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For thousands of years humans have attempted to reduce complex phenomena—including 

thoughts, feelings, and behavior—to more simplistic, manageable explanations. Arguments 

have long existed about the relative importance of nature versus nurture—are a patient's 

difficulties primarily the result of the genes he or she was born with or the impact of his or 

her early experiences? It is clear, at this point, that the answer is usually both: a complicated 

interplay of genes and environment that develops over time.

The story of how and when environmental influences regulate complex biological processes 

in the brain has become one of the most exciting stories in neuroscience of the past several 

decades. Two key themes emerge from this work: first, that experience shapes the brain's 

development and functioning in clinically relevant ways, and second, that timing matters, 

with significant experiences at different phases of development producing distinct effects.

Epigenetics is the study of how the environment leads to stable changes in gene expression 

without altering the DNA sequence itself. In other words, in what ways can experience 

disrupt or enhance the transcription and translation of gene products? A central concept to 

this discussion is the idea that for genes to be expressed—that is, for proteins to be made—

the DNA has to be accessible to transcription machinery. Two of the main mechanisms 

through which experience is known to affect this process are alteration to the structure of 

DNA itself (although the sequence remains unchanged) and alteration to the proteins around 

which DNA is looped (i.e., histones; Figure 1) (1).

Epigenetic regulation at the DNA level is relatively straightforward. The primary mechanism 

is methylation, in which a sticky coating of methyl groups is added to the DNA, making it 

difficult for the transcription machinery to attach. This barrier leads to low gene expression 

or completely silenced genes. Though possible, it is relatively difficult to remove this layer 

of methyl groups. Thus, these changes are thought to result in relatively long-lasting 

inhibition of gene expression.

A second and more complicated type of regulation occurs at the level of the histone. Given 

the large amounts of DNA that must fit into tiny cells, DNA wraps around histones, or small 
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protein complexes, and compacts into a dense, tight structure known as chromatin; for 

transcription to occur, chromatin must be unpacked. The histone code consists of a number 

of modification options for these protein complexes (e.g., methylation, acetylation, and 

several others), which act alone or in combination to regulate how loosely or tightly histones 

bind to DNA or how histones distance themselves from one another (1). Loose chromatin, in 

which DNA is relaxed and histones are spread apart, allows docking of the transcription 

machinery and promotes gene expression. Tightly coiled chromatin, with DNA and histones 

packed closely together, restricts DNA access and results in low gene expression. 

Acetylation is one of the best-studied modifications and usually is associated with open 

chromatin and enhanced gene expression (1). The enzymes that regulate acetylation (histone 

acetyl transferases to put on and histone deacetylases [HDACs] to take off) are constantly at 

work, making for a dynamic and fast-paced mode of gene access regulation.

Epigenetic mechanisms are sensitive to influences of both the cellular milieu and the life 

experience of the organism, as described below. They reflect fundamental processes through 

which experience alters gene expression and thereby influences the way that circuits, and 

ultimately people, behave. But not all experiences are equally impactful. Regulation of gene 

expression through epigenetics is highly dependent on both the specific type of experience 

and the developmental timing of those experiences.

The ability to respond effectively to a stressful event is a critical biological process. The 

hypothalamus plays a central role in both initiating and subsequently terminating this 

response, coordinating information from a variety of neural structures about internal states 

and external circumstances. Stressful experiences, ranging from stage fright to hand-to-hand 

combat, have a final common pathway of corticotropin-releasing hormone release from 

hypothalamic neurons. Corticotropin-releasing factor receptors on pituitary cells receive this 

signal and stimulate release of adrenocorticotropic hormone into the bloodstream. 

Adrenocorticotropic hormone stimulates cortisol release from the adrenal gland, which 

coordinates the actions of multiple organ systems to allow the person to contend with the 

stressor or flee.

Nearly as important as generating the proper stress response is efficiently terminating that 

response and returning the body to equilibrium after the acute stressor has resolved. 

Abnormalities in negative feedback to the hypothalamic-pituitary-adrenal (HPA) axis are 

linked to a variety of chronic health issues, including hypertension, obesity, metabolic 

syndrome, and a range of psychiatric illnesses (2). In general, input from structures like the 

prefrontal cortex and hippocampus provide negative regulation to the HPA axis, promoting 

termination of the stress response (3). The hypothalamus and these structures that regulate it 

are sensitive to early life experience, with stress during different developmental windows 

having selective effects.

Both human and animal studies suggest that severe stress to a pregnant mother is associated 

with HPA dysfunction in the offspring that persists into adulthood and carries an increased 

risk for psychiatric disorders such as depression; similar long-term effects are observed with 

direct stress to a neonate (4). Initially, the mechanism for these effects was not well 

understood. It is now clear that one prominent pathway is the epigenetic regulation of genes 
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in prefrontal cortex and hippocampus, structures that negatively regulate the hypothalamus 

(5). Prenatally stressed animals have increased DNA methylation of important prefrontal 

developmental genes, such as brain-derived neurotrophic factor in excitatory neurons and 

glutamate decarboxylase 1 in inhibitory neurons. Consistent with an inhibitory effect of 

DNA methylation on gene expression, these animals show reduced brain-derived 

neurotrophic factor and glutamate decarboxylase 1 expression that persists into adulthood, 

which is linked with behavioral deficits (6).

The hippocampus is also sensitive to epigenetic programming by stress during the earliest 

developmental phases. Neglect during the first postpartum week in the rat, developmentally 

equivalent to the third trimester in humans, causes epigenetic changes in the hippocampus 

that drive significant HPA dysfunction in adulthood (7). A brief accessible review of this 

work can also be found online (8). This early stressful experience results in persistent DNA 

methylation of the glucocorticoid receptor (GR) gene in the hippocampus, resulting in long-

lasting low GR expression. This low expression is linked with inefficient negative feedback 

in the HPA axis, prolonged stress hormone circulation, and a high stress reactivity 

phenotype. This epigenetic effect of early environment on gene expression is conserved 

across species, with increased hippocampal GR gene methylation and corresponding low GR 

expression observed in the postmortem brains of humans exposed to early life trauma (9).

In this issue of Biological Psychiatry, Morrison et al. (10) describe the impact that stress in 

the preadolescent period has on adult HPA regulation. They demonstrate that in both mice 

and human women, exposure to stress during the preadolescent period leads to dysregulated 

stress responses that emerged only during pregnancy and the peripartum period, suggesting 

that these long-lasting behavioral and endocrine effects emerge only within the hormonal 

milieu of pregnancy. Preadolescent stress and its downstream sequelae were linked to 

changes in adult hypothalamic gene expression, likely mediated by epigenetic mechanisms.

Taken together, these examples indicate that very early (prenatal or perinatal) stress 

epigenetically alters the prefrontal cortex and hippocampus, structures that negatively 

regulate the HPA axis, whereas preadolescent stress changes gene expression in the 

hypothalamus itself.

Epigenetics offers a biological framework for understanding the ways in which experience 

changes gene expression, thus providing a mechanism behind the clinical wisdom that most 

patients' difficulties are rooted in the interplay between genetic background and life 

experience. Early life experience appears particularly important, and different aspects of 

psychiatrically relevant circuits appear to be sensitive to epigenetic modification during 

different developmental windows.

The study of the epigenetic machinery paves the way for novel therapeutic approaches. For 

example, targeting epigenetic mechanisms in adulthood is able to reverse some of the stress-

induced changes in gene expression described in animal models. One example is the use of 

histone deacetylase (HDAC) inhibitors, which promote histone acetylation (associated with 

loose, open chromatin and enhanced gene expression). HDAC inhibition in adulthood can 

reverse the impact of early life neglect on hippocampal GR gene expression in animals, 
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overcoming the effects of persistent DNA methylation normally seen after early life neglect 

(7). While the search is on for selective compounds that act at specific epigenetic enzymes, 

some currently used psychiatric medicines have been shown to impact these systems. Both 

valproic acid and imipramine have HDAC inhibitory activity, and clozapine has been shown 

to reduce DNA methylation (6). Epigenetic mechanisms may also be at play in mediating 

the impact of reparative life experiences, such as psychotherapy. Epigenetics is a rapidly 

progressing field in psychiatric neuroscience, which emphasizes the power that experience 

has to change brain circuitry, with important implications for the etiology of mental illness 

and roads to recovery.
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Figure 1. 
Epigenetic regulation of gene expression. (A) (Top) Methylated DNA prevents docking of 

the transcription machinery, resulting in low or no gene expression. (Bottom) Non-

methylated DNA provides easier access for transcription machinery and facilitates gene 

expression. (B) (Top) Densely packed chromatin, with DNA wrapped tightly around 

histones, which are spaced close together; this configuration impedes access resulting in low 

gene expression. (Bottom) Acetylated (Ac) histones, which promote open, loose chromatin, 

which is more easily accessed and expressed. Histone deacetylases (HDAC) are enzymes 

that remove acetyl groups and histone acetyl transferases (HAT) are enzymes that add acetyl 

groups.
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