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Abstract The interaction between genotype and environ-

ment is an important feature of the process of development. We

investigate this interaction by examining the influence of

postnatal cross-fostering and post-weaning cross-housing on

the behavioral development of 129S and B6 mice. Following

cross-fostering, we found significant alterations in the fre-

quency of maternal care as a function of maternal strain and pup

type as well as interactions between these variables. In adult-

hood, we find there are sex-specific and strain-specific altera-

tions in anxiety-like behavior as a function of rearing

environment, with males exhibiting more pronounced rearing-

induced effects. Mixed-strain housing of weanlings was found

to lead to alterations in home-cage social and feeding behavior

as well as changes in adult anxiety-like responses of 129S mice.

Anxiety-like behavior in B6 mice was altered as a function of

the interaction between housing condition and weaning weight.

These data illustrate the complex pathways through which early

and later social experiences may lead to variations in behavior.

Keywords Cross-fostering � Maternal � Strain

differences � Juvenile � Social behavior � Cross-housing

Introduction

Phenotypic differences between strains of mice are com-

monly ascribed as being related to differences in genetic

background, or more specifically to differences between

strains in the nucleotide sequence of genes (Beck et al.

2000). Two of the most commonly used families of labo-

ratory inbred mice are the various 129S and C57Bl6/J (B6)

sub-strains which are known to differ substantially in many

aspects of behavior. In particular, B6 mice typically show

increased activity levels, self-grooming, enhanced cogni-

tive performance and decreased anxiety-like behavior in

comparison to most sub-strains of 129S mice (Kalueff and

Tuohimaa 2004; Murphy et al. 2001; Paulus et al. 1999;

Voikar et al. 2001). However, it has long been acknowl-

edged that variations in environmental conditions also lead

to alterations in strain specific behavior (Crabbe et al.

1999; Wahlsten et al. 2003). The mechanisms through

which these environmental experiences are able to alter

gene expression during development and hence adult

phenotype are increasingly being explored in rodent mod-

els. These studies suggest that early rearing conditions, and

in particular, the quality of mother-infant interactions, may

lead to long-term developmental effects through epigenetic

changes in gene expression that persist into adulthood

(Meaney 2001; Weaver et al. 2004).

In rodents, one strategy that is commonly used to

investigate the effects of rearing environment on strain

differences in behavior is postnatal cross-fostering. How-

ever, studies using this methodology have produced mixed

results regarding the ability of the foster mother of one
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strain to shift the behavior of offspring of another strain. For

instance, male Balb/cByJ (Balb-C) mice reared by a B6 dam

have been shown to exhibit decreased anxiety-like behavior

and an attenuated corticosterone response to stress com-

pared to those reared by a dam of their own strain, yet

behavioral changes in B6 mice reared by Balb-C dams are

not as evident (Caldji et al. 2004; Prakash et al. 2006; Priebe

et al. 2005). There are many other instances where cross-

fostering between mouse strains does not shift strain-typical

phenotypes and these findings are often interpreted as

demonstrating that strain differences are ‘genetic’ rather

than ‘environmental’ in origin. However, several issues are

overlooked when making this assertion. Firstly, it is often

assumed when cross-fostering is implemented, that strain

differences exist in the maternal care of the two contrasting

mouse strains. Though there have certainly been demon-

strations of strain differences in maternal care in mice, there

are also large individual differences within each strain

(Champagne et al. 2007; Shoji and Kato 2006). Therefore,

as direct characterization of the maternal behavior of

females caring for fostered pups is often not included in

these investigations; it may be that the differences in

maternal behavior between the strains are insufficient to

alter the phenotype. Secondly, the quality of mother-infant

interactions may be altered by pup characteristics (Alleva

et al. 1989) such that strain differences in maternal care are

diminished when caring for pups of a different strain

(Ressler 1962; Van Der Veen et al. 2008). In addition, there

may be sensitive periods other than during postnatal

development which provide alternative experience-depen-

dent opportunities to alter strain differences in behavior

(Laviola and Terranova 1998). For instance, B6 mice have

been shown to be relatively unaffected by cross-fostering to

Balb-C mice but when a B6 embryo is transferred prenatally

to a Balb-C dam their behavior is adjusted towards that of

the Balb-C strain (Francis et al. 2003). Another sensitive

period is during post-weaning juvenile development and

several studies have demonstrated that variations in the

social environment during this period can permanently alter

behavior (Champagne and Curley 2005; Curley et al. 2009;

Ruscio et al. 2007). Since mice are known to exhibit strain-

specific patterns of play and social behavior (Panksepp and

Lahvis 2007; Ricceri et al. 2007), it is possible that strain

differences in behavior are reinforced through socialization

with peers of the same strain (Hughes 1989). Interestingly,

there is some evidence that cross-housing (the housing of

individuals of one strain with those of another) post-

weaning may be an effective strategy for shaping some

behavioral phenotypes in mice (Bhansali et al. 2007;

Holmes et al. 2005; Randall and Lester 1975).

Here we investigate the effects of cross-fostering and

cross-housing in shaping the behavioral development of

129S and B6 mice. In the first experiment, we explore the

interaction between pup type (non-fostered, fostered 129S,

fostered B6) and maternal strain (129S, B6 and F1-129SB6

hybrid) on postpartum maternal behavior to determine how

the quality of the early environment may differ under

various rearing conditions. We have previously observed

variations in maternal care amongst these strains, with each

engaging in a unique pattern of postpartum behavior that

could potentially be associated with offspring outcome

measures. These offspring were then tested on a measure of

open-field exploration to determine the relationship

between sex, strain and rearing conditions on behavioral

phenotypes. In the second part of the study, non-fostered

129S and B6 weanlings were either housed with their own

strain or cross-housed with same-sex mice of the opposite

strain to investigate how this housing dynamic would alter

their social behavior. As in the cross-fostering study, these

mice were then tested in adulthood on measures of open-

field exploration to determine how this differential post-

weaning social experience can influence development and

how these experiences interact with earlier life-history

characteristics.

Methods

Animals and animal husbandry

C57BL/6 J (B6) and 129S1/SvImJ (129S) mice used for

the cross-fostering study were wild-type laboratory mice

(Mus musculus) bred for over 20 generations in our own

facility. F1 hybrid mice were produced by a cross of female

129S mice and male B6 mice. B6 and 129S mice for the

cross-housing study were the offspring of mice brought in

from Harlan UK. All mice were housed at the Sub-

Department of Animal Behaviour at the University of

Cambridge in accordance to the UK Home Office regula-

tions. The mice were kept in opaque cages (42 cm 9

12.5 cm 9 12.5 cm) with steel wire lids on a reverse

12D:12L light cycle under a constant temperature of 21�C

and 55% humidity and provided ad libitum water and food

(RM1 E rodent chow diet, Lillico, Surrey UK). All

behavioral observations and tests took place during the

dark period of the light cycle under dim red illumination.

Postnatal cross-fostering of 129S and B6 offspring

129S (n = 30), B6 (n = 30) and hybrid F1-129SB6 (F1;

n = 12) females were mated with same-strain males to

obtain the litters used in this study. Females (housed 3/cage)

were mated for a two-week period and singly housed within

48 h of parturition. On the day of birth (PN0), all pups were

removed from their cage and weighed before being returned

either to their biological mother or a foster dam. Whole

Behav Genet

123



litters were fostered to lactating females who had given

birth to a minimum of 4 pups within 12 h of the birth of the

litter to be fostered. For each of the maternal strains (129S,

B6, F1), 6–7 females per strain were designated to rear

either fostered 129S pups, fostered B6 pups, or their own

biological offspring (129S and B6 dams only). Home-cage

mother-infant interactions were observed from PN1-PN6

and litters were otherwise left undisturbed, with the

exception of weekly cage cleaning, until PN28. At weaning

(PN28), male and female pups were housed 5/cage with

same-sex, same-age, same-rearing condition conspecifics.

All mice were ear-punched at the time of weaning to be

uniquely identified in adulthood.

Post-weaning cross-housing of 129S and B6 mice

Cross-housed mice were generated from 11 129S and 17 B6

litters born to male and female mice purchased from Harlan

UK. After a 2 week habituation period, 129S and B6

females were mated for a 2 week period with same-strain

males. Females were singly housed 48 h before parturition

and on the day of birth (PN0) litters were weighed and

counted. Litters were left undisturbed with the exception of

weekly cage cleaning until PN28. At weaning (PN28), male

and female pups were weighed and housed 3/cage to create

3 distinct rearing environments for each strain resulting in 4

overall conditions (129S same-housed, 129S cross-housed,

B6 same-housed, B6 cross-housed; Fig. 1). Groups con-

sisted of two same-sex mice from the same litter (desig-

nated ‘‘L1’’ in Fig. 1) plus a same-sex weanling from a

separate litter of either the same or different strain (desig-

nated ‘‘L2’’ in Fig. 1). Mice that were housed post-weaning

with at least one mouse of a different strain are termed

‘‘cross-housed’’. Mice that were housed post-weaning with

only mice of their own strain are termed as ‘‘same-housed’’.

Mice were assigned so that typically only one but never

more than two mice per litter per sex contributed to each

group, and such that there were no mean differences

between groups in weaning weights. All mice were ear-

punched at the time of weaning to be uniquely identified in

adulthood. In total we generated the following number of

cages: Same-housed: n = 7 female-B6, n = 10 male-B6,

n = 7 female-129S, n = 7 male-129S; Cross-housed:

n = 17 female-B6, n = 14 male-B6, n = 17 female-129S,

n = 14 male-129S.

Assessment of home-cage maternal behavior

The procedure for assessing maternal behavior in mice has

been described previously (Champagne et al. 2007).

Maternal behavior was scored from PN1 to PN6. Observers

were trained to a high level of inter-rater reliability

(i.e., [0.90). Dams were observed in their home cage

during the dark-phase of the light cycle under dim red light

(\5 lux) and not disturbed for the duration of the 6-day

observation period. Each day consisted of 4 observation

periods, 2 within the first 5 h following the onset of the

dark cycle (0800–1300) and 2 within 7 h of the end of the

dark cycle (1300–2000). Each observation was 60 min in

duration and no observation session took place within the

1 h period before or after the transition from the light to

dark cycle. Within each observation period, the behavior of

each mother was scored every 3 min (20 observations/

period 9 4 periods per day = 80 observations/mother/

day = 480 observations per mother over the 6 days). The

following behaviors were scored: mother off pups, mother

licking and grooming (LG) any pup (both body and ano-

genital licking were included), mother in nursing posture

over pups, nest-building (while in contact with pups,

nursing pups, or not in contact with pups), self-grooming,

eating and drinking. We have used this method in previous

studies of natural variations in maternal care in 129S and

B6 mice (Champagne et al. 2007).

Home-cage behavioral observations

Home-cage observations of behavior of same-housed and

cross-housed mice were conducted from PN35 to PN45 on

alternating days. Observations of 30 min each were carried

out four times daily. During observations, the behavior of

each animal in the cage was recorded every 3 min (10

observations per period 9 4 periods per day = 40 obser-

vations per animal per day). The following behaviors were

recorded: allo-grooming, nest-building, burying (animal

covers itself with wood shavings), cage-climbing, chasing,

L1 L1

L2

L1 L1

L2

L2

L1 L1L1 L1

L2

cross-housedsame-housed

A

B

C

D

Fig. 1 Illustration of the different housing conditions used for 129S

(light gray) and B6 (dark gray) mice with L1 indicating same-litter

cage-mates and L2 indicating a cage-mate from a different litter. Mice

placed in post-weaning conditions A and B are classified as same-

housed and those mice placed in conditions C and D are considered

cross-housed
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chewing (animal chews wood shavings), climbing over

other mice, darting (fast sprint from one end of the cage to

the other), drinking, eating, fighting (attacking and biting

another mouse in a playful or antagonistic manner), frisky

hops (performance of vertical jumping hops), huddling

(sitting or lying next to one or more animals with body

contact), jerky movements (a sudden horizontal body

twitch), rearing, resting-alone (resting without physical

contact to other mice), self-grooming, allo-sniffing

(investigate other mice by smelling their nose, mouth,

anogenital area or flanks) and general activity (physical

activity that does not fit into any of the other categories).

Open-field exploration

The open-field test is a system that provides an unfamiliar

environment for measuring exploratory activity in rodents

(reviewed in Prut and Belzung 2003). The open-field used

was a 90 cm 9 90 cm 9 60 cm plastic box. Male and

female mice were tested in the open-field at approximately

PN60 and females were confirmed to be in diestrus on the

day of testing following analysis of the cytology of a

vaginal smear. On the day of testing, the mouse was

removed from its home cage and placed directly into one

corner of the open field. After a 10-min session, the mouse

was returned to its home cage. Counts of fecal boli were

assessed at this time. All testing was conducted under red

(dark phase) lighting conditions. During analysis of the

video recordings of testing sessions, the field was divided

into a grid of 10 9 10 squares. For the purposes of anal-

ysis, inner field exploration was defined as the time spent in

the inner 9 9 9 squares, activity was defined as the number

of grid crossings and pauses in movement within the field

were defined as the duration of time spent immobile. In

addition, self-grooming behavior, which was observed in

some cases amongst cross-fostered offspring, was observed

in higher frequencies in the cross-housed mice and was

therefore quantified in this cohort.

Results

I: Cross-fostering effects on behavior

Interaction of maternal strain and offspring type/strain on

frequency of maternal care

Analyses of the postpartum care of 129S, B6 and F1 females

was conducted using a two-way ANOVA (with Tukey’s

HSD post-hoc analyses) with maternal strain and pup type/

strain (biological offspring, fostered 129S or fostered B6) as

factors. Frequency of maternal behavior as a function of

maternal strain and pup type are provided in Table 1. A

significant main effect of maternal strain [F(2,36) = 10.13,

p \ .001], pup type [F(2,36) = 3.19, p \ .05] as well as a

maternal strain by pup type interaction [F(2,36) = 4.09,

p \ .05] was found for frequency of nursing behavior.

Consistent with previous studies, Champagne et al. (2007)

nursing was found to occur more frequently amongst 129S

females (p \ .01; Table 1), with F1 females displaying the

lowest frequency of this behavior. Exploration of the

interaction between maternal strain and pup type indicated

that there was a trend for B6 females to engage in nursing

more frequently to foster pups compared to their own bio-

logical offspring (p = .07). There was also a trend for 129S

females to decrease (p = .09) and B6 females to increase

(p = .10) the frequency of nursing toward foster B6 pups.

Indeed, rearing foster B6 pups effectively abolished strain-

differences in frequency of nursing behavior normally

observed in 129S and B6 dams. F1 females were found to

significantly vary in the level of maternal care dependent on

pup type such that when caring for fostered 129S pups,

females displayed reduced frequency of nursing compared

to those caring for fostered B6 pups (p \ .05). A significant

main effect of maternal strain [F(2,36) = 38.79, p \ .001]

and pup type [F(2,36) = 5.83, p \ .001] was found in the

analysis of frequency of LG behavior, with no significant

interaction found between these variables. B6 females

Table 1 Frequency of postpartum maternal care as a function of maternal and pup strain; pup types: non-fostered 129S (129S), non-fostered B6

(B6), fostered 129S (F-129S), fostered B6 (F-B6)

Maternal strain Pups Nursing Lick/groom Nest build Self-groom Eating Drinking Non-nursing contact

129S 129S 76.34 ± 2.29 2.41 ± .28 6.01 ± 1.01 3.10 ± .58 19.63 ± 2.76 .92 ± .27 1.43 ± .38

F-129S 73.10 ± 2.97 2.66 ± .38 6.48 ± 1.68 3.11 ± .59 15.25 ± 1.68 .66 ± .16 2.09 ± .53

F-B6 67.87 ± 2.79 2.83 ± .68 9.15 ± 2.59 2.87 ± .40 17.76 ± 2.64 .76 ± .21 2.63 ± .99

B6 B6 58.84 ± 2.94 7.11 ± 1.38 7.52 ± .87 3.29 ± .44 22.57 ± 1.20 1.30 ± .35 2.04 ± .47

F-129S 63.34 ± 2.69 13.34 ± 2.07 8.01 ± 1.29 4.58 ± .67 21.70 ± 1.22 1.55 ± .32 3.96 ± .77

F-B6 68.25 ± 3.76 13.54 ± 1.97 8.61 ± 1.45 3.53 ± .56 18.75 ± 2.13 1.22 ± .28 3.71 ± .78

F1 F-129S 47.01 ± 4.27 4.03 ± 1.33 9.72 ± 2.82 3.05 ± .91 27.29 ± 1.75 1.46 ± .32 4.79 ± 1.65

F-B6 61.67 ± 2.52* 3.82 ± .80 4.31 ± 1.66 3.26 ± .49 20.76 ± 1.98 1.32 ± .42 2.92 ± 1.18

* p \ .05; F-129S vs. F-B6
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engaged in a higher frequency of LG than both 129S

(p \ .001) and F1 females (p \ .001) and B6 foster pups

received higher levels of licking/grooming than non-fos-

tered pups (p \ .05). Significant main effects of strain were

found on the frequency of eating [F(2,36) = 4.08, p \ .05]

and drinking [F(2,36) = 3.57, p \ .05]. 129S females spent

significantly less time eating and drinking than both B6

(p \ .05) and F1 females (p \ .05). No difference in nest-

building, self-grooming or frequency of non-nursing contact

with pups was found as a function of maternal strain or pup

type.

Postnatal cross-fostering and offspring open-field

behavior

Analysis of open-field behavior during the 10 min testing

session was conducted using a three-way ANOVA with sex,

strain (129S vs. B6), and rearing condition (reared by own

mother, fostered to a 129S dam, fostered to a B6 dam,

fostered to an F1 dam) as factors. The 4 measures analyzed

were: (1) number of fecal boli, (2) time spent immobile, (3)

time spent in the inner area of the field, and (4) total activity

(grid crossings). A main effect of sex was found on the

number of fecal boli [F(1,201) = 39.04, p \ .001] and total

activity [F(1,201) = 7.81, p \ .01], with males producing

more boli (male = 4.33 ± .23 vs. female = 2.59 ± 4.33)

and females engaging in a higher number of grid crossings

(male = 441.54 ± 29.16 vs. female = 497.60 ± 40.03). A

main effect of strain was found on all open-field measures

with 129S mice producing more fecal boli [F(1,201) =

38.08, p \ .001; 129S = 4.21 ± .18 vs. B6 = 2.60 ± .25],

spending more time immobile [F(1,201) = 354.49,

p \ .001; 129S = 336.23 ± 14.64 vs. B6 = 35.37 ±

1.82], spending less time in the inner area [F(1,201) =

402.73, p \ .001; 129S = 18.98 ± 2.76 vs. B6 =

130.35 ± 4.83], and engaging in significantly fewer grid

crossings [F(1,201) = 515.46, p \ .001; 129S = 179.61 ±

17.65 vs. B6 = 785.97 ± 22.33; see Table 2] compared to

B6 mice. Rearing environment was found to have a

significant main effect on total activity [F(1,201) = 8.31,

p \ .001] with post-hoc analysis indicating that mice fos-

tered to F1 dams were more active compared to mice in all

other rearing conditions (p \ .05; see Table 2). Significant

sex by strain interactions were found on the number of fecal

boli produced [F(1,201) = 16.02, p \ .001] and the total

number of grid crossings [F(1,201) = 17.56, p \ .001]

with sex-differences (males producing more boli and

females being more active) only significant amongst B6

mice. A significant sex by rearing environment interaction

was found on time spent in the inner area [F(3,201) = 2.80,

p \ .05] with the elevated levels of inner area exploration in

males compared to females found only amongst those off-

spring fostered at birth to 129S females. Strain by rearing

environment interactions were found to be significant on

measures of fecal boli [F(3,201) = 5.65, p \ .001], time

spent immobile [F(3,201) = 2.99, p \ .05], and time spent

in the inner area of the field [F(3,201) = 5.79, p \ .001].

As illustrated in Table 2, rearing environment did not

induce variations in fecal boli counts amongst 129S mice,

however rearing effects were observed on this measure

amongst B6 mice, such that those reared by an F1 or foster

B6 dam produced fewer boli. Rearing effects were observed

in 129S mice on measures of time spent immobile and open-

field exploration (Table 2), with those 129S mice reared by

an F1 dam spending significantly less time immobile and

more time in the inner area of the field (an effect not

observed amongst B6 mice). A significant 3-way sex by

strain by rearing environment interaction was found on the

measure of fecal boli [F(3,201) = 5.23, p \ .01] with a

trend towards a significant effect on the measure of inner

area exploration [F(3,201) = 2.30, p = .08]. Figure 2

illustrates the sex-differences in boli counts as a function of

rearing environment and strain. As can be seen in panel A

and B of Fig. 2, variation in fecal boli as a function of

rearing environment occurs in male but not female B6 mice,

with fostered B6 males producing fewer fecal boli com-

pared to non-fostered B6 males (p \ .01), and this inter-

action is not observed amongst 129S mice.

Table 2 Open-field behavior as a function of strain and rearing condition averaged across sex

Strain Rearing

condition

Number of

fecal boli

Time spent

immobile (s)

Time spent in the

inner area (s)

Total activity

(# of grid crossings)

129S Non-fostered 3.65 ± .39 365.31 ± 25.72 11.71 ± 2.25 141.77 ± 25.58

Fostered-129S 4.32 ± .28 374.59 ± 26.05 9.64 ± 2.48 136.75 ± 31.67

Fostered-B6 4.28 ± .38 335.06 ± 27.33 16.83 ± 4.65 163.28 ± 31.74

Fostered-F1 4.77 ± .36 248.15 ± 36.24 44.22 ± 10.09 311.23 ± 48.60

B6 Non-fostered 3.56 ± .65 33.50 ± 3.28 117.43 ± 8.05 726.60 ± 40.14

Fostered-129S 3.26 ± .44 38.66 ± 3.22 137.55 ± 8.01 727.53 ± 28.80

Fostered-B6 1.42 ± .30 29.46 ± 3.33 144.34 ± 13.08 800.65 ± 50.14

Fostered-F1 1.74 ± .43 40.05 ± 4.92 115.33 ± 6.06 948.58 ± 56.71
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II: Cross-housing effects on behavior

Strain differences in home-cage behavior in same-housed

mice

Strain differences in home-cage behavior were investigated

in same-housed mice, with the average level of behavior

within the cage as an independent data point (i.e. average

behavior in cage A vs. B in Fig. 1). Each behavior was

analyzed using a two-way ANOVA with sex and strain as

main factors (results summarized in Table 3). All mice

spent the largest proportion of their time huddling (51% in

B6 and up to 88% in 129S), and we found a significant sex

by strain interaction [F(1,27) = 6.29, p \ .05] on the fre-

quency of huddling. Post-hoc analysis revealed that 129S

females and 129S males huddled significantly more fre-

quently than B6 females (p \ .001) and B6 males

(p \ .005) respectively, and that 129S females huddled

more than 129S males (p \ .005) whereas there was no sex

difference in huddling amongst B6 mice. A main effect of

strain was found for allo-sniffing [F(1,27) = 4.98, p \ .05]

and for allo-grooming [F(1,27) = 9.45, p \ .005] with

129S mice engaging in allo-sniffing less frequently and

allo-grooming more frequently than B6 mice. With regard

to play behaviors, a significant main effect of strain indi-

cated that B6 mice were more frequently engaged in frisky

hops [F(1,27) = 31.06, p \ .001], fighting [F(1,27) =

5.74, p \ .05] and chasing [F(1,27) = 10.23, p \ .005].

There was no main effect of sex on each of these behaviors.

We found a significant interaction between sex and strain

in the frequency of darts [F(1,27) = 4.27, p \ .05]. B6

females darted more frequently than 129S females

(p \ .001) and B6 males (p \ .05), but there was no

difference between 129S males, B6 males and 129S females.

Main effects of strain but not of sex were found for frequency

of eating [F(1,27) = 41.18, p \ .001], drinking [F(1,27) =

21.10, p \ .001], rearing [F(1,27) = 8.55, p \ .01], cage-

climbing [F(1,27) = 9.47, p \ .005], jerky movements

[F(1,27) = 18.86, p \ .001] and nest-building [F(1,27) =

9.58, p \ .005], with B6 mice engaging in these behaviors

more frequently. A sex by strain interaction was found on the

frequency of burying [F(1,27) = 5.50, p \ .05], with males

burying more frequently than females amongst 129S but not

B6 mice. There were no significant effects of sex or strain on

general activity, climbing over others, or chewing. Finally,

both B6 and 129S males were found to spend more time

resting alone [F(1,27) = 28.70, p \ .001] and self-groom-

ing [F(1,27) = 7.32, p \ .05] compared to same-strain

females.

Home-cage behavior in same- and cross-housed mice: sex

by housing analysis

Within-strain analysis of social behavior of same-housed and

cross-housed mice was conducted by comparison of the

average frequency of behavior in same-housing (i.e. average

behavior in cage A or B in Fig. 1) vs. average frequency of

behavior in cross-housing (i.e. average behavior among

same-strain individuals in cage C and D in Fig. 1). Two-way

ANOVA was conducted with sex and housing condition as

factors. Amongst B6 mice, no significant main effects of

housing were found for the frequency of any behavior (see

Table 3), suggesting that post-weaning cross-housing did

not alter home-cage behavior within this strain. Amongst

129S mice, there were significant effects of housing type on

behavior. Cross-housed 129S mice spent less time huddling
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Fig. 2 Open-field behavior (fecal boli counts ± SEM) as a function

of strain, sex, and rearing condition in adult 129S and B6 mice.

Offspring were either reared by their biological mother (NF), or

fostered to a 129S, B6 or F1 dam. Graphs illustrate number of fecal

boli produced by a 129S and b B6 mice during open-field testing

Comparisons include: non-fostered 129S males (n = 12), 129S

females (n = 19), B6 males (n = 12), B6 females (n = 13); 129S
fostered 129S males (n = 10), 129S females (n = 18), B6 males

(n = 23), B6 females (n = 11); B6 fostered 129S males (n = 19),

129S females (n = 13), B6 males (n = 10), B6 females (n = 16); F1
fostered 129S males (n = 13), 129S females (n = 9), B6 males

(n = 7), B6 females (n = 12). ** p \ .01
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[F(1,41) = 21.85, p \ .001] and allo-grooming [F(1,41) =

20.88, p \ .001], and increased their frequency of eating

[F(1,41) = 5.49, p \ .05], drinking [F(1,41) = 5.51,

p \ .05] and resting alone [F(1,41) = 15.45, p \ .001]. No

main effect of housing was found for the frequency of darts,

frisky hops, fighting or chasing. However, analysis of a

composite measure of these play behaviors indicated that

cross-housed 129S mice spent significantly more time play-

ing than same-housed 129S mice [F(1,41) = 6.86, p \ .05].

No other main effects of housing were found for other social

behaviors in 129S mice, though a significant interaction

between sex and housing type was found for burying

[F(1,41) = 11.21, p \ .005], with post-hoc analysis indi-

cating that same-housed males buried themselves more than

same-housed females and cross-housed males (p \ .001).

Effects of cage-mate composition on home-cage

behavior

We next evaluated whether the frequency of behaviors

amongst cross-housed mice varied between those mice

housed with only one or two opposite strain cage-mates.

Those B6 females housed with two 129S females were

found to spend significantly less time resting alone than

those housed with only one 129S female [1.9% vs. 5.4%;

t(15) = 3.91, p \ .001]. Those 129S mice housed with one

B6 mouse spent less time huddling than those housed with

two B6 mice; an effect found in both females [57.6% vs.

72.2%; t(15) = 2.58, p \ .05] and males [44.8% vs.

62.8%; t(12) = 2.80, p \ .05]. Both male and female 129S

mice housed with one B6 mice ate less frequently than

those housed with two B6 mice [females: 10.0% vs. 18.6%,

t(15) = 3.62, p \ .005; males: 13.6% vs. 22.1%, t(12) =

2.17, p \ .0]. We saw no other significant differences in B6

and 129S mice with respect to the number of opposite

strain cage-mates.

Effects of post-weaning cross-housing on open-field

behavior

Open-field data were analyzed using a three-way ANOVA

with sex, strain and housing condition as factors. Consis-

tent with the open-field data derived from the cross-fos-

tering study, a main effect of sex was found on number of

boli produced [F(1,114) = 40.40, p \ .001] with males

producing more boli than females (male = 3.68 ± .26 vs.

female = 2.06 ± .26). The main effects of strain were

likewise replicated in this cohort, with 129S mice pro-

ducing more boli [F(1,114) = 81.58, p \ .001; 129S =

4.17 ± .22 vs. B6 = 1.67 ± .24], spending more time

immobile [F(1,114) = 65.11, p \ .001; 129S = 210.81 ±

25.18 vs. B6 = 11.03 ± 1.32], spending less time

Table 3 Frequency of home-cage social behavior of same and cross-housed 129S and B6 mice

B6 129S

Female Male Female Male

Same Cross Same Cross Same Cross Same Cross

Huddling 51.36 ± 5.16 57.60 ± 2.85 51.55 ± 3.11 52.23 ± 3.75 87.62 ± 1.78 65.29 ± 3.29 68.74 ± 4.45 52.55 ± 3.91

Eating 21.00 ± 1.32 17.56 ± 1.18 22.23 ± 1.69 22.25 ± 1.43 10.02 ± 1.06 14.06 ± 1.58 12.67 ± 1.86 18.45 ± 2.18

Drinking 1.12 ± .19 1.03 ± .18 1.15 ± .16 1.07 ± .14 .29 ± .08 .53 ± .14 .50 ± .18 1.04 ± .15

Self-groom 10.38 ± 1.84 13.44 ± 1.20 17.08 ± 1.61 16.05 ± 1.45 13.52 ± 1.26 15.07 ± 1.47 15.05 ± .85 16.32 ± 1.64

General activity 5.60 ± 1.12 5.38 ± .58 6.03 ± .64 5.18 ± .55 3.21 ± .53 6.06 ± .70 5.93 ± 1.20 6.39 ± .90

Resting alone 4.38 ± .63 3.56 ± .60 7.73 ± .79 7.09 ± 1.08 1.95 ± .45 8.03 ± .91 7.41 ± 1.16 13.86 ± 1.98

Nest-building 2.21 ± .31 2.32 ± .35 2.58 ± .25 1.93 ± .26 1.67 ± .41 2.09 ± .29 1.24 ± .24 1.27 ± .25

Cage-climbing 6.31 ± 2.50 5.27 ± 1.62 1.67 ± .28 1.54 ± .72 .38 ± .22 .96 ± .21 .43 ± .32 .32 ± .11

Rearing 1.60 ± .4 1.60 ± .32 1.17 ± .25 1.23 ± .21 .48 ± .18 .69 ± .19 .67 ± .24 .79 ± .20

Frisky hops 1.05 ± .22 1.07 ± .11 .78 ± .18 .57 ± .12 .05 ± .05 .19 ± .06 .05 ± .03 .07 ± .04

Darts .64 ± .18 .68 ± .16 .30 ± .10 .30 ± .08 .05 ± .03 .41 ± .15 .14 ± .04 .32 ± .14

Chasing .21 ± .09 .37 ± .14 .40 ± .12 .64 ± .14 .00 ± .00 .15 ± .07 .02 ± .02 .05 ± .04

Fighting .10 ± .06 .06 ± .04 .30 ± .10 .57 ± .18 .00 ± .00 .03 ± .02 .05 ± .05 .29 ± .11

Play 2.69 ± .66 2.64 ± .21 2.08 ± .34 1.96 ± .31 .09 ± .05 .77 ± .19 .26 ± .07 .71 ± .21

Allo-sniffing 1.88 ± .29 1.69 ± .25 1.47 ± .32 2.38 ± .37 .93 ± .13 1.03 ± .16 1.21 ± .19 1.16 ± .25

Allo-grooming 1.00 ± .28 1.12 ± .25 1.35 ± .19 1.20 ± .21 1.90 ± .42 1.22 ± .18 2.17 ± .22 .68 ± .16

Climbing over .07 ± .03 .06 ± .03 .12 ± .04 .23 ± .07 .02 ± .02 .03 ± .03 .14 ± .07 .05 ± .04

Jerky movements .88 ± .32 .57 ± .13 .60 ± .14 .36 ± .12 .00 ± .00 .04 ± .03 .00 ± .00 .04 ± .04

Chewing .57 ± .20 .87 ± .15 .30 ± .11 .54 ± .12 .48 ± .12 1.01 ± .30 .38 ± .09 .57 ± .20

Burying .62 ± .19 .66 ± .23 .52 ± .12 .50 ± .10 .14 ± .06 .16 ± .07 .67 ± .13 .13 ± .06
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exploring the inner area of the field [F(1,114) = 228.34,

p \ .001; 129S = 43.49 ± 7.57 vs. B6 = 184.76 ± 5.53],

and engaging in fewer grid crossings during testing

[F(1,114) = 89.04, p \ .001; 129S = 352.72 ± 34.20 vs.

B6 = 716.06 ± 17.37] compared to B6 mice. In addition

to these measures, a main effect of strain on grooming

frequency was observed, with 129S mice grooming less

frequently that B6 mice [F(1,114) = 66.81, p \ .001;

129S = 2.07 ± .17 vs. B6 = 6.97 ± .59] (Table 4). No

significant main effects of housing condition were

observed, though there was a trend for cross-housed mice

to engage in higher levels of grooming that same-housed

mice [F(1,114) = 3.64, p = .06]. Significant sex by strain

interactions were found on the number of fecal boli

produced [F(1,114) = 5.78, p \ .05; see Fig. 3] and the

frequency of grooming [F(1,114) = 12.68, p \ .001] with

sex-differences (males producing more boli and engaging

in grooming behavior more frequently compared to

females) only significant amongst B6 mice. Though there

were no significant strain by housing condition interactions

on the open-field measures in this cohort, there was a trend

for an interaction on the time spent in the inner area of the

field [F(1,114) = 2.73, p = .10]. As can be seen from the

mean ± SD for open-field measures as a function of strain

and housing condition presented in Table 4, there is a trend

for an effect of housing amongst B6 but not 129S mice on

time spent in the inner area, with cross-housed B6 mice

spending less time exploring the inner area compared to

same-housed B6 mice. Similar to the open-field analysis in

the fostering study, a significant 3-way ANOVA was found

between sex, strain, and housing condition on the number

of fecal boli produced during testing [F(1,114) = 7.30,

p \ .01]. As can be seen in Fig. 3, there is a sex by housing

condition interaction on boli counts amongst 129S but not

B6 mice, such that there are housing effects in male but not

female 129S mice, with cross-housing inducing a decrease

in fecal boli. In addition, sex-differences (males producing

more boli than females) are present in same-housed but not

cross-housed 129S mice, whereas amongst B6 mice, sex

differences are apparent in both housing conditions.

Interaction between early environment and cross-housing

on open-field behavior

To address the issue of whether individual mice within

each strain are more susceptible or resilient to post-wean-

ing environmental manipulation of housing, we conducted

a three-way ANOVA for each open-field measure with sex,

housing and either high/low weaning weight as fixed fac-

tors. Mice were assigned as being high or low for weaning

weight (at PN28) based upon strain and sex specific median

splits. We used this measure as a proxy measure for vari-

ations in early life experiences. A main effect of weaning

weight was not found for any of the open-field measures,

however, there was a significant interaction between

weaning weight and housing for time spent in the inner

area by B6 mice [F(1,56) = 8.10, p \ .01] and a trend

towards an interaction between housing condition and

weaning weight for time spent immobile [F(1,56) = 3.60,
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Fig. 3 Open-field behavior (number of fecal boli produced ± SEM)

as a function of strain, sex, and post-weaning housing condition in

adult 129S and B6 mice. Weanlings were either housed with same-

strain (same) cage-mates or housed in mixed-strain groups (cross).

Comparisons include: same-housed 129S males (n = 14), 129S

females (n = 14), B6 males (n = 20), B6 females (n = 14) and

cross-housed 129S males (n = 13), 129S females (n = 17), B6 males

(n = 13), B6 females (n = 17). * p \ .05, ** p \ .01

Table 4 Open-field behavior in same- and cross-housed 129S and B6 mice averaged across sex

Strain Housing

condition

# of fecal boli Time spent

immobile (s)

Time spent in the

inner area (s)

Total activity

(# of grid crossings)

Frequency of

grooming

129S Same 4.18 ± .35 228.48 ± 40.51 40.75 ± 9.11 357.07 ± 55.10 1.75 ± .20

Cross 4.17 ± .27 194.31 ± 31.03 46.05 ± 12.04 348.67 ± 42.48 2.37 ± .26

B6 Same 1.76 ± .32 10.02 ± 1.50 195.60 ± 7.82 719.91 ± 24.22 6.47 ± .77

Cross 1.57 ± .36 12.17 ± 2.26 172.48 ± 7.29 711.70 ± 25.31 7.53 ± .92

Behav Genet

123



p = .06]. B6 mice that were small at weaning (low

weaning weight) and then cross-housed, spent less time in

the inner area and more time immobile than any of the

other groups (see Table 5). There were no main effects of

weaning weight or any significant interactions with this

variable for other measures of open-field behavior or for

any measure in 129S mice. Although this analysis is lim-

ited, it is strongly suggestive that variations in early life

history variables can interact with the quality of the post-

weaning environment to determine behavioral outcomes.

Discussion

Overall, these studies were designed to address three key

questions: (1) Does maternal care vary as a function of

strain and pup type?, (2) Does neonatal cross-fostering

induce shifts in adult behavior as a function of strain and

rearing environment?, and (3) Do the characteristics of the

social environment experienced during juvenile develop-

ment induce both short- and long-term effects on behavior

as a function of strain? Importantly, these studies were

conducted examining both male and female offspring to

determine sex-specific effects. Our results provide insight

into the complex nature of the effects of social environment

at early and later stages of development on adult behavior

in mice. Though strain differences in phenotype of 129S

and B6 mice are certainly not reversed by altering the

quality of the postnatal or post-weaning environment, here

we demonstrate that significant within-strain shifts in

development can be achieved through cross-fostering and

cross-housing. These findings illustrate the importance of

considering sex, strain and the quality of social interactions

during these periods as moderating variables in the path-

ways to adult behavior (Laviola and Terranova 1998).

Interaction between maternal strain and pup

characteristics in the cross-fostering paradigm

There is increasing evidence in rodent models for the role

of maternal care as a mediating variable in offspring

development and there is evidence for within-strain sta-

bility of individual differences in maternal behavior

regardless of the characteristics of same-strain pups. In

these paradigms, cross-fostering is very effective in shift-

ing offspring behavioral patterns in a predicted direction

(Champagne et al. 2003). In the current study we replicate

the finding that B6 and 129S dams provide different styles

of maternal care, with B6 exhibiting high levels of LG and

low levels of nursing in contrast to 129S mice, who display

the opposite behavioral pattern when rearing biological

offspring (Champagne et al. 2007). However, we also find

that levels of particular aspects of maternal care can be

altered when females are caring for fostered offspring. In

particular, B6 dams were found to exhibit remarkably

elevated levels of LG towards fostered B6 offspring com-

pared to biological B6 offspring whereas 129S females did

not alter this aspect of their maternal behavior (Table 1).

These findings are consistent with previous reports of the

sensitivity of B6 dams to fostering effects on mother-infant

interactions (Van Der Veen et al. 2008) and the insensi-

tivity of other strains to these rearing conditions (Bart-

olomucci et al. 2004; Meek et al. 2001; Van Der Veen et al.

2008). Though the factors contributing to this strain-pup

type interaction on LG behavior have yet to be elucidated,

it is certainly possible that B6 dams are more sensitive to

olfactory, auditory or sensory cues that differentiate bio-

logical vs. foster offspring.

Perhaps the most distinct rearing condition created in

this study, associated with the most profound impact on

offspring development, was fostering to an F1 hybrid dam.

In contrast to 129S and B6 maternal styles, these F1

females engage in low levels of both nursing and LG and

significantly alter their nursing behavior when fostering

pups of a different strain (Table 1). The sensitivity of

nursing behavior but not of LG to pup strain has previously

been demonstrated in AKR and C3H dams fostering B6

compared to DBA pups (Van Der Veen et al. 2008).

Similar effects have been observed when cross-fostering

between two inbred lines of wild-derived mice selected for

aggressiveness, with the less aggressive line (LAL)

increasing nursing but not LG when fostering pups from

the aggressive SAL (short attack latency) line (Benus and

Rondigs 1996). These findings are also consistent with our

previous reports that nursing but not LG is significantly

altered by characteristics of the litter, such as litter size

(Champagne et al. 2007). It is also interesting to note that

the strain differences in nursing but not LG between 129S

Table 5 Interaction between

weaning weight and post-

weaning housing conditions in

B6 mice

Cross-high vs. cross-low

post-hoc comparisons:

* p \ .05; � p = .07

Housing-weaning weight Time spent in inner area (s) Time spent immobile (s)

Male Female Male Female

Same-high 181.6 ± 10.8 182.8 ± 24.4 13.0 ± 3.2 7.1 ± 2.6

Same-low 194.7 ± 13.3 225.4 ± 16.4 11.8 ± 2.9 6.1 ± 2.3

Cross-high 184.5 ± 10.8 189.5 ± 14.4 13.4 ± 4.3 4.1 ± 0.7

Cross-low 168.9 ± 11.4* 141.5 ± 13.8* 15.8 ± 4.7� 19.0 ± 6.6�
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and B6 dams were abolished only when rearing foster B6

pups. The challenge raised by these studies is in the pre-

diction of how pup characteristics will augment the

behavior of a female depending on maternal strain/pheno-

type. In addressing this issue it may be important to con-

sider the ‘‘match’’ between maternal and offspring

behaviors as is common in the study of human mother-

infant attachment and sensitivity (Smith and Pederson

1988). The effects of match and mismatch of maternal and

offspring characteristics is demonstrated in a previous

study of Swiss-Webster mice exposed to prenatal stress

which then foster either non-stressed or prenatally-stressed

offspring. Though non-stressed dams decrease maternal

behavior towards stressed foster pups, the converse is true

of stressed dams caring for stressed offspring (Meek et al.

2001). It is likely that post-parturient females are either

genetically or prenatally primed to detect and respond to

specific pup characteristics in order to activate their strain-

specific levels of care.

Influence of rearing environment on adult behavior

The goal of the cross-fostering paradigm is typically to

induce a shift in the neurobiological and behavioral

development of offspring and we certainly see these effects

in B6 mice during a test of open-field exploration. B6 mice

fostered to B6 dams were found to emit fewer fecal boli

during testing in comparison to non-fostered B6 mice,

though these effects are sex-specific and observed in males

and not females. These findings are consistent with the

evidence that LG, which is significantly increased in dams

caring for fostered B6 pups, may be a mediating variable in

this aspect of anxiety-like behavior (although these effects

are strain-dependent, as similar effects on fostered 129S

mice are not observed). Previous studies in the rat have

demonstrated that increased tactile stimulation received

early in life in the form of LG is related to a decreased

hypothalamic–pituitary–adrenal (HPA) response to stress,

increased exploration of novelty, and several neuroendo-

crine changes including increased hippocampal glucocor-

ticoid receptor (GR) mRNA (Liu et al. 1997; Meaney

2001). The pathway through which maternal LG leads to

changes in GR expression may involve epigenetic regula-

tion of GR promotor activity which leads to long-term

changes in the transcriptional activity of this gene with

consequences for anxiety-like behavior (Weaver et al.

2004). However, cross-fostering effects may not be limited

to mediation via maternal care as previous studies have

illustrated that amongst Swiss CD1 mice, fostering

increases exploration of a novel environment without

associated alterations in the maternal behavior of foster

dams (Bartolomucci et al. 2004). However, consistent with

the notion that the patterns of maternal care of foster dams

may account for behavioral outcomes in offspring we find

that mice reared by foster F1 dams, which are characterized

by short duration nursing bouts, develop a more active

phenotype. Overall, these data illustrate the importance of

considering strain and fostering effects on maternal care

when predicting the consequence of postnatal cross-

fostering.

Social interactions beyond the postnatal period

as a critical influence on behavior

There is increasing appreciation that social experiences

occurring post-weaning during the early juvenile period

can have a significant effect on behavioral development in

rodents (Champagne and Curley 2005; Curley et al. 2009;

Ruscio et al. 2007). The most commonly used paradigms

for inducing variations in post-weaning social experience

involve either depriving animals of social housing by

rearing them in isolation, or exposing animals to socially

complex environments (Champagne and Meaney 2007;

Laviola and Terranova 1998). Cross-housing represents a

different type of variation in post-weaning social environ-

ment, by altering not just the quantity of social interactions

but the quality. Strain differences in juvenile social

behaviors including time spent in olfactory investigation,

grooming, chasing, fighting and social approach have been

established for a number of mouse strains (Brodkin 2007;

Panksepp and Lahvis 2007; Ricceri et al. 2007; Yang et al.

2007). However, these differences have typically been

measured in discrete tests of social behavior normally

involving dyads in a novel arena rather than detailed

observations of home-cage social behavior. The challenge

of more naturalistic approaches to the assessment of social

behavior, such as the home-cage observational data pre-

sented in Table 3, is the low frequency of specific play

behaviors in mice which requires lengthy and detailed

observations and coding. However, when such an approach

is implemented successfully, it can yield important insights

into strain differences in social dynamics. We find that B6

and 129S mice differ greatly in their home-cage juvenile

social behavior with 129S mice spending significantly

more time huddling and allo-grooming than B6 mice,

whereas B6 mice engaged more frequently in play-type

behaviors such as frisky hops, fighting and chasing, as well

as exploratory behaviors such as rearing, cage-climbing,

and allo-sniffing. When cross-housed with 129S mice, B6

mice were found to maintain these strain-specific patterns

of behavior whereas when crossed-housed with B6 mice,

129S mice significantly reduced huddling and allo-

grooming and increased play, eating, drinking and resting

alone. Thus, 129S mice appear to become more B6-like in

their social behavior. Interestingly, eating and huddling

were both subject to a cage-mate effect with eating being
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most increased and huddling most decreased when 129S

mice are housed with two B6 mice. These ‘‘dose’’ effects of

the number of same or opposite-strain cage-mates provides

further support for the notion that the social dynamic of the

rearing environment can have a significant developmental

impact.

There are three possible explanations for the increased

feeding by cross-housed 129S mice that are interesting to

consider. Firstly, this behavioral change may be the result of

a social facilitation whereby 129S mice learn to eat more

frequently by observing B6 mice that are eating more fre-

quently (Clayton 1978). Secondly, the increased feeding of

cross-housed 129S mice may be due to the experience of

chronic social defeat by aggressive B6 cage-mates and there

is evidence from studies of Syrian hamsters and subordinate

mice that long-term increases in food intake are associated

with these experiences (Moles et al. 2006; Solomon et al.

2007). The increased levels of agonistic behaviors exhibited

by B6 mice towards 129S mice that we observed have also

been found amongst mixed strain groups when observed in

a novel testing arena (Hughes 1989). Other cues derived

from social housing that may influence food intake include

hormonal changes associated with inhibition of the repro-

ductive system or changes in metabolic rate due to the

reduced huddling and hence change in thermoregulation.

Differences in metabolic/activity rate likely account for the

strain differences in eating frequency observed between

129S and B6 mice and it is interesting to note the social

transmission of this phenotype to cross-housed mice. Sim-

ilar social effects on ingestive behaviors, and in particular

ethanol preference, have been found when DBA mice are

cross-housed with B6 mice (Randall and Lester 1975).

Cross-housing may therefore be an excellent model to

investigate how variations in social experience during the

juvenile period influence neural mechanisms of feeding,

drinking and reward.

The long-term effect of cross-housing during juvenile

development on anxiety-like behavior

Though the effects of cross-fostering and cross-housing on

adult behavior are certainly complex, it is interesting to

note that in the analysis of open-field behavior (number of

fecal boli) the significant three-way interaction between

sex, strain, and environment is due to strain-specific sex by

environment interactions in B6 mice when considering the

early rearing environment (cross-fostering) and 129S mice

when considering the later juvenile environment (cross-

housing). This sensitivity of 129S mice to variations in the

juvenile environment is consistent with the housing-

induced changes in social behavior which are observed in

129S rather than B6 mice. These interactions highlight the

notion that there is no consistent direction of effect of

housing environment on anxiety-like behavior. Rather, the

response to this aspect of the social environment is strain

and sex-dependent. Though 129S males appear to experi-

ence a decrease in anxiety-like behavior, as indicated by

the decrease in fecal boli during testing, there is a tendency

for B6 mice to exhibit increased anxiety-like behavior

(decreased inner area exploration) when cross-housed. To

our knowledge only one other study has employed the post-

weaning cross-housing approach to investigate anxiety-like

behavior (Holmes et al. 2005). Male AJ mice cross-housed

post-weaning with B6 males in ratios of either 2:3 or 3:2

were more exploratory of a novel environment whereas B6

mice were unaltered by this experience. This study did not

investigate what differential social experiences B6 and AJ

mice encounter when cross-housed so it is not clear as to

why B6 were unaffected in this context. Certainly it is

known that juvenile mice of both the B6 and 129S strains

alter their social and anxiety-like behavior following post-

weaning social enrichment, so it is unlikely to be that either

strain are resilient to juvenile social experiences (Abramov

et al. 2008). Future studies are needed to explore the spe-

cific quality of social interactions during the post-weaning

period that uniquely alter strain-specific development.

The interaction between early and later life experiences

is an important consideration in predicting long-term neu-

roendocrine and behavioral outcomes. Though, as we

illustrate in the results of the current study, there are cer-

tainly significant effects of the postnatal and post-weaning

environment on development, under more naturalistic

conditions there is likely to be varied experiences in each

of these periods within the life-history of an organism.

Moreover, an important issue highlighted by these results is

the notion of risk vs. resilience with strain and sex showing

significant interactions with the quality of the environment

in predicting long-term outcomes. Overall, it would appear

that males are particularly sensitive to environmentally-

induced behavioral changes occurring during both early

and later periods of development. In addition, we demon-

strate that an early-life variable, weaning weight, predicts

differential responses of individuals to later cross-housing.

As weaning weight is likely to be determined by the quality

of the pre-weaning period, these data suggest an early vs.

late environment interaction, an effect that has previously

been demonstrated in studies of differential maternal care,

post-weaning environment and long-term changes in

response to novelty and reproductive behavior associated

with changes in neuropeptide levels (Champagne and

Meaney 2007). The incorporation of a life-history approach

to the study of the moderating and mediating variables in

behavioral development may be critical in generating novel

hypotheses regarding the neurobiological and molecular

substrates through which similar genotypes lead to multiple

phenotypes.
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