
M
B
N

B
e
M
s
d
c
c
R
p
m
i
C
e

K
c

I
g
g
v
1
r
o
i
e
a
(
v
e
m

a
h
A
s
p
g
1
p
i
c
e

F

A

R

0
d

aternal Behavior Modulates X-Linked Inheritance of
ehavioral Coping in the Defensive Burying Test

asim Ahmadiyeh, Jennifer L. Slone-Wilcoxon, Joseph S. Takahashi, and Eva E. Redei

ackground: Complex behavioral traits such as coping strategies in response to stress are usually formed by genetic and
nvironmental influences.
ethods: By exploiting the phenotypic and genotypic differences between the Wistar Kyoto (WKY) and Fischer 344 (F344) inbred rat

trains, we recently identified three X chromosome-linked quantitative trait loci contributing to differences in coping strategies in the
efensive burying (DB) paradigm. In this article we study the influence of postnatal maternal environment in these behaviors by
haracterizing the maternal behavior of these strains and the effect of cross-fostering on DB behavior of male offspring from reciprocal
rossing (F1).
esults: Maternal behavior of WKY rats can be quantitatively characterized by less contact and more periods of neglect of their F1
ups. In contrast, F344 mothers engaged in more active behaviors such as licking/grooming and arched-back nursing. Cross-fostering
ale F1 pups at birth did not influence the latency to bury measure in DB; however, duration of burying and prod approaches were

nfluenced by both genotype and maternal environment in an additive manner.
onclusions: These results demonstrate that different measures of behavioral coping in the DB paradigm are influenced by maternal
nvironment to differing degrees and in addition by genetic factors.
ey Words: Wistar-Kyoto, genetics, stress, cross-fostering, recipro-
al breeding, Fischer 344

nbred strains have frequently and traditionally been used to
genetically map disease or susceptibility loci. This technique
has been quite successful in mapping complex traits, where

enotypic variation witnessed in the genetically diverse second
eneration (F2) offspring is correlated with the phenotypic
ariation displayed by the offspring (Flint 2003; Rapp and Deng
995; Nadeau et al 2000; Shimomura et al 2001). Chromosomal
egions with a high probability of association with the phenotype
f interest are most probably regions where important genes
nfluencing the expression of the behavior lie. Despite the
vidence for the genetic bases of complex traits, it is generally
ccepted that environment accounts for a significant proportion
Meaney 2001a)—up to 65% (Gomez-Serrano et al 2001)—of the
ariance in any given complex trait in animals. One critical
nvironmental factor is that of the postnatal maternal environ-
ent.
In general, parental care in humans has been shown to have

profound influence on the health of the offspring into adult-
ood (Chrousos and Gold 1992; Sapolsky 1994; McEwen 1998).
recent review by Meaney (2001b) shows that those whose

cores on parental bonding scales reflected cold and distant
arent-child relationships were found to be at a significantly
reater risk of depression and anxiety in later life (Canetti et al
997; Parker 1981). Animal studies show the effect of pre- and
ostnatal environment on various measures (Rhees et al 1999)

ncluding behavior (Francis et al 2003). Specifically, maternal
are in early life has been shown to have significant modulating
ffects through adulthood on stress reactivity and stress-response
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systems (Liu et al 1997), fear behaviors (Caldji et al 1998), heart
rate (Myers et al 1989) and blood pressure (McMurty et al 1981;
Cierpial and McCarty 1987). Furthermore, specific patterns of
maternal behavior have been shown to be transmitted non-
genomically across several generations (Meaney 2001a; Francis
et al 1999b; Champagne and Meaney 2001). Thus, maternal
environment can contribute to the phenotype of the offspring
additively or interactively with their genotype.

We have recently reported (Ahmadiyeh et al 2003) an inter-
action between grandmaternal lineage and genetic loci on the X
chromosome influencing the behavior in the defensive burying
(DB) test. This test is modeled after naturalistic observations of
rodents’ responses to predators in the wild and is thought to
measure—with ethological validity (Treit 1991)—an animal’s
endogenous, instinctual coping responses necessary for its sur-
vival in the wild. In the laboratory environment, the DB test
assays an animal’s behavioral responses to the proximal threat
afforded by a shock prod (Treit et al 1993), which delivers a
shock to the animal whenever it touches the prod. In our earlier
study (Ahmadiyeh et al 2003), the Wistar Kyoto (WKY) and
Fischer 344 (F344) rats served as parental inbred strains showing
significant phenotypic differences in the defensive burying par-
adigm and more passive response (longer latency to bury,
shorter duration of burying, and greater number of prod ap-
proaches) in the WKY than in the F344. The phenotypic differ-
ences between the inbred strains were present in both males and
females. Reciprocal breeding crosses generated first-generation
(F1) offspring identical (heterozygous) at all loci except for the
maternal X and paternal Y chromosomes in males.

Male F1 offspring from a WKY or F344 mother exhibited
coping behaviors in the defensive burying test that were similar
to their mothers’. This pattern of transmission suggested a
sex-linked (X or Y chromosomal) pattern of inheritance. Our F2
phenotypic data, however, favored an X-linked mode of trans-
mission, and genetic analysis of the second-generation (F2)
offspring confirmed a significant X-chromosomal genetic com-
ponent impacting the development of behavioral responses in
the DB test (Ahmadiyeh et al 2003); however, each of these
X-chromosomal loci accounted for no more than 3%–11% (de-
pendent on specific phenotype) of the variance of the traits. We
hypothesized, therefore, that other maternal factors—whether
BIOL PSYCHIATRY 2004;55:1069–1074
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itochondrial, cytoplasmic, prenatal, or postnatal—were acting
n either an additive or interactive fashion upon the X-chromo-
omal genetic factors in ultimately shaping behavior in the DB
est.

In the present study we seek to determine the influence of
arly postnatal maternal environment on the development of DB
ehaviors in male F1 rats in adulthood while controlling for
-chromosomal genotype. We are interested in two primary
uestions: 1) Do the WKY and F344 mothers respond differently
oward their own F1 pups that are (except for the sex chromo-
omes in males) genetically comparable in litters of both strains?
) Is the preweaning postnatal maternal environment sufficient
o significantly alter the development of DB behaviors in adult-
ood? To answer the first question, we studied the maternal
ehavior of WKY and F344 mothers toward their F1 pups during
he first 10 days of life. To answer the second question, we
ross-fostered at birth F1 male pups from a F344 mother with
hose from a WKY mother and studied their DB behavior as
dults. No more than 2 pups were crossed into or out of any
itter, since ample evidence shows that drastically altering the
onditions of the nest, as in wholesale fostering of pups, alters
he maternal behavior of the mother toward her pups (Maccari et
l 1995; Myers et al 1989). Native pups within each strain were
lso studied as a control comparison group. As a separate
nternal control, we also studied the maternal behavior of WKY
nd F344 foster mothers to determine whether the conservative
ross-fostering technique employed in our study had any effect
n the mothering behavior of the foster mothers of either strain.

ethods and Materials

nimals
Animals were housed on a 14:10 light/dark cycle (14 hours

ight, 10 hours dark) and were fed regular rat chow and water ad
ibitum. Only litters with 8–12 pups were used in this study;
urthermore, there were no differences in mean litter size be-
ween WKY and F344 mothers. Behaviors observed during dark
eriods were done under red lights. Animals used in the cross-
ostering study were weaned and weighed at postnatal day 21,
oused in groups of 4, tested in the DB test at 3 months of age,
nd weighed again at 4 months of age just before sacrifice.

ating and Cross
Maternal Behavior. Eight-week-old WKY and F344 males (n
4 of each strain) and females (n � 20 of each strain) (Harlan

ndustries, Indianapolis, Indiana) were left undisturbed for 2
eeks upon arrival. Reciprocal crosses were then set up (WKY

emales X F344 males and F344 females X WKY males; Figure 1A)
ntil 15 WKY and 13 F344 females became pregnant within a
-day span. Pregnancy and expected delivery date were deter-
ined by observing vaginal smear for sperm on the morning

fter matings. Of these pregnant dams, only 13 WKY and 12 F344
it the litter size criteria and were retained for the study. Of these,
WKY females were timed to give birth within 8 hours of 5 F344

emales; these litters were cross-fostered according to the cross-
ostering protocol, and the behavior of the mothers was observed
o determine whether our cross-fostering technique had any
ffect on maternal behavior. The remaining litters of each strain
ere left undisturbed, and the behavior of the mothers was
bserved to determine whether there were any differences
etween the maternal behavior of the two inbred strains.

Cross-Fostering. For the cross-fostering experiment, the pro-
edure for mating and the setup of the crosses were identical to
ww.elsevier.com/locate/biopsych
that for maternal behavior, with the exception that 13 WKY
females were timed to give birth with 13 F344 females (within 8
hours of each other).

Maternal Behavior
Pup-directed maternal behavior during the first 10 days of the

pups’ life was measured using the standard protocol (Liu et al
2000; Caldji et al 1998) with slight modification including the
addition of neglect (NEG) of pups. The first 10 days of life were
chosen because these correspond to the time of most rapid
growth in central nervous system development and in the
development of the stress-response systems (Liu et al 2000; Liu et
al 1997). In addition, we wanted to retain consistency for ease of
comparison with other maternal behavior studies where the
10-day protocol is considered standard. Daily observation con-
sisted of six 2-hour long observation segments (four segments in
light: 07:00, 10:00, 13:00, 16:00; two segments in darkness: 21:00,
24:00) and was performed by an observer blinded to the strain
and cross-fostering history of the litters. Within each 2-hour
period, 40 observations were made for each animal, one every 3
min. Pup-directed behaviors recorded include arched-back nurs-
ing; blanket nursing (mother lies over pup); nursing in a passive
posture (mother lies on her side or back); licking/grooming;
mother carrying pup; contact with pup but mother is not

Figure 1. Schematic showing the reciprocal cross/matings and the cross-
fostering design employed in this study. (A) Reciprocal crosses between
F344 and WKY inbred strains produce male F1 rats that are heterozygous on
all autosomal loci and contain the X chromosome from the maternal strain.
(B) The cross-fostering design consisted of transferring 2 male F1 pups from
a WKY mother (white) to be raised by a F344 foster mother, while simulta-
neously fostering 2 F1 males from a F344 (gray) to a WKY litter. In addition, 2
native control pups from each litter were identified at the time of cross-
fostering. All 4 experimental animals (2 native, and 2 cross-fostered) are
marked with an X in the schematic. In all, 100 animals were analyzed: 25
pups from each group (F344 native, F344 foster, WKY native, WKY foster), 25
native pups from a F344 biological mother raised by its own F344 mother [F
1(F � W)/F344], 25 cross-fostered pups from a WKY biological mother raised
by a F344 foster mother [F1(W � F)/F344], 25 native pups from a WKY
biological mother raised by the WKY mother [F1(W � F)/WKY], and 25
cross-fostered pups from an F344 biological mother raised by a WKY foster
mother [F1(F � W)/WKY]. F344, Fischer 344; WKY, Wistar Kyoto; F1, first-
generation.
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ngaged in any specific behaviors listed above; no contact; and
eglect of pup. Whereas a mother got a score for no contact if
he simply did not have physical contact with any of her pups
e.g., drinking water, sleeping away from nest), neglect was
ore a measure of the capacity of the mother to care for her pups

n the social construct of the nest. Neglect behavior was typically
een when the mother failed to retrieve all her pups and place
hem back into the nest after a nest bout; it was defined as the
up being left alone more than half the length of the cage away
rom the nest without other pups huddled close and without the
other present.

ross-Fostering
The cross-fostering procedure was similar to that described

reviously (Francis et al 1999b). WKY (n � 13) and F344 (n �
3) females gave birth, and the cross-fostering procedure only
ook place if the births were timed such that pups from both
trains could be crossed within 2–12 hours after birth. Dams were
emoved from the home cage, and two male pups from each
itter were cross-fostered to their new litter to be raised by a
other of the opposite strain. Animals were identified by toe

lips. At the same time, 2 native male pups were removed, toe
lipped, and returned to their home cage to remain with their
ative mother and to serve as controls (Figure 1B). The cross-
ostering procedure was completed in less than 15 min per litter,
nd the dams returned to their respective litters. At weaning, the
native controls and the 2 fostered pups from each litter were
oused together, for a total of 4 per cage. Overall, 100 animals
ere analyzed in this experiment: 25 native pups from a F344
iological mother raised by its own F344 mother [F1(F �
)/F344], 25 cross-fostered pups from a WKY biological mother

aised by an F344 foster mother [F1(W � F)/F344], 25 native pups
rom a WKY biological mother raised by the WKY mother [F1(W

F)/WKY], and 25 cross-fostered pups from a F344 biological
other raised by a WKY foster mother [F1(F � W)/WKY].

efensive Burying Test
At 3 months of age, the animals were tested in the DB test, as

escribed previously (Ahmadiyeh et al 2003). Briefly, animals are
abituated (4 cagemates together) to a Plexiglas chamber (40 cm
quare, 60 cm high) with bedding (wood shavings; 7 cm deep, 1
m below the hole for the prod) for 15 minutes each day for 3
onsecutive days. On the fourth day, a continuously electrified
rod, which delivers a shock when the rat touches it, is intro-
uced into the chamber. The shock is generated from a shock
enerator (Lafayette Instruments, San Diego, California) set at 4.5
illiamperes. Animals were singly and randomly introduced into

he chamber on the fourth day. The rats typically explored the
ovel prod and received a shock, thereby starting the 15-minute
est, which was videotaped. Once shocked, animals typically did
ot approach the prod, retreated to the back of the cage, and
egan spraying bedding toward the prod in an effort to cover it.
ehaviors recorded and subsequently scored by an observer
lind to the identity of the animal included the latency to begin
urying, the total time spent burying (duration of burying), and
he number of times a rat approached the prod (snout within 1.0
m from prod).

tatistical Analyses
Differences in maternal behavior between the two inbred

trains toward their undisturbed native litters, and differences in
aternal behavior of inbred strains serving as foster mothers

where 2 foster pups were crossed into their litters) were
determined by two-way analysis of variance (ANOVA). These
maternal behavioral measures were analyzed independently, as
sometimes a mother exhibits two behaviors at the same time, and
not all behaviors fit into any one of these categories. The effects
of the postnatal maternal environment provided by the foster
mother and the prenatal and genetic effects of the biological
mother were analyzed against adult DB behavior using two-way
ANOVA with genetic and fostering mothering as factors. Posthoc
(Tukey) test was used when appropriate to assess differences in
behavior between groups. NCSS software (Kaysville, UT) was
used for all analyses.

Results

Mothering Behavior Differs Between F344 and WKY Inbred
Strains

Figure 2 shows the maternal behaviors that were significantly
different between F344 and WKY dams regardless of whether the
pups were their own or adopted into the litter. Two-way ANOVA
revealed a significant main effect of strain for all behaviors
shown, with no effect from fostering and no interaction between
strain and foster motherhood. F344 dams exhibited far more
arched-back nursing [F (1,97) � 173.3, p � .001] and licking/
grooming [F (1,97) � 27.5, p � .001] toward their F1 pups than
did WKY dams. In addition, WKY dams exhibited far greater
periods of no contact with their pups [F (1,97) � 124.6, p � .001]
as well as far greater periods of neglect of pups [F (1,97) � 177.7,
p � .001] than did F344 dams. The frequencies of blanket
nursing, passive nursing posture, mother carrying pup, and times
when mother contacted pup but exhibited no other behavior
listed were the same for the two strains.

Cross-Fostering Transiently Affects Body Weight of Pups,
Leading to No Weight Differences Between Foster and Native
Pups

We weighed the native and foster pups at weaning and again
in adulthood to determine overall health of offspring. Figure 3
shows the body weight of pups at 21 days (A) and at 4 months
of age (B). Interestingly, postnatal maternal environment deter-
mined body weight at weaning. Specifically, pups (foster and
native) raised by WKY dams weighed significantly [F (1,97) �
16.9; p � .001] more than pups (foster and native) raised by F344

Figure 2. Strain differences and effect of cross-fostering on maternal behav-
ior. Means � SEM for maternal behaviors of arched-back nursing (ABN),
licking/grooming (LG), no contact (NC), and neglect (Neg) for regular F344
mothers (F344 raising [F1(F � W)], n � 7) as compared with F344 foster
mothers (F344 raising [F1(W � F)], n � 5) and for regular WKY mothers (WKY
raising [F1(W � F)], n � 8) as compared with WKY foster mothers (WKY
raising [F1(F � W)], n � 5) during postnatal days 1–10. There were no
differences between foster mothers and regular mothers of either strain.
Each behavior is represented as the mean percentage of the total number of
observations. F344, Fischer 344; WKY, Wistar Kyoto.
www.elsevier.com/locate/biopsych
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ams. This effect of postnatal maternal environment had disap-
eared by 4 months of age.

ostnatal Maternal Environment Significantly Influenced
ome Defensive Burying Behaviors in Adulthood

In this experiment, three specific behavioral components of
he DB test (latency, duration, and approach) were assessed in
dult male F1 offspring of reciprocal crosses, reared by their own
other or foster mother from the other strain.
Male F1 offspring of F344 mothers [F1(F � W)] begin spraying

edding toward the shock prod after receiving a shock with a
ignificantly shorter latency (Figure 4A); [F (1,97) � 38.2, p �
001] than male offspring of WKY mothers [F1(W F)], irrespective
f the preweaning, postnatal maternal environment of the pups.

In general, adult male offspring of F344 mothers [F1(F � W)],
uried significantly (Figure 4B); [F(1,97) � 31.4, p � .001] more
han the offspring of WKY mothers [F (W � F)] (independently

igure 3. Effect of cross-fostering on body weight of pups at weaning (21
ays of age, n � 25 pups/group) and adulthood (4 months of age, n � 25
dults/group). (A) Means � SEM for body weight at weaning, separated by
ross and the maternal environment in which the pups were raised. There
as a significant main effect of environment, with offspring raised by WKY
eighing more at weaning than offspring raised by F344, p � .001. Impor-

antly, fostering status did not affect body weight of pups. That is, foster
ups and native pups raised by WKY mothers (and foster pups and native
ups raised by F344 mothers) weighed the same. (B) Body weight at 4
onths of age is not significantly different in any of the conditions, irrespec-

ive of genotype or environment. F344, Fischer 344; WKY, Wistar Kyoto.
1

ww.elsevier.com/locate/biopsych
of maternal environment); however, postnatal environment sig-
nificantly [F (1,97) � 7.12, p � .008] affected the duration of
burying. Specifically, male offspring of F344 mothers [F1(F � W)]
raised by WKY foster mothers bury for a significantly (p � .05)

Figure 4. Means � SEM of coping behaviors of adult rats by X chromosomal
genotype and preweaning postnatal maternal environment. (A) Latency to
bury: significant main effect of genotype, p � .001. B) Duration of burying:
significant effect of genotype, p � .001, as well as a significant effect of
maternal environment, p � .01; asterisk indicates significant difference from
F1(F � W) raised by F344. (C) Prod Approaches: significant main effect of
maternal environment, p � .05; number sign indicates significant difference
(main effect) from offspring raised by F344. F1, first-generation; F344, Fi-
scher 344.
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horter time than their genetic littermates raised by their genetic
344 mother [F1(F � W)]. Similarly, male F1 pups of WKY
others [F1(W � F)] raised by F344 foster mothers tended (p �

09) to bury longer than their genetic littermates raised by their
enetic WKY mother, suggesting an additive genetic and envi-
onmental contribution to the development of this behavior.

The postnatal maternal environment also had a significant
ffect on the number of prod approaches the male F1 offspring
ade in the DB test as adults. Male F1 offspring raised in a WKY

nvironment had more prod approaches [F (1,97) � 4.8, p � .05]
han those reared by F344 mothers regardless of their genetic
other (Figure 4C). Male F1 offspring of WKY mothers [F1(W �
)] reared by their genetic mother showed only a tendency
oward approaching the prod more frequently than F1(W � F)
ffspring raised F344 foster mothers; a finding probably due to a
elatively small number of animals in each group as compared
ith our previous study (Ahmadiyeh et al 2003).

iscussion

In this study, we investigated the role of maternal environ-
ent in the development of behavioral coping responses to

tress using two genetically and phenotypically distinct inbred
trains of rats, WKY and F344. In our previous study, an F2
ntercross of these rats found three quantitative trait loci on the X
hromosome that significantly contributed to DB behaviors
Ahmadiyeh et al 2003). By cross-fostering F1 males (genetically
dentical except for gender chromosomes), we were able to
imultaneously assess the contribution of X genotype and post-
atal maternal environment toward the development of adult
oping behaviors. Specifically, we have shown that F344 mothers
ho engaged in more arched-back nursing and licking/groom-

ng maternal behaviors (active, stimulatory behaviors) raised
ffspring who—independent of X chromosomal genotype or
iological parent—employed a more active coping strategy in
he DB test as adults. Likewise, WKY mothers who exhibited less
f these stimulatory behaviors with their litters, while simulta-
eously exhibiting greater periods of no contact and neglect of
ups, raised offspring who grew up to employ a more passive
oping strategy in the DB test. This effect of the postnatal
aternal environment was significant for both the duration of
urying and prod approach measures; latency to bury, however,
as a genetically robust trait and was not influenced by the
aternal environment. While the magnitude of these maternal

ffects may seem fairly modest, they clearly imply the moderat-
ng effect of maternal environment on these genetically deter-
ined behavioral traits.
We were able to observe these subtle maternal effects because

ur cross-fostering technique did not alter the maternal behavior of
oster mothers, as evidenced by the lack of difference in weaning
eight between foster and native pups within each litter. Interest-

ngly, the genotype of foster mother altered the influence of
aternal genotype on weaning weight. The most likely explanation

or this finding is that the nutrient/fat composition of milk differs
etween these strains. This is particularly likely in light of the fact
hat litter size and blanket and passive posture nursing were not
ifferent between the strains, and arched-back nursing was actually
reater in F344 mothers. Although we did not directly study milk
omposition in our experiments, differences in milk composition
etween inbred strains has been shown to influence the diabetic
usceptibility of F1 offspring in intercross populations (Reifsnyder
t al 2000).

It is expected that behaviors in the DB test would be affected by
the postnatal maternal environment, as maternal behavior has been
shown to influence stress responses, fear, and anxiety in rats
(Weaver et al 2002; Francis et al 1999a; Caldji et al 1998; Romeo
et al 2003). Furthermore, maternal behavior moderates the effect
of specific genotype on novelty seeking in children (Keltikangas-
Jarvinen et al 2003). However, when no differences in maternal
care are observed, no effect of postnatal maternal environment
can be ascertained, for example, on levels of anxiety in a genetic
rat model of anxiety (Wigger et al 2001). This latter finding
strongly supports the role of specific maternal behaviors in the
effect of cross-fostering on the adult DB behavior.

The DB test was originally developed as an ethologically valid
behavioral test of anxiety (Treit et al 1981). In this test, after
receiving the first shock, the animal has primarily two options to
avoid further shock. It may move itself to the corner of the cage,
or it may actively bury the prod with the bedding material. These
two behavioral strategies could be interpreted as passive or
active coping responses to stress. The concept of coping styles
has been used and debated in a variety of animal species and
behavioral paradigms (Koolhaas et al 1999). Individual coping
strategies are thought to be affected by genetic, developmental,
environmental, and learned components. As coping is primarily
an adaptive response to changes in the environment (Francis et
al 1999a), and the relative benefit of active or passive coping
strategies can change depending on alterations in the environ-
ment; both active and passive coping in the DB paradigm can be
considered adaptive. On the other hand, WKYs, who show
passive coping behaviors in the DB test, express stable behav-
ioral characteristics that suggest the continuous presence of
behavioral inhibition or despair (Pare 1989; Pare and Redei 1993;
Lahmame and Armario 1996; Lopez-Rubalcava and Lucki 2000;
Redei et al 2001). Thus, this passive coping behavior of WKYs in
the DB test is not likely the result of a successful coping strategy
but rather a genetically determined predictable stress response
strategy across different behavioral paradigms, which our find-
ings suggest are amenable to some degree of environmental
influence.

The current finding that the contribution of maternal environ-
ment and genotype is additive in affecting DB behavior is of
particular interest. Although not specifically addressed in this
study, the fact that maternal behavior can influence some of the
genetically inherited DB phenotypes might imply that maternal
behavior can influence coping behavior across generations.
Thus, just like in humans (Keltikangas-Jarvinen et al 2003),
rearing environment can alter the impact of genotype in this trait
of behavioral coping with stress.

This research was supported by National Institute of Mental
Health Grant MH 60789 (EER).
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