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Familiarity to the mother and the novelty afforded by the postnatal
environment are two contrasting sources of neonatal inﬂuence.
One hypothesis regarding their relationship is the maternal modulation hypothesis, which predicts that the same neonatal stimulation may have different effects depending on the maternal context.
Here we tested this hypothesis using physical development,
indexed by body weight, as an endpoint and found that, among
offspring of mothers with a high initial swim-stress–induced corticosterone (CORT) response, neonatal novelty exposure induced an
enhancement in early growth, and among offspring with mothers
of a low initial CORT response, the same neonatal stimulation induced an impairment. At an older age, a novelty-induced increase in
body weight was also found among offspring of mothers with high
postnatal care reliability and a novelty-induced reduction found
among offspring of mothers with low care reliability. These results
support a maternal modulation of early stimulation effects on physical development and demonstrate that the maternal inﬂuence
originates from multiple instead of any singular sources. These
results (i) signiﬁcantly extend the ﬁndings of maternal modulation
from the domain of cognitive development to the domain of physical development; (ii) offer a unifying explanation for a previously
inconsistent literature regarding early stimulation effects on body
weight; and (iii) highlight the notion that the early experience effect involves no causal primacy but higher order interactions among
the initial triggering events and subsequent events involving a multitude of maternal and nonmaternal inﬂuences.
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t seems self-evident that, for a developing infant, both the
maternal and nonmaternal environment affects his or her development. Over the past century, ample evidence from both
human and animal early-experience studies has conﬁrmed this
intuition (1–3). What remains challenging is how these two environmental sources interact to jointly inﬂuence offspring development (4–7). Emerging from the rodent developmental
literature are two alternative views regarding the relation between
maternal and nonmaternal inﬂuences. The “maternal mediation
view” assumes that nonmaternal environment exerts its effect
indirectly through its effect on the mother, who in turn affects the
offspring (e.g., see refs. 8 and 9). When taken to the extreme, this
view would directly contradict the stress-activation hypothesis
(10, 11), which states that the nonmaternal environment has
a direct effect on the offspring by activating some aspects of the
offspring’s hypothalamic-pituitary-adrenal (HPA) function. In
contrast, the “maternal modulation view” incorporates the stressactivation hypothesis and assumes that the nonmaternal environment ﬁrst activates aspects of the HPA axis, and the mother
then modulates this effect (12). According to the latter view, the
individual mother sets distinct contexts for the same nonmaternal
environment to result in different developmental outcomes.
This maternal modulation hypothesis was originally suggested
by Smotherman (12) and has been supported by a differential
offspring stress response with and without the presence of their
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mother (13) and by pups’ development of approach or avoidance,
two opposite behavioral tendencies, to the same aversive stimulus, an electric shock, according to whether the mother is present
or not (14). More recently, the maternal modulation hypothesis
has been tested for long-range and continuous (as opposed binary) modulation across the offspring’s life span. Family-to-family
variations in both maternal-care reliability and maternal selfstress regulation have been shown to account for variations in the
effects of neonatal novelty exposure on adult offspring behavior
and HPA function (15–18), pointing out an obvious (when
thinking human development) (19), yet easily missed possibility
(when thinking animal models), that the maternal context itself is
multidimensional, including not only her care-giving behaviors
(15, 16) but also the mother’s self-stress regulation (17, 18).
This notion of multiple maternal inﬂuences beyond maternalcare quantity is compatible with a large body of rodent literature.
First, differences in offspring’s HPA and behavioral functions can
be created by prenatal (20) and postnatal (6, 7) manipulation of
the mother’s stress-response system, including directly adding
corticosterone (CORT) to her drinking water (6) and injection of
CORT into key brain structures (14). Second, within maternal
care behavior, the average amount and variability of maternal
care are two distinct aspects of maternal care, playing distinct
roles (15, 16). Such a distinction is also supported by ﬁndings from
human child development, where it is maternal care sensitivity
and consistency (i.e., reliability) but not the average amount of
care, that has predictive power for infant development (21, 22),
particularly when the behavioral outcomes were observed during
times of infant distress (23). These ﬁndings urge us to consider an
integrative view of early experience on the developing organism as
a dynamic system in which multiple sources (maternal and nonmaternal) interact to jointly determine the developmental trajectory, with no one source assuming causal primacy (24). Within
such a system, one investigates mechanisms of development not
by pinpointing one variable and excluding others, but by revealing
how one variable interacts with and provides context for another,
together accounting for emerging individual differences (25, 26).
By considering how physical development, particularly early
growth, might be jointly programmed by neonatal novelty exposure and maternal context, the present study evaluates the usefulness of this theoretical framework. Body weight is a universally
monitored index for infant development (27) and a bigger infant
is instinctively viewed as a healthy infant. Growth, like cognitive
development, is under multiple sources of inﬂuences, including
nutrition and prenatal maternal health (28), and the function of
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the HPA axis (29). Early life experience, in general, is known to
affect the development of the HPA axis (7, 30, 31), and neonatal
novelty exposure in particular is known to affect circulating
CORT concentration (5) and sensitivity of hippocampal synaptic
plasticity to CORT modulation (32). Therefore, we hypothesized
that neonatal experience of novelty may not only affect cognitive
(5, 17) but also physical development. As the mother is known to
modulate her offspring’s HPA function (13), we further predict
that physical development will be inﬂuenced by neonatal novelty
exposure according to the speciﬁc maternal physiological and
behavioral context.
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Results
We used a split-litter design in which, for 3 min daily during the
ﬁrst 3 wks of life, half of each litter of pups was exposed to a
nonhome environment (Novel) and the remaining littermates
stayed within the home cage (Home) (Fig. S1). Distinctively different from the neonatal handling procedure (30, 33), our neonatal
novelty exposure (NNE) procedure (5) removed the confounding
factors in the handling design by matching the amount of experimenter handling, the brief duration of separation from the dam,
and the maternal stress associated with the procedure between the
Novel and Home rats. The effect of NNE for each given litter is
indexed by the novelty effect score [NE-score = (average of Novel
offspring) − (average of Home offspring)] (Fig. 1B). The familyspeciﬁc maternal context is indexed by a measure of maternal
stress regulation, the rapid initial rise in the CORT stress response
(CORTE) (34), and by two maternal care measures, the quantity
(35) and reliability of maternal care (15, 16). Body weights were
measured at weaning and adulthood (Fig. S1A and SI Methods).
We found that for some rat families, novelty exposure promotes and, in others, impairs early growth (Fig. 1A), resulting in
a net zero effect at the level of population (one-sample t test, P >
0.20) (Fig. 1B). This lack of an overall effect on offspring body
weight is consistent with early studies reviewed by Daly (36).
NNE created variation in body weight, ranging from 7.5% below
to 14.4% above the average body weight, well within the normal
range of variation in newborn human infant body weight (19.5%

below and above population average) (Fig. 1B) (27). Therefore,
we consider the effect of novelty exposure on body weight within
the range of normal weight variation reﬂecting individual differences in normal growth. One aspect of maternal self-stress
regulation that is germane to the present results is the ability to
mount a rapid response to the stressor onset, which we measured
5 min after the onset of a 1-min swim stressor. As this rapid
initial rise measure (SI Methods) is not signiﬁcantly correlated
with her pups’ body weights (P > 0.2) (Fig. 1C), the litter-to-litter
variations in offspring body weight cannot be accounted for by
dam-to-dam variations in this stress-regulation measure.
However, this lack of effect of each of the above individual
factors (i.e., a lack of ﬁrst-order novelty exposure and maternal
initial CORT response effects) does not preclude the possibility
that the two factors may interact to produce a lawful pattern of
inﬂuence on early growth. We performed repeated-measures
ANCOVA with novelty as a within factor and each of the maternal measures as a covariate to test the interaction effects between postnatal maternal stress regulation measures (factor a)
and novelty exposure (factor b). To facilitate understanding and
interpretation of the interaction effects, we showed both the inﬂuence of maternal self-stress regulation (a) on the novelty effect
(b) on body weight (denoted as a > b, as in Figs. 1D and 2D) and
the inﬂuence of novelty exposure (b) on the effect of maternal
self-stress regulation (a) on body weight (denoted as b > a, as in
Fig. 3 A and B).
In examining the interaction (i.e., a second order effect) at
weaning, we found a signiﬁcant interaction between these two
factors on body weight within the normal range [ANCOVA:
Novelty × CORTE effect, F(1,12) = 12.279, P = 0.004, f = 1.012]
(Fig. 1D). For the mothers who can rapidly mount a large CORT
response, the offspring showed novelty induced early growth promotion (positive NE scores, shown as higher ranks); for mothers
who cannot, the offspring suffered a novelty-induced early growth
impairment (negative NE scores, shown as lower ranks). This interaction effect, ﬁrst observed at weaning, was replicated twice
using two additional variations of body weight measurement at late
adulthood (SI Methods) among the same cohort of rat families

Fig. 1. Early growth measure/body weight at weaning. (A) Litter-to-litter variations: average body weights of the Novel and Home pups for each of the 14 litters
studied. (B) A lack of ﬁrst-order novelty effect on body weight shown in novelty effect score (NE score) for each litter, deﬁned as the difference between the Novel and
Home litter averages shown in A. (C, E, and G) Litter average body weight showing a lack of ﬁrst-order maternal effect. (D, F, and H) Litter NE score showing secondorder interaction effect between maternal characteristics and neonatal novelty exposure. (C and D) Prediction by maternal self-stress regulation. (E and F) Prediction
by maternal-care reliability. (G and H) Prediction by maternal-care quantity. Maternal individual differences in self-stress regulation (D), but not care behavior (G and
H), account for litter-to-litter variations in the effect of novelty exposure on offspring body weight [signiﬁcant second-order effect: Novelty×CORTE effect, F(1,12) =
12.279, P = 0.004], with a high and low maternal CORT response predicting a novelty-induced enhancement and impairment in early growth respectively (D). Note
that, in B, NE scores are shown in % of average to give relative size of novelty effect and in D, F, and H shown in rank order to correspond to the statistical analysis.
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Fig. 2. (A–H) Body weight in late adulthood. Organization of the ﬁgure is the same as in Fig. 1. Consistent with the early-growth measure, there was no
signiﬁcant ﬁrst order effect of neonatal novelty exposure on the offspring’s body weight at late adulthood (A and B). Nor was there a signiﬁcant ﬁrst order
effect of maternal context (C, E, and G). Different from the early growth measure, at late adulthood, not only the measure of maternal stress regulation (D),
but also the maternal care reliablity (F), can account for litter-to-litter variations in the effect of novelty exposure on offspring body weight [Novelty × CORTE
effect: F(1,11) = 6.812, P = 0.024; Novelty × post-NNE maternal care reliability: F(1,11) = 5.173, P = 0.044]. Surprisingly, a higher quantity of average post-NNE
maternal care paradoxically predicted less or even negative novelty-induced growth enhancement (G). The association between maternal CORTE and postNNE maternal care reliability was not statistically signiﬁcant (P > 0.2).

[13 mo: F(1,11) = 6.812, P = 0.024, f = 0.786 (Fig. 2 A–D); 14 mo:
F(1,12) = 4.161, P = 0.032, f = 0.588, one-tailed]. No signiﬁcant
interaction effects were found for weight gain from infancy to early
adulthood (weaning to PND 100) and early adulthood weight itself
(PND 100) (Ps > 0.2), possibly because of large variation around
a time of major hormonal change.
These longitudinal ﬁndings, spanning more than half of the
rat’s expected lifespan, demonstrate that the interaction effect
between two salient environmental variables can be demonstrated
in the absence of the main effect of novelty exposure or maternal
initial CORT response alone. Importantly, it is not the case that
pups with novelty exposure will have greater early growth, nor is it
the case that a mother with good self-stress regulation will have
larger pups. Instead, it is the case that mothers with good selfstress regulation will enable the pups to respond positively to
novelty exposure. This sensitivity of the novelty exposure effect to
the context of maternal self-stress regulation supports an important notion that the mother can function as both a binary
“switch,” setting the direction of the novelty exposure inﬂuence
on her offspring (14), and a “dial” to set continuous and ﬁner
control of the magnitude of this novelty effect (17, 18).
A major source of maternal inﬂuence in human development is
the support that a mother provides her infant upon the infant’s
encounter with a stressful situation (37). To capture this aspect,
we examined the reliability of maternal care immediately after the
nest disturbance and the brief mother-litter separation entailed by
the repeated daily novelty exposure (15, 16). Once again, we
could not ﬁnd any evidence that the reliability of postnovelty
exposure (PNE) care itself directly affects the weaning and lateadulthood weights of her offspring (Ps > 0.2) (Figs. 1E and 2E).
Instead, we found a signiﬁcant interaction between the reliability
of PNE care and NNE, latently expressed at late-adulthood
(compare Fig. 1F with Fig. 2F) [F(1,11) = 5.173, P = 0.044, f =
0.686 (Fig. 2F)]. That is, for mothers who showed high reliability
in PNE care, the offspring showed a novelty-induced increase in
body weight relative to the Home offspring (positive NE score,
shown as higher ranks); but for mothers who showed low reliability in her care, the offspring suffered a relative novelty-induced reduction in body weight (negative NE score, shown as
lower ranks). Therefore, it is not the case that a mother with high
reliability of care will necessarily have larger adult offspring
2122 | www.pnas.org/cgi/doi/10.1073/pnas.1121056109

(Figs. 1E and 2E). Instead, it is the case that mothers with high
reliability of care will enable the adult offspring to respond to
novelty exposure with larger body weight (Figs. 1F and 2F).
In contrast to PNE maternal care reliability, high average
quantity of PNE maternal care appears to set an unfavorable
condition for novelty-induced weight increase within the normal
weight range: offspring of mothers who showed high quantity of
care suffered relative weight reduction because of novelty exposure [F(1,11) = 4.922, P = 0.048, f = 0.669] (Fig. 2H). This
ﬁnding regarding the quantity of PNE care makes sense in the
context that the mothers with the higher quantity of PNE care
were also the ones who provided lower reliability in care (Rs =
−0.916, P < 0.001). Therefore, if a mother cared for her offspring reliably immediately after her offspring experienced each
of the repeated stressful events, the offspring can beneﬁt from
these stressful events regardless of the absolute quantity of
maternal care. The contrasting roles of PNE maternal care

Fig. 3. Distinct pattern of novelty effect on the relation between the
measure of maternal stress regulation and offspring body weight at weaning (A) and late adulthood (B) (same data and statistics as in Figs. 1D and 2D,
respectively, but displayed separately for Novel and Home offspring). (A) At
weaning, Home (●) siblings’ body weight was more negatively correlated
with the maternal CORT measure than the Novel (▲) siblings’ body weight.
(B) At late adulthood, Novel siblings’ body weight was more positively correlated with the maternal CORT measure than the Home sibling’s body
weight. Notice the counter-clockwise rotation of both regression lines from
weaning to adulthood, which indicates an increasing positive maternal inﬂuence on offspring body weight across development.
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Fig. 4. Offspring whose early growth measure (weaning weight) was
within the top 50 percentile showed better spatial working memory (OTL:
one trial learning T1-T2) than the bottom 50 percentile. The control measure
[i.e., the ﬁnal trial swim latency (T8 latency)] did not differ after both groups
reached asymptote (P > 0.2).

reached a similar performance after overtraining (P > 0.2) (Fig. 4,
Right). This ﬁnding complements a reliably replicated set of ﬁndings
in human studies—higher weight at birth and during early infancy
are beneﬁcial because infants at the high-end of the early weight
distribution ended up as adults with signiﬁcantly reduced risk factors for major chronic diseases (42)—supporting the importance of
promoting normal early growth in the quality of adult life.
Discussion
The key ﬁndings of the present study are (i) during infancy, brief
experience of a nonhome environment can increase or decrease
offspring body weight depending on the dam’s characteristics of
self-stress regulation, and this maternal modulation effect persists well into late-adulthood; (ii) independent from this modulation by maternal stress regulation, the reliability of maternal
care exerts a delayed and separate modulation effect; (iii) most
surprising, a greater amount of maternal care is negatively associated with novelty exposure-induced weight gain; and (iv)
a greater early growth as measured by weaning weight is associated with better spatial working memory. Whether similar
results can be obtained in females remains to be investigated as
major sex differences exist in growth curves (43).
Maternal individual differences in self-stress regulation and in
PNE maternal care consistency are two maternal contexts potentially inﬂuencing offspring physical development. Maternal
self-stress regulation may directly inﬂuence the amount of maternal CORT exposure experienced by the developing infants,
and maternal care consistency, evidently important in human (2)
and rodent (15, 16) development, may indirectly inﬂuence the
amount of circulating CORT generated by the developing infants
by facilitating or impeding the recovery of the offspring’s stress
response to any stressor. Both sources could inﬂuence the
amount of offspring exposure to circulating CORT, which in turn
affects processes involved in the infant’s energy metabolism and
growth (29). If maternal modulation via stress regulation is
mediated by maternal modulation via maternal-care reliability or
vice versa, then one would expect that these two maternal variables also show signiﬁcant correlations and that the predictions
by the two variables should be temporally coupled. We found no
signiﬁcant correlations between the two maternal measures, nor
did we ﬁnd temporally coupled modulation effects via these two
maternal predictors. Instead, we found that although the modulation effect via maternal self-stress regulation was detectable
at weaning and remained detectable at late-adulthood, the
modulation effect via day-to-day postdisturbance maternal care
was absent during infancy and emerged later during late-adulthood. Therefore, these dissociations between the two modulation effects are consistent with the conclusion that maternal
stress regulation and maternal care reliability are likely exerting
their modulation via two distinct underlying mechanisms.
PNAS | February 7, 2012 | vol. 109 | no. 6 | 2123
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Distinct Contributions from Maternal Physiology and Maternal Care.
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reliability and quantity are not only observed in offspring physical development alone, but also in offspring regulation of stress
response during social interactions (15) and other forms of
learning and plasticity (16).
Furthermore, a contrast between ﬁndings at weaning and lateadulthood reveals that the novelty effect on early growth is selectively sensitive to the measure of maternal self-stress regulation but
not to characteristics of PNE maternal care, whereas the novelty
effect on adult body weight is sensitive to both maternal inﬂuences.
The inﬂuence of maternal self-stress regulation persists from infancy to at least late-adulthood, but the inﬂuence of PNE maternal
care characteristics only emerges after early infancy. These distinctive time courses, together with a lack of association between
the maternal measures of CORT response and care reliability (P >
0.2), suggest that maternal self-stress regulation and PNE maternal
care reliability must each play a unique role in setting the context
for environmental novelty to affect offspring development.
It is tempting to assume that the persistent interaction between
neonatal novelty exposure and maternal self-stress regulation at
weaning and late-adulthood (Figs. 1D and 2D) share the same
underlying patterns in terms of the relations between the maternal self-stress regulation measures and the body weights of the
Novel vs. Home offspring. However, by displaying the same interaction effects differently—that is, separately showing body
weight for the Novel and Home rats, instead of showing their
difference scores (NE scores)—we observed not only similarity
but also differences between the patterns of interactions early and
later in life. Distinct between the two ages (compare Fig. 3 A and
B), at weaning, Home rats’ body weight, within the normal range,
showed a more negative correlation with maternal-evoked CORT
than did the Novel rats, with the Novel rats’ trend line nearly ﬂat
(compare slope differences in Fig. 3A). However, in late-adulthood (13 mo), Novel rats’ body weight was more positively associated with the same maternal evoked CORT response than the
Home rats, with the Home rats’ trend line nearly ﬂat (compare
slope differences in Fig. 3B). One interpretation is that for rats
with exposures to novelty, they began with early independence
from a negative maternal self-stress regulation inﬂuence but ended
with an emerging positive maternal inﬂuence over the course of
development (increasing positive slopes from Fig. 3 A to B); for
rats with a relatively impoverished home environment (as in the
Home rats), the initially negative maternal inﬂuence disappeared
in the long run with no further positive inﬂuence (decreasing
negative slopes from Fig. 3 A to B). This apparent age-related
difference is supported by a signiﬁcant three-way interaction effect
[ANCOVA: Age × CORTE × Novelty effect: F(1,12) = 17.546,
P = 0.001, f = 1.209]. Similar across the two ages, there is
a counter-clockwise shift in the slopes of Novel and Home regression lines from Fig. 3 A to B as well as a consistent novelty
effect of counter-clockwise shifting at each age. The former
implies an increasingly positive inﬂuence of maternal self-stress
regulation occurring between the two points during development.
Therefore, the speciﬁc expression of this relationship is dynamically unfolding throughout development, thus arguing against the
permanency and supporting a ﬂuidity of early experience effect
(38, 39).
In child development, physical and cognitive development go
hand-in-hand (40, 41). Recently, we reported for the same group
of rats that neonatal novelty exposure and maternal self-stress
regulation also similarly interact to inﬂuence offspring cognitive
development (17). Therefore, we speculated that the early growth
measure may be associated with early cognitive development. We
found that the larger pups at weaning showed better working
memory in the Morris water task measured at postnatal day
(PND) 32–33 than the smaller pups [t(105) = 2.139, P = 0.035,
d = 0.418, rats as unit of analysis] (Fig. 4, Left). This cognitive
advantage of the larger pups is unlikely to be the result of
a weight-related difference in swim speed, because both groups

Distinct Contribution of Care Reliability and Quantity. In human
developmental studies, consistency instead of quantity of care is
the most predictive for offspring development (44, 45). Our
measure of care reliability captures, in part, the essence of the
consistency concept, thus offering a more direct connection to the
construct of attachment security via mother–child interaction
(2, 44). In the rat, maternal care reliability has been shown to
positively predict novelty-induced enhancement in both spatial
memory (16) and HPA plasticity (15). Here we provide converging evidence, from the domain of physical development, that
postnatal-care reliability, speciﬁcally reliability measured after
a brief dam-pup separation and nest disturbance (<15 min), is also
a critical contextual variable that regulates whether a particular
rat family will experience novelty-induced enhancement or impairment. In contrast, the quantity of such care negatively predicts
novelty-related growth enhancement. Similar negative associations have been reported for novelty-induced enhancement in
offspring spatial memory (16) and HPA plasticity (15). These
opposite patterns of prediction by care reliability and quantity can
be reconciled because mothers who showed higher average care
behavior happened to have provided their care with lower day-today reliability (i.e., a negative association between the quantity
and the reliability of postdisturbance of maternal care). Lack of
association between greater maternal care and offspring body
weight is also consistent with other studies supporting the general
notion that higher maternal care quantity does not always lead to
beneﬁcial effects (46, 47).
Unifying Explanation for Opposite Effects of Early Stimulation. Literature on the effects of early life stimulation (mostly via neonatal
handling) on body weight appears to be inconsistent. Based on
a mixture of ﬁndings (8, 6, and 15 studies showing increase, decrease, and no change, respectively), Daly (36) concluded that
there was no evidence supporting a handling effect on growth. An
alternative interpretation of these seemingly conﬂicting results is
that early stimulation can have opposite effects depending on the
speciﬁc maternal context. Such a maternal modulation model not
only offers a unifying explanation for both a novelty exposureinduced enhancement and impairment in early growth across
different rat families within one study, but also offers a possible
explanation for a mixture of ﬁndings across different studies by
different laboratories. Just as within the present study—where
positive, near zero, and negative NE scores are associated with
variations in maternal behavioral and stress response characteristics—a wide range of handling effects across different studies
may have been associated with similar sources of variations in
maternal context across different laboratories.
Context and Second-Order Effect. Although the critical importance
of context has been recognized by pioneers in human personality,
developmental, and evolutionary psychology (25, 48–50), such
awareness has not yet been echoed by researchers working with
animal models, whose work is nevertheless frequently interpreted in the context of human development. As has been shown
here, without considering relevant contextual variables, one may
falsely conclude that an experimental manipulation or intervention has no affect on the intended target behavioral or
biological processes (36). Our ﬁndings demonstrate how, on the
one hand, such conclusions can be drawn if one examines only
the main effect of an experimental manipulation, and on the
other hand, how lawful patterns of observations can be made
if one takes into consideration critical contextual variables.
Therefore, the inclusion of a contextual variable may be beneﬁcial not only to the investigation of psychological processes
(49), but also scientiﬁc investigation more broadly deﬁned. These
ﬁndings indicate a need for more studies that use experimental
designs with hypothesis-driven inclusion of critical covariates to
catch the potential inﬂuence of a natural context (24, 25).
2124 | www.pnas.org/cgi/doi/10.1073/pnas.1121056109

Fluidity of Early Experience Effects. Early life experience is known to
have lasting effects, often referred to as “permanent alteration”
(e.g., see ref. 35). However, long-lastingness may not imply permanency because long-lasting effect can be demonstrated by the
presence of any effect long after early experience, without showing
that this very effect is ﬁxed across time, hence permanency (38, 39).
Here, the distinct patterns of relations between offspring body
weight and maternal characteristics (Fig. 3) at weaning and late
adulthood provide data from yet another domain supporting ﬂuidity, instead of permanency, of early experience effects. Consistent
with this ﬁnding, we previously found that neonatal brief experience
of novelty led to enhanced spatial memory performance during
adulthood—a long-lasting effect—yet additional novelty experience during early adulthood can modify this effect of neonatal
novelty exposure (39), and that combined neonatal and adulthood
novelty exposure produced one pattern of interaction at 5 mo of age
but a distinct new pattern at 15 mo of age (38). These observations
indicate that the effect of an earlier experience is subject to continuing modiﬁcation via dynamic interactions among a multitude of
events that make up the full context of life, and conclusions drawn
from observations made at one point during development may be
different from conclusions drawn from observations made at another point, when embedded in a richer developmental context.
Potential Relevance to Human Health. In humans, low body weight
early in life, even within the normal range of weight variation, is
associated with increased risk of death because of coronary heart
disease, hypertension, and type 2 diabetes across the Western and
Eastern worlds (42). Therefore, understanding factors that inﬂuence body weight at birth and early infancy may have a high
payoff given the high cost of health care associated with these
diseases. Given the recognized challenges in retrospective epidemiological analyses of causal factors and in designing studies of
the potential impact of development on later disease outcomes
across most of a lifetime (51), animal models offer the needed
opportunity to build a possible causal model and to design
interventions based on such a causal model. The current study
suggests that small systematic variations in environmental novelty, combined with maternal physiological and behavioral context, can account for variations in the offspring’s early growth,
thus suggesting two early environmental variables as entry points
for designing human intervention studies to inﬂuence early
growth, thereby altering long-range health outcomes.

Conclusions
The present study offers ﬁndings regarding two early life determinants of physical growth in a single cohort of male rats followed from birth to late-adulthood. The two most surprising
ﬁndings are: (i) a psychological manipulation, as simple as 3 min
daily away from the familiarity of home environment, for the ﬁrst
3 wk of life can have a maternal-context–dependent effect on
physical growth during infancy—we refer to this ﬁnding as maternal modulation of novelty-related growth; (ii) this secondorder interaction effect can exist in the absence of the ﬁrst-order
novelty exposure and maternal effects. These ﬁndings (i) offer a
unifying explanation for the seemingly contradicting early growth
literature; (ii) expand previous ﬁndings of maternal modulation
of novelty effects from the psychological and physiological
domains to the physical domain; (iii) offer a previously unexplored alternative view that multiple sources of maternal inﬂuences—her physiology and her behavior—can operate separately
and in parallel in modulating the impact of other salient environmental factors; (iv) offer a positive story of early experiencedependent plasticity that identiﬁes some of the conditions for
growth enhancement; (v) offer observations that point to potential adaptive values associated with higher body weight; (vi)
support the dynamic systems view that emphasizes the interaction among multiple factors instead of pinpointing a single
Tang et al.

Sixty-six male pups born from 14 Long-Evans hooded dams (Harlan) were
included in the study. Rats were maintained with a 12-h light/dark cycle (lights
on at 0700 hours) and with food and water, unless otherwise speciﬁed during
weight measurement. Using the NNE procedure based on a split-litter design
(5), we exposed approximately half of the siblings from each litter to a relatively novel nonhome environment and kept the remaining half in only the
home cage during PND 1–21. Offspring body weight was measured at
weaning (PND 22), early (PND 100) and late adulthood (13 mo and 14 mo of
age). To maximize the sensitivity of detecting weight difference between
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Methods

Novel and Home offspring, rats within the same litters were measured one
immediately after another and the order of measurement between the Novel
and Home rats was counter-balanced. Offspring spatial working memory
performance was measured by one-trial learning, deﬁned as the decrease in
swim latency between trial 1 and trial 2 on the testing day. Maternal context
were characterized using two measures of her HPA functions, basal CORT
(CORTB), and swim-stress evoked CORT (CORTE) responses, and two measures
of maternal care behavior: amount and variability of care across PND 1–10.
ANCOVAs were performed on ranked weight data because of the existence
of outliers. Because signiﬁcant results were found only for CORTE, only
CORTE-related ﬁndings are shown. For further details, see SI Methods.
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causal factor; and (vii) provide evidence for ways in which young
animals make differential responses to environmental events
according to differential maternal signals (52, 53).

