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Despite consistent observations of sex differences in
depression and related emotional disorders, we do not
yet know how these sex differences modulate the effects
of genetic polymorphisms implicated in risk for these dis-
orders. This Mini-Review focuses on genetic polymor-
phisms of the serotonergic system to illustrate how sex
differences might modulate the neurobiological pathways
involved in the development of depression. We consider
the interacting role of environmental factors such as
early-life stress. Given limited current knowledge about
this topic, we highlight methodological considerations,
challenges, and guidelines for future research. VC 2016

Wiley Periodicals, Inc.
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Major depressive disorder is an issue of global con-
cern. With a 12-month prevalence of 6.7% and a lifetime
risk of 17% in American adults, depression is a leading
cause of disability worldwide (Center for Behavioral
Health Statistics and Quality, 2015; Ust€un et al., 2004).
Depressed individuals have a 3.4% suicide risk compared
with 0.017% in the general population (Blair-West et al.,
1999). Depression frequently co-occurs with other medi-
cal and psychiatric conditions, including 51.2% comor-
bidity with anxiety, which is associated with slower
recovery, higher rates of recurrence, and increased disabil-
ity (Hirschfeld, 2001).

Despite the impact of depression, the development
of preventive and remedial interventions is limited by our
understanding of the multiple interacting biobehavioral
pathways that contribute to the pathogenesis and

expression of depression. To address these substantial gaps
in knowledge, we might draw on findings with regard to
sex and genetic polymorphisms as risk factors for depres-
sion and related conditions. These findings are relatively
consistent, especially compared with the work on biobe-
havioral factors, and also provide an important foundation
for ultimately understanding individual differences in
biobehavior.

Heritability data highlight the role of genetic factors
in risk for depression and related conditions. Twin studies
show that heritability of depression, anxiety, and suicide
are estimated to be 37% (Sullivan et al., 2000), 45% (Stein
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and Gorman, 2001), and 43% (McGuffin et al., 2010),
respectively. Single gene variations involved in serotoner-
gic metabolism in particular have been extensively studied
for their role in depression. However, these single gene
variations may confer depression risk through interactions
with environmental factors rather than via their own dis-
crete effects, and these gene–environment interactions
may themselves be mediated by sexually dimorphic
pathways.

Epidemiological studies have long highlighted sex
differences in depression and its related phenomenology.
Women have a 21.3% lifetime rate of depression com-
pared with 12.7% for men (Kessler et al., 1993). Similarly,
women have a higher lifetime rate of generalized anxiety
disorder of 7.7% compared with 4.1% for men as well as
higher comorbidity with depression, 38.3% for women
compared with 30% for men (McLean et al., 2011).
However, the suicide rate for depressed men is 7% com-
pared with 1% for depressed women (Blair-West et al.,
1999). Heritability of major depression is higher in wom-
en (42%) than in men (29%), which suggests modulation
of genetic risk by sex (Kendler et al., 2006). Sex differ-
ences have also been observed in environmental risk fac-
tors, such as early-life stress (Bale and Epperson, 2015),
and in biobehavioral factors implicated in the mechanisms
by which risk for depression is conferred, including per-
sonality traits such as neuroticism (Goodwin and Gotlib,
2004) and brain measures such as amygdala reactivity
(Williams et al., 2005). This Mini-Review focuses on the
current state of knowledge with regard to sex differences
in genetic variation implicated in risk for depression and
related phenomena.

SCOPE OF THIS MINI-REVIEW

Our intention is to provide a focused review and personal
view highlighting the potential mechanisms for how sex
differences might modulate the effect of genetic polymor-
phisms in depression and its related conditions (i.e., gene–
sex interactions) rather than a systematic review of gene–
sex interactions. We hope to show the importance of
considering sex differences, even when studying the brain
at the genetic level.

This Mini-Review focuses on major depressive dis-
order, also including evidence with regard to anxiety and
externalizing disorders that are highly comorbid with
depression (Hirschfeld, 2001) and with regard to suicidal-
ity, given its association with depression (Blair-West
et al., 1999). Although we focus on the serotonergic sys-
tem, we do not intend to imply that it is the only system
for which gene–sex interactions are relevant to depression
and related phenomena. Rather, we hope this focused
Mini-Review will serve as a template for considering sex
differences in other biological genetic pathways implicat-
ed in depression.

We propose three potential pathways through
which polymorphisms in genes involved in serotonin syn-
thesis, transport, and breakdown may differentially impact
behavior as a function of sex. First, we consider sex

differences in response to early-life stress and the effects of
stress on gene–sex interactions involving the serotonin
transporter-linked polymorphic region (5-HTTLPR) in
the serotonin transporter gene (SLC6A4), which codes
for the protein that transports serotonin from the synaptic
cleft to the presynaptic neuron. Next, we consider the
effects of X-linkage, using as an example the monoamine
oxidase-A-linked polymorphic region (MAOA-LPR),
which alters the degradation serotonin and other amine
neurotransmitters. Third, we consider how sex hormones
interact with gene products, focusing on polymorphisms
in two tryptophan hydroxylase (TPH) isozymes, TPH1
and TPH2, the rate-limiting enzymes in serotonin bio-
synthesis in the periphery and central nervous system
(Zhang et al., 2004). We do not intend to suggest that
these are the only pathways through which gene–sex
interactions exert their effect within the serotonergic sys-
tem or that genetic polymorphisms are modulated only
by these pathways. Rather, our intention is to illustrate
the central role of sex in the biobehavioral effects of poly-
morphisms involved in the serotonergic system.

For each polymorphism, we summarize findings of
association with depression, its related disorders (anxiety
disorders, conduct disorder, and suicide), trait risk factors
(neuroticism, harm avoidance, aggression, and impulsive-
ness), and neurobiological endophenotypes, including
amygdala hyperactivation, limbic structure and function,
and affective processing (see Tables I–III). For all poly-
morphisms, we include studies with significant gene main
effects or significant gene–environment interactions in
one or both sexes. We classified a finding as showing a
sex difference when 1) an allele conferred opposite risk in
men and women, 2) significant main effects emerged only
for one sex, or 3) differing interaction effects emerged.
We classified a finding as having no sex difference only
when the investigators explicitly tested for and ruled out a
sex interaction. Studies were classified as having unclear
gene–sex interactions when 1) only one sex was studied,
2) sex interactions were not tested in a mixed group, 3)
marginally significant sex differences were found, or 4)
sex differences were found in measures not included in
the table. Because of space constraints, we limit the listing
of the studies performed on the association between 5-
HTTLPR and depression to those focusing solely on sex
differences. A more complete listing may be found in
Karg et al. (2011) and Sharpley et al. (2014). We chose to
include studies performed on only one sex because the
risk directionality of some of the alleles may be sex depen-
dent. For example, although the preponderance of studies
indicate that MAOA-L confers risk for conduct disorder
in boys, the female-only study performed by Sj€oberg
et al. (2007) supports the hypothesis that the other allele,
MAOA-H, confers risk in girls. However, additional
studies performed with both sexes are essential to confirm
these associations. Studies that show gene–sex interactions
are listed in Table IV along with sample and effect sizes.
The Mini-Review concludes by highlighting the concep-
tual and methodological difficulties of studying gene–sex
interactions and suggesting directions for future research
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to advance our understanding of gene–sex interactions,
particularly with regard to mechanistic pathways and their
translational relevance for developing a neurobehavioral
taxonomy for depression and related phenotypes.

DEPRESSION AND RELATED CONDITIONS

Existing diagnostic categories of clinical depression and
related disorders, currently defined by symptom criteria,
may in fact comprise an ensemble of multiple underlying
dysfunctions that are more cohesive when defined by
neurobiobehavioral measures (Williams, 2016). These
underlying neurobiobehavioral dysfunctions may not map
to symptom-based boundaries, but they define consistent
subtypes that are present across different diagnoses. Sex
differences may be an important consideration for anchor-
ing a neurobiobehavioral understanding of depression.
For example, women have been reported to have a ten-
dency to internalize distress, whereas men have been
reported to have a tendency to externalize distress (Eaton
et al., 2012). Internalizing might reflect the action of par-
ticular biobehavioral mechanisms for depressed or anxious
outcomes in women, and externalizing might reflect the
action of different mechanisms for antisocial or aggressive
outcomes in men; investigation of sex differences could
help to disentangle the pathways of genetic risk for clini-
cal expressions of depression and emotional dysregulation.
This Mini-Review considers these clinical expressions as
including depression, anxiety, conduct disorders, and
suicidality.

Another collection of depression-related phenomena
may be considered “latent expressions” of risk for overt
clinical states; these include personality traits as well as
alterations in brain anatomy and functional activity. The
personality trait of neuroticism in the Revised NEO Per-
sonality Inventory, reflecting a dispositional bias toward
negative information, is higher in women than in men
across 26 cultures, with U.S. women scoring 0.51 SD
higher than their male counterparts (Costa et al., 2001).
These higher levels of neuroticism are thought to be a
latent trait that moderates the expression of a greater prev-
alence of depression in females (Goodwin and Gotlib,
2004). Similarly, trait harm avoidance is associated with
panic disorder and general anxiety (Starcevic et al., 1996),
and trait impulsiveness, which is thought to be reflective
of low serotonin turnover, is associated with suicide
(Fawcett et al., 1997). Likewise, structural and functional
alterations of the brain are subject to sex differences that
exist on the spectrum of subclinical to healthy brains.
Dysfunctional activity in the amygdala and other limbic
structures correlates with depression severity, probability
of relapse, and dysregulated processing of emotionally
valenced stimuli, which may reflect a trait risk for depres-
sion (for review see Drevets, 2000). Healthy women
exhibit more persistent amygdala activity in response to
fear signals than men (Williams et al., 2005). With regard
to neuroanatomy, decreased hippocampal volume, which
is thought to reflect the effects of chronic stress, has been
observed in both male and female depressed patients

(Videbech and Ravnkilde, 2004), although hippocampal
size and microstructure are altered in men but not women
with subclinical depression (Spalletta et al., 2014).

THE SEROTONIN SYSTEM IN MEN AND
WOMEN

This Mini-Review focuses on the serotonergic system
because it 1) plays an important role in mood and mood
disorders, 2) is widely accepted to be sexually dimorphic,
3) encompasses polymorphisms that have been extensively
studied with respect to mood disorders, and 4) is directly
relevant to the efficacy of selective serotonin reuptake
inhibitors (SSRIs), the most commonly used treatments
for depression and anxiety, making it an important aspect
of individualized treatment and precision medicine. Apart
from its role as a neurotransmitter, serotonin also plays a
role in brain development by regulating neurite out-
growth, synaptogenesis, and cell survival (Gaspar et al.,
2003), all of which have important consequences for neu-
robiological function.

Sexual dimorphisms within the serotonin system
have been known for the past 4 decades. Males and
females exhibit different rates of serotonin synthesis
(Nishizawa et al., 1997), different levels of serotonin
metabolites (Gottfries et al., 1974), different receptor and
transporter binding potentials (Jovanovic et al., 2008), and
different SSRI response and tolerance (Kornstein et al.,
2000). Furthermore, acute tryptophan depletion, which
induces lower mood in recovered depressed patients by
temporarily decreasing serotonin levels, leads to larger
mood-lowering effects in women than in men (Booji
et al., 2002).

Sex differences within the serotonergic system
might, on their own, account for some of the sex differ-
ences in genetic risk for depression and related clinically
expressed phenomena. In addition, sex differences multi-
ply when serotonergic gene products interact with, regu-
late, and are modulated by other sexually dimorphic
biological pathways. This Mini-Review discusses the
interface of serotonergic genetic polymorphisms with
three such pathways, the effects of early-life stress, the
effects of sex chromosome differences, and the effects of
sex hormones.

POTENTIAL PATHWAYS OF SEX
MODULATION OF GENETIC

POLYMORPHISMS

Mechanism: Early-Life Stress

Exposure to early-life stress is a risk factor for devel-
oping mood and anxiety disorders, partially because of
long-term stress response dysregulation, cognitive coping
strategies, and neurobiological anatomy (Heim and Nem-
eroff, 2001). Many genes that have been implicated in
depression, including brain-derived neurotrophic factor
(BDNF), catechol-O-methyltransferase, and
corticotropin-releasing hormone receptor 1, have more
pronounced effects in the context of early-life stress
(Heim and Binder, 2012).
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TABLE IV. Studies Reporting Gene–Sex Interactions in Depression, Related Disorders, Risk Factors, and Endophenotypes

Sources F/M* Parameter Finding Effect (P)†

5-HTTLPR

Ancelin et al., 2010 1,040/752 Depression S interacts with lipid levels in

males

0.02

Antypa et al., 2011 186/59 Facial emotion recognition SS females recognize negative

emotions at lower intensity

<0.05

Aslund et al., 2009 717/765 Depression SS interacts with maltreat-

ment in females

0.034

Aslund et al., 2013 714/753 Delinquency Interacts with high SES in L

males, S females; with low

SES in LL males, SS

females

0.022

Baca-Garcia et al., 2002 214/178 Suicide attempts S associated in females 0.02

Baune et al., 2008 194/146 Depression L associated with melancholic

depression in females

0.05

Beaver et al., 2012 924/778 Depressive symptoms SS interacts with stress in

females

<0.05

Brummett et al., 2003 129/73 Neuroticism S protective in males <0.01

Brummett et al., 2008a 160/55 Depression S interacts with stress in

females; L interacts with

stress in males

<0.003

Brummett et al., 2008b 31/41 Negative affect (tryptophan

infusion)

LL associated in males; SS

associated in females

0.013

Cadoret et al., 2003 59/39 Conduct disorder; aggression L associated in males;

S associated in females

<0.05

Cerasa et al., 2014 76/62 Anxiety; Amygdala volume SS associated with anxiety

and increased volume in

females, protective in males

0.01; 0.002

Douglas et al., 2011 567/814 Antisocial personality disorder S interacts with life events in

females

<0.001

Du et al., 2000 109/77 Neuroticism S associated in males 0.018

Eley et al., 2004 220/157 Depression S associated in females 0.03

El-Hage et al., 2013 42/39 Resting cerebral blood flow

in amygdala

Higher in S males <0.03

Everaerd et al., 2012 221/136 Hippocampal volume S associated with decrease in

women; S interacts with

childhood adversity in

males

0.023; 0.007

Flory et al., 1999 135/135 Anxiety L associated in males 0.03

Gaysina et al., 2006 219/175 Suicide attempts L associated in females 0.002

Gelernter et al., 1998 132/190 Harm Avoidance S associated in males;

S protective in females

0.04

Grabe et al., 2005 676/300 Mental/physical distress S interacts with unemploy-

ment and chronic disease

in females

<0.001

Hammen et al., 2010 214/132 Depression S interacts with stress in

females

0.01

Hung et al., 2011 63/105 Suicide attempts L associated in males 0.012

Jabbi et al., 2007 31/33 Cortisol stress response SS associated with larger

response in females

<0.006

Lee et al., 2014 960/258 Depression S associated in females 0.015

Li et al., 2010 1,144/1,054 Antisocial behavior SS interacts with maltreat-

ment in females

<0.01

Li et al., 2013 453/577 Suicide attempts; depression S associated in males with

low family support; S pro-

tective in males with high

family support

<0.05

Limosin et al., 2005 52/48 Suicide attempts S associated in males 0.05

Maron et al., 2004 18/11 CCK-4-induced panic attacks Lower rate in S females 0.03

McCaffery et al., 2003 191/191 Cardiovascular response Greater response in SS

women

<0.05

746 Perry et al.

Journal of Neuroscience Research



TABLE IV. Continued

Sources F/M* Parameter Finding Effect (P)†

Ming et al., 2013 131/121 Depressive symptoms S interacts with stress in

females

<0.0001

Mizuno et al., 2006 59/45 Anxiety SL associated in females; SS

associated in males

<0.05

Nikolova et al., 2011 27/33 Reward response S associated with stress-

related reduction in males

0.002

Paaver et al., 2008 261/222 Impulsivity S interacts with family rela-

tions in females

0.036

Price et al., 2013 25/26 Hippocampal volume S increases volume in females,

decreases volume in males

<0.03

Priess-Groben et al., 2013 129/180 Depressive symptoms Life stress and MAOA-L

interacts with S in females

and L in males

0.009

Rucci et al., 2009 147/75 Depression L decreases manic/hypomanic

component in females

0.012

Sakai et al., 2010 254/213 Conduct problems S associated in females <0.05

Sjoberg et al., 2006 119/81 Depression S confers risk in females and

protection in males

0.018; 0.032

Starr et al., 2013 217/137 Depression S interacts with security in

males

0.05

Steffens et al., 2002 194/95 Depression SS associated in males 0.02

Uddin et al., 2010 560/524 Depressive symptoms SL protective in females; SL

protective in males only

with deprivation

0.03; 0.04

Van Strien et al., 2010 153/133 Emotional eating S moderates depression and

emotional eating in females

<0.01

Verona et al., 2006 56/55 Aggression SS interacts with acute stress

in males

<0.05

Volf et al., 2015 109/101 Resting EEG SL associated with more

power in women

0.041

Vormfelde et al., 2006 98/97 Neuroticism L protective in males 0.049

Walderhaug et al., 2007 44/39 Mood (tryptophan depletion) SL protective in females 0.019

Walderhaug et al., 2010 14/38 Impulsivity S associated in males 0.033

Zhang et al., 2015 158/104 Anxiety; Functional

connectivity

SS associated in males 0.006;< 0.005

MAOA-LPR

Adkins et al., 2012 987/922 Depression H males experience increased

distress in late adolescence

<0.05

Aslund et al., 2011 882/943 Delinquency L interacts with maltreatment

in males; H interacts with

maltreatment in females

<0.001

Buckholtz et al., 2008 63/60 Amygdala activity; Functional

connectivity

S associated with dysregulated

amygdala activity, increased

vmPFC connectivity in

males

<0.01;< 0.008

Chen et al., 2013 193/152 Happiness L associated in females 0.002

Deckert et al., 1999 254/145 Panic disorder H associated in females 0.001

Du et al., 2002 39/97 Depressed suicide H associated in males 0.012

Eley et al., 2003 76/41 Neuroticism H associated in males <0.01

Frazetto et al., 2007 153/82 Physical aggression L interacts with life events in

males

0.009

Guo et al., 2008 1,324/1,200 Delinquency L associated in males 0.008

Holz et al., 2016 53/72 Activity in amygdala and

hippocampus

Increased with life events in

male L, decreasing in male

H; reversed in females

0.008; 0.005

Huang S et al., 2009 281/309 Depression L associated with severe

depression in females

0.041

Huang Y et al., 2004 424/342 Impulsivity L interacts with abuse in

males

0.038

Jabbi et al., 2007 31/33 Baseline cortisol H associated with higher cor-

tisol in females

<0.009
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TABLE IV. Continued

Sources F/M* Parameter Finding Effect (P)†

Lung et al., 2011 567/410 Depression H associated in males 0.041

Maron et al., 2004 18/11 CCK-4-induced panic attacks Higher rate in L females 0.007

Maron et al., 2005 286/87 Panic disorder with

agoraphobia

H associated in females 0.016

Melas et al., 2013 993/675 Depression L interacts with childhood

adversity in females

0.006

Meyer-Lindenberg et al., 2006 72/70 Limbic volume and activity L associated with amygdalar,

hippocampal, cingulate

activity, orbitofrontal vol-

ume in males

<0.05

Nikulina et al., 2012 280/295 Dysthymia H interacts with life stress in

females

<0.05

Nilsson et al., 2011 735/851 Adolescent alcohol

consumption

H associated in females; L

associated in males

0.006;< 0.001

Prom-Wormley et al., 2009 721/578 Conduct disorder H associated in females 0.05

Reif et al., 2012 1,636/739 Panic disorder H associated in females 0.006

Rivera et al., 2009 884/344 Depression H associated in females <0.05

Samochowiec et al., 2004 225/78 Anxiety disorders H associated with panic

attacks and generalized

anxiety disorder in females

<0.05

Schulze et al., 2000 170/77 Depression H associated in females 0.029

Verhoeven et al., 2012 332/100 Aggression H associated in females 0.03

Voltas et al., 2015 143/85 Anxiety H associated in females; L in

males

0.026; 0.031

Wakschlag et al., 2010 99/77 Conduct disorder; hostile

attribution bias

L associated with conduct

disorder in males; H associ-

ated with CD and bias in

females

0.03; 0.002; 0.04

Williams et al., 2009 69/141 Emotion-processing event

related potentials

Differing response localization

between L males and

females

<0.05

Yu et al., 2005a 236/205 Depression H associated in females;

smaller effect in males

0.008

TPH1 and TPH2

Armbruster et al., 2010 228/219 Startle response Higher in TPH2 2703 G/G

females; higher in T males

0.043; 0.039

Keltikangas-J€arvinen et al., 2007 186/155 Harm avoidance TPH1 haplotype (A218C A

and A779C A) interacts

with childhood environ-

ment in females

0.002

Kim et al., 2009 272/183 Panic disorder TPH2 rs4570625 T protective

in females

0.041

Maron et al., 2007 375/141 Panic disorder TPH2 rs1386494 G protective

in females

0.01

Serretti et al., 2001 851/573 Depression TPH1 A218C A protective

in males

0.016

Shen et al., 2011 278/90 Depression TPH2 haplotype (rs4290270

A and rs7305115 A) associ-

ated in females

0.001

Stoltenberg et al., 2012 309/168 Impulsivity TPH2 rs1386483 A associated

in males

0.018

Utge et al., 2010 967/687 Clinical manifestations of

depression

TPH2 rs12229394 associated

with depression accompa-

nied by fatigue in females

0.005

*Numbers of female/male participants.
†Main effects in studies with positive findings only in one sex or gene–sex interaction effects when examined.

Graphical Abstract Text

The effects of polymorphisms in serotonin transporter, monoamine oxidase A (MAOA), and tyrosine hydroxylase genes on depression, clinical expres-

sions, and latent risk factors are modulated by sex differences.
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Psychological and biological responses to stress, par-
ticularly early-life stress, are sexually dimorphic (for
review see Bale and Epperson, 2015). Men and women
differ in the types of stressors that most impact depression
risk (Chu et al., 2013). Although women are more likely
to develop a depressive disorder, men may be more sus-
ceptible to the immediate neurobiological effects of stress,
including stress-related c-fos expression, enhanced fear
conditioning, and increased hypothalamic–pituitary–adre-
nal axis response (for review see Altemus, 2006). Work in
animals has suggested neurobiological mechanisms for the
observed sex difference in stress response. For example,
male rats exposed to perinatal stress show a period in ado-
lescence of increased neurogenesis, BDNF expression,
and spatial learning that is reduced by adulthood, whereas
female rats exhibit the opposite pattern of decreased neu-
rogenesis in adolescence, followed by an increase in adult-
hood (Loi et al., 2014). When examining three-way
interactions among stress, sex, and genotype, researchers
must remember that observed differences in subclinical
traits, neuroimaging, and neuroanatomy may represent
either risk mechanisms or protective compensatory
mechanisms.

5-HTTLPR

The 5-HTTLPR polymorphism is associated with
the largest body of research with regard to sex differences;
a recent review of sex differences in 5-HTTLPR included
78 studies (Gressier et al., 2016). The 5-HTTLPR poly-
morphism consists of a 16-repeat long variant and a 14-
repeat short variant, which causes decreased SLC6A4
transcription (Lesch et al., 1996). The long variant is fur-
ther modified by a single nucleotide polymorphism, A/G
SNP rs25531, with L(A) variants expressing normally and
L(G) variants expressing similarly to the S allele (Wend-
land et al., 2006). In this Mini-Review, we designate the
S and L(G) alleles as low-expressing alleles.

Although 5-HTTLPR and gender may modulate
depression risk, severity, and suicide risk independently of
environmental stress (see Table I), the depressogenic effect
of the low-expressing alleles may be potentiated by stress-
ful life events, particularly in early childhood (Caspi et al.,
2003). This finding has been supported by subsequent
meta-analyses (Karg et al., 2011; Sharpley et al., 2014),
although others have yielded negative results (Munaf�o
et al., 2009; Risch et al., 2009). The gene–environment
interaction becomes stronger when taking sex into
account, with a majority of studies showing that low-
expressing alleles interact with stress to confer risk more
specifically in females (see Table I).

Neuroimaging evidence supports the hypothesis that
the 5-HTTLPR polymorphism differently influences hip-
pocampal, amygdalar, and cortical structure in men and
women in the context of early-life stress (see Fig. 1).
However, although several studies have established a rela-
tionship between low-expressing alleles and amygdala
hyperreactivity, no sex differences have been found
because few studies have explicitly examined gene–sex

interactions (see Table I). Connections between genotype
and personality traits provide a mechanism by which 5-
HTTLPR may differentially interact with sex to alter pre-
clinical risk factors independently of early-life stress expo-
sure (Table I).

The mechanistic basis of how 5-HTTLPR variation
leads to biobehavioral sex differences is still unclear, but
multiple lines of evidence illustrate sex-specific effects on
serotonin metabolism. 5-HTTLPR genotype interacts
with sex to modulate resting-state cerebral blood flow in
the amygdala (El-Hage et al., 2013) as well as resting-state
electroencephalography activity (Volf et al., 2015).
Depressed women but not men exhibit lower levels of
serotonin transporter availability relative to their healthy
counterparts (Staley et al., 2006). The low-expressing
allele is associated with lower 5-hydroxyindolacetic (5-
HIAA) in males and higher 5-HIAA in females, indicative
of differing rates of CNS serotonin turnover (Williams
et al., 2003). Women who are homozygous for low-
expressing alleles exhibit altered 5-HT1A receptor bind-
ing, which may indicate either a higher 5-HT1A receptor
density or a lower level of serotonin with respect to high-
expressing allele carriers, a difference not observed in men
(Lothe et al., 2009). Tryptophan depletion leads to
increased impulsivity in men and increased caution and
mood reduction in women and is particularly marked in
women who are homozygous for either allele (Walder-
haug et al., 2007). The effect of 5-HTTPLR genotype on
women is further underscored by another study showing
tryptophan depletion-induced mood reductions in wom-
en who are homozygous for the low-expressing alleles,
no change in women who are homozygous for the high-
expressing allele, and intermediate effects in heterozygote
women, depending on the presence of a family history of
depression (Neumeister et al., 2002).

Given the findings of gene–sex–environment inter-
actions, another important mechanism may be the inter-
action of 5-HTTLPR genotype and stress. The low-
expressing alleles correlated with greater cortisol reactivity
to stress in both a mixed group (Way and Taylor, 2010)
and a group of girls (Gotlib et al., 2008). Sex also interacts
with the 5-HTTLPR polymorphism to predict cortisol
awakening response, adrenocorticotropic hormone
(ACTH) levels after dexamethasone administration (Wust
et al., 2009), diurnal cortisol (Wankerl et al., 2010), and
cortisol response to stress (Jabbi et al., 2007). A study of
macaques showed a higher ACTH stress response only in
females with a history of adversity (Barr et al., 2004).
Altogether, these data provide evidence that 5-HTTLPR
confers depression risk through differential susceptibility
to stress, with the low-expressing alleles associated with
sensitivity to the environment and the high-expressing
allele associated with immunity to environmental effects
(Paaver et al., 2008; Nilsson et al., 2015). The low-
expressing allele predicts increased stress generation in
both males and females with low relational security and
decreased stress generation with high relational security
(Starr et al., 2013). A similar differential susceptibility
model has been shown to underlie the influence of other
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serotonin system genes in an additive multilocus score
(Vrshek-Schallhorn et al., 2015). These findings under-
score the importance of additional research on the biolog-
ical mechanisms of interactions among 5-HTTLPR
genotype, sex, and environmental stress.

Mechanism: Sex Chromosomes

A systematic coverage of epigenetic sex differences
is beyond the scope of this Mini-Review. In the current
context, we highlight a special case of epigenetic modifi-
cation, X-inactivation of the sex chromosome, the conse-
quences of which are not currently well specified. The
choice of which X-chromosome will be inactivated in a
given cell is random, creating a mosaic of different cell
populations (Migeon, 2007). Furthermore, approximately
15% of genes escape inactivation, and an additional 10%
show heterogeneous inactivation, creating differences in
gene expression levels between males and females and
variability among females (Carrel and Willard, 2005). In
addition, the sex-determining region Y (SRY), which is
found only on the male Y-chromosome, plays a role in
modulating autosomal gene expression (Wijchers et al.,
2010). Given the complexity of gene–sex interactions, it
is difficult to conclude with certainty when X-
inactivation is a primary factor. However, inheritance pat-
terns in family studies have raised the possibility that sex-
linked genes play a role in depression; maternal grandfa-
ther longevity was associated with mental health in a male
group, although maternal mental health was not

associated, suggestive of an X-linked recessive genetic
basis (Vaillant et al., 2005). Several X-linked genes have
been associated with depression endophenotypes, includ-
ing HTR2C, although its interactions with sex remain
unclear (Avery and Vrshek-Schallhorn, 2016).

MAOA-LPR

MAOA is an X-linked gene that regulates mono-
amine neurotransmission by degrading serotonin, nor-
adrenaline, and dopamine; MAOA knockout mice are
characterized by higher levels of serotonin and noradrena-
line and increased aggressive behavior (Cases et al., 1995).
In humans, the polymorphic region located upstream of
the coding sequence has been widely studied with regard
to conduct disorder, which co-occurs with depression
and other affective disorders in both children and adults
(Puig-Antich, 1982; Marriage et al., 1986; Zoccolillo,
1992). The polymorphism consists of two, three, three
and one-half, four, or five copies of a repeat sequence,
with the rarer two, three, and five repeats exhibiting low-
er promoter activity (Sabol et al., 1998; Guo et al., 2008).

Males carrying low-activity alleles (MAOA-L) are
more likely to develop a conduct disorder and exhibit
increased aggression and impulsivity, particularly in the
presence of childhood maltreatment (see Table II; for
review see Byrd and Manuck, 2014), whereas the high-
activity allele (MAOA-H) has been associated with
increased ventrolateral prefrontal activity (Cerasa et al.,
2008a) and gray matter loss (Cerasa et al., 2008b). In

Fig. 1. Different effects of serotonergic genotype in the female (top) and male (bottom) brains.
AMG, amygdala, HIP, hippocampus; PFC, prefrontal cortex.
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females, however, conduct disorder and aggression have
been linked to the high-activity alleles (MAOA-H;
Wakschlag et al., 2010; Aslund et al., 2011). MAOA-H
also confers risk for depression and anxiety disorders in
women specifically (see Table II). Other polymorphisms
in MAOA, including 1460T, MAOA-CA, and 941T,
have also shown sex differences in conferring risk for
depression and anxiety (Tadic et al., 2003; Slopien et al.,
2012).

Studies on brain structure and activity have indicat-
ed subclinical sex differences that may explain the oppos-
ing findings in the clinical literature (Fig. 1). Amygdala
activity during emotional face matching increases with
childhood stress in male MAOA-L carriers and decreases
with childhood stress in male MAOA-H carriers, with
the reverse occurring in females (Holz et al., 2016).
Amygdala volume, however, was not affected by MAOA
genotype or an interaction effect between genotype and
sex (Cerasa et al., 2011). Increased hippocampal activity
(Meyer-Lindenberg et al., 2006) and dysregulated ventro-
medial prefrontal cortex (Buckholtz et al., 2008) were
observed in MAOA-L males but not females (see Fig. 1).
Studies on personality provide minimal evidence for sex
differences (see Table II), with no sex differences seen in
trait aggression, reactive aggression, or dorsal anterior cin-
gulate cortex reactivity to social exclusion (Eisenberger
et al., 2007; Kuepper et al., 2013).

Just as with 5-HTTLPR, MAOA-LPR may exert
its effects through sex-dependent differential susceptibili-
ty. Sex differences may be due to differential responses to
stress or to sex-dependent methylation patterns, which
are themselves also affected by stress. Sex interacts with
MAOA genotype to influence both baseline cortisol and
subjective stress (Jabbi et al., 2007). Depressed females,
particularly those who have experienced early-life stress,
exhibit lower methylation at the MAOA locus
(Domschke et al., 2012; Melas et al., 2013). Another pos-
sible mechanism of sex difference is the SRY element
found on the Y chromosome, which activates and regu-
lates MAOA transcription (Wu et al., 2009). A more
thorough understanding of how sex-dependent methyla-
tion and sex-based gene dose effects contribute to the
impact of risk polymorphisms may yield additional insight
into biological mechanisms.

Mechanism: Hormones

There is a strong case to be made for the role of
estrogen and other sex steroids as factors in mood and
depression. The highest rates of depression onset in wom-
en correspond with major hormonal changes, peaking in
puberty, in the postpartum period, and at the age of men-
opause onset (Joffe and Cohen, 1998). Testosterone has
been shown to have antidepressant and anxiolytic effects
in both men and women (McHenry et al., 2014), and
changes in salivary testosterone over the course of a day
correlate with depression and anxiety measures (Granger
et al., 2003). Hormones may also affect mood indirectly
by altering gene expression, changing the rate of gene

transcription, or regulating mRNA stability (Ing, 2005).
The expression of both serotonin transporter (McQueen
et al., 1997) and MAOA (Gundlah et al., 2002) is regulat-
ed by estrogen. Exogenous hormone administration has
also been shown to alter the functioning of the serotoner-
gic system; female-to-male transsexuals undergoing
androgen treatment have increased serotonin transporter
binding, whereas male-to-female transsexuals undergoing
antiandrogen and estrogen treatments have decreased
serotonin transporter binding (Kranz et al., 2015).

TPH

TPH is the rate-limiting enzyme in serotonin syn-
thesis. The TPH2 isozyme is the predominant form in the
brain, highly expressed in the serotonergic raphe nuclei
(Bach-Mizrachi et al., 2005); however, the TPH1 iso-
zyme is also highly expressed in the amygdala (Zill et al.,
2007). Both forms are regulated by both estrogen (Hiroi
et al., 2006; Hiroi and Honda, 2013; Gutknecht et al.,
2015) and testosterone (Goldstein et al., 1992), and both
have been linked to depression and related conditions in
both men and women (see Table III). The TPH A218C
polymorphism is associated with depression in males only
(Serretti et al., 2001). Other alleles play a stronger role in
conferring risk for depression and anxiety to women in
the peripartum phase (Sun et al., 2004; Lin et al., 2009),
suggestive of an intermediary role for hormones.

Variation in TPH2 has also been associated with
depression and suicide in both men and women as well as
with amygdala activity (see Table III). TPH2 variations
also exhibit gene–sex interactions, predicting depression
(Shen et al., 2011) and panic disorder (Maron et al., 2007)
in women but not in men. Adult male T carriers of the
TPH2 G-703T polymorphism have a stronger overall
startle response, whereas the effect is reversed in adult
females; this finding in females achieves significance only
after accounting for menstrual cycle phase, and no sex
interaction effects were seen in children or older adults,
suggestive of a modulatory role for hormones (Armbruster
et al., 2010).

Most studies have not addressed sex differences, but
there is evidence from metabolic and animal studies to
support the differences that have been found in both
TPH1 and TPH2. The TPH1 218C (in depressed wom-
en, but not depressed men) allele is associated with
decreased plasma tryptophan in women but not in men
(Porter et al., 2008). TPH2 knockout mice exhibit anxi-
ety- and depression-like behaviors, with males showing
increased impulsivity and aggression and females showing
increased reactivity to aversive conditions (Gutknecht
et al., 2015).

CONCLUSIONS AND CONSIDERATIONS FOR
FUTURE RESEARCH

By giving three examples of how sex modulates genotype
to yield differing risk and expression of depression and
related conditions, we hope to have made clear the
importance of considering sex differences in the context
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of genetic variation. We expect that there are still many
undiscovered gene–sex interactions because many of the
genetic polymorphisms that have previously been associ-
ated with depression have not been explicitly studied
with regard to sex differences. More research is required
to clarify the mechanisms through which genes contribute
differentially to depression in men and women, and we
conclude by raising methodological considerations and
guidelines for future research.

This Mini-Review of sex differences suggests several
methodological considerations for future research on sex
differences. To address them, we must re-evaluate how
we conceptualize genetic risk, diagnostic categories, and
sex itself. As we have shown, the same genotype can lead
to different conditions in men and women, and alleles that
confer risk to one sex may confer protection to the other;
risk, therefore, cannot be directly attributed to a particular
allele outside of the context of its effects on biological
pathways and its interactions with the environment. We
have also seen how similar underlying biological dysfunc-
tions may give rise to different behavioral outputs in men
and women. This raises the issue of how to group partici-
pants for experimental studies of gene–sex interactions,
given that they may be heterogeneous with respect both
to diagnosis and to genetic risk profile. Another consider-
ation is how to conceptualize sex. Some sex differences,
such as those stemming from X-inactivation, arise from
the most simplistic, chromosome-based formulation of
sex, whereas others, such as hormones, arise from factors
that vary with sex. Although this Mini-Review focuses on
the interplay of biological sex and genes, genetic effects
might also be modulated by gender, self-identity, and cul-
tural expectations.

It is essential that future research in the genetics of
depression explicitly check for interactions with sex and
sex-related factors known to be relevant. For example,
because some sex differences are dependent on levels of
cycling hormones, it is vital to incorporate the hormonal
status of female participants. Otherwise, the effect of sex-
ually asymmetric alleles may be diluted to the point of sta-
tistical insignificance or even bidirectionally cancel out. In
addition, it is important to check for three-way interac-
tions among environment, sex, and genotype. The sex
differences relevant to depression and related conditions
may be obscured by compensatory mechanisms in healthy
individuals, given that sexual dimorphisms in the brain
may in fact exist to prevent rather than cause sexually
dimorphic behavior in the healthy brain (De Vries 2004).
It is possible that some sex differences emerge only in the
context of pathology, such as in the case of early-life stress
modulation of gene–sex interactions. Therefore, research-
ers must be careful in extrapolating sex differences or lack
thereof in healthy individuals to patients.

Future studies of gene–sex differences may move
beyond understanding the basis of genetic risk toward
understanding the pathogenic mechanism of disease. Stud-
ies that consider multiple time points and longitudinal tra-
jectories rather than cross-sectional grouping of participants
are required to elucidate the role of sex differences and

genetic risk in causal pathways for depression and emotion-
al disorder. Such studies might incorporate intermediate
measures such as subclinical manifestations of depression,
stress response dysregulation, and personality traits to eluci-
date the mechanisms by which risk converts to overt psy-
chopathology. Studies on groups of individuals who are
biologically homogenous rather than symptomatically
homogenous may help to isolate the distinct mechanisms
of depression pathogenesis that create epidemiological dif-
ferences between the sexes. Studies that cross traditional
diagnostic boundaries may better capture the full range of
behavioral output in men and women and better elucidate
how sex differences in behavior and psychopathology
emerge from similar underlying biology.

Finally, because the ultimate goal of research on
depression is to treat individuals, it is vital to extend these
considerations of gene–sex interactions to the domain of
treatment. Given that men and women exhibit different
pathways to pathology, it is reasonable to expect different
pathways to recovery. Research has supported the exis-
tence of gender differences in the response to pharmaco-
logical treatment (Gorman, 2006). Understanding the
different mechanisms that contribute to psychopathology
in men and women is essential for developing and target-
ing personalized interventions.

Although it is premature to define generalizable
rules about these interactions or even to draw strong con-
clusions about the examples discussed, we may in the
interim outline some central considerations that emerge
from reviewing our current state of knowledge. We note
that 1) there is a paucity of information on the impact of
sex and gene interactions; 2) evidence from limited stud-
ies do support the idea that there are sex and gene interac-
tions with clinically relevant outcomes; 3) these
differences might be potentiated by environmental stres-
sors; 4) these gene–sex and gene–sex–environment inter-
actions must be tested explicitly; 5) adopting more
nuanced conceptions of genetic risk, diagnostic categories,
and sex itself will help to clarify these interactions; and 6)
additional research using these methodological recom-
mendations is essential for understanding underlying
mechanisms. Although by necessity this Mini-Review has
focused on depression and sex differences on the seroto-
nergic system, we hope that it will facilitate a broader
consideration of the topic because there are likely many
more differences between sexes that are relevant for
understanding the trajectory of mental disorders.

CONFLICT OF INTEREST STATEMENT

LMW has received consultant fees from Humana for
projects not related to this work. LMP and AG-P have no
conflicts of interest to declare. None of the authors has a
conflict of interest related to this work.

ROLE OF AUTHORS

LMP conceived the scope of this Mini-Review. ANG-P
and LMW developed the intellectual content with LMP.
All authors wrote the Mini-Review.

752 Perry et al.

Journal of Neuroscience Research



REFERENCES

Adkins DE, Daw JK, McClay JL, van den Oord EJ. 2012. The influence

of five monoamine genes on trajectories of depressive symptoms across

adolescence and young adulthood. Dev Psychopathol 24:267–285.

Alexander N, Klucken T, Koppe G, Osinsky R, Walter B, Vaitl D,

Sammer G, Stark R, Hennig J. 2012. Interaction of the serotonin

transporter-linked polymorphic region and environmental adversity:

increased amygdala–hypothalamus connectivity as a potential mecha-

nism linking neural and endocrine hyperreactivity. Biol Psychiatry 72:

49–56.

Alia-Klein N, Goldstein RZ, Tomasi D, Woicik PA, Moeller SJ,

Williams B, Craig IW, Telang F, Biegon A, Wang G, Fowler JS,

Volkow ND. 2009. Neural mechanisms of anger regulation as a func-

tion of genetic risk for violence. Emotion 9:385–396.

Altemus M. 2006. Sex differences in depression and anxiety disorders:

potential biological determinants. Horm Behav 50:534–538.

Ancelin M, Carrière I, Boulenger J, Malafosse A, Stewart R, Cristol J,

Ritchie K, Chaudieu I, Dupuy A. 2010. Gender and genotype modula-

tion of the association between lipid levels and depressive symptomatol-

ogy in community-dwelling elderly (the ESPRIT study). Biol

Psychiatry 68:125–132.

Andre K, Kampman O, Viikki M, Illi A, Set€al€a-Soikkeli E, Poutanen O,

Mononen N, Leinonen E, Lehtim€aki T. 2013. TPH1 A218C polymor-

phism and temperament in major depression. BMC Psychiatry 13:118.

Anttila S, Viikki M, Huuhka K, Huuhka M, Huhtala H, Rontu R,

Lehtim€aki T, Leinonen E. 2009. TPH2 polymorphisms may modify

clinical picture in treatment-resistant depression. Neurosci Lett 464:43–

46.

Antypa N, Cerit H, Kruijt AW, Verhoeven FEA, Van der Does AJ.

2011. Relationships among 5-HTT genotype, life events, and gender in

the recognition of facial emotions. Neuroscience 172:303–313.

Armbruster D, Mueller A, Strobel A, Kirschbaum C, Lesch K, Brocke B.

2010. Influence of functional tryptophan hydroxylase 2 gene variation

and sex on the startle response in children, young adults, and older

adults. Biol Psychol 83:214–221.

Aslund C, Leppert J, Comasco E, Nordquist N, Oreland L, Nilsson KW.

2009. Impact of the interaction between the 5HTTLPR polymorphism

and maltreatment on adolescent depression. A population-based study.

Behav Genet 39:524–531.

Aslund C, Nordquist N, Comasco E, Leppert J, Oreland L, Nilsson KW.

2011. Maltreatment, MAOA, and delinquency: sex differences in gene–

environment interaction in a large population-based cohort of adoles-

cents. Behav Genet 41:262–272.

Aslund C, Comasco E, Nordquist N, Leppert J, Oreland L, Nilsson KW.

2013. Self-reported family socioeconomic status, the 5-HTTLPR geno-

type, and delinquent behavior in a community-based adolescent popu-

lation. Aggress Behav 39:52–63.

Avery BM, Vrshek-Schallhorn S. 2016. Nonsynonymous HTR2C poly-

morphism predicts cortisol response to psychosocial stress I: effects in

males and females. Psychoneuroendocrinology 70:134–141.

Baca-Garc�ıa E, Vaquero C, Diaz-Sastre C, Saiz-Ruiz J, Fern�andez-

Piqueras J, de Leon J. 2002. A gender-specific association between the

serotonin transporter gene and suicide attempts. Neuropsychopharma-

cology 26:692–695.

Bach-Mizrachi H, Underwood MD, Kassir SA, Bakalian MJ, Sibille E,

Tamir H, Mann JJ, Arango V. 2005. Neuronal tryptophan hydroxylase

mRNA expression in the human dorsal and median raphe nuclei: major

depression and suicide. Neuropsychopharmacology 31:814–824.

Bale TL, Epperson CN. 2015. Sex differences and stress across the life-

span. Nat Neurosci 18:1413–1420.

Barr CS, Newman TK, Schwandt M, Shannon C, Dvoskin RL, Lindell

SG, Taubman J, Thompson B, Champoux M, Lesch KP, Goldman D,

Suomi SJ, Higley JD. 2004. Sexual dichotomy of an interaction

between early adversity and the serotonin transporter gene promoter

variant in rhesus macaques. Proc Natl Acad Sci U S A 101:12358–

12363.

Baune BT, Hohoff C, Mortensen LS, Deckert J, Arolt V, Domschke K.

2008. Serotonin transporter polymorphism (5-HTTLPR) association

with melancholic depression: a female specific effect? Depress Anxiety

25:920–925.

Beaver KM, Vaughn MG, Wright JP, Delisi M. 2012. An interaction

between perceived stress and 5HTTLPR genotype in the prediction of

stable depressive symptomatology. Am J Orthopsychiatry 82:260–266.

Beaver KM, Barnes JC, Boutwell BB. 2013. The 2-repeat allele of the

MAOA gene confers an increased risk for shooting and stabbing behav-

iors. Psychiatr Q 85:257–265.

Beevers CG, Pacheco J, Clasen P, McGeary JE, Schnyer D. 2010a. Pre-

frontal morphology, 5-HTTLPR polymorphism, and biased attention

for emotional stimuli. Genes Brain Behav 9:224–233.

Beevers CG, Ellis AJ, Wells TT, McGeary JE. 2010b. Serotonin trans-

porter gene promoter region polymorphism and selective processing of

emotional images. Biol Psychol 83:260–265.

Beitchman JH, Mik HM, Ehtesham S, Douglas L, Kennedy JL. 2004.

MAOA and persistent, pervasive childhood aggression. Mol Psychiatry

9:546–547.

Beitchman JH, Baldassarra L, Mik H, De Luca V, King N, Bender D,

Ehtesham S, Kennedy JL. 2006. Serotonin transporter polymorphisms

and persistent, pervasive childhood aggression. Am J Psychiatry 163:

1103–1105.

Bellivier F, Sz€oke A, Henry C, Lacoste J, Bottos C, Nosten-Bertrand M,

Hardy P, Rouillon F, Launay J, Laplanche J, Leboyer M. 2000. Possible

association between serotonin transporter gene polymorphism and vio-

lent suicidal behavior in mood disorders. Biol Psychiatry 48:319–322.

Bellivier F, Chaste P, Malafosse A. 2004. Association between the TPH

gene A218C polymorphism and suicidal behavior: a meta-analysis. Am

J Med Genet B Neuropsychiatr Genet 124B:87–91.

Bertolino A, Arciero G, Rubino V, Latorre V, De Candia M, Mazzola

V, Blasi G, Caforio G, Hariri A, Kolachana B, Nardini M, Weinberger

DR, Scarabino T. 2005. Variation of human amygdala response during

threatening stimuli as a function of 50HTTLPR genotype and personali-

ty style. Biol Psychiatry 57:1517–1525.

Blair-West G, Cantor CH, Mellsop GW, Eyeson-Annan M. 1999. Life-

time suicide risk in major depression: sex and age determinants. J Affect

Disord 55:171–178.

Bondy B, Erfurth A, de Jonge S, Kr€uger M, Meyer H. 2000. Possible

association of the short allele of the serotonin transporter promoter

gene polymorphism (5-HTTLPR) with violent suicide. Mol Psychiatry

5:193–195.

Booij L, Van der Does W, Benkelfat C, Bremner JD, Cowen PJ, Fava

M, Gillin C, Leyton M, Moore P, Smith KA, Van der Kloot WA.

2002. Predictors of mood response to acute tryptophan depletion. A

reanalysis. Neuropsychopharmacology 27:852–861.

Bouma EMC, Riese H, Doornbos B, Ormel J, Oldehinkel AJ. 2012.

Genetically based reduced MAOA and COMT functioning is associated

with the cortisol stress response: a replication study. Mol Psychiatry 17:

119–121.

Brocke B, Armbruster D, Muller J, Hensch T, Jacob CP, Lesch K,

Kirschbaum C, Strobel A. 2006. Serotonin transporter gene variation

impacts innate fear processing: acoustic startle response and emotional

startle. Mol Psychiatry 11:1106–1112.

Brown GW, Ban M, Craig TKJ, Harris TO, Herbert J, Uher R. 2013.

Serotonin transporter length polymorphism, childhood maltreatment,

and chronic depression: a specific gene–environment interaction.

Depress Anxiety 30:5–13.

Brown SM, Peet E, Manuck SB, Williamson DE, Dahl RE, Ferrell RE,

Hariri AR. 2005. A regulatory variant of the human tryptophan

hydroxylase-2 gene biases amygdala reactivity. Mol Psychiatry 10:884–

888, 805.

Sex Modulation of Genes in Depression 753

Journal of Neuroscience Research



Brummett BH, Siegler IC, McQuoid DR, Svenson IK, Marchuk DA,

Steffens DC. 2003. Associations among the NEO Personality Inventory,

Revised and the serotonin transporter gene-linked polymorphic region

in elders: effects of depression and gender. Psychiatr Genet 13:13–18.

Brummett BH, Boyle SH, Siegler IC, Kuhn CM, Ashley-Koch A,

Jonassaint CR, Z€uchner S, Collins A, Williams RB. 2008a. Effects of

environmental stress and gender on associations among symptoms of

depression and the serotonin transporter gene linked polymorphic

region (5-HTTLPR). Behav Genet 38:34–43.

Brummett BH, Muller CL, Collins AL, Boyle SH, Kuhn CM, Siegler

IC, Williams RB, Ashley-Koch A. 2008b. 5-HTTLPR and gender

moderate changes in negative affect responses to tryptophan infusion.

Behav Genet 38:476–483.

Brummett BH, Boyle SH, Siegler IC, Kuhn CM, Surwit RS, Garrett

ME, Collins A, Ashley-Koch A, Williams RB. 2008c. HPA axis func-

tion in male caregivers: effect of the monoamine oxidase-A gene pro-

moter (MAOA-uVNTR). Biol Psychol 79:250–255.

Buckholtz JW, Callicott JH, Kolachana B, Hariri AR, Goldberg TE,

Genderson M, Egan MF, Mattay VS, Weinberger DR, Meyer-

Lindenberg A. 2008. Genetic variation in MAOA modulates ventrome-

dial prefrontal circuitry mediating individual differences in human per-

sonality. Mol Psychiatry 13:313–324.

Byrd AL, Manuck SB. 2014. MAOA, childhood maltreatment, and anti-

social behavior: meta-analysis of a gene–environment interaction. Biol

Psychiatry 75:9–17.

Cadoret RJ, Langbehn D, Caspers K, Troughton EP, Yucuis R, Sandhu

HK, Philibert R. 2003. Associations of the serotonin transporter pro-

moter polymorphism with aggressivity, attention deficit, and conduct

disorder in an adoptee population. Compr Psychiatry 44:88–101.

Campos SB, Miranda D, Souza BR, Pereira PA, Neves FS, Tramontina

J, Kapczinski F, Romano-Silva M, Correa H. 2011. Association study

of tryptophan hydroxylase 2 gene polymorphisms in bipolar disorder

patients with panic disorder comorbidity. Psychiatr Genet 21:106–111.

Canli T, Cooney RE, Goldin P, Shah M, Sivers H, Thomason ME,

Whitfield-Gabrieli S, Gabrieli JDE, Gotlib IH. 2005a. Amygdala reac-

tivity to emotional faces predicts improvement in major depression.

Neuroreport 16:1267–1270.

Canli T, Omura K, Haas BW, Fallgatter A, Constable RT, Lesch KP.

2005b. Beyond affect: a role for genetic variation of the serotonin trans-

porter in neural activation during a cognitive attention task. Proc Natl

Acad Sci U S A 102:12224–12229.

Canli T, Congdon E, Gutknecht L, Constable RT, Lesch KP. 2005c.

Amygdala responsiveness is modulated by tryptophan hydroxylase-2

gene variation. J Neural Transm 112:1479–1485.

Canli T, Congdon E, Todd Constable R, Lesch KP. 2008. Additive

effects of serotonin transporter and tryptophan hydroxylase-2 gene vari-

ation on neural correlates of affective processing. Biol Psychol 79:118–

125.

Carli V, Mandelli L, Zaninotto L, Roy A, Recchia L, Stoppia L, Gatta

V, Sarchiapone M, Serretti A. 2011. A protective genetic variant for

adverse environments? The role of childhood traumas and serotonin

transporter gene on resilience and depressive severity in a high-risk

population. Eur Psychiatry 26:471–478.

Carrel L, Willard HF. 2005. X-inactivation profile reveals extensive vari-

ability in X-linked gene expression in females. Nature 434:400–404.

Cases O, Seif I, Grimsby J, Gaspar P, Chen K, Pournin S, M€uller U,

Aguet M, Babinet C, Shih JC. 1995. Aggressive behavior and altered

amounts of brain serotonin and norepinephrine in mice lacking

MAOA. Science 268:1763–1766.

Caspi A, McClay J, Moffitt TE, Mill J, Martin J, Craig IW, Taylor A,

Poulton R. 2002. Role of genotype in the cycle of violence in mal-

treated children. Science 297:851–854.

Caspi A, Sugden K, Moffitt TE, Taylor A, Craig IW, Harrington H,

McClay J, Mill J, Martin J, Braithwaite A, Poulton R. 2003. Influence

of life stress on depression: moderation by a polymorphism in the 5-

HTT gene. Science 301:386–389.

Center for Behavioral Health Statistics and Quality. 2015. Behavioral

health trends in the United States: Results from the 2014 National Sur-

vey on Drug Use and Health. HHS Publication No. SMA 15-4927,

NSDUH Series H-50.

Cerasa A, Gioia MC, Fera F, Passamonti L, Liguori M, Lanza P, Muglia

M, Magariello A, Quattrone A. 2008a. Ventro-lateral prefrontal activity

during working memory is modulated by MAO A genetic variation.

Brain Res 1201:114–121.

Cerasa A, Gioia MC, Labate A, Lanza P, Magariello A, Muglia M,

Quattrone A. 2008b. MAO A VNTR polymorphism and variation in

human morphology: a VBM study. Neuroreport 19:1107–1110.

Cerasa A, Quattrone A, Gioia MC, Magariello A, Muglia M, Assogna F,

Bernardini S, Caltagirone C, Boss�u P, Spalletta G. 2011. MAO A

VNTR polymorphism and amygdala volume in healthy subjects. Psy-

chiatry Res 191:87–91.

Cerasa A, Quattrone A, Piras F, Mangone G, Magariello A, Fagioli S,

Girardi P, Muglia M, Caltagirone C, Spalletta G. 2014. 5-HTTLPR,

anxiety and gender interaction moderates right amygdala volume in

healthy subjects. Soc Cogn Affect Neurosci 9:1537–1545.

Chen H, Pine DS, Ernst M, Gorodetsky E, Kasen S, Gordon K,

Goldman D, Cohen D. 2013. The MAOA gene predicts happiness in

women. Prog Neuropsychopharmacol Biol Psychiatry 40:122–125.

Chu DA, Williams LM, Harris AWF, Bryant RA, Gatt JM. 2013. Early

life trauma predicts self-reported levels of depressive and anxiety symp-

toms in nonclinical community adults: relative contributions of early-

life stressor types and adult trauma exposure. J Psychiatr Res 47:23–32.

Cicchetti D, Rogosch FA, Sturge-Apple M. 2007. Interactions of child

maltreatment and serotonin transporter and monoamine oxidase A

polymorphisms: depressive symptomatology among adolescents from

low socioeconomic status backgrounds. Dev Psychopathol 19:1161–

1180.

Clemens B, Voß B, Pawliczek C, Mingoia G, Weyer D, Repple J,

Eggermann T, Zerres K, Reetz K, Habel U. 2015. Effect of MAOA

genotype on resting-state networks in healthy participants. Cereb Cor-

tex 25:1771–1781.

Costa P Jr, Terracciano A, McCrae RR. 2001. Gender differences in

personality traits across cultures: robust and surprising findings. J Pers

Soc Psychol 81:322–331.

Courtet P, Baud P, Abbar M, Boulenger JP, Castelnau D, Mouthon D,

Malafosse A, Buresi C. 2001. Association between violent suicidal

behavior and the low activity allele of the serotonin transporter gene.

Mol Psychiatry 6:338–341.

Dannlowski U, Ohrmann P, Bauer J, Kugel H, Baune BT, Hohoff C,

Kersting A, Arolt V, Heindel W, Deckert J, Suslow T. 2007. Seroto-

nergic genes modulate amygdala activity in major depression. Genes

Brain Behav 6:672–676.

Dannlowski U, Ohrmann P, Bauer J, Deckert J, Hohoff C, Kugel H,

Arolt V, Heindel W, Kersting A, Baune BT, Suslow T. 2008. 5-

HTTLPR biases amygdala activity in response to masked facial expres-

sions in major depression. Neuropsychopharmacology 33:418–424.

Dannlowski U, Ohrmann P, Konrad C, Domschke K, Bauer J, Kugel H,

Hohoff C, Sch€oning S, Kersting A, Baune BT, Mortensen LS, Arolt V,

Zwitserlood P, Deckert J, Heindel W, Suslow T. 2009. Reduced

amygdala–prefrontal coupling in major depression: association with

MAOA genotype and illness severity. Int J Neuropsychopharmacol 12:

11–22.

De Vries GJ. 2004. Minireview: Sex differences in adult and developing

brains: compensation, compensation, compensation. Endocrinology

145:1063–1068.

Deckert J, Catalano M, Syagailo YV, Bosi M, Okladnova O, Di Bella D,

N€othen MM, Maffei P, Franke P, Fritze J, Maier W, Propping P,

Beckmann H, Bellodi L, Lesch KP. 1999. Excess of high activity

754 Perry et al.

Journal of Neuroscience Research



monoamine oxidase A gene promoter alleles in female patients with

panic disorder. Hum Mol Genet 8:621–624.

Denson TF, Dobson-Stone C, Ronay R, von Hippel W, Schira MM.

2014. A functional polymorphism of the MAOA gene is associated

with neural responses to induced anger control. J Cogn Neurosci 26:

1418–1427.

Derringer J, Krueger RF, Irons DE, Iacono WG. 2010. Harsh discipline,

childhood sexual assault, and MAOA genotype: an investigation of

main and interactive effects on diverse clinical externalizing outcomes.

Behav Genet 40:639–648.

Domschke K, Tidow N, Kuithan H, Schwarte K, Klauke B, Ambr�ee O,

Reif A, Schmidt H, Arolt V, Kersting A, Zwanzger P, Deckert J.

2012. Monoamine oxidase A gene DNA hypomethylation—a risk fac-

tor for panic disorder? Int J Neuropsychopharmacol 15:1217–1228.

Douglas K, Chan G, Gelernter J, Arias AJ, Anton RF, Poling J, Farrer L,

Kranzler HR. 2011. 5-HTTLPR as a potential moderator of the effects

of adverse childhood experiences on risk of antisocial personality disor-

der. Psychiatr Genet 21:240–248.

Drabant EM, Ramel W, Edge MD, Hyde LW, Kuo JR, Goldin PR, Hariri

AR, Gross JJ. 2012. Neural mechanisms underlying 5-HTTLPR-related

sensitivity to acute stress. Am J Psychiatry 169:397–405.

Drevets WC. 2000. Neuroimaging studies of mood disorders. Biol Psy-

chiatry 48:813–829.

Du L, Faludi G, Palkovits M, Demeter E, Bakish D, Lapierre YD,

S�otonyi P, Hrdina PD. 1999. Frequency of long allele in serotonin

transporter gene is increased in depressed suicide victims. Biol Psychia-

try 46:196–201.

Du L, Bakish D, Hrdina PD. 2000. Gender differences in association

between serotonin transporter gene polymorphism and personality traits.

Psychiatr Genet 10:159–164.

Du L, Faludi G, Palkovits M, Sotonyi P, Bakish D, Hrdina PD. 2002.

High activity-related allele of MAO-A gene associated with depressed

suicide in males. Neuroreport 13:1195–1198.

Ducci F, Enoch M, Hodgkinson C, Xu K, Catena M, Robin RW,

Goldman D. 2008. Interaction between a functional MAOA locus and

childhood sexual abuse predicts alcoholism and antisocial personality

disorder in adult women. Mol Psychiatry 13:334–347.

Eaton NR, Keyes KM, Krueger RF, Balsis S, Skodol AE, Markon KE,

Grant BF, Hasin DS. 2012. An invariant dimensional liability model of

gender differences in mental disorder prevalence: evidence from a

national sample. J Abnorm Psychol 121:282–288.

Edwards AC, Dodge KA, Latendresse SJ, Lansford JE, Bates JE, Pettit

GS, Budde JP, Goate AM, Dick DM. 2010. MAOA-uVNTR and early

physical discipline interact to influence delinquent behavior. J Child

Psychol Psychiatry 51:679–687.

Eisenberger NI, Way BM, Taylor SE, Welch WT, Lieberman MD.

2007. Understanding genetic risk for aggression: clues from the brain’s

response to social exclusion. Biol Psychiatry 61:1100–1108.

Eker MC, Kitis O, Okur H, Eker OD, Ozan E, Isikli S, Akarsu N,

Gonul AS. 2011. Smaller hippocampus volume is associated with short

variant of 5-HTTLPR polymorphism in medication-free major depres-

sive disorder patients. Neuropsychobiology 63:22–28.

Eley TC, Tahir E, Angleitner A, Harriss K, McClay J, Plomin R,

Riemann R, Spinath F, Craig I. 2003. Association analysis of MAOA

and COMT with neuroticism assessed by peers. Am J Med Genet B

Neuropsychiatr Genet 120B:90–96.

Eley TC, Sugden K, Corsico A, Gregory AM, Sham P, McGuffin P,

Plomin R, Craig IW. 2004. Gene–environment interaction analysis of

serotonin system markers with adolescent depression. Mol Psychiatry 9:

908–915.

El-Hage W, Zelaya F, Radua J, Gohier B, Alsop DC, Phillips ML,

Surguladze SA. 2013. Resting-state cerebral blood flow in amygdala is

modulated by sex and serotonin transporter genotype. Neuroimage 76:

90–97.

Enoch M, Steer CD, Newman TK, Gibson N, Goldman D. 2010. Early

life stress, MAOA, and gene–environment interactions predict behav-

ioral disinhibition in children. Genes Brain Behav 9:65–74.

Everaerd D, Gerritsen L, Rijpkema M, Frodl T, van Oostrom I, Franke B,

Fern�andez G, Tendolkar I. 2012. Sex modulates the interactive effect of

the serotonin transporter gene polymorphism and childhood adversity on

hippocampal volume. Neuropsychopharmacology 37:1848–1855.

Fan J, Fossella J, Sommer T, Wu Y, Posner MI. 2003. Mapping the

genetic variation of executive attention onto brain activity. Proc Natl

Acad Sci U S A 100:7406–7411.

Fasching PA, Faschingbauer F, Goecke TW, Engel A, H€aberle L, Seifert

A, Voigt F, Amann M, Rebhan D, Burger P, Kornhuber J, Ekici AB,

Beckmann MW, Binder EB. 2012. Genetic variants in the tryptophan

hydroxylase 2 gene (TPH2) and depression during and after pregnancy.

J Psychiatr Res 46:1109–1117.

Fawcett J, Busch KA, Jacobs D, Kravitz HM, Fogg L. 1997. Suicide: a four-

pathway clinical–biochemical model. Ann N Y Acad Sci 836:288–301.

Flory JD, Manuck SB, Ferrell RE, Dent KM, Peters DG, Muldoon MF.

1999. Neuroticism is not associated with the serotonin transporter (5-

HTTLPR) polymorphism. Mol Psychiatry 4:93–96.

Foley DL, Eaves LJ, Wormley B. 2004. Childhood adversity, monoamine

oxidase a genotype, and risk for conduct disorder. Arch Gen Psychiatry

61:738–744.

Fortier E, Noreau A, Lepore F, Boivin M, P�erusse D, Rouleau GA,

Beauregard M. 2010. Early impact of 5-HTTLPR polymorphism on

the neural correlates of sadness. Neurosci Lett 485:261–265.

Frazzetto G, Lorenzo GD, Carola V, Proietti L, Sokolowska E,

Siracusano A, Gross C, Troisi A. 2007. Early trauma and increased risk

for physical aggression during adulthood: the moderating role of

MAOA genotype. PLoS One 2:e486.

Frodl T, Zill P, Baghai T, Sch€ule C, Rupprecht R, Zetzsche T, Bondy

B, Reiser M, M€oller H, Meisenzahl EM. 2008. Reduced hippocampal

volumes associated with the long variant of the tri- and diallelic seroto-

nin transporter polymorphism in major depression. Am J Med Genet B

Neuropsychiatr Genet 147B:1003–1007.

Frodl T, Reinhold E, Koutsouleris N, Donohoe G, Bondy B, Reiser M,

M€oller H, Meisenzahl EM. 2010. Childhood stress, serotonin transport-

er gene and brain structures in major depression. Neuropsychopharma-

cology 35:1383–1390.

Furman DJ, Hamilton JP, Joormann J, Gotlib IH. 2011. Altered timing

of amygdala activation during sad mood elaboration as a function of 5-

HTTLPR. Soc Cogn Affect Neurosci 6:270–276.

Furmark T, Tillfors M, Garpenstrand H, Marteinsdottir I, Långstr€om B,

Oreland L, Fredrikson M. 2004. Serotonin transporter polymorphism

related to amygdala excitability and symptom severity in patients with

social phobia. Neurosci Lett 362:189–192.

Furmark T, Henningsson S, Appel L, Ahs F, Linnman C, Pissiota A,

Faria V, Oreland L, Bani M, Pich EM, Eriksson E, Fredrikson M.

2009. Genotype overdiagnosis in amygdala responsiveness: affective

processing in social anxiety disorder. J Psychiatry Neurosci 34:30–40.

Galfalvy H, Huang Y, Oquendo MA, Currier D, Mann JJ. 2009.

Increased risk of suicide attempt in mood disorders and TPH1 geno-

type. J Affect Disord 115:331–338.

Gao J, Pan Z, Jiao Z, Li F, Zhao G, Wei Q, Pan F, Evangelou E. 2012.

TPH2 gene polymorphisms and major depression—a meta-analysis.

PLoS One 7:e36721.

Gaspar P, Cases O, Maroteaux L. 2003. The developmental role of sero-

tonin: news from mouse molecular genetics. Nat Rev Neurosci 4:

1002–1012.

Gaysina D, Zainullina A, Gabdulhakov R, Khusnutdinova E. 2006. The

serotonin transporter gene: polymorphism and haplotype analysis in

Russian suicide attempters. Neuropsychobiology 54:70–74.

Gelernter J, Kranzler H, Coccaro EF, Siever LJ, New AS. 1998. Seroto-

nin transporter protein gene polymorphism and personality measures in

Sex Modulation of Genes in Depression 755

Journal of Neuroscience Research



African American and European American subjects. Am J Psychiatry

155:1332–1338.

Gillihan SJ, Rao H, Brennan L, Wang DJJ, Detre JA, Sankoorikal GMV,

Brodkin ES, Farah MJ. 2011. Serotonin transporter genotype modulates

the association between depressive symptoms and amygdala activity

among psychiatrically healthy adults. Psychiatry Res 193:161–167.

Gizatullin R, Zaboli G, J€onsson EG, Asberg M, Leopardi R. 2006. Hap-

lotype analysis reveals tryptophan hydroxylase (TPH) 1 gene variants

associated with major depression. Biol Psychiatry 59:295–300.

Goldstein ME, Tank AW, Fossom LH, Hamill RW. 1992. Molecular

aspects of the regulation of tyrosine hydroxylase by testosterone. Brain

Res Mol Brain Res 14:79–86.

Gonda X, Juhasz G, Laszik A, Rihmer Z, Bagdy G. 2005. Subthreshold

depression is linked to the functional polymorphism of the 5HT trans-

porter gene. J Affect Disord 87:291–297.

Gonz�alez-Castro TB, Ju�arez-Rojop I, L�opez-Narv�aez ML, Tovilla-Z�arate
CA. 2014. Association of TPH-1 and TPH-2 gene polymorphisms

with suicidal behavior: a systematic review and meta-analysis. BMC

Psychiatry 14:196.

Goodwin RD, Gotlib IH. 2004. Gender differences in depression: the

role of personality factors. Psychiatry Res 126:135–142.

Gorman JM. 2006. Gender differences in depression and response to psy-

chotropic medication. Gend Med 3:93–109.

Gorodetsky E, Bevilacqua L, Carli V, Sarchiapone M, Roy A, Goldman

D, Enoch M. 2014. The interactive effect of MAOA-LPR genotype

and childhood physical neglect on aggressive behaviors in Italian male

prisoners. Genes Brain Behav 13:543–549.

Gorwood P, Batel P, Adès J, Hamon M, Boni C. 2000. Serotonin trans-

porter gene polymorphisms, alcoholism, and suicidal behavior. Biol

Psychiatry 48:259–264.

Gotlib IH, Joormann J, Minor KL, Hallmayer J. 2008. HPA axis reactivi-

ty: a mechanism underlying the associations among 5-HTTLPR, stress,

and depression. Biol Psychiatry 63:847–851.

Gottfries CG, Roos BE, Winblad B. 1974. Determination of 5-

hydroxytryptamine, 5-hydroxyindoleacetic acid, and homovanillic acid in

brain tissue from an autopsy material. Acta Psychiatr Scand 50:496–507.

Grabe HJ, Lange M, Wolff B, V€olzke H, Lucht M, Freyberger HJ, John

U, Cascorbi I. 2005. Mental and physical distress is modulated by a

polymorphism in the 5-HT transporter gene interacting with social

stressors and chronic disease burden. Mol Psychiatry 10:220–224.

Granger DA, Shirtcliff EA, Zahn-Waxler C, Usher B, Klimes-Dougan B,

Hastings P. 2003. Salivary testosterone diurnal variation and psychopa-

thology in adolescent males and females: individual differences and

developmental effects. Dev Psychopathol 15:431–449.

Greenberg BD, Li Q, Lucas FR, Hu S, Sirota LA, Benjamin J, Lesch

KP, Hamer D, Murphy DL. 2000. Association between the serotonin

transporter promoter polymorphism and personality traits in a primarily

female population sample. Am J Med Genet 96:202–216.

Gressier F, Calati R, Serretti A. 2016. 5-HTTLPR and gender differ-

ences in affective disorders: a systematic review. J Affect Disord 190:

193–207.

Grochans E, Jurczak A, Szkup M, Samochowiec A, Wloszczak-Szubzda

A, Karakiewicz B, Grzywacz A, Brodowska A, Samochowiec J. 2015.

Evaluation of the relationship between 5-HTT and MAO gene poly-

morphisms, mood and level of anxiety among postmenopausal women.

Int J Environ Res Public Health 12:268–281.

Grohmann M, Hammer P, Walther M, Paulmann N, B€uttner A,

Eisenmenger W, Baghai TC, Sch€ule C, Rupprecht R, Bader M,

Bondy B, Zill P, Priller J, Walther DJ. 2010. Alternative splicing and

extensive RNA editing of human TPH2 transcripts. PLoS One 5:

e8956.

Gundlah C, Lu NZ, Bethea CL. 2002. Ovarian steroid regulation of

monoamine oxidase-A and B mRNAs in the macaque dorsal raphe and

hypothalamic nuclei. Psychopharmacology 160:271–282.

Guo G, Ou X, Roettger M, Shih JC. 2008. The VNTR 2 repeat in

MAOA and delinquent behavior in adolescence and young adulthood:

associations and MAOA promoter activity. Eur J Hum Genet 16:626–

634.

Gutknecht L, Jacob C, Strobel A, Kriegebaum C, M€uller J, Zeng Y,

Markert C, Escher A, Wendland J, Reif A, M€ossner R, Gross C,

Brocke B, Lesch K. 2007. Tryptophan hydroxylase-2 gene variation

influences personality traits and disorders related to emotional dysregu-

lation. Int J Neuropsychopharmacol 10:309–320.

Gutknecht L, Popp S, Waider J, Sommerlandt FMJ, G€oppner C, Post A,

Reif A, van den Hove D, Strekalova T, Schmitt A, Cola1o MBN,

Sommer C, Palme R, Lesch K. 2015. Interaction of brain 5-HT syn-

thesis deficiency, chronic stress, and sex differentially impact emotional

behavior in Tph2 knockout mice. Psychopharmacology 232:2429–

2441.

Haberstick BC, Smolen A, Hewitt JK. 2006. Family-based association

test of the 5HTTLPR and aggressive behavior in a general population

sample of children. Biol Psychiatry 59:836–843.

Hallikainen T, Saito T, Lachman HM, Volavka J, Pohjalainen T,

Ryyn€anen OP, Kauhanen J, Syv€alahti E, Hietala J, Tiihonen J. 1999.

Association between low activity serotonin transporter promoter geno-

type and early onset alcoholism with habitual impulsive violent behav-

ior. Mol Psychiatry 4:385–388.

Hammen C, Brennan PA, Keenan-Miller D, Hazel NA, Najman JM.

2010. Chronic and acute stress, gender, and serotonin transporter gene–

environment interactions predicting depression symptoms in youth.

J Child Psychol Psychiatry 51:180–187.

Hariri AR, Mattay VS, Tessitore A, Kolachana B, Fera F, Goldman D,

Egan MF, Weinberger DR. 2002. Serotonin transporter genetic varia-

tion and the response of the human amygdala. Science 297:400–403.

Hariri AR, Drabant EM, Munoz KE, Kolachana BS, Mattay VS, Egan

MF, Weinberger DR. 2005. A susceptibility gene for affective disorders

and the response of the human amygdala. Arch Gen Psychiatry 62:146–

152.

Heim C, Binder EB. 2012. Current research trends in early-life stress and

depression: review of human studies on sensitive periods, gene–envi-

ronment interactions, and epigenetics. Exp Neurol 233:102–111.

Heim C, Nemeroff CB. 2001. The role of childhood trauma in the neu-

robiology of mood and anxiety disorders: preclinical and clinical studies.

Biol Psychiatry 49:1023–1039.

Heinz A, Braus DF, Smolka MN, Wrase J, Puls I, Hermann D, Klein S,

Gr€usser SM, Flor H, Schumann G, Mann K, B€uchel C. 2005. Amygda-

la–prefrontal coupling depends on a genetic variation of the serotonin

transporter. Nat Neurosci 8:20–21.

Heinz A, Smolka MN, Braus DF, Wrase J, Beck A, Flor H, Mann K,

Schumann G, B€uchel C, Hariri AR, Weinberger DR. 2007. Serotonin

transporter genotype (5-HTTLPR): effects of neutral and undefined

conditions on amygdala activation. Biol Psychiatry 61:1011–1014.

Hermann A, K€upper Y, Schmitz A, Walter B, Vaitl D, Hennig J, Stark

R, Tabbert K. 2012. Functional gene polymorphisms in the serotonin

system and traumatic life events modulate the neural basis of fear acqui-

sition and extinction. PLoS One 7:e44352.

Herrmann MJ, Huter T, M€uller F, M€uhlberger A, Pauli P, Reif A,

Renner T, Canli T, Fallgatter AJ, Lesch K. 2007. Additive effects of

serotonin transporter and tryptophan hydroxylase-2 gene variation on

emotional processing. Cereb Cortex 17:1160–1163.

Hiroi R, Handa RJ. 2013. Estrogen receptor-b regulates human trypto-

phan hydroxylase-2 through an estrogen response element in the 50

untranslated region. J Neurochem 127:487–495.

Hiroi R, McDevitt RA, Neumaier JF. 2006. Estrogen selectively increases

tryptophan hydroxylase-2 mRNA expression in distinct subregions of rat

midbrain raphe nucleus: association between gene expression and anxiety

behavior in the open field. Biol Psychiatry 60:288–295.

756 Perry et al.

Journal of Neuroscience Research



Hirschfeld RMA. 2001. The comorbidity of major depression and anxi-

ety disorders: recognition and management in primary care. Prim Care

Companion J Clin Psychiatry 3:244–254.

Holmes AJ, Bogdan R, Pizzagalli DA. 2010. Serotonin transporter geno-

type and action monitoring dysfunction: a possible substrate underlying

increased vulnerability to depression. Neuropsychopharmacology 35:

1186–1197.

Holz N, Boecker R, Buchmann AF, Blomeyer D, Baumeister S,

Hohmann S, Jennen-Steinmetz C, Wolf I, Rietschel M, Witt SH,

Plichta MM, Meyer-Lindenberg A, Schmidt MH, Esser G,

Banaschewski T, Brandeis D, Laucht M. 2016. Evidence for a sex-

dependent MAOA 3 childhood stress interaction in the neural circuitry

of aggression. Cereb Cortex 26:904–914.

Huang S, Lin M, Lin W, Huang C, Shy M, Lu R. 2009. Association of

monoamine oxidase A (MAOA) polymorphisms and clinical subgroups

of major depressive disorders in the Han Chinese population. World J

Biol Psychiatry 10:544–551.

Huang Y, Cate SP, Battistuzzi C, Oquendo MA, Brent D, Mann JJ.

2004. An association between a functional polymorphism in the mono-

amine oxidase a gene promoter, impulsive traits, and early abuse experi-

ences. Neuropsychopharmacology 29:1498–1505.

Hung C, Lung F, Chen C, O’Nions E, Hung T, Chong M, Wu C,

Wen J, Lin P. 2011. Association between suicide attempt and a triallelic

functional polymorphism in serotonin transporter gene promoter in

Chinese patients with schizophrenia. Neurosci Lett 504:242–246.

Ing NH. 2005. Steroid hormones regulate gene expression posttranscrip-

tionally by altering the stabilities of messenger RNAs. Biol Reprod 72:

1290–1296.

Inoue H, Yamasue H, Tochigi M, Takei K, Suga M, Abe O, Yamada

H, Rogers MA, Aoki S, Sasaki T, Kasai K. 2010. Effect of tryptophan

hydroxylase-2 gene variants on amygdalar and hippocampal volumes.

Brain Res 1331:51–57.

Jabbi M, Korf J, Kema IP, Hartman C, van der Pompe G, Minderaa

RB, Ormel J, den Boer JA. 2007. Convergent genetic modulation of

the endocrine stress response involves polymorphic variations of 5-

HTT, COMT, and MAOA. Mol Psychiatry 12:483–490.

Jacobs N, Kenis G, Peeters F, Derom C, Vlietinck R, van Os J. 2006.

Stress-related negative affectivity and genetically altered serotonin trans-

porter function: evidence of synergism in shaping risk of depression.

Arch Gen Psychiatry 63:989–996.

Jaworska N, MacMaster FP, Foster J, Ramasubbu R. 2016. The influ-

ence of 5-HTTLPR and Val66Met polymorphisms on cortical thickness

and volume in limbic and paralimbic regions in depression: a prelimi-

nary study. BMC Psychiatry 16:61.

Joffe H, Cohen LS. 1998. Estrogen, serotonin, and mood disturbance:

where is the therapeutic bridge? Biol Psychiatry 44:798–811.

Jokela M, R€aikk€onen K, Lehtim€aki T, Rontu R, Keltikangas-J€arvinen L.

2007. Tryptophan hydroxylase 1 gene (TPH1) moderates the influence

of social support on depressive symptoms in adults. J Affect Disord 100:

191–197.

J€onsson EG, Goldman D, Spurlock G, Gustavsson JP, Nielsen DA,

Linnoila M, Owen MJ, Sedvall GC. 1997. Tryptophan hydroxylase and

catechol-O-methyltransferase gene polymorphisms: relationships to

monoamine metabolite concentrations in CSF of healthy volunteers.

Eur Arch Psychiatry Clin Neurosci 247:297–302.

J€onsson EG, Norton N, Gustavsson JP, Oreland L, Owen MJ, Sedvall

GC. 2000. A promoter polymorphism in the monoamine oxidase A

gene and its relationships to monoamine metabolite concentrations in

CSF of healthy volunteers. J Psychiatr Res 34:239–244.

Jovanovic H, Lundberg J, Karlsson P, Cerin Å, Saijo T, Varrone A,
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