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E T H A N  M A C K E N Z I E ,  C H R I S  M C G I N N I S ,  J E F F  A J AY I  

EPIGENETIC PROGRAMMING 
BY MATERNAL BEHAVIORS 
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EPIGENETICS 

•  What is it? 
•  Environmentally 

mediated changes in 
gene expression 

•  Caused by chemical 
alterations of chromatin 
and histone structure 

http://1.bp.blogspot.com/_kaQ5P19FVgk/SY9M3CrH9ZI/AAAAAAAACMw/rWUyO-0K67s/
s400/Chromatin1.jpg 
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EPIGENETICS 

•  How do these 
mechanisms work? 
•  Methylation – tightens, 

inhibits txn 
•  Acetylation – loosens, 

facilitates txn 

What is the functional!
effect of the modifications?!

modifications!
occur on !
tails AND!
core….!

H3 Lysine 9, 14 acetylation promotes gene expression by neutralizing charge,!
loosening DNA – Histone interaction; also recognized/bound by RNAP components!

H3 Lysine 9 trimethylation represses gene expression by recriutment of a gene !
silencing protein, HP1!

  Reversible Chemical Modification of Histones: !
      Critical for Eukaryotic Gene Regulation !

INTRODUCTION 

•  Maternal behavior in the rat alters hypothalamic-
pituitary-adrenal (HPA) responses to stress 
•  High Licking Grooming-Arched Back Nursing (LG-ABN) pups 

show more modest stress response than Low LG-ABN pups 
•  Fear response 

•  Cross fostering studies show pups exhibit behaviors of foster 
parents 
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INTRODUCTION 

•  Maternal behavior in the 
rat alters HPA responses to 
stress 
•  Measured by release of 

corticotropin-releasing factor 
(CRF) 

•  Magnitude of response 
mediated by effects on 
gene expression 
•  High: increased 

glucocorticoid receptor (GR) 
expression and more mild CRF 
expression 
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At the most rudimentary level, this review examines the  
relationship between genes and environment and illustrates how the 
environment, acting through the epigenome, can alter long-term 
patterns in gene expression and behavior. Herein, I propose the 
neural mechanisms mediating epigenetic programming of stress 
responses by maternal behavior and discuss how this model could 
be potentially useful in the study of gene-environment-therapeutic 
interactions of genomic regions that are known to be involved in 
disease syndromes.

MOTHER-OFFSPRING INTERACTIONS IN THE RAT AND HPA 
RESPONSES TO STRESS IN ADULTHOOD

The hypothalamic-pituitary-adrenal (HPA) response to stress is an 
inducible defense in mammals that is activated in response to threat 
(Fig. 1). In primates and rodents, as in non-mammalian species, there 
are maternal effects on the magnitude of such defensive responses 
in the offspring.1,11,12 Mother-pup contact in the rat primarily 
occurs within the context of a nest-bout, which begins when the 
mother approaches the litter, licks and grooms her pups, and nurses 
while occasionally licking and grooming the pups.13 Observational 
studies (reviewed in ref. 14) provide evidence for stable individual 
differences in two forms of maternal behavior, licking/grooming 
(LG) and arched-back nursing (ABN) posture, over the first week of  
lactation.13,15-18 Such naturally occurring variations in maternal 
behavior are associated with the development of individual differ-
ences in behavioral and HPA responses to stress in the offspring 
through tissue-specific effects on gene expression.17,19 The magnitude 

of the HPA response to stress is a function of the neural stimulation 
of hypothalamic corticotropin-releasing factor (CRF) release, which 
activates the pituitary-adrenal system, as well as modulatory influ-
ences, such as glucocorticoid negative feedback in the hippocampus 
that inhibits CRF synthesis and release, and thus dampens HPA 
responses to stress20 (Fig. 1). In adulthood, the offspring of mothers 
that exhibit increased levels of pup licking/grooming and arched-back 
nursing (i.e., High LG-ABN mothers) over the first week of life show 
increased hippocampal glucocorticoid receptor (GR) expression 
and enhanced glucocorticoid feedback sensitivity in comparison to 
adult animals reared by Low LG-ABN mothers.17,19 Predictably, 
adult offspring of High LG-ABN mothers show decreased hypotha-
lamic CRF expression and more modest HPA responses to stress.19 
Eliminating the difference in hippocampal GR levels abolishes the 
effects of early experience on HPA responses to stress in adulthood,21 
suggesting that the difference in hippocampal GR expression serves 
as a mechanism for the effect of early experience on the development 
of individual differences in HPA responses to stress.12 The adult 
offspring of High LG-ABN mothers are also behaviorally less fearful 
under conditions of stress than are animals reared by Low LG-ABN 
dams.16 Cross-fostering studies show that on such measures the 
biological offspring of Low LG-ABN mothers reared by High 
LG-ABN dams resemble the normal offspring of High LG-ABN 
(and vice versa).17 These findings suggest that variations in maternal 
behavior can directly program rudimentary defensive responses to 
stress and serve as a mechanism for the non-genomic transmission of 
individual differences in stress reactivity across generations.12,17,22

In summary, the nature of mother-offspring interactions  
influences hippocampal GR gene expression and the development of 
behavioral responses to stress in the offspring, which remain stable 
from early development to the later stages of life. However, what is 
the mechanism for such long-term programming of HPA responses 
to stress and hippocampal GR function?

MOLECULAR MECHANISMS FOR MATERNAL EFFECTS ON HPA 
RESPONSES TO STRESS

Results from in vitro and in vivo studies suggest that maternal 
effects on hippocampal GR expression are mediated through 
increases in 5-hydroxytryptamine (5-HT, serotonin) turnover and 
hippocampal expression of the transcription factor nerve-growth-fac-
tor-inducible-protein-A (NGFI-A, also know as AT225, EGR1, 
G0S30, KROX-24, TIS8, ZENK, ZIF-268 and ZNF225)  
(Fig. 2).23-30 In vitro, 5-HT increases expression of both GR and 
NGFI-A in cultured rat hippocampal neurons, and the effect of 
5-HT is blocked by concurrent treatment with an antisense oligonu-
cleotide directed to NGFI-A mRNA.31 The 5' non-coding variable 
exon 1 region of the rat hippocampal GR gene contains multiple 
alternate sequences, including the exon 17 sequence, which appears 
to be a brain-specific promoter32 (Fig. 3). In adult rats, hippocampal  
expression of GR mRNA splice variants containing exon 17 is 
increased by maternal LG-ABN behavior. Exon 17 contains an 
NGFI-A-binding consensus sequence (Fig. 3). Maternal LG-ABN 
increases hippocampal NGFI-A expression and chromatin immu-
noprecipitation (ChIP) assays with hippocampal samples from 
post-natal-day (PND) six pups reveal that NGFI-A binding to the 
exon 17 GR promoter is dramatically increased in the offspring 
of High LG-ABN mothers compared with the offspring of Low 
LG-ABN mothers.31 Co-transfection of an NGFI-A expression 
vector and an exon 17-luciferase construct into human embryonic 
kidney (HEK) 293 cells increases luciferase activity, reflecting 

Figure 1. Hypothalamic-pituitary-adrenal (HPA) axis. In response to a physical 
or psychological stressor, parvocellular cells in the paraventricular nucleus (PVN) of 
the hypothalamus produce hormone corticotrophin-releasing factor (CRF) and 
arginine-vasopressin (AVP). The hypothalamus co-secretes CRF/AVP and CRF 
targets specific receptors on corticotrophs in the anterior pituitary, resulting in 
the stimulation of the synthesis of the adrenocorticotroph (ACTH) precursor 
peptide proopiomelanocortin (POMC) and the secretion of ACTH. ACTH 
potently induces the adrenal cortex to secrete glucocorticoids (cortisol in 
humans, corticosterone in rodents), which regulate many metabolic activities, 
in addition to stress resistance. In a classical endocrine feedback manner, 
these steroids inhibit the synthesis and secretion of CRF and AVP within 
the hypothalamus and POMC-derived peptides in the pituitary, to prevent 
steroid-induced cellular damage. Increased stress levels stimulate glucocorticoid 
receptor activation in the hippocampus, which mediates the negative feedback mediates the negative feedback 
system and behavioral adaptation. behavioral adaptation..

Nature Versus Nurture: Let’s Call The Whole Thing Off

Weaver IC. 2007. Epigenetic programming by maternal behavior and 
pharmacological intervention. Nature versus nurture: let's call the whole thing off.  
Epigenetics. Jan-Mar;2(1):22-8. Epub 2007 Jan 15. Review.   
 

INTRODUCTION 

•  Glucocorticoid receptor  
•  Increased expression correlated with expression of nerve 

growth factor-inducible protein A (NGFI-A) 
•  Promoter 17 of non-coding exon 1 contains binding site for 

NGFI-A 
•  Higher expression in high LG-ABN groups 



12/11/11 

4 

 
 

Hypothesis: Maternal care alters DNA methylation of 
the GR exon 17 promoter, and that these changes are 

stably maintained into adulthood and associated 
with differences in GR expression and HPA responses 

to stress 

HOW IS ‘ENVIRONMENTAL PROGRAMMING’ 
ESTABLISHED AND SUSTAINED IN THE OFFSPRING? 

 

Figure 1 

HOW IS ‘ENVIRONMENTAL PROGRAMMING’ 
ESTABLISHED AND SUSTAINED IN THE OFFSPRING? 

 

NGFI-A 
Binding Site 

CpG Islands, site of 
methylation 
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HOW IS ‘ENVIRONMENTAL PROGRAMMING’ 
ESTABLISHED AND SUSTAINED IN THE OFFSPRING? 

 
How does CpG methylation in the 17 promoter differ in high and low LG-ABN groups? 

 

Exon 17 of low LG-ABN offspring is more 
methylated than of high LG-ABN offspring. 

Figure 1 

HOW IS ‘ENVIRONMENTAL PROGRAMMING’ 
ESTABLISHED AND SUSTAINED IN THE OFFSPRING? 

Is there a causal relationship between maternal behavior and DNA 
methylation of offspring? 

 

Figure 1 

Cross fostering shows that the maternal behavior determines methylation 
levels of exon 17 of the GR gene 
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How is ‘environmental programming’ established and 
sustained in the offspring? 

Knowing that maternal care only differs in the first week between 
high and low LG-ABN offspring, does this week correspond to the 

appearance of differing levels of DNA methylation? 

Figure 1 
Differences in methylation correspond to timing of 

differential maternal care 

What is the functional importance of these differences in 
methylation? 

HOW IS ‘ENVIRONMENTAL PROGRAMMING’ 
ESTABLISHED AND SUSTAINED IN THE OFFSPRING? 

Figure 2 

What is ChIP? 
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Figure 2 

What is the functional importance of these differences in 
methylation? 

Lower levels of methylation 
corresponds to increased 

acetylation of H3K9 and NGFI-A 
binding. 

Is the impact of early experience reversible and is epigenetic 
programming modifiable in adult tissues? 

HOW IS ‘ENVIRONMENTAL PROGRAMMING’ 
ESTABLISHED AND SUSTAINED IN THE OFFSPRING? 

Figure 3 

Trichostatin 
A (TSA) is a  
histone 
deacetylase 
inhibitor  

Treating low LG-ABN offspring with TSA increases 
acetylation of H3K9 
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Figure 3 

Treating low LG-ABN offspring with TSA increases 
NGFI-A binding 

Is the impact of early experience reversible and is epigenetic 
programming modifiable in adult tissues? 

Figure 3 

Is the impact of early experience reversible and is epigenetic 
programming modifiable in adult tissues? 

Treatment of low LG-ABN offspring genome with TSA causes 
demethylation and subsequent acetylation of genomic structures, 

increasing NGFI-A binding to GR gene promoter 
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Figure 4 

Is the impact of early experience reversible and is 
epigenetic programming modifiable in adult tissues? 

Methylation of the first 15 CpG dinucleotides is 
decreased in Low LG-ABN rats treated with TSA 

Figure 4 

Is the impact of early experience reversible and is 
epigenetic programming modifiable in adult tissues? 

Methylation of the 5’ and 3’ CpG dinucleotides of 
the NGFI-A binding region is also decreased in low 
LG-ABN rats treated with TSA. 
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Figure 5 

HOW IS ‘ENVIRONMENTAL PROGRAMMING’ 
ESTABLISHED AND SUSTAINED IN THE OFFSPRING? 

 
Does TSA-mediated reversal of epigenetic 

modifications alter GR expression? 

TSA treated low LG-ABN 
rats show GR expression 
comparable to High LG-
ABN groups. 

Figure 5 

HOW IS ‘ENVIRONMENTAL PROGRAMMING’ 
ESTABLISHED AND SUSTAINED IN THE OFFSPRING? 

 
Does TSA treatment alter the adrenocortical 
response to stress in treated animals? 

TSA treated low LG-
ABN rats show 
markedly decreased 
corticosterone 
responses as 
compared to vehicle 
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HOW IS ‘ENVIRONMENTAL PROGRAMMING’ 
ESTABLISHED AND SUSTAINED IN THE OFFSPRING? 

 

•  Test 1: Exon 17 of low LG-ABN offspring is more methylated than of 
high LG-ABN offspring 

•  Test 2: Cross fostering shows that the maternal behavior determines 
methylation levels of exon 17 of the GR gene 

•  Test 3: Differences in methylation correspond to timing of differential 
maternal care 

•  Test 4: Lower levels of methylation corresponds to increased 
acetylation of H3K9 and NGFI-A binding 

•  Test 5: Treatment of low LG-ABN offspring with TSA causes 
demethylation and subsequent acetylation of genomic structures, 
increasing NGFI-A binding to GR gene promoter 

•  Test 6: TSA treated low LG-ABN rats show GR expression comparable 
to High LG-ABN groups. 

•  Test 7: TSA treated low LG-ABN rats show markedly decreased 
corticosterone responses as compared to vehicle. 

 

SIGNIFICANCE 

•  Relatability to humans 
•  The impact of stressful environments on young people 
•  Pharmacological treatment to reverse detrimental 

epigenetic changes 
•  Children of smokers study 


