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ABSTRACT: Maternal care in mammals is the prevailing environmen-
tal influence during perinatal development. The adult rat offspring of
mothers exhibiting increased levels of pup licking/grooming (LG; High
LG mothers), compared to those reared by Low LG dams, show
increased hippocampal glucocorticoid receptor expression, complex
dendritic tree structure, and an enhanced capacity for synaptic potentia-
tion. However, these data were derived from studies using the total
amount of maternal care directed toward the entire litter, thus ignoring
possible within-litter variation. We show that the amount of LG
received by individual pups within a litter varies considerably. There-
fore, we questioned if the amount of LG received by individual pups
correlates with and thus putatively predicts later hippocampal structure
and function. To this end, LG-scores were determined during the first
postnatal week for all pups in 32 litters and correlated with neuroendo-
crine and hippocampal parameters in young-adulthood. Pup LG-score
positively correlated with the glucocorticoid receptor mRNA expression
in the adult hippocampus. Moreover, the ability to induce synaptic
potentiation in the dentate gyrus in vitro was enhanced in animals with
high LG-scores. Structural plasticity correlated less reliably with LG-
scores early in life and differed between sexes. Male offspring with high
LG-scores displayed fewer newborn neurons, higher brain derived neu-
rotrophic factor expression and tended to have more complex granule
cell dendritic trees. We conclude that even moderate variations in early
life environment have a major impact on adult hippocampal function.
This principle could provide a mechanistic basis for individual differen-
ces in susceptibility to psychopathology. VVC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Early life events in general, and parent–child relationships in particu-
lar, can have lasting consequences in humans. For example, adversity in
early life increases the risk for psychopathology in adulthood (Parker,
1983; Repetti et al., 2002; McEwen, 2003; Nemeroff, 2004a,b). As the

influence of environmental factors is hard to control
in humans, animal models are used to study the
mechanistic underpinning. Many of these involve sep-
aration of the offspring from the mother (for review,
see Meaney, 2001; Pryce et al., 2005), but these early
life interventions affect maternal care, accounting for
at least part of the effects (Francis and Meaney, 1999;
Pryce et al., 2001; Macri et al., 2008).

Maternal care itself can be specifically addressed by
studying natural variations among normal, undis-
turbed lactating females in the amount of licking and
grooming (LG) of the pups. Animals reared by a
mother exhibiting a decreased frequency of pup LG
(i.e., Low offspring) show increased hypothalamic-pi-
tuitary-adrenal (HPA) stress reactivity and emotional-
ity, and impaired cognitive performance in adulthood
(Liu et al., 1997, 2000; Caldji et al., 1998; Bredy
et al., 2003b, 2004; Menard et al., 2004; Weaver
et al., 2004; Menard and Hakvoort, 2007; Toki et al.,
2007). In agreement, hippocampal synaptic and struc-
tural plasticity is reduced in Low compared to High
offspring (Liu et al., 2000; Bredy et al., 2003a; Cham-
pagne et al., 2008; Bagot et al., 2009). These pheno-
types are largely reversed with cross-fostering (Francis
et al., 1999; Liu et al., 2000; Caldji et al., 2003),
emphasizing direct effects of maternal care. Altered
expression of hippocampal glucocorticoid receptors
(GR; through epigenetic programming), glutamate re-
ceptor subunits, and growth factors like brain-derived
neurotrophic factor (BDNF) appear to underlie these
long-lasting effects (Liu et al., 2000; Bredy et al.,
2003b, 2004; Weaver et al., 2004; Szyf et al., 2005).

Though robust, this model has two limitations. First,
it focuses on the extremes within a population (i.e.,
High LG vs. Low LG, i.e., >1 SD above and below the
mean, respectively), yet around 70% of the population
falls within the intermediate category. Second, putative
uneven distribution of care within litters (Champagne
and Meaney, personal communication) is not accounted
for. Thus, mothers showing overall high levels of pup
LG may nevertheless direct little care to certain pups.
This would mask the magnitude of the maternal effect
and fail to detect important variations in mother–pup
interactions occurring across the entire population.
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Here we tested the hypothesis that the amount of LG
received by an individual pup during the first postnatal week,
regardless of the overall amount of LG exhibited by the
mother, correlates with and thus possibly predicts structural
and synaptic plasticity in the adult dentate gyrus. We focused
on animals with moderate (i.e., <1 SD from the mean) instead
of extreme individual LG-scores. To this end, we observed
maternal behavior and identified the pup toward which LG
was directed. Adult offspring brains were examined for differen-
ces in neuroendocrine parameters, DG synaptic plasticity, den-
dritic structure, neurogenesis, and BDNF expression.

MATERIALS AND METHODS

Maternal Care

All animals used in this study were kept on a 12 h light/
dark schedule (lights on at 8.00 AM) at 20–228C and 40–60%
humidity, with food and water available ad libitum. Experi-

mental procedures were approved by the animal ethical and
welfare committee of the University of Amsterdam.

Male and female outbred Long-Evans rats (2.5-months old)
were ordered from Harlan (Indianapolis, US) and left to acclima-
tize for 1–2 weeks. Then, the breeding procedure was performed as
described earlier (Oomen et al., 2009). Briefly, one male was put in
a cage with two females for a week to allow mating. Approximately
1 week before giving birth, the females were housed separately in
large observation cages (303 553 45 cm3).

Maternal care observations were carried out based on Cham-
pagne et al. (2003). When a litter was born before 17.00 h on
a certain day, that day was designated postnatal day (PND) 0.
We observed the maternal behavior from PND1 to PND7,
during five 1-h observation slots per day (of which two in the
dark and three in the light period). In each observation slot we
scored the behavior of the dam every 3 min, leading to a total
of 100 observations per day and 700 observations for the entire
week (Fig. 1A). The behaviors that were being scored included
arched-back nursing (ABN), passive nursing, time in contact
with the pups, and time away from the nest; but most impor-
tantly licking and grooming (LG).

FIGURE 1. Maternal care characterization. (A) Observation
schedule. In the first week after birth (PND1–PDN7), maternal behav-
ior was observed during five 1-h observation slots per day (07:00,
10:00, 13:00, 17:00, and 20:00 h). The behavior of the dam was scored
every 3 min, generating 20 observations per observation period and a
total of 700 observations per dam for the whole week. (B) To identify
individual pups, all eight pups in each litter were marked every day. Ev-
ery pup in the litter was marked with a nonscenting, nontoxic surgical

marker in a unique pattern, as indicated in the figure. (C) Within-litter
variation in %LG received. Each column represents a litter, and each
data point represents a pup. Error bars depict one SD above and below
the litter mean. Substantial within-litter differences exist in the amount
of licking and grooming that individual pups receive. Males are repre-
sented by black squares, females by gray triangles. (D) Overall, males
receive significantly more care from their mothers than females (n 5
117 males and n5 115 females, P < 0.001).
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In addition to maternal behavior scores for each dam, we
collected individual LG data for each pup within the litters. All
litters were culled to eight pups on PND 1, before observations
started. The gender distribution in each litter was kept as close
to four males/four females as possible. To be able to identify
individual pups we marked each pup every morning with a
nonscenting, nontoxic surgical Codman marker (Johnson and
Johnson, Brunswick, NY; Fig. 1B). During observations, we
were able to identify which pup underwent the LG in about
60% of the cases. Since this number varied slightly between lit-
ters, we corrected for this, using the following calculation: (%
individual LG observed)/(% total LG identified) 3 100%.
There is no evidence, either in our hands (unpublished data) or
from others (Champagne et al., 2003), that the markings per
se or the location on the body had any influence on the licking
behavior of the dam. Also, we established in pilot studies that
the handling inevitably associated with marking did not elicit
an increase in overall licking and grooming, as might have
been suspected based on previous studies (Liu et al., 1997;
Pryce et al., 2001). Moreover, one can argue that even if the
amount of maternal care toward the whole litter was somewhat
shifted due to our experimental procedures, within-litter differ-
ences in pup-preference should not be affected.

Apart from the daily marking, and one change of bedding
material on PND11, the litters were left undisturbed until
weaning on PND21. Then, the pups were ear-punched for
later identification and group-housed with their same-sex litter-
mates in regular cages (33 3 55 3 20 cm3; four animals per
cage) until testing at around 7–8 weeks of age.

Electrophysiology

Two-month-old male and female offspring were decapitated
at 9.00 AM, when corticosterone (CORT) levels were low. The
brain was rapidly removed and immersed in chilled artificial
cerebrospinal fluid (aCSF) containing 120 mM NaCl, 3.5 mM
KCl, 1.3 mM MgSO4_7H2O, 1.25 mM NaH2PO4, 2.5 mM
CaCl2_2H2O, 10 mM glucose and 25 mM NaHCO3, which
was oxygenated with 95% O2 and 5% CO2. A vibratome
(Leica VT1000S) was used to cut 400-lm thick coronal slices
(excluding tissue from the ventral-most 20% of the hippocam-
pus), which were stored in oxygenated aCSF at room tempera-
ture and left to rest for at least 2 h before starting the experi-
ment (Wiegert et al., 2006; Bagot et al., 2009).

For field potential recordings, the slices were transferred to a
recording chamber with a constant flow of oxygenated aCSF
(30–328C). A bipolar stainless steel stimulation electrode (60
lm diameter, insulated except for the tip) was positioned in
the medial perforant path of the hippocampus, and field excita-
tory postsynaptic potentials (fEPSPs) were recorded with a glass
recording pipette (2–5 MX impedance), filled with aCSF and
placed in the middle third of the dentate gyrus molecular layer.

Each recording session started with establishing an input–
output curve by gradually increasing the stimulus intensity
until maximal evoked responses were recorded. From the
input–output curve, the level of stimulation that elicited a half-

maximal response was determined, and this half-maximal stim-
ulus intensity was used for the remainder of the experiment.

We recorded baseline synaptic transmission for at least 20
min before applying u-burst stimulation (TBS; Alfarez et al.,
2003; Bagot et al., 2009). Synaptic responsiveness was recorded
for 60 min following high-frequency stimulation, at a stimulus
interval of 60 s. Both fEPSP amplitude and slope were assessed;
the degree of post-TBS long-term potentiation was determined
as 100 3 (the evoked responses averaged over the last 10 min
of the post-TBS period)/(the average of pre-TBS baseline
responses). We here only report on effects of the fEPSP ampli-
tude; data on the fEPSP slope were highly comparable.

Morphological Analysis

To determine dendritic complexity of dentate gyrus granule
cells, we used the Golgi-Cox method, as described previously
(Boekhoorn et al., 2006; Champagne et al., 2008). We sacri-
ficed male and female 7- to 8-week old offspring by rapid
decapitation around 10 AM, removed the brain, and immedi-
ately put one of the hemispheres in a vial containing Golgi-
Cox solution (1% potassium dichromate, 1% mercuric chlo-
ride, 0.8% potassium chromate). The tissue remained
immersed in this solution in the dark for 28 days, and was sub-
sequently dehydrated and embedded in celloidine. The hippo-
campus (excluding the ventral-most 20%) was cut in 200-lm
thick slices using a vibratome. Sections were stained as
described by Boekhoorn et al. (2006) and mounted on glass
slides.

For each animal, five cells that were randomly chosen from
different slices were imaged and traced using ImagePro and
NeuroDraw software. Only cells that (i) were thoroughly filled,
(ii) were located in the upper two thirds of the granular cell
layer, (iii) had their soma in the middle plane of the slice, and
(iv) did not substantially interfere with neighboring cells or de-
bris, were selected for analysis.

Tracing was carried out by experimenters blind to the back-
ground of the animals. For dendritic morphology measures,
several parameters were analyzed (total dendritic length, average
branch length, number of branch points, and dendritic com-
plexity index [DCI 5 (S branchtip orders 1 no. of branch
tips)/(no. of primary dendrites) 3 (total dendritic length)].

BrdU Labeling

The birth date marker BrdU (Sigma, US, 10 mg ml21 dis-
solved in 0.007 N NaOH/0.9% NaCl) was injected intraperi-
toneally in male and female offspring at PND25. Survival of
the cells born at that time was assessed 4 weeks later (PND52).

Immunohistochemistry

Male and female rats (7- to 8-weeks old) were rapidly
decapitated around 10 AM, the brain was removed from the
skull and one of the hemispheres was fixated by 48 h immer-
sion in 4% paraformaldehyde in phosphate buffer (PB; 0.1 M;
pH 7.4). When the tissue was thoroughly fixated, it was
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washed and cryoprotected in 30% sucrose in PB. With a slid-
ing microtome 30-lm thick frozen sections were cut that were
collected and stored in PB with 0.1% azide.

Cell proliferation and survival in the hippocampal dentate
gyrus were studied as described previously (Heine et al., 2004;
Boekhoorn et al., 2006; Oomen et al., 2007). Immunohisto-
chemical staining was performed for BrdU (cell survival; mono-
clonal mouse anti-BrdU, Roche Diagnostics, the Netherlands,
1:1,000), Ki-67 (proliferation rate; polyclonal rabbit a-Ki-67,
Novocastra, Newcastle, UK, 1:2,000), and DCX (immature
neurons; polyclonal goat a-DCX, Santa Cruz, 1:800) to assess
different stages of the neurogenic process. We used the Elite
Vectastain avidin-biotin enzyme complex (ABC kit; Vector Lab-
oratories, Burlinghame, US, 1:1,000) and biotinylated tyramide
(1:500) to amplify the reaction. Antibody labeling was visual-
ized with diaminobenzidine (DAB; 20 mg/100 ml Tris buffer,
0.01% H2O2).

Stereology

Stereological quantification of BrdU1 and Ki-671 cells was
done manually on a Zeiss microscope (2003 magnification),
by counting all stained cells in every tenth section. This num-
ber was multiplied by 10 to obtain an estimated total number
of stained cells per dorsal hippocampus (one hemisphere). As
there was a substantially larger number of DCX1 cells present
in the adult hippocampus, we determined the amount of cells
stained for this young neuronal marker by systematic random
sampling with the StereoInvestigator system (Microbrightfield,
Germany), again in every tenth section of the hippocampus.

QRT-PCR Experiments

GR and BDNF mRNA expression was studied with quanti-
tative real-time PCR in 3-week and 8-week-old male and
female offspring. After decapitating the animals in the morn-
ing, brains were immediately snap-frozen on dry-ice and stored
at 2808C. The whole hippocampus was dissected out, and
total hippocampal RNA was isolated with the Trizol reagent
method (Invitrogen, Burlington, Ontario, Canada). The quan-
tity and purity of the isolated RNA was checked with a plate
reader. RNA was reverse transcribed using 0.5 ll RTAMV
(Roche Diagnostics, Laval, Canada) in a 20-ll reaction volume,
also containing 0.4–0.5 lg total RNA, 0.5 ll random hexamer
primer (Roche), a 1 mM concentration of each of the four
deoxynucleotide triphosphates and 0.5 ll RNase inhibitor
(Roche). The cDNA synthesis protocol (on a Thermocycler,
BioRad) consisted of an RNA denaturation step (5 min,
708C), followed by primer annealing (10 min, 258C), reverse
transcription (60 min, 508C) and heat inactivation of the
reverse transcriptase (5 min, 858C). The final cDNA samples
were stored at 2208C.

QRT-PCR on these samples was performed following the
protocol described by Bagot et al. (2009). Total GR (forward
primer 50-CTGCTTTGCTCCTGATCTGA-30; reverse primer
50-TTCATAGGATACTGCAATCTTTG-30), BDNF Exon VI
(forward primer 50-GGCCTGCCCTAGCCTTTA-30; reverse

primer 50-TCTTGCTTTGGTAAACGTTGC-30), BDNF
Exon IX (forward primer 50-GAGAAGAGTGATGAC
CATCCT-30; reverse primer 50-TCACGTGCTCAAAAGTGT
CAG-30), and the housekeeping gene b2M (b2-micro-globulin;
forward primer 50-CCGTGATCTTTCTGGTGCTT-30; reverse
primer 50-AAGTTGGGCTTCCCATTCTC-30) were amplified
in duplicate using the Roche LightCycler 480.

We checked the specificity of the amplification product by
ensuring that all amplified fragments for each primer set had a
single common melting point, and we did not observe any
primer-dimers or DNA contaminations that could disturb
quantification of the PCR products.

Hormone Assays

Each time animals were sacrificed, trunk blood was collected
in EDTA-coated tubes, placed on ice, and centrifuged for 20
min at 5,000 rpm. The plasma was stored at 2208C, until use
for determination of circulating hormone levels by radio-immu-
noassay (RIA): corticosterone (MP Biomedicals, Amsterdam,
The Netherlands), estradiol (MP Biomedicals, Montréal, Can-
ada), and progesterone (MP Biomedicals, Montréal, Canada).

Most animals used in the various experiments were rapidly
decapitated within 2 min after taking the animal out of its home
cage, i.e., under conditions that CORT levels are expected to be
(and indeed were) low. However, inevitably, some animals had to
be left alone in the home cage for about 15 to 20 min before
decapitation, which enabled the stress response to develop and
CORT to rise to peak level (de Kloet et al., 2005). We did not
use these animals for LTP recordings (thus preventing that gene-
mediated actions of corticosterone developed in the period
between this stressor and subsequent recording), but we assume
that tissue that was frozen or fixated immediately after decapita-
tion was not yet affected by this stress response. The plasma
CORT levels from these animals were used as an index for peak
CORT levels in response to stress.

Statistical Analysis

Statistical analyses were conducted using SPSS 11.0 for Win-
dows. All correlations were tested using linear regression with
LG as the independent (predictor) variable.

RESULTS

Maternal Behavior

We observed 32 lactating dams from postnatal Day 1 to
postnatal Day 7 (see Fig. 1A) and scored the frequency of
maternal behavior, including percentage licking and grooming
(%LG) toward individually identified pups, arched-back nurs-
ing (ABN), passive nursing, time in contact with the pups, and
time away from the nest. We found a substantial degree of
intralitter variation in %LG (Fig. 1C). Thus, dams did not dis-
tribute their care evenly over their offspring, so that pups of
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the same litter received different %LG from their mother.
Interestingly, we found that overall; males receive significantly
more care than females (P < 0.001; Fig. 1D; see Moore,
1992).

Typically, four to six litters were observed at a time; each set of
litters was used for a particular experimental technique (e.g., elec-
trophysiology, morphometry, or QRT-PCR), since differences in
the preparation of tissue precluded combination of tissue samples
across cohorts. Some variation in maternal care was observed
between the various experimental series, most likely due to the
small number of litters per experiment or possibly slight varia-
tions in housing conditions. We preferred to test the correlations
with pup LG over a comparable range for all experimental pa-
rameters of interest. Therefore, we focused for all parameters on
one specific range of pup LG (i.e., the mean 61SD), a range
that encompassed sufficient numbers of animals for each tech-
nique to allow correlation analysis. When all animals from which
reliable LG-scores were obtained (n 5 232) were pooled, the
boundaries were set at 0.27 and 1.32% LG.

Considering the use of %LG as a variable in each experi-
ment, there is in principle no reason to analyze males and
females separately. However, females are subject to varying lev-
els of sex hormones because of their estrous cycle, the effects of
which might interfere with those associated with maternal care.
Hence, we first determined for each parameter whether (i) in
females that parameter correlated with plasma estradiol or pro-
gesterone levels and whether (ii) the direction of the correlation
with %LG differed between both sexes. If either of the answers
was affirmative, we refrained from pooling the data for males
and females. For observations in female rats, we only report in
the text on correlations between %LG and plasma estradiol or
progesterone levels if these correlations were found to be signif-
icant; otherwise they are not mentioned. Mean 6 1SD %LG
values for males (n 5 117, from 32 litters) ranged between
0.37 and 1.49, for females (n 5 115, from 32 litters) between
0.21 and 1.12.

Stress Responsivity

The original maternal care model reported effects of pup LG
on HPA axis responsivity, i.e., Low LG animals show a more
pronounced corticosterone (CORT) response during and after
stress, less efficient negative feedback and lower hippocampal
glucocorticoid receptor (GR) expression in the hippocampus.
Therefore, we first investigated if %LG of individual pups
(within the range mean 6 1 SD) correlates with responsivity to
stress.

The regression coefficient for basal plasma CORT levels,
stress-induced CORT levels or total hippocampal GR mRNA
vs. %LG was similar for male and female offspring (and no
influence of sex hormones), and therefore data of males and
females were pooled. Overall, we observed no significant corre-
lation between %LG and basal plasma CORT levels [n 5 91
(from 32 litters), r 5 20.012, P 5 0.91; data not shown].
Stress-induced plasma CORT levels, determined in a subset of
animals and measured at the time-point that hormone
responses peak, i.e., 15–20 min after the onset of the stressor,
also showed no correlation with %LG [n 5 18 (from 12 lit-
ters), r 5 20.272, P 5 0.275]. However, %LG correlated pos-
itively with total hippocampal GR mRNA expression [n 5 46
(from 10 litters), r 5 0.375, P 5 0.008; Fig. 2A]. In males
(but not females), correlation of basal [CORT] with total hip-
pocampal GR expression showed a negative trend [n 5 7
(from four litters), r 5 20.702, P 5 0.079; Fig. 2B].

We conclude that relatively subtle differences in %LG
received by individual rats lead to altered hippocampal GR
mRNA expression levels in adulthood, without necessarily
affecting (peak) CORT levels after stress.

Electrophysiology

Large differences exist between High LG and Low LG off-
spring in the induction of long-term synaptic potentiation

FIGURE 2. Offspring stress responsivity. (A) The amount of
individual licking and grooming (%LG) received in the first post-
natal week significantly correlates with total hippocampal gluco-
corticoid receptor (GR) mRNA expression in young to young-adult

males and females (n 5 46, r 5 0.375, P 5 0.008). (B) In males,
there was a negative trend between basal plasma corticosterone lev-
els and total hippocampal GR mRNA expression (n 5 7, r 5
20.702, P 5 0.079).
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(LTP) in the hippocampal dentate gyrus (DG; Bagot et al.,
2009). Therefore, we examined if LG-scores of individual pups
correlated with the extent of LTP elicited by u-burst stimula-
tion (TBS) in the DG. We here report on the (average) ampli-
tude of the fEPSP 50–60 min after TBS relative to baseline
(i.e., the average signal 0–10 min before TBS).

Correlating %LG of individual pups with LTP showed a
positive trend in males as well as females (and no influence of
sex hormones); hence, we pooled the data for both sexes, and
found a clear positive correlation between %LG received and
the extent of synaptic potentiation [n 5 15 (from eight litters),
r 5 0.736, P 5 0.002], as shown in Figure 3. Half-maximal
baseline amplitude prior to synaptic potentiation did not differ
between animals with different LG backgrounds [n 5 23 (from
eight litters), r 5 0.279, P 5 0.198]. We conclude that the
amount of maternal care received by an individual pup strongly
correlates with the ability to induce DG LTP later in life.

Morphological Analysis

Differences in maternal licking and grooming were earlier
reported to cause differences in adult dendritic morphology
and other parameters involved in determining DG structure
(Liu et al., 2000; Bredy et al., 2003a; Bagot et al., 2009; Macri
et al., 2010). We therefore examined if LG-scores of individual
pups correlated with BDNF mRNA expression, neurogenesis
and DG granule cell dendritic complexity later in life. For all
parameters examined, we observed either influences of female
sex hormones or opposite effects in males vs. females (see
below). Therefore, we report separately on data obtained in
female and male offspring.

In females, neither total hippocampal BDNF Exon VI
mRNA nor BDNF Exon IX mRNA expression correlated with
LG-scores [Exon VI: n 5 28 (from 10 litters), r 5 0.052, P 5
0.801; Exon IX: n 5 14 (from five litters), r 5 0.191, P 5
0.512]. Interestingly, a negative correlation was observed
between stress-induced [CORT] and BDNF Exon VI but not
Exon IX mRNA levels [n 5 8 (from four litters), r 5 20.786,
P 5 0.021; Fig. 4A]. Also, in line with other studies (i.e.,
Gibbs, 1998), BDNF Exon VI, but not Exon IX, expression
correlated with estradiol levels in 8-week-old cycling females [n
5 12 (from five litters), r 5 0.602, P 5 0.038; Fig. 4B], but
not in young 3-week-old females (n 5 11 (from five litters), r
5 0.057, P 5 0.869].

With respect to neurogenesis, neither the number of BrdU
positive cells (reflecting cell survival), nor the number of dou-
blecortin positive cells (DCX; as an index for immature neu-
rons) or the number of proliferating, Ki67 positive cells (see
Fig. 5 for typical examples) correlated with %LG in female off-
spring (BrdU: n 5 13, r 5 0.011, P 5 0.972; DCX: n 5 7, r
5 20.258, P 5 0.577; Ki-67: n 5 14, r 5 0.086, P 5
0.771; in all cases animals from five litters). As with BDNF, a
negative correlation was observed between stress-induced
CORT levels and BrdU labeling [n 5 8 (from five litters), r 5
20.761, P 5 0.028; Fig. 5D].

Dendritic complexity [DCI 5 (S branchtip orders 1 no. of
branch tips)/(no. of primary dendrites) 3 (total dendritic
length)] in female granule cells correlated negatively with %LG
[n 5 7 (from five litters), r 5 20.840, P 5 0.018; Fig. 6B],
which was mainly due to a larger number of branch points in
animals that received lower amounts of LG [n 5 7 (from five
litters), r 5 20.877, P 5 0.01; data not shown]. Note, how-

FIGURE 3. Effect of maternal care on dentate gyrus LTP. (A)
In 8-week-old male and female offspring, there was a highly signif-
icant positive correlation between the % LG and the amount of
LTP in the hippocampal dentate gyrus after h-burst stimulation (n
5 15, r 5 0.736, P 5 0.002). (B) Typical examples of h-burst
induced LTP in the DG of a young-adult male rat receiving a low

% LG (0.26) during the first postnatal week (top) and a rat receiv-
ing a high % LG (1.13; bottom). Dark lines represent the signal
prior to high-frequency stimulation; grey lines show the response
60 min after high-frequency stimulation. Horizontal calibration
bar: 10 ms, vertical calibration bar: 0.5 mV.

260 VAN HASSELT ET AL.

Hippocampus



ever, that the correlation for DCI critically depended on two
rather extreme data points.

In males of two different ages (i.e., ‘‘pubertal’’: 3-week old;
‘‘young-adult’’: 8-week old), BDNF Exon IX total hippocampal
mRNA levels positively correlated with %LG seen in individual
pups [n 5 19 (from 10 litters), r 5 0.649, P 5 0.003; Fig.
4C]. BDNF Exon VI mRNA expression did not show any cor-
relation with % LG. However, a trend towards a positive rela-
tionship emerged between the Exon VI splice variant and total
GR mRNA levels [n 5 17 (from nine litters), r 5 0.469, P 5
0.058; Fig. 4D].

From the neurogenesis markers, only DCX showed a signifi-
cant, negative correlation with % LG [n 5 13 (from five lit-
ters), r 5 20.544, P 5 0.05; Fig. 5E], indicating that the hip-
pocampal dentate gyrus of males that received a lower amount
of maternal care contained higher numbers of young neurons
than the animals that received higher amounts of care. Neither
the total number of BrdU1 cells [n 5 11 (from five litters), r
5 20.516, P 5 0.1], nor cell proliferation rate (Ki-67) corre-

lated significantly with % LG [n 5 12 (from five litters), r 5
20.349, P 5 0.27].

We found a positive trend between LG and DCI in 8-week-
old male offspring, although this did not reach significance [n
5 13 (from five litters), r 5 0.452, P 5 0.1; Fig. 6C].

We conclude that the effects of LG received in early life on
adult hippocampal morphology and neurogenesis are subtle
and sex-dependent.

DISCUSSION

We here tested the hypothesis that the amount of LG
received by an individual pup during the first postnatal week,
regardless of the overall amount of care of the mother toward
the entire litter, correlates with and thus might predict struc-
tural and synaptic plasticity in the adult DG. The data confirm
that pup LG-scores significantly correlate with later hippocam-

FIGURE 4. Hippocampal BDNF expression in 7- to 8-week
old offspring. (A) In females, BDNF Exon VI mRNA levels corre-
lated negatively with stress-evoked plasma corticosterone levels (n
5 8, r 5 20.786, P 5 0.021). (B) There was a significant positive
correlation between female plasma estradiol levels and BDNF
Exon VI mRNA levels (n 5 12, r 5 0.602, P 5 0.038). (C) In

males, % LG correlated significantly with BDNF Exon IX mRNA
expression (n 5 19, r 5 0.649, P 5 0.003). Animals that received
more LG in early life showed higher BDNF mRNA levels. (D)
BDNF Exon VI mRNA and total hippocampal GR mRNA expres-
sion showed a trend toward a positive correlation, which did not
reach significance (n 5 17, r 5 0.469, P 5 0.058).
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pal GR mRNA expression and DG LTP. Early life environment
correlated less obviously with dentate structure in adulthood.

Within-Litter Variations in Maternal Care

Since our findings are based on correlations between LG-
scores during the first postnatal week and hippocampal parame-
ters in adulthood, LG-scores should indeed be reliable. Single-
pup observations (using the current observation schedule) have
not been reported before and therefore cannot be compared
with values in literature. However, the overall amount of LG
provided by the dam to her whole litter was scored in a com-

parable manner as earlier reported (Champagne et al., 2003,
2008; Bagot et al., 2009).

The observed overall LG-score was somewhat lower than
reported for the original, between-litter, maternal care model
(i.e., 3–13% in our model, vs. 6–16% in the original model;
Champagne et al., 2003). It cannot be excluded that small dif-
ferences in experimental factors (noise, light, cages, animal care-
taker) caused more or less stress in the animals and affected the
quality of maternal care, although animal facility conditions
were maintained as close as possible to those of the original
model. Second, to enable our observations, dams were kept in
bigger cages (30 3 55 3 45 cm3) than the animals in the orig-
inal model (23 3 47 3 20.5 cm3). The larger cage and associ-

FIGURE 5. Adult neurogenesis in the hippocampal dentate
gyrus of 7- to 8-week old offspring. (A,B,C) Representative exam-
ples of immunohistochemical staining for BrdU, doublecortin
(DCX) and Ki-67, respectively, in the hippocampal dentate gyrus.
Arrows indicate stained cells. Calibration bars: 10 lm. (D) In
females, stress-induced plasma corticosterone levels correlated neg-

atively with BrdU-stained cells (reflecting cell survival) in the den-
tate gyrus (n 5 8, r 5 20.761, P 5 0.028). (E) In males, there
was a significant negative correlation between % LG and the num-
ber of DCX-positive cells (reflecting young neurons) (n 5 13, r 5
20.544, P 5 0.05). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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ated differences in nest temperature may have affected nesting
behavior. Third, we culled each litter to eight before the start of
observations, whereas in the original model, litters were left
undisturbed and usually consisted of >8 pups. It should be
noted, though, that Champagne et al. (2003) did not find effects
of litter size. Fourth, the daily marking of the pups inevitably
introduced extra handling compared to the original model. Yet,
this is expected to increase rather than decrease LG-scores
(Francis et al., 1999). The most likely explanation is that, since
our observations had to be more thorough to identify which indi-
vidual pup was undergoing the LG, we could better distinguish
between actual LG behavior and nose-poking or self-grooming
behaviors. In the original model the latter two could easily be
mistakenly classified as LG, thereby increasing LG-scores.

Although LG-scores per pup during the first postnatal week
were quite low, we did find consistent and substantial variation
in scores between individual pups within a litter. This within-lit-
ter variation was quite comparable with unpublished data sets
from two other groups (Claessens et al., personal communication;
Champagne and Meaney, personal communication). Male pups
received more care than females, which is also consistent with
previous reports (Moore and Morelli, 1979; Richmond and
Sachs, 1984). We tentatively conclude that single pup LG-scores

are reliable and can be used as an index to correlate and possibly
predict later hippocampal structure and function.

LG-Scores Correlate With Later GR mRNA
Expression and DG LTP

Earlier studies focusing on male offspring from mothers
showing High vs. Low amounts of care toward their litters
(>1SD from the mean), reported that the former compared to
the latter have (i) higher hippocampal GR mRNA expression,
(ii) faster return to baseline levels of CORT after stress, and
(iii) a higher ability to induce synaptic potentiation in the DG
(Liu et al., 1997; Bredy et al., 2003a; Champagne et al., 2008;
Bagot et al., 2009). Here we show that the frequency of LG
received by a pup during the first postnatal week, regardless of
the amount of care given by the mother to her litter as a
whole, significantly correlates with the ability to induce DG
LTP and with hippocampal GR mRNA expression. The current
experimental design did not allow investigation of recovery of
CORT levels after stress.

These findings significantly add to our understanding of the
importance of early postnatal environment for later hippocam-
pal properties. First, it emphasizes that variations in maternal

FIGURE 6. Dendritic morphology of dentate gyrus granule
cells in 7- to 8-week old offspring. (A) Typical example of a
Golgi-stained DG granule cell, and the corresponding dendritic
reconstruction drawing. Calibration bar: 50 lm. (B) Dendritic
complexity index (DCI 5 (S branchtip orders 1 no. of branch
tips)/(no. of primary dendrites) 3 (total dendritic length)) in 7- to

8-week old female offspring showed a significant negative correla-
tion with % LG (n 5 7, r 5 20.840, P 5 0.018). (C) Conversely,
in males, % LG seemed to be positively related to the DCI,
although this did not reach significance (n 5 13, r 5 0.452, P 5
0.1). Data points represent averaged values of five granule cells per
animal.
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care rather than maternal genetic background in this outbred
strain determine later hippocampal properties. Thus, in the
current approach animals with e.g. low LG-scores originated
from different dams, yet showed comparably poor LTP and
low GR mRNA expression. This supports and extends earlier
studies showing that (i) cross-fostering reverses the pattern of
maternal effects, (ii) manipulations altering the frequency of
pup LG produce differences in phenotype comparable to those
associated with naturally occurring variations in pup LG, and
(iii) artificial tactile stimulation, mimicking that associated with
pup LG, alters hippocampal GR expression and HPA responses
to stress (van Oers et al., 1999; Burton et al., 2007). Together,
these findings argue for a direct effect of maternal care.

Second, we show that early postnatal environment is not
only important in the realms of extreme maternal care (>1 SD
from the mean), but also in the intermediate range of care. On
purpose we focused on this intermediate range (previously
neglected), since its relevance applies to many more individuals.
It allowed us to use about 25% of the amount of dams that
were necessary in earlier studies (Champagne et al., 2008;
Bagot et al., 2009). Still, we obtained sufficient observations
for each of the parameters of interest (obtained in different
cohorts of animals) to allow correlative analysis.

LG-Scores Only Partially Correlate With DG
Structural Characteristics Later in Life

Previous studies also reported that male offspring from moth-
ers with High vs. Low LG-scores showed (i) complex dendritic
trees in CA1 and DG cells, (ii) higher survival rates of (newborn)
granule cells, and (iii) higher hippocampal BDNF expression (Liu
et al., 2000; Bredy et al., 2003a; Champagne et al., 2008; Bagot
et al., 2009). Individual LG-scores used as an index for these
three experimental endpoints produced weak correlations. This
was partly caused by the fact that for many parameters a dichot-
omy was observed between male and female offspring, implying
separate analysis and hence reducing the number of observations
per group by half. For instance, granule cell dendritic complexity
in males tended to correlate with LG-scores, but this did not
reach significance; nevertheless, a higher complexity in association
with higher LG-scores is in line with earlier observations focusing
on extreme differences in maternal care (Bagot et al., 2009).
Complex dendritic trees are usually encountered among rather
mature dentate cells (Wang et al., 2000). We further observed
that labeling for DCX in males negatively correlated with % LG,
suggesting that high LG-scores were associated with fewer imma-
ture neurons. Collectively, this suggests that male pups receiving
high amounts of LG later exhibit a more mature population of
DG cells. Interestingly, in females, dentate granule cells of ani-
mals with high LG seemed to have less complex dendritic trees.

Influences of early life environment on DG structural param-
eters may develop secondary to modulation of BDNF levels
(Liu et al., 2000; Macri et al., 2010; Roth et al., 2009), since
BDNF affects many processes in the developing and adult
brain (Kang and Schuman, 1995; Henderson, 1996; McAllister
et al., 1999; Tyler et al., 2002; Yamada et al., 2002; Binder

and Scharfman, 2004). In agreement, total BDNF (Exon IX)
mRNA levels positively correlated with % LG (in males). Inter-
pretation of BDNF expression levels, however, is complex. For
one thing, estradiol interacts with BDNF (Gibbs, 1998, 1999),
as we confirmed, confounding the correlation between LG and
BDNF expression. BDNF mRNA and protein expression in
the hippocampus are also reduced by high levels of glucocorti-
coids (Barbany and Persson, 1992; Schaaf et al., 1997, 1998;
Chao et al., 1998; Hansson et al., 2000), via transcriptional
regulation by MR (mineralocorticoid receptor) and GR of
BDNF Exon VI (former Exon IV; Hansson et al., 2006; Aid
et al., 2007). This stress dependency may explain why in our
study, this particular BDNF isoform showed (i) a significant
negative correlation with evoked plasma corticosterone levels in
females and (ii) a nearly significant positive correlation with
total hippocampal GR mRNA levels in males.

Thus, we cannot exclude that maternal care first affects the
functionality of the stress axis, leading to altered hippocampal
BDNF expression which in turn changes structural parameters.
These complex and indirect interactions could explain the weak
link between LG-scores of individual pups and their DG struc-
tural characteristics. Alternatively, the structural changes
reported earlier in association with extreme variations in mater-
nal care might (partly) depend on the mothers’ genetic back-
ground and/or be more subtle in nature than influences on
hippocampal GR expression and the ability to induce LTP.

In conclusion, our data support that the amount of care
received by an individual rat from its mother strongly correlates
with DG synaptic plasticity later in life. This allows for the possi-
bility that maternal care in fact is causative to changes in hippo-
campal function lasting into adulthood and could serve a predic-
tive role. If so, increasing (by intervention) the amount of care in
individuals receiving little care from their mother is expected to
result in similar synaptic plasticity in adulthood as seen in those
naturally receiving high amounts of maternal care. These findings
could provide a mechanistic basis for individual differences in
susceptibility to psychopathology and the ways to mend this.
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