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Can a mother’s health, social, 
and economic status affect her 

child’s capacity to learn, and can 
these effects appear prenatally? 



Research Questions 

• Can a mother experiencing toxic stress during 
her pregnancy transmit her experiences to her 
child through stress hormones? 

• Will the child have changes to his/her 
hippocampus, a neural structure susceptible 
to stress? 

• Will the child experience learning and 
memory deficits as a result of prenatal stress? 
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• Early life stress and lifelong adversity 

• What is prenatal stress? 

• How maternal glucocorticoids reach the fetus 

• The role of the hippocampus in learning and 
memory 

• Studies on prenatal stress and the 
hippocampus 

• Postnatal stress comparison 

• Prenatal/postnatal stress and hippocampal 
glucocorticoid receptors 
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(FIG. 1)

Human studies.

Figure 1 | The stress system. When the brain detects a 

threat, a coordinated physiological response involving 

autonomic, neuroendocrine, metabolic and immune 

system components is activated. A key system in the 

stress response that has been extensively studied is the 

hypothalamus-pituitary-adrenal (HPA) axis. Neurons in 

the medial parvocellular region of the paraventricular 

nucleus of the hypothalamus release corticotropin-

releasing hormone (CRH) and arginine vasopressin (AVP). 

This triggers the subsequent secretion of adrenocortico-

tropic hormone (ACTH) from the pituitary gland, leading 

to the production of glucocorticoids by the adrenal 

cortex. In addition, the adrenal medulla releases 

catecholamines (adrenaline and noradrenaline) (not 

shown). The responsiveness of the HPA axis to stress is in 

part determined by the ability of glucocorticoids to 

regulate ACTH and CRH release by binding to two 

corticosteroid receptors, the glucocorticoid receptor 

(GR) and the mineralocorticoid receptor (MR). Following 

activation of the system, and once the perceived stressor 

has subsided, feedback loops are triggered at various 

levels of the system (that is, from the adrenal gland to the 

hypothalamus and other brain regions such as the 

hippocampus and the frontal cortex) in order to shut the 

HPA axis down and return to a set homeostatic point. By 

contrast, the amygdala, which is involved in fear 

processing142, activates the HPA axis in order to set in 

motion the stress response that is necessary to deal with 

the challenge. Not shown are the other major systems 

and factors that respond to stress, including the 

autonomic nervous system, the inflammatory cytokines 

and the metabolic hormones. All of these are affected by 

HPA activity and, in turn, affect HPA function, and they 

are also implicated in the pathophysiological changes 

that occur in response to chronic stress, from early 

experiences into adult life.
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3 Types of stressors1: 

1. Positive stress 

2. Tolerable stress 

3. Toxic stress-unrelenting adverse 
experiences or stressors of great 
magnitude 

Early Life Stress 



• Rate of chronic diseases, health risk behaviors, 
depression, and suicide increase with increasing 
adverse childhood experiences (ACEs) such as 
abuse and caregiver dysfunction2 
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Prenatal Stress 

• Intimate partner violence 

• Dangerous neighborhood 

• Poverty 

• Chronically high anxiety 

• Major adverse life events (e.g. death of a 
loved one or natural disaster) 

• Pregnancy-related medical stress 5 
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How Glucocorticoids Reach the Fetus 

• Only 10-20% of maternal cortisol reaches the 
fetus7 
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concentrations to 13 times lower than 
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and then is reduced in the 3rd trimester9 

• The placenta contributes CRH in the 2nd and 
3rd trimesters6,8 
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Types of Memory  

• Nondeclarative-innate, reflexive reaction 
to something that once had to be 
learned11 

• Declarative-storyline of memories11 
– Episodic-memory for life experiences with a 

unique temporal/spatial context for each 
event12 

– Semantic-factual information learned 
during life experiences12 



• Involved in short-term memory storage before 
long-term consolidation12,13 
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• Information about an episode may be 
encoded in cortex, but connected to the 
hippocampus when retrieved14 
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Neurogenesis  

• The hippocampus is one of very few 
brain structures capable of adult 
neurogenesis 

• Neurogenesis occurs in the dentate 
gyrus 

• Continuous neurogenesis may create a 
temporal/spatial context for 
memories16,17 
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neurogenesis in the dentate gyrus of rats18,19 
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Evidence in Animals 

• Rodents 
– Prenatal stress causes a permanent reduction in 

neurogenesis in the dentate gyrus of rats18,19 

– Prenatally stressed rats perform poorly on a 
learning task requiring spatial memory18 

• Non-Human Primates 
– Reduction in hippocampal volume and 

neurogenesis in the dentate gyrus seen in 
prenatally stressed rhesus monkeys20,21 

– Early or late gestational stress produces no 
difference20 



Coe et al., 2013 

Dentate Gyrus Neurogenesis 
in rhesus monkeys 

Hippocampal Volume in 
rhesus monkeys 



Approaches to Human Studies 

• Retrospectively determine stress and anxiety 
level, followed by MRI and/or study of 
subjects’ cognitive ability 

• Study prenatal stress reports and 
hippocampal-dependent learning mechanisms 

• Take salivary cortisol samples during 
pregnancy and subsequently study infant 
brains with MRI 



Self-Reported Anxiety Studies 

• Prenatal stress constrains left hippocampal 
growth from birth to 6 months of age22 



Qiu et al., 2013 
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Self-Reported Anxiety Studies 

• Prenatal stress constrains left hippocampal 
growth from birth to 6 months of age22 

• Self-reported adverse life events during 
gestation correlate with poor performance on 
spatial tasks in children in young adulthood23 



Maternal Cortisol Studies 

• Increased salivary cortisol at 13 weeks and 
decreased salivary cortisol at 38 weeks 
correlate with significantly decreased Mental 
Development Index scores throughout 
infancy24 

• High maternal cortisol at 15 weeks does not 
correlate with reduced hippocampal volume 
in childhood25 



Flaws in Human Studies 

• There are multiple techniques for assessing 
maternal stress level 

• Relying on self-reported stress or anxiety is 
not objective 

• Some studies only assess cortisol at one point 
in pregnancy 

• Studies need to take careful consideration to 
control for postnatal stress 
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controls26 

• Some studies show reduced hippocampal 
volume in prepubescent children with 
multiple traumas27, while others show no 
difference in volume28,29 
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• Hippocampi of adults with a history of early 
life stress and PTSD are bilaterally smaller than 
controls26 

• Some studies show reduced hippocampal 
volume in prepubescent children with 
multiple traumas27, while others show no 
difference in volume28,29 

• Early life stress may significantly alter the 
hippocampus after brain remodeling in 
puberty28 
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Figure 1 | The stress system. When the brain detects a 

threat, a coordinated physiological response involving 

autonomic, neuroendocrine, metabolic and immune 

system components is activated. A key system in the 

stress response that has been extensively studied is the 

hypothalamus-pituitary-adrenal (HPA) axis. Neurons in 

the medial parvocellular region of the paraventricular 

nucleus of the hypothalamus release corticotropin-

releasing hormone (CRH) and arginine vasopressin (AVP). 

This triggers the subsequent secretion of adrenocortico-

tropic hormone (ACTH) from the pituitary gland, leading 

to the production of glucocorticoids by the adrenal 

cortex. In addition, the adrenal medulla releases 

catecholamines (adrenaline and noradrenaline) (not 

shown). The responsiveness of the HPA axis to stress is in 

part determined by the ability of glucocorticoids to 

regulate ACTH and CRH release by binding to two 

corticosteroid receptors, the glucocorticoid receptor 

(GR) and the mineralocorticoid receptor (MR). Following 

activation of the system, and once the perceived stressor 

has subsided, feedback loops are triggered at various 

levels of the system (that is, from the adrenal gland to the 

hypothalamus and other brain regions such as the 

hippocampus and the frontal cortex) in order to shut the 

HPA axis down and return to a set homeostatic point. By 

contrast, the amygdala, which is involved in fear 

processing142, activates the HPA axis in order to set in 

motion the stress response that is necessary to deal with 

the challenge. Not shown are the other major systems 

and factors that respond to stress, including the 

autonomic nervous system, the inflammatory cytokines 

and the metabolic hormones. All of these are affected by 

HPA activity and, in turn, affect HPA function, and they 

are also implicated in the pathophysiological changes 

that occur in response to chronic stress, from early 

experiences into adult life.
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Mineralocorticoid and Glucocorticoid 
Receptors 

• Both mineralocorticoid (MR) and 
glucocorticoid receptors (GR) respond to 
glucocorticoids (cortisol and cortisone) 

• MRs have a greater affinity for 
glucocorticoids30 

• Exposure to abnormally high levels of 
glucocorticoids alters how they are 
expressed in the hippocampus 

 



Monk et al., 2012 



MR and GR Expression in Animals 

• Proper postnatal handling of rat pups results 
in an altered histone acetylation and DNA 
methylation pattern of the GR promoter 
region in the hippocampus, leading to 
increased expression32 

• Prenatal synthetic glucocorticoid exposure in 
rats results in down-regulation of GR receptor 
mRNA in the hippocampus33 

 



MR and GR Expression in Humans 

• Fetuses express MRs and GRs in the 
hippocampus as early as 24 weeks34 

• Hypermethylation of the promoter region for 
the GR gene occurs in the cord blood of 
mothers with high anxiety35 

• Early life stress significantly reduces GR 
expression in the hippocampus36 

 



expression and increased HPA activity, we hypothesized that

suicide victims would show decreased expression both of gluco-

corticoid receptor and glucocorticoid receptor 1F compared with

control subjects.

We examined the expression of total glucocorticoid receptor and

glucocorticoid receptor 1F usingquantitativereversetranscription PCR

(qRT-PCR) with RNA extracted from hippocampal tissue of suicide

completerswith (n ¼ 12) and without (n ¼ 12) ahistory of childhood

abuse and from controls (n ¼ 12). There was a significant effect on

glucocorticoid receptor expression (F¼ 3.17, P¼ 0.05). Post hoc tests

showed that expression of total glucocorticoid receptor mRNA was

significantly reduced in suicide victims with a history of childhood

abuse relative to nonabused suicide victims or controls (P o 0.05);

there was no difference between nonabused suicide victims and

controls (P 4 0.05; Fig. 1a). There was also a significant effect on

theexpression of transcripts containing theexon 1F NR3C1 promoter

(F ¼ 3.58, P o 0.05). Post hoc tests revealed that glucocorticoid

receptor 1F expression was significantly lower in samples from suicide

victims with a history of childhood abuse compared with suicide

victims without childhood abuse or controls (P o 0.05). Similar to

thefindingswith total glucocorticoid receptor mRNA expression, there

was no difference between nonabused suicide victims and controls

(P 4 0.05; Fig. 1b).

We examined the relationship between glucocorticoid receptor

expression and psychiatric diagnoses (Table 1). Mood disorders and

substance abuse disorders are risk factors for suicide and have been

linked to alterations of glucocorticoid receptor expression12. There

were no significant effects of psychopathology, even after controlling

for childhood abuse status, on overall glucocorticoid receptor or

glucocorticoid receptor 1F expression (P 4 0.05).

Genotyping and methylation analysis

Because alterations in glucocorticoid receptor 1F activity could be

derived from nucleotide sequence variation and/or epigenetic mod-

ifications, we sequenced the NR3C1 promoter region from each

subject. No sequence variation was seen among subjects and all of

thesequenceswereidentical to thosepublished previously19. Moreover,

for each subject, the genomic sequences targeted for binding by the

primers used for bisulfite mapping were identical to the published

sequence19, thuseliminating potential primer biasbetween subjects in

sodium bisulfite mapping.

The rat homolog of the exon 1F NR3C1 promoter, the exon 17

region, is differentially methylated as a function of variations in

maternal care4,17,22. Cytosine methylation is a highly stable epigenetic

mark that regulates gene expression via its effects on transcription

factor binding23,24. Weused sodium bisulfitemapping25 to examinethe

methylation status of individual CpG dinucleotides in the NR3C1

promoter sequenceextracted from thehippocampal tissueof thesame

subjects used for glucocorticoid receptor expression analysis. Sodium

bisulfite mapping revealed a significant effect on the percentage of

methylated clones (that is, the number of clones with at least one

methylated CpG site divided by the total number of clones) between

groups (F ¼ 3.47, P o 0.05). Post hoc tests revealed a significant

difference between suicide victims with a history of childhood

abusecompared with nonabused suicidevictims(P¼0.05) or controls

(P o 0.05). There was no difference in the percentage of methylated

clones between suicide victims without childhood abuse and controls

(P 4 0.05; Fig. 2a). Methylation was limited to specific sites, with no

cloneshowing global methylation (Fig. 2b). Therewereno significant

correlations between levels of exon 1F methylation and age at death

(r ¼ 0.15, P 4 0.05), brain pH (r ¼ 0.08, P 4 0.05) or postmortem

interval (PMI, r ¼ 0.24, P 4 0.05; Table 1).

Patch methylation of the NR3C1 promoter

DNA methylation of a limited number of sites in the exon 1F NR3C1

promoter was associated with decreased expression of the glucocorti-

coid receptor 1F variant and of total glucocorticoid receptor mRNA in

suicide victims with a history of childhood abuse. Defining a causal

relation between the methylation status and transcriptional efficiency

of theNR3C1 promoter is thereforeof great importance. Wehypothe-

sized that DNA methylation regulates the expression of the NR3C1

promoter through alterations in transcription factor binding. The

transcription factor NGFI-A regulatestheexpression of Nr3c1 promo-

ter in therat, an effect that is inhibited by DNA methylation17. To our

knowledge, the regulation of NGFI-A (also known as Zif268, EGR1,

Krox-24 and ZENK) hasnot been studied in thehuman hippocampus,

although there is evidence that its expression is downregulated in the

prefrontal cortex in schizophrenia26. TheNR3C1 promoter containsa

number of canonical and noncanonical NGFI-A recognition elements

(Fig. 3a). Wewondered whether, asin therat17, NGFI-A could regulate

gene transcription through the NR3C1 promoter and whether this

effect might be influenced by the methylation status of the promoter.

We used a transient transfection assay in human HEK293 cells to

examine transcriptional activity of a NR3C1 promoter ligated to a

promoter-less firefly luciferase expression vector (pGEM-LUC,

Promega; Fig. 3a) in the presence or absence of ectopic NGFI-A
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Figure 1 Hippocampal glucocorticoid receptor expression. (a,b) Mean ±

s.e.m. expression levels of total glucocorticoid receptor (GR) mRNA (a) and

glucocorticoid receptor 1F (GR1F) in 12 suicide victims with a history of

childhood abuse, 12 nonabused suicide victims and 12 control subjects (b).

Outliers excluded from analysis included n ¼ 2 control subjects, n ¼ 1

suicide victims with a history of childhood abuse for glucocorticoid receptor

1F and an additional n ¼ 1 suicide victim with a history of childhood abuse,

and n ¼ 3 nonabused suicide victims for overall levels of glucocorticoid

receptor. * indicates P o 0.05; n.s. indicates not statistically significant.

Table 1 Demographic characteristics and psychiatric diagnoses

Abused suicide Nonabused suicide Control

Male/female 12/0 12/0 12/0

Age (years) 34.2 ± 10 33.8 ± 11 35.8 ± 12

PMI (h) 24.6 ± 5.8 39.0 ± 25.7 23.5 ± 6.0

pH 6.3 ± 0.24 6.5 ± 0.29 6.5 ± 0.22

Childhood abuse/neglect 12/0 (100%) 0/12 (0%) 0/12 (0%)

Mood disorder 8/12 (67%) 8/12 (67%) 0/12 (0%)

Alcohol/drug abuse disorder 9/12 (75%) 6/12 (50%) 5/12 (42%)

Data are presented as mean ± s.d.
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Reduced numbers of hippocampal 
glucocorticoid receptors could result in 

elevated glucocorticoid exposure for 
the lifespan. 



• Early life stress and lifelong adversity 

• What is prenatal stress? 

• How maternal glucocorticoids reach the fetus 

• The role of the hippocampus in learning and 
memory 

• Studies on prenatal stress and the 
hippocampus 

• Postnatal stress comparison 

• Prenatal/postnatal stress and hippocampal 
glucocorticoid receptors 

• Implications and suggestions for clinical 
practice 
 

 



• Postnatal care and attention by rat mothers 
reverses the inhibited neurogenesis in rats 
following prenatal stress37 

Postnatal Intervention 



• Postnatal care and attention by rat mothers 
reverses the inhibited neurogenesis in rats 
following prenatal stress37 

• Low birth weight combined low infant-mother 
attachment correlates with a smaller 
hippocampal volume in humans38 

 

Postnatal Intervention 



Postnatal Intervention 

• Postnatal care and attention by rat mothers 
reverses the inhibited neurogenesis in rats 
following prenatal stress37 

• Low birth weight combined low infant-mother 
attachment correlates with a smaller 
hippocampal volume in humans38 

• Low birth weight combined with high infant-
mother attachment may correlate with normal 
hippocampal size38 
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Can Providers Intervene? 

• Effective screening tools for assessing the 
likelihood of prenatal substance abuse already 
exist39,40 

• Treatment clinics for prenatal substance abuse 
are shown to be effective in improving 
perinatal outcomes41 

• Are providers missing the underlying stress 
contributing to prenatal substance abuse? 
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Suggestions 

• Prenatal care providers need to be informed 
about trauma and ACE 

• Prenatal care providers should develop 
assessment tools for toxic stress and major life 
events during pregnancy  

• Recommend interventions such as the Nurse 
Family Partnership for high risk women who 
qualify 

• Recommend therapies to assist with 
mother/infant postnatal emotional regulation 
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• Not all stress is bad and not all adverse events 
are traumatic 
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Conclusions 

• Not all stress is bad and not all adverse events 
are traumatic 

• Animal studies clearly indicate that prenatal 
stress is linked to hippocampal damage, but 
these studies are not directly translatable to 
humans 

• Human studies may indicate preliminary 
evidence for prenatal stress and hippocampal 
changes 

• Prenatal screening should be implemented 
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