
doi: 10.4137/GEG.S11016

This article is available from http://www.la-press.com.

© the author(s), publisher and licensee Libertas Academica Ltd.

This is an open access article. Unrestricted non-commercial use is permitted provided the original work is properly cited.

Open Access
Full open access to this and 
thousands of other papers at 

http://www.la-press.com.

Genetics and Epigenetics

R E v i E w

epigenetic effect of chronic stress on Dopamine signaling 
and Depression

Sofia Moriam and Mahbub E. Sobhani
Biotechnology and Genetic Engineering Discipline, Khulna University. Corresponding author email: amisurv1@yahoo.com

Abstract: Because of the complex causal factors leading to depression, epigenetics is of considerable interest for the understanding 
effect of stress in depression. Dopamine is a key neurotransmitter important in many physiological functions, including motor control, 
mood, and the reward pathway. These factors lead many drugs to target Dopamine receptors in treating depressive disorders. In this 
review, we try to portray how chronic stress as an epigenetic factor changes the gene regulation pattern by interrupting Dopamine sig-
naling mechanism.
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Introduction
Stress is a normal physical response to events that 
make a person feel threatened or upset their balance in 
some way. When danger is sensed—whether it’s real 
or imagined—the body’s defenses kick into high gear 
in a rapid, automatic process known as the “fight-or-
flight” reaction, or the stress response. Stress is there-
fore good for a person. It keeps one alert, motivated, 
and primed to respond to danger. As anyone who has 
faced a work deadline or competed in a sport can 
attest, stress mobilizes the body to respond, thereby 
improving performance. Yet too much stress or 
chronic stress may lead to major depression in sus-
ceptible people.

The Global Burden of Disease Study predicted 
major depression to become the second leading 
cause of disability by 2020. Lifetime prevalence was 
estimated to be approximately 17% in the United 
States, with similar rates being reported on the Euro-
pean level.1 Major depressive disorders (MDD) dis-
plays a variety of psychopathological symptoms and 
diverse clinical manifestations, with depressed mood 
and/or a loss of interest or pleasure, as core symptoms. 
Additional symptoms encompass changes to weight, 
appetite, sleep, psychomotor, as well as thinking dis-
turbances that include excessive worrying, guilt, and 
possibly suicidal ideation.2 Modulating the brain’s 
reward and motivation circuits, governed primarily 
by Dopamine (a monoamine neurotransmitter), has 
therefore become one of the most attractive targets 
for treating depressive disorders.3

The neurotransmitter Dopamine was first identi-
fied as a potential neurotransmitter in the brain in the 
late 1950s by Carlsson.4 Dopamine plays a key role 
in the regulation of various physiological functions of 
a normal brain, including reward, locomotion, behav-
ior, learning, and emotion. The brain contains two 
major groups of dopamine neurons. One is located in 
the arcuate nucleus of the hypothalamic median emi-
nence and is involved in neuroendocrine regulation. 
The other is located in the ventral mesencephalon and 
projects to the forebrain.5

Dopamine exerts its effects on neurons through 
five known subtypes of dopamine receptors, which 
are grouped into two classes D1-like (D1, D5) and 
D2-like (D2, D3, D4). All Five subtypes of dopamine 
receptors (D1R-D5R) belonging to the G-protein 

 coupled receptor (GPCR) superfamily have been 
cloned, through which dopamine transduces its various 
effects. D1 receptors couple to the adenylate cyclase 
stimulatory G protein Gαs and increase cAMP levels, 
thereby activating a cAMP-dependent protein kinase 
(PKA). This enzyme transfers a phosphate group from 
adenosine triphosphate to several specific protein sub-
strates, modifying their properties in many ways. D2 
receptors on the other hand are coupled to heterotri-
meric G proteins Gαi/o, which decrease cAMP levels 
and alter the permeability of different ion channels. 
While D1 and D2 receptors have opposite effects 
at the molecular level, they often have a synergistic 
action.5 Neurons in the midbrain project their axons to 
the striatum and release dopamine, which modulates 
cAMP production by activating D1 and D2 receptors 
expressed by striatal neurons. Striatal neurons also 
receive input from neurons located the cortex that 
release the excitatory neurotransmitter glutamate. 
This results in stimulation of AMPA (2-amino-3-(3-
hydroxy-5-methyl-isoxazol-4-yl) propanoic acid) 
and NMDA (N-Methyl-D-aspartic acid or N-Methyl-
D-aspartate) ligand-gated ion channels and increases 
the intracellular concentration of Ca2+, leading to 
activation of signaling pathways dependent upon this 
second messenger. Among the downstream effectors 
of cAMP and Ca2+ are DARPP-32 (a dopamine- and 
cAMP-regulated phosphoprotein with a molecular 
mass of 32 kDa) and RCS (a regulator of calmodulin 
signaling), both of which integrate signals from both 
of these second messengers.6

Although there exist numerous hints toward a 
neurobiological understanding of depression,7 the 
epigenetic perspective may add new insights into 
the gene-environment interaction (G × E),  findings 
that were shown to be applicable to depression. 
Caspi et al8 were the first to suggest that it might be 
applicable to depression. They showed that childhood 
maltreatment and later stressful life events predicted 
the onset of depressive symptoms only in geneti-
cally predisposed individuals with a short (s) allele 
of the serotonin transporter promoter polymorphism 
(5- HTTLPR), while the long allele carriers were 
more resilient to depression after adverse life events. 
Moreover, incidences of childhood maltreatment 
were found to be predictive for adult depression only 
among short allele carriers.
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epigenetics
In 1942, CH Waddington was the first to describe 
epigenetics when genetics was still flourishing. 
 Waddington referred to epigenetics as an amalgam of 
genetics and epigenesis, related epigenetics to embry-
onic development, and put forward the idea that the 
epigenetics is not entirely due to the “program” 
encoded in DNA, but also depends on environmen-
tal influences.9 Literally the prefix epi means “over or 
above”; therfore, epigenetics is the science of “control 
above genetics”. It refers to a variety of processes that 
affect gene expression independent of actual DNA 
sequence. Epigenetic information provides instruc-
tion on how, where, and when genetic information 
will be used. Hence, the importance of epigenetic 
information is that it regulates gene expression.

How epigenetics changes  
Gene Function
Besides the sequence of nucleobases in the genome, 
gene expression in different types of cells and tissues 
is modulated by two major mechanisms that are cur-
rently crucial for the understanding of epigenetics in 
psychiatric disorders.

The first mechanism is DNA methylation. In DNA 
methylation, methyl groups are added to the DNA, 
which normally takes place at the cytosine bases.10 
Methylation is involved in both initiation of tran-
scription and silencing of genes, depending on the 
type of methylation and the gene that is methylated.10 
 Repression caused by DNA methylation can hap-
pen directly or elaborately. The direct way is when 
the methyl groups inhibit the transcription factors 
from binding to the promoter region. The elaborate 
way represses DNA expression with the use of other 
chromatin modifying factors, which bind to methy-
lated CpGs.11 The methylation of promoter cytosines 
in repetitive dinucleotide sequences of cytosines and 
guanines (CpG) allows further methyl-CpG binding 
proteins, like methyl CpG-binding protein 2 (MeCP2), 
to bind and repress expression of the gene.12

The second mechanism is histone  modifications. 
 Histones are proteins that order and pack DNA into 
structural units called nucleosomes.  Typically, a 
nucleosome is composed of two copies of each of 
the four core histones, H2A, H2B, H3 and H4, with 
146 base pairs of DNA wrapped around to form 

an octamer. Histone modifications are changes in the 
properties of the histones, such as charge, shape13 and 
size.14 The state of the chromatin is by and large con-
trolled by covalent modifications of histone tails. The 
major modifications are acetylation, phosphorylation, 
methylation and ubiquitylation,15 which affect the net 
charge, shape or other properties of the histones.13 
Histone acetylation involves the attachment of an 
acetyl group from acetyl-CoA to the α-amino group 
of the specific lysine (K) side chains15 and is carried 
out by the enzyme histone acetyltransferase (HAT).16 
The reverse, deacetylation, catalyzed by histone 
deacetylases (HDAC),16 removes the acetyl groups. 
Another form of histone modification is phosphoryla-
tion, which influences processes such as transcription, 
DNA repair, apoptosis and chromatin  condensation.17 
Histone methylation is catalyzed by the histone meth-
yltransferases (HMTs), which transfer a methyl group 
from the methyl donor S-adenosyl-L- methionine 
(SAM) to the residues. Depending on the residue 
getting methylated, histone methylation can either 
enhance or repress transcriptional expression.

There are also other types of epigenetic mecha-
nisms, including RNA-based mechanisms and poly-
comb proteinmediated chromatin remodeling.5,18 
However, these are yet to be characterized in the brain 
and are thus of less relevance to this review.

Dopamine signaling and Depression
Although the cause of depression is multifaceted, it is 
generally agreed upon that psychological stress leads 
to depression by influencing the metabolism of the 
monoamine neurotransmitter system. The monoam-
ine hypothesis, describing deficiency or imbalance of 
the monoamine systems as a cause, has been a central 
topic of research.19–21 This hypothesis was generated 
and supported by the fact that most antidepressants 
share the property of acutely modifying the serotonin 
or noradrenaline levels at the synapse.22–25  However, 
treatment with 5-HT/NE reuptake inhibitors or 
monoamaine oxidase inhibitors elicited poor thera-
peutic effects on more than 30% of depressed patients 
with a number of residual symptoms associated with 
dopaminergic malfunction, including loss of moti-
vation, attention, and pleasure. Thus, a dopaminer-
gic dysfunction subtype of depression was proposed 
clinically and it was suggested that the dopaminergic 
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system might play a crucial role in the pathogenesis 
of depression; however, the exact molecular mecha-
nism remains unclear.26

The prostate apoptosis response-4 (Par-4) protein 
is expressed in striatal neurons along with DRD2 
and interacts with DRD2 in neural cells. Par-4 nor-
mally enhances DRD2 signaling and thereby inhib-
its dopamine/DRD2-mediated neurotransmission. 

Interestingly, an autopsy study of patients with 
major depression revealed a 67% decrease in Par-4 
 expression in postmortem temporal cortex;  knockout 
of Par-4 gene led to depression-like behavior in mice.26

In the issue of Cell (Volume 122, Issue 2), Park 
et al27 and Beaulieu et al28 reveal interactions of 
D2 receptors with two new and unexpected signal-
ing pathway components. In their study, Park and 

Figure 1. A model for the epigenetic regulation of involvement of Par-4 in the Ca2+ dependent Regulation of Dopamine D2 receptor (D2DR) Signaling.  
(A) Par-4/D2DR complex formation is necessary to maintain an inhibitory tone on dopamine-mediated cAMP signaling generated by D2DR in the low Ca2+ 
condition. (B) Chronic stress disrupts Par-4/D2DR interaction and may facilitate calmodulin/D2DR complex formation upon Ca2+ influx; hence, an upregu-
lation of dopamine-cAMP-CREB signaling, which may contribute to the increased intensity of depression-like behaviors. 
note: Identification of Par-4/D2DR interaction potentially reveals a mechanism for crosstalk between Ca2+ signaling and dopamine-mediated cAMP signaling.
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colleagues demonstrate that the proapoptotic protein 
Par-4 (prostate apoptosis response 4) interacts with the 
third intracellular loop of the long isoform of human 
D2 receptor (D2i3). Furthermore, this interaction, 
which involves the leucine zipper domain of Par-4, 
is essential for Gαi/o mediated inhibition of cAMP 
activity. The region of the D2 receptor that interacts 
with Par-4 contains a calmodulin binding domain and 
Ca2+-activated calmodulin competes with Par-4 for 
this site. This discovery is important, as the authors 
demonstrate that Gαi/o-dependent D2 regulation of 
gene expression dictated by the transcription factor 
CREB depends on equilibrium between binding of 
Par-4 and binding of calmodulin to the D2 recep-
tor. Increases in the intracellular Ca2+ concentra-
tion, possibly in response to activation of the D2 
receptor, could result in displacement of Par-4 and 
uncoupling of the D2 receptor from Gαi/o, thereby 
providing negative feedback on D2 mediated cAMP 
attenuation.

It has been reported previously that calmodu-
lin binding to D2i3 negatively regulates D2DR by 
interfering with the coupling of the Gi-protein in a 
non-competitive manner.29 Maternal deprivation or 
chronic mild stress increases the level of Ca2+ influx 
in striatum of mouse model.26 Increased concentration 
of Ca2+ interferes with the interaction of Par-4 with 
D2i3, indicating displacement of Par-4 from D2i3. 
Thus, an equilibrium shift from the Par-4/D2DR 
interaction to the calmodulin/D2DR interaction by 
augmented Ca2+ concentrations results in a down-
regulation of D2DR efficacy. This in turn relieves the 
inhibitory tone on dopamine- mediated cAMP signal-
ing.30 On the other hand, disruption of the Par-4/D2DR 
interaction may facilitate  calmodulin/D2DR complex 
formation upon Ca2+ and hence an upregulation of 
 dopamine-cAMP-CREB  (cAMP-responsive element 
binding protein)  signaling. cAMP-responsive element 
binding protein (CREB) is a downstream transcription 
factor whose activity is regulated by the cAMP-PKA 
signaling pathway. CREB associate with the histone 
acetyltransferase (HAT) CREB-binding protein (CBP). 
CBP, in turn, acetylates nearby histones and thereby 
promotes transcriptional activation (epigenetical 
modification). Hence, upregulation of dopamine-
cAMP-CREB signaling occurs. Thus, this signaling 
pathway may serve as a critical point for increased 
dopamine concentration, which may in turn contribute 

to the increased intensity of depression-like behaviors 
in the multiple behavioral paradigms tested in patients 
with depression.31

conclusion
Although there is much work to do, epigenetics and 
the epigenome deserve consideration for investiga-
tion to analyze the linkages between chronic stress 
and onset of depression. Epigenetics may have the 
potential to understand the underlying molecular pro-
cesses of G × E, with both hopeful benefits for future 
personalized diagnostics and therapies for depres-
sion and other psychiatric disorders. In this review 
we tried to present maternal separation and chronic 
stress effects on epigenetics and dopamine signaling, 
in the case of depression. While we do not claim that 
other neurotransmitters or signaling mechanisms are 
not involved on the onset of depression, calmodulin-
mediated downregulation of D2 receptor efficacy is 
relatively specific.29 Work is now needed to inves-
tigate other brain regions that have been implicated 
in depression and its treatment.  Additionally, there 
is a need to investigate the involvement of other 
genes in mediating the long-term effects of stress. 
 Understanding the mechanisms by which such 
changes are brought about would not only advance 
our knowledge of the basic neurobiology of this ill-
ness, but might also provide new therapeutic avenues 
for depression.
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