plasticity (90).
Potential Relevance to the Prevention of Anxiety Disorder
Given that behavioral inhibition is a major risk factor in the
development of anxiety during childhood and adolescence (3–7)
and that approximately 28% of adults in the United States alone will
experience at least one anxiety disorder during their lifetime (91)
thus leading to significant economic burden, costing approximately $44 billion annually (92), it has become necessary to not only
understand the conditions that produce anxiety disorders but also
design early life interventions and identify early life environmental
conditions that might ultimately lead to prevention. The present
findings might contribute to prevention and understanding by
demonstrating, in an animal model, a positive early experience
effect—when systematic brief neonatal exposures to novelty are
provided within the context of a mother who is good at regulating
her own stress response system, behavioral inhibition to novelty
can be reduced among her offspring.
In humans, to our knowledge, only separate evidence is available for the influence of maternal stress (typically assessed via maternal report, without direct assessment of maternal HPA response
[68]) and early environmental (daycare [31]) effects on behavioral
inhibition. The present findings at least serve to generate parallel
hypotheses that are clearly testable in the human population. Parallel evidence from both nonhuman animal models and human
participants would suggest that a family-specific and maternal
stress-regulation– centered approach to the prevention of offspring anxiety disorders is promising. Developmental scientists
from diverse fields have come to the conclusion that behavior arises
from a multitude of underlying contributing elements and no one
element alone has causal primacy or forms the basis for behavior
(70). Across distinct functional domains, the effects of early stimulation via novelty exposure are dependent upon maternal context
(28,38,39,47,66), demonstrating the necessity and feasibility of incorporating this principle in the design of intervention studies and
particularly in translating these research findings into practice.
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