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Using  the  within-litter  neonatal  novelty  exposure  procedure,  we  manipulated  newborn  pups’  environ-
mental  novelty  independently  from  natural  variations  in  maternal  care.  To  better  translate  animal  models
to  human  development  studies,  we  introduce  a measure  for maternal  care  reliability.  We examined  how
this  reliability  modulates  novelty-exposure-induced  effects  on  offspring  cognitive,  social,  and  emotional
development  and show  that  maternal  care  reliability  acts in a  function-specific  manner.  We  discuss  our
results within  the  framework  of  a maternal  reliability-based  modulation  model.

© 2011 Elsevier B.V. All rights reserved.
eonatal novelty exposure
arly experience
pen field
motionality
orris water task

atermaze

ocial recognition memory

The mother plays an important role during infant development
ince she is typically the main source of necessary nutrients and
hysical security [1,2]. Scientific evidence based on animal studies
upporting the mother’s role in offspring’s development comes in
everal basic forms. In the most popular form, infants are shown
o suffer negative physical and psychological consequences when
hey are deprived of maternal presence for a prolonged duration
3–6]. In another, infants are shown to experience both nega-
ive and positive consequences when non-maternal aspects of the
nvironment are directly manipulated along with side effects on
heir mothers, including a change in the quantity of maternal
are [7–14]. The latter form of studies produced many correlated

hanges in the infants and the mothers [see summary provide in
13]] which confirms to the common sense model that more mater-
al care is generally better for the developing infant but does not
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necessarily support a causal relation between variations in the
quantity of maternal care and offspring outcome measures. This
presumed causal relation between maternal care quantity and off-
spring functional outcomes has been challenged by a third type
of studies where the mothers’ environment was  directly manip-
ulated and the offspring maternal environment was indirectly
affected via an influence on the mother [15–18]. These studies
provided evidence for a dissociation between maternal care quan-
tity and offspring outcome measures, joining others in questioning
the common sense model regarding the role of maternal care
[19–24].

While animal studies have continued to primarily and almost
exclusively focus on the quantity of maternal care received by
offspring [11–13,15–18], one of the focuses in human infant devel-
opment studies has been on maternal care quality, particularly
consistency in maternal care, known to influence attachment
security [1,25].  For example, it is maternal care sensitivity and
consistency, i.e. reliability, but not the average amount of care
that has predictive power for infant development [26–29],  par-

ticularly when the behavioral outcomes were observed during
times of infant distress [30,31]. Therefore, we  speculate that in
the rat, maternal care consistency or reliability may also play a
role in offspring development. The recent interest in developing

dx.doi.org/10.1016/j.bbr.2011.08.047
http://www.sciencedirect.com/science/journal/01664328
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odent models for understanding early experience effects on
uman development [32] particularly motivates us to explore this
ypothesis.

To this end, we developed a novel measure for characteriz-
ng maternal care reliability, which we call post-novelty-exposure

aternal care (PNE care) [33]. The essence of this new measure is its
ocus on maternal care immediately after the pups are exposed to a
ovel non-home environment and on quantification that captures
ay-to-day consistency or reliability of maternal care. In princi-
le, compared to round-the-clock maternal care observations, this
NE care measure should better characterize how the mother copes
ith her pups’ and her own stress following an environmental

tressor, thus potentially offering a more sensitive measure for
apturing maternal individual differences in care. This choice over
he popular round-the-clock observation is supported by the find-
ng that little variability in average maternal care based on such
ound-the-clock observation was observed in the non-disturbed
ome cage [13].

Independent from the empirically demonstrated predictive
ower of a reliability-based measure in human infant studies
1,25,34] and in our own initial animal study [33], it has been
ypothesized [23] that if the pattern of maternal care over time

s consistent or reliable, then the home environment for the devel-
ping infant will be more predictable. Such an environment may
erve to facilitate the recovery of any physiological and psycho-
ogical stress response, evoked by the novelty of the non-home
nvironment, upon the infant’s return to the home environment.
onversely, if the pattern of maternal care is unreliable, therefore
npredictable, then the infant that experiences the same non-home
nvironment may  have a longer stress response recovery time. By
odulating the infants’ early life responses to each of the cumula-

ive stressful events, maternal care reliability may  serve to shape
he offspring’s stress response profile. Initial evidence appears to
upport this maternal care reliability-based modulation hypothe-
is because greater reliability in day-to-day PNE care received by
he offspring led to greater neonatal novelty-induced enhancement
f plasticity in the adult offspring’s corticosterone stress response
33].

Having established this initial evidence for the modulation of
ovelty effects on offspring stress physiology by maternal care reli-
bility does not necessarily mean that this modulatory role can
e automatically generalized to offspring behavior. Furthermore,
emonstration of maternal modulation of environmental impact
n a behavioral measure of a specific brain function, for example,
patial memory, does not necessarily mean that a similar modu-
atory role applies to another functional measure, such as social

emory. Here we hypothesized that maternal care reliability-
ased modulation of early experience effects on the offspring may
how functional specificity. Demonstration of functional specificity
ould serve to stress the currently understated need for an active

voidance of the over-generalization of a developmental finding,
ased on the evaluation of a single or even a few behavioral or phys-

ological endpoint measures, to a multitude of brain and behavioral
unctions.

In a recent report on one part of a large longitudinal study, we
ocumented that novelty exposure of infant pups during the first
eeks of life leads to enhanced spatial working memory perfor-
ance, enhanced 24-h social memory performance, increased open

eld disinhibition to novelty, and reduced aggression independent
f preferential maternal care differences [35]. Here we conducted

 follow-up study of the same cohort of animals in an attempt to
nswer three additional and qualitatively distinctive questions: (1)

ow does PNE care affect litter-to-litter variations in novelty effect?

2) Does the relation between PNE care and offspring functional
easures differ between Novel and Home offspring? (3) Do these

elations hold across different functional measures?
l Brain Research 226 (2012) 345– 350

In a single cohort of animals, neonatal novelty exposure (post-
natal day, PND, 1–21), observation of subsequent maternal care
(PND1–10), and assessment of offspring emotional reactivity to
a novel environment (PND24), spatial (PND32) and social mem-
ory (PND100), and aggression (PND100) were carried out (Fig. 1a).
Twenty-two litters born of Long–Evans hooded dams (Harlan, Indi-
anapolis, IN) were each culled to eight pups shortly after birth,
keeping as many males as possible. A 12-h light/dark cycle was
used with lights on at 0800 and food and water were ad libitum.
Pups were weaned on postnatal day (PND) 21 and housed sep-
arately in translucent plastic cages (51 cm × 25 cm × 22 cm). Only
male offspring (N = 106) were used in this study. All experimental
procedures were approved by the Institutional Animal Care and Use
Committee at the University of New Mexico.

Neonatal novelty exposure [23,36–38] and the subsequent post-
novelty-exposure maternal care observation (PNE care) took place
daily from PND1–21 between 10:00 and 15:00 h (Fig. 1b). Two
halves of each litter was pseudo-randomly assigned to the Novel
and Home groups respectively (split-litter design). The dam was
first removed from the home cage and then the Novel pups were
placed in a new cage (30 cm × 19 cm × 13 cm)  lined with fresh bed-
ding for 3-min daily while the Home pups remained in the home
cage. Following the 3-min exposure, all pups were reunited in the
home cage and then the dam was returned to the litter. Novel and
Home pups received a matching amount of experimenter contact
at approximately the same time.

Consistency or reliability of post-novelty-exposure maternal
care from day to day was  characterized based on maternal care
behavior observed within the 10 min  immediately after each daily
neonatal novelty exposure on PND 1-10. After the initial retrieval
of pups into a nesting area upon dam-pup reunion, which has
been analyzed elsewhere [35], the licking behavior was  the only
frequently occurring pup-directed caregiving behavior observed
and nursing of the pups was  rarely observed during this initial
PNE period. We  therefore focused the PNE care analysis on licking
behavior. Licking-based maternal care was  recorded without refer-
ence to individual pups because reliable identification of individual
pups during maternal licking via daily re-marking [13] could not be
achieved due to the dams’ tendency to lick off sufficient markings
necessary for identification. Video-recorded licking behavior was
coded offline and for each 5-s epoch, an occurrence of one was
counted if licking was  present anytime during the epoch. Sound
inter-rater reliability between two  independent coders (r = .80) was
obtained on 10% of the data. Observations of litters took place
sequentially between 10:00 and 15:00 h and upon examination,
we found no statistically significant time of day effects on any of
the measures. To index post-novelty-exposure (PNE) maternal care
reliability, we  provided a measure we call maternal care variability
(Var) which is inversely related to maternal care reliability—the
more variable the day-to-day PNE care is, the less reliable the
maternal care. As all dams displayed a systematic increasing trend
in licking due to habituation to the novelty exposure procedure
across the observation days, we first removed this trend from the
data and then used the standard deviations of the residuals as an
index for maternal care variability as detailed in [33].

Offspring’s emotional reactivity in a novel environment was
characterized by their initial changes in open field activity
[35,39]. On PND24, animals were exposed to a novel open field
(60 cm × 60 cm × 20 cm)  during eight 20-s trials. Activity level was
coded and defined as the number of squares traversed. To quantify
the rapid initial change in behavioral inhibition upon entering the
open field, we  used a disinhibition score (Disinh), defined as the dif-

ference in open field activity between Trial 2 and Trial 1 [T2 − T1;
[35,39]]. Although unconventional, this measure is more sensitive
than activity measures over more trials or trials of longer dura-
tions, to relatively subtle early life environmental manipulations,
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ig. 1. Experimental methods. (A) Timeline. (B) Sequential steps in neonatal novelt
ii)  Transfer of Novel pups (solid color) to individual non-home cages (small rectan
iv)  Return of the dam to the entire litter in the home cage.

uch as the 3 min  daily trip away from the home cage, in compar-
son to neonatal handling which consists of additional maternal
eparation, maternal stress, experimenter handling, in addition to
he time away from home cage [40,41].

Offspring’s spatial working memory was characterized by their
erformance in the working memory version of the Morris water
ask [42–45].  On PND32–38, rats were trained to escape cold water
21 ◦C) by finding a square platform (15 cm × 15 cm)  hidden under-
eath the surface of the water in a circular tank (170 cm diameter).
latform location was changed daily beginning on Day 2 of testing
herefore requiring the animal to use its working memory capac-
ty to guide the animal’s behavior in reaching the new platform
ocation using recently updated information. Working memory

as indexed by a normalized one-trial learning score [Norm OTL;
35,46]] defined as the difference in latency to reach the plat-
orm between Trial 1 and Trial 2 normalized by Trial 1 latency
Norm OTL = (T1 − T2)/T1 × 100). Based on previous findings, such

 one-trial learning measure is particularly sensitive to the neonatal
ovelty manipulation on the first of these testing days that require
orking memory, i.e. testing Day 2 [35,46]. Lack of difference in

symptotic performance reached over the additional days of test-
ng served to confirm that the two groups did not differ in their

otor, sensory, and motivational functions.
Offspring’s social recognition memory was characterized during

everal sessions of social dyadic interactions using a habitua-
ion paradigm [37,47]. Offspring’s aggression was  characterized by

aking observations of biting behavior during these interaction
essions [35]. On PND100, in a neutral testing cage, social investiga-

ion was observed between non-sibling age- and weight-matched
ovel-Home pairs on two consecutive days during four 5-min ses-

ions, three sessions on day 1 and one session on day 2 [37]. Each
ession was divided into sixty 5-s epochs and an occurrence of one
sure using a split-litter design. For each litter: (i) Removal of dam from home cage.
iii) Return of Novel pups to home cage after a 3-min exposure to non-home cages.

was counted if the social investigation behavior was  present any
time during the epoch. Frequency of social investigation and biting
was recorded for each session. Twenty-four-hour social recogni-
tion memory was indexed by a long-term habituation (LTH) score
defined as (Day 1 S1 − Day 2 S1)/Day 1 S1 × 100.

To examine how PNE care may  differentially influence
previously reported novelty exposure effects across multiple psy-
chological functions [35], repeated measures analysis of covariance
(ANCOVA) was  performed with type of behavioral outcome mea-
sure (Type) and novelty exposure treatment (Novelty) as within
factors, scores on the four behavioral measures as dependent vari-
ables, and two  PNE care measures of amount (Avg) and reliability
(Var) used as separate covariates. Litter average scores for Disinh,
Norm OTL, LTH, and Biting were computed separately for Novel and
Home rats. Scores were standardized (z-scores) within each mea-
sure type. Prior to analysis, raw data was  examined for violation
of normality and equal variance assumptions. If detected, outliers
were removed prior to computing litter averages. One Home and
2 Novel rats were removed from Disinh, 4 Home and 2 Novel rats
were removed from Norm OTL, 1 Home rat was removed from LTH,
and 2 Novel rats were removed from Biting resulting in the removal
2 litters from the current data set.

In testing the functional specificity hypothesis of maternal
modulation by the reliability of care, we found a significant
Novelty × Type × Var interaction effect (F(1,18) = 5.718, p = .028,
f = .564)) showing that maternal care variability can influence the
novelty exposure effect differently depending on the specific func-
tion being examined. In the case of LTH (Fig. 2a), novelty-induced

enhancement in social recognition memory was observed when
PNE care is reliable (low variability), but not when care is unre-
liable (high variability), indicated by the two  regression lines
converging on the right. In contrast, in the case of Biting (Fig. 2b),
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Fig. 2. Modulation of novelty exposure effects on multiple behavioral outcomes is function-specific as indicated by the distinct patterns across the four measures (A–D). Main
graphs:  maternal care variability (Var) as a predictor; insets: maternal care quantity (Avg) as a predictor. Home: dashed line; Novel: solid line. (A) 24-h social recognition
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emory (LTH); (B) aggression (Biting); (C) spatial working memory (Norm OTL); 

etween the trend lines for Novel and Home offspring.

ovelty-induced reduction in aggression was observed when PNE
are is unreliable, but not when care is reliable, indicated by the
wo regression lines converging on the left. In the case of Norm OTL
Fig. 2c), novelty-induced enhancement in spatial working memory
as observed when PNE care is reliable, but impaired when care

s unreliable, indicated by the two regression lines converging in
he middle. Lastly, in the case of Disinh (Fig. 2d), novelty-induced
nhancement in disinhibition is independent from PNE care vari-
bility indicated by the two parallel regression lines. We  suspect
hat this lack of sensitivity to maternal care variability may  be due
o the low stress level involved in open field exposure in compar-
son to the stress levels involved during social encounter with a
ovel conspecific or during the spatial memory tests conducted in
old water.

Follow-up 2-way ANCOVAs were computed separately for each
f the four types of behavioral measures. A significant interac-
ion effect between novelty exposure and maternal care variability
n Norm OTL (F(1,18) = 4.377, p = .045; f = .493; Fig. 2c) shows that
hen maternal care is reliable (low variability), novelty exposure

ncreases one-trial learning (left side: solid line over the dashed
ined) and when maternal care is unreliable, the same novelty expo-
ure treatment decreases one-trial learning (right side: dashed line
ver the solid line). This result indicates that both the direction and
agnitude of novelty exposure effects are influenced by mater-

al care reliability. In contrast, similar 2-way ANCOVAs for the
ther outcome measures were not significant (ps > .20). Together,
he above findings support the functional-specificity hypothesis of

aternal modulation showing that maternal modulation demon-
trated for one function does not necessarily generalize to another.
herefore, caution should be exercised when making general state-
ents regarding the mother’s role in offspring development.
To examine whether the average amount of PNE maternal care

an similarly influence novelty exposure effects, we  performed
he same ANCOVA with average PNE maternal care (Avg) as the
ovariate. As average maternal care and variability are positively
orrelated as shown in a previous [33] as well as the present study
r20 = .824, p < .001), it is not surprising that we found a marginally
ignificant Novelty × Type × Avg interaction effect (F(1,18) = 4.288,

 = .053, f = .488). Follow-up 2-way ANCOVAs revealed a marginally
ignificant interaction effect between novelty exposure and aver-
ge amount of maternal care on Norm OTL (F(1,18) = 3.086, p = .090,

 = .414). Most interesting is the direction of this effect—high aver-
ge care was associated with a novelty exposure-induced reduction

n one-trial learning (right side of Fig. 2c), i.e. higher average
NE care is associated with a negative effect of novelty exposure
inset: solid line below dashed line) and low average PNE care is
ssociated with a novelty-induced increase in one-trial learning
sinhibition to novelty (Disinh). Novelty effect is indicated by the vertical distance

(left side of Fig. 2c inset: dashed line below solid line). Therefore,
there is no evidence that high average PNE care is associated with
any positive novelty exposure effects on offspring social, cognitive,
and emotional function.

Taking advantage of the within-litter design used in the present
study, we  are able to show separately for the Novel and Home
offspring, how average PNE care (Avg) relates to spatial memory
(Fig. 2c inset). Interestingly, only among the Home rats, average
amount of maternal care is positively correlated (though marginal)
with spatial working memory performance (r20 = .436, p = .055,
Fig. 2c inset, dashed line). Therefore, our finding here using a work-
ing memory measure is consistent with Meaney and colleagues’
finding using a spatial reference memory measure [48]—both show-
ing a positive association between more maternal care and better
memory performance. It could be safely concluded that at least
infants raised in a relatively impoverished environment lacking
environmental novelty can do better in spatial memory tests if their
mothers supply a greater amount of care.

Particularly noteworthy are the conditions under which this
positive association holds and ceases to exist. When siblings expe-
rienced little novelty (Home rats), maternal care measures are
found to correlate positively with those sibling’s spatial memory.
In contrast, when siblings are exposed to brief exposures of envi-
ronmental novelty systematically (3 min/day for the first 3 weeks),
such influence by maternal care no longer holds (Fig. 2c inset,
solid line). Therefore, Novel offspring’s spatial memory function
appeared to have become independent from the influence of mater-
nal care shortly after weaning while the Home rats’ spatial memory
function appears to remain under such maternal influence. These
results revealed that the association between maternal care quan-
tity and offspring spatial memory function has limited external
validity because it fails to generalize when the pups’ neonatal life
deviated from the impoverished rearing environment by a mere
3 min  daily time away from the home cage prior to weaning.

The present data set further revealed a paradoxical pattern in the
influence of maternal care reliability on the home-staying rats—less
reliable (more variable) maternal care predicted better spatial mem-
ory performance (r20 = .488, p = .029, Fig. 2c, dashed line, right-end
of line). That is, if a pup is reared with little environmental novelty
as in the case of the Home rats, then offspring’s spatial work-
ing memory performance appeared to benefit from high maternal
care variability. Such a paradoxical finding can be explained by
the stress inoculation hypothesis [22,49] which states that early

exposure to small amounts of stress can lead to positive develop-
mental outcomes. In the absence of exposure to salient novelty in
the environment, variations in maternal care may  well be the only
such source of stress activation needed for positive developmental
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utcomes. However, as maternal care variability and average
uantity are positively correlated, we are unable to discriminate
etween these explanations given the design of the current study.
ased on the stress inoculation hypothesis, we  suspect that the
forementioned correlation between average maternal care and
ffspring spatial memory performance among the Home rats is
ctually an epiphenomenon and that the true cause of Home rats’
ndividual difference in spatial memory performance is maternal
are variability.

To summarize, we found that: (1) the precise pattern of influ-
nce of maternal care reliability on early novelty exposure effects
as function-specific, with different functions showing different
atterns of maternal modulation; (2) for spatial working memory,
igh reliability in maternal care set the condition for novelty-

nduced enhancement while low reliability set the condition for
ovelty-induced impairment; (3) a high quantity of maternal care
as, paradoxically, associated with novelty-induced impairment

uggesting that increased maternal care may  not necessarily facil-
tate offspring development; and (4) among only the subset of
ffspring with little or no other source of stress activation, low
aternal care reliability was, also paradoxically, associated with

mproved spatial memory performance. Together these results
emonstrate that the role of the mother in offspring develop-
ent is complex and cannot be captured by a simple common

ense model of “more is better”, and instead, temporal pattern
n maternal care, specifically, maternal care reliability plays an
mportant role. Furthermore, such maternal care reliability-based

odulation is function-specific. Similar to the role of maternal
elf-stress regulation [38,50], maternal care reliability can create
istinct family-specific experience even though the initial trigger,

.e. the novelty exposure, is the same.
To explain the current set of findings, we adopt a maternal

odulation-based theoretical framework [23] that assumes that
he programming of offspring stress regulation requires an immu-
izing dose of stress that activates the stress response system
22,49] and that being a potential source of stress, maternal vari-
bles can set the context for the same environmental stimulation
o produce differential stress activation and post-stress recovery
33,38,50–55]. Within this framework, systematic exposures to
ovelty and maternal care variability are viewed as two potential
ources of stress and the interaction between these two sources can
enerate a wide range of effects including the seemingly paradox-
cal findings reported in the present study. Individual differences
n both maternal behavioral (PNE care reliability) and physiolog-
cal (circulating corticosterone measures) variables can affect the
eveloping stress response system of the offspring, with the for-
er  facilitating the rate of rise and recovery of the stress response

nd the latter affecting the maternal circulating stress hormones
vailable to the offspring through the maternal milk supply [24,56].

Finally, these findings have significant practical implications.
bservations of maternal care modulation of novelty effects tell us
ho would benefit from novelty exposure and who  would not. The

orrelation between maternal care measures and the offspring’s
patial working memory measure tells us which mother would
e more likely to have offspring with better performance if the
arly environment is derived of novelty.  The functional specificity of
aternal care reliability-based measure informs us that one can-

ot necessarily generalize a finding made regarding physiology to
ehavior and from one function to another.
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