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Animals. Sixty-six male pups were born from 14 Long-Evans
hooded dams (Harlan) that arrived at the University of New
Mexico Psychology Department vivarium 10 d before giving birth.
After birth, litters were culled to eight pups, keeping asmanymale
pups as possible. A 12-h light/dark cycle was used with lights on at
0700. Rats were fed with a regular diet (Harlan-Tekland Global
Diets), food and water was ad libitum. All experimental proce-
dures were in accordance with the Institutional Animal Care and
Use Committee at the University of New Mexico.
Using the neonatal novelty exposure (NNE) procedure based

on a split-litter design (1), we exposed approximately half of the
siblings from each litter to a relatively novel nonhome environ-
ment and kept the remaining half in only the home cage during
postnatal day (PND) 1–21. Offspring body weight was measured
at weaning (PND 22, W1), early (PND 100, W2), and late
adulthood (13 mo and 14 mo of age: W3 and W4) (see experi-
mental timeline in Fig. S1A).

Neonatal Novelty Exposure. NNE is a neonatal intervention or
stimulation paradigm that is derived from the postnatal handling
paradigm but fundamentally different from the handling para-
digm. As have been shown in classic (2, 3) as well as recent (4, 5)
discussions of relevant literature, the handling treatment was
typically implemented as a between-litter design and pups of the
handled litters differ from the nonhandled litters by: (i) addi-
tional experimenter handling; (ii) additional experience of nov-
elty associated with a brief exposure to a nonhome cage; (iii)
additional separation from the dams; and (iv) additional maternal
stress which may simultaneously activate her own hypothalamic-
pituitary-adrenal (HPA) response and modify her care-giving
behavior. Because of the fact that handling treatment is not just
experimenter handling but confounded by at least three addi-
tional factors, these previous studies do not allow determination
of which of the four factors, or which of the many combination of
four factors, are the cause of the observed developmental dif-
ferences between the “handled” and “nonhandled” offspring,
therefore seriously limiting our ability to interpret findings asso-
ciated with such a treatment.
To dissociate these factors, the NNE procedure was introduced

to isolate the effect of the novelty exposure component by using
a split-litter design, as opposed to the between-litter design (1, 4–
7). This alternative early-stimulation paradigm involves exposing
half of each litter to a relatively nonhome environment (Novel
rats), while the remaining half remains in the home cage (Home
rats). In addition, the duration of maternal separation and the
amount of handling of both groups were carefully matched be-
tween the Novel and Home siblings. This procedure has been
previously shown to produce not only a wide range of first-order
enhancement effects on cognitive, social, emotional, and neu-
roendocrine functions throughout the animals’ lifespan (1, 4–10),
but also second-order effects: maternal circulating stress corti-
costerone (CORT) level provides a distinct context to allow
neonatal novelty exposure to have an effect of differential en-
hancement on spatial memory performance (7) and fear re-
duction (11) across offspring from different families; maternal
care reliability provides similar family-specific effects on off-
spring’s social competitiveness and plasticity in stress response
(12), as well as spatial working memory (13). Specifically, on
PND 0, approximately half of each litter was randomly assigned
to Novel and the other half to Home conditions (split-litter de-
sign). Group membership was marked by tattooing the hindpaws.

On PND 1–21, the NNE procedure (Fig. S1B) was carried out in
the housing room (ambient temperature 22 °C; humidity 25%)
(for additional details see refs. 1, 5, 7).

Body Weight Measurement. Body weight was measured both at
weaning (W1) and late adulthood (W2–4) (Fig. S1A). To max-
imize the sensitivity of detecting weight difference between
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 within each litter. This process was intended to mini-
mize variations because of food consumption, defecation, and
urination during the weighing process. At PND 22 (W1) and
PND 100 (W2), body weight was directly measured; at 13 mo of
age (W3), body weight were measured for 2 consecutive days and
an average weight was obtained as the final dependent measure
and daily food consumption was recorded to partial out its
contribution at the time of analysis; at 14 mo of age (W4), with
the use of another variant of measuring procedure, the contri-
bution of food consumption, water intake, defecation, and uri-
nation was minimized by 15 h of food and water restriction (from
1800 to 0900 hours) before weighing. The 14-mo measure was
obtained for the purpose of confirming findings made for the 13-
mo measure. All weight measurements were made between 0830
and 1400 hours.

Maternal Physiological Measure. Shortly after weaning, maternal
basal CORT (CORTB) and postswim circulating CORT (CORTS)
levels were measured from blood samples collected on PND 26
and PND 27 between 1300 and 1700 hours. For CORTB samples,
dams were transported from the Housing Room directly to the
Blood Collection Room, and for CORTS samples, dams were
transported from the Swim Test Room to the Blood Collection
Room 5 min after the onset of the 1-min swim test (water temper-
ature of∼21 °C). Thematernal evoked-CORT response (CORTE)
was quantified as the difference between CORTS and CORTB nor-
malized by the baseline measure CORTB [(CORTS − CORTB)/
CORTB × 100]. Each sample, containing ∼200 μL of blood, was
centrifuged, and the plasma was extracted and then stored at
−20 °C until radioimmunoassay (RIA) was performed. Plasma
CORT concentration was measured using the Coat-a-Count
CORTKit (Diagnostic Products). The lower limit of detection was
10.41 ng/mL, and the intra-assay coefficient of variation was 13%.
The descriptive statistic for CORTB is 39.22 ± 9.7 ng/mL and for
CORTE is 242.33 ± 22.3 ng/mL. These measures are intended to
serve as “trait” as opposed to “state” measures, because they re-
flect the dam’s ability to regulate her own level of circulating stress
hormone. Note that a high CORTE measure used here is con-
ceptually and operationally different from the “high CORT”
measure used in Lupien et al. (14), where the CORTmeasure was
obtained during children’s regular class hours, which is neither
resting nor evoked by an explicit and discrete event as was done in
the current study. Rather, that study follows work on dominant vs.
subordinate baboons (15, 16), as well as successful vs. unhappy air-
traffic controllers, showing that a robust CORT response from
a low basal level is an index of a sense of control and good stress
regulation (17–19). It should also be noted that, in the present
results, it is the maternal CORTE measure that relates to the
offspring body weight outcomes; the CORTBmeasure did not have
any predictive value, although in other studies it is maternal
CORTB measure that relates to spatial memory (7) and long-term
habituation of acoustic startle reflex-related (11) outcomes. Fur-
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ther studies involving more offspring outcome measures may
provide additional information regarding selectivity of these two
aspects of maternal stress regulation—the ability to maintain a low
CORTB and the ability to mount a rapid initial CORT response
(CORTE) to stressor onset—in influencing offspring development.

Maternal Care Measure. The frequency of maternal licking and
grooming behavior was measured from the first 5 min of video
recording made on PND 1–10 immediately after the return of the
dam to the home cage following novelty exposure. Two maternal
care measures were obtained: average amount and variability of
licking and grooming over 10 d. The maternal-care variability
measure was computed as the standard deviations of the re-
siduals after removing the increasing trend over the 10-d re-
peated novelty exposure (12, 13). An interrater reliability of 0.89
was obtained from two coders using data from 1 d. For ease of
interpretation, we used the reversed rank order of this variability
measure to represent maternal care reliability in data plotting.
For additional details, see refs. 12 and 13.

Spatial Working Memory Measure. At the onset of juvenility, we
used the Morris water task (WM) to investigate spatial learning
and memory on 2 d: day1 as the training day and day 2 as the
testing day. In the working memory version of the Morris water
task (20), the platform location varies from day to day such that
the rats must acquire a new platform location on each day.
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. For additional details, see
refs. 4–6.

Statistical Analysis.Novelty-related growth was measured for each
litter by computing a novelty effect (NE) score defined as the
difference between the Novel rats’ litter average and the Home
rats’ litter average normalized by the average body weight of the
entire litter. Data were checked for violation of assumptions of
normality and heterogeneity of variance and appropriate trans-
formations were performed before statistical testing. Repeated-
measure ANOVA was used to analyze the Novelty-related
growth. Univariate ANCOVA was used to examine the relation
between maternal measures and average body weight of her
entire litter. To determine whether individual differences in
these maternal measures contribute to little-to-litter variations in
novelty-related growth, we used repeated-measure ANCOVA
with novelty as a within factor and each of the maternal meas-
ures as a covariate. The main results from the ANCOVA rep-
resent interaction effects between postnatal maternal stress
regulation measures (a) and novelty exposure (b). In presenting
these interaction effects graphically, we remind the reader that
an interaction effect on the dependent variable (dv) between
factors a and b can be viewed in two ways: (i) as a’s influence on
b’s effect on the dv (denoted a > b); or (ii) b’s influence on a’s
effect on the dv (denoted b > a). Along with report of F and P
values, effect sizes are also reported and indicated as large,
medium or small accordingly (effect size f: small: 0.25 > f >=
0.1; medium: 0.4 > f >= 0.25; large: f >= 0.4) (21).

1. Tang AC, Reeb BC, Romeo RD, McEwen BS (2003) Modification of social memory,
hypothalamic-pituitary-adrenal axis, and brain asymmetry by neonatal novelty
exposure. J Neurosci 23:8254–8260.

2. Russell P (1971) Infantile stimulation in rodents: A consideration of possible
mechanisms. Psychol Bull 75:192–202.

3. Daly M (1973) Early stimulation of rodents: A critical review of present
interpretations. Br J Psychol 64:435–460.

4. Tang AC (2001) Neonatal exposure to novel environment enhances hippocampal-
dependent memory function during infancy and adulthood. Learn Mem 8:257–264.

5. Reeb-Sutherland BC, Tang AC (2011) Dissociation between neonatal novelty-induced
preferential maternal care and enhancement in cognitive, social, and emotional
functions. Behav Brain Res 224:318–325.

6. Tang AC, Akers KG, Reeb BC, Romeo RD, McEwen BS (2006) Programming social,
cognitive, and neuroendocrine development by early exposure to novelty. Proc Natl
Acad Sci USA 103:15716–15721.

7. Tang AC, Reeb-Sutherland BC, Yang Z, Romeo RD, McEwen BS (2011) Neonatal
novelty-induced persistent enhancement in offspring spatial memory and the
modulatory role of maternal self-stress regulation. J Neurosci 31:5348–5352.

8. Zou B, Golarai G, Connor JA, Tang AC (2001) Neonatal exposure to a novel
environment enhances the effects of corticosterone on neuronal excitability and
plasticity in adult hippocampus. Brain Res Dev Brain Res 130:1–7.

9. Tang AC, Zou B (2002) Neonatal exposure to novelty enhances long-term potentiation
in CA1 of the rat hippocampus. Hippocampus 12:398–404.

10. Tang AC, Zou B, Reeb BC, Connor JA (2008) An epigenetic induction of a right-shift in
hippocampal asymmetry: Selectivity for short- and long-term potentiation but not
post-tetanic potentiation. Hippocampus 18:5–10.

11. Tang AC, et al. (2011) Converging influence of neonatal novelty experience and
maternal self-stress regulation on the plasticity of offspring acoustic startle response
latency. Behav Brain Res 221:253–260.

12. Akers KG, et al. (2008) Social competitiveness and plasticity of neuroendocrine
function in old age: Influence of neonatal novelty exposure and maternal care
reliability. PLoS ONE 3:e2840.

13. Reeb-Sutherland BC, Tang AC (2012) Functional specificity in the modulation of
novelty exposure effects by reliability of maternal care. Behav Brain Res 226:345–350.

14. Lupien SJ, King S, MeaneyMJ, McEwen BS (2000) Child’s stress hormone levels correlate
with mother’s socioeconomic status and depressive state. Biol Psychiatry 48:976–980.

15. Sapolsky RM (1990) Stress in the wild. Sci Am 262:116–123.
16. Sapolsky RM (1991) Endocrinology al fresco: Psychoneuroendocrinology of wild

baboons. Recent Prog Horm Res 48:437–467.
17. Rose RM, Jenkins CD, Hurst M, Livingston L, Hall RP (1982) Endocrine activity in air

traffic controllers at work. I. Characterization of cortisol and growth hormone levels
during the day. Psychoneuroendocrinology 7:101–111.

18. Rose RM, Jenkins CD, Hurst M, Herd JA, Hall RP (1982) Endocrine activity in air
traffic controllers at work. II. Biological, psychological and work correlates.
Psychoneuroendocrinology 7:113–123.

19. Rose RM, et al. (1982) Endocrine activity in air traffic controllers at work. III. Relationship
to physical and psychiatric morbidity. Psychoneuroendocrinology 7:125–134.

20. Whishaw IQ (1985) Formation of a place learning-set by the rat: A new paradigm for
neurobehavioral studies. Physiol Behav 35:139–143.

21. Rosenthal R, Rosnow RLR (1984) Essentials of Behavioral Research: Methods and Data
Analysis (McGraw-Hill, New York).

Tang et al. www.pnas.org/cgi/content/short/1121056109 2 of 3

www.pnas.org/cgi/content/short/1121056109


Fig. S1. (A) Timeline of the longitudinal study. (B) Sequential steps in neonatal novelty exposure using 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. (iv) Return of the dam to entire litter in home cage.
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