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Natural variations in postpartum maternal care in inbred and outbred mice
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Abstract

The role of maternal care in mediating variation in offspring phenotype has been examined in the rat and demonstrates that mother–infant
interactions are critical for inducing long-term changes in behavior. Though phenotypic differences between mice strains are often attributed to
genetic factors, the influence of early maternal environment has not been extensively explored. To understand maternal influence on phenotype in
mice, we must first explore the nature of differences in behavior. In the present study, we examine aspects of maternal care differentiating mice
strains and explore the relationship between postpartum behavior and measures obtained by a standard test of maternal responsivity (Retrieval
Test). We compared inbred 129Sv (n=25), C57BL/6J (n=23), and outbred Swiss (n=23) lactating female mice. Swiss females had shorter
latencies to retrieve and crouch over pups (Pb.01), whereas 129Sv females had shorter latencies to nestbuild (Pb.05). Conversely, observations of
homecage behavior indicate that 129Sv females nestbuild less frequently. 129Sv females also engaged in very low levels of pup licking/grooming
(Pb.001) and long periods of nursing/contact (Pb.05) with pups compared to C57BL/6J and Swiss females. Temporal analysis suggests that the
magnitude of these differences varies both within and between days. No significant correlations were found between any aspect of maternal
responsivity and postpartum behavior. These results illustrate that through detailed analysis of maternal behavior in mice, variations between
strains can be observed. These variations represent strain specific strategies for promoting growth and survival of offspring during infancy that
may also mediate “epigenetic” differences in phenotype in adulthood.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Studies of the developmental origins of primate and rodent
behavior illustrate how natural variations in maternal care can be
associatedwith indices of stress-responsivity, social behavior, and
cognition of offspring. In vervet monkeys, frequency of contact
between mother and infant during the first 6 months of age
predicts the maternal and exploratory behavior of adult offspring
[1,2]. In rats, there are also naturally occurring variations in
postpartum maternal care, notably licking/grooming of pups
during the first week postpartum, which are stable across litters
and associated with long-term changes in gene expression and
behavior of offspring [3–8]. These variations in mother–infant
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interaction represent differences in maternal style which mediate
the behavioral transmission of traits and thus transgenerational
effects [8,9]. The evidence for the occurrence of these effects
across species is striking and it is evident that within each species,
distinctive behaviors confer this non-genomic transmission.

Though studies of rat maternal care and its impact on off-
spring development may be generalized to apply to all rodents,
there are certainly species differences that need to be explored
between rats and mice before these effects can be established. In
mice, as indeed in rats, our knowledge of maternal behavior has
typically been limited to that obtained during discrete tests of
pup retrieval behavior [10–12]. Here, the mother is briefly
separated from her litter while a few pups (typically 3–4) are
removed from the nest and scattered in the homecage. Under
this stressful and disturbed situation the dam is then activated to
retrieve pups to the nest, nestbuild and crouch over pups. The
latency to perform these behaviors and the amount of time
engaged in each aspect of the response are taken as indices of

mailto:fac2105@columbia.edu
http://dx.doi.org/10.1016/j.physbeh.2007.03.014


326 F.A. Champagne et al. / Physiology & Behavior 91 (2007) 325–334
“maternal responsivity”. Though lactating female mice and rats
certainly display higher levels of maternal responsivity com-
pared to virgin and non-lactating females [13,14], it is evident
that even amongst lactating females there are significant dif-
ferences between strains, particularly in mice, in the latency to
display maternal care. Three of the most commonly studied
inbred strains used in these studies were the C57BL/6J, A/J and
DBA strains, with the DBA strain generally being the slowest to
retrieve pups [15–18]. Similar strain differences in maternal
behavior of mice have been assessed in paradigms focused on
nest-building and lactational aggression [19–22]. These strain
dependent variations in maternal responsivity have been
attributed to “genetic” differences [10–12,15,18,23] which has
limited the exploration of maternal behavior as a mediating
influence on offspring phenotype across strains.

To understand the role of maternal care in shaping offspring
development in mice, we must first determine, as in the rat and
primate, the characteristics of natural variations in maternal
behavior, particularly between strains. The importance of under-
standing these natural variations is highlighted by recent studies
that describe how pre- and postnatal maternal effects epigenet-
ically alter pup development and adult behavioral phenotypes
[24–29]. The present study provides a detailed analysis of the
variability of postpartum maternal behavior of three commonly
used strains of primiparous femalemice (C57BL/6J, 129Sv, NIH
Swiss). We also explore the relationship between traditional
tests of maternal responsivity and these postpartum homecage
mother–infant interactions.

2. Methods

2.1. Animal housing and care

All subjects were laboratory mice (Mus musculus) and all
procedures were undertaken with the relevant ethical approvals.
Animals were housed at the Sub-Department of Animal
Behaviour (Madingley, Cambridge UK) on a reverse 12D,
12L light cycle, under a constant temperature of 21 °C and 55%
humidity. All animals were given ad libitum access to water and
the RM1(E) chow diet (Lillico, Surrey UK) and fresh bedding,
wood-shavings (Lillico), placed into cages weekly. Following
birth, mothers and pups were left undisturbed for the duration of
observation (one week). Behavioral observations took place
during the dark period of the light cycle, this being the period
when mice are most active.

2.2. Subject animals and methodology

Subject animals (n=71) were inbred 129Sv (n=25), C57BL/
6J (n=23) and outbred NIH Swiss female mice (n=23). The
inbred 129Sv and C57BL/6J (hereafter B6) mice and outbred
NIH Swiss (hereafter Swiss) were all taken from the colony at
the Sub-Department of Animal Behaviour, Madingley. All
animals were weaned from primiparous mothers at 28 days
postnatal and housed in groups of four until mating aged 3–
5 months. All females were virgins and were mated with males
of the same strain. At late gestation (day 15–16) females were
placed in transparent single cages (35 cm×15 cm×17 cm) to
facilitate behavioral observations. Females were checked every
12 h to determine the day of birth. Pregnant females housed
under reverse cycle lighting typically gave birth during the light
cycle (8pm–8am). On the day of birth (Day 0pn), females were
tested in a Retrieval Test and litter size and weights were
recorded. For the following six days, (Days 1–6 pn), the be-
havior of the female in the homecage was observed. Only
females that gave birth to litters of at least 3 pups were included
in the study.

2.3. Retrieval Test

On the day of birth, the lactating female and pups were
removed from the home cage briefly (approximately 10 s) and
bedding was disturbed throughout the cage. Three pups from
their own litter were then randomly placed away from the nest
end of the home cage, and the mother was then reintroduced to
the cage. The latency (in seconds) to sniff a pup, retrieve each of
three pups, nestbuild and crouch over pups was recorded. If a
female had not completed this response within 15 min the test
was terminated, resulting in a latency of 900 s for any behaviors
not yet observed. Following testing, all pups were returned to
the home cage. All testing occurred within the colony room.

2.4. Maternal observations

The procedure for assessing maternal behavior was adapted
from previous work examining natural variations in maternal care
in rats [7,8,30].Maternal behaviorwas scored fromDay 1 through
Day 6 postpartum. Observers were trained to a high level of
interrater reliability (i.e., N0.90). Dams were observed in their
home cage during the dark-phase of the light cycle under dim red
light (b5 lx) 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 to
1300; classified as EARLY) and 2within 7 h of the end of the dark
cycle (1300 to 2000; classified as LATE). Each observation was
60 min in duration and no observation sessions 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×4
periods per day=80 observations/mother/day=480 observations
per mother over the 6 days). The following behaviors were scored
[also described in [7,30]]: mother off pups, mother licking and
grooming any pup (both body and anogenital licking were in-
cluded), mother in nursing posture over pups, nest-building
(whilst in contact with pups, nursing pups, or not in contact with
pups), self-grooming, eating and drinking. Variations in nursing
posture previously observed in lactating rat dams [7,30] were not
evident in the 6 days postpartum and nursing thus describes a
crouched arch posture over pups.

3. Results

28 females of each strain were mated, resulting in 25 129Sv
litters, and 23 litters each for the B6 and Swiss strains. Litter



Table 1
Litter sizes and pup weights

Litter size Litter weight (g) Mean pup weight (g)

129Sv 5.88± .39 8.23± .46 1.43± .02
B6 6.26± .40 8.45± .47 1.37± .03
Swiss 9.56± .30⁎⁎⁎ 14.36± .42⁎⁎⁎ 1.51± .03⁎⁎

⁎⁎Pb.01, ⁎⁎⁎Pb.001.
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size and weight were recorded on the first day postpartum
(Table 1). Significant differences between strains were found for
litter size (F2,70=30.2, Pb0.001), litter weight (F2,70=58.1,
Pb0.001) and mean pup weight (F2,70=6.9, Pb0.01). Tukey
post-hoc analyses revealed that both litter size and weight were
elevated in Swiss compared to both inbred strains (Pb0.001),
though there were no significant differences in either litter size
or weight between the 129Sv and B6 strains. Likewise, the
range of litter sizes was equivalent for the inbred strains (3–10
pups) whereas outbred Swiss litters ranged from 7 to 12 pups.
Mean pup weight was also higher in the Swiss compared to B6
(Pb0.01), but there were no significant differences in mean pup
weight between 129Sv litters and either the B6 or Swiss litters.

3.1. Strain differences in maternal responsivity

On the day of parturition, the latency to maternal behavior in
the Retrieval Test was measured in B6, 129Sv, and Swiss
females. There were no significant strain differences in the
percentage of females who exhibited all aspects of maternal
behavior during the 15minute task (129Sv=48.0%, B6= 43.5%,
Swiss=56.4%). No significant differences in the latency to sniff
a pup or retrieve the first pup were observed (Fig. 1). However,
significant strain differences were observed in the latency to
retrieve the second (F2,70=4.8, Pb0.05) and third pups
(F2,70 = 6.1, Pb0.01), to crouch over pups (F2,70 = 11.2,
Fig. 1. Strain differences in latency (seconds) to perform maternal behavior on day
0pn in a 15 minute Retrieval Test (Mean±SE). 129Sv females were slower to
retrieve 2nd and 3rd pups whereas they had shorter latencies to nestbuild compared
to Swiss and B6 females. Swiss females had significantly shorter latencies to crouch
over pups compared to B6 and 129Sv females. ⁎ Pb.05, ⁎⁎ Pb.01, ⁎⁎⁎ Pb.001.

Fig. 2. Pie graph illustrating the frequency of observed behaviors during Day 1
to Day 6 postpartum exhibited by primiparous lactating female A) 129Sv, B) B6,
and C) Swiss mice.
Pb0.001) and to nestbuild (F2,70=6.1, Pb0.01). Swiss females
had shorter latencies to retrieve their second (Pb0.01) and third
pup (Pb0.01) compared to 129Sv females. Swiss females also
had significantly shorter latencies to crouch over pups than both
inbred strains (Pb0.001). B6 and 129Sv females did not
significantly differ in their latencies to retrieve or crouch over
pups. In contrast, 129Sv females had significantly shorter la-
tencies to nestbuild than both B6 (Pb0.01) and Swiss (Pb0.05)
females. There were also strain differences in the overall oc-
currence of behaviors during the Retrieval Test. Over 95% of all
Swiss females retrieved all 3 pups whereas less that 83% of
129Sv and B6 showed this behavior. 88% of 129Sv females
engaged in nest-building during the 15 minute task whereas
less than 66% of B6 and Swiss females were observed to nest-
build. Amongst Swiss females, greater than 86% crouched over
pups during the test whereas less than 52% of 129Sv and B6



Fig. 3. The frequency of observed A) nursing and B) licking/grooming in 129Sv,
B6, and Swiss lactating females averaged over days 1–6 postpartum (Means±SE).
129Sv females engaged in significantly higher levels of nursing and lower levels of
licking/grooming compared to B6 and Swiss females. ⁎ Pb.01, ⁎⁎⁎ Pb.001.

Table 2
Within strain variation (minimum and maximum levels) in frequency of
postpartum maternal behavior

Nursing Licking/grooming Nest-building Eating Drinking

129Sv 56–85% 1–8% 1–7% 8–29% 1–3%
B6 37–73% 3–14% 1–21% 12–36% 1–5%
Swiss 46–87% 6–19% 1–9% 10–36% 0–2%

Fig. 4. A) Average number of nursing bouts, and B) average duration of nursing
bouts (Mean±SE). B6 females engaged in nursing more frequently than 129Sv
and Swiss females, however, the duration of nursing bouts in both B6 and Swiss
was significantly lower than those observed in 129Sv females. ⁎⁎ Pb.01,
⁎⁎⁎ Pb.001.
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displayed this behavior. Interestingly, the significant differences
in retrieval, nest-building and crouch latency emerge even when
females who failed to display the behavior, thus receiving a
latency of 900 s, were excluded from the analysis.

3.2. Strain differences in frequency of postpartum maternal
care

From Day 1 though Day 6 postpartum, frequency of nursing,
licking/grooming of pups, nest-building, self-grooming, eating,
drinking, and overall contact with pups was rated in the lactating
females (Fig. 2). Significant strain differences were observed in
all aspects of postpartum maternal care averaged over these first
six days postpartum (contact: F2,70=5.6, Pb.01; nursing:
F2,70=8.2, Pb.001; nest-building: F2,70=6.6, Pb.01; licking/
grooming: F2,70=47.6, Pb.001; eating: F2,70=4.1, Pb.05;
drinking: F2,70=8.9, Pb.001; self-grooming: F2,70= 16.5,
Pb.001). 129Sv females were observed to be in contact with
pups and nursing more frequently than B6 (Pb0.05) and Swiss
(Pb0.05) females (Fig. 3A). B6 and Swiss females did not differ
in their levels of nursing. Despite the longer latencies to engage
in nest-building on the day of parturition, B6 females displayed
significantly higher levels of nest-building during the first week
postpartum compared to 129Sv females (Pb0.01). Frequency of
licking/grooming behavior differed significantly between all
three strains, with B6 grooming pups twice as frequently as
129Sv females (Pb.001) and Swiss exhibiting a three-fold
greater level of pup grooming than 129Sv females (Pb.001;
Fig. 3B). B6 females spent more time eating and drinking during
the postpartum period than 129Sv females (Pb0.05) and a
significantly higher frequency of drinking than Swiss (Pb0.001)
females. Though no significant differences were found in self-
grooming between the two inbred strains, Swiss females
spent significantly more time self-grooming than both 129Sv
(Pb0.001) and B6 (Pb0.001) females. Within each strain there
was also considerable natural variation in postpartum maternal
behavior as illustrated in Table 2. Thus, despite overall differ-
ences, within each strain there are individuals whose behavioral
patterns overlap with those of another strain.
3.3. Frequency vs. duration of postpartum maternal behavior

Observations of postpartum care in rodents suggests that
maternal behavior occurs in bouts that vary in both frequency
and duration [7]. Analysis of the number of nursing bouts
(defined as consecutive observations of nursing behavior) and
the frequency of those bouts during the observation session was
thus compared between strains. Significant strain differences
were found in the number (F2,70=11.14, Pb.001; Fig. 4A) and
duration (F2,70=13.07, Pb.001; Fig. 4B) of bouts of nursing
over pups. B6 females were found to initiate bouts of nursing
with pups more frequently than 129Sv (Pb.001) or Swiss
females (Pb.001), however, the duration of these bouts was
shorter than those exhibited by 129Sv females (Pb.001).

3.4. Variation in maternal behavior across days

Previous work examining the temporal pattern of maternal
behavior in rodents indicates that maternal behavior declines
significantly over the postpartum period [6,7]. Analysis of the
frequency of maternal care during the first week postpartum
confirms the occurrence of this decline in both inbred and
outbred mice. Two-way repeated measures ANOVA indicated
a main effect of both day (F5,70=8.6, Pb0.001) and strain
(F2,70=9.8, Pb0.001) on the frequency of nest-building, with
females of all three strains reducing the frequency of nest-
building with successive days postpartum (Fig. 5A). Analysis of
licking/grooming indicated a main effect of both day (F5,70=
16.0, Pb0.001), strain (F2,70=94.1, Pb0.001), and a significant
interaction between day and strain (F10,70=3.4, Pb0.001).
Post-hoc analyses revealed that 129Sv females do not alter their



Fig. 6. Frequency of postpartum A) nest-building, B) licking/grooming,
C) nursing, and D) eating (Mean±SE) which occurred during observations
conducted within the first 5 h after the onset of the dark cycle (EARLY)
compared to observations conducted within the remaining 7 hours prior to the
onset of the light cycle (LATE). Strain differences between 129Sv, B6, and
Swiss lactating females in nursing and eating were only observed during the
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levels of licking/grooming over the first 6 days postpartum,
whereas both B6 and Swiss females decline over this period
(Fig. 5B). Analysis of nursing/contact indicated a main ef-
fect of both day (F5,70=6.0, Pb0.001) and strain (F2,70=13,
Pb0.001), with females of all strains decreasing their levels of
nursing over successive days. There was no significant strain by
day interaction, with 129Sv females having significantly higher
levels of nursing over all days (Fig. 5C). Coinciding with
decreases in nest-building, nursing, and licking/grooming over
successive days there are increases in eating and drinking in
lactating females. Two-way repeated measures ANOVA of fre-
quency of eating indicated a main effect of both day (F5,70=
12.1, Pb0.001) and strain (F2,70=6.9, Pb0.01), with females
of all strains increasing their levels of eating over successive
days and with 129Sv females having significantly lower levels
of eating over all days (Fig. 5D). Analysis indicated a main
effect of both day (F5,70=4.6, Pb0.001) and strain (F2,70=12.5,
Pb0.001), on frequency of drinking with females of all strains
increasing their levels of drinking over successive days and with
B6 females having significantly higher levels of drinking over
all days. Finally, though self-grooming differed as a function of
strain (F2,70=30, Pb0.001) with Swiss mice showing the
highest levels of this behavior, no increases or decreases in this
behavior are exhibited across days.

3.5. Variation in maternal behavior within the dark photophase

There is considerable variation during the course of the day
in levels of activity in rodents which may have subsequent
Fig. 5. Frequency of observed A) nest-building, B) licking/grooming,
C) nursing, and D) eating behavior in lactating 129Sv, B6, and Swiss females
over days 1–6 postpartum (Means±SE). There is an overall decrease in maternal
behavior across days, with corresponding increases with frequency of eating.

EARLY phase. ⁎ Pb.05, ⁎⁎ Pb.01.
effects on frequency of maternal care [31]. We compared the
frequency of postpartum behavior in B6, 129Sv, and Swiss
lactating females observed during the first five hours of the
dark/active phase of the light cycle (EARLY) and the last seven
hours of this phase (LATE). Equal numbers of observations
were conducted between these two phases. Nest-building
(Fig. 6A), licking/grooming (Fig. 6B), and self-grooming did
not vary as a function of time of day. However, strain differ-
ences on other aspects of postpartum behavior did vary signif-
icantly between the EARLYand LATE phases, with differences
being much more pronounced during the EARLYphase (Fig. 6).

Analysis of frequency of nursing behavior indicated a main
effect of strain (F2,70=10.1, Pb0.001; Fig. 6C), and a signif-
icant interaction between time-of-day and strain (F2,70=6.6,
Pb0.01). Strain differences in the frequency of nursing are
apparent immediately after the onset of the EARLYphase, with
129Sv females exhibiting significantly higher levels of nursing
than either B6 (Pb0.01) or Swiss (Pb0.001) females. No such
significant strain differences in nursing levels are found in the
LATE phase of the day. As was the case with frequency of
nursing, we found a main effect of strain on the frequency of
contact (F2,70=7.8, Pb0.001), as well as a main effect of time-
of-day (F1,70=4.4, Pb0.05) and a significant interaction be-
tween time-of-day and strain (F2,70=8.6, Pb0.001). In the
EARLY phase, 129Sv females have elevated levels of contact
compared to both B6 (Pb0.001) and Swiss (Pb0.001) females.



Fig. 7. Correlations between litter variables and frequency of postpartum behavior
in B6 females. A) Frequency of nursing averaged over days 1–6 postpartum was
negatively correlated with litter size (r=0.60, Pb.001). B) Frequency of observed
eating was highly positively correlated with litter size (r=0.78, Pb.001).
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In the LATE phase, no significant strain differences were found
in the amount of contact with pups.

Repeated measures ANOVA of frequency of eating indicated
a main effect of strain (F2,70=6.1, Pb0.01; Fig. 6D), and a
significant interaction between time-of-day and strain (F2,70=
6.1, Pb0.01=6.6, Pb0.01). Strain differences in the frequency
of eating are apparent immediately after the onset of the EARLY
phase, with 129Sv females exhibiting significantly lower levels
of eating than either B6 (Pb0.01) or Swiss (Pb0.001) females.
No such significant strain differences in nursing levels are found
in the LATE phase of the day. Moreover, analysis indicated a
main effect of strain (F2,70=14.2, Pb0.001), and a significant
interaction between time-of-day and strain (F2,70=4.1, Pb0.05)
on the frequency of drinking. Strain differences in the frequency
of eating are apparent immediately after the onset of the EARLY
phase, with B6 females drinking significantly more than either
129Sv (Pb0.001) or Swiss (Pb0.05) females. No such signif-
icant strain differences in drinking are found in the LATE phase
of the day between B6 and 129Sv females, however B6 females
still drink more frequently than Swiss females (Pb0.01).

3.6. Relationship between aspects of maternal responsivity in a
Retrieval Test

We then examined the relationship amongst the several
behavioral components of maternal responsivity (sniffing
pups, retrieval, nest-building, and crouching over pups). Across
strains, the latency of a female to sniff a pupwas not significantly
correlated with the latency to perform any of the other aspect of
the maternal response. The latency to retrieve one, two and three
pups were all inter-correlated with each other in all strains
(r≥0.7; Pb0.001). Strain differences in the correlations be-
tween other variables were observed. The latency to nestbuild
was highly correlated in 129Sv females with the latency to
retrieve (r≥0.46, Pb0.05) and crouch (r=0. 38, Pb0.05) over
pups. Similarly, the latency to nestbuild was significantly cor-
related with the latency to crouch (r=0.38, Pb0.05). Amongst
B6 females, latency to crouch was significantly correlated with
nest-building (r=0.69, Pb0.001) and retrieving pups (r≥0.44,
Pb0.05). However, the latency to retrieve pups and nestbuild
were not significantly correlated. Amongst Swiss females, the
latency to retrieve pups was significantly correlated with the
latency to crouch (r=0.49, Pb0.05), but no significant cor-
relation was observed between the latency to nestbuild and the
latency to any other behavior.

3.7. Relationship between relative frequencies of postpartum
maternal behavior

Frequency of both licking/grooming and self-grooming were
not significantly correlated with any other postpartum behavior.
Nursing and contact were highly correlated with each other
across all strains (r≥0.96, Pb0.001), as were eating and
drinking (r≥0.45,Pb0.05). Moreover, both eating and drinking
frequency are significantly negatively correlated with both con-
tact and nursing frequency (r≥−0.42, Pb0.05). Strain differ-
ences in inter-correlations were only observed for the frequency
of nest-building. In B6 and Swiss females, the amount of time
nest-building was not significantly correlated with any other
postpartum behavior. However, in 129Sv females, nest-building
was significantly negatively correlated with nursing and contact
time (r≥−0.63, Pb0.001), and significantly positively corre-
lated with eating (r=0.49, Pb0.01).

3.8. Relationship between litter sizes, pup weights, and
maternal behavior

Across all three strains, litter size and mean pup weight were
not significantly correlated with the latency to any behavior in
the Retrieval Test. In the Swiss strain, it was also observed that
litter size and mean pup weight was not significantly related to
the frequency of any maternal postpartum maternal behavior.
However, in B6 females, both litter size and mean pup weight
were significantly negatively correlated with nursing and con-
tact (r≥−0.60, Pb0.001; Fig. 7A) and positively correlated
with the frequency of eating (r≥0.78, Pb0.001; Fig. 7B). In
the 129Sv strain, females with larger litter sizes were observed
to nestbuild more frequently (r=0.40, Pb0.05). Frequency of
licking/grooming was not correlated with litter size or average
pup weight in any of these mice strains.
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3.9. Relationship between maternal responsivity and post-
partum maternal care

The relationship between the performance of females during
the Retrieval Test and the relative frequency of each postpartum
maternal behavior was examined, however, no significant cor-
relations were observed in the three strains tested.

4. Discussion

Semi-naturalistic observation of maternal care during the
first week postpartum reveals highly significant differences in
the mother–infant interactions between mice strains. Perhaps
one of the most notable differences was found between 129Sv
females compared to B6 and Swiss females. The frequency of
licking/grooming behavior exhibited by females of this strain is
extremely low (3.5%) and would likely be missed entirely in a
more abbreviated observation schedule. However, amongst
129Sv females the frequency of time spent in a nursing posture
over pups is very high (70%). Thus we observed two distinct
maternal strategies, one in which females exhibit high levels of
mother–infant contact yet low levels of infant stimulation
(licking/grooming) as observed in 129Sv females and a second
strategy involving low levels of contact and high levels of
stimulation as exhibited by B6 and Swiss females (Fig. 3). Even
between the Swiss and B6, this low nursing/high licking mater-
nal style can be delineated by the short duration/high frequency
nursing bouts exhibited by B6 females, and short duration/low
frequency bouts exhibited by Swiss females (Fig. 4). Indeed, we
also observed strain differences in the correlation between
postpartum care and litter characteristics. For instance, amongst
B6 females, litter size is highly negatively correlated with
frequency of nursing (Fig. 7A), however, this same relationship
is not observed in 129Sv and Swiss females.

It is important to note that despite the magnitude of these
strain differences in maternal behavior, there were no strain
differences in offspring mortality. Thus adequate levels of care
were provided to promote growth and survival, hence this
variation in behavior can be considered to be within the normal
range of care. Postpartum behavior in lactating females reflects
levels of hormones and hypothalamic receptor densities which
are induced by prenatal hormonal priming [32–34]. During the
gestational period, increases in levels of estrogen and prolactin
mediate increases in central and peripheral levels of oxytocin
receptors [32,35], induce anatomical changes in the paraven-
tricular nucleus of the hypothalamus to facilitate lactation, and
promote increases in feeding behavior [36,37]. These changes
are necessary for both the physiological and behavioral aspects
of maternal care. The changes in hormone levels that alter
maternal physiology during gestation are induced by the
developing fetus through the interactions between the placenta
and maternal circulatory system [38,39]. Thus, even before
birth, mother–infant interactions are critical for survival.

During the postpartum period the dependence of altricial
young on these mother–infant interactions continues at a be-
havioral level. Thus the maternal behaviors we have character-
ized can be thought to promote survival through provision of
adequate thermoregulation and nutrients to pups. When dams
are crouched over pups in a nursing posture they provide ventral
heat to offspring as well as access to nipples to allow suckling
[40–42]. Licking/grooming of pups has been demonstrated to
alter body temperature of pups, allows urination and defecation,
and serves to stimulate movement of pups allowing them to gain
access to nipples, promoting more efficient suckling [43–45].
The quality of the nest in which this occurs will contribute to the
overall success of the interaction. A well formed nest that
clusters the pups together will prevent loss of body heat and
position pups to gain access to the mother's ventrum [46].
Finally, in order for dams to provide sufficient levels of nutrients
to offspring, their own consumption must be increased requiring
2–3 fold increases in food and water intake. The time required
for foraging also allows the temperature of the pups to decline
and previous studies have illustrated that it is the temperature of
the pups which stimulates the initiation and termination of
contact between mother and infants [41]. This pattern may
explain the correlation between larger litter sizes and reduced
frequency of nursing observed in B6 females (Fig. 7A), with
larger litters being better able to sustain high temperature levels
in the absence of the dam. Thus, even time away from the nest
serves a physiological function.

In the context of the strain differences in postpartum mater-
nal behavior, 129Sv, B6 and Swiss females can be thought to
ensure survival of offspring using different behavioral strategies
to ensure adequate thermoregulation and nursing of young.
While 129Sv females provide long periods of access to nipples
and warmth from the mother's ventrum, they do not stimulate
pups to allow them to improve their ability to suckle and they do
not frequently replenish their own resources, likely reducing the
efficiency of lactation. Conversely, B6 and Swiss would appear
to be very efficient in the transfer of resources from mother to
offspring, providing less access to nipples but high levels of
stimulation to pups when they are in the nest, which may
increase the likelihood of sucking. Strain differences between
129Sv and B6 females in frequency of nest-building may
simply reflect the increased disruption of the bedding material
occurring when B6 females leave the nest but may also reflect
the need by these females to ensure pups are covered and
huddled together to reduce loss of heat during frequent periods
of mother–infant separation. These strategies appear to be
highly adaptive from a biological perspective, ensuring survival
and reproductive capability of young.

4.1. What is ‘maternal’?: The relationship between maternal
responsivity and postpartum care

Study of the neuroendcrine mechanisms which regulate
postpartum increases in maternal care has made extensive use of
the Retrieval Test paradigm [32–34]. This indice of maternal
responsivity is particularly useful when comparing non-lactating
females receiving artificial hormonal priming through either
implants or peripheral injection. However, when determining
variations in this behavior amongst lactating females, we find
that approximately 50% of females fail to complete all of the
behavioral components of the Retrieval Test. Moreover, despite
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this apparent lack of maternal responsivity, almost all females
are fully capable of rearing pups to weaning, with no correlation
found between latency to sniff, retrieve, nestbuild, and crouch
over pups in the Retrieval Test and frequency of postpartum
licking/grooming and nursing/contact. These results are con-
gruent with previous studies in the hamster [47] and rat
[45,47,48] that have also demonstrated a lack of intercorrelation
between postpartum care and Retrieval Test performance. These
findings do not lessen the validity of maternal responsivity as a
measure of maternal behavior but they do indicate that this
measure will fail to predict the behavior that mothers will exhibit
toward pups during the postpartum period. It is likely that these
latency measures reflect response to novelty and stress reactivity
which are triggered by the disruptive nature of this task [49,50].
The ability of females to orient themselves toward pups even
under stressful conditions is certainly an important feature of
maternal care but even those females who fail to respond to pups
under these conditions are capable of being maternal.

4.2. Methodological considerations in studying maternal
behavior in mice

Despite overall reliance on the Retrieval Test in mice, there
has been previous work in mice exploring the frequency of
undisturbed postpartum care. Laviola and Terranova [51]
observed mother–offspring interactions for 10 min/day during
the pre-weaning period to illustrate that litter composition can
alter patterns of nest-building, nursing, and licking. Similar
observational techniques were employed to examine the mater-
nal care of Balb/c and B6 mice [27] implicating maternal
phenotype as a mediator of strain differences in behavior. These
and other studies [52] support our finding that B6 lactating mice
engage in higher frequencies of pup licking/grooming com-
pared to other mice strains. Previous observational studies also
suggest strain differences in nest-building with B6 females
building much higher quality nests [53]. Though we do not
report on the quality of postpartum nests, these findings are
consistent with our finding of higher frequency of nest-building
observed in B6 females.

The use of observational data as an indice of maternal care in
these studies clearly illustrates the utility of these techniques.
The limited number of observations that are typical of these
approaches may be suitable for simply detecting overall strain
differences but may be insufficient for using maternal behavior
as a predictor of shifts in offspring neurobiology and behaviour
or for examining within strain variation in behaviour as has been
accomplished in the rat [5]. The study of natural variations in
maternal behavior requires detailed and lengthy behavioral
observation, particularly when the behavior of interest occurs at
a very low frequency [54]. We observed dramatic fluctuations in
the frequency of eating, contact, nursing, nest-building and
licking/grooming, during each observation period which is un-
surprising given that individual bouts of these behavior patterns
can last between 0–60 min. In addition to the number of ob-
servations required to generate reliable data for the frequency of
these activities, timing of those observations is critical. The
frequency of nursing/contact, nest-building and licking/groom-
ing are maximal immediately after birth and decline over sub-
sequent days (Fig. 5). This is congruent with the within strain
variation in licking/grooming reported in Long-Evans rats [6,7].
Group differences can only be detected during the first few days
postpartum, when the levels of licking/grooming (LG) are
relatively high. Attempting to differentiate behavior between
strains or “High” and “Low” LG females beyond this point may
not yield significant results for all aspects of care. Likewise, the
timing of observations during the day is critical. Within the
dark/light cycle, strain differences in nursing/contact were only
apparent in observations conducted during the first 5 h after the
onset of the dark-phase (Fig. 6). This directly corresponds to the
period where inbred mice exhibit the greatest levels of
home cage activity [31] and where strain differences in activity
patterns are highest. Finally, it is also important that study of
natural variations in maternal behavior should be undertaken on
undisturbed females with their offspring. Disruption through
even brief periods of handling may result in highly variable
behavioral patterns that would not otherwise be observed during
the postpartum period.

4.3. Epigenetic regulation of offspring behavior by maternal
care

Maternal behavior is known to be a mediating influence for
long-term changes in adult behavior across a number of species.
Recent work has shown that variability in the quality of mater-
nal care in the rat, specifically licking/grooming of pups, shapes
the behavioral development of offspring [7,9,55]. This is
epigenetically mediated via changes in the methylation status of
the promoter regions of glucocorticoid receptor and the estrogen
receptor α leading to expression differences in the brain
[25,55,56]. Further evidence for epigenetic effects on offspring
development come from the cross-fostering studies [26] and
reciprocal breeding of inbred strains of mice [27,28]. These
studies have demonstrated parent-of-origin effects on offspring
development, and within cross-fostering paradigms, compar-
isons of the influence of biological compared to adoptive
maternal strain on offspring development suggest a mediating
role for maternal care. Francis et al. illustrated that the be-
havioral phenotype of Balb/c males could be shifted toward that
of a B6 male through embryo transfer at the single cell
pronucleus stage combined with cross-fostering at birth [26].
This finding may, however, be strain dependent, as several other
studies have demonstrated that postnatal cross-fostering is suf-
ficient to produce significant differences in offspring phenotype
[57–59]. Differences in the frequency of licking/grooming
behavior between the Balb/c and B6 inbred strains has been
implicated as a mediating influence on offspring behavior dur-
ing the postnatal period [26]. Our findings that 129Sv females
exhibit relatively low levels of licking/grooming compared to
B6 and Swiss females is consistent with the hypothesis that
levels of maternal licking/grooming behavior can modify off-
spring anxiety responses in mice. Previous work has demon-
strated strain differences in novelty seeking, open-field activity,
and elevated plus-maze exploration of these particular strains
with 129Sv consistently being found to be more anxious and
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less active than B6 and Swiss [31,60,61]. To establish these
effects, one approach would be to use a cross-fostering design,
in which the influence of the low licking/grooming-high
nursing style exhibited by 129Sv dams on B6 or Swiss off-
spring can be assessed. However, consistent with the results of
Francis et al. [26], preliminary findings from our lab suggest
that this type of manipulation may be insufficient to completely
shift the phenotype of inbred mice. Possible explanations for
this finding could be that differences in the prenatal environ-
ment between inbred mice strains may exert a particularly
strong influence on offspring phenotype [26] or that due to
gene–environment interactions, pups of a particular genotype
may be relatively insensitive to the maternal care provided by
other strains. However, there may also be some constraints of
using postnatal cross-fostering as a tool in determining epige-
netic effects of maternal behavior. For instance, as our data
illustrate, there is considerable variation in maternal behavior
within each strain and thus despite differences of genotype
individual females may display similarity of maternal pheno-
type, particularly when small samples are used. Consequently,
for cross-fostering to be effective in revealing epigenetic effects
on offspring development, females must be selected based on
maximal differences in maternal style as has been show in
previous studies of epigenetic programming [3–8].

5. Conclusions

The study of natural variation in maternal behavior provides
an elegant model for understanding the developmental origins of
behavior. This has certainly been appreciated in primates, in
which field studies and observation in semi-naturalistic environ-
ments has provided a valuable source of information regarding
maternal styles and the transmission of behavior across gen-
erations. Importantly, this same strategy can be implemented in
rodents, facilitating the examination of multiple generations of
offspring within a short period of time and allowing for the
investigation of the neurobiological correlates of this transmis-
sion. In rats, natural variations in maternal licking/grooming
observed during the first week postpartum has a profound impact
on gene expression and behavioral phenotype of offspring and is
associated with epigenetic modification of genes involved in
stress-responsivity and reproductive behavior. The transgenera-
tional nature of these effects thus mimics a genetic inheritance to
which strain differences in both mice and rats has been at-
tributed. The exploration of strain differences in maternal care in
mice described in the present study provides useful insights into
the variation in care that exists in mice and provides a meth-
odology for studying the potential role of mother–infant inter-
actions for promoting offspring growth and development. The
well characterized mouse genome combined with the detailed
level of behavioral analysis we have described also provides an
opportunity to use strain differences to explore gene–environ-
ment interactions. From an evolutionary perspective, the ability
to shift phenotype epigenetically in response to early environ-
mental cues provides a dynamic mechanism for responding to
fluctuations in environmental condition that would confer an
adaptive advantage to genetically divergent strains.
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