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Maternal Care Modulates the Relationship between Prenatal
Risk and Hippocampal Volume in Women But Not in Men
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Smaller hippocampal volume is associated with psychiatric disorders. Variations in hippocampal volume are discussed as both a conse-
quence of the neurotoxic effects of stress and as a pre-existing condition leading to increased vulnerability for cognitive and emotional
impairments. To investigate whether early experience can account for variability in hippocampal volume in adulthood (vulnerability
hypothesis), we assessed the relationship between birth weight and hippocampal volume in 44 subjects. The reported quality of maternal
care in early childhood, as evaluated by the Parental Bonding Inventory, was used as index of the quality of the postnatal environment.
Hippocampal volume was assessed from magnetic resonance images using a manual segmentation protocol. We show that birth weight
significantly predicts hippocampal volume in adulthood only in female subjects reporting low maternal care. The results suggest that the
postnatal environment modulates the neurodevelopmental consequences of prenatal risk and that this effect is sex-specific.
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Introduction
Smaller hippocampal volumes have been reported in different
clinical populations of patients suffering from psychiatric disor-
ders (Geuze et al., 2005). Those variations in hippocampal vol-
ume, often accompanied by changes in endocrinological regula-
tion, especially of the hypothalamic–pituitary–adrenal (HPA)
axis, and impaired memory performance are considered either as
a consequence of the neurotoxic effects of stress (Sapolsky et al.,
1986) or as a pre-existing condition leading to increased vulner-
ability for cognitive and emotional impairments (Gilbertson et
al., 2002). Several studies reveal the significance of prenatal and
postnatal experience on hippocampal development, HPA func-
tioning, and cognitive performance (Seckl, 2004). These studies
suggest that the quality of parent-offspring interactions over the
perinatal period can presumably affect hippocampal
development.

Rodent studies provide evidence for postnatal compensation
of prenatal adversity. Postnatal handling or increased maternal
care can reverse the effects of prenatal stress or glucocorticoid
administration on spatial memory performance, HPA stress re-
sponse, and hippocampal GR expression (Brabham et al., 2000).
Intriguingly, postnatal handling has been shown previously to

prevent the prenatal stress-induced deficits in hippocampal neu-
rogenesis (Lemaire et al., 2006).

Low birth weight in humans, reflecting intrauterine growth
restriction potentially as result of a disadvantageous prenatal en-
vironment (Wadhwa et al., 1993), has been shown to be associ-
ated with alterations in HPA activity and increased rates of the
metabolic syndrome (Phillips, 2004). However, follow-up stud-
ies of low-birth weight infants reveal considerable variability in
outcome measures (Barker et al., 2002), suggesting that postnatal
factors might interact with prenatal conditions. We hypothesized
that in humans the development of the hippocampus might be a
region of the brain that is influenced by both prenatal risk factors
and the quality of the postnatal family environment.

Materials and Methods
Subjects were recruited by online advertisement on websites of local
Universities. A total of 445 subjects were screened using telephone inter-
views and questionnaires. This prescreening consisted of information
about their medical history and health status, including medication in-
take. Furthermore, it entailed information about birth outcomes
(weight, length, and gestational age at birth), which had to be received
from birth documents. Also, the Parental Bonding Inventory (PBI)
(Parker et al., 1979) had to be completed, a questionnaire that retrospec-
tively measures self-reported quality of parental bonding during the first
16 years of life. Subjects who suffered from chronic illness of any kind,
including psychiatric disorders and those taking any medication (except
oral contraceptives) were excluded from the study. Persons who had
metal fragments, respectively implants or a pacemaker, as well as persons
who reported to suffer from claustrophobia were advised against partic-
ipation in the study because magnet resonance imaging (MRI) was in-
volved in the study design.

Subjects were included in the study if they were born at term (gesta-
tional length �37 weeks, which was determined on the basis of the cal-
culated due date). They were considered carrying a prenatal risk if they
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were born small for gestational age (SGA; birth weight was within the
10th percentile of the distribution) (Kramer et al., 2001) because high
levels of maternal stress during pregnancy have been shown to impair
fetal growth (Wadhwa et al., 1993). The selected reference group was
born appropriate for gestational age (AGA; birth weight between the 40th
and 70th percentile). Subjects born prematurely were excluded because it
is known that prematurity has an impact on neurodevelopment (Aber-
nethy et al., 2002) and we were interested in the impact of intrauterine
growth restriction without this confounding factor.

Self-reported parental bonding, as assessed by the PBI (Parker et al.,
1979), was applied as a proxy for interindividual variation in the quality
of the postnatal environment. Therefore, postnatal risk in this study was
characterized by the subjects’ scores on the PBI, a questionnaire that
retrospectively measures the self-reported quality of parental bonding
during the first 16 years of life. The questionnaire consists of four scales
(maternal care and overprotection and paternal care and overprotec-
tion). For each parent, 12 questions are asked in reference to “care” (e.g.,
“Spoke to me with a warm and friendly voice”) and 12 questions in
reference to “overprotection” (e.g., “Invaded my privacy”). Questions
rating maternal and paternal parenting style are the same and are an-
swered individually for each parent on a four-point Likert scale (very true
to very untrue, 0 –3). For each scale a maximum score of 36 can be
reached. The subjects were assigned to the postnatal risk groups based on
their maternal care scores, using the suggested cutoff score of 27 by
Parker and Lipscombe (1979). As shown in Table 1, the subjects of the
postnatal risk group did not only report lower maternal care, but on
average also reported lower paternal care as well as higher levels of ma-
ternal and paternal overprotection. As opposed to optimal parenting that
is characterized by high levels of care and low levels of overprotection,
Parker (1983) refers to this combination of low care and high overpro-
tection as “affectionless control,” which has been found to be highly
predictive of depressive symptomatology. Although the two groups dif-
fered on each scale of the PBI, it is important to note that they did not
differ in their birth outcomes (Table 1).

Because of application of the predefined prenatal and postnatal risk
factors, the final selection included 44 subjects, constituting four groups
(mean age, 23.32 � 3.2 years). Twenty-one subjects were born small for
gestational age and assigned to the prenatal risk group and 23 subjects
were born AGA, constituting the reference group. Within the SGA group,
11 subjects reported high maternal care (six men and five women) and 10
subjects reported low maternal care (five men and five women). Among
the subjects born AGA, 11 reported high maternal care (five men and six
women) and 12 subjects reported low maternal care (five men and seven
women).

There was a significant difference in age between the low and high
maternal care groups (24.4 � 3.7 vs 22.2 � 2.0 years). Therefore, age was
controlled for in all analyses performed to exclude a systematic effect of
age.

As part of a functional MRI study investigating neurocorrelates of
stress to be reported elsewhere, MRI scans were obtained using a Siemens
(Erlangen, Germany) Magnetom 1.5 T system with a standard radio-
frequency head coil. The volumes were acquired using a spoiled gradient
echo sequence with a repetition time of 22 ms, echo time of 10 ms, flip
angle of 30, and field of view of 224 � 256 � 160 mm. This protocol
acquires T1-weighted images on 1 mm isotropic resolution. After acqui-
sition, the native MR images were processed by a combination of algo-
rithms for manual segmentation. The images were first corrected for

intensity nonuniformity and then registered into Talairach-like space.
This latter step accounts for individual differences in global brain size and
shape. Images were classified into different maps of gray matter, white
matter, and cerebrospinal fluid. This procedure includes the removal of
all extracranial tissue and the cerebellum and has been validated before
(Collins et al., 1994). Manual segmentation of the hippocampus was
performed using a protocol developed by Pruessner et al. (2000). This
protocol with proven reliability and validity has been implemented in
numerous studies of this laboratory (Pruessner et al., 2001, 2005) and
benefits from superior visualization of the target structures in all three
dimensions (coronal, sagittal, and horizontal).

Results
A multivariate analysis of covariance (MANCOVA), controlling
for age, was performed with left and right hippocampal volume as
the dependent variables and prenatal and postnatal risk group as
the independent variables. Subjects born small for gestational age
did not differ in left or right hippocampal volume from those
born appropriate for gestational age (left hippocampus, F(1,40) �
1.4, p � 0.24; right hippocampus, F(1,40) � 0.8, p � 0.38). Neither
did subjects who reported high maternal care differ in left or right
hippocampal volume from those reporting low maternal care
(left hippocampus, F(1,40) � 0.33, p � 0.57; right hippocampus,
F(1,40) � 0.12, p � 0.7). A significant interaction between prenatal
and postnatal risk groups was observed for right but not left
hippocampal volume (left hippocampus, F(1,40) � 2.57, p � 0.12;
right hippocampus, F(1,40) � 4.19, p � 0.05). The significant
interaction was driven by significantly smaller hippocampal vol-
umes in SGA subjects reporting low maternal care as compared
with AGA subjects reporting low maternal care. In the high ma-
ternal care group, no differences in hippocampal volume could
be observed in subjects born small as compared with those born
appropriate for gestational age. Partial correlational analyses
confirm these results. When controlling for length of gestation
and age, a positive association between birth weight and left (r �
0.59; p � 0.006), right (r � 0.51; p � 0.02), and mean hippocam-
pal volume (r � 0.57; p � 0.009) was found in the group report-
ing low maternal care. In contrast, no such relation was found in
the group reporting high maternal care (left hippocampus, r �
0.15, p � 0.54; right hippocampus, r � 0.03, p � 0.91; mean
hippocampus, r � 0.09, p � 0.7). Because of the small sample
size, the MANCOVA could not be repeated with sex as an addi-
tional factor. Therefore, correlational analyses were performed.
Analysis of sex demonstrated that in the group of subjects report-
ing low maternal care, the positive relationship between birth
weight and mean hippocampal volume was highly significant in
the females (r � 0.76; p � 0.01), whereas this correlation was not
significant in the males (r � 0.26; p � 0.54) (Fig. 1). Among
subjects reporting high maternal care, there were no associations
between birth weight and hippocampal volume in either females
(r � �0.36; p � 0.35) or males (r � 0.15; p � 0.69).

To investigate whether this interactive impact of prenatal and
postnatal risk factors is specific to the hippocampus, the same

Table 1. Descriptives of subjects reporting high and low maternal care

High maternal care group (n � 22) Low maternal care group (n � 22) Statistical significance

Mother care 32.2 (�3.2) 18.9 (�5.5) t(42) � 9.9; p � 0.00
Mother overprotection 9.7 (�5.8) 18.9 (�6.6) t(42) � �4.9; p � 0.00
Father care 26.8 (�7.1) 20.1 (�7.1) t(41) � 2.8; p � 0.00
Father overprotection 7.2 (�4.1) 11.7 (�4.2) t(41) � �3.5; p � 0.00
Birth weight (g) 3140.6 (�431.78) 3190.4 (�457.1) t(42) � �0.37; p � 0.7
Birth length (cm) 50.5 (�4.1) 51.2 (�3.5) t(41) � �0.58; p � 0.6
Gestational length 39.9 (�1.1) 39.8 (�1.3) t(42) � 0.25; p � 0.8
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partial correlations (controlling for length
of gestation and age) were performed for
total gray matter volume. These revealed
that weight at birth did not correlate with
total gray matter volume in the two groups
differing in self-reported maternal care
(high maternal care, r � 0.08, p � 0.75;
low maternal care, r � 0.02, p � 0.93).
Furthermore, performing separate analy-
ses for males and females did not suggest
an association between birth weight and
total gray matter volume in either males
(high maternal care, r � 0.15, p � 0.7; low
maternal care, r � 0.37, p � 0.36) or fe-
males (high maternal care, r � �0.21, p �
0.6; low maternal care, r � �0.43, p �
0.25).

Discussion
In this study, we show that weight at birth
predicts hippocampal volume but not to-
tal gray matter volume in a group of sub-
jects reporting low maternal care. Thus,
the results suggest the hippocampus as a
distinct target for early parent– offspring
interactions, which could be attributable
to its protracted development over both
prenatal and postnatal periods, high density of glucocorticoid
receptors, and postnatal neurogenesis (Teicher et al., 2003). To
our knowledge, this is the first study showing an association be-
tween birth weight and hippocampal volume in a healthy popu-
lation without confounding perinatal medical complications.
The fact that this association is only evident in the group report-
ing low maternal care suggests that the risks associated with fetal
life are modulated by the quality of the postnatal environment. It
is important to note that the two postnatal risk groups did not
only differ on the maternal care scale of the PBI, but on the other
three scales of the PBI as well. Therefore the group, referred to as
having received low maternal care, is actually characterized by
low parental bonding, respectively by parental “affectionless con-
trol” (Parker et al., 1979), so that the observed modulatory effect
of the postnatal environment is most likely an effect of parental
bonding in general instead of specifically maternal care.

An enhanced sensitivity of hippocampal development to the
quality of the perinatal environment was observed in females.
Such sex-specific effects have been reported in nonhuman sub-
jects (Weinstock, 2005). In terms of hippocampal integrity, ma-
ternal stress during midgestation as well as during late gestation
has been found to cause a significant decrease in the number of
hippocampal neurons in the female, but not in the male offspring
(Zhu et al., 2004). Such higher susceptibility to prenatal insult in
female offspring has been discussed in the context of findings in
mice, where female fetuses are exposed to higher baseline serum
corticosterone concentrations than male fetuses because of
greater transport of corticosterone from maternal blood across
the placenta (Montano et al., 1993).

Additional support for sex-specific programming comes from
human studies, where lower 11�-hydroxysteroid dehydrogenase
type 2 (11�-HSD2) concentrations associated with reduced fetal
growth and higher cortisol concentration in the umbilical vein
were observed in female but not in male offspring of mothers
with untreated asthma (Murphy et al., 2003). Interestingly, ma-
ternal physiology seems to be affected by the fetus in a sex-specific

way, because only in those asthmatic mothers carrying a female
fetus, was an upregulation of inflammatory pathways observed
(Murphy et al., 2003), whereas the same was not found in asth-
matic mothers pregnant with a male fetus. Therefore, Murphy et
al. (2003) discuss that the observed reduction of 11�-HSD2 ac-
tivity in female offspring may be a result of increased maternal
inflammation, suggesting that an unknown factor from the fe-
male fetus alters maternal immune function and thereby poten-
tially affects its own growth. Although what this factor may be is
not known, the authors suggest that it could be a sex steroid
hormone or a novel protein originating from the fetus. The in-
creased hippocampal sensitivity to the effects of early life experi-
ence in women could potentially be linked to depression, which
has a higher prevalence in women and is associated with smaller
hippocampal volumes (Vythilingam et al., 2002).

Although the reported effects of prenatal and postnatal risk
factors on hippocampal volume were strong, there are a number
of limitations in the current study. First, the study used a retro-
spective design. Causes of intrauterine growth restriction are
likely diverse, and although the description of birth phenotype
can be considered accurate, there are likely other factors which we
were unable to capture with the current approach. However, size
at birth has been used as an indicator of an adverse prenatal
environment in a number of studies, and a relationship with
disease susceptibility in later life has been repeatedly shown (Phil-
lips, 1998; Reynolds et al., 2001; Kajantie et al., 2002). Second,
measuring the quality of the postnatal environment with a retro-
spective questionnaire is limiting as well. Certainly, the question
arises if this self-reported data reflects the actually perceived pa-
rental care during childhood or if the present context influences
this perception. However, promising findings in assessing retest
reliability of the PBI suggest that the parental evaluation is a
considerably stable measure, not affected by confounding vari-
ables like dysthymia, neuroticism, depressive episode, or sex
(Plantes et al., 1988; Parker, 1990; Lizardi and Klein, 2005; Wil-
helm et al., 2005). Furthermore, good validity of the PBI can be
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Figure 1. Association between birth weight and mean hippocampal volume. A, C, In females reporting low maternal care,
there is a linear relationship between birth weight and hippocampal volume (A; n � 12; r � 0.76; p � 0.01), whereas no such
correlation was present in the males reporting low maternal care (C; n � 10; r � 0.26; p � 0.54). B, D, In subjects reporting high
maternal care, birth weight and hippocampal volume were not correlated in females (B; n � 11; r � �0.36; p � 0.35) or in
males (D; n � 11; r � 0.15; p � 0.69). Error bars indicate SEM. *p � 0.05.
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concluded from high agreement between sibling ratings (Parker,
1990) as well as from high correlations with according scales in
the Adult Attachment Interview (Manassis et al., 1999).

Further, although we have shown that total gray matter vol-
ume is not affected by this set of prenatal and postnatal factors, we
cannot exclude the possibility that other regions beside the hip-
pocampus are similarly affected. However, the hippocampus has
received considerable attention in the past as a brain region sig-
nificantly affected by stress-related disorders such as post-
traumatic stress disorder and depression. Our results contribute
to this literature by showing how prenatal and postnatal factors
impact on the development of this structure, affecting the indi-
vidual vulnerability for stress-related disorders.

In summary, the current findings suggest that hippocampal
development is influenced by the quality of both prenatal and
postnatal environments. We have shown how high quality of
maternal care had the potential to counter the effects of prenatal
risk on the volume of the hippocampus. At the same time, the
results suggest that a disadvantageous environment during pre-
natal and postnatal periods of brain maturation may contribute
to smaller hippocampal volumes in adulthood that have been
suggested to increase vulnerability for stress-related disorders in
later life (Gilbertson et al., 2002). This is in line with the observa-
tion of low birth weight, low maternal care scores on the PBI, and
reduced hippocampal volume all being associated with impaired
cognitive function and increased risk for psychopathology.
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