
Nearly 1 in 5 people will experience a major depres-
sive episode at some point in their lives.1 In this re-
view, we discuss data describing how genes, psy-

chosocial adversity in childhood, and ongoing or recent
psychosocial stress may impact multiple neurobiological sys-
tems relevant to major depressive disorder. Major depressive
disorder may be caused by the cumulative effects of these 
3 factors on the brain.2

A major depressive episode is characterized by a low
mood or an inability to experience pleasure (anhedonia), or
both, for more than 2 weeks, combined with several cognitive
and vegetative symptoms and the occurrence of distress or
impairment.3 A diagnosis of major depressive disorder can be
made if a person suffers at least 1 such episode (without ever
experiencing mania). However, most people with major de-
pressive disorder have multiple episodes. Importantly, several
medical illnesses such as diabetes, heart disease, autoimmune
disorders and pain are common comorbid diagnoses.4,5 The re-
lation between major depressive disorder and these chronic
and disabling conditions appears to be bidirectional because
one may influence the prognosis of the other.

Investigations into the neurobiology of major depressive
disorder have traditionally focused on the monoamine neuro-
transmitters serotonin and norepinephrine. The monoamine
hypothesis initially posited that depressed individuals are
likely to have low levels of these neurotransmitters because
various antidepressant drugs acutely increase their levels.6

However, even though monoaminergic antidepressants are
generally used for first-line treatment, they do not exert their
clinical benefit immediately and for some people they do not
provide any benefit at all. We review the neurobiological re-
search that may help explain this. 

A revised monoamine hypothesis

Studies on the pathophysiology of major depressive disorder
tend to focus on people who are currently depressed. Although
informative, data derived from such studies often do not allow
for a distinction to be made between cause and effect. These
studies also do not allow researchers to distinguish between
core mechanisms responsible for the disease and epiphenom-
ena. For example, the finding that the rate of serotonin synthe-
sis may be low in depressed patients can be explained in mul-
tiple ways.7 A reduction in serotonin synthesis may result in
depression, depression may result in a reduction in serotonin
synthesis, or a third factor may be responsible for both lower-
ing serotonin synthesis rates and triggering depression.

Experimental studies involving patients whose depression
is currently in remission may help clarify the role of serotonin

in major depressive disorder. Indeed, one of the few areas of
investigation with studies including such patients is con-
cerned with the effects of experimental serotonin manipula-
tions on mood. In most of these studies, patients ingest a 
tryptophan-deficient amino acid mixture that transiently de-
creases serotonin levels in the brain, because serotonin is 
derived from tryptophan (Figure 1).8 Patients taking medica-
tions at the time of study may experience a brief relapse, es-
pecially if they are taking drugs that affect the serotonin sys-
tem. Patients not taking any medications are also likely to
experience a brief relapse of symptoms during tryptophan de-
pletion, especially if their depression has been in remission
for only a few months. This suggests that a lowering of sero-
tonin levels may result in depression.

However, individuals without a personal or family history
of major depressive disorder tend to not show any mood
changes following tryptophan depletion,8 despite the fact that
tryptophan depletion alters the activity of mood-regulating re-
gions of the brain, such as the amygdala, in these individuals
as it does in patients with major depressive disorder.9 Thus,
lowering serotonin levels does not induce depression in all
people. It is possible that a depressive episode alters the sero-
tonin system such that a person becomes more vulnerable to
the effects of future changes in serotonin levels. However,
even in the absence of a personal history of major depressive
disorder, people with a family history may report mood-
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Key points

• Major depressive disorder is caused by the cumulative im-
pact of genetics, adverse events in childhood and ongoing
or recent stress. 

• Gene–environment interactions seem to predict a person’s
risk for major depressive disorder better than genes or en-
vironment alone. 

• Structural and functional brain abnormalities in patients with
major depressive disorder may be associated with low levels
of brain-derived neurotrophic factor, abnormal function of
the hypothalamic–pituitary–adrenal axis and glutamate-
mediated toxicity.

• These abnormalities are thought to contribute to recurrent
episodes of major depressive disorder and chronic illness.

• Existing options for antidepressant treatment are limited
by their delayed onset of action, lack of efficacy and ad-
verse outcomes.

• Future developments include the advancement of person-
alized medicine by means of genotyping for interindivid-
ual variability in drug action and metabolism.



worsening following tryptophan depletion.8 Clearly, there are
several possible factors that contribute to a person’s vulnera-
bility to the effects of altered levels of serotonin on mood.10

Genes influencing serotonin metabolism
moderate the impact of stress

Scientists have not identified a gene or a series of genes that
cause depression. Rather, certain variations in genes, called
polymorphisms, may increase risk for depression. Genes can
predispose individuals to major depressive disorder in many

ways. For example, genes help control the metabolism of
neurotransmitters and their receptors, the numbers of particu-
lar types of neurons and their synaptic connections, the intra-
cellular transduction of neuronal signals, and the speed with
which all of these can change in response to environmental
stressors.11 The serotonin transporter gene is the most studied
in major depressive disorder (Figure 1).12 This gene is of in-
terest because it contains a polymorphism that gives rise to 
2 different alleles (long and short). People usually have 
2 copies of each gene in their DNA; therefore, a person can
be homozygous for the long allele, homozygous for the short
allele or heterozygous (1 long and 1 short allele). The short
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Figure 1: The serotonin synapse. Serotonin is synthesized from tryptophan by the enzyme tryptophan hydroxylase.
Serotonin is then packaged into vesicles for release into the synaptic cleft, which occurs when there is sufficient stimu-
lation of the neuron. Serotonin released from the serotonin neuron into the synaptic cleft has multiple actions. (1)
Serotonin binds to its receptors on other neurons. Activation of postsynaptic receptors results in transduction of the
signal that initially stimulated the serotonin neuron. (2) Serotonin also binds to presynaptic serotonin receptors on the
neuron from which it was released, which provides feedback and regulates plasticity of the neuron. (3) Serotonin is
taken up back into the presynaptic serotonin neuron by the serotonin transporter. Serotonin is then recycled for fu-
ture release or broken down by monoamine oxidase and excreted in urine.
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allele slows down the synthesis of the serotonin transporter.
This is thought to reduce the speed with which serotonin neu-
rons can adapt to changes in their stimulation.13 Given that an
acute stressor increases serotonin release, the polymorphism
may influence a person’s sensitivity to stress. Indeed, healthy
people with the short allele display exaggerated amygdala ac-
tivation when exposed to stress-evoking stimuli.14 These peo-
ple may also have a greater likelihood of mood-worsening
following tryptophan depletion.15

Stress is a common precipitating factor for depression.16,17

However, not everyone exposed to stress becomes depressed.
Rather, stress interacts with a person’s genetic makeup to in-
fluence his or her risk for developing major depressive disor-
der (Figure 2). A gene–environment interaction suggesting
that carriers of the short allele of the serotonin transporter
may be especially vulnerable to depression when under stress
was first suggested in 2003 in a prospective study involving a
birth cohort. In a group of 26-year-old men and women, hav-
ing had a major depressive episode in the past year was best
predicted by the combination of having the short allele of the
serotonin transporter and having had multiple stressful life
events in the past 5 years.18 The interactive effects of the sero-
tonin transporter polymorphism and stress on a person’s risk
for major depressive disorder have been reported by various
groups.19–22 Nevertheless, controversy remains. Not all studies
have observed this gene–environment interaction. In a study
including patients in remission from a major depressive
episode, tryptophan depletion had less pronounced effects on
mood in carriers of the short allele than in people homozy-
gous for the long allele, not more as might have been ex-
pected.23 In any case, the impact of individual genes on the

risk of major depressive disorder is thought to be small. The
interactive effects of multiple genes and psychosocial stress
on the risk of depression are only starting to be explored.24

Brain-derived neurotrophic factor

One polymorphism that may moderate the interactive effect
of the serotonin transporter polymorphism and psychosocial
stress is located in the gene that codes for brain-derived neu-
rotrophic factor. This growth factor plays a major role in the
birth, survival and maturation of brain cells during develop-
ment. Brain-derived growth factor is important for cell
growth and for allowing changes in the synapses between
neurons (synaptic plasticity) throughout life. Brain-derived
neurotrophic factor contributes to these processes primarily
by activating DNA-binding factors that stimulate gene trans-
cription. For example, in the raphe nuclei located in the brain
stem, brain-derived neurotrophic factor stimulates transcrip-
tion of genes involved in serotonin function, such as the sero-
tonin transporter and tryptophan hydrolase (the serotonin syn-
thesizing enzyme). In turn, activation of serotonin receptors
by serotonin released from the raphe nuclei stimulates expres-
sion of the brain-derived neurotrophic factor gene. During
brain development, this cyclic process promotes outgrowth,
synapse formation and survival of serotonin neurons, and the
eventual innervation of multiple brain regions. The ability of
the serotonin system to adapt and change in response to vari-
ous stimuli continues to be influenced by brain-derived neu-
rotrophic factor throughout life.25

A common polymorphism in the gene that codes for brain-
derived neurotrophic factor produces alleles called “Val” and
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Examples of genes with polymorphisms that  
may increase risk for major depressive disorder:
• Serotonin transporter
• Brain-derived neurotrophic factor
• Monoamine oxidase A
• Tryptophan hydroxylase 1
• Corticotropin-releasing factor type 1 receptor
• Dopamine type 2 receptor

Examples of psychosocial stressors that may 
increase risk for major depressive disorder in 
people with the  vulnerability allele:
• Adversity, maltreatment or abuse in childhood
• Recent life events
• Perceived lack of social support

Figure 2: Schematic representation of gene–environment interaction. Genetic polymorphisms may influence a person’s risk for major
depressive disorder in certain psychosocial environments. Genes may contribute to a person’s risk for major depressive disorder
through polymorphisms or variations in their DNA sequence that may influence the expression or activity of the gene product. A per-
son may have 2 identical alleles of a gene (homozygous) or 2 different alleles (heterozygous). Although carrying a certain allele may in
itself not affect a person’s risk for developing major depressive disorder, several genetic polymorphisms have been shown to interact
with the environment in terms of their effect on disease vulnerability. Please note that this figure is a schematic representation. Indi-
vidual polymorphisms and individual studies may differ in terms of how a person’s risk for major depressive disorder is affected by car-
rying 1 or 2 vulnerability alleles. Limitations of studies to date include the method used to assess disease vulnerability (e.g., some stud-
ies used a person’s score on a depression questionnaire rather than a formal diagnosis of major depressive disorder as the outcome
variable) and the retrospective nature of most studies’ assessment of psychosocial stress exposure.5-7,9-13



“Met.” This polymorphism affects the intracellular transport
and secretion of brain-derived neurotrophic factor.26 People
with the Met allele have been found to have a relatively small
hippocampus at birth and to display hippocampal hypoactivity
in a resting state, hippocampal hyperactivation during learn-

ing, and relatively poor hippocampus-dependent memory
function.27,28 This may contribute to a hippocampal hypersensi-
tivity to stress. It could also explain why studies have found
that having the Met allele, in addition to having the short allele
of the serotonin transporter and psychosocial stress, increases
vulnerability to depression more than having the short allele of
the serotonin transporter and psychosocial stress alone.29 These
3 factors combined may increase depression vulnerability even
if the stress took place in childhood.30,31

Further evidence for a role of brain-derived neurotrophic
factor in the pathophysiology of major depressive disorder
comes from postmortem studies, which have found low levels
of brain-derived neurotrophic factor in the hippocampus and
prefrontal cortex of symptomatic depressed patients.27,28 In ad-
dition, a recent review reported that serum levels of brain-
derived neurotrophic factor in patients with major depressive
disorder are abnormally low.32 In healthy people, serum levels
of brain-derived neurotrophic factor correlate negatively with
sensitivity to stress and positively with brain levels of N-
acetyl-aspartate, a putative marker of neuronal integrity that
can be measured by neuroimaging.33

Psychosocial adversity in childhood and
the hypothalamic–pituitary–adrenal axis

Stressful events often do not occur at random. This may be
especially true of childhood stressors. A child’s environment
is influenced by his or her own behaviour as well as by the
behaviour of his or her parents. The same genes influence the
behaviour of both generations (provided the child grows up
with his or her biological parents). In studies of the impact of
psychosocial adversity during childhood on the risk of adult
depression, it is often difficult to separate the effects of genes
from those of the environment.2,11

Experimental studies involving nonhuman primates and
other mammals can be more informative. For example, mon-
keys temporarily reared by peers rather than by their mothers
develop exaggerated stress responses. These responses have
been associated with abnormalities in serotonin activity as well
as in the hypothalamic–pituitary–adrenal axis (Figure 3).34 Data
from studies in rats also suggest that childhood experiences can
alter the reactivity of the hypothalamic–pituitary–adrenal axis
and show that these alterations are at least partially mediated by
modifications in genes that do not involve any actual changes in
the underlying DNA (epigenetic changes).35 Specifically, the
hippocampi of adult rats deprived of maternal care during in-
fancy display these epigenetic modifications in the gene for the
glucocorticoid receptor, which helps mediate the effects of corti-
sol released from the adrenal glands in response to stress (Figure
3). The process that leads to epigenetic changes, which affect
gene transcription, is known to be influenced by serotonin.36 The
resulting changes in glucocorticoid receptor expression in the
hippocampus increase the reactivity of the hypothalamic–
pituitary–adrenal axis.37 This epigenetic process may even occur
in utero38 and is thought to be extremely long lasting. This might
help explain why people with major depressive disorder often
show abnormalities in this neuroendocrine system.39
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Figure 3: The hypothalamic–pituitary–adrenal axis. This system
is activated by stress directly at the level of the hypothalamus or
indirectly at the level of the amygdala. The hypothalamus pro-
duces and releases corticotropin-releasing factor. Local stimula-
tion of corticotropin-releasing factor type 1 receptors results in
additional release of corticotropin-releasing factor. This creates
a feed-forward loop, which facilitates a rapid response to the
stressor. In the pituitary, stimulation of corticotropin-releasing
factor type 1 receptors results in release of corticotropin (also
known as adrenocorticotropic hormone). The adrenal glands
are stimulated by corticotropin to produce the stress hormone
cortisol, which affects many organs, including the brain. The
hippocampus is an important target of cortisol. Local activation
of glucocorticoid receptors helps the hippocampus control the
hypothalamic–pituitary–adrenal axis. Glucocorticoid receptors
are also found in the hypothalamus and pituitary. Chronic stress
increases the level of corticotropin-releasing factor and cortisol
and decreases expression of corticotropin-releasing factor type
1 receptors and glucocorticoid receptors. Similar changes have
been found in some patients with major depressive disorder.
Stress- and depression-associated changes at the level of the
hippocampus in particular are thought to underlie the struc-
tural changes seen in this brain region, which in turn may con-
tribute to chronic disinhibition of the hypothalamic–pituitary–
adrenal axis.



The role of corticotropin-releasing factor 
in determining sensitivity to stress

Stress may activate the hypothalamus and therefore may
activate the hypothalamic–pituitary–adrenal axis directly,
by stimulating local synthesis and release of corticotropin-
releasing factor (Figure 3).37 Stress may also activate this
axis indirectly by releasing corticotropin-releasing factor
from neurons in other regions of the brain, including the
amygdala.40 These neurons may also contribute to activa-
tion of the serotonin and norepinephrine systems.41,42 Re-
ciprocal connections between the norepinephrine system
and the hypothalamus create a feed-forward cascade in
which stress progressively activates corticotropin-releasing
factor and norepinephrine signalling. Activation of this sys-
tem is thought to increase vigilance and fear.43,44

The combined dysregulation of the hypothalamic and
extrahypothalamic corticotropin-releasing factor systems may
help explain why patients with major depressive disorder of-
ten have inappropriately high levels of corticotropin-releasing
factor and elevated levels of norepinephrine in their blood
plasma and cerebrospinal fluid, and why they display faulty
processing of environmental threats and exaggerated stress re-
actions.39 Childhood adversity might also contribute to the ab-
normalities seen in these systems.43 A recent study suggests
that the impact of childhood abuse on a person’s vulnerability
for depression may be moderated by polymorphisms in the
corticotropin-releasing factor type 1 receptor gene.45 Evidence
for gene–stress interactions affecting the risk of major depres-
sive disorder can be found across neurotransmitter systems
(Figure 2).

Stress-induced changes in the dopamine
system

Persistent changes in the body’s stress response during in-
fancy and childhood are thought to increase responses to even
relatively low-threat negative events experienced later in life.
Sensitization to negative events may help explain why recur-
rent depressive episodes are more likely than the first episode
to occur independently of stress.46 A complex relation be-
tween serotonin dysfunction, hypersensitivity to stress, and
vulnerability to developing major depressive disorder has
been suggested.47

In addition, dopamine is increasingly thought to play an
important role in the pathophysiology of major depressive
disorder. Environmental threats perceived by the amygdala
increase the levels of dopamine in the prefrontal cortex and
the ventral striatum.48 Local inhibitory feedback ensures a re-
turn to homeostasis. However, a severe stressor may disrupt
this feedback system by altering striatal levels of brain-
derived neurotrophic factor.

Abnormal feedback in the striatal dopamine system may
help explain why depressed patients often attribute inappro-
priate salience to even mildly negative stimuli. Further,
changes in the striatal dopamine system are thought to under-

lie the anhedonia reported by many patients.48,49 Evidence for
dopamine abnormalities in major depressive disorder is
mixed but does exist.50 A polymorphism in the dopamine
type 2 receptor gene was recently found to influence the ef-
fect of past stressful life events on current mood.51 The ge-
netic makeup of the dopamine system may help influence
vulnerability to major depressive disorder via interaction with
the environment (Figure 2).

Structural changes in the depressed brain

Major depressive disorder has traditionally been viewed as an
illness in which depressive episodes are followed by periods
of euthymic mood. Nonetheless, patients showing clinical
signs of remission may present with persistent neurobiologi-
cal abnormalities. These abnormalities may worsen over time,
and some patients may become chronically depressed. Similar
to multiple sclerosis, there may be variability in the course of
the disease over time. In multiple sclerosis, there are 2 com-
mon patterns of disease progression: relapsing–remitting and
primary–progressive. The existing data for major depressive
disorder suggest that although many patients may have a 
relapsing–remitting variant of the disease, some may have a
primary–progressive variant.

Most relevant to this idea are structural neuroimaging
studies which indicate that individuals with recurrent major
depressive episodes may have relatively small hippocampi
even during periods of clinical remission. Recurring or endur-
ing illness and lack of antidepressant treatment are thought to
contribute to progressive volume reductions of the hippocam-
pus, which in turn may explain the memory problems of some
patients, as well as several other symptoms of the disorder.52–54

Patients may also present with volumetric abnormalities in
other subcortical brain regions, including the amygdala and
ventral striatum, and in cortical regions, including the anterior
cingulate cortex, orbitofrontal cortex and prefrontal cortex
(Figure 4).53–55 These too may persist during remission and
might help explain why patients in remission continue to
overreact to threatening stimuli.56 This cognitive reactivity
contributes to the risk of future relapse.57

Neurobiological abnormalities underlying
brain atrophy in major depressive disorder

Structural brain changes in patients with major depressive
disorder have been attributed to abnormal function of the 
hypothalamic–pituitary–adrenal axis. Chronic hypercorti-
solemia results in downregulation of glucocorticoid receptors
in the hippocampus (Figure 3). Subsequent reductions in the
transcription of brain-derived neurotrophic factor and other
target genes may contribute to hippocampal atrophy.2,27 This
may further compromise the function of the hypothalamic–
pituitary–adrenal axis.58 Similar cortisol-mediated effects may
be responsible for structural changes in the amygdala, pre-
frontal cortex and other brain regions. All or some of the
structural changes may contribute to the risk for relapse fol-
lowing a period of apparent homeostasis.59,60
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The growth and survival of brain cells also involves multi-
ple actions of glutamate, an amino acid neurotransmitter.2

Normal glutamate signalling includes activation of multiple
types of receptors.61 Acute stress moderately increases synap-
tic glutamate neurotransmission in, for example, the hip-
pocampus and amygdala, thereby increasing the levels of
brain-derived neurotrophic factor and stimulating neuroplas-
ticity. Termination of the stressor usually results in a return to
the steady state. In times of chronic stress, however, exces-
sive glutamate levels may lead to activation of N-methyl-D-
aspartic acid type glutamate receptors outside the synapse.
Hyperactivation of these receptors, located on both neurons
and glial cells, increases intracellular calcium to a level that
decreases rather than increases levels of brain-derived neu-
rotrophic factor, induces atrophy and causes cell death.61 The
degeneration of glial cells, which normally help avoid the

toxic buildup of glutamate released by neurons, may acceler-
ate this process. Continued disruptions in the glutamate sys-
tem may ultimately result in hypoactivity of cortical brain re-
gions. Patients with depression may have reduced levels of
glutamate and associated proteins in the prefrontal cortex, as
indicated by neuroimaging studies.61,62 This provides evidence
that glutamate toxicity plays a role in the pathophysiology of
major depressive disorder.

Abnormal brain activation patterns 
may help explain mood lability

Structural brain abnormalities in patients with major depres-
sive disorder have been linked to changes in metabolic activ-
ity (Figure 4).2 These functional abnormalities have been di-
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Figure 4: Structural and functional brain abnormalities in patients with major depressive disorder, and the site of action of novel neu-
rostimulation techniques with antidepressant potential. Structural abnormalities in the brains of patients with major depressive disorder
have been observed in the cortical and subcortical regions. The anterior cingulate cortex, especially the subgenual cingulate, may show
volume reduction. This has also been observed in other subregions of the prefrontal cortex as well as in the orbitofrontal cortex. Subcor-
tical regions in which volume reduction has been observed include the amygdala, hippocampus and ventral striatum. (A) Transcranial
magnetic stimulation of the dorsolateral prefrontal cortex and (B) deep-brain stimulation of the subgenual cingulate have been shown
to have antidepressant effects in some patients. The rationale for deep-brain stimulation of the subgenual cingulate or the ventral stria-
tum is largely based on neuroimaging findings of functional dysregulation in this region. (C) Vagus nerve stimulation might have antide-
pressant properties via its effects on the locus coeruleus, an area in the brain stem from which norepinephrine neurons originate.
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rectly associated with disease severity.63 Overall, neuroimag-
ing studies indicate that major depressive episodes may be
characterized by multiple abnormalities in the interconnectiv-
ity of various subcortical (especially limbic) and cortical brain
regions.64 A relative lack of cortical regulation of the limbic
system in the face of psychosocial adversity may help explain
the stress sensitivity, emotional lability, irritability and suici-
dality often seen in people with depression.42,65 Various brain
regions continue to show functional abnormalities upon clini-
cal remission.63 Inducing a brief depressive relapse by lower-
ing serotonin levels (via tryptophan depletion) or by lowering
norepinephrine and dopamine levels (via administration of
the drug α-methyl-para-tyrosine) activates both overlapping
and distinct brain regions.66,67 Thus, different neurotransmitter
systems may contribute in different ways to the cortical regu-
lation of mood.

Treatment strategies

Antidepressant medications
It is clear that even a revised monoamine hypothesis does not
do justice to the multitude of interconnected systems involved
in the pathophysiology of major depressive disorder. This ex-
plains why treatment with existing antidepressant drugs, most
of which target monoamines, frequently does not lead to clin-
ical remission.68 The time lag between the start of and re-
sponse to antidepressants in patients whose symptoms im-
prove can be explained by the effects of these drugs on
brain-derived neurotrophic factor and other growth-regulating
systems.25,69 The effects of these drugs on neuroplasticity are
particularly relevant given that treatment may reverse or even
prevent structural brain abnormalities. Among the new drugs
currently under investigation are those that target the 
corticotropin-releasing hormone, dopamine and glutamate
systems.70 However, a recent study found no significant anti-
depressive effect of a drug with selective action on the 
corticotropin-releasing factor type 1 receptor.71 In contrast, in
a study that used the anesthetic ketamine, which has actions
on both dopamine and glutamate, a single intravenous admin-
istration of a subanesthetic dose was found to have robust and
rapid antidepressant effects even in patients whose depression
is considered resistant to conventional drug treatment strat-
egies.72 However, most patients experienced a relapse within
1 week. Other glutamate-modulating agents currently under
investigation for treatment of major depressive disorder in-
clude memantine and riluzole, and there are others in develop-
ment.61,73,74 Finally, there has been a recent interest in drugs tar-
geting other neurotransmitters such as gamma-aminobutyric
acid, melatonin and substance P.70

Studies are underway to advance personalized medicine
based on pharmacogenetics. A recent study found no evi-
dence for an effect of the polymorphism in the serotonin
transporter gene on the clinical response to citalopram (a se-
lective serotonin reuptake inhibitor). Yet, patients with the
short allele reported more adverse outcomes.75 A polymor-
phism in the gene for the serotonin type 2A receptor, how-
ever, has been found to influence the outcome of treatment
with citalopram.76

Other polymorphisms with possible effects on patients’ re-
sponses to antidepressant drugs include those resulting from
allelic variations in other genes with roles in the serotonin
system. Genes involved in the function of the hypothalamic–
pituitary–adrenal axis and the corticotropin-releasing factor
and norepinephrine systems have also been implicated.77 In
addition, polymorphisms in genes for certain liver enzymes
involved in drug metabolism may influence plasma drug 
levels and may therefore impact efficacy.77 A screening kit to
identify how a person will process certain medicines based
on his or her genetic makeup and thus help guide doctors to
prescribe effective and tolerable medications has recently
been developed but is not currently commercially available
in Canada.

Nonpharmacologic approaches
The most traditional approach for treating major depressive
disorder by nonpharmacologic means is psychotherapy. This
approach may be especially helpful for patients with a history
of childhood adversity or recent stress.78 Another approach
that has been available for decades is electroshock or electro-
convulsive therapy; however, its use is limited by its invasive
nature, which includes the requirement of general anesthesia
and the risk of retrograde amnesia, which may be irreversible
in some patients.79

A small number of other neurostimulation techniques have
recently been developed based on current insights into the
neurobiology of major depressive disorder. These include
electrical stimulation of the vagus nerve, transcranial magnetic
stimulation of the prefrontal cortex, and electrical stimulation
of the subgenual cingulate or the ventral striatum (Figure 4).68

The development of transcranial magnetic stimulation has
been guided by findings of low activity in the prefrontal cortex
of patients with depression (Figure 4). The rationale for deep-
brain stimulation procedure is based on findings of functional
impairments in the subgenual cingulate and ventral striatum
and abnormalities in corticolimbic interconnectivity.64

Deep brain stimulation is still under experimental investi-
gation. Transcranial magnetic stimulation and vagus nerve
stimulation have been approved in Canada for treatment of
major depressive disorder. However, because of their rela-
tively invasive nature, techniques such as electroconvulsive
therapy are currently only indicated for patients whose de-
pression is resistant to conventional treatments.

Future directions

Major depressive disorder is thought to result from the com-
plex interplay of multiple inherited genetic factors and subse-
quent exposure to a wide range of environmental variables
throughout life. The exact roles of the monoamine and other
neurotransmitter systems as well as their extracellular, intra-
cellular, local and regional targets continue to be defined. The
reciprocal connections between various brain regions and the
neurochemical messengers involved in these connections are
being increasingly studied from a systems perspective. Fur-
thermore, researchers are increasingly considering the impact
of an individual’s psychosocial environment on brain chem-
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istry, activity and anatomy, and vice versa. The impact of
early childhood events in particular may have long-lasting ef-
fects,80 especially if epigenetic changes are involved.28,35

Clearly, researchers as well as clinicians must pay careful at-
tention to the possible contribution of childhood adversity to
adulthood psychopathology, for example, by incorporating
family history and childhood background into diagnostic in-
terviews with patients.

This review focused mainly on psychosocial adversity as
an environmental risk factor, which largely reflects the current
interest of this field. Much remains to be explored in terms of
how genes interact with other environmental variables to influ-
ence the risk of major depressive disorder. For example, we
have yet to discover why some people become depressed
when they develop inflammatory disease or spend a winter at
higher latitude, while others do not. The genetic factors influ-
encing this differential susceptibility are unknown. Major de-
pressive disorder is likely to have a large number of causes,
both genetic and environmental. We have attempted to pro-
vide a framework for a complex disease that requires a multi-
faceted approach in research, diagnosis and treatment.
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