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a b s t r a c t

The perinatal development of the nervous system is influenced by different external and internal stim-
uli. Previous data show that maternal care and perinatal inflammation can induce long-term changes
in anxiety- and depression-related behavior. Our hypothesis is that both maternal care and perinatal
inflammation act through interacting biological pathways to program adult behavior. To evaluate this
interaction, we combined a protocol of maternal care variation in mice (C57BL/6J × BALB/c reciprocal
F1 offspring) with the administration of bacterial wall lipopolysaccharide (LPS) at a previously reported
sensitive development age (postnatal day 3, P3). The analysis of maternal behavior revealed that pups
from C57BL/6J dams received more maternal attention than those taken care by BALB/c dams. Pups
receiving LPS at P3 showed an acute corticosterone response, and a dose-dependent desensitization
of this hormonal response when challenged with LPS at adulthood. We analyzed adult behavior on 6
highly validated tests and found an interaction between maternal care and early postnatal LPS on 7
anxiety-related behaviors in 4 different tests. In particular, early postnatal LPS treatment resulted in
higher anxiety-related behavior when administered to females receiving more maternal care (C57 pedi-
gree), but reduced depression-related behavior in males of the same pedigree. These results suggest
that specific coping strategies are sensitive to maternal care and/or postnatal inflammation program-
ming of adult anxiety- and depression-related behaviors, suggesting that both divergent and convergent
mechanisms participate in this programming.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Epidemiological studies linking the prevalence of different com-
mon adult disorders with the weight at birth have initially led to
the concept of fetal or developmental origins of disease. Moreover,
it has been shown that early experiences can have profound long-
term effects on the development of behavior. This has led to the
concept of perinatal programming of adult behavior [1].

Exposure to early life stressors, such as childhood maltreatment
and/or neglect, is one of the main environmental factors associated
with the risk to develop mood and anxiety disorders [2]. Adverse
early events can affect the development of systems involved in the
response to stress, which may in turn contribute to mood disorders
[3–5]. In rodents, changes in maternal care not only affect behavior
(e.g. [6]), but also adult hippocampal gene expression [6] and alter-
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ations in other brain regions such as the prefrontal cortex [7], the
amygdala [8] and the nucleus ceruleus [9] have been reported.

Mammals deal with stressful situations by a coordinated
response of their nervous, immune and endocrine systems. There-
fore, it is not surprising that early inflammatory stimuli can affect
brain function. Maternal inflammation has been shown to result
in alterations in the behavior of adult offspring mice, showing
increased anxiety-related behavior [10,11]. Many alterations in
brain function have been reported, including changes in adult neu-
rogenesis, gliosis and neurotransmitter levels (reviewed in [12]).
These effects appear to be at least partly dependent on the time
of prenatal immune challenge [13] and involve different brain
regions (e.g. hippocampus, amygdala, cortex, striatum and nucleus
accumbens). Less is known about the long-term effects of postna-
tal inflammatory stimuli. Nevertheless, some reports have shown a
detrimental effect of postnatal inflammation or infection on adult
anxiety-related behavior [14,15].

There is previous evidence showing that both maternal care
and perinatal inflammation can both act on specific, overlapping
systems. For example, maternal care levels determine the adult
hypothalamic–pituitary–adrenal (HPA) responses to stress [16] and
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postnatal inflammation can also affect the adult HPA response
[1,17]. Moreover, as mentioned before, maternal care and prena-
tal inflammation can affect hippocampal, amygdalar and cortical
function. However, because these effects were observed in dif-
ferent species, strains and experimental paradigms, it is not clear
whether there are overlapping effects of these prenatal treatments
and which, if any, is relevant to behavioral programming.

The main aim of this work is to study the long-term effects of an
early postnatal inflammatory stimulus and that of maternal care on
anxiety- and depression-related behaviors, and their interactions.
Our hypothesis is that these stimuli act at least in part on the same
developing system, affecting the programming of adult behavior.

C57BL/6 dams spend more time grooming and suckling their
pups than the BALB/c dams [18], and these differences in mater-
nal care have an impact on emotional reactivity of adult offspring
[16,19]. Using two reciprocal F1 hybrids obtained by crossing
C57BL/6 and BALB/c strains, Calatayud and Belzung [20] showed
that mother type had a great influence on emotional reactivity of
adult offspring. We chose C57BL/6J × BALB/c reciprocal F1s to alter
the level of natural maternal care received by genetically similar
pups. Although previous work has used different strategies to mod-
ify the levels of maternal care, we reasoned that the F1 hybrids had
the advantage of avoiding the confounding effects of stress involved
in artificial rearing conditions (e.g. using handling or maternal sep-
aration protocols [21]).

Immunological challenge in the early postnatal period, in
the form of acute interleukin-1 (IL-1) or endotoxin exposure,
is capable of producing long lasting changes in neuroendocrine
function [22–25]. These immunological challenges induce classi-
cal stress-like responses in the neonate, including elevation of
the corticotropin-releasing hormone (CRH), adrenocorticotropin-
releasing hormone (ACTH), corticosterone, and glucose [24,26,27].
Moreover, in the rat, exposure to LPS from Salmonella enteriditis at
postnatal days 3 and 5 resulted in an increase in anxiety-related
behavior in the elevated plus maze at 80 days of age [15]. We thus
chose an inflammatory stimulus (lipopolysaccharide, LPS) admin-
istered at postnatal day 3 (P3) in F1 mice to assess the long-term
effects of postnatal inflammation on adult behavior.

The neural mechanisms driving the changes in anxiety- and
depression-related behaviors observed after maternal care alter-
ations or immune challenges have only been suggested. Because
these stimuli can affect various brain regions, along with endocrine
and immunological systems, more information about the interac-
tions between different postnatal stimuli are highly valuable. Our
approach aims to reveal possible convergence of maternal care
and early postnatal inflammation to program adult behavior. We
expect by this means to narrow the search for molecular and cellu-
lar mechanisms underlying this programming. Moreover, anxiety
and depression represent a major mental health burden [28,29] and
both maternal or postnatal infection [30] and childhood trauma
[2] are risk factors for these disorders. Therefore, understanding
the early contributions of environmental factors to these disorders
could have a profound impact on the prevention and treatment of
these disorders.

This study validates a method to study how the interaction
between postnatal stimuli determines adult behavior. We show
here that although programming of some specific behaviors appear
to be modulated by both maternal care and early postnatal inflam-
mation, in general these manipulations appear to act on different
components of anxiety and depression-related behaviors.

2. Materials and methods

2.1. Animal subjects

BALB/cAnNCr1 (BALB/c, Charles River, Willminton, MA, USA) and C57BL/6J (C57,
The Jackson Laboratory, Bar Harbor, Maine, USA) strains were bred for several gener-

ations in the laboratory. To obtain F1 hybrid offspring, BALB/c females were mated
with C57 males (F1 BALB/c pedigree) and C57 females were mated with BALB/c
males (F1 C57 pedigree) at 8–12 weeks of age.

For mating, each male mouse was mated with two nulliparous females. Female
mice were then controlled daily and placed in a single cage when pregnancy was
evident. The day of parturition was defined as postnatal day 0 (P0). The litters were
culled to 10 pups. Pups were weaned and housed four to six per cage at P21. Mice
from different litters were caged together at weaning to reduce cage effect. F1 hybrid
mice from a total of 19 litters (9 C57 pedigree and 10 BALB/c pedigree) were used
for behavioral characterization.

To measure corticosterone levels, F1 hybrid mice obtained from 12 independent
litters (7 C57 and 5 BALB/c pedigree) were used. Mice were sacrificed at P3 or P60, 2 h
after saline or LPS injection, and trunk blood collected. We did not use behaviorally
tested animals to avoid effects of behavioral testing on corticosterone levels.

All animals had water and food ad libitum and were housed on a 12:12 light:dark
cycle with lights on at 08:00 h. All animal procedures were performed according to
the rules and standards of German animal law and the regulations for the use of
laboratory animals of the National Institute of Health, USA. The Ethical Committee
of the Institute Leloir Foundation approved these animal experiments.

2.2. Maternal behavior testing

Quantification of maternal behavior was performed as previously described [31].
Briefly, maternal observations (60 observations per hour) were performed for 2 h
during the light period (11:30–12:30 and 16:30–17:30) each day from P1 to P7.
Two behavioral measures were collected: time spent in arched-back posture on the
pups (ABN) and time spent grooming and licking pups (LG).

2.3. Developmental markers

The normal development of the offspring was evaluated through the observa-
tion of some developmental markers: ears separation, appearance of dorsal fur, and
eye opening. Animals were weighed weekly until the 8th week of life. Weight gain
was also evaluated 24 h after the LPS or saline injection, as an indirect measure of
prolonged sickness behavior and/or maternal neglect.

2.4. Postnatal inflammation

All pups within a litter were injected intraperitoneally on P3 using a 30 G nee-
dle. In each litter half of the pups were injected with LPS (25 �g/kg or 50 �g/kg of
Escherichia coli LPS, serotype 0111:B4, Sigma) and half with sterile saline solution.
As a result, 1–3 mice of the same sex received the same early postnatal treatment
within each litter. We reasoned that this design would minimize the litter effect.
Animals were injected at 12:30 p.m., after morning maternal behavior observations.
First, the dam was removed and placed in a novel cage. The whole litter was injected
in less than 3 min and the mother was then returned to the cage.

2.5. Corticosterone radioimmunoassay

Trunk blood was collected 2 h after LPS or saline injection between 11:00 and
12:00 am. RadioImmunoAssay (RIA) was performed on serum samples from P3 pups,
whereas plasma samples were used for adult mice. To reach the appropriate amount
of serum needed for the assay, sera from 2 pups were pooled and 3 of these pools
per treatment were used for RIA (i.e., a total of 6 pups per treatment). Adult plasma
samples were analyzed individually.

Samples were centrifuged and plasma or serum was removed and stored at
−20 ◦C until RIA was performed. Serum was inactivated at 70 ◦C for 90 min. Corti-
costerone was extracted twice from serum or plasma, using 0.5 ml or 0.3 ml of ether,
respectively and resuspended in 0.1 ml of buffer B (0.05 M Tris pH 8, 0.1 M NaCl, 0.1%
sodium azide and 0.1% BSA).

The assay was carried out following the RIA protocol provided by the anti-
corticosterone antibody manufacturer (C8784, Sigma) using 3H-corticosterone
(1,2,6,7-3H(N)-corticosterone, PerkinElmer). The lower limit of detection of the
assay was 12.5 pg corticosterone.

2.6. Anxiety- and depression-related behavior testing

All behavioral testing was performed during the light period (between 10:00 and
16:00 h) under dim light illumination. Mice were 8–10 weeks of age at the beginning
of testing and behavioral testing were separated by 1-week intervals to reduce inter-
test interactions. The tests were performed in the order listed below. Mice were
tested in the holding room. After changing illumination, mice were habituated to it
for 45 min prior to the test. After testing, each mouse was identified and placed in a
holding cage until all animals in a cage had been tested. Each apparatus was cleaned
with 20% ethanol and dried between sessions.

We used 156 mice in the following behavioral testing, randomly distributed to
the following experimental groups. BALB/c pedigree: 38 male (18 with saline, 10
with 25 �g/kg LPS, 10 with 50 �g/kg LPS) and 38 female (16 with saline, 14 with
25 �g/kg LPS, 8 with 50 �g/kg LPS). C57 pedigree: 34 male (18 with saline, 10 with
25 �g/kg LPS, 6 with 50 �g/kg LPS) and 46 female (23 with saline, 15 with 25 �g/kg
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LPS, 8 with 50 �g/kg LPS). A list of the behavioral parameters recorded in all tests is
provided in Table S1.

2.6.1. Elevated plus maze
Elevated plus maze (EPM) was performed as previously described [31]. Appa-

ratus consisted of two open and two closed arms (open arms: 30 × 5 cm, 105 lx,
surrounded by a 0.5 cm high border; closed arms: 30 × 5 cm, 43 lx, surrounded by
19 cm high walls). The walls were made of black PVC and the floor of grey PVC. The
apparatus was elevated 50 cm above the floor.

Mice were placed into the central platform (5 × 5 cm, 102 lx) of the maze fac-
ing towards an open arm and allowed to explore the maze for 5 min. Locomotion
data were collected by a video-tracking system (ANY-maze, Stoelting). Measured
locomotor parameters were: time in open arms, time in closed arms, time in central
platform, % entries into open arms, total distance, and total arm entries. Ethological
parameters were scored manually during each session: time rearing, time grooming,
and number of head dippings.

2.6.2. Open field
Open field (OF) test was performed as previously described [31]. Mice were

placed in an arena (floor: 45 cm × 45 cm of grey PVC; walls: 30 cm high of black
formic; 30 lx) for 5 min. Animals were initially placed along one side of the arena,
and the center region was defined as the central 23 cm × 23 cm area. Locomotion
data were collected by a video-tracking system (ANY-maze). Measured behavioral
parameters were: time spent in the center, entries into the center, % distance in the
center, latency to enter the center, total distance. Time grooming and time rearing
were scored manually during each session.

2.6.3. Light/dark box
A 45 cm × 45 cm arena was divided at half with an inverted black box (lit side:

35 lx; dark side: 1 lx). Animals could cross from one compartment into the other
through a small hole in the wall (12 cm height, 8 cm width). Each mouse was placed
under the hole facing the illuminated side of the box and observed for 5 min. Behav-
ioral parameters analyzed were: time spent in lit compartment and Entries into lit
compartment.

2.6.4. Novelty suppressed feeding
Eighteen hours prior to testing, all food was removed from the home cage and

the animals were weighed. Only animals that lost more than 5% of their body weight
were considered in the analysis. At the time of testing, a single pellet of food (regular
chow) was placed in the center of an open field arena. Each animal was placed
along one side of the maze and was observed for up to 5 min. Behavioral parameters
analyzed were: latencies to smell, bite and eat (to sit on its haunches and bit with
the use of forepaws) the food pellet.

2.6.5. Tail suspension
Animals were suspended in the air using adhesive tape wrapped around the

subject’s tail (about 4/5 from the base) and fixed to a wire at 25 cm of height from a
wooden surface. Behavioral parameters analyzed during 5 min were: Latency to the
first bout of immobility and % immobility time. 14 animals were removed from this
analysis because they learned how to climb their own tails during the test.

2.6.6. Forced swimming
Animals were gently placed in a beaker glass (15 cm in diameter and 25 cm in

height), filled with 14 cm of water at room temperature (25 ◦C). Behavioral param-
eters analyzed during 5 min were: latency to the first bout of immobility, and %
immobility time. At the end of the test, animals were dried with a paper towel and
placed in a holding cage with normal bedding. Mice were dry after 20 min.

2.7. Statistical analysis

The effects of pedigree and day on maternal behavior variables were analyzed
by repeated measure analysis of variance (ANOVA). To analyze the acute effect of
LPS on corticosterone serum levels and weight gain of pups ANOVA was used. We
compared the long-term effects on corticosterone induction by Student’s t tests,
using Welch’s correction when the variances were not equal.

Behavioral parameters recorded in each test (Table S1) were first analyzed by
multivariate analysis of variance (MANOVA), with sex, pedigree and early postnatal
LPS as independent variables. MANOVA was followed by univariate ANOVA and, in
cases of significance (p < 0.05), post hoc comparisons using Duncan’s test.

To uncover common behavioral strategies that our mice used in the different
tests, we performed the principal component analysis (PCA). Due to the nature of
the PCA that limits the number of variables included in the analysis to the num-
ber of mice tested, we performed correlation analysis (Pearson coefficient) for the
behavioral parameters recorded in each test. Only variables that were correlated
less than 0.70 were included in the following PCA (Table 1). This procedure also
helped uncovering correlations existing among different behavioral tests. Finally
to compare the different experimental groups, factorial scores obtained from each
mouse were analyzed by MANOVA, followed by ANOVA and, in cases of signifi-
cance (p < 0.05), post hoc comparisons using Duncan’s test. In all cases, data are

Table 1
Factors and factor loadingsa obtained by PCA of selected variables.

Variables Factor 1 Factor 2 Factor 3

Total distance—EPM 0.614 0.387 −0.262
Time grooming—EPM 0.132 −0.034 −0.138
Time rearing—EPM 0.662 0.150 0.058
Number of head dippings—EPM −0.296 0.615 0.098
Time in central platform—EPM −0.178 0.430 0.200
Time in open arms—EPM −0.763 0.166 0.037
% Entries into open arms—EPM −0.759 0.207 0.033
Total distance—OF 0.383 0.766 −0.065
Time grooming—OF 0.360 0.037 −0.161
Time rearing—OF 0.432 0.332 0.343
Entries into the center—OF 0.128 0.718 −0.265
Time spent in lit compartment—LD −0.027 0.100 0.758
Entries into the lit compartment—LD 0.191 0.357 −0.682
Latency to bite—NSF −0.019 −0.337 0.310
% Immobility time—FS −0.176 −0.068 0.412
% Immobility time—TS 0.046 0.013 0.235

a Factor loadings > 0.4 are shown in bold.

presented as mean ± SEM. All analyses were performed using the Statistica (version
99, Statsoft) and SPSS (version 10, SPSS Inc.) software.

3. Results

3.1. Early effects of pedigree and early postnatal LPS on pups

To verify that BALB/c and C57 dams in our experiment provide
different amount of care to their F1 pups, we measured their mater-
nal behavior during the first postnatal week. The analysis of the
maternal behavior recorded revealed a significant main effect of
strain on the time spent arched-back nursing or licking and groom-
ing the pups (Repeated measures ANOVA, ABN-LG: F1,17 = 8.12,
p = 0.0111), with C57 dams spending more time arched-back nurs-
ing and licking and grooming their pups than BALB/c dams. This
difference was mainly due to an increase in the time the C57 dams
spent licking and grooming the pups (repeated measures ANOVA,
main effect of strain, F1,17 = 215.95, p < 0.0001; interaction between
strain and postnatal day: F6,102 = 3.40, p = 0.0043; Fig. 1A). We ana-
lyzed whether the amount of licking and grooming received during
the first week of life would be a better discriminating factor than
pedigree by performing a �-mean cluster analysis [32]. Because of
the strong differences in maternal care showed by BALB/c and C57
dams (see Supplementary Figure 1), clustering of the mothers was
identical to the strain classification. Therefore, we used pedigree as
the independent variable denoting maternal care.

To determine the ability of LPS injection to activate the
hypothalamic–pituitary–adrenal (HPA) axis in P3 pups, we per-
formed a corticosterone radioimmunoassay (RIA) on serum
collected from mice injected with saline, 25 �g/kg LPS or 50 �g/kg
LPS. This analysis showed an increase in the levels of serum cor-
ticosterone (ANOVA, F2,6 = 17.41, p = 0.0032) in a dose-dependent
manner (Fig. 1B). We also evaluated whether LPS affected the
weight gain of pups on the day of the injection. LPS-injected animals
showed an increase of weight similar to their control littermates
(ANOVA, F2,33 = 2.520, p = 0.0958; Fig. 1C). This result confirms that
LPS has an acute effect on pups but it does not induce persistent
sickness behavior and/or maternal neglect.

We also checked whether LPS and/or maternal care affected the
development of pups. In 16 out of the 19 litters dorsal fur appeared
at P3, and ears detached completely from the cranium at P4 as nor-
mal. Only three litters showed a delay of one day in both of these
developmental markers. Interestingly, these litters were bigger at
the moment of birth (11, 12 and 15 animals), and were culled to
10 at P0. All pups opened their eyes at P12. This result showed that
neither postnatal LPS nor maternal care had effects on these mouse
developmental markers.
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Fig. 1. Short-term effects of maternal care and early postnatal LPS. (A) Percentage
of observations of licking and grooming the F1 pups (LG) by BALB/c and C57 dams,
from P1 to P7. Mean ± SEM. Unpaired Student’s t test, ***p < 0.001. n = 10 BALB/c dams,
n = 9 C57 dams. (B) Serum corticosterone (CORT) levels 2 h after saline or LPS injec-
tion. Mean ± SEM. Dunnet’s post hoc test, *p < 0.05, **p < 0.01. n = 3 pooled serum per
group. (C) Weight gain 24 h after saline or LPS injection. Mean ± SEM. n = 12 pups
per group.

3.2. Long-term effects of pedigree and early postnatal LPS on pups

To evaluate if early postnatal LPS injection and/or maternal
care have long-term effects on body weight, this parameter was
checked at weaning and adulthood (P60). No effect of pedigree,
early postnatal LPS, sex or interaction between these factors was
observed on weight at weaning. An effect of sex on body weight
was instead observed at beginning of the behavioral testing (P60;
ANOVA, F1,112 = 246.67, p < 0.0001).

We also checked whether early postnatal LPS injection (P3) had
long-term effects on the response of HPA axis to a new inflam-
matory challenge in adulthood. To this aim, animals of each of
the six experimental groups (pedigree × early postnatal LPS) were
injected at P60 with saline or LPS (25 �g/kg), and their corticos-
terone response was evaluated 2 h after the injection by RIA (Fig. 2).
The analysis showed an increase in the plasma corticosterone levels
in animals injected postnatally either with saline (Balb/c pedigree:
t3 = 3.96, p = 0.0289, C57 pedigree: t6 = 3.30, p = 0.0164) or the low-
est dose of LPS (Balb/c pedigree: t9 = 3.20, p = 0.0108, C57 pedigree:
t4 = 3.67, p = 0.0214). However, this increase was not observed in
animals injected with the highest dose of LPS at P3 (Balb/c pedi-
gree: t9 = 2.01, p = 0.0754, C57 pedigree: t6 = 0.18, p = 0.8687). This
dependence on dosage was observed in both pedigrees, showing
that it is only an effect of early postnatal LPS.

Fig. 2. Long-term effects of early postnatal LPS on HPA response in adulthood.
Plasma corticosterone levels were measured 2 h after saline or LPS injection in ani-
mals injected postnatally with saline (sal), 25 �g/kg of LPS (LPS25) or 50 �g/kg of
LPS (LPS50). Mean ± SEM. Unpaired t test, *p < 0.05, **p < 0.01. n = 3–6 per group.

3.3. Analysis of adult anxiety-related behaviors

MANOVA of anxiety-related behaviors in the EPM revealed
a significant main effect of pedigree (� = 0.8647, F11,134 = 1.91,
p = 0.0438). Univariate ANOVAs showed a significant effect of: pedi-
gree on time spent in closed arms (F1,144 = 5.5900, p = 0.0194) and
open arms (F1,144 = 4.0468, p = 0.0461); early postnatal LPS on time
spent in central platform (F2,144 = 4.1687, p = 0.0174); interaction
between early postnatal LPS and pedigree on time spent in cen-
tral platform (F2,144 = 3.3741, p = 0.0370); and interaction between
early postnatal LPS, pedigree and sex on time spent grooming
(F2,144 = 3.3247, p = 0.0387). In this test all mice of C57 pedigree
spent less time in open arms and more time in closed arms than
mice of Balb/c pedigree (Fig. 3A and B). The early postnatal LPS injec-
tion had an effect on time spent in central platform, with all mice
receiving the highest dose of LPS spending the lowest amount of
time in this area of the apparatus (Fig. 3C). In addition, this vari-
able showed a dose effect of early postnatal LPS only in mice of
the BALB/c pedigree (interaction between pedigree and early post-
natal LPS, Fig. 3C). Finally, the significant interaction between early
postnatal LPS, pedigree and sex on time grooming was due to the
high amount of grooming showed by males of the C57 pedigree
postnatally injected with the highest dose of LPS (Fig. 3D).

MANOVA of anxiety-related behaviors in the OF revealed a sig-
nificant main effect of early postnatal LPS (� = 0.8379, F14,276 = 1.82,
p = 0.03531) and interaction between early postnatal LPS, pedigree
and sex (� = 0.8010, F14,276 = 2.32, p = 0.00501). Univariate ANOVAs
showed a significant effect of: pedigree on time spent in the cen-
ter (F1,144 = 5.84, p = 0.01692) and % distance in center (F1,144 = 5.55,
p = 0.01987); early postnatal LPS on total distance (F2,144 = 6.37,
p = 0.00224) and time rearing (F2,144 = 4.35, p = 0.01467); sex on total
distance (F1,144 = 4.27, p = 0.04057); interaction between early post-
natal LPS and pedigree on time rearing (F2,144 = 4.94, p = 0.00841);
interaction between pedigree and sex on total distance (F1,144 = 4.08,
p = 0.045156); and interaction between early postnatal LPS, pedigree
and sex on total distance (F2,144 = 4.71, p = 0.01040) and entries into
the center (F2,144 = 3.13, p = 0.04682). In this test all mice of the C57
pedigree spent less time in the center and walked less distance in
this area compared to mice of the BALB/c pedigree (Fig. 4A and
B). Male mice walked more than females, and the postnatal injec-
tion of the highest dose of LPS significantly reduced the locomotion
in adult mice (Fig. 4C). Females of the C57 pedigree receiving the
highest dose of LPS (50 �g/kg) greatly contributed to this last effect
on locomotion (interaction between early postnatal LPS, pedigree and
sex; Fig. 4C). In addition, early postnatal LPS had the effect of inhibit-
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Fig. 3. Early postnatal LPS and pedigree effects on behavior in the EPM. Only variables that showed significant differences in ANOVA analysis are shown. (A) Time in closed
arms, (B) Time in open arms, (C) Time in central platform, and (D) Time grooming. Mean ± SEM. Relevant Duncan’s post hoc test, *p < 0.05. # On this variable, this group
showed significant differences (p < 0.05) when compared to each of the experimental groups. The effects revealed by ANOVA are indicated.

ing rearing behavior, but only in mice of the C57 pedigree (Fig. 4D).
Finally, a dose-dependent effect of early postnatal LPS was observed
in the number of entries into the center performed by females of
the C57 pedigree (Fig. 4E).

MANOVA of anxiety-related behaviors in the LD revealed a sig-
nificant main effect of sex (� = 0.9423, F2, 143 = 4.37, p = 0.01431),
with female mice spending less time in the light compartment and
visiting this area less frequently than male mice.

MANOVA of anxiety-related behaviors in the NSF revealed a sig-
nificant main effect of sex (� = 0.8947, F3, 142 = 5.57, p = 0.00121).
Univariate ANOVAs showed a significant interaction between early
postnatal LPS, pedigree and sex on latency to eat the food pellet
(F2,144 = 3.22, p = 0.04271). Males of the BALB pedigree treated with
the lowest dose of early postnatal LPS (25 �g/kg) showed a longer
latency to eat the food than males of the C57 pedigree injected with
the same dose of LPS (Fig. 4F).

3.4. Analysis of adult depression-related behaviors

MANOVA of depression-related behaviors in the TS revealed a
significant main effect of sex (� = 0.87508, F1,129 = 9.21, p = 0.00018)
and interaction between early postnatal LPS, pedigree and sex
(� = 0.91928, F4,258 = 2.77, p = 0.02772). Univariate ANOVAs showed
a significant effect of sex (F1,130 = 16.40, p = 0.00001) and inter-
action between early postnatal LPS, pedigree and sex (F2,130 = 5.40,
p = 0.00557) in the percentage of immobility time. Female mice
spent more time immobile than males, and males of the C57 pedi-
gree showed a dose-dependent effect of early postnatal LPS on this
variable (Fig. 5).

No significant effect of early postnatal LPS, pedigree, sex, and/or
interaction between these independent variables was observed in
the FS.

3.5. Principal component analysis (PCA)

PCA of selected measures from all tests (Table 1) extracted three
factors using the scree-plot solution, which accounted for 41.62% of
total variance. It was confirmed that factors did not correlate (data
not shown). Factor loadings obtained after Varimax rotation with
Kaiser Normalization are shown in Table 1. The three emerging
factors were:

1) Factor 1: The variables that loaded positively on this factor were
total distance and time rearing in the EPM, and time rearing
in the OF, whereas time in open arms and % entries into open
arms in the EPM loaded negatively. This factor accounts for 19.7%
of the variance, and was named “Exploration and EPM-specific
anxiety”, as higher scores show increased exploration but less
visits to the anxiogenic arms of the EPM.

2) Factor 2: The variables that loaded positively on this factor were
number of head dippings and time in central platform in the
EPM, and total distance and entries into the center in the OF.
This factor accounts for 12.6% of the variance, and was named
“Anxiety and risk assessment”, because higher scores show both
reduced anxiety in the OF and a risk assessment coping strategy
in the EPM.

3) Factor 3: The variables that loaded positively on this factor were
time spent in lit compartment in the LD and % immobility time



Author's personal copy

L. Lucchina et al. / Behavioural Brain Research 213 (2010) 56–65 61

Fig. 4. Early postnatal LPS and pedigree effects on behavior in the OF and NSF. Only variables that showed significant differences in ANOVA analysis are shown. In the OF
they were: (A) time in center, (B) percentage of distance in center, (C) total distance, (D) time rearing, and (E) visits in center. In the NSF: (F) latency to eat. Mean ± SEM.
Relevant Duncan’s post hoc test, *p < 0.05. # On this variable, this group showed significant differences (p < 0.05) when compared to each of the experimental groups. The
effects revealed by ANOVA are indicated.

in the FS, whereas entries into the lit compartment in the LD
loaded negatively. It explains 9.3% of the variance. This factor
was named “Depression”.

MANOVA analysis was performed to evaluate the effect of early
postnatal LPS, pedigree, sex, and/or interaction between these inde-
pendent variables on factorial scores obtained from the different
experimental groups. A significant main effect of early postnatal
LPS was observed (� = 0.89128, F6,256 = 2.53, p = 0.02148). Univariate
ANOVAs showed a significant effect of sex (F1,130 = 4.77, p = 0.03076)
and early postnatal LPS (F2,130 = 6.35, p = 0.00234) on Factor 2. This
analysis showed that female mice had lower scores in this fac-
tor compared to males, showing an increased level of anxiety and
reduced risk assessment behaviors in this gender. In addition the

early postnatal LPS had the general effect of increasing the anxiety
and reducing the risk assessment behavior described by Factor 2.
This is remarkably true for female mice of the C57 pedigree (Fig. 6).

4. Discussion

We explored here whether maternal care and an early postnatal
inflammatory stimulus could interact to program adult anxiety and
depression-related behaviors. We first observed that specific vari-
ables of different behavioral tests were affected by each treatment,
while seven variables showed an interaction between pedigree and
early postnatal LPS treatment. The fact that independent variables
affect differentially these behaviors suggests that they represent
different strategies involved in a complex behavioral response to
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Fig. 5. Early postnatal LPS and pedigree effects on behavior in the TS. The only vari-
ables that showed significant differences in ANOVA were percentage of immobility
time. Mean ± SEM. Relevant Duncan’s post hoc test, *p < 0.05. The effects revealed
by ANOVA are indicated.

anxiogenic situations. In an attempt to extract a more significant
variable across tests, we then performed a factorial analysis. In this
case, we observed a general effect of early postnatal LPS, which was
mainly due to an effect of this independent variable on Factor 2,
“Anxiety and risk assessment.” Our results show that the use of
multiple behavioral tests combined with the study of the multidi-
mensional structure of mouse anxiety-related behavior is relevant
to the characterization of the long-term consequences of maternal
care and early postnatal inflammation.

Many laboratories have previously opted to use animals of only
one sex to perform behavioral analyses. We show here that five
dependent variables showed an interaction between pedigree, early
postnatal LPS and sex. This adds to previous observations that a vari-
ety of interventions and perturbations during the neonatal period,
including maternal separation, neonatal handling, and immune
challenge, result in gender specific alterations in the adult [33–40].
Because epidemiological studies in humans show a higher preva-
lence of anxiety and depression in women when compared to men
[41,42], studying the gender contribution to developmental mech-
anisms regulating anxiety and depression is highly relevant.

Worth to mention here, because we tested the same animals
across different behavioral paradigms, there is the possibility that
an order effect may account for some of the effects observed.

4.1. Long-term effects of maternal care

C57 dams showed more maternal care than BALB/c dams. Even
though profound differences in maternal care were observed, no
differences in the weight of the animals at weaning or in adult-
hood were evidenced between the pedigrees. This pinpoints the
fact that these natural differences in maternal care are either not
strong enough to affect the gain of weight of the pups or that ani-
mals receiving poor maternal care (BALB/c pedigree) compensate

for it by eating more during the shorter nursing period. Moreover,
differences in milk composition could account for this lack of effect
[43].

Moreover, no differences between the pedigrees were observed
in the baseline levels of corticosterone, or in the levels of this hor-
mone measured after an LPS challenge. Although there is a body of
evidence showing that maternal behavior can influence HPA axis
function in the pups [16,44–49], the effects appear to depend on
the intensity of postnatal manipulation. In line with our results, a
previous report on C57BL/6J × BALB/c F1 showed that basal corti-
costerone levels and corticosterone levels after a stressor (sudden
loud noise) are similar in C57 and BALB/c pedigrees [50]. Here we
extended those results using an immunological stressor (LPS) that
induces a rapid and transient activation of the HPA axis, which did
not reveal differences in the hormonal response in relation to ani-
mal pedigree. However, because we measured corticosterone levels
only 2 h after LPS injection, we cannot rule out that maternal care
affects the shape of the curve and that we are not revealing these
differences.

Because it was previously shown that offspring of mothers that
show increased maternal care are less anxious in adulthood (i.e.
spend less time in the center in the OF; [6]), we expected mice of
the C57 pedigree to show reduced anxiety-related behavior. Con-
versely, in this study offspring of the C57 pedigree spent less time in
the open arms in the EPM and in the center in the OF, two variables
considered to express anxiety. This suggests that either maternal
care is having a less straightforward effect on anxiety as previously
thought, or other factors are involved in the pedigree effect.

Even the behavioral analysis of BALB/c and C57BL/6J strains
using EPM and OF tests has often been contradictory. BALB/c mice
have been regarded as the least anxious, non-reactive strain [51],
as an intermediately anxious strain [51], or as a highly anxious,
not very active strain [52]. The same is true for the C57BL/6J
strain. When these strains are compared, they either show oppo-
site behaviors [52] or appear to have similar, intermediate levels
of anxiety-related behavior [53]. Furthermore, the same mouse
strain has been defined as ‘anxious’ in one test (i.e. EPM) and
‘non-anxious’ in another (i.e. OF) [53,54]. Combining different tests
and/or including ethological variables such as grooming, rearing
and head dipping, other authors have shown that the C57BL/6J and
BALB/c strains respond to the same anxiogenic conditions with
different coping strategies [55,56]. Taking this into account, it is
difficult to establish a priori the behavioral phenotype of a F1 and
more work like the one presented here is necessary to characterize
the phenotype of F1 offspring.

It is worth to mention that C57 and BALB/c pedigree offspring
differ not only in the maternal care received, but also in other factors
such as differences in sexual chromosomes, differences in mater-
nal milk composition, and genetic imprinting. However, different
studies have proven that effects on emotional reactivity are mainly

Fig. 6. Early postnatal LPS and pedigree effects on Factor 2. Mean ± SEM. Relevant Duncan’s post hoc test, *p < 0.05. The effects revealed by ANOVA are indicated.
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due to maternal behavior differences [16,18,33,49]. Therefore, F1
studies are a valuable experimental model for evaluating the con-
tribution of maternal care on behavioral programming, and we
propose that the effect observed here is in fact a consequence of
differences in maternal care as previously shown [20,33].

4.2. Long-term effects of early postnatal LPS

We observed an effect of early postnatal LPS on specific variables
related to anxiety and risk assessment. In particular, early postna-
tal LPS showed an effect on the time spent in the central platform
in the EPM (a variable related to risk assessment) and on explo-
ration in the OF (both total distance and time rearing). Moreover,
we observed an effect of early postnatal LPS on the MANOVA of PCA
factors, mainly due to a significant effect on Factor 2, “Anxiety and
risk assessment”. This effect was most evident on female mice of
the C57 pedigree: in this group the highest LPS dose significantly
reduced exploration in the OF.

The HPA axis is hyporeactive to different types of stress at P3
in the rat [57,58] and in the mouse [59]. We found, however,
that E. coli LPS (serotype 0111:B4) is capable of inducing an acute,
dose-dependent response on serum corticosterone in mice at P3.
This elevation goes in line with previous work using endotoxin
[15,27,60] or IL-1 [17,61] to stimulate HPA axis, and shows that
this dose of LPS administered neonatally was biologically active
and capable of activating the animal’s HPA axis.

Moreover, the highest LPS dose altered the adult response to the
same inflammatory stimulus, blunting the corticosterone response.
This appears to add to contradictory previous evidence. On one
hand, rats injected with Salmonella enteritidis endotoxin on P3 and
P5 showed a more rapid increase in plasma corticosterone in com-
parison with control rats, but corticosterone levels 2 h after E. coli
LPS were similar in both groups [25]. On the other hand, it was
previously shown that early life exposure to LPS could alter the
adult febrile response to LPS [62]. Although the actual differences in
these studies need to be further clarified, our results suggest a dose-
specific programming of HPA axis function and/or a dose-specific
development of tolerance in the peripheral systems the detect LPS.
A similar effect is observed in the adult rat only after repeated LPS
injections (6 consecutive days; [63]).

The behavioral effect of early postnatal LPS also appears to
depend on the dose used. Animals injected with the highest dose
of LPS showed reduced exploration in the OF, although this effect
was sex- and pedigree-dependent. This result goes in line with a
previous report showing that a postnatal immunological challenge
increased anxiety-related behavior in the EPM in the adult rat [15].
However, it is interesting to note that the behavioral and corti-
coid responses appear to be dissociated from one another: lower
neuroendocrine responses do not necessarily translate as lower
anxiety, and, at least in this case, both responses go in opposite
directions.

Other reports have shown contradictory results. For example,
in rats, injection of LPS at P7, P14, P21 or P28 did not result in
alterations of behavior in the EPM [64]. Moreover, rats exposed
to LPS at P14 showed no behavioral differences in the OF and
FS paradigms, although they showed reduced exploration when
exposed to novel objects [65]. Diverse reasons can account for these
different effects of postnatal LPS treatment. Firstly, various inflam-
matory stimuli have been used. Although cytokines and endotoxins
all elicit an inflammatory response, these responses could be dis-
similar in quantity and quality [1,66]. Secondly, both acute and long
lasting effects of immune challenges have been shown to depend
on their occurrence during prenatal and postnatal susceptibility
windows [13,59,67].

The developmental processes underlying these effects are not
yet fully understood. One possibility is that cytokines released fol-

lowing endotoxin exposure in early life can alter the HPA axis
and contribute to behavioral programming. Various cytokines (e.g.
IL-1�) are released from peritoneal macrophages after LPS admin-
istration, and they can activate the HPA axis [68] or induce brain
cytokines [69]. Brain cytokines can in turn alter behavior (e.g.
[70,71]). A previous report has shown that IL-1� expression is
higher in the hippocampus of adult rats injected at P4 with live
E. coli [14]. Further studies are required to evaluate the role of any
specific cytokine on programming of adult behavior.

4.3. Maternal care × early postnatal LPS interactions

We found an interaction between pedigree and early postnatal LPS
on the Time Spent in the Central Platform in the EPM and on Time
Rearing in the OF. Moreover, we observed an interaction between
pedigree, early postnatal LPS and sex on five variables: time grooming
in the EPM, total distance and entries into the center in the OF,
latency to eat in the NSF, and % immobility time in the TS.

In the EPM, the main effect of this interaction was the dose-
dependent decrease of time in the central platform spent by mice
of the Balb/c pedigree, which was not observed in mice of the
C57 pedigree. This behavior has been previously considered a risk
assessment coping strategy, typically observed in Balb/c mice. In
the OF, C57 pedigree females showed an effect of early postnatal LPS
on variables that revealed increased anxiety and decreased explo-
ration, which was not observed in the other experimental groups.
In the NSF, the lower dose of LPS had opposite effects on males of
the Balb/c and C57 pedigree, increasing the latency to eat in the
former. Finally, only males of the C57 pedigree showed a dose-
dependent effect of early postnatal LPS on the immobility time in
the TS, increasing this depression-related behavior. In summary,
we found that early postnatal LPS treatment resulted in increased
anxiety and reduced exploration, but that this effect was dependent
on the sex and pedigree of the animals.

It could be argued that LPS-treated pups were taken care of dif-
ferently by their moms, and then early postnatal LPS would be an
additional modulator of maternal care. As each litter in our experi-
mental paradigm contained both saline- and LPS-treated pups, we
were precluded from observing direct maternal interactions with
their pups. However, it was previously shown that, although mater-
nal behavior changes after immune challenge of neonates, mothers
do not discriminate between LPS- and saline-treated pups [23]. This
observation, along with our finding that LPS-treated pups appear to
compete equally well with saline-treated pups for milk (as revealed
by a similar weight gain 24 h after LPS treatment) suggests that
there are no significant differences in maternal behavior towards
LPS-treated pups when compared with their saline-treated litter-
mates.

We hypothesize that the fact that both maternal care and early
postnatal LPS treatment can interact in order to influence adult
behavior reveals that they are acting on the same brain structure
that regulates these coping strategies. However, the present study
cannot rule out that the manipulations employed here affect differ-
ent brain structures that independently modulate these behaviors.
A future area of research will be to search and identify whether such
a structure exists and what are the mechanisms by which mater-
nal care and early postnatal LPS affect it. Several neurotransmitters,
cytokines and hormones can alter behavior; therefore an unbiased
search for molecular mechanisms (e.g. microarrays or proteomics)
in different brain regions appears as an appropriate strategy.
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