
1SCIENTIFIC REPOrTs |  (2018) 8:4696  | DOI:10.1038/s41598-018-23046-6

www.nature.com/scientificreports

Perinatal stress and human 
hippocampal volume: Findings 
from typically developing young 
adults
Klára Marečková   1, Radek Mareček2, Petra Bencurova1, Jana Klánová4, Ladislav Dušek4,5 & 
Milan Brázdil1,3

The main objective of this study was to investigate the impact of prenatal and early postnatal stress 
on hippocampal volume in young adulthood. In sharp contrast to numerous results in animal models, 
our data from a neuroimaging follow-up (n = 131) of a community-based birth cohort from the 
Czech Republic (European Longitudinal Study of Pregnancy and Childhood) showed that in typically 
developing young adults, hippocampal volume was not associated with birth weight, stressful life 
events during the prenatal or early postnatal period, or dysregulated mood and wellbeing in the mother 
during the early postnatal period. Interestingly, mother’s anxiety/co-dependence during the first 
weeks after birth did show long-lasting effects on the hippocampal volume in young adult offspring 
irrespective of sex. Further analyses revealed that these effects were subfield-specific; present in 
CA1, CA2/3, CA4, GC-DG, subiculum, molecular layer, and HATA, hippocampal subfields identified by 
translational research as most stress- and glucocorticoid-sensitive, but not in the remaining subfields. 
Our findings provide evidence that the type of early stress is critical when studying its effects on the 
human brain.

Early-life stress seems to have long-lasting effects on human health in later life including higher inci-
dence of neurologic abnormalities, psychiatric disorders, age-related cognitive dysfunction, obesity and 
hypertension1–7. Animal studies suggest that early-life stress alters neurogenesis, programming of the 
hypothalamic-pituitary-adrenal (HPA) axis and neurobehavior8,9. Hippocampus, the key neural region for reg-
ulation of affect and HPA axis function10, is particularly sensitive to stress11. Animal research demonstrated that 
prolonged stress and increased glucocorticoids were associated with atrophy and retraction of the apical dendrites 
of the hippocampal pyramidal cells12–14 and disruption of neurogenesis in the hippocampus15,16. Both rats and 
tree shrews exposed to chronic stress exhibited reduced hippocampal volume17,18. In humans, psychological and 
psychosocial stress were related to altered structure of adult hippocampus19–22. Smaller hippocampal volume was 
described as a risk factor for development of stress-related psychopathology23 and a key neuroanatomical feature 
in anxiety disorder24. Smaller hippocampal volume was reported also in a number of other psychiatric disorders, 
including post-traumatic stress disorder, major depressive disorder, borderline personality disorder, schizophre-
nia, antisocial personality disorder, and dissociative identity disorder25.

According to Teicher and colleagues, sensitivity of hippocampus to stress is particularly heightened during the 
early developmental period26. The evidence is mixed in the literature, though. While adverse early life environ-
ment decreased neural stem cell production in juvenile mice27, separation of monkeys from their mothers was not 
associated with decrease of hippocampal volume28–30. Inconsistency is present also within human research. While 
recent research31 found smaller hippocampal volumes in youth and adults exposed to early life adversity, no 
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similar relationship was found by a large population-based study from Australia32, a voxel-based morphometry 
study of neural correlates of prenatal stress in young women33, or a study relating maternal cortisol in pregnancy 
to hippocampal volume in childhood34. Relationship between early life events and hippocampal volume was also 
not found in a sample of women with remitted unipolar major depressive disorder35. Relationship between child-
hood abuse and smaller hippocampus was reported in depressed patients but not healthy controls36. One could 
hypothesize that the effects of early life stress on the hippocampal volume might be species-specific, sex-specific, 
and specific to the type and timing of the stress exposure.

Fetal sex modulates the responsiveness to prenatal stress34,37–39, but as reviewed in MacQueen & Frodl, the 
effect of sex was not assessed in the majority of studies investigating the association between stress and hippocam-
pal volumes10. For example, the three studies described above33,35,36 were done in females only. The low ability to 
find effects of early stress on hippocampal volume in female samples might be related to the protective effects 
of estrogen. Animal research showed differences in male and female rats in the effects of acute stress on perfor-
mance in tasks involving hippocampal function, such as classical eye-blink conditioning or Y-maze or Morris 
Water Maze40. Sex differences were also found in the effects of maternal deprivation on development of synaptic 
plasticity in the hippocampus41. Moreover, estrogen treatment protected ovarictomized rats after chronic stress 
exposure from neuronal loss in the hippocampus42.

The main objective of this research was to study the effects of different types of prenatal and early postnatal 
stress on hippocampal volume in young adulthood and evaluate the potential modulatory role of sex. We focused 
on stress stemming from stressful life events during the prenatal or early postnatal period, low birth weight, which 
is known to be related to prenatal stress43,44, and symptoms of maternal postpartum depression including dysreg-
ulated mood and wellbeing, or anxiety and co-dependence.

As a secondary objective, we aimed to determine whether these effects might differ across the different hip-
pocampal subfields. Most neuroimaging studies of early stress focused on potential abnormalities in the whole 
hippocampus, but the dorsal and ventral sectors of hippocampus have different functions45. Moreover, special-
ized function and different histological characteristics have been reported also in the different hippocampal sub-
fields46,47. For example, the CA1 neuronal somata in the pyramidal layer have an ovoid shape and are populated 
sparsely, the CA2 neuronal somata are triangular in shape and larger than the somata of CA1, the CA3 neuronal 
somata are similar to those in CA2 but are more sparsely packed and the pyramidal layer is thicker than in CA2, 
and the somata in DG appear similar to those in CA3 but are more ovoid and sparse. Functionally, while CA1 
serves for novelty detection and allocentric encoding48,49, CA3 and dentate gyrus serve for pattern separation and 
completition50–52. Thus, examining the effects of early stress on different hippocampal subfields may clarify the 
role of early stress on hippocampus and related behavior. Animal research showed that stress was related specifi-
cally to damage in the dentate gyrus, which contains multipotent adult neural stem cells and is thus the key region 
for neurogenesis53,54, and the CA3 subfield, which is the main target for glucocorticoids55,56. For example, rats sub-
jected to physical restraint showed reduced branching and atrophy in CA357 and tree shrews exposed to chronic 
psychosocial stress showed reduced dendritic length and number of branch points in CA314. In humans, child-
hood maltreatment was associated with volume reductions in dentate gyrus, CA3 and subiculum58. Posttraumatic 
stress disorder (PTSD) was associated with smaller dentate gyrus and CA3 but not other hippocampal subfields, 
implying that PTSD is associated with selective volume loss59. Further research demonstrated that cortisol pre-
dicted volume of some (CA3, hippocampal head) but not other hippocampal subfields60. Whether exposure to 
prenatal or early postnatal stress might be associated with alteration of the same hippocampal subfields in humans 
is a critical but yet unanswered question that would clarify whether hippocampal subfields have unique sensitive 
periods when they are highly susceptible to the effects of early life stress.

Results
Prenatal stress and hippocampal volume in young adulthood.  Means and standard deviations for 
the different measures of prenatal stress (birth weight, stressful life events in the first and second half of preg-
nancy) are provided in Table 1. There were no sex differences in any of these measures. There was also no relation-
ship between the measures of prenatal stress and brain size corrected hippocampal volume (see all statistics in 
Table 2) or any interactions with sex. Correlations between the different measures of prenatal and early postnatal 
stress are presented in Supplementary Table 1.

Early postnatal stress and hippocampal volume in young adulthood.  Means and standard devi-
ations for the different measures of early postnatal stress, namely stressful life events (measured during the first 
6 months and between 6 and 18 months after birth), dysregulated mood and wellbeing (measured during the 
first weeks, at 6 months, and 18 months after birth), and anxiety and co-dependence (measured during the first 
weeks after birth) are provided in Table 1. There were no sex differences in any of these measures. There was also 
no relationship between stressful life events or dysregulated mood and wellbeing in the mother during the early 
postnatal period and hippocampal volume (see all statistics in Table 2) or any interactions with sex.

Surprisingly, the offspring of mothers with higher levels of anxiety and co-dependence during the first weeks 
after birth had smaller volume of both left (beta = −0.25, p = 0.006, R2 = 0.06; Fig. 1A) and right (beta-0.24, 
p = 0.007, R2 = 0.06; Fig. 1B) hippocampus (brain size corrected). These relationships survived the correction for 
multiple comparisons (p < 0.008) and remained significant even when considering the potential modulatory role 
of the offspring’s sex. There were no interactions between mother’s anxiety/co-dependence during the first weeks 
after birth and the offspring’s sex (left hippocampus: F(1,118) = 0.36, p = 0.55; right hippocampus: F(1,118) = 0.86, 
p = 0.36). Additional multivariate regression analyses showed that the effect of Mother’s anxiety/co-dependence 
on hippocampal volume was independent of the other measures of early postnatal stress (left: beta = −0.20, 
p = 0.04; right: beta = −0.26, p = 0.009).
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Mother’s anxiety/co-dependence during the first weeks after birth and volume of hippocam-
pal subfields in young adulthood.  Further analyses in the 122 individuals followed up the relationship 
between mother’s anxiety/co-dependence during the first weeks after birth and offspring’s hippocampal volume, 
trying to determine whether the effects were subfield specific and thus affecting the volumes of hippocampal 
subfields to a different extent. Means and standard deviations for the volume of different hippocampal subfields 
are provided in Table 3. MANOVA showed significant interaction between mother’s anxiety/co-dependence and 
volume of the different subfields (corrected for brain size) in both left (F(11,1320) = 3.63, p < 0.0001) and right 
(F(11,1320) = 3.48, p < 0.0001) hippocampus. Posthoc analyses revealed that mother’s anxiety/co-dependence was 
associated with volume of left and right subiculum, CA1, CA2/3, CA4, GC—DG, molecular layer and HATA (see 
effect sizes in Fig. 2 and all statistics in Table 4). Left and right presubiculum, parasubiculum, hippocampal fis-
sure, hippocampal tail andfimbria showed no relationship with mother’s anxiety/co-dependence during the first 
weeks after birth (see all statistics in Table 4). Again, none of these relationships were modulated by sex.

Hippocampal volume and depressive symptomatology in young adulthood.  Additional analy-
ses showed that in our sample of typically developing individuals, there was no relationship between depressive 
symptomatology, as measured with Beck Depression Inventory (BDI), in young adulthood and brain size cor-
rected hippocampal volume (left: beta = 0.11, p = 0.22; right: beta = 0.03, p = 0.72; n = 130) or between depres-
sive symptomatology in young adulthood and mother’s anxiety/co-dependence during the first weeks after birth 
(beta = −0.11, p = 0.21; n = 122).

Discussion
In this study, we have conducted a neuroimaging follow-up of a birth cohort to study the impact of prenatal 
and early postnatal stress on hippocampal volume in young adulthood. We showed that in typically developing 
humans, birth weight, stressful life events during prenatal or early postnatal period, and dysregulated mood 
and wellbeing in the mother during the early postnatal period were not associated with hippocampal volume 
in young adulthood and that sex did not modulate any of these relationships. Interestingly, mother’s anxiety/
co-dependence during the first weeks after birth did show a relationship with volume of both left and right hip-
pocampus in young adulthood and these results remained significant irrespective of sex. Further analyses revealed 
that the effects of mother’s anxiety/co-dependence during the first weeks after birth were subfield-specific; present 
in the hippocampal formation (CA1, CA2/3, CA4, GC-DG, subiculum), molecular layer and HATA but not in 
presubiculum, parasubiculum, fimbria, hippocampal fissure, or hippocampal tail.

Our results suggest that within typically developing individuals, mother’s anxiety/co-dependence during the 
first weeks after birth might be a much more sensitive predictor of hippocampal volume in young adulthood 
than the more objective measures of prenatal or early postnatal stress such as birth weight, number of stressful 
life events or the actual wellbeing of the mother. While the mechanisms are not clear, it might be that mother’s 
anxiety/co-dependence, characterized by great impact of others on her behavior, might result in her inconsist-
ent behavior towards the infant, who then cannot detect the rules and remember the consequences of different 
actions, which might possibly represent much greater source of stress for the infant than, for example, a stressful 
life event in mother’s life.

The negative direction of the relationship between mother’s anxiety/co-dependence during the first weeks 
after birth and hippocampal volume in the offspring is consistent with the negative direction of the relationship 
between early stress and neurogenesis of the developing brain reported by animal research61. It is also consistent 
with others62 who showed that children of mothers with increased anxiety during the early postnatal period had 
smaller left hippocampal volume at 6 months of age. It was suggested these effects might reflect the transgenera-
tional transmission of individual differences in vulnerability to anxiety-related disorders62. The subfield-specific 
results extend the findings of animal research showing evidence for the relationship between stress and alterations 
in CA subfields and dentate gyrus63,64 as well as research in humans reporting associations between childhood 
maltreatment and reduced volume of the CA3 subfield, dentate gyrus, and subiculum58. The lack of sex differences 
in the effects of early stress on hippocampal volume is in agreement with a review of the effects of prenatal stress 

Measure of prenatal stress

Male offspring Female offspring

Sex differenceM, SD M, SD

Birth weight (g) M = 3482.46, SD = 541.20 M = 3236.43, SD = 491.07 Not significant.

Stressful life events during first half of pregnancy M = 0.25, SD = 0.27 M = 0.20, SD = 0.17 Not significant.

Stressful life events during second half of pregnancy M = 0.17, SD = 0.13 M = 0.17, SD = 0.15 Not significant.

Measure of early postnatal stress M, SD M, SD

Stressful life events during first six months after birth M = 0.19, SD = 0.15 M = 0.17, SD = 0.13 Not significant.

Stressful life events during 6 to 18 months after birth M = 0.27, SD = 0.22 M = 0.25, SD = 0.21 Not significant.

Anxiety and co-dependence during first weeks after birth M = 0.25, SD = 0.27 M = 0.20, SD = 0.17 Not significant.

Dysregulated mood and wellbeing during first weeks after birth M = 0.80, SD = 0.30 M = 0.79, SD = 0.34 Not significant.

Dysregulated mood and wellbeing at six months after birth M = 0.80, SD = 0.34 M = 0.70, SD = 0.27 Not significant.

Dysregulated mood and wellbeing at 18 months after birth M = 0.79, SD = 0.31 M = 0.79, SD = 0.31 Not significant.

Table 1.  Means (M) and standard deviations (SD) for the different measures of prenatal and early postnatal 
stress (not log-transformed) by sex.
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on MRI outcome measures65 that showed that only one study so far reported sex differences in MRI outcome 
measures, namely the effect of higher cortisol at 15 weeks of gestation on larger volume of right amygdala in 
female but not male offspring34.

While the effect of mother’s anxiety/co-dependence was the same in left and right hippocampus (R2 = 0.06), 
the subfield-specific analyses showed a slightly larger effect size in the left (vs. right) CA2/3, CA4, GC-DG and 
HATA (see Table 4). This laterality is consistent with previous research66 showing that exposure to childhood mal-
treatment had the strongest associations with the volume of left CA4-DG and left CA2–3. The potential reasons 
why would the elevated levels of circulating corticosterone not affect both sides equally might include the differ-
ential distribution of NMDA and Glu receptor in the left vs. right hippocampus described by animal research67.

Previous studies reported small hippocampal volumes in at-risk adolescents, particularly those who experi-
enced childhood adversity, already before the manifestation of clinical symptoms of major depressive disorder68. 
Both early-life adversity and smaller hippocampal volume were associated with a higher probability of depressive 
episodes during prospective follow-up68. In our sample of typically developing young adults, we did not observe 
any associations between depressive symptomatology, as measured with Beck Depression Inventory, and the 
brain size corrected hippocampal volume or between mother’s anxiety/co-dependence during the first weeks after 
birth and the brain size corrected hippocampal volume. While this absence of a relationship might be, in part, 
due to the relatively low variability in depressive symptomatology among the typically developing young adults, 
it is consistent with other structural studies that investigated the relations between depressive symptomatology 
and hippocampal volume and found no relationships69–72. Future research, designed as a prospective follow-up 
of our sample might try to determine whether individuals with smaller hippocampal volumes who were exposed 
to maternal anxiety/co-dependence after birth might develop depressive symptomatology in later life. Deficits 
in the function of hippocampus and the related negative affect network were characteristic for individuals with 
depressive symptomatology10,73. Recent research showed that reductions in hippocampal volume were apparent 
only in patients with an illness duration of at least 2.5 years or more than one episode of depression74.

Since hippocampal size is highly genetically determined23,30, further research should also clarify whether there 
might be any genetic modulators or mediators explaining our findings. For example, SNP rs7294919, which is 
known to have a particularly strong link to hippocampal volume75,76, might be a good candidate. Each copy of 
the T allele was associated with a 107.8 mm3 decrease in hippocampal volume68. The two neighbouring genes 
of rs7294919 are involved in apoptosis of neurons and hippocampal neuron dendrite growth, suggesting the 
possible mechanisms of action68. It might be that SNP rs7294919 might modulate the effects of mother’s anxiety/
co-dependence on hippocampal volume.

The current study has a number of strengths. First, it was designed as a neuroimaging follow-up of a prena-
tal birth cohort, which means that our relatively large sample size consisted of individuals from a very similar 
background (all White Caucassians, typically developing, growing up in the same area and due to the early post-
communist era in Czechoslovakia in the early 90 s, they were born into families with very similar socioeconom-
ical status) and a very narrow age range (23 or 24 years old), thus eliminating the effects of well documented 
age-related hippocampal atrophy77,78. Second, the unique data from European Longitudinal Study of Pregnancy 
and Childhood (ELSPAC-CZ) allowed us to draw on several approaches how to measure exposure to prenatal 
and early postnatal stress and evaluate their effects. Third, all measures of prenatal and early postnatal stress were 
based on data collected in the early 90 s, thus eliminating any possible false memories and recall bias. Fourth, we 
reported not only the effects on hippocampal volume but also the effects on individual hippocampal subfields, 
which are known to have different functions47. Fifth, the use of a software to measure the volume of hippocampus 
and its subfields allowed us to produce results that can be easily reproduced between laboratories.

The possible limitation of our study is the fact that the questionnaires assessing prenatal and early postnatal 
stress differ from the commonly used questionnaires on depression, social anxiety or co-dependence such as Beck 
Depression Inventory79 (BDI), Social Interaction Anxiety Scale80 (SIAS) or the Spann-Fischer Codependency 
Scale81 (SF CDS), however, the complete translation of the questionnaires is provided in the Supplementary meth-
ods. Another limitation is the fact that we cannot control for earlier/later maternal anxiety/co-dependence and 
thus determine whether the effects of mother’s anxiety/co-dependence are specific to early postnatal experiences. 
We hypothesize that while symptoms of mother’s anxiety/co-dependence might, in part, characterize moth-
er’s behavior also prenatally and later in life, their effects on the offspring’s hippocampus would be particularly 

Measure of prenatal stress Sample size Left hippocampus Right hippocampus

Birth weight 126 beta = −0.12, p = 0.19 beta = −0.03, p = 0.71

Stressful life events during 1st half of pregnancy 93 beta = −0.11, p = 0.29 beta = −0.09, p = 0.41

Stressful life events during 2nd half of pregnancy 122 beta = −0.07, p = 0.44 beta = −0.08, p = 0.38

Measure of early postnatal stress Left hippocampus Right hippocampus

Stressful life events during first 6 months after birth 124 beta = −0.007, p = 0.94 beta = −0.08, p = 0.37

Stressful life events during 6–18 months after birth 117 beta = 0.003, p = 0.97 beta = 0.0006, p = 0.99

Anxiety/co-dependence during first weeks after birth 122 beta = −0.25, p = 0.006, R2 = 0.06 beta = −0.24, p = 0.007, R2 = 0.06

Dysregulated mood and wellbeing during first weeks after birth 119 beta = −0.02, p = 0.81 beta = −0.06, p = 0.54

Dysregulated mood and wellbeing at 6 months after birth 124 beta = −0.10, p = 0.27 beta = −0.07, p = 0.47

Dysregulated mood and wellbeing at 18 months after birth 117 beta = −0.07, p = 0.44 beta = −0.08, p = 0.37

Table 2.  Prenatal and early postnatal stress and their relationships with hippocampal gray matter (GM) volume 
(corrected for brain size) in young adulthood.
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Figure 1.  Mother’s anxiety/co-dependence and offspring’s hippocampal volume. Offspring of mothers with 
higher anxiety/co-dependence during the first weeks after birth had smaller gray matter volume of both left (1A; 
beta = −0.25, p = 0.006, R2 = 0.06) and right (1B; beta = −0.24, p = 0.007, R2 = 0.06) hippocampus (corrected 
for brain size).

Hippocampal subfield

GM volume (M, SD)

Left hippocampus Right hippocampus

Parasubiculum M = 71.51, SD = 13.24 M = 66.02, SD = 11.11

Presubiculum M = 340.36, SD = 37.81 M = 314.20, SD = 35.54

Subiculum M = 474.40, SD = 53.67 M = 457.19, SD = 49.02

CA1 M = 700.95, SD = 85.14 M = 720.85, SD = 87.57

CA2/3 M = 233.97, SD = 35.17 M = 246.94, SD = 37.08

CA4 M = 282.79, SD = 33.40 M = 288.54, SD = 34.11

GC-DG M = 332.25, SD = 38.48 M = 336.51, SD = 39.27

HATA M = 75.72, SD = 11.69 M = 71.87, SD = 10.34

Fimbria M = 109.43, SD = 24.51 M = 107.37, SD = 21.64

Molecular layer M = 630.57, SD = 67.62 M = 636.77, SD = 68.93

Hippocampal fissure M = 151.8, SD = 23.56 M = 144.99, SD = 21.88

Hippocampal tail M = 526.69, SD = 60.71 M = 539.27, SD = 71.53

Whole hippocampus M = 3778.60, SD = 388.34 M = 3785.51, SD = 386.50

Table 3.  Means (M) and standard deviations (SD) for the gray matter (GM) volume of different subfields in left 
and right hippocampus (not corrected for brain size).
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pronounced during the sensitive period of first weeks after birth. It is also important to note that while our previ-
ous work82 with this sample demonstrated an effect of prenatal stressful life events on the brain and particularly 
three brain regions known to be hypometabolic in depressed patients vs. healthy controls (i.e. mid-dorsolateral 
frontal cortex, anterior cingulate cortex, and precuneus), the birth weight of our typically developing participants 
was in the normal range (M = 3346.85, SD = 526.62; viz Table 1) and this might have limited the possibility to 
show an effect of birth weight on hippocampal volume.

We conclude that in sharp contrast to numerous animal models, within typically developing humans, birth 
weight, stressful life events during prenatal or early postnatal period, and dysregulated mood and wellbeing in the 
mother during the early postnatal period were not associated with hippocampal volume in young adulthood. But, 
mother’s anxiety and co-dependence during the first weeks after birth did show long-lasting effects on the hip-
pocampal volume in the offspring irrespective of sex and these effects were most pronounced in the hippocam-
pal subfields identified by translational research as most stress- and glucocorticoid-sensitive63,64. Our findings 
provide evidence that the type of early stress is critical when studying its effects on the human brain, possibly 
explaining the inconsistency in the literature.

Methods
Participants.  Typically developing young adults from the European Longitudinal Study of Pregnancy and 
Childhood, the Czech Republic83,84 (ELSPAC–CZ), a prenatal cohort from Czech Republic whose members were 
born between 1991 and 1992, were invited to participate in a neuroimaging study Biomarkers and underlying 
mechanisms of vulnerability to depression (VULDE; FP7-IEF-2013) at Central European Institute of Technology, 
Masaryk University. A total of 131 individuals (61 males, 70 females) completed the neuroimaging protocol in 
2015. All of the participants were 23 or 24 years old and of White Caucasian background. Ethical approval for the 
VULDE study was obtained from ELSPAC Ethics Committee and written informed consent was obtained from all 
the participants, including the agreement to merge data from VULDE with their historic data from ELSPAC-CZ. 
The methods of the study described bellow were in accordance with the relevant guidelines and regulations.

Figure 2.  Effect of mother’s anxiety/co-dependence on offspring’s GM volume in hippocampal subfields. 
Offspring of mothers with higher anxiety/co-dependence during the first weeks after birth had smaller gray 
matter volume of left and right subiculum, CA1, CA2/3, CA4, GC—DG, molecular layer and HATA (corrected 
for brain size).

Hippocampal subfield Sample size Left hippocampus Right hippocampus

Parasubiculum 122 beta = 0.12, p = 0.20 beta = 0.11, p = 0.22

Presubiculum 122 beta = −0.0005, p = 0.99 beta = −0.04, p = 0.65

Subiculum 122 beta = −0.20, p = 0.03, R2 = 0.04 beta = −0.20, p = 0.03, R2 = 0.04

CA1 122 beta = −0.24, p = 0.009, R2 = 0.06 beta = −0.26, p = 0.004, R2 = 0.06

CA2/3 122 beta = −0.25, p = 0.005, R2 = 0.06 beta = −0.22, p = 0.01, R2 = 0.05

CA4 122 beta = −0.29, p = 0.001, R2 = 0.08 beta = −0.25, p = 0.006, R2 = 0.06

GC-DG 122 beta = −0.31, p = 0.0004, R2 = 0.10 beta = −0.27, p = 0.003, R2 = 0.07

HATA 122 beta = −0.21, p = 0.02, R2 = 0.05 beta = −0.19, p = 0.04, R2 = 0.04

Fimbria 122 beta = −0.12, p = 0.20 beta = −0.05, p = 0.62

Molecular layer 122 beta = −0.25, p = 0.006, R2 = 0.06 beta = −0.25, p = 0.006, R2 = 0.06

Hippocampal fissure 122 beta = −0.03, p = 0.76 beta = −0.05, p = 0.57

Hippocampal tail 122 beta = −0.05, p = 0.60 beta = −0.05, p = 0.56

Table 4.  Mother’s anxiety/co-dependence after birth and gray matter (GM) volume of hippocampal subfields 
(corrected for brain size).
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Measures of prenatal and early postnatal stress.  Between 1990 and 1994, mothers of our participants 
answered number of questionnaires regarding possible indicators of prenatal and early postnatal stress including 
stressful life events, dysregulated mood and wellbeing, and anxiety/co-dependence and provided information 
about the birth weight of the offspring (data available for 126 out of the 131 participants). The questionnaire about 
stressful life events was filled in at four time points to reflect stressful life events during the first (completed by 93 
out of the 131 mothers) and second (completed by 122 out of the 131 mothers) half of pregnancy, during the first 
6 months after birth (completed by 124 out of the 131 mothers), and during 6–18 months after birth (completed 
by 117 out of the 131 mothers). It consisted of 40 questions on stressful events such as break up or divorce with the 
partner, consideration of abortion, violence, serious illness or death in the family or financial difficulties answered 
by a 5-point Likert scale. The questionnaire on dysregulated mood and wellbeing was filled in at three time points, 
namely at first weeks after birth (completed by 120 out of the 131 mothers), at 6 months after birth (completed 
by 124 out of the 131 mothers), and at 18 months after birth (completed by 117 out of the 131 mothers) to reflect 
dysregulated mood and wellbeing in the past month. This questionnaire included 33 questions on anger, panic, 
sadness, fatigue, digestive problems, appetite, sleep and self-harming thoughts answered by a 4-point Likert scale. 
The questionnaire on Anxiety/co-dependence was filled in only during the first weeks after birth and completed 
by 122 out of the 131 mothers. It included 36 questions on anxious behavior and co-dependence such as worried 
about other people’s opinions, change behavior in order to please others, insecure when meeting new people, 
worried to say what she thinks because others might not like her, worried to be criticized, anxious when saying 
good bye, worried to lose a friend, all answered on a 4-point Likert scale. See the full list of questions in the three 
different questionnaires in Supplementary Methods.

MRI Acquisition.  In 2015, all participants were scanned using a 3 T Siemens Prisma MRI scanner. 
T1-weighted MPRAGE images of the whole brain were acquired with 64 channel head/neck coil using the fol-
lowing acquisition parameters: voxel size 1 × 1 × 1 mm, repetition time (TR) 2300 ms, echo time (TE) 2.34 ms, 
inversion time (TI) 900 ms, flip angle 8 degrees.

Analyses.  T1-weighted data were processed using Freesurfer version 6.085 and the volume of total left and 
total right hippocampus was calculated. Volume of the different hippocampal subfields (left and right parasu-
biculum, presubiculum, subiculum, cornu ammonis [CA] 1, CA2/3, CA4, granule cell layer of the dentate gyrus 
[GC/DG], hippocampal-amygdaloid transition area [HATA], fimbria, molecular layer, hippocampal fissure, hip-
pocampal tail) were calculated according to Iglesias et al.47. Briefly, this automated analysis of MRI data is based 
on a construction of a statistical atlas of the hippocampal subfields using ultra-high resolution MRI and then 
building an algorithm based on Bayesian inference47. This atlas was released as part of FreeSurfer (version 6.0) 
and its applicability and accuracy has been demonstrated47, thus offering an alternative to the laborious manual 
tracing that has been the gold standard for measuring total hippocampal volume in the past and providing a tool 
that would allow easy replication across laboratories86. Segmentation of the hippocampal subfields was visually 
inspected and all subjects passed the quality control.

All subsequent statistical analyses were done in JMP version 10.0.0 (SAS Institute Inc., Cary, NC). Volumes of 
left and right hippocampus as well as the subfields were corrected for the total brain volume. Mean scores of the 
prenatal and early postnatal stressful life events variables had to be log transformed to follow normal distribution. 
We used two-sided hypothesis tests and significance level of 0.05. With our sample size and power 80% we should 
have been able to detect medium size or larger effects. First, univariate linear regression assessed associations 
between early life stress and total left and total right volume of the hippocampus. Potential interactions with sex 
were assessed. Next, multivariate analysis of variance (MANOVA) assessed associations between the significant 
predictors of hippocampal volume and volumes of the different subfields in left and right hippocampus. Finally, 
additional posthoc analyses assessed the potential relationship between hippocampal volume, its predictors, and 
depressive symptomatology measured by Beck Depression Inventory79 (BDI) in young adulthood.

Data availability.  The datasets generated and analysed during the current study are available from the cor-
responding author upon reasonable request.

References
	 1.	 Barker, D. J., Winter, P. D., Osmond, C., Margetts, B. & Simmonds, S. J. Weight in infancy and death from ischaem heart disease. 

Lancet. 2, 577–580 (1989).
	 2.	 Lahiri, D. K., Maloney, B. & Zawia, N. H. The LEARn model: an epigenetic explanation for idiopathic neurobiological diseases. Mol. 

Psychiatry. 14, 992–1003 (2009).
	 3.	 Van, O. ,J., Jones, P., Lewis, G., Wadsworth, M. & Murray, R. Developmental precursors of affective illness in a general population 

birth cohort. Arch. Gen. Psychiatry. 54(7), 625–631 (1997).
	 4.	 Watson, J. B., Mednick, S. A., Huttunen, M. & Wang, X. Prenatal teratogens and the development of adult mental illness. Dev. 

Psychopathol. 11(3), 457–466 (1999).
	 5.	 Brown, A. S., van Os, J., Driessens, C., Hoek, H. W. & Susser, E. S. Further evidence of relation between prenatal famine and major 

affective disorder. Am. J. Psychiatry. 157(2), 190–195 (2000).
	 6.	 Gilman, S. E. et al. Prenatal immune programming of the sex-dependent risk for major depression. Transl Psychiatry. 6(5) (2016a).
	 7.	 Gilman, S. E., Hornig, M., Ghassabian, A., Hahn, J., Cherkerzian, S. & Alber, t. P. S. et al. Socioeconomic disadvantage, gestational 

immune activity, and neurodevelopment in early childhood. PNAS. 114(26), 6728–6733 (2016b).
	 8.	 Lai, M. C. & Huang, L. T. Effects of early life stress on neuroendocrine and neurobehavior: mechanisms and implications. Pediatr. 

Neonatol. 52, 122–129 (2011).
	 9.	 Strüber, N., Strüber, D. & Roth, G. Impact of early adversity on glucocorticoid regulation and later mental disorders. Neurosci. 

Biobehav. Rev. 38, 17–37 (2014).
	10.	 MacQueen, G. & Frodl, T. The hippocampus in major depression: evidence for the convergence of the bench and bedside in 

psychiatric research? Molecular Psychiatry. 16, 252–264 (2011).



www.nature.com/scientificreports/

8SCIENTIFIC REPOrTs |  (2018) 8:4696  | DOI:10.1038/s41598-018-23046-6

	11.	 Thomas, R. M., Hotsenpiller, G. & Peterson, D. A. Acute psychosocial stress reduces cell survival in adult hippocampal neurogenesis 
without altering proliferation. J Neurosci. 27, 2734–2743 (2007).

	12.	 Woolley, C. S., Gould, E. & McEwen, B. S. Exposure to excess glucocorticoids alters dendritic morphology of adult hippocampal 
pyramidal neurons. Brain Res. 531, 225–231 (1990).

	13.	 Watanabe, Y., Gould, E. & McEwen, B. S. Stress induces atrophy of apical dendrites of hippocampal CA3 pyramidal neurons. Brain 
Res. 588, 341–345 (1992).

	14.	 Magarinos, A. M., McEwen, B. S., Flugge, G. & Fuchs, E. Chronic psychosocial stress causes apical dendritic atrophy of hippocampal 
CA3 pyramidal neurons in subordinate tree shrews. J Neurosci. 16, 3534–3540 (1996).

	15.	 Dranovsky, A. & Hen, R. Hippocampal neurogenesis: regulation by stress and antidepressants. Biol Psychiatry. 59, 1136–1143 (2006).
	16.	 Duman, R. S. Depression: a case of neuronal life and death? Biol Psychiatry. 56, 140–145 (2004).
	17.	 Lee, T., Jarome, T., Li, S. J., Kim, J. J. & Helmstetter, F. J. Chronic stress selectively reduces hippocampal volume in rats: a longitudinal 

magnetic resonance imaging study. Neuroreport. 20, 1554–1558 (2009).
	18.	 Ohl, F., Michaelis, T., Vollmann-Honsdorf, G. K., Kirschbaum, C. & Fuchs, E. Effect of chronic psychosocial stress and long-term 

cortisol treatment on hippocampus-mediated memory and hippocampal volume: a pilot-study in tree shrews. 
Psychoneuroendocrinology. 25, 357–363 (2000).

	19.	 Malberg, J. E. & Duman, R. S. Cell proliferation in adult hippocampus is decreased by inescapable stress: reversal by fluoxetine 
treatment. Neuropsychopharmacology. 28, 1562–1571 (2003).

	20.	 Vermetten, E. & Bremner, J. D. Circuits and systems in stress. I. Preclinical studies. Depress Anxiety. 15, 126–147 (2002).
	21.	 Szeszko, P. R. et al. Increased stress and smaller anterior hippocampal volume. Neuroreport. 17, 1825–1828 (2006).
	22.	 Ganzel, B. L., Kim, P., Glover, G. H. & Temple, E. Resilience after 9/11: multimodal neuroimaging evidence for stress-related change 

in the healthy adult brain. Neuroimage. 40, 788–795 (2008).
	23.	 Gilbertson, M. W. et al. Smaller hippocampal volume predicts pathologic vulnerability to psychological trauma. Nat Neurosci 5, 

1242–1247 (2002).
	24.	 Koolschijn, P. C., van IJzendoorn, M. H., Bakermans-Kranenburg, M. J. & Crone, E. A. Hippocampal volume and internalizing 

behavior problems in adolescence. Eur Neuropsychopharmacol. 23(7), 622–628 (2013).
	25.	 Geuze, E., Vermetten, E. & Bremner, J. D. MR-based in vivo hippocampal volumetrics: 2. Findings in neuropsychiatric disorders. 

Mol Psychiatry. 10, 160–184 (2005).
	26.	 Teicher, M. H. et al. The neurobiological consequences of early stress and childhood maltreatment. Neurosci Biobehav Rev. 27, 33–44 

(2003).
	27.	 Cohen, S. et al. Adverse early life environment increases hippocampal microglia abundance in conjunction with decreased neural 

stem cells in juvenile mice. Int J Dev Neurosci. 55, 56–65 (2016).
	28.	 Sanchez, M. M., Hearn, E. F., Do, D., Rilling, J. K. & Herndon, J. G. Differential rearing affects corpus callosum size and cognitive 

function of rhesus monkeys. Brain Res. 812, 38–49 (1998).
	29.	 Spinelli, S. et al. Early-life stress induces long-term morphologic changes in primate brain. Arch Gen Psychiatry. 66, 658–665 (2009).
	30.	 Lyons, D. M., Yang, C., Sawyer-Glover, A. M., Moseley, M. E. & Schatzberg, A. F. Early life stress and inherited variation in monkey 

hippocampal volumes. Arch Gen Psychiatry. 58, 1145–1151 (2001).
	31.	 Woon, F. L. & Hedges, D. W. Hippocampal and amygdala volumes in children and adults with childhood maltreatment-related 

posttraumatic stress disorder: a meta-analysis. Hippocampus. 18, 729–736 (2008).
	32.	 Cohen, R. A. et al. Early life stress and morphometry of the adult anterior cingulate cortex and caudate nuclei. Biol Psychiatry. 59, 

975–982 (2006).
	33.	 Favaro, A., Tenconi, E., Degortes, D., Manara, R. & Santonastoso, P. Neural correlates of prenatal stress in young women. Psychol 

Med. 45(12), 2533–2543 (2015).
	34.	 Buss, C. et al. Maternal cortisol over the course of pregnancy and subsequent child amygdala and hippocampus volumes and 

affective problems. Proc Natl Acad Sci USA 109, E1312–9 (2012).
	35.	 Lenze, S. N., Xiong, C. & Sheline, Y. I. Childhood adversity predicts earlier onset of major depression but not reduced hippocampal 

volume. Psychiatry Res. 162, 39–49 (2008).
	36.	 Vythilingam, M. et al. Childhood trauma associated with smaller hippocampal volume in women with major depression. Am J 

Psychiatry. 159, 2072–2080 (2002).
	37.	 Constantinof, A., Moisiadis, V. G. & Matthews, S. G. Programming of stress pathways: A transgenerational perspective. J Steroid 

Biochem Mol Biol. 160, 175–80 (2016).
	38.	 Bock, J., Wainstock, T., Braun, K. & Segal, M. Stress in utero: prenatal programming of brain plasticity and cognition. Biol Psychiatry. 

78(5), 315–326 (2015).
	39.	 Goldstein, J. M., Handa, R. J. & Tobet, S. A. Disruption of fetal hormonal programming (prenatal stress) implicates shared risk for 

sex differences in depression and cardiovascular disease. Frontiers in Neuroendocrinology. 35, 140–158 (2014).
	40.	 Shors, T. J. & Leuner, B. Estrogen-mediated effects on depression and memory formation in females. J Affect Disord. 74, 85–96 

(2003).
	41.	 Derks, N. A., Krugers, H. J., Hoogenraad, C. C., Joels, M. & Sarabdijitsingh, R. A. Effects of early life stress on synaptic plasticity in 

the developing hippocampus of male and female rats. PloS One. 11(10), 1–17 (2016).
	42.	 Takuma, K. et al. 17beta-estradiol attenuates hippocampal neuronal loss and cognitive dysfunction induced by chronic restraint 

stress in ovariectomized rats. Neuroscience. 146, 60–68 (2007).
	43.	 Engel, S. M., Berkowitz, G. S., Wolff, M. S. & Yehuda, R. Psychological trauma associated with the World Trade Center attacks and 

its effect on pregnancy outcome. Paediatr Perinat Epidemiol. 19, 334–41 (2005).
	44.	 Sandman, C. A., Davis, E. P., Buss, C. & Glynn, L. M. Exposure to prenatal psychobiological stress exerts programming influences 

on the mother and her fetus. Neuroendocrinology. 95, 7–21 (2012).
	45.	 Grigoryan, G., & Segal, M. Lasting differential effects on plasticity induced by prenatal stress in dorsal and ventral hippocampus. 

Neural Plast. 1–10 (2016).
	46.	 Adler, D. H. et al. Histology-derived volumetric annotation of the human hippocampal subfields in post-mortem MRI. Neuroimage. 

84, 505–523 (2013).
	47.	 Iglesias, J. E. et al. A computational atlas of the hippocampal formation using ex vivo, ultra-high resolution MRI: Application to 

adaptive segmentation of in vivo MRI. Neuroimage. 115, 117–137 (2015).
	48.	 Lisman, J. E. & Otmakhova, N. A. Storage, recall, and novelty detection of sequences by the hippocampus: elaborating on the 

SOCRATIC model to account for normal and aberrant effects of dopamine. Hippocampus. 11(5), 551–568 (2001).
	49.	 Suthana, N. A., Ekstrom, A. D., Moshirvaziri, S., Knowlton, B. & Bookheimer, S. Y. Human hippocampal CA1 involvement during 

allocentric encoding of spatial information. J Neurosci. 29(34), 10512–10519 (2009).
	50.	 Bakker, A., Kirwan, C. B., Miller, M. & Stark, C. E. L. Pattern separation in the human hippocampal CA3 and dentate gyrus. Science. 

319(5870), 1640–1642 (2008).
	51.	 Leutgeb, J. K., Leutgeb, S., Moser, M. B. & Moser, E. I. Pattern separation in the dentate gyrus and CA3 of the hippocampus. Science. 

315(5814), 961–966 (2007).
	52.	 Yassa, M. A. et al. High-resolution structural and functional MRI of hippocampal CA3 and dentate gyrus in patients with amnestic 

mild cognitive impairment. Neuroimage. 51(3), 1242–1252 (2010).



www.nature.com/scientificreports/

9SCIENTIFIC REPOrTs |  (2018) 8:4696  | DOI:10.1038/s41598-018-23046-6

	53.	 Duan, X., Kang, E., Liu, C. Y., Ming, G. L. & Song, H. Development of neural stem cell in the adult brain. Curr Opm Neurobiol. 18(1), 
108–115 (2008).

	54.	 Abrous, D. N., Koehl, M. & Le Moal, M. Adult neurogenesis: from precursors to network and physiology. Physiol Rev. 85(2), 523–569 
(2005).

	55.	 Gould, E., Tanapat, P., McEwen, B. S., Flugge, G. & Fuchs, E. Proliferation of granule cell precursors in the dentate gyrus of adult 
monkeys is diminished by stress. Proc Natl Acad Sci USA 95(6), 3168–3171 (1998).

	56.	 Shiryaeva, N. V., Vshivtseva, W., Mal’tsev, N. A., Sukhorukov, V. N. & Vaido, A. Neuron density in the hippocampus in rat strains 
with contrasting nervous system excitability after prolonged emotional-pain stress. Neurosci Behav Physiol 38(4), 355–357 (2008).

	57.	 Magarinos, A. M. & McEwen, B. S. Stress-induced atrophy of apical dendrites of hippocampal CA3c neurons: involvement of 
glucocorticoid secretion and excitatory amino acid receptors. Neuroscience. 69(1), 89–98 (1995).

	58.	 Teicher, M. H., Anderson, C. M. & Polcari, A. Childhood maltreatment is associated with reduced volume in the hippocampal 
subfields CA3, dentate gyrus, and subiculum. PNAS. 109(9), E563–572 (2012).

	59.	 Wang, Z. et al. Magnetic resonance imaging of hippocampal subfields in posttraumatic stress disorder. Archives of General Psychiatry. 
67(3), 296–303 (2010).

	60.	 Travis, S. G. et al. Effects of cortisol on hippocampal subfields volumes and memory performance in healthy control subjects and 
patients with major depressive disorder. Journal of Affective Disorders. 201, 34–41 (2016).

	61.	 Pryce, R., Aubert, Y., Maier, C., Pearce, P. C. & Fuchs, E. The developmental impact of prenatal stress, prenatal dexamethasone and 
postnatal social stress on physiology, behaviour and neuroanatomy of primate offspring: studies in rhesus macaque and common 
marmoset. Psychopharmacology. 214(1), 33–53 (2011).

	62.	 Qiu, A. et al. Maternal anxiety and infants’ hippocampal development: timing matters. Transl Psychiatry. 3(9), e306 (2013).
	63.	 McEwen, B. S. The neurobiology of stress: From serendipity to clinical relevance. Brain Res. 886, 172–189 (2000).
	64.	 McEwen, B. S. Sex, stress and the hippocampus: Allostasis, allostatic load and the aging process. Neurobiol Aging. 23, 921–939 

(2002).
	65.	 Scheinost, D. et al. Prenatal stress alters amygdala functional connectivity in preterm neonates. Neuroimage Clin. 12, 381–388 

(2016).
	66.	 Teicher, M. H., Anderson, C. M. & Polcari, A. Childhood maltreatment is associated with reduced volume in the hippocampal 

subfields CA3, dentate gyrus, and subiculum. PNAS. 109(9), E563–E572 (2012).
	67.	 Kawakami, R. et al. Asymmetrical allocation of NMDA receptor epsilon2 subunits in hippocampal circuitry. Science. 300, 990–994 

(2003).
	68.	 Rao, U. et al. Hippocampal changes associated with early-life adversity and vulnerability to depression. Biol Psychiatry. 67, 357–364 

(2010).
	69.	 MacQueen, G. M. et al. Course of illness, hippocampal function, and hippocampal volume in major depression. Proc Natl Acad Sci 

USA 100, 1387–1392 (2003).
	70.	 Frodl, T. M. et al. Hippocampal changes in patients with a first episode of major depression. Am J Psychiatry. 159, 1112–1118 (2002).
	71.	 Frodl, T. Shaippocampal volume correlates with executive dysfunctioning in major depression. J Psychiatry Neurosci. 31, 316–323 

(2006).
	72.	 Caetano, S. C. et al. Anatomical MRI study of hippocampus and amygdala in patients with current and remitted major depression. 

Psychiatry Res. 132, 141–147 (2004).
	73.	 Mareckova, K. et al. Brain activity and connectivity in response to negative affective stimuli: Impact of dysphoric mood and sex 

across diagnoses. Human Brain Mapping. 37(11), 3733–3744 (2016).
	74.	 McKinnon, M. C., Yucel, K., Nazarov, A. & MacQueen, G. M. A meta-analysis examining clinical predictors of hippocampal volume 

in patients with major depressive disorder. J Psychiatry Neurosci. 34, 41–54 (2009).
	75.	 Bis, J. C. et al. Common variants at 12q14 and 12q24 are associated with hippocampal volume. Nature Genetics. 44, 545–551 (2012).
	76.	 Stein, J. L. et al. Identification of common variants associated with human hippocampal and intracranial volumes. Nature Genetics. 

44, 552–561 (2012).
	77.	 Du, A. T. et al. Age effects on atrophy rates of entorhinal cortex and hippocampus. Neurobiol Aging. 27(5), 733–740 (2006).
	78.	 Morra, J. H. et al. Automated mapping of hippocampal atrophy in 1 -year repeat MRI data from 490 subjects with Alzheimer’s 

disease, mild cognitive impairment, and elderly controls. Neuroimage. 45, S3–15 (2009).
	79.	 Beck, A. T., Ward, C. H., Mendelson, M., Mock, J. & Erbaugh, J. An inventory for measuring depression. Archives of General 

Psychiatry. 4, 561–571 (1961).
	80.	 Mattick, R. P. & Clarke, J. C. Development and validation of measures of social phobia scrutiny fear and social interaction anxiety. 

Behaviour Research and Therapy. 36(4), 455–470 (1998).
	81.	 Fischer, J., Spann, L. & Crawford, D. Measuring codependency. Alcoholism Treatment Quarterly. 8, 87–99 (1991).
	82.	 Mareckova, K. et al. Prenatal stress, mood, and gray matter volume in young adulthood. Cerebral Cortex, https://doi.org/10.1093/

cercor/bhy030 (2018).
	83.	 Golding, J. European Longitudinal Study of Pregnancy and Childhood (ELSPAC). Paediatric and Perinatal Epidemiology. 3(4), 

460–469 (1989).
	84.	 Piler, P. et al. Cohort profile: European Longitudinal Study of Pregnancy and Childhood (ELSPAC) in the Czech Republic. 

International Journal of Epidemiology. 1–7, https://doi.org/10.1093/ije/dyw091 (2016).
	85.	 Fischl, B. & Dale, A. M. Measuring the thickness of the human cerebral cortex from magnetic resonance images. Proc Natl Acad Sci 

USA 97(20), 11050–11055 (2000).
	86.	 Van Leemput, K. et al. Automated segmentation of hippocampal subfields from ultra-high resolution in vivo MRI. Hippocampus 19, 

549–557 (2009).

Acknowledgements
This work was supported by the European Union (Marie Curie Intra-European Fellowship for Career 
Development FP7-IEF-2013) and the Ministry of Education, Youth and Sports of the Czech Republic/MEYS 
(CEITEC 2020, LQ1601, LM2015051).

Author Contributions
K.M. designed the study, collected and analysed the data, and wrote the manuscript. R.M. run the Freesurfer 
analysis. P.B. was involved in data collection. J.K., L.D. and M.B. reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-23046-6.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/10.1093/cercor/bhy030
http://dx.doi.org/10.1093/cercor/bhy030
http://dx.doi.org/10.1093/ije/dyw091
http://dx.doi.org/10.1038/s41598-018-23046-6


www.nature.com/scientificreports/

1 0SCIENTIFIC REPOrTs |  (2018) 8:4696  | DOI:10.1038/s41598-018-23046-6

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Perinatal stress and human hippocampal volume: Findings from typically developing young adults

	Results

	Prenatal stress and hippocampal volume in young adulthood. 
	Early postnatal stress and hippocampal volume in young adulthood. 
	Mother’s anxiety/co-dependence during the first weeks after birth and volume of hippocampal subfields in young adulthood. 
	Hippocampal volume and depressive symptomatology in young adulthood. 

	Discussion

	Methods

	Participants. 
	Measures of prenatal and early postnatal stress. 
	MRI Acquisition. 
	Analyses. 
	Data availability. 

	Acknowledgements

	Figure 1 Mother’s anxiety/co-dependence and offspring’s hippocampal volume.
	Figure 2 Effect of mother’s anxiety/co-dependence on offspring’s GM volume in hippocampal subfields.
	Table 1 Means (M) and standard deviations (SD) for the different measures of prenatal and early postnatal stress (not log-transformed) by sex.
	Table 2 Prenatal and early postnatal stress and their relationships with hippocampal gray matter (GM) volume (corrected for brain size) in young adulthood.
	Table 3 Means (M) and standard deviations (SD) for the gray matter (GM) volume of different subfields in left and right hippocampus (not corrected for brain size).
	Table 4 Mother’s anxiety/co-dependence after birth and gray matter (GM) volume of hippocampal subfields (corrected for brain size).




