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REVIEW ARTICLE

The genetic blueprint of major depressive disorder: Contributions
of imaging genetics studies

CHRISTIAN SCHARINGER, ULRICH RABL, LUKAS PEZAWAS & SIEGFRIED KASPER

Duvision of Biological Psychiatry, Department of Psychiatry and Psychotherapy, Medical University of Vienna,
Vienna, Austria

Abstract

Objectives. To review neuroimaging intermediate phenotypes of MDD and their relation to genetic risk variants. Methods.
A systematic literature search of peer-reviewed English language articels using PubMed (www.pubmed.org) was performed.
Results. Comprehensive evidence on the influence of serotonergic genes (SLC6A44, HTR1A, MAOA, TPH2) and BDNF on
the following neural intermediate phenotypes is displayed: amygdala reactivity, coupling of amygdala-anterior cingulate
cortex (ACC) activity, ACC volume, hippocampal volume and serotonin receptor 1A (5-HT1A) binding potential (BP).
Conclusions. Intermediate phenotypes may bridge the gap between genotype and phenotype by reducing the impreciseness

of psychiatric phenotypes and yield more insights into the underlying biology.

Key words: Major depressive disorder, genetics, pharmacogenetics, amygdala, cingulate gyrus, hippocampus,

5-HT1A receptor

Introduction

The clinical phenotype of depression, operational-
ized as major depressive disorder (MDD) in DSM-IV
(American Psychiatric Association 2000), is charac-
terized by a highly variable symptom profile as well
as a varying severity and course. Despite the fact that
several biological treatments have proven their clear
efficacy, ranging from antidepressants (Cipriani et al.
2009) to electroconvulsive therapy (Chakrabarti
et al. 2010), and deep brain stimulation (Schlaepfer
et al. 2010), MDD ranks among the leading causes
of disease burden worldwide (Hyman 2008). Despite
great strides forward regarding the understanding of
the neurobiology of MDD over the last decade
(Krishnan and Nestler 2010), scientific achievements
failed to translate into clinical practise. Such a
mismatch between scientific progress and clinical
exploitation likely originated from the limited
biological validity of the current behavioural concep-
tualization of mood disorders, thereby leading to
diagnostic entities that are not well suited for

biological psychiatric research, an argument that will
be in the core of this article.

From association to imaging genetics studies

MDD is a disorder with substantial heritability rang-
ing from 31 to 42% (Sullivan et al. 2000; Kendler
et al. 2006) and is thought to be composed of com-
plex genetic mechanisms of multiple risk genes
including epistasis, imprinting, epigenetics, and gene—
environment interactions (Krishnan and Nestler
2008; Caspi et al. 2010). Accordingly, the identifica-
tion of gene variants increasing susceptibility of MDD
has become a major goal in mood disorder research,
with hundreds of behavioural and pharmacogenetic
association studies reporting such a linkage (Kato
and Serretti 2008; Lopez-Leon et al. 2008; Schosser
and Kasper 2009). However, despite continously
increasing sample sizes, clinical association studies
including thousands of cases (Willis-Owen et al.
2005; Surtees et al. 2006) still suffer from a lack of
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replication. Effects of single genes that have been
linked to an increased risk of MDD have proven to
be more subtle than originally expected and the study
of gene—gene and gene—environment interactions
suggests their pathogenetic influence to be complex
(Caspi et al. 2010). Hence, the predictive value of
known risk alleles is still far away from clinical exploi-
tation for genetic or pharmacogenetic testing with
respect to diagnosis or treatment.

Obviously, effects of genes do not directly translate
into clinical phenotypes such as MDD, but gene vari-
ants nevertheless affect the functional or structural
integrity of neural circuits through molecular and cel-
lular mechanisms (Meyer-Lindenberg and Weinberger
2006; Meyer-Lindenberg 2010). Therefore, measures
that go beyond the surface of clinical phenotypes are
more appropriate for tracing the effects of such gene
variants. Hence, this approach substitutes the elusive
qualitative phenotypes of psychiatric disorders by
quantitative biological measures, which are thought to
be in tighter linkage with the underlying molecular
mechanisms (Gottesman and Gould 2003). Initially,
such candidate markers have been thought to exhibit
heritability patterns comparable to Mendelian traits
and have been termed “endophenotypes” (Gottesman
and Gould 2003). However, virtually all proposed
endophenotypes failed to fulfill these strict criteria
and are therefore called “intermediate phenotypes”
(Meyer-Lindenberg et al. 2006; Meyer-Lindenberg
and Weinberger 2006). It is noteworthy that interme-
diate phenotypes are not specific for a certain genetic
variant or even clinical diagnosis and can eventually
also be detected in non-clinical samples (Meyer-
Lindenberg et al. 2006; Meyer-Lindenberg and Wein-
berger 2006). Nevertheless, neural intermediate
phenotypes measured by modern neuroimaging tech-
niques are thought to more directly index the under-
lying neurobiology of complex phenotypes and hence
have the intrinsic potential to brigde the gap between
genes and psychiatric diagnostic phenotypes. This
promising approach has demonstrated its feasability
in many studies (Meyer-Lindenberg 2010) With
respect to MDD research, scientists have been able to
link specific imaging intermediate phenotypes to
MDD, its vulnerability factors (Pezawas et al. 2005;
Cremers et al. 2010) and affective as well as cognitive
symptoms (Price and Drevets 2010).

The rapidly growing field of imaging genetics
utilizing neuroimaging as tool to detect the subtle
neural impact of genetic variants has been able to
demonstrate a tight association between several
neural intermediate phenotypes and a wide array of
risk alleles related to mental illness (Bigos and
Weinberger 2010). Moreover, these studies suggest
that risk alleles explain a significantly larger portion
of variance on a brain systems level as compared to

clinical endpoints such as the diagnosis of MDD,
thereby overcoming the inconclusiveness of clinical
association studies by substantially increasing effect
sizes. For instance, a polymorphism in the promotor
region (5-HTTLPR) of the serotonin transporter
gene (SLC6A4) accounts for up to 10% variance of
amygdala activation (Munafo et al. 2008), whereas
its role in predicting behavioural phenotypes such as
neuroticism (Munafo et al. 2009), MDD (Risch
et al. 2009; Clarke et al. 2010), or antidepressant
response (Serretti et al. 2007; Taylor et al. 2010) is
at least one order of magnitude lower, likely ranging
around 1-3% (Serretti et al. 2007).

Traces of gene effects found in the neuroanatomy
or function of healthy subjects are considered
to reflect similar molecular mechanisms as being
present in pathological states and therefore con-
tribute to our understanding of the neurobiological
underpinnings of psychiatric disorders (Hyman
2008). Since gene variants are selected by candidacy
bearing a given a priori probability to be involved in
the pathogenesis of (intermediate) phenotypes, the
majority of studies therefore investigates genetic
variants that have previously been linked to clinical
phenotypes such as MDD. Although the candidate
gene concept is prone to selection bias and drawn
into question by the inconclusiveness found in
association studies, it is nevertheless practicable
and still poses the gold standard of imaging genet-
ics. Consistently, the neural effects of candidate
genes have been shown to impact on neural systems
which are known to be affected during MDD and
to be targeted by antidepressants (Windischberger
et al. 2009), deep brain stimulation (Mayberg et al.
2005), or electroconvulsive therapy (Nordanskog
et al. 2010).

In the present paper, we attempt to provide a com-
prehensive review of the most prominent genetic
variants that have been linked to increased risk for
MDD, namely serotonergic (SLC6A4, HTRIA,
MAOA, TPH?2) and neurotrophic (BDNF) genes. We
will cover results of clinical phenotypes as well as
intermediate phenotypes derived by neuroimaging
techniques in both healthy volunteers (Table I and
Figure 1) and MDD patients with concurrent major
depressive episodes (MDEs).

Material and methods

The authors performed a systematic literature search
using critical keywords (amygdala, hippocampus, ante-
rior cingulate cortex, 5-HT1A receptor, SLC6A4,
HTRI1A4, MAOA, TPH2, BDNF) in PubMed (www.
pubmed.gov). Imaging genetics publications (pub-
lished until 08/2010) have been selected according



to the following inclusion criteria: (1) variation within
serotonergic genes (SLC6A4, HTRIA, MAOA,
TPH2) or BDNF has been associated with (2) func-
tional or anatomical magnetic resonance imaging
(MRI) or positron emission tomography (PET)
measures in samples of adult healthy subjects or
MDD patients with concurrent MDEs. (3) Results
on established intermediate phenotypes have been
extracted: amygdala reactivity, coupling of amygdala-
anterior cingulate cortex (ACC) activity, ACC vol-
ume, hippocampal volume and serotonin receptor
1A (5-HT1A) binding potential (BP).

Intermediate phenotypes for MDD

Following paragraphs will detail neural intermediate
phenotypes derived by MRI and PET studies that
have been linked to MDD. Figure 1 illustrates
selected regions and corresponding MRI measures
for which promising evidence in MDD patients with

Hippocampus
m gray matter volume
[ﬂ volume reduction
I=] BDNF (Val>Met),
SLC6A4, TPH2

Amygdala
m BOLD response

[ﬁ hyperreactivity
<l sLceas (s5L),
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concurrent MDEs compared to healthy controls is
available: amygdala hyperreactivity, decreased cou-
pling of amygdala-anterior cingulate cortex activity,
reduced volume of the anterior cingulate cortex and
hippocampus.

The majority of dysfunctional patterns of activa-
tion and morphometric alterations in patients with
concurrent MDEs have been revealed in brain regions
processing unpleasant emotions such as anxiety or
sadness (Fusar-Poli et al. 2009). Since these psycho-
pathological entities constitute core symptoms of
MDD (American Psychiatric Association 2000),
alterations within these emotion regions are thought
to be crucial for the pathophysiology of MDD.

Amygdala hyperreactivity

The amygdala plays a prominent role in emotion and
specifically fear processing (Costafreda et al. 2008).
It has repeatedly been shown that patients suffering

Anterior Cingulate Cortex

m gray matter volume
E volume reduction

Icl sLceA4 (S<L),
MAOA, BDNF

AMY-ACC circuit
m functional connectivity

m reduced coupling
[E) sLceA4, MAOA

HTR1A, MAOA, TPH2, BDNF

m measure ﬂ intermediate phenotype related to MDD E genetic impact on MRI measure

Figure 1. Reported alterations within emotion brain regions in major depressive disorder (MDD) amalgamated with analogous findings
in imaging genetics studies. Only studies of patients suffering from a concurrent depressive episode are included. Imaging genetics studies
are restricted to findings in healthy subjects. Genes with at least one positive report of an association are listed. Genes written in bold
indicate genes for which most evidence for an impact on MRI measures is available. MRI, magnetic resonance imaging; BOLD, blood-
oxygenation level dependent; AMY-ACC circuit, amygdala-anterior cingulate cortex circuit.
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from MDEs display increased amygdala activation in
response to aversive stimuli (Sheline et al. 2001;
Siegle et al. 2002; Fu et al. 2004; Strigo et al. 2008;
Suslow et al. 2010), while chronic antidepressant
treatment has been reported to attenuate amygdala
activation and metabolism (Sheline et al. 2001;
Drevets et al. 2002; Fu et al. 2004; Arce et al. 2008;
Windischberger et al. 2009). These enhanced levels
of amydala activity might represent the neural cor-
relate of an automatic emotional processing bias lead-
ing to increases of reactivity to negative emotional
cues in MDD (Suslow et al. 2010).

Decreased coupling of amygdala-anterior cingulate
cortex activity

It is commonly accepted that the amygdala is not act-
ing independently, but is embedded in multiple limbic
cortical networks that are supposed to co-regulate
amygdala activity during MDEs (Pezawas et al. 2005;
Stein et al. 2007). Briefly, decreased coupling of the
amygdala and ACC has been related to increased
susceptibility for MDD (Anand et al. 2005a; Pezawas
et al. 2005; Stein et al. 2007; Chen et al. 2008a;
Matthews et al. 2008; Kim and Whalen 2009;
Cremers et al. 2010). Additionally, chronic antide-
pressant treatment has been reported repeatedly to
increase coupling of these structures, likely represent-
ing an increase of inhibitory control over the amygdala
leading to a normalization of its hyperreactivity
(Anand et al. 2005b, 2007; Chen et al. 2008a).

Reduced volume of the anterior cingulate
cortex and the hippocampus

With regard to brain volume abnormalities in MDD,
most consistent results are available for volume reduc-
tions of the subgenual portion of the ACC (sACC)
(Drevets et al. 2008; van Tol et al. 2010) and the hip-
pocampus (Videbech and Ravnkilde 2004; Koolschijn
et al. 2009a,b; Eker and Gonul 2010), whereas volu-
metric measures of the amygdala are highly inconsis-
tent (Hamilton et al. 2008). Interestingly, reduced
hippocampal volume has additionally been found in
individuals at risk for MDD (Rao et al. 2009; Baare
et al. 2010; Chen et al. 2010) and an increase of hip-
pocampal volume can likely be achieved by antidepres-
sant drug treatment as suggested by animal models
(Czeh et al. 2001; Kasper and McEwen 2008), or elec-
troconvulsive therapy (Nordanskog et al. 2010).

Reductions of serotonin 1A receptor binding potential

The serotonin 1A (5-HT, ,) autoreceptor is the most
important release- and synthesis-controlling receptor
for serotonergic neurons and has been linked to

antidepressant response rates (Richardson-Jones et al.
2010) as well as the neural processing of unpleasant
emotions (Akimova et al. 2009).

The binding potential (BP) is an outcome mea-
sure of PET studies using reversibly binding radio-
ligands and refers to both the receptor number and
affinity (Innis et al. 2007). Promising results, mainly
applying the radioligand ['!C]WAY 100635, suggest
reductions of 5-HT,, BP in diverse regions includ-
ing the medial prefrontal cortex, the amygdala and
hippocampus as well as the midbrain raphe nuclei to
be substantially involved in the pathogenesis of
MDD (Drevets et al. 1999, 2007; Sargent et al.
2000; Bhagwagar et al. 2004; Meltzer et al. 2004;
Hirvonen et al. 2008).

Desensitization of 5-HT,, autoreceptors, occur-
ring in the course of 2-3 weeks of 5-HT reuptake-
blockade, is likely an important mechanism of
antidepressant drug action (Richardson-Jones et al.
2010). However, PET studies in MDD samples have
not revealed changes of 5-HT, , receptor BP caused
by antidepressants (Moses-Kolko et al. 2007) or
electroconvulsive therapy (Saijo et al. 2010). In con-
trast, reductions in the hippocampus, the SACC and
the posterior cingulate cortex have been found in a
sample of patients suffering from anxiety disorders
after administration of escitalopram (Spindelegger
et al. 2009).

Genetic impact on MDD and intermediate
phenotypes

Several lines of evidence implicate alterations
within the serotonergic and neurotrophic system
in the pathogenesis of MDD and the action of anti-
depressants (Groves 2007; Jans et al. 2007). In
the following section, we will provide comprehen-
sive information about the most relevant func-
tional polymorphisms (gene variants that alter the
expression and/or functioning of gene products)
and their impact on clinical endpoints and neural
intermediate phenotypes related to MDD. Figure 1
amalgamates available evidence on neural altera-
tions in patients with concurrent MDEs as well
as imaging genetics findings regarding the neural
impact of functional genetic polymorphisms in
healthy subjects. In contrast, table 1 summarizes
specifically neural effects of upper mentioned genes
assessed by MRI and PET.

Serotonin transporter gene

Drugs selectively inhibiting serotonin reuptake
(SSRIs) are the first line treatment for MDD
(Bauer et al. 2007). SSRIs exhibit their action by a
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Table I. Imaging genetics studies reporting neural intermediate phenotypes in healthy subjects.

Measure Amygdala AMY-ACC ACC Hippocampus 5-HT,
BOLD FC Vol Vol BP

Genes — comparison N, st % N, NSi % N, st % N, st % N, NSi %
SLC6A4 S>L 15 652 89 - - - - - - - - - 2 54 38
S=L 1 29 4 - - - - - 2 100 56 1 54 38
S<L 1 54 7 1 94 na 3 232 100 1 77 44 1 35 24
HTRIA C>G 1 89 62 - - - - - - - - - - -
C=G 1 54 38 - - - - - - - - 1 35 45
C<G - - - - - - - - - - - - 1 43 55
MAOA L>H 2 189 100 1 123 80 - - - - - - - - -
L=H - - - - - - 1 59 38 - - - - - -
L<H - - - 1 31 20 1 97 62 - - - 1 31 na
TPH2 T>G 2 51 49 - - - - - - - - - - - -
T=G - - - - - - - - - - - - - - -
T<G 1 54 51 - - - - - - 1 208 Na - - -
BDNF Val > Met 1 29 13 - - - 1 42 na 9 649 80 - - -
Val = Met 4 153 170 - - - - - - 2 167 20 1 53 na
Val < Met 1 37 17 - - - - - - - - - - - -

This table displays evidence on the impact of gene polymorphisms on established depression-related brain regions assessed by neuroimaging
studies in healthy subjects. Shown are the number of studies (IV,), the number of included subjects (st) and percentages (%) of the total
number of subjects (st) reporting increases (>), decreases (<), or lacking differences of neuroimaging measures between alleles. AMY-
ACC, amygdala-anterior cingulate cortex circuit; ACC, anterior cingulate cortex; 5-HT, ,, serotonin 1A receptor; BOLD, blood oxygen
level dependent; FC, functional connectivity; Vol, volume; BP, binding potential; na, not applicable. Results on 5-HT,,
BP include studies using the radiotracers [!!C]WAY 100635 and ['8F]MPPF measuring 5-HT, , receptors in various brain regions.

blockade of the serotonin transporter (5-HTT)
which is expressed by the serotonin transporter gene
(SLC6A4).Within this gene, most attention has been
paid to a variable number of tandem repeats (VNTR)
polymorphism (5-HTTLPR) in the promotor region
(Canli and Lesch 2007). Allele frequencies of the
short (S) and the long (L) allele of 5-HTTLPR dif-
fer between certain geographical regions of the world
(Chiao and Blizinsky 2010), but also inside of Europe
(Noskova et al. 2008), with about 40—45% for the S
allele in Caucasian samples and about 70-80% S
allele carriers in East Asian samples, thereby inter-
acting with cultural styles in a complex way (Chiao
and Blizinsky 2010). In addition to this VNTR poly-
morphism, further genetic variability within SLC6A44
has been detected such as a single nucleotide poly-
morphism (A-G substitution, rs25531) within the
long (L) allele, termed L and L, allele. Since the S
and the L allele are thought to be phenotypically
similiar (Hu et al. 2006), it has become common
practice to integrate L allele carriers into the S
allele carrier group, commonly referred to as trial-
lelic 5-HTTLPR.

The S allele has been related to lower 5-HTT
expression in humans cell lines i vitro (Heils et al.
1996; Bradley et al. 2005). Accordingly, 5-HTTLPR
is thought to affect 5-HT'T expression in the human
brain, with the S allele leading to higher extracel-
lular concentrations of serotonin in the synaptic

cleft (Canli and Lesch 2007), though direct evi-
dence for this assumption is lacking, since 5-HT
concentration cannot be directly assessed in the liv-
ing human brain. In vivo, several PET studies apply-
ing the 5-HTT sensitive radioligand [!!C]DASB
have demonstrated decreased serotonin transporter
BP in the midbrain in S allele carriers as compared
to individuals homozygous for the L allele (Praschak-
Rieder et al. 2007; Reimold et al. 2007; Kalbitzer et
al. 2009). However, inconsistency of results indi-
cates that 5-HTTLPR might only marginally con-
tribute to the transmembrane availability of 5-HTT
proteins and therefore only exhibits subtle direct
effects on serotonergic neurotransmission in the
human adult brain (Murthy et al. 2010). Neverthe-
less, serotonin plays a significant modulating role
during brain development (Gaspar et al. 2003).
Hence, even minor increases of synaptic 5-HT con-
centration due to 5-HTTLPR may impact on the
migration of serotonergic and non-serotonergic
neurons along growth cones and thereby determine
brain wiring and indirectly activation patterns of
neural circuitries (Ansorge et al. 2004; Riccio et al.
2009).

First evidence for an impact of 5-HTTLPR
genotype on behaviour came from the report of
an association between S allele carrier status and
enhanced levels of anxiety-related traits (e.g.,
neuroticism) (Lesch et al. 1996). Unfortunately,
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several replications failed (Munafo et al. 2009),
likely suggesting that direct genetic effects on per-
sonality are much smaller than originally thought.
With regard to a direct effect of the 5-HTTLPR
genotype on depression susceptibility, numerous
studies have been conducted and one recent meta-
analysis supports the presence of a small effect for
an increased risk of MDD (Clarke et al. 2010),
whereas others could not detect any effect at all
(Lasky-Su et al. 2005; Risch et al. 2009). While
evidence for a direct association between 5-HT-
TLPR genotype and risk for MDD is weak (Clarke
et al. 2010), reports of gene—environment interac-
tions between 5-HTTLPR genotype and environ-
mental adversity causing stress sensitivity and
susceptibilty for MDD now substantially contribute
to the current discussion on how genes might shape
behaviour (Caspi et al. 2010). The original report
(Caspi et al. 2003), however, was followed by both
replications and nonreplications and has been
drawn into question by meta-analytical data
(Munafo et al. 2009; Risch et al. 2009). Specifi-
cally, recently criticised issues with regard of the
chosen study design may be accountable for this
inconclusiveness (Uher and McGuffin 2010).

In contrast, MRI studies investigating the impact
of 5-HTTLPR on amygdala activity in response to
negative stimuli have revealed more consistent
results (Munafo et al. 2008) and report healthy S
allele carriers to show higher levels of amygdala
activity as compared to individuals homozygous for
the L allele (Hariri et al. 2002, 2005; Bertolino et al.
2005; Canli et al. 2005b; Heinz et al. 2005; Lee
et al. 2005; Pezawas et al. 2005; Smolka et al. 2007;
Dannlowski et al. 2008, 2009; Friedel et al. 2009;
Williams et al. 2009; Gillihan et al. 2010). One
study in an Asian sample revealed opposing results
(Lee and Ham 2008b) and we are aware of only one
study to date, which found no difference (Surgu-
ladze et al. 2008). Similiar to healthy volunteers,
studies in patients with concurrent MDEs have rep-
licated S-allele-associated increases of amygdala
activation (Dannlowski et al. 2007, 2008; Friedel et al.
2009). Notably, studies investigating 5-HTTLPR
influence on amygdala baseline perfusion are incon-
clusive (Viviani et al. 2010; Canli et al. 2006; Rao
et al. 2007).

Genetic mechanisms do not only affect regional
brain activity, but also shape the neural circuitries in
which these regions participate. Accordingly, the
5-HTTLPR genotype has been shown to impact on
the amygdala-ACC circuit, with healthy S allele
carriers demonstrating reductions of functional
coupling (FC) as compared to individuals with
L/L. genotype (Pezawas et al. 2005). Moreover,

activity of the sACC and the amygdala has been
demonstrated to be positively correlated, whereas
inverse functional coupling has been reported
between the pregenual portion of the ACC (pACC)
and the amygdala (Pezawas et al. 2005; Stein et al.
2007). Hence, reductions of functional coupling
within this neural circuit may reflect genetically
driven decreases of inhibitory influences on the
amygdala corresponding to the aformentioned
finding of increased amygdala reactivity. This has
further been underlined by data showing that the
magnitude of FC between the sACC and the
amygdala predicts trait anxiety scores to a remark-
able extent (Pezawas et al. 2005). Moreover, a single
MRI study applying diffusion tensor imaging has
associated the S allele with microstructural altera-
tions in the uncinate fasciculus, a white matter tract
that connects the amygdala to the prefrontal cortex
(Pacheco et al. 2009). This finding supports the idea
that subtle alterations of white matter architecture
may contribute to reductions of functional coupling
between the sACC and the amygdala among S allele
carriers.

With respect to effects of 5-HTTLPR on ACC
volume, S-allele-associated gray matter volume loss
has been described, exhibiting the largest effects
within the sACC portion (Canli et al. 2005b; Pezawas
et al. 2005; Frodl et al. 2008a), a region for which
the highest cortical 5-HT'T densities have been found
(Varnas et al. 2004). There is also recent evidence
that this finding holds true for non-human primates
(Jedema et al. 2010).

With regard to hippocampal volume, results sur-
prisingly suggest that 5-HTTLPR exhibits opposing
effects in healthy controls and MDD samples. Indeed,
reductions of hippocampal gray and white matter
volume have been found to be relatively pronounced
in symptomatic patients homozygous for the L allele
as compared to S allele carriers (Frodl et al. 2004;
Frodl et al. 2008b), while healthy L allele homozy-
gotes exhibit relatively larger hippocampal volumes
(Frodl et al. 2008b). This relationship may be further
complicated by an interaction with childhood stress
(Frodl et al. 2010).

Applying the 5-HT,, radioligand ['!C]WAY
100635, healthy S allele carriers demonstrated lower
levels of 5-HT,, receptor BP as compared to L/L
homozygotes (David et al. 2005). However, replica-
tion studies failed (Borg et al. 2009), or reported
opposing results for the cingulate cortex (Lee et al.
2005). Additionally, studies applying annother
radiotracer, [8F]JMPPF, demonstrated female vol-
unteers with S/S genotype to exhibit higher levels of
['® F]MPPF BP in several brain regions, but not the
raphe nuclei (Lothe et al. 2009).



Serotonin receptor 14 gene

High levels of the serotonin receptor 1A (5-HT,)
are expressed in a number of depression-related
brain regions including the cerebral cortex, the hip-
pocampus, the amygdala and the raphe nuclei (Ito
etal. 1999). Somatodendritic 5-HT, , autoreceptors,
which are mainly located on neurons in the midbrain
raphe nuclei, are thought to mediate the negative
feedback inhibition of these neurons and hence to
uniquely impact on serotonergic neurotransmission
of forebrain areas (Sharp et al. 2007). Furthermore,
a strong inverse relationship between 5-HT, , autore-
ceptor density and neural activity in the amygdala
has been found in healthy participants (Fisher et al.
2006), thereby linking two of the aforementioned
intermediate phenotypes for MDD, amygdala hyper-
reactivity and reductions of 5-HT, , density.

The G allele of C(-1019)G (rs6295), a single
nucleotide polymorphism (SNP) within the pro-
motor region of the 5-HT,, gene (HTRI1A), has
been associated with MDD, suicidality (Lemonde
et al. 2003) and trait anxiety (Strobel et al. 2003).
On a molecular level, the G allele reduces binding
of transcriptional repressors presumably leading to
enhanced 5-HT , receptor expression, which even-
tually results in reductions of serotonergic neu-
rotransmission (Lemonde et al. 2003).

Evidence on the influence of the C(-1019)G SNP
on amygdala reactivity is sparse, with one study
reporting G allele associated reductions of amygdala
reactivity to threatening stimuli (Fakra et al. 2009),
whereas a study in an Asian sample found no effect
(Lee and Ham 2008b).

Supporting its role as a functional SNP, the G
allele has been found to be associated with increased
5-HT,, receptor BP in the raphe nuclei (Parsey
et al. 2006). Because 5-HT, , receptors on neurons
of the raphe nuclei are inhibitory, an increase of
5-HT, , density possibly causes less 5-HT release in
serotonergic projection regions. However, others
could not detect genetically-driven alterations of
5-HT, , receptor BP (David et al. 2005).

Monoamine oxidase A gene

Monoamine oxidase A (MAOA) is a key enzyme of
monoaminergic neurons which catalyzes the degra-
dation of biogenic amines, preferentially of 5-HT
and norepinephrine. According to this crucial role
for serotonergic neurotransmission, altered levels of
MAOA in the brain have been discussed to be
involved in the pathogenesis of MDD. PET studies
have revealed evidence for elevated MAOA levels
during MDE:s in several emotion processing regions
including the prefrontal and cingulate cortex, or
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subcortical regions such as the hippocampus (Meyer
et al. 2006).

A VNTR polymorphism in the promotor region
of the X-chromosome-linked MAOA gene results in
a highly active MAOA-H allele and a less active
MAOA-L allele (Sabol et al. 1998). However, avail-
able evidence from PET studies applying the
radiotracer [11C]clorgyline i vivo suggests no dif-
ferences in brain MAOA activity in healthy male
adults (Fowler et al. 2007; Alia-Klein et al. 2008).
Association studies have revealed an increased fre-
quency of the longer MAO-A-H alleles in MDD
samples (Schulze et al. 2000;Yu et al. 2005). Besides,
variation within the MAOA gene has predominantly
been associated with antisocial, impulsive and aggres-
sive behaviour, especially in the context of familial
adversity and maltreatment during childhood (Caspi
et al. 2002; Kim-Cohen et al. 2006).

With regard to amygdala reactivity in response
to aversive stimuli, healthy MAOA-L carriers have
been found to show relatively increased activity as
compared to individuals homozygous for MAOA-H
in both European and Asian samples (Meyer-
Lindenberg et al. 2006; LLee and Ham 2008).

On the level of brain systems, the MAOA-L allele
has been shown to increase functional coupling of a
neural pathway between the ventromedial prefrontal
cortex (vimPFC), including the ACC, and the
amygdala. Interestingly, the magnitude of FC
between these regions has also been associated with
increased levels of harm avoidance (Buckholtz et al.
2008). In the same line, decreases of FC between
the ACC and the amygdala have been reported for
healthy and depressed MAOA-H carriers (Dann-
lowski et al. 2009b).

The MAOA-L allele has also been related to vol-
ume loss of the entire ACC in healthy volunteers
(Meyer-Lindenberg et al. 2006), however others
failed to replicate this finding (Cerasa et al. 2008).
A single study investigated the possible impact of the
MAOA genotype on 5-HT,, receptor BP (Mickey
et al. 2008). Moreover, female MAOA-H carriers
have been found to be associated with greater 5-HT, ,
BP, whereas no difference was found in men.

Tryprophan hydroxylase 2 gene

In serotonergic neurons, neural tryptophan hydrox-
ylase 2 (TPHZ2) is the rate limiting enzyme for the
synthesis of serotonin (Walther et al. 2003) and has
been discussed to play an important role for the
pathogenesis of MDD, since higher levels of TPH2
mRNA and protein have been found in the raphe
nuclei in MDD patients who committed suicide
while being depressed (Bach-Mizrachi et al. 2006).
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Several variants within the TPH2 gene have been
reported to impact TPH2 expression (Scheuch et al.
2007; Haghighi et al. 2008), serotonin synthesis
(Zhang et al. 2004) and susceptibility to MDD
(Zhang et al. 2005; Zhou et al. 2005). Furthermore,
variation within 7PH?2 has been related to anxiety-
and depression- associated personality traits and
emotional instability (Gutknecht et al. 2007).

With regard to intermediate phenotypes for MDD,
the T allele of G(-703)TTPH2 (rs4570625) has been
related to increases of amygdala reactivity in healthy
volunteers (Brown et al. 2005; Canli et al. 2005a),
whereas opposing effects have been found in an Asian
sample (Lee and Ham 2008b). Moreover, a recent
study has revealed volume reductions within the hip-
pocampus in healthy T allele carriers as compared to
G allele homozygotes (Inoue et al. 2010).

Brain-derived neurotrophic factor

Neurotrophins influence a wide range of cellular pro-
cesses in the central nervous system such as neural
survival or synaptic plasticity. Their effects are medi-
ated by different neurotrophin receptors and depen-
dent on the form of the neurotrophin (pro- versus
mature) (Lu et al. 2005). Decrease of brain-derived
neurotrophic factor (BDNF) (Bocchio-Chiavetto
et al. 2010), especially in the hippocampus, has been
suggested to play an important role in the pathogen-
esis of MDD (Groves 2007; Mossner et al. 2007).
Notably, both BDNF and serotonin are increasingly
recognized to regulate the development and plasticity
of neural circuits and to interact epistatically (Marti-
nowich and Lu 2008; Pezawas et al. 2008).

A substantial number of different SNPs within the
BDNF gene has been identified and associated with
MDD (Licinio et al. 2009). Nevertheless, most
attention has been paid to Valo6 Met BDNF (rs6265)
which has been reported to influence the activity-
dependent secretion of BDNF (Egan et al. 2003).
Clinical association studies with MDD have been
inconsistent, with meta-analytical data drawing a
direct relationship into question (Chen et al. 2008a,b;
Verhagen et al. 2010). With regard to anxiety-related
traits, meta-analytical evidence suggests an associa-
tion between the Met allele and lower levels of neu-
roticism (Frustaci et al. 2008).

Imaging genetics studies have revealed inconsis-
tent results on the possible impact of Valo66Met on
amygdala reactivity, with one study reporting the Val
allele (Gasic et al. 2009), and one suggesting the Met
allele (Montag et al. 2008) to be associated with
increased neural activity of the amygdala. Consis-
tently, most studies have not detected any influence
(Egan et al. 2003; Hariri et al. 2003; Hashimoto
et al. 2008; Schofield et al. 2009). With regard to

brain structure, a single study reported a volume
decrease of the ACC in healthy Met allele carriers
(Matsuo et al. 2009).

More evidence exists with respect to hippocampal
volume, which has very consistently been found to
be decreased in healthy volunteers carrying the Met
allele (Pezawas et al. 2004; Szeszko et al. 2005; Buel-
ler et al. 2006). Only a minority could not detect
an effect (Jessen et al. 2009; Koolschijn et al. 2009a).
Similar findings arguing for Met allele-associated
hippocampal volume reductions have been found in
MDD samples (Frodl et al. 2007; Chepenik et al.
2009). However, others failed to replicate these find-
ings (Gonul et al. 2010 ; Jessen et al. 2009).

With regard to 5-HT,, BP, we are aware of one
single study not revealing any impact on Val66Met
BDNF. However, applying the 5-HTT radiotracer
['1CIMADAM, the Val allele has been demon-
strated to be associated with higher BPs (Hennings-
son et al. 2009).

Discussion and future directions

Currently and also in next generation of psychiatric
diagnostics, MDD is operationalized exclusively by
clinical parameters and psychopathological symptoms
without consideration of its neural underpinnings
(American Psychiatric Association 2000). Beyond its
clinical application, the nosological framework for
MDD substantially guides current biological psychi-
atric research. Specifically, classical association and
pharmacogenetic studies follow this behaviour-based
concept, as they directly examine associations between
genes and a behavioural phenotype that is defined by
diagnostic categories using symptom-based rating
scales (e.g., the Hamilton Depression Rating Scale)
(Della Pasqua et al. 2010).

As detailed above, this approach has mainly been
carried out for single candidate genes based on
a priori assumptions and resulted in inconsistent
findings (Kato and Serretti 2008; Lopez-Leon et al.
2008). More recent approaches such as genome-wide
association (GWA) studies (Cichon et al. 2009) are
overcoming the selection bias that is inherent to
hypothesis-driven candidate studies by investigating
associations with thousands of proxy markers span-
ning the whole genome in order to locate functional
loci for MDD (Shyn et al. 2009; McMahon et al.
2010; Muglia et al. 2010; Shi et al. 2011) or antide-
pressant response (Ising et al. 2009; Adkins et al.
2010; Garriock et al.2010; Uher et al. 2010). However,
the statistical analysis of such enormous data sets
bears several statistical pifalls related to multiple com-
parison problems as well as statistical sensitivity and
specificity (Pezawas and Meyer-Lindenberg 2010).



Genetic risk profiles follow the idea of summariz-
ing variation within thousands of loci on the genome
in order to assess their collective impact on clinical
phenotypes. Accordingly, such a genetic risk score
has recently been tested for MDD, but revealed the
predictive value for MDD to be not greater than
0.7-1%, although it has been based on a set of ini-
tially 181,582 SNPs (Demirkan et al. 2010). It is
obvious that even such recent approaches are by no
means valuable for clinical decision making, since
they barely bear information superior to the patients’
medical history.

Nevertheless, such studies deliver useful informa-
tion: A variant of the above mentioned score based on
half of the SNPs could capture 2.1% of the variance
for anxiety, suggesting a common genetic basis with
MDD (Demirkan et al. 2010). This highlights an
important observation that constantly accompanies
research on genetics in psychiatric disorders: gene
polymorphisms are not specifically linked to certain
phenotypes, but influence risk for different disorders
(Green et al. 2010; Huang et al. 2010). However, this
is no great surprise, since there is even a substantial
overlap between psychiatric diagnostic categories on
the level of symptoms that is reflected by high rates
of comorbidity, such as the co-occurrence of MDD
and anxiety disorders (Kessler et al. 2005).

Patients differ in their clinical presentation within
a specific diagnostic category and therefore likely
suffer from distinct susceptibility factors. Accord-
ingly, the high inconsistencies found in classical asso-
ciation and pharmacogenetic studies may — along
with factors such as epistasis and gene—environment
interactions — primarily result from high levels of
biological heterogeneity as subjects are solely
included based on their vaguely biological-related
clinical phenotypes. The concept of endophenotypes
has been enthusiastically acclaimed as a strategy to
deal with this dilemma. Unsurprisingly, the non-
specificity inherent to clinical phenotypes can also
be found with regard to intermediate phenotypes.
Reductions of 5-HT, , BP or volume decrease of the
ACC have not only been found in samples of MDD,
but also in patients assigned to anxiety disorders
(Neumeister et al. 2004; Lanzenberger et al. 2007;
van'Tol et al. 2010).The same holds true for amygdala
hyperactivity that occurs in various psychiatric phe-
notypes including social phobia and Tourette’s syn-
drome (Birbaumer et al. 1998; Neuner et al. 2010)
and hippocampus volume, which is also an interme-
diate phenotype of schizophrenia (Honea et al.
2008). This picture will presumably get even
more sophisticated, the more state-of-the-art neu-
roimaging methods are applied to other clinical
phenotypes. This non-specificity suggests that inter-
mediate phenotypes are not well suited as quanitative
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biomarkers for current psychiatric diagnostic catego-
ries. In contrast, they may be most advantageous as
substitutes for clinical phenotypes in the quest for
valid biologically defined psychiatric diagnostic enti-
ties. Recent approaches such as the Research Domain
Criteria (RDoC) framework are first attempts to lib-
erate psychiatric research from its nosological bound-
aries and may bridge the gap to a biologically based
classification of mental illness (Miller 2010)

Intermediate phenotypes that are non-specific to
a certain psychiatric diagnostic entity further suggest
shared pathogenetic pathways, that may also impli-
cate shared pathways for treatment: As an example,
anxiety disorders and MDD are both associated with
increased amygdala response and can be treated with
SSRIs, which in turn have been shown to modulate
amygdala activity (Fu et al. 2004; Windischberger
et al. 2009). For this purpose, upcoming neuroimag-
ing studies that map the effects of antidepressants
on the level of intermediate phenotypes such as
amygdala reactivity or 5-HT,, BP will certainly
yield useful insights (Spindelegger et al. 2009; Win-
dischberger et al. 2009). Hopefully, the dissection of
psychopathological syndromes in their shared and
unique neurobiological components reflected by
intermediate phenotypes may finally enable the
“functional approach” and improve diagnosis and
treatment by “denosologization” of biological psy-
chiatry, an issue already discussed over twenty years
ago (van Praag et al. 1987).
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